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Benchtop Tests to Predict Service Life of Concrete

Exposed to Microbially Induced Concrete Corrosion
by Feyza Nur Sahan, Ali Riza Erbektas, W. Jason Weiss, and O. Burkan Isgor

Service life modeling of microbially induced concrete corrosion
(MICC) is essential for assessing structural durability, optimizing
maintenance, and minimizing risks in wastewater environments.
ASTM C1904-20 is a recently developed biogenic benchtop
method for assessing MICC that is safe, accelerated, and prac-
tical compared to conventional laboratory tests. The objective of
this study is to use the benchtop test to predict the service life of
concrete exposed to MICC in sewer pipes. This correlation is based
on Pomeroy's model, which relates the field H,S concentrations,
wastewater flow conditions, pipe and flow geometry, and the prop-
erties of the concrete. A demonstration study is provided to show
how the ASTM C1904 data could be used to predict the perfor-
mance of different types of concrete and antimicrobial products in
realistic exposure scenarios. The projected corrosion rates in field
conditions reflected the delayed and reduced corrosion rates for
mixtures with antimicrobial treatment.

Keywords: biodeterioration; biogenic acidification; biogenic benchtop
test; microbial attack; microbially induced corrosion of concrete (MICC);
Pomeroy’s model; service life model; sewer.

INTRODUCTION

Concrete is a commonly used construction material for
wastewater infrastructure.! These structures are subject
to deterioration due to chemical, physical, mechanical,
and biological mechanisms.> While approximately 10%
of concrete deterioration in wastewater systems has been
attributed to microbial effects,> microbial corrosion may
reduce service life from an expected 75 to 100 years to
as low as 10 years.** Microbially induced corrosion of
concrete (MICC) is a multi-stage acid attack caused by
bacteria activity within wastewater® with enormous finan-
cial, environmental, and social/health costs. The Environ-
mental Protection Agency (EPA) estimates that $271 billion
is required within the next 25 years for the United States to
maintain the existing wastewater infrastructure.’

MICC consists of three fundamental stages.®*° Stage 1
involves abiotic acidification of the concrete surface to pH
levels that would allow bacterial survival (9to 10<pH<12.5),
which could be caused by the carbonation of the concrete
surface®! or calcium leaching from concrete when concrete
is exposed to moisture.!" Stages 2 and 3 require sulfate-
reducing bacteria (SRB) such as Desulfovibrio desulfuri-
cans'>"3 and sulfur-oxidizing bacteria (SOB) such as Halo-
thiobacillus neapolitanus'* that can metabolize various
sulfur-containing organic and inorganic compounds and ions
in wastewater.!*> SRB reduces the sulfate ions to sulfides to
generate aqueous hydrogen sulfide (H,S).'® Aqueous H,S
is released into the airspace above wastewater as a gas and
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condenses into the moisture layer on concrete surfaces.
Stage 2 involves the attachment of SOB to form biofilms
on the concrete surface, which reduces the pH further
(4 to 6 <pH <9 to 10). The SOB produce biogenic sulfuric
acid (H,SO,) through the oxidation of sulfur-containing
substrates such as H,S, thiosulfate, and elemental sulfur.>!’
During this stage, colonization by neutrophilic SOB (NSOB)
begins; these microorganisms oxidize H,S and other reduced
sulfur compounds, leading to the formation of biogenic
H,SO,. As the pH further decreases, acidophilic SOB
(ASOB) becomes dominant, producing additional H,SOy,
which plays a primary role in the biodeterioration of sewer
infrastructure. Stage 3 involves severe sulfuric acid attack
on concrete (pH < 4).!31° At this stage, ASOB dominates the
microbial community, and concentrated H,SO, generation
is observed. The biogenic sulfuric acid produced by both
NSOB and ASOB reacts with concrete, accelerating chem-
ical degradation and structural deterioration.

Biogenic H,SO, acid reacts with major hydration prod-
ucts of concrete, specifically calcium hydroxide (Ca(OH),)
and calcium-silicate-hydrate (C-S-H) phases. These reac-
tions lead to the formation of ettringite (3Ca0O-Al,O;
3CaS0432H,0) and gypsum (CaSQ,). The reactions that
result in gypsum and ettringite cause approximately 124%
and 227% expansion in volume, respectively.?’ These
expansive reactions, as shown here,?'"? are key mechanisms
driving concrete degradation'#!1723

H,S0, + Ca(OH), — CaSO, + 2H,0 (1)
H,S0, + Ca0-Si0,-2H,0 — CaSO, + H,0 + Si(OH), (2)

3CaSO, + 3Ca0-Al,056H,0 + 26H,0 —
3Ca0-ALO5:3CaS0432H,0 3)

The test methods to evaluate the resistance of concrete
to MICC can be categorized into three main groups:
laboratory-based chemical acidification tests,*** laboratory-
based biogenic acidification tests,*'®?3-2” and in-place field
tests.?8-30 Laboratory-based chemical acidification tests are
acid immersion tests, such as the ASTM C1898-20 test,*
that are designed to be economical and practical. However,
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these methods do not take the bacterial activity into account
and do not realistically simulate MICC conditions.!>2831-35
Laboratory-based biogenic acidification tests can be grouped
under chamber and benchtop tests. In both approaches, the
acidification of the exposure media is achieved by bacterial
activity and intended to simulate all three stages of MICC.
The chamber tests emulate field conditions in controlled
breeding chambers, where H,S is produced by bacterial
activity and acidification is caused by the conversion of
H,S to sulfuric acid.!®!3263136 Besides the safety concerns
associated with H,S use, these tests are cumbersome, time-
intensive, and error-prone.® These concerns are mitigated by
benchtop biogenic acidification tests, where biogenic acid-
ification is achieved by SOB, which can convert elemental
sulfur or thiosulfate to sulfuric acid without the use of
H,S.22737 Recently, a benchtop biogenic acidification test
was standardized as ASTM C1904-20.% The last assessment
approach involves in-place field tests, which usually entail
placing concrete samples in sewers, monitoring sewer condi-
tions, and assessing sewer conditions and their deterioration
regularly over extended periods (months to years). Although
field experiments provide more realistic exposure condi-
tions, they are time-consuming, expensive, and impractical.
The development of the standardized benchtop biogenic
acidification test, ASTM C1904-20,%° provides significant
opportunities to simplify MICC assessment, especially
with respect to the evaluation of the effectiveness of miti-
gative actions, such as the use of antimicrobial products
and proportioning concrete mixtures for increased acid
resistance. However, so far, no research has been done on
using the results of ASTM C1904-20 to make service life
predictions for concrete exposed to real-life exposure condi-
tions. The objective of this study is to develop a service life
model for concrete exposed to MICC by using accelerated
benchtop biogenic acidification testing. In this study, this
test method will be correlated with the field conditions to
predict the service life of real sewer systems. The developed
approach is based on the hypothesis that Pomeroy’s model
(PM) for MICC can be used as an underlying theory that can
link the “accelerated” biogenic test to the field conditions.

RESEARCH SIGNIFICANCE

This study provides an approach to use the results of
ASTM C1904-20 to make service life predictions for
concrete exposed to real-life exposure conditions. The
standardized benchtop biogenic acidification test (ASTM
C1904-20) is correlated with the field conditions to predict
the service life of real sewer systems. The developed
approach is based on the hypothesis that PM for MICC can
be used as an underlying theory that can link the “acceler-
ated” biogenic test to the field conditions.

BACKGROUND
Pomeroy’s model (PM)

Pomeroy3*# developed an empirical formula to predict
sulfide generation and corrosion rates in sewer systems.
This formula was developed using studies of the Los
Angeles County wastewater collection system in the 1970s.
The corrosion rate of concrete crpy (mm/yr) exposed to

4

H,S containing sewer environments as a thickness loss
using¥H4142

cro = 11.5k0,,F @

where 11.5 is the empirical factor; k is a correction factor
relative to the climate and depends on engineering judgment;
A, is the average flux of H,S to the surface of concrete
(g/m?-h); and 4 is the alkalinity factor for the cementitious
system.

Acid that forms on the concrete surface due to biogenic
activities of SOB might not react completely with the cemen-
titious products, and some of this acid might flow back to the
sewer stream. The factor & accounts for the amount of acid
remaining on the concrete surface. A factor of £ = 1 implies
that all acid remains on the concrete surface; £k = 0 is the
extreme case when all acid returns to the sewer stream. For
typical sewers under moderate climates, £ = 0.8 has been
reported to be a reasonable estimate, but £ could be as low as
0.3 in some systems. 334344

The parameter 4 is a measure of alkalinity of the cemen-
titious system*

¢[CaOl,.p, + alCaOl g,

A= 1.786 p (%)

where ¢ is the cement content (kg cement per m® of concrete);
[CaO]..,, is the CaO content of the cement (kg/kg of cement);
a is the aggregate content (kg aggregate per m® of concrete);
[CaO],, is the CaO content of the aggregate (kg/kg
of aggregate); and d is the density of concrete (kg/m?).
The constant factor 1.786 represents the ratio of molar
masses of CaCOs; (100 g/mol) and CaO (56 g/mol).

Accelerated benchtop biogenic acidification test
(ASTM C1904)

ASTM C1904-20 is an accelerated benchtop biogenic
acidification test to assess the effects of antimicrobial
additives and different cementitious materials during the
biogenic acidification process. The standard provides three
test methods: 1) Test Method A assesses the efficacy of anti-
microbial admixtures in delaying or preventing biogenic
acidification in a nutrient-rich simulated wastewater expo-
sure solution; 2) Test Method B assesses the effectiveness
of antimicrobial admixtures in a prescribed cementitious
system (Option B1) or assesses the performance of different
cementitious systems (Option B2) in delaying or preventing
MICC in Stage 2 of MICC; and 3) Test Method C assesses the
suitability of cementitious systems in delaying or preventing
MICC in Stage 3 of MICC. In this paper, Option B of
ASTM C1904-20 is used as the basis for developing the
service life prediction model for concrete resisting MICC
because it is designed for simulating Stage 2 of MICC,
which typically corresponds to the operational conditions in
sewers (4 to 6 <pH <9 to 10). Option A is designed for anti-
microbial effectiveness in simulated wastewater (not cemen-
titious systems), and Option C is designed for the investiga-
tion of MICC under Stage 3 conditions (pH < 4), which lead
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to rapid deterioration and are not covered by the proposed
service life model.

Test Method B uses active Halothiobacillus neapoli-
tanus bacteria (ATCC 23641) to inoculate paste or mortar
disk samples (diameter = 50.8 mm) that are 2.65 + 0.15 mm
thick. The selection of H. neapolitanus is based on its
well-established sulfur-oxidizing metabolic pathway and its
proven applicability in controlled laboratory investigations
simulating MICC. H. neapolitanus is a biosafety level 1,
aerobic NSOB, which can thrive within a pH range of 8.0
to 3.5, enabling Stage 2 simulation of MICC. Besides, it can
use thiosulfate as nutrient source and produces H,SO,, the
primary metabolic by-product. These characteristics make
H. neapolitanus a safe, practical, and effective organism for
evaluating acidification potential and material degradation
mechanisms.

Two different cells are used during the test: one for the
inoculated specimens exposed and acidified with bacteria,
and one for the control specimens without any exposure to
bacteria. The pH, calcium-ion concentrations, and sulfate-ion
concentrations of the exposure solutions are monitored at
regular time intervals for the duration of the test (typically
less than 60 days). As per ASTM C1904 recommendations,
the pH and free calcium-ion concentration of the expo-
sure solution are monitored daily, whereas the sulfate-ion
concentration is assessed every 3 days or more frequently, as
needed. The nutrient exposure solution was refreshed upon
the pH reaching a value of 4 to simulate Stage 2 of MICC;
this procedure was repeated at least three cycles based on
ASTM C1904 recommendations. At the end of the exposure
period, the control and inoculated samples are tested for
flexural strength using ball-on-three-balls (B3B) testing*®
to determine the strength loss and corresponding corrosion
rate. Figure 1 illustrates the B3B setup and parameters. The
B3B flexural strength, 6,,,. (MPa), is calculated as*’

d R, \F
Omax = f(E: F’v)ﬁ (6)

where F' (N) is the peak load; d (mm) is the sample thick-
ness measured after the test; R (mm) is the radius of the disk
sample; R, (mm) is the radius of the support; v is Poisson’s
ratio; and the function of fis a parameter based on #/R, R,/R,
and v¥

2 3
e off] old
= co+ 7 X
1 +C5E

(1 +cq %) (7)

The coefficients ¢, to ¢4 are a set of constants based on
Poisson’s ratio, which can be found in the literature.*®

The effective thickness loss, d),s (mm), can be calculated
by assuming that the strength of the undeteriorated thickness
of the sample does not change during MICC such that

o.=0, (®)
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F. F,
fczg :f"Z% ©)

—g |t (10)
a c F; ﬂ
dloss = dc - da (l 1)

where the indexes ¢ and « indicate control and acid-exposed
samples, respectively.

This thickness loss occurs on both sides of the samples;
therefore, the corrosion rate per side is half dj,, assuming
both sides corrode at the same rate. Therefore, the corrosion
rate from the ASTM C1904 cryq4 test can be calculated from

d()SS
crion =52 x 36 (12)

where ¢ is the duration of the test in days.

PROPOSED CORRELATION BETWEEN
ASTM C1904 AND FIELD EXPOSURE

To use the results of the ASTM C1904 test for service life
prediction purposes, a correlation needs to be established
between the MICC of concrete exposed to a real sewer in the
field and ASTM C1904 test results performed on the corre-
sponding paste or mortar mixture. The developed approach
in this study is based on the hypothesis that PM for MICC
can be used as an underlying theory that can link the “accel-
erated” biogenic test to the field conditions. The role of each
individual parameter affecting MICC is considered sepa-
rately and discussed in the following sections.

Alkalinity of cementitious system

The alkalinity of the cementitious system plays a crucial
role in the corrosion rate such that high alkalinity provides
more substances to react with biogenically generated sulfuric
acid, thereby reducing the corrosion rate.!>3%4% Although
cement type, pozzolanic materials, and mixture designs
are not directly related to the corrosion rate calculation in
PM, the alkalinity of the mixture is a fundamental variable,
as shown in Eq. (4). ASTM C1904 biogenic acidification
testing is designed for cement paste or mortar samples;
therefore, the two approaches need to be correlated. The
alkalinity factor, 4, typically decreases with the increasing
aggregate content or decreasing paste content. For example,
typical paste might have 4 = 0.8 to 0.9, while concrete might
have 4 =0.2 to 0.3. It should be noted that Eq. (4) considers
the CaO content of cement and aggregates; however, this
equation was originally developed for ordinary portland
cement (OPC) systems. The incorporation of supplementary
cementitious materials (SCMs) and fillers such as limestone
would influence the alkalinity of the cementitious system
in addition to the microstructure of the matrix. In addition,
the aggregate type, particularly whether it is siliceous (for
example, sand) or calcareous (for example, limestone), can
affect the degradation mechanism, as certain aggregates
may exhibit sacrificial behavior,*>*? partially contributing to
neutralization by undergoing dissolution themselves. Under-
lying assumptions in the use of the alkalinity factor for corro-
sion rate prediction include homogeneous distribution of the

5



"Three supporting;
S+ lpalls under thei

R=254mm.~~

NG =
o MckwEe  of
SR R -
specimen
TOP VIEW

Fig. I—Ball-on-three-balls (B3B) test setup adapted from Zaw.*

cement matrix, neutralization capacity of aggregates, and
exclusion of change in the microstructure. Due to the inverse
relation of alkalinity and corrosion rate, MICC would occur
at a higher rate compared to cement paste or mortar. There-
fore, when interpreting the corrosion rates obtained from the
ASTM C1904 test, a correction factor needs to be employed
to correlate the corrosion rate from the ASTM C1904 test to
the field conditions. This correction factor can be assumed to
be the ratio between the alkalinities of concrete (used in the
field) and the paste or mortar (tested in ASTM C1904), and
can be written as

Asw

Ca = A904

(13)

where Ay, is the alkalinity of the concrete used in the field;
and A94 is the alkalinity of the paste or mortar sample used
in the ASTM C1904 test.

H,S concentration

In a real sewer environment, the MICC is mainly caused
by the biogenic acidification of H,S by SOB.>'"* In the
ASTM C1904 test, the biogenic acidification is caused by
SOB converting other forms of sulfur sources (for example,
thiosulfate, S,05>"). Therefore, to correlate the two exposure
environments, the two exposure conditions need to be repre-
sented in the same unit of exposure. Because PM is based on
H,S exposure, in this work, the correlation between the two
environments is done using the measured (or assumed) H,S
exposure in the field and the equivalent H,S content in the
ASTM C1904 test. Ignoring other factors would affect the
kinetics of conversion of sulfur species to sulfuric acid by
different types of SOB; it is assumed that one unit of thiosul-
fate (S,05%") produces the same effect as two units of H,S,
based on the sulfur content of these species (based on the
number of sulfur atoms per mole). With this assumption, the
equivalent H,S concentration in the ASTM C1904 test, @904
(g/m?-h), can be calculated using

1 W,
D904 = 5 Sz{ts (14)

where S, (m?) is the exposed surface area of each ASTM
C1904 sample; ¢ is the test duration; and Wy,s (g) is the
equivalent mass of H,S in the nutrient medium solution of
the ASTM C1904 test

The specimen

.
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SIDE VIEW
WHZS = CHgS V,rolution (15)

where Cps (g/L) is the equivalent concentration of H,S in
the ASTM C1904 test cell; and V0, (L) is the volume of
the solution in the ASTM C1904 test cell.

The thiosulfate concentration in the ASTM C1904 test is
typically approximately 0.06 M; therefore, the equivalent
H,S exposure would correspond to 0.12 M, which corre-
sponds to 0.284 g/m*h per sample tested in ASTM C1904,
assuming that test cell volume, Viyi0m i 0.4 L and test
duration, ¢, is 42 days. This equivalent H,S content might
be significantly higher than the typical exposure conditions
found in sewer environments (@y,),"?® which is the main
reason the ASTM C1904 test provides accelerated condi-
tions for MICC. The correlation factor can be written as

gsw
C@ - ®l904 (16)

k-factor

The k-factor accounts for how much of the acid that forms
on the concrete surface remains on the concrete surface. A
factor of £ = 1 implies that all acid remains on the concrete
surface, and k£ = 0 is the extreme case when all acid returns
to the sewer stream. In ASTM C1904 testing, specimens
are completely immersed in the biogenic acidified expo-
sure solution. As specimens are exposed to the acid during
the testing, it can be assumed that the k-factor is high in the
ASTM C1904 test (~1) at all times, which represents accel-
erated conditions compared to field exposure, where k values
would typically be less than 1 and as low as 0.3.3%40 There-
fore, a correlation factor, C;, could be introduced between
the field and ASTM C1904 conditions such that

kYW

k1904

C

a7

where £, is the k-factor of the concrete used in the field; and
k1904 18 the k-factor of the paste or mortar sample used in the
ASTM C1904 test.

Sewer flow conditions

The Pomeroy equation, Eq. (4), was initially developed
without considering the following: 1) corrosion in a typical
sewer occurs at a higher rate at the crown than other concrete
surfaces; and 2) the increased turbulence of the sewer flow
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increases the corrosion rate. For example, in a typical sewer,
the corrosion rate might be 1.5 to 2.0 times higher in the
crown than in other parts of the sewer surface.*** The turbu-
lence of the flow can increase the corrosion rate up to 2.5
for typical turbulent flow and as much as 10 times for high
turbulent flow.>** To account for these effects, two addi-
tional factors were introduced to PM such that>

croy = 11.5k0,, H(CCF)(TCP) (18)

where cry, (mm/yr) is the corrosion rate in the field; CCF is
the crown corrosion factor; and TCF is the turbulence corro-
sion factor. The values of CCF and TCF depend on the flow
stream conditions in the sewer; additional guidance on these
factors is provided in the EPA report.** Because the ASTM
C1904 test is performed in stagnant fluid immersion, these
factors are not included in corrosion rate calculations.

In Eq. (18), the average flux of H,S (expressed as sulfide)
at the air-wall interface, in g/m>-h, can be simplified for
typical sewer conditions without high turbulence or high
velocity by*

O, = 0.7 JIDSIC, 2 (19)

where s is the slope of the sewer (m/m); v is the stream
velocity (m/s); J is the pH-dependent factor for proportion
of H,S; DS is dissolved sulfide concentration (mg/L); Cr is
the temperature factor; b is surface width of the stream (m);
and P’ is exposed perimeter (m). The J-factor is a variable
depending on the pH of the sewer solution and can be found
in the literature.’® The properties of the sewer geometry and
flow conditions are shown in Fig. 2.

PM considers the temperature coefficient (Cy) as equal to
unity at 20°C. However, the temperature in the field condi-
tions is a variable that influences the release of H,S(,, to
the gas phase. Figure 3 illustrates equilibrium concentrations
of gaseous H,S (ppm) in a closed system as a function of
temperature and H,S concentration in solution. An increase
in temperature increases the H,S, concentration, and this
might affect the corrosion rate significantly for higher H,S.
Hence, the temperature coefficient (C7) is computed by
following for a known H,S concentration
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Role of antimicrobial product leaching during
ASTM C1904 testing

Antimicrobial treatment is one of the common methods
to prevent or delay MICC, and ASTM C1904 (Option B)
is developed to evaluate the efficiency of different mixtures
and antimicrobial products. It has been observed in some
ASTM C1904 tests that the antimicrobial admixture might
leach out of the paste or mortar sample into the exposure
solution and delay its acidification because the increased
antimicrobial content in the solution reduces the bacterial
activity. Figure 4(a) illustrates such a test where the pH of the
solution remains high for the first 30 to 40 days of the testing
period. As shown, the delay of pH reduction is longer for
the samples with higher antimicrobial dosage. This leaching
effect is an artifact of the test setup because the samples are
immersed in the exposure solution (unlike the field condi-
tions) and the volume of the exposure solution is rather
small (~0.4 L), which exacerbates the effect of the antimi-
crobial admixture leaching. Therefore, when correlating the
corrosion rate obtained from the ASTM C1904 test to the
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Fig. 4—Example ASTM C1904 data demonstrating: (a) pH;
and (b) sulfate concentration change in exposure solution.

corrosion rate under the field conditions, the delay in deteri-
oration needs to be considered.

Because this delay is time-dependent, a time-
dependent factor is needed. It can be seen in Fig. 4(b) that the
cumulative sulfate measurements, which are required to be
reported in ASTM C1904 testing, provide a time-dependent
quantification. During the leaching period (30 to 40 days
from the start of the testing), the sulfate concentration in the
exposure solution remains low, which indicates that paste or
mortar samples in the cell are not deteriorating and corrosion
rates are low. Therefore, collected sulfate measurements in
the exposure solution will be used to describe a delay factor
by using the rate of the sulfate formation.

The time-dependent delay factor, C,(¢), can be written as

Ky .
— time <7,

C,(1)= (1)
21 time >1,

D3 [0 7] 171 UL SISO — :

Sulfate Concentration (mg/L)

XSO v ,

tq Time t

Fig. 5—Representation of cumulative sulfate concentration
versus time with delayed effect of antimicrobial additive.

where s; and s, are the slopes in the cumulative sulfate
measurements, as shown in Fig. 5; ¢, (days) is the delay
time; ¢ (days) is the duration of the ASTM C1904 test; and
T, (days) is the expected delay time in the field, which are
related with one another as follows

¢t Cyx C,
- o (22)
4% 3)

The slope s, represents the slope during the delay, and s,
illustrates the slope during the steady state and can be written
in terms of cumulative sulfate concentrations as follows

s07 ], - Y[s0% ],
,, - 0], - ylsot] o4

. Z[SO%-]I,_—E[SOE-]M 05

Summary: corrosion rate correlation

As the environmental and laboratory conditions are exam-
ined and correlated with several factors in this study, the
corrosion rate obtained from the ASTM C1904 testing can
be converted to field conditions as follows

CiC,
cro D = crlgoﬁTA@Cd(o (26)

Here, cry904 is calculated using the total test duration from
Eq. (14). A more accurate calculation for crjgo4 can be made
if the variable ¢ in Eq. (14) is replaced with the duration of
the test after the antimicrobial leaching delay. This delay
period (#;) can be obtained from cumulative sulfate measure-
ments in ASTM C1904 testing.
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DEMONSTRATION STUDY
Application of PM to ASTM C1904 and biogenic
chamber tests

As PM is used to relate ASTM C1904 to field conditions, it
is useful to show that PM can predict corrosion rates of these
two cases with reasonable accuracy. Unfortunately, there are
not many field test data available with adequate controls and
sufficient details for their proper use in PM; therefore, in this
study, biogenic chamber tests from the literature are used.
These tests are intended to simulate field conditions, and
they use H,S gas and SOB to induce MICC; therefore, they
could be used to generate data as surrogate validation data.
Even though biogenic chamber tests involve a high degree
of variability, they are the closest version of laboratory tests
that can simulate field conditions.

Selected specimens from four sets of biogenic chamber
test data were used by considering the use of antimicro-
bial products, the alkalinity factor, and H,S concentration.
Because these tests involve a significant amount of detail,
only basic background is provided here, and the readers
are referred to cited references for additional information.
The first study was conducted by House!® and involved
testing of 12 different concrete mixtures at an average H,S

Table 1—Mixture proportions of paste specimens
tested with ASTM 1904 testing

Mixture ID PO P15 P15C PIST

Admixed antimicrobial,
% of cement

Colloidal silica, % of cement 0.00 0.00 9.10 0.00

0.00 1.50 1.50 1.50

Topical antimicrobial No No No Yes
Water-cement ratio (w/c) 0.42 0.42 0.42 0.42
Cement, kg/m? 1356 1356 1356 1356
Water, kg/m? 569 569 569 569

Aggregates, kg/m? — — — —

[CaOlcen, kg/kg 0.62 0.62 0.62 0.62

[CaO],ge, kg/kg — — — —

Density, kg/m® 1926 1926 1926 1926
Alkalinity 4 0.78 0.78 0.78 0.78

concentration of ~100 ppm for up to 360 days. The second
study was conducted by Ding?® and involved the testing of
13 different concrete mixtures at an average H,S concentra-
tion of ~150 ppm for up to 360 days. The third study was
conducted by De Belie et al.'? and involved the testing of
eight different concrete mixtures at an average H,S concen-
tration of ~250 ppm for up to four cycles of 17 days. The
fourth study was performed by Gutiérrez-Padilla et al.>® and
involved testing of 13 different concrete mixtures at an H,S
concentration of ~300 to 600 ppm for up to 215 days.

In addition to the chamber test, the ability of PM to predict
the ASTM C1904 corrosion rates was also investigated. As
stated before, PM is based on H,S exposure; therefore, to
predict corrosion rates from the ASTM C1904 test, thio-
sulfate content should be converted to an equivalent H,S
content. Although other factors would affect the kinetics
of conversion of sulfur species to sulfuric acid by different
types of SOB, it is assumed that one unit of thiosulfate
(S,05%) produces the same effect as two units of H,S, based
on the sulfur content of these species. This assumption is
tested in this investigation by using PM to predict the corro-
sion rates of samples tested in ASTM C1904 testing. For the
comparison of ASTM C1904 testing and PM, two different
mixtures were chosen. Because PM is only applicable to the
conditions without any antimicrobial treatment, the cement
paste mixture (PO) in Table 1 and the mortar mixture (MO0)
in Table 2 without any antimicrobial treatment were consid-
ered for the comparison of experimental and computational
results.

Relating ASTM C1904 test results to field
conditions

This investigation demonstrates the process of relating
ASTM C1904 test results to a hypothetical field exposure
site. One set of paste and one set of mortar samples were
tested following ASTM C1904-20. The mixture details of
the paste and mortar samples are provided in Tables 1 and
2, respectively.

In the paste mixtures shown in Table 1, PO is the control
mixture without any antimicrobial treatment, while P15,
P15C, and P15T contain an admixed antimicrobial addi-
tive with a dosage of 1.5% of cement weight. Additionally,

Table 2—Mixture proportions of mortar specimens tested with ASTM 1904 testing

Mixture ID MO MT M7.5 M7.5T M15 MI15T
Admixed antimicrobial, % of cement 0.00 0.00 0.75 0.75 1.50 1.50
Colloidal silica, % of cement 0.00 0.00 1.50 1.50 3.00 3.00
Topical antimicrobial No Yes No Yes No Yes
wlc 0.42 0.42 0.42 0.42 0.42 0.42
Cement, kg/m® 720 720 720 720 720 720
Water, kg/m? 302 302 302 302 302 302
Aggregates, kg/m3 1400 1400 1400 1400 1400 1400
[CaO] em, kg/kg 0.67 0.67 0.67 0.67 0.67 0.67
[CaO]age, kglkg 0.10 0.10 0.10 0.10 0.10 0.10
Density, kg/m? 2120 2120 2120 2120 2120 2120
Alkalinity 4 0.52 0.52 0.52 0.52 0.52 0.52
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Table 3—Mixture proportions of concrete used for
sewer pipe in field

Table 4—Hypothetical sewer characteristics
in field

Mixture ID SO Characteristics Value Reference
wic 0.40 Turbulence corrosion factor (TCF) 1 —
Cement, kg/m? 360.00 Crown corrosion factor (CCF) 2 —
Water, kg/m? 144.00 Acid reaction factor (k) 0.95 —
Aggregates 1, kg/m? 700.00 pH of liquid * (Fig. A1)*7
Aggregates 2, kg/m? 1380.00 Dissolved sulfide concentration (DS), mg/L - (Fig. A2)*®
[CaO]..n, kg/kg 0.60 Flow rate, m * (Fig. A3)*®
[CaO]gqr, kg/kg 0.05 Temperature (7), °C * (Fig. A4)*
[CaO]uge, kg/kg 0.00 Stream velocity (v), m/s 1.07 —
Density, kg/m? 2440 Slope of sewer (s), % 0.10 —
Alkalinity 4 0.18 Alkalinity factor (4) 0.18 —

the P15C mixture contains a liquid cement matrix densi-
fying additive containing colloidal silica, and antimicrobial
topical treatment was applied for P15T specimens by using a
water-repellent sealer containing silane, siloxane, and silane
quaternary ammonium chloride with a dosage of approxi-
mately 13.4 mL/m?, as per the manufacturer’s instructions.

In the mortar mixtures shown in Table 2, MO is the control
mixture without any antimicrobial treatment, while M7.5
and M7.5T contain an admixed antimicrobial with a dosage
0f 0.75% of cement weight as well as a liquid cement matrix
densifying additive containing colloidal silica at a dosage
of 1.5% of cement weight. Mixtures M15 and M15T have
the same admixed antimicrobial with a dosage of 1.5% of
cement weight and a liquid cement matrix densifying addi-
tive containing colloidal silica at a dosage of 3.0% of cement
weight. Additionally, MT, M7.5T, and MIS5T mixtures
are topically treated with another antimicrobial product
with a dosage of 203.7 mL/m?, as per the manufacturer’s
instructions.

The hypothetical mixture design of the concrete in the field
where the service life predictions are made for the samples
described in Tables | and 2 is summarized in Table 3. The
ASTM C1904 data were used to predict the performance
of concrete in the sewer, and the mixture details are given
in Table 3. The mixture SO represents the concrete used for
the sewer pipe in the field. This mixture design aligns with
commonly used mixtures in practice; siliceous aggregates
were considered to eliminate the neutralization effect of
aggregates. The alkalinity factor is computed by considering
this mixture. Then, the effect of alkalinity is considered by
using the correlation factor between alkalinity of concrete
in the sewer pipe in Table 3 and alkalinity of cement paste
and mortar from the ASTM C1904 test in Tables 1 and 2,
respectively.

Field conditions for the demonstration example, as deter-
mined using ASTM C1904 testing, are given in Table 4.
The sewer characteristics, which influence the average
flux of H,S (Qy,) and the corrosion rate in the sewer (crs,,),
were used for the calculations in the proposed service life
modeling. Several sewer characteristics are used from the
real field measurements in the literature. The pH of the
wastewater is assumed to change during a year, following

10

"These characteristics are not constant; these values are time-dependent and vary over
a year.

the annual data used by Aleksi¢ et al.’” As pH is time-
dependent, the pH-dependent factor (J) in PM also becomes
a time-dependent variable. In the modeling, the annual
sulfide amount in the wastewater is taken from Pomeroy.*
The elevation of the water level varying during a year is
obtained by using the flow rate®® in the sewer pipe. Hence, the
surface width of the stream (b) and exposed perimeter (P') is
computed based on the water elevation, which plays a crucial
role in the average flux of H,S. The effect of the tempera-
ture on corrosion rate is considered by using the seasonal
temperature data from the study of Wells and Melchers.>
By using the mixture proportions of concrete in the field in
Table 3 and the sewer characteristics in Table 4, the informa-
tion required for the correlation factors is obtained.

RESULTS AND DISCUSSION
Application of PM to ASTM C1904 and biogenic
chamber tests

Figure 6 illustrates corrosion rates calculated by using PM
for both the biogenic chamber tests (used as a surrogate for
field exposure) and ASTM C1904 versus the corrosion rates
measured experimentally. As can be seen from Fig. 6, PM
predicts both cases well, mostly within the 25% error lines.
The difference in corrosion rate predictions may be attributed
to several factors, including variability in testing conditions
such as chamber design and environmental conditions, the
transport properties of the cementitious system, which are
not accounted for in PM, and the specific characteristics of
the aggregates.*->*% De Belie et al.!? proposed a degrada-
tion prediction method based on alkalinity and water absorp-
tion, with water absorption used as a measure of concrete
porosity. Because porosity directly influences the micro-
structure, it governs the transport of aggressive agents such
as sulfates and microorganisms, thereby influencing the rate
of degradation. Although laboratory testing conditions may
show variability in experimental corrosion rate, the experi-
mental and computational corrosion rates by using PM were
comparable, despite many varying parameters such as H,S,
chamber design, and mixture design. Therefore, it is reason-
able to assume that PM can be used to relate ASTM C1904
testing to field conditions.
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Relating ASTM C1904 test results to field
conditions

ASTM C1904 results—Figures 7 and 8 present the pH,
calcium-ion content, and sulfate-ion content in the exposure

6
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Chamber test-Belie et al. .~ Pl e
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Fig. 6—Corrosion rates calculated by using PM versus
corrosion rates measured from biological chamber and
ASTM C1904 testing.
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during the ASTM C1904 testing of the paste and mortar
specimens, respectively. Table 5 provides the corrosion rates,
as reported by ASTM C1904 for the paste and mortar spec-
imens. The corrosion rate for the PO cement paste mixture
without antimicrobial treatment was 4.63 mm/yr, while
mortar mixture MO without antimicrobial treatment had a
corrosion rate of 1.65 mm/yr. The difference in corrosion
rates may be attributed to the change in matrix type (paste
versus mortar), differences in alkalinity, and microstructural
variations. Kiliswa et al.®! studied the corrosion rates of
OPC- and calcium-aluminate cement (CAC)-based concrete
at the Virginia experimental sewer. OPC-based concrete
mixtures showed increasing biogenic corrosion rates with
higher cement content (1.12 mm/yr at 16% and 1.57 mm/yr
at 23%), whereas CAC-based mixtures showed the opposite
trend, with corrosion rates decreasing to 0.60 mm/yr at 16%
and 0.35 mm/yr at 23% CAC. The study highlighted the
effect of mixture design, such as cement content and type,
on corrosion rates. The corrosion rate of the MO mixture
(1.65 mm/yr) with 29% cement content was comparable to
the corrosion rate of the OPC mixture (1.57 mm/yr) with
23% cement content as reported by Kiliswa et al.®! As can
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Fig. 7—Measurements of exposure solution during ASTM C1904 testing of cement paste specimens for: (a) pH; (b) cumulative

calcium-ion content, and (c) cumulative sulfate-ion content.
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Fig. 8—Measurements of exposure solution during ASTM C1904 testing of mortar specimens for: (a) pH; (b) cumulative

calcium-ion content,; and (c) cumulative sulfate-ion content.

Table 5—Experimental corrosion rates for cement paste and mortar mixtures

Mixture ID PO P15 P15C P15T MO MT M7.5 M7.5T M15 MI15T

ipss, MM 1.07 0.90 0.54 -0.02 1.12 -0.03 0.24 0.08 0.36 -0.15

Strength reduction, % 63.27 56.28 37.27 N/A 57.87 -2.10 16.16 5.34 24.02 -11.02
Corrosion rate (¢rygpq), mm/yr 4.63 3.93 2.34 0.05 1.65 0.00 0.35 0.12 0.53 0.00

Note: N/A is not available.

be seen in Fig. 7(a), P15T showed the best performance
against biogenic attack, as the pH remained above 7 and
had low cumulative sulfate- and calcium-ion concentrations,
as seen in Fig. 7(b) and (c), respectively. The other three
mixtures (PO, P15, and P15C) followed similar trends for
pH and cumulative sulfate- and calcium-ion concentrations.
However, slight decreases were observed in cumulative
sulfate- and calcium-ion concentrations for P15 and P15C
mixtures compared to PO.

Figure 8 shows the pH of exposure solution, cumulative
sulfate concentration, and cumulative calcium concentration
of mortar specimens exposed to the biogenic attack during
ASTM C1904 testing. A rapid and early decline in pH indi-
cates increased susceptibility to MICC. The MO mixture
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without antimicrobial product was most susceptible, while
mixtures with admixed antimicrobial (M7.5 and MI15)
showed delayed pH decrease. Consistent with the pH trend,
the MO mixture displayed the greatest concentrations of both
sulfate and calcium, indicators of degradation. The high pH
in Fig. 8(a) and low ion concentration in Fig. 8(b) and (c)
can be interpreted as the mixtures with topical treatment
(MT, M7.5T, and M15T) show better resistance. Figure 8
and Table 5 show that the corrosion rates of the M7.5 and
M15 mixtures were lower than that of MO due to some resis-
tance with initial pH increase, delayed and decreased sulfate
concentration, and lower calcium concentration.

Projected corrosion rates in field—Following the meth-
odology explained, the correlation factors were calculated
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Table 6—Correlation factors relating ASTM C1904 to field data

PO P15 P15C PIST MO MT M7.5 M7.5T MI15 MI15T

Cr 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95

Cy 0.231 0.231 0.231 0.231 0.343 0.343 0.343 0.343 0.343 0.343
C B . B B B « * * B «
Cy(?) 1.0 f t t 1.0 i i i + ¥

“This factor is calculated using Eq. (16) data using field data presented in Table 4.
This factor is calculated using Eq. (21) using data presented in Fig. 7(b).
¥This factor is calculated using Eq. (21) using data presented in Fig. 8(b).

for all samples investigated in this study. Table 6 provides
the correlation factors for Cy, Cy, Cy4, and Cy(¥) for the paste
and mortar specimens to link to the concrete mixture and
field conditions described in Tables 3 and 4, respectively. It
should be noted that the realistic, variable field conditions,
such as the pH of the solution, temperature, and the waste-
water depth, presented in Table 4 influence the correlation
factor for H,S concentration (Cy). The correlation factor for
H,S concentration is computed for a year.

Using these correlation factors, corrosion rates in the
defined hypothetical field exposure were calculated using
Eq. (26). Table 5 provides information about the average
corrosion rate calculated with constant parameters. However,
the parameters, such as a decrease in pH during the attack
and the impact of the antimicrobial treatment, could modify
the corrosion rate. Figure 9 shows the experimental corro-
sion rate and corrosion depth obtained for cement paste
mixtures described in Table 1 from ASTM C1904 testing,
and the projected corrosion rate and corrosion depth for the
concrete described in Table 3 by using the corresponding
cement paste mixtures from the ASTM C1904 testing.
Figure 7 shows that there was no delayed effect of the
antimicrobials for the cement paste mixtures by observing
pH, sulfate, and calcium measurements. Figure 9(a) shows
the corrosion rates (mm/yr) for the cement paste mixtures
obtained from ASTM C1904 testing. As shown in Fig. 9(a),
the PO mixture, without any antimicrobial treatment, exhib-
ited the highest corrosion rate. In contrast, the P15T mixture
exhibited complete resistance, while the admixed antimi-
crobial mixtures (P15 and P15C) demonstrated improved
resistance, with significantly lower corrosion rates than PO.
When the ASTM C1904 testing results were correlated to
field conditions, the resistance of the antimicrobial mixtures
was reflected in field conditions. The projected corro-
sion rates are shown in Fig. 9(b), where the corrosion rate
is represented for a year based on the annual hypothetical
field conditions given in Table 4. These rates are repeated
by assuming the same conditions for subsequent years. For
given hypothetical conditions, the highest corrosion rates are
seen in spring. The increase in the temperature encourages
bacterial activity and increases the H,S() concentration in
the sewer, as seen in Fig. 3. Despite the higher dissolved
sulfide content and the temperature (refer to Fig. A2 and A4
in the Appendix”) in the summer, the effect of the low waste-

"The Appendix is available at www.concrete.org/publications in PDF format,
appended to the online version of the published paper. It is also available in hard copy
from ACI headquarters for a fee equal to the cost of reproduction plus handling at the
time of the request.
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water depth and high pH observed in the summer (refer to
Fig. Al and A3) decreases the corrosion rates significantly
by influencing the average flux of H,S (9;,,).

For the given field conditions, the combined effect of the
sewer geometry and environmental conditions resulted in
the highest corrosion rate in the spring. While sewer geom-
etry and environmental conditions influence corrosion rates
under field conditions throughout the year, as considered in
this study, the corrosion rate may also vary depending on
the progression of the MICC. Wells and Melchers®? exposed
concrete coupons in a sewer system in Perth by monitoring
H,S concentration, relative humidity, and temperature. Their
research findings supported the three-stage model of MICC
proposed by Islander et al.'’; the corrosion rate at Stage 3
exposure was found to be 11 mm/yr. They stated that the
less aggressive conditions might extend the duration of
Stages 1 and 2, which results in lower corrosion rates. This
study focuses on projecting the Option B method (Stage 2)
of ASTM C1904 on field conditions. Further research could
further refine this model by incorporating the influence of
pH dynamics. The corrosion depth for cement paste mixtures
from ASTM C1904 testing and the projected corrosion depth
for concrete are given in Fig. 9(c) and (d), respectively.

Figure 10 illustrates the experimental and projected corro-
sion rates and corrosion depths from ASTM testing of mortar
mixtures. As shown in Fig. 8, the M7.5 and M15 mixtures
with admixed antimicrobials showed a delayed effect in dete-
rioration. This delay is considered by following the method
described in the section “Role of antimicrobial product
leaching during ASTM C1904 testing.” The mixtures M7.5
and M15 showed approximately 23- and 34-days delay for
124 days of ASTM C1904 testing, as shown in Fig. 10(a).
The projected delay corresponds approximately to 0.7 and
1.0 years in the field for the sewer described, as shown in
Fig. 10(b). In Fig. 10(b), the corrosion rate is represented
for 3 years based on the annual hypothetical field condi-
tions given in Table 4. The corrosion rates observed after
the delayed effect, which corresponds to the third year, are
repeated by assuming the same conditions for subsequent
years. Figures 10(c) and (d) show the corrosion depth of
mortar for ASTM testing and the projected corrosion depth
of the concrete for field exposure, respectively. Although the
performance of the paste and mortar from ASTM C1904 is
projected for the same field conditions, the projected corro-
sion rate for mortar specimens, as seen in Fig. 10(b), is
approximately 30% lower than the projected corrosion rate
for cement paste specimens, as seen Fig. 9(b). Figure A5 illus-
trates the relationship between corrosion depth of M0 over
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Fig. 9—Results for cement paste specimens: (a) corrosion rates in ASTM C1904 testing, (b) projected corrosion rates expected
for concrete in sewer, (c) corrosion depth versus time (days) in ASTM C1904 testing, and (d) projected corrosion depth versus

time (years) expected for concrete in sewer.

30 years and two correlation factors, which depend on the
alkalinity and k-factor. In Fig. A5(a), the corrosion depth is
shown to increase with decreasing alkalinity in sewer condi-
tions, suggesting that mixtures with lower alkalinity exhibit
reduced resistance MICC due to diminished acid-neutraliza-
tion capacity. In Fig. A5(b), a linear relationship is observed
between corrosion depth and £, suggesting that higher £,
values lead to increased corrosion depth. As the k-factor is
based on engineering judgment and reflects the dynamics of
acid exposure at the concrete surface, Fig. A5(b) highlights
the crucial role of accurately estimating this parameter in
estimating corrosion depth in sewers. Although the alka-
linity and k-factor in PM are significant factors, these might
not be the only factors influencing the corrosion rates. The
other mixture and durability factors, such as porosity, the
matrix (paste/mortar), and hydration products, might affect
corrosion rates.
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CONCLUSIONS

The purpose of this study was to develop a service life
model to predict the performance of concrete exposed
to microbially induced corrosion of concrete (MICC) in
sewer structures by using a benchtop acidification test. The
proposed service life modeling aims to provide a correlation
between field conditions and ASTM C1904 testing by using
Pomeroy’s model (PM). For this purpose, correlation factors
between ASTM C1904 testing and field exposure were intro-
duced to eliminate differences of exposure conditions of the
laboratory testing and the field, mixture composition, and
design. The feasibility of using PM to predict the perfor-
mance of laboratory testing was validated by comparing
corrosion rates for different mixtures and exposure condi-
tions with experimental results.

The proposed service life model allows prediction of
the performance of the ASTM C1904 testing in the field for
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Fig. 10—Results for mortar specimens: (a) corrosion rates in ASTM C1904 testing, (b) projected corrosion rates expected for
concrete in sewer; (c) corrosion depth versus time (days) in ASTM C1904 testing; and (d) projected corrosion depth versus time

(vears) expected for concrete in sewer.

different mixture designs and considers acute or delayed effects
of antimicrobial products. Ten paste and mortar mixtures
were assessed under hypothetical field conditions. Corrosion
depth in the field during service can be predicted by using
the proposed approach, which allows for predicting long-
term structural performance, optimizing maintenance strate-
gies, and reducing the economic and safety risks associated
with premature deterioration in wastewater infrastructure.
The model can also consider the effect of antimicro-
bial treatments and capture the lower corrosion rates and
a delayed onset of corrosion when they are used. For the
same field conditions, the difference of the projected corro-
sion rates between the cement paste and mortar from ASTM
C1904 might be because of other mixture and durability
parameters that are not included in PM. While some param-
eters, such as k-factor and alkalinity, are included in the
proposed model, more investigation might be conducted on
determining those values. Besides, the effect of other param-
eters, such as porosity, the matrix (paste/mortar), hydration
products, and various antimicrobial treatments, on the corro-
sion rates might be investigated as future work. Further vali-
dation of the proposed approach is recommended using real
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sewer data. For this, controlled field experiments need to be
conducted.
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The composition of ordinary portland cement (OPC) changed in
North America with the addition of ground limestone in 2004 (since
the adoption of ASTM C150-04a), which reacts to form carboalu-
minate hydration products. This paper discusses the potential
influence of limestone addition on the porosity, pore connectivity,
formation factor, and electrical properties of cementitious systems.
The carboaluminate reaction products can result in a system with
limestone that has an equivalent water-powder ratio (w/p) approx-
imately 0.07 lower than the system without limestone (occurring
at the minimum porosity). When reactive alumina is added to the
system, a greater amount of limestone reacts, and a reduction in
porosity occurs. The carboaluminate phases impact the transport
properties of mixtures to a greater extent for mixtures with moder-
ately low w/p and aluminous supplementary cementitious materials
(SCMs). This has implications for standards and specifications,
which are based on historical research and testing using cements
that do not contain limestone and therefore would have a higher
porosity and lower formation factor than cements manufactured in
the United States after approximately 2004 at the same w/p.

Keywords: durability; electrical resistivity; formation factor; limestone;
porosity; portland-limestone cement (PLC).

BACKGROUND AND INTRODUCTION

Historically, hydraulic cement (that is, ordinary portland
cement [OPC]) primarily consisted of clinker, a source of
sulfate, and grinding aids.! Over time, the incorporation of
finely graded limestone has become more common in the
United States.?3 In 2004, ASTM C150 was changed to permit
the addition of up to 5% limestone. In 2012, ASTM C595
was changed to allow Type IL cements containing up to
15% limestone, also called portland-limestone cement
(PLC). These changes in cement composition have been
made largely to reduce the global warming potential (GWP)
associated with cement production and use by reducing the
clinker content in the cement.>* Reducing GWP is an admi-
rable goal; however, it is also important to understand and
contextualize how these changes in cement composition
impact the knowledge of cement and concrete data on which
many of the codes and specifications are based.

Several studies have summarized the results of cemen-
titious materials made using cement with limestone addi-
tions.>>>% Matschei et al.>” demonstrated that the addition
of limestone results in hydration products (carboaluminates)
that initially decrease porosity before dilution leads to an
increase in porosity until the original porosity is attained at
approximately 15% limestone addition.”® Lothenbach et al.'
and De Weerdt et al.'"'> observed that limestone promoted
the formation of mono- and hemicarboaluminate as opposed
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to monosulfoaluminate, which helped to stabilize ettringite,
reducing porosity. Porosity is often related to compres-
sive strength.’*!7 Some common relationships between
compressive strength and porosity are those of Feldman
and Sereda,'” Feret’s law,'* Abrams’ law,'? and Powers and
Brownyard’s gel-space ratio.'® These relations are well
ingrained in popular approaches available in the literature
to predict strength; for example, tools such as CEMHYD3D
and HYDCEM use Powers and Brownyard’s gel-space ratio
to predict strength.!®* Figure 1 provides an example of
how porosity and compressive strength are impacted with
limestone replacement of clinker (after Matschei et al.”). If
clinker is replaced with reactive alumina, it can be noticed
that the porosity can be further reduced,”?' and a similar
trend in compressive strength is predicted based on the
gel-space ratio.

While the formation of aluminate-based reaction products
can reduce overall porosity, other properties of limestone,
such as fineness, also play an important role in the pore
structure and fresh properties. Cost et al.?? and Bentz et al.?
studied the role of limestone fineness on the setting and
strength development. Finer limestones typically result in
faster setting, less bleed, and more rapid strength development.
ASTM C595 Type IL cement is typically 20% finer than
the parent ASTM C150 cement to counteract slow strength
development.>* Bucher et al.>>?¢ demonstrated that coarser
limestones had less shrinkage at the same limestone replace-
ment level, presumably due to lower capillary stress. This
also led to a reduced potential for cracking; however, the
28-day strength may be lower than that of the parent mate-
rial for coarse limestone. Many commercial ASTM C595
cements have been more finely ground and tested to
demonstrate a similar shrinkage and cracking potential to the
parent ASTM C150 cement.?’ Sellevold et al.?® showed that
the fineness of additives was critical for promoting nucle-
ation reactions. It was surmised that fine limestone that
nucleated reaction products would refine the connectivity of
the pore structure.? The influence of nucleation and increased
space for hydration products has been discussed as a poten-
tial reason for increased clinker reaction at early ages.>?’
Brookbanks*® showed that an increased limestone fineness
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results in a reduction in bleeding rate in fresh concrete. This
may also influence finishing operations.

Other researchers have examined the influence of lime-
stone replacement of clinker on transport properties, and the
results can appear contradictory and confusing. For example,
Schmidt*"* reported that limestone addition reduced the
porosity of the system. Moir and Kelham®* found that the
addition of limestone increased permeability, though the
limestone was generally coarse. Tsivilis et al.** reported
reduced water permeability with limestone addition, despite
similar porosity. Tezuka et al.>> measured the diffusion coef-
ficient of cement paste with 0, 5, 10, and 15% limestone
replacement and reported that the system containing 5%
limestone had the lowest diffusivity, and the 15% system
had the highest diffusivity. Barrett et al.’*7 reported that
the chloride diffusion coefficient for PLC concrete may
increase from 2 to 30% when compared to conventional
OPC with similar clinker composition; however, fly ash +
limestone showed a dramatic reduction due to a reduction
in connectivity. They also showed that the resistivity of the
PLC mixtures is generally within +25% of that of their OPC
counterparts but had a dependency on the water-powder
ratio (w/p). Muni et al.*® reported increases in the resis-
tivity of concrete with limestone and clay additions. Garcia
et al.* reported that the addition of limestone decreases the
electrical resistivity of a concrete mixture, implying that it
might also increase its permeability; however, they reported
that supplementary cementitious materials (SCMs) could be
used with PLC to overcome any detrimental effects of lime-
stone addition. Choudhary et al.*’ reported the porosity of
PLC to be approximately 2 to 6% higher than the porosity
of commercial OPC mortar (with 2 to 3% interground lime-
stone); however, the resistivity of the PLC was generally
statistically similar to the OPC system with similar clinker
composition. Furthermore, Choudhary et al.*’ reported that
the resistivity in SCM systems with limestone was two to
four times greater than in the systems without SCMs.**#! As
mentioned, the literature findings appear to show that the
addition of limestone may increase or decrease porosity and
transport properties, which appears to be due to the baseline
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cement used, the mixture proportions, and the proportion of
limestone replacement.

In this work, numerical simulations were performed
to examine four separate topics. Specifically, the study
examined: 1) how the replacement clinker with limestone
impacted the expected reaction products; 2) how the reac-
tion products that form alter the porosity of systems with
the same w/p; 3) how limestone and reactive alumina are
synergistic and, when used together, further reduce porosity;
and 4) how the reaction products impact the pore connec-
tivity and the formation factor. Examples are provided to
compare the analytical results with experimental measure-
ments. The impacts of these findings are discussed as they
relate to experimental interpretation, as well as specification
and standard development.

Background on modeling transport properties

This paper hypothesizes that some of the contradictory
and confusing reports related to the role of limestone in the
electrical resistivity and formation factor can be explained
using computational modeling concepts, such as those used
by Matschei et al.” and Bharadwaj et al.>*? for porosity and
strength. While compressive strength is related to porosity
using the gel-space relationship (Fig. 1), electrical prop-
erties such as resistivity or formation factor are related to
porosity in a more complex manner, as they involve both
the volume of pores and the connectivity of the pore space.*
For instance, the formation factor (F) of a porous medium is
defined as the inverse product of the total porosity (¢) and
the pore connectivity (f), as shown in Eq. (1)*4

1

F 45 (D

The total porosity is defined as the total volume of voids in
the system. The pore connectivity is a mathematical quantity
used to describe the tortuosity and interconnectedness of the
pore structure in the system.**! The pore connectivity calcu-
lations have been described in previous work*’ and are
modeled using a series model consisting of the connectivity
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of the capillary pores (f.,,) and the connectivity of the gel
pores (f.r) using Eq. (2)

ﬂpaste = ,Bgel + ﬁcap (2)

The formation factor can also be calculated as the ratio
of the bulk resistivity of the concrete (pp,;) to the resis-
tivity of the pore solution filling the pores (p,,), shown in
Eq. (3)B4449-52

P bulk
F = G

The resistivity of concrete is often used in practice
because it is determined by a relatively simple experimental
procedure that measures resistance and corrects for geom-
etry (ASTM C1876, AASHTO T 358, and AASHTO T 402).

RESEARCH SIGNIFICANCE

Modern cement uses ground limestone, which impacts
electrical and transport properties such as the formation
factor. Low limestone replacement volumes result in the
formation of carboaluminate phases, which reduce porosity
and connectivity and increase electrical resistivity and the
formation factor. As the limestone replacement volumes
increase, dilution becomes more prevalent, which increases
porosity and connectivity, resulting in a reduction in elec-
trical resistivity. This is significant because historical
research and testing (systems without limestone addition
from which most specifications and codes are based) would
have a higher porosity, lower pore connectivity, and lower
formation factor than cements manufactured in the United
States after approximately 2004 at the same w/p. Further,
historical cements are less impacted by SCMs containing
reactive alumina. Consideration of ground limestone in
specification changes moving forward may be prudent.

COMPUTATIONAL METHODOLOGY

This paper uses a computational tool that couples thermo-
dynamics,>*7 kinetics,”®> and pore partitioning models*>*
for cementitious systems. The computational tool (previ-
ously described in the literature*-7-661) is able to use the
cement chemistry, SCM chemistry, SCM reactivity,%>
volumes of each material, and water content to predict the
volumes of reaction products, pore solution chemistry,
pore solution volume, and information about porosity. The
details of the tool are available in previously published liter-
ature cited previously and are not repeated here for brevity.
Briefly, the cement chemistry, SCM chemistry, and reac-
tivity (DOR*, as measured using the pozzolanic reactivity
test [PRT®*]) are inputs to the modified Parrot-Killoh kinetic
model.®* The kinetic model provides the amounts of indi-
vidual cement and SCM phases that react as a function of
time, which is then input into the GEMS3K thermodynamic
modeling tool.>" In this work, the GEMS3K v3.5.0 soft-
ware is used in conjunction with the default PSI/Nagra data-
base and the Cemdata v18.01 thermodynamic database.®®
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The outputs of GEMS are processed through a pore parti-
tioning model®”® to predict the porosity and pore volumes.
The calculated total porosity can further be subdivided into
four types of pores: gel, capillary, chemical shrinkage, and
entrained air.**4’

While porosity is relatively well understood, the compu-
tational tool describes how the relative change in the types
of pores impacts pore connectivity. Previous work*®4
described the formation factor using a series approach, with
the first term approximating the connectivity of the gel pores
and the second term accounting for the connectivity of the
capillary pores. In the previous work, when the capillary
porosity decreased below 18%, it was assumed to be discon-
nected,®-’" which is in line with the observations of capil-
lary discontinuity observed by Powers et al.”! The relative
proportion of the gel to capillary pores in a system is related
to the pore connectivity. As such, the impact of altering the
relative proportions of pore sizes can be discussed here,
using a system with 30% porosity as an example. If the
system is composed of capillary pores, the formation factor
is quite low (approximately 3). However, as the proportion
of the gel pores increases to 10% of the total porosity, the
formation factor increases by more than 10 times, to a value
of 36. If 50% of the pores are gel pores, the formation factor
is approximately 135, and if all the pores are gel pores, the
formation factor exceeds 200.>""%7 This clearly illustrates
that the connectivity of the pores is crucial. It should be
noted that in this work, the chemical shrinkage and air voids
are not considered to be fluid-filled or conductive (that is, the
sealed condition).

The chemistry of the base cement (herein, the base cement
refers to cement before limestone addition and is referred
to as cement through the remainder of the paper) used
throughout the majority of the paper is from Bharadwaj
et al.*%: C3S = 69.09%, C,S = 5.08%, C3A = 6.61%, C4AF =
6.94%, Na,0O = 0.21%, K,0 = 0.48, MgO = 1.43%, and
SO; = 2.55%. The cement had a specific gravity of 3.15 and
a fineness of 375 m%/kg. The reactive alumina studied was
100% ALO; with a maximum degree of reactivity (DOR¥*)
of 100%, a specific gravity of 3.94, and a fineness of
450 m*kg.*? The limestone was 100% CaCOs;, with a
specific gravity of 2.71 and a fineness of 450 m%*kg. An
additional cement was simulated to compare with the results
of the Barrett et al.’*7 study with a chemistry of*%: C;S =
42.42%, C,S = 34.08%, C5A =3.28%, C4AF = 12.38%, and
SO; = 1.15%, a specific gravity of 3.16, and a fineness of
376 m?/kg. The systems had a w/p of 0.40 with limestone
replacements of 0, 1.15, 4.31, and 13.31% by mass.

The final portion of this paper discusses two concepts
using computational simulations. The first item discussed
refers to the comparison of historical ASTM C150 cements
(that is, ASTM C150 OPC prior to 2004, before limestone
addition) and modern ASTM C150 (OPC) and ASTM C595/
EN 197-5 (PLC) cements. The second item performs simula-
tions to discuss the role of w/p when OPC and PLC mixtures
are compared.
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(d) 13.31% ground limestone.

RESULTS AND DISCUSSION OF SIMULATIONS
Limestone replacement level and reaction
products

A series of simulations was performed to illustrate the
reaction products that form when a portion of the clinker in
cement is replaced with ground limestone. The simulations
were performed for degrees of hydration (DOH) ranging from
30 to 90% (approximately 1 day to 20 years). Figure 2 illus-
trates the unreacted phases (cement, limestone, other minor
fractions such as brucite and goethite, and pore solution),
the chemical shrinkage (volume reduction due to reaction),
and the hydrated phases (calcium-silicate-hydrate [C-S-H],
calcium hydroxide [CH], ettringite, monosulfate, and hemi-
carbonate, and monocarbonate). As the DOH increased, the
clinker and water (that is, the pore solution) were consumed,
and hydration products were formed. In general, the volume
of reaction products increases with an increase in the DOH.
The C-S-H and CH increased with DOH. The cumulative
volume of ettringite, monosulfate, hemicarbonate, and
monocarbonate increased with DOH; however, the rela-
tive proportions of each varied. When limestone was not
present in the system (Fig. 2(a)), ettringite formed at a low
DOH and converted to monosulfate as the DOH increased.
No monosulfate and hemicarbonate formed in the system
without limestone. At low limestone levels (Fig. 2(b))—that
is, limestone < 1.15%), ettringite formed and monocarbonate
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formed instead of monosulfate. As the DOH increased, the
monocarbonate gave way to hemicarbonate formation. At
higher limestone contents (Fig. 2(c) and (d)), ettringite and
monocarbonate formed, and unreacted limestone remained.
The conditions for the formation of each of these phases are
outlined in Georget et al.”* and Matschei et al.”

Reaction products and resulting porosity

Figure 3(a) illustrates the phases that form at 75% DOH
(that is, an approximate age of 90 days for a w/p of 0.40)
as a function of the limestone content. First, it can be noted
that as the limestone content increased, the volume of unre-
acted cement clinker decreased (as cement clinker was
replaced with limestone); however, the volume of unre-
acted limestone increased. This is not surprising, as only
a portion of the limestone is soluble and able to react. The
predicted chemical shrinkage showed a small increase as
the limestone increased from 0 to 0.86% (for this system at
the DOH studied), due to the formation of monocarbonate,
ettringite, and hemicarbonate phases. Note that the critical
limestone content for minimum porosity (LS,,) varied with
the DOH of the system studied (for example, LS, = 1.51%
ata 90% DOH and LS,, = 0.86% at a 75% DOH). The simu-
lations predict that the LS,, is the limestone content at which
maximum ettringite and hemicarbonate formation occur.
As the limestone content increases (for example, to levels
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greater than LS, = 0.86%), the chemical shrinkage then
decreases as less clinker has reacted, forming fewer reaction
products (Note: there is less unreacted clinker, but this is due
to the powder having less clinker and more limestone as the
limestone increases).

It should also be noted that in general, the resistivity of the
pore solution of the PLC system is approximately 0.20 Q-m
for the 0% limestone system and increases to 0.26 Q-m for
the 30% limestone due to the dilution of the alkali content of
the clinker and an increase in the volume of the pore solution.

Figure 3(b) focuses on the primary difference in the
volume-specific reaction products (ettringite, monosulfate,
hemicarbonate, and monocarbonate). For systems without
limestone, both ettringite and monosulfate formed. However,
as limestone was added, the monosulfate was replaced by the
formation of an increased volume of ettringite and hemicar-
bonate. Hemicarbonate has a greater volume than monosul-
fate. The changes in the products that form, however, can
result in a change in the pore volume, with these phases
representing approximately 13% of the paste when there is
no limestone replacement, 17% of the phases at 0.86% lime-
stone replacement, and 11% of the paste when 30% limestone
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replacement occurs. The volume of phases in Fig. 3(b) (as
well as early-age reactions) is sensitive to the volume of
sulfate in the system. The volume of the products increases
with sulfate concentration, with a reacted phase volume of
~13%, 17%, and 19% for 1, 2.6, and 3.5% SOs, respectively.
Figure 3(c) illustrates the volume fraction of the associated
gel water and capillary water of this system. As the limestone
increased, the gel water initially decreased due to the water
in the structure of the carbonate and ettringite phases.®”-%%.7¢
At the same time, the capillary porosity decreased due to the
increase in the volume of the phases, as shown in Fig. 3(a).
At higher concentrations of limestone, the gel porosity
decreased due to a reduction in the volume of gel present.
Figure 4 illustrates the porosity for systems with different
w/p (atthe same DOH: 75%), and, as one would anticipate, the
porosity increased with an increase in the w/p. For compar-
ison, porosity is also plotted for systems where 0.86% of the
clinker was replaced with limestone. When limestone was
added, the porosity was lower for the same w/p due to the
formation of the hemicarbonate and monocarbonate prod-
ucts discussed in the previous section. Considering equiva-
lent porosity, a system without limestone has an equivalent
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w/p that is approximately 0.07 greater than the system
with 0.86% limestone. This is important as the w/p is often
thought of as an indirect measure of the porosity, strength, or
durability of a system.'>!® As one may expect, at lower w/p
(typically <0.30), the difference between these lines dimin-
ishes as the capillary pores begin to fill completely, leaving
only gel pores in the system. In the following section of the
paper, the addition of reactive alumina is discussed, where
this reduction in porosity is even greater.

Synergistic combination of limestone and
reactive alumina

The previous section focused on systems consisting of
water, cement, and limestone. This section will describe
the impacts of adding SCMs that contain reactive alumina.
Previous research has shown that limestone and alumina
behave synergistically,”'>77" and this work attempts
to quantify their potential impact on transport. As a
reminder, the alumina used in the simulations was 100%
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Fig. 4—Plot of porosity and w/p of systems without lime-
stone, and with 0.86, 15, and 30% limestone (75% DOH).

Unreacted Ls

reactive; however, in practice, this may include SCMs such
as calcined clay, slag, or fly ash, all with varying DOR* and
other chemical compounds. Figure 5(a) illustrates when
2.5% reactive alumina is added to the system, and Fig. 5(b)
illustrates when the reactive alumina is increased to 7.5%.
A few observations can be made. First, the addition of reac-
tive alumina causes a greater limestone reaction. Second, a
greater volume of hemicarbonate and monocarbonate forms,
resulting in a substantial reduction in porosity. Third, the
limestone that corresponds to the lowest porosity increases
from 0.86% to nearly 5%. Finally, the amount of CH that
remains in the system decreases due to the pozzolanic reac-
tion of the Al,Os, until nearly no CH remains in the 7.5%
alumina system. Note that when CH is available in the
system, the AL,O5 reacts to form ettringite and carboalumi-
nates, and when CH is depleted, the Al,O; reacts to form
stritlingite; both these reactions reduce the porosity. The
reduction in porosity is illustrated in Fig. 1. It may be noted
that the choice of replacement of 15% clinker with limestone
in PLC systems is to match the compressive strength at 0%
limestone, similar to what is shown by Matschei et al.®” and
Bharadwaj et al.’

Reaction products, pore connectivity, and
formation factor

While plots like Fig. 1 relating porosity and compressive
strength have been used, Fig. 6 illustrates a similar plot
comparing the porosity, pore connectivity, and formation
factor. Similar to the way the gel-space ratio was used for
compressive strength, the connectivity estimate proposed
by Bharadwaj et al.*® is used here as described earlier.
First, porosity decreases with limestone and limestone +
alumina, as discussed earlier. Second, a decrease in connec-
tivity occurs due to the greater proportion of gel porosity
in the total porosity. The formation factor (and resistivity)
is inversely proportional to the product of porosity and
connectivity, which magnifies the effects that the lime-
stone and limestone + alumina may have on transport. This
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Fig. 5—Plots of unreacted and reacted phases of paste with w/p of 0.40 containing: (a) 2.5%, and (b) 7.5% reactive limestone
at degree of hydration of 75%. (Reminder: 0% is shown in Fig. 3(a).)
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is consistent with findings that pore refinement of SCMs
results in a two- to six-times increase in the resistivity. 404246

Comparing historical OPC, modern OPC, and PLC

The pioneering work by Feret,'* Abrams,'* and Powers
and Brownyard'®*° was performed on systems without lime-
stone. Those studies, and others of the time, form the basis
of many of the standards, specifications, and rules of thumb
in the construction industry.'> Brouwers®¥? extended some
of the calculations in the Powers and Brownyard model to
ideal systems containing C3A + CaCOs; however, it does not
appear that his work directly impacted specifications. This
work suggests that the baseline values associated with these
w/p may have inadvertently shifted when limestone was
initially added to cement in 20043 (for example, Fig. 4).
While the addition of limestone to ASTM C150 cements
after 2004 was nearly always conservative (that is, higher
compressive strength), the impact that this change may
have had is important to understand. For example, when the
w/p was introduced to mixture design procedures and code
limits, this predominately corresponds to cement without
limestone.?*% When limestone was added, the overall
performance may have improved for the same w/p due to the
porosity reductions.

ACI Materials Journal/March 2026

Figure 7 illustrates one example of the measured bulk
resistivity for one cementitious system (made using the
cement illustrated earlier in the paper, where the OPC had
a limestone content of 2.02% and the PLC had a limestone
content of 8.42%). Note that because the resistivity of the
pore solution was relatively constant, as described earlier
(pps = 0.20 Q-m), the bulk resistivity was used in this plot
(instead of the formation factor). First, the cement used for
the simulations shown in Fig. 63 was based on commer-
cially produced OPC and PLC (that is, the sulfate and grind
may also have changed). To start, the OPC shown has a
formation factor that is approximately 70 to 85% greater
than what would be expected from this same clinker if it did
not contain limestone. This implies that prior to 2004, the
formation factor of a historical OPC concrete would have
been lower. Second, the formation factor of concrete made
with the PLC (13% limestone; F'=97 ata w/p =0.42) is 35%
higher than the formation factor of the concrete without lime-
stone (£ = 68 at a w/p = 0.42). Third, the low-w/p mixtures
are more dramatically impacted by the limestone, as they
have a relatively smaller capillary pore volume. It is often
popular to perform tests comparing the performance of the
ASTM C150 OPC (as produced today) and the ASTM C595
PLC; however, it may be prudent to examine this practice
carefully because, as pointed out earlier, the values of the
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OPC may have changed over time and the reference value
may be very sensitive to the amount of limestone used for
the OPC cement. The formation factor at 1.15% limestone
is 120 (at a w/p = 0.42, approximately 76% greater than the
0% limestone), primarily due to the change in connectivity,
as the change in porosity would only account for a 15%
increase. Note that the discussion in this paper is limited in
scope to the PLCs produced in the United States, as the focus
is on ASTM standards and U.S. specifications; however, the
concepts in this paper may be applied to the PLCs produced
in other regions as well.

Comparing OPC and PLC: role of w/p and SCMs

Figure 8 provides a plot of the formation factor as a func-
tion of limestone and w/p for three systems, with Fig. 8(a)
and (b) having 0% alumina, and Fig. 8(c) having 5%
alumina. Increasing the w/p results in a reduction in the
formation factor (for example, a system with a higher diffu-
sion coefficient or permeability coefficient). Increasing the
limestone results in an increase in the formation factor at
low limestone levels, which decreases at higher limestone
concentrations due to the carboaluminates, as previously
discussed. It is, however, interesting to note that the benefit
of limestone addition changes as the w/p changes. At very
low w/p, the capillary porosity can be minimized, leading to
conduction primarily through the gel pores, which results in
a somewhat constant formation factor with limestone addi-
tion (for example, ~300 to 350). This is especially clear for
systems with reactive alumina (Fig. 8(b)). An increase in the
w/p can increase the volume of capillary pores; however,
this depends on the limestone replacement level. As such,
the formation factors remain relatively high for systems with
limestones between | and 4%, for example (due to the rela-
tively low volume of capillary pores in the system). When
the w/p is raised to values above 0.45 or 0.50, the relative
impact of the limestone addition is reduced (as a greater
number of the pores are capillary pores). The impact of these
changes increases with the addition of the reactive alumina
phase, as discussed earlier in this paper.
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The practical implications of this observation can be
discussed by examining results from the Barrett et al.>%%
study. First, it was reported that the relative resistivity ratio
(RRR, resistivity of the PLC/OPC, which is very similar to
a relative formation factor) was £20% for a w/p of 0.38 at
91 days. As mentioned earlier, the RRR is highly dependent
on the limestone concentration of the OPCs, which was gener-
ally between 0.5 and 2.9% using thermogravimetric analysis
(TGA). The systems that had a relatively lower PLC perfor-
mance (RRR of 0.8) had limestone additions of 2.0 and 0.9%
in the OPC system, while the systems that showed relatively
higher PLC performance (RRR of approximately 1.2) had
lower limestone additions (0.5% in the OPC), which would
have a lower formation factor. As the w/p increased to 0.42,
the RRR was between 0.8 and 1.05, and a further increase in
the w/p to 0.46 resulted in an RRR of 0.8 for all mixtures (one
mixture was higher). This confirms that the initial limestone
level of the OPC impacts the results. Further, it shows that at
lower w/p, the carboaluminate phases may be more impactful
in reducing the capillary porosity and formation factor. The
mixtures containing fly ash showed little improvement for the
water-cementitious materials ratio (w/cm) of 0.38 (presum-
ably due to the system consisting of a greater gel volume);
however, a dramatic increase in the RRR was observed for the
wlem of 0.42, and a lesser increase in the RRR was observed
for the w/cm of 0.46. Again, this speaks to the refinement of
the resulting pore structure. Research on systems with SCMs
by Barrett et al.,**3’ Ramanathan et al.,”® and Choudhary
et al.**4! all demonstrated that the use of SCMs resulted in a
two- to six-times improvement in resistivity.

While these studies use the model to approximate previous
experiments, it would be beneficial to conduct studies using
clinker in which the limestone and alumina sources are inten-
tionally and systematically varied and the resulting hydra-
tion phases are monitored. Further, while this paper used
previously established calculations of connectivity based on
SCM addition and pore refinement, this approach should be
further validated based on the sulfate and carboaluminate
phases described herein.

SUMMARY AND CONCLUSIONS

Limestone is being increasingly used as a replacement
for clinker in cementitious binders. This paper employs a
thermodynamics-based model to assess the impact of lime-
stone replacement of clinker on porosity. The presence of
limestone promotes the formation of ettringite, hemicar-
bonate, and monocarbonate, which reduce porosity at low
limestone replacement levels. For example, a paste with a
water-powder ratio (w/p) of 0.40 has 43% porosity for 0%
limestone and 36% porosity for 1.15% limestone (a 7%
reduction in porosity). As the limestone replacement level
is further increased, the reduction in porosity is offset by
dilution, resulting in an increase in porosity. For example,
an increase of approximately 0.2% porosity is observed per
percent of limestone added due to dilution. The reductions
in porosity are accompanied by changes in pore connectivity
and an increase in the formation factor (or resistivity). This
implies that adding limestone would be expected to impact
transport more than it does strength. The combination of
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limestone and reactive alumina is synergistic (that is, lime-
stone and alumina react), resulting in greater volumes of
hemicarbonate and monocarbonate. This synergistic effect
further reduces the porosity at low limestone levels and
reduces the pore connectivity as the relative proportion of
gel pores increases.

Examples are provided to compare the analytical results
with experimental measurements. It is suggested that,
because prior to 2004, the ordinary portland cement (OPC)
in North America did not contain limestone, the baseline
performance associated with OPC (w/p or resistivity) may
have inadvertently changed as limestone was added to
OPC. This can result in ASTM C150 cement produced after
2004 demonstrating improved performance as compared to
the same cement produced before limestone addition. This
needs to be carefully considered when comparing the results
of modern cement to historical cement (systems from before
2004). Further, the use of a relative resistivity ratio (RRR;
for example, the resistivity of the portland-limestone cement
[PLC] to the resistivity of the OPC) may be complicated
by the fact that the volume of limestone in the OPC varies.
Further, the OPC made after 2004 may not represent values
that are consistent with historical cements prior to 2004.
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Finally, it is suggested that the relative performance of a
PLC (as determined using factors such as the RRR) can be
influenced by the w/p of the baseline mixture. This has impli-
cations for concrete producers and standardization bodies.
Very low w/p have a formation factor that is dominated by
conduction through the gel pores, and as such, the PLC does
not substantially impact the performance. Moderate w/p
may be more impacted by limestone addition due to changes
in the relatively small volume of capillary pores with the
ettringite, hemicarbonate, and monocarbonate phases that
change connectivity (and formation factor or resistivity).
Higher-w/p mixtures demonstrate some impact of lime-
stone on the porosity and connectivity, but it is lower than
in moderate-w/p mixtures due to the proportionally higher
capillary pore volume and higher connectivity.
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This work investigated the rheological properties of pastes made
from magnesia cement modified with superabsorbent polymers
(SAPs), with the aim to uncover the mechanisms governing their
interactions. The findings highlighted the significant improvement
in static yield stress brought about by the addition of SAP, with
minimal impact on dynamic flow properties. Furthermore, the
incorporation of small quantities of methylcellulose was observed
to amplify SAP's absorption capacity during the initial stages of
hydration. This study also revealed that SAP s absorption behavior
does not impede the rate at which hydration products form. In addi-
tion, the value of the critical strain can be used as a rheological
indicator of SAPs degree of absorption. Overall, this investiga-
tion indicated that the incorporation of SAP was highly advanta-
geous with respect to enhancing the rheological characteristics of
magnesia cement, particularly with respect to facilitating its use in
three-dimensional (3-D) printing applications.

Keywords: magnesia cement; rheology; superabsorbent polymers (SAPs);
three-dimensional (3-D) printing.

INTRODUCTION

Magnesia (MgO), which has traditionally constituted 1 to
6% of typical ordinary portland cement (OPC) mixtures
over the past 150 years, has not been used as the main
binding material due to its weak mechanical properties and
expansive hydration reaction.! However, recent interest
has grown in using 100% MgO as a replacement for OPC
due to the increasing demand for more sustainable cement
alternatives with lower carbon footprints."**> While cement
production generates ~0.78 to 0.83 CO, tons/cement tons,
MgO production through magnesite calcination generates
1.1 CO, tons/MgO tons despite the latter’s lower calcina-
tion temperature.®’ Despite this higher initial CO, emission,
MgO offers significantly higher carbon sequestration poten-
tial. The carbonation of MgO forms magnesium carbonates,
which increases the material’s mechanical strength and can
reduce CO, emissions by up to 70% compared to OPC,
making MgO an attractive option for reducing the environ-
mental impact of concrete production.® Furthermore, recent
research suggests that MgO can be harvested from reject
brine water using carbon-neutral processes such as electro-
chemical harvesting through anion-exchange membranes
(AEMs) and cation-exchange membranes (CEMs), making
MgO a possible concrete replacement with a negative carbon
footprint.>1°

The hydration of MgO produces brucite (Mg(OH),), which
only has a few MPa of compressive strength until undergoing
a carbonation reaction, forming the physically stronger one
or more forms of hydrated magnesium carbonates.® Unlike
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OPC, both the hydration and carbonation reactions of MgO
are expansive. Achieving 100% carbonation of dense, large
structural MgO concrete members may result in cracking
and poor mechanical performance. However, prior research
has shown that MgO in porous members, such as masonry
blocks, can achieve high mechanical strength more rapidly.®
For example, Unluer and Al-Tabbaa® demonstrated that
a 10% substitution of OPC with MgO in cement mixtures
used to produce porous blocks resulted in more than double
the compressive strength of plain cement blocks.® Recently,
interest has grown in the use of three-dimensional (3-D)
printing to enable the use of more sustainable binders such as
MgO.8 Khalil etal.!! showed that magnesia cements are print-
able using combinations of light-burned MgO and magne-
sium acetate, achieving a compressive strength of 31 MPa
(~4500 psi). In contrast, Panda et al.'> used a mixture of
MgO, silica fume, and high-range water-reducing admixture
(HRWRA) to enable 3-D printing and achieved a compres-
sive strength of 44 MPa (6381 psi). Douba et al.'>!* also
demonstrated that 3-D printing of pastes with only MgO as
the binder can achieve similarly high compressive strength.
In general, 3-D printing concrete requires a careful balance
between contrasting properties that originate in the material’s
rheological characteristics. Specifically, it is crucial to
balance pumpability, extrudability, buildability, and shape
stability. Pumpability is directly influenced by dynamic yield
stress and viscosity, with higher values generally leading to
worse pumpability.'*!7 On the other hand, higher viscosity
has been linked to improved extrudability and increased
resistance to bleeding.'® Most admixtures that increase static
yield stress and structuration rate, which are key properties
that enhance buildability and shape stability, also tend to
increase dynamic yield stress and viscosity.'*?! Nanoclays
(NCs) have been shown to uniquely satisfy the complex
rheological demands of 3-D printing by increasing static
yield stress without significantly increasing viscosity, partic-
ularly at moderately low weight percentages.””>* Douba
et al.!*!* demonstrated that the unique combination of meth-
ylcellulose (MC) and NC can meet this complex rheological
demand in MgO cements. Other researchers similarly high-
lighted the efficacy of NC to improve the structuration of
MgO paste and achieved a compressive strength of 38 MPa
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(~5500 psi).?> However, unlike in the case of 3-D-printed
OPC mixtures, where the static yield stress effectively
prevents collapse during the printing up to the start of hard-
ening, in the case of 3-D-printed MgO, the static yield stress
plays a pivotal role in resisting the collapse even after the
start of hardening, primarily due to the very low (<3 MPa
[435 psi]) compressive strength of the hardened brucite.'?

To increase the compressive strength of brucite, it is
necessary to carbonate it through the formation of carbonic
acid (H,CO;) in pore solution and the leaching of Mg?*
ions from the dissolution of brucite, as described by Ruan
and Unluer.?® Achieving full carbonation requires sufficient
water to ensure complete hydration. For instance, Unluer
and Al-Tabbaa?’ demonstrated that increased MgO hydration
leads to greater conversion of MgO into hydrated magne-
sium carbonates, which in turn results in higher compres-
sive strength in porous masonry blocks containing MgO. On
the other hand, significantly overdosing the water content
can slow down carbonation, as CO, diffusion in water
is much slower than in air, by 10* to 10°.27-2® Because the
3-D-printing process produces filaments with high surface
area and layered interfaces, water evaporation is exacerbated
during the early stages of hydration.>3! This could result
in the removal of water necessary for full hydration or the
formation of carbonic acid. This effect was confirmed in a
prior study, which showed that despite achieving compres-
sive strengths up to 60 MPa (~8700 psi), some unhydrated
MgO remained even after 28 days of carbon incubation.'®
On the other hand, the increased water evaporation increases
porosity, thus allowing for greater carbon penetration and
overall strength gain, as reported in the previous study on
3-D-printed MgO pastes'? or cast MgO with air-entraining
admixtures.*?

Superabsorbent polymers (SAPs) are covalently cross-
linked chains of polymer hydrogels that swell when in
contact with aqueous solution, leading to their absorption.**
Their absorption/desorption mechanism can be attributed
to the osmotic pressure gradient generated by the chem-
ical charge differential across the hydrogel-fluid interface,
resulting in fluid diffusion into the hydrogel along with
other solution ions until electroneutrality is established.?4-3¢
In cement systems, SAPs have been shown to absorb and
retain water for up to 20 hours from the onset of hydra-
tion.” Consequently, SAPs are highly appealing additives
in MgO systems, serving two primary functions. First, SAPs
can retain water during the early stages of hydration, when
3-D-printed MgO experiences greater water evaporation,
and later release it to maximize hydration and carbon seques-
tration. Second, the macropores (approximately 100 pm) left
by de-swollen SAPs* may help prevent expansive cracking
by providing space for the formation of brucite and carbon-
ated phases.

The absorption behavior of a hydrogel is influenced by
various factors, such as the composition of the absorbent,
particle size, size distribution, crosslinking agent, and the
surface area.>3” In OPC-based systems, the changes in the
pore solution’s ionic concentration have been identified as
one of the key factors controlling the absorption/desorption
kinetics of SAP.34° The rheology of MgO modified with
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SAP has not been previously studied, but similar effects to
those observed in portland cement systems are expected.
Previous literature on cement and geopolymers containing
SAP showed enhanced static yield stress (measured through
shear rheology, buildability, or flow tests), higher thixot-
ropy rate, improved mechanical performance, and reduced
shrinkage cracking.***’ Oh et al.** showed that increasing
the SAP dosage increased the static yield stress and thixot-
ropy rate up to 1 wt. % of SAP and attributed such increases
to changes in interparticle friction, solid volume fraction,
and particle-size distribution. Their results also suggested
that increasing the SAP dosage begins shifting the cement
paste’s behavior from shear thinning to shear thickening.*
Similar results were reported by Ma et al.,*” who also showed
that the effects of SAP on cement rheology are dependent on
SAP particle size and content.

The hydration kinetics of MgO follow dissolution-
precipitation models based on boundary nucleation and
growth, mirroring the behavior observed in OPC.2484
Therefore, this study characterizes the rheology of MgO
paste with SAP, using the structuration principles described
by Roussel et al.®® for portland cement pastes. While the
primary focus is on SAP, the inclusion of NC and MC
was necessary to enable successful 3-D printing, as these
additives have been shown in previous studies to improve
rheology for 3-D-printing applications.!>?31>2 The focus of
this investigation is on MgO systems with high water-binder
ratios (w/b) of 1.1 and 1.3. Previous studies have shown that
unhydrated MgO remained at a w/b of 1.1 after 28 days of
carbon incubation, but higher w/b likely increased porosity
due to greater water evaporation.'® Therefore, this research
aims to understand how SAP can function as an internal
curing agent, increasing the amount of brucite (Mg(OH),)
available for carbonation without compromising the desir-
able properties of high w/b or decreasing static yield stress.

RESEARCH SIGNIFICANCE

This research investigates the effects of incorporating SAP
on the rheology of magnesia cement for 3-D-printing appli-
cations. While SAP has been studied in cement, the impact
of the w/b and pH on the osmotic gradient pressure of the
pore solution and, consequently, on the sorption mechanisms
of SAP has not been fully explored. Therefore, this study
focuses on the rheological impact of SAP incorporation and
monitors changes in rheological properties over prolonged
resting times, aiming to maintain high printability perfor-
mance while preserving the hydration benefits of SAP.

EXPERIMENTAL PROCEDURE

Materials

A high-reactivity MgO was sourced from a producer of
magnesium oxide; this product is a high-purity, light-burned
magnesium oxide (MgO > 98%). Its chemical and physical
properties are shown in Table 1. The SAP used in this study
was a commercial product obtained from a manufacturer
of water-soluble polymers. It is a crosslinked copolymer of
acrylamide and potassium acrylate, with an anionic poly-
acrylamide-based structure that enables the absorption and
retention of large amounts of water. The maximum (dry) size
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Table 1—Chemical and physical properties of MgO used in this study

Chemical composition, %

MgO CaO SiO, Fe 05 Al O3 Cl SO; Loss on ignition (LOI)
98.2 0.8 0.35 0.15 0.10 0.35 0.05 1.7%
Physical properties
Loose bulk density, g/cm? Median particle size, pm Surface area, m?/g Activity, seconds % passing 325 mesh
0.35 3-8 20 to 30 18 99
Applied
stress/strain/ |y = 2000 5!
strain rate v/ ) .
Pre-shear Low strain-rate Small amplitude Strain rate ramp
oscillatory sweep
Rest Ol 5t Rest Rest &\“'/5‘&\’" Y
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Fig. 1—Rheological protocol used to characterize static yield stress, critical strain, storage modulus, dynamic viscosity, and

dynamic yield stress of MgO pastes.

of SAP particles was 300 um (0.0118 in.). NC was used to
increase the mixture’s static yield stress, stiffness, and print
stability.®> The particles of that material were 1.5 to 2 um
(5.9 x 107 to 7.87 x 107 in.) long, and their average diam-
eter was 30 nm (1.18 x 107%). They were dispersed in water
using a magnetic stirrer. MC of a low molecular weight
(14,000 g/mol) and a methyl degree of substitution (DS)
between 1.5 and 1.9 was additionally used for its capacity
to mitigate water segregation effects during printing. The
MC was premixed as powder with the MgO prior to being
exposed to water. All additives (NC, MC, and SAP) were
added as mass replacement of MgO.

Rheological protocol

The experiments were conducted using a stress-controlled
rheometer equipped with a 24 mm (0.945 in.) diameter,
four-blade vane placed inside a 28.91 mm (1.138 in.) inner
diameter cup, creating a 2.45 mm gap (0.0965 in.). Pastes
were mixed by adding solution (NC dispersed in deion-
ized [DI] water) to dry powder, then mixing with a hand-
held mixer at 350 rpm for 1 minute. The paste was then
loaded into the cup, which was subsequently placed in the
rheometer operating at a controlled temperature of 25°C
(77°F). The rheological procedure, as depicted in Fig. 1,
commenced approximately 5 to 6 minutes after the initial
contact between water and MgO. Each paste was subjected
to pre-shearing at a strain rate of 2000 s™! for 150 seconds,
followed by a stress-controlled resting period of either
30 seconds or 30 minutes. After the rest period, a low strain
rate of 0.1 s™! was applied to measure the static yield stress
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while collecting the stress-strain response of the paste. The
static yield stress was determined as the peak stress during
this stage, whereas the colloidal critical strain, henceforth
referred to as the critical strain, represents the strain corre-
sponding to the static yield stress. This stage was followed
by another 30-second stress-controlled rest period, which, in
turn, was followed by a small-amplitude oscillatory sweep
(between 1 x 107 and 0.1 strain at 1 Hz) to measure the
storage modulus. The nature of the storage modulus of
MgO pastes is similar to that observed in OPC pastes and
is a measure of the rigid interactions caused by the forma-
tion of new hydration products.’® Afterward, an additional
30-second stress-controlled rest period was implemented,
succeeded by a stress rate ramp ranging from 0 to 100 s
and returning to 0 (over a time period of 200 seconds). This
step aimed to quantify the dynamic properties by fitting the
downward part of the experimental curve (between the strain
rates of 20 and 100 s™') to a Bingham model. A minimum
of three, and up to eight, samples were prepared for each
admixture combination to ensure statistical significance of
the results.

Absorption tests

SAP’s absorption capacity was measured using the teabag
test, as reported by Zhong et al.* and Snoeck et al.,>* who
recommended standardized approaches for testing sorption
by SAPs prior to their implementation in cement-based mate-
rials. To perform the test, a measured ~0.1 g (~0.0353 oz.)
of dry SAP powder was placed inside a dry teabag and
immersed in either DI water, 3 wt. % NC solution, or 3 wt. %
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Fig. 2—Absorption test results of SAP in different solutions, where S1, S2, S3, and S4 denote sample numbers.

NC with 1 wt. % MC solution prepared with either DI water
or synthetic pore solution. The teabag remained immersed
in the solution for a recorded period and then was placed
on top of an 11 pum filter paper under vacuum pressure to
dry the teabag. The total mass was recorded over time, and
the total absorbed water mass was calculated by subtracting
the masses of dry SAP particles and the dry teabag. Three
tests were conducted for each solution to ensure statistical
significance of the results. The synthetic pore solution was
produced by mixing MgO with DI water at 5 w/b, allowing
the mixture to rest for 30 minutes before filtering the solu-
tion through filter paper with a pore size of 11 um (4.33 x
10#). The acquired solution was then placed in an airtight
container for a minimum of 72 hours to allow for residual
particle sedimentation before extracting the synthetic pore
solution. Because MC is not dispersible at room temperature
in DI water without the presence of secondary positively
charged particles, an MC solution was used instead. This
solution was made by heating DI water to 70 to 80°C (158
to 176°F), dispersing MC powder using a magnetic stirring
process, and lowering the temperature to ~5°C (41°F) with
continuous magnetic stirring. The NC was dispersed with
the MC powder in the same step to create a hybrid mixture
(solution) containing 3 wt. % NC and 1 wt. % MC. The
solution was stirred for a minimum of 24 hours at room
temperature prior to being used in the test and agitated by
magnetic stirring during the absorption test to minimize
possible sedimentation of NC particles. The synthetic pore
solution containing NC and MC was prepared by mixing an
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equal amount of synthetic pore solution with 6 wt. % NC
and 2 wt. % MC solutions to yield an overall 3 wt. % NC and
1 wt. % MC dosage in the synthetic pore solution.

RESULTS

Absorption test

The absorption test results are shown in Fig. 2 for SAP in
DI water, 3 wt. % NC in DI water, 3 wt. % NC with 1 wt.
% MC solution in DI water, and 3 wt. % NC with 1 wt. %
MC solution in synthetic pore solution. The results show
that the average maximum absorption capacity of the SAP
used in this study, when exposed solely to DI water, was
~320 g fluid/g SAP and that it was reached within approx-
imately 10 minutes. The average maximum absorption
capacity of the same SAP was reduced by approximately
20% in a solution of DI water with 3 wt. % NC, by approxi-
mately 37% in the solution of DI water with 3 wt. % NC plus
1 wt. % MC, and by approximately 55% in a synthetic pore
solution. Nevertheless, the time required to reach maximum
absorption capacity remained consistent across all solutions:
approximately 10 minutes. This indicates that the rate of
absorption was not significantly affected by the type of solu-
tion. The results demonstrate that the presence of both NC
and MC impacted SAP absorption, with a more pronounced
effect observed in the synthetic pore solution compared to DI
water. Specifically, in the synthetic pore solution (Fig. 2(d)),
the absorption capacity of SAP was lower than in DI water
with both NC and MC Fig. 2(c). This reduction in absorption
is attributed to the higher ionic concentration in the synthetic
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Fig. 4—Static yield stress results of MgO pastes at 1.1 w/b.

pore solution, particularly the presence of Mg?" ions, which
affect the osmotic pressure gradient.

Static yield stress

The static yield stress results for MgO pastes prepared
at 1.3 and 1.1 w/b are shown in Fig. 3 and 4, respectively.
Mixtures with low SAP and NC content were excluded from
consideration at both w/b due to their high water content,
which led to segregation, resulting in particle sedimentation
when the paste was left at rest. Additionally, in this inves-
tigation, mixtures incorporating 1 wt. % SAP were also
excluded from analysis due to the observed occurrence of
shear banding and shear localization. This behavior was
attributed to the limited availability of free water within
the mixture, resulting in wall slip phenomena, as depicted
in Fig. 5. The results showed that the addition of SAP
increased the static yield stress of MgO proportionally to the
SAP content. The static yield stress peaked at approximately
200% at a 0.75 wt. % SAP dosage.

The mixing and rheological protocols used in this study
captured the static yield stress at ~10 and 40 minutes of water
and binder interaction, where SAP particles were likely
swollen. This reduced free water and subsequently simulated
a higher solid volume fraction, thus increasing the static
yield stress. As MgO dissolution commenced and continued
during sample preparation, pre-shear, and rest periods, the
ionic concentration of pore solution also changed, altering
the maximum SAP absorption levels. Extending the resting
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time to 30 minutes raised the ionic concentration of the
pore solution, which likely increased the osmotic pressure
gradient, causing SAP to release some water. However, the
increase in available water did not completely overcome the
increase in structuration, and the static yield stress continued
to grow. As a result, the percentage increase in static yield
stress with SAP addition was lower at the longer resting time
of 30 minutes compared to 30 seconds, as shown in Fig. 6.

The effect of resting time on static yield stress varied with
SAP addition and was also influenced by the presence of
MC. Without MC, increasing SAP’s concentration resulted
in a decrease in static yield stress growth from 124 to 13%,
as observed in Fig. 7, for 0 and 0.75 wt. % SAP, respec-
tively. Nevertheless, the initial increase in static yield stress
due to the SAP addition remained prevalent, indicating that
SAP is effective as an admixture to increase the static yield
stress of hydrating binders. Similar increases in static yield
stress with an increase in the SAP dosage and resting time
have been reported by Oh et al.,* albeit to a lesser extent.
This difference in magnitude can possibly be attributed to
the variation in the w/b, considering that the MgO employed
in this experiment uses approximately three to four times the
quantity of water.

Even though Fig. 6 shows mixtures with and without
MC with a similar percentage increase in static yield stress
compared to their respective references at 30 seconds of
rest, the mixtures containing MC showed higher static yield
stress at the longer rest period of 30 minutes, as shown in
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(a)

(b)

Fig. 5—Images of four-blade vane retrieved from cup subsequent to executing rheological protocol on pastes containing high
admixture dosages: (a) wall slip observed in paste containing 3 wt. % NC with 1.0 wt. % SAP at 1.1 w/b; and (b) localized
shear banding in paste containing 3 wt. % NC along with 1 wt. % SAP at 30 minutes of resting time at 1.3 w/b.
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Fig. 3. This was attributed to the adsorption mechanism of
MC on MgO grains, which caused a delay in hydration, as
has been previously observed in cement and other geopoly-
mers.>*3 The dissolution of MgO generates MgOH" on
the surface of MgO particles while releasing OH™ into the
pore solution, as indicated by Eq. (1).23%"%% Despite MC
possessing a zeta potential close to zero and lacking charged
groups,”’ its adsorption onto the positively charged particles
such as MgOH" is primarily influenced by its anionic nature.
Similar observations have been documented concerning
cement.’’ Consequently, it is hypothesized that such mech-
anisms have led to a decrease in the amount of Mg?" ions
released into the pore water, as denoted by Eq. (2) and (3),
which potentially either increased the maximum absorption
levels of SAP in the matrix or slowed down its desorption
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compared to mixtures without MC. As a result, the mixture
containing 0.75 wt. % SAP reached a static yield stress of
1260 Pa (0.18 psi) when mixed with 1 wt. % MC, compared
to 1090 Pa (0.16 psi) when mixed without.

MgO oiia) + HaOiguiay = MEOH" (urfuce) + OH (ugucous) (1)
MgOH" (usace) ¥ OH (agueons)y = (MEOHOH) qusuce) (2)
(MgOH"-OH ) uruce) = M (agueous) + 20H (ugueons) (3)

Mg (agueous) T 20H (agueousy — ME(OH)as0ia) 4)

Stress-strain behavior

The median stress-strain behavior of all tested pastes at
1.3 w/b is shown in Fig. 8 and 9 for mixtures without and with
1 wt. % MC, respectively. Consequently, the average critical
strains denoting the strain at the peak stress are summarized
in Fig. 10. The stress-strain of 1 wt. % SAP is included here,
showing the formation of shear bands as confirmed visually
in Fig. 5. The addition of MC to the 3 wt. % NC resulted in
an increase in the critical strain from 0.5 to 1.9%, in agree-
ment with previous findings in cement pastes.’! Increasing
SAP dosage overall corresponded to an increase in critical
strain in agreement with measurements reported in the liter-
ature,**®! indicating a softening of the colloidal network.
Furthermore, there was a notable broadening of the peaks
surrounding the static yield stress observed after 30 seconds
of resting time, which subsequently narrowed down after
30 minutes of resting time. These characteristics more accu-
rately represent the behavior of soft materials. The SAP
particles used in this study were notably larger than MgO
particles, approximately six to eight times larger in their dry
state. When considering that SAP particles can grow up to
twice their size,%? swollen SAP can be 12 to 16 times the size
of MgO particles. As a result, the displacement exerted by
SAP particles can be approximated to be between six and
16 times that of the MgO matrix when neglecting stiffness
effects. In addition, SAP’s absorption creates compliant soft
elastic particles with relatively low elastic modulus (in the
range of 15 to 50 kPa [2.18 to 7.25 psi]), which soften with
greater SAP absorption levels.?3%3%4 On the other hand, the
bulk elastic modulus of MgO pastes containing NC and MC
can be approximated to be 30 to 120 kPa (4.35 to 17.4 psi)
based on the shear modulus measurements reported in Douba
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et al."® and assuming a Poisson’s ratio of 0.5 for fluids.
Therefore, the significantly high critical strains observed
in Fig. 10, alongside the widening of the static yield stress
peaks observed in Fig. 8 and 9, are most likely attributed to
SAP rather than the MgO matrix. Greater strains were simi-
larly attributed to the presence of soft elastic polymer parti-

4
cles in hardened cement by Wang et al.®®

MC is a coiled polymer with a low molecular weight of 2
14,000 g/mol, and it is approximately 25 to 80 nm (9.82 % 0

10”7 to 3.15 x 107°) in size.* Prior work on MC in cementi-
tious systems including gypsum has suggested dosage depen-
dency of its water retention mechanism, shifting from water
sorption below the critical overlap concentration (COC) to
swelling and physical pore plugging at or above COC.®”7!
Therefore, at more than 1.6 DS, MC can be considered a
nanoscale hydrophilic polymer particle due to its high water
retention.”>’* MC is expected to adsorb on MgQO’s surface,
as has been observed for cement’’*>* in decoiled, coiled,
or agglomerated states. Likewise, it is anticipated that NC
particles will adhere to the surface of MgO owing to their
extensive negative charge along their length, a phenomenon
previously observed in cement.”> Hence, the microstructure
representation of MgO incorporating MC, NC, and SAP is
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Fig. 10—Critical strain results for MgO pastes correlating
to results shown in Fig. 3.

depicted in Fig. 11, illustrating their respective size-scale
ranges. This visualization supports the assertion that the
observed behavior of soft materials is attributable to the
influence of SAP.

The dual-peak behavior observed in Fig. 8 for paste with
1 wt. % SAP after a 30-second resting time was reproduced
by increasing MC dosage to 3 wt. % while decreasing the
SAP dosage to 0.5 wt. %, as shown in Fig. 12. In both
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Fig. 12—Stress-strain behavior of pastes at 1.3 w/b containing 3 wt. % MC and 0.5 wt. % SAP.

Fig. 8 and 9, the second peak diminishes as the structuration
time increases, aligning with a decrease in critical strains.
Comparing pastes containing 0.5 wt. % SAP at 0, 1, and
3wt. % MCinFig. 8,9,and 12, respectively, the critical strain
increases from 2.4% at 0 wt. % MC to 5.2 and 8.0% at 1 and
3 wt. % at the short resting time. The critical strain decreases
from those values at the longer resting time to 1.3%, 2.0%,
and 1.3% for 0, 1, and 3 wt. % MC, respectively. A similar
decrease in the critical strain at longer resting times was also
reported in cement paste.®’ Based on the previously hypoth-
esized attribution of high critical strains to different levels
of absorptions of SAP, it is further hypothesized that the
critical strain can be used as a rheological probe into SAP’s
absorption level. It is also worth noting that the double-peak
and wide-peak behavior observed in all stress-strain curves
containing SAP may require updating the definition of static
yield stress. Specifically, further investigation is required to
verify whether the highest peak stress, the first peak, or the
inflection point is what signifies the collapse of the colloidal
network, causing static instability and likely flow.
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Storage modulus

The results of storage modulus measurements of MgO
pastes with 1.3 w/b are shown in Fig. 13. All measure-
ments are at least one order of magnitude lower than those
reported for OPC cement pastes at 0.1 MPa (14.5 psi) at a
w/b of 0.4 and 0.2 MPa (29 psi) at a w/b of 0.34.°%>? This
correlates to the significantly weaker binding strength of
brucite compared to OPC hydration products such as calci-
um-silicate-hydrate (C-S-H). The addition of SAP had little
effect on the storage modulus compared to the reference
mixture without MC at both short and long structuration
times. Because SAP’s absorption is a function of the osmotic
pressure gradient generated by the pore solution’s ionic
concentration, SAP does not hinder the formation of rigid
interactions driven by hydration product nucleation or rigid-
ification during early hydration. The addition of MC without
SAP led to a decrease in storage modulus, in agreement with
the dissolution delay caused by MC.>!33¢ Conversely,the
addition of SAP into MgO mixtures containing MC led to
an increase in storage modulus with increasing SAP dosage.
This countered the previously observed decrease associated

ACI Materials Journal/March 2026



18000

. 2.5

16000 @30 secrest @30 min rest
£ 14000 )
2 12000 E
£ 10000 1573
o (<)
g 8000 g
% by
6000 :
Qo Q
& 4000 0.5 %

2000
0 0
0 025 05 075 0 025 05 075
oMC 1IMC
Fig. 13—Storage modulus results of SAP-MgO pastes at 1.3 w/b.

1.8 2.0E-04
~ 1.6 W30 sec rest @30 min rest 1.8E-04 5
814 1.6E-04 &
o 1.4E-04 7

12 - 2
g i 1.2E-04 &
2 1.0E-04 =
el 8.0E-05 'S,
g 06 6.0E-05 -2
£ 0.4 4.0E-05 &
Ro2 2.0E-05 &

0 0.0E+00
0 0.25 0.5 0.75 0.25 0.5 0.75
0MC IMC

Fig. 14—Dynamic viscosity results of MgO pastes at 1.3 w/b.

with MC, particularly evident at approximately 0.25 wt. %
SAP dosage. Moreover, the mixtures containing MC exhib-
ited a higher storage modulus at 0.5 and 0.75 wt. % of SAP
compared to those without MC. It is important to note that
no significant increase in storage modulus was observed
with increased structuration time for all mixtures. That is, the
effects of SAP absorption or desorption during the prolonged
structuration time showed no significant impact on MgO’s
hydration, measured as storage modulus evolution (rigidi-
fication). The rise in storage modulus observed in mixtures
containing MC (illustrated in Fig. 13) is notable during early
hydration stages, plateauing thereafter with no discernible
further increase over longer hydration periods. This suggests
that the storage modulus augmentation due to SAP addi-
tion in mixtures containing MC likely took place within the
initial 10 minutes of sample preparation and the pre-shear
period. The delay in dissolution due to MC’s addition retards
hydration, corresponding to a decrease in storage modulus,
which contradicts the reported results.’!*>>¢ Thus, the addi-
tion of MC did not directly cause the observed increase in
storage modulus. As it appears improbable that the observed
rise in storage modulus with increasing SAP content in the
presence of MC was directly caused by either SAP or MC,
this increase may not solely indicate heightened rigid inter-
actions. This emphasizes the need for further investigation
into its origins and its correlation to the development of the
rigid network.

ACI Materials Journal/March 2026

Dynamic viscosity and yield stress

The dynamic viscosity and yield stress were calculated
by fitting a Bingham model to the slope of the downward
curve of a strain rate ramp based on Fig. 1, and the results
are shown in Fig. 14 and 15, respectively. Overall, the
results showed that despite the reduction in free water with
SAP addition, the dynamic viscosity was not significantly
altered and stayed at sufficiently low values in the range of
0.6 to 1.4 Pas (8.7 x 107 to 1.2 x 10~ psis). Furthermore,
increasing the structuration time did not lead to significant
changes in the values of dynamic viscosity, except for an
increase observed in the mixture with 0.75 wt. % SAP without
MC. Likewise, the inclusion of SAP in mixtures without
MC demonstrated minimal alterations in the dynamic yield
stress, except for the mixture containing 0.75 wt. % SAP.
However, the introduction of MC resulted in a decrease in
dynamic yield stress. No significant difference in dynamic
yield stress was observed with increasing the structuration
time for all mixtures without MC, whereas some increase
was observed for mixtures with MC. The dynamic yield
stress generally measures the ability of particles to rearrange
nearest neighbors according to the shear-induced particle
migration process,’®’” where larger particles migrate to lower
shear rate regions and smaller particles accumulate in higher
shear regions.” Thus, an increase in dynamic yield stress
resembles greater resistance to particle migration. However,
because the examined MgO pastes were highly concentrated
suspensions with significant shear history prior to measuring
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dynamic properties, particles were less likely to have been
free to migrate or have previously locally migrated during
prior steps. Therefore, further inquiry is needed to describe
the origins of the increase in dynamic yield stress for these
cases.

CONCLUSIONS
The focus of this study was to investigate the effects of the
addition of superabsorbent polymers (SAPs) on the rheology
of magnesia (MgO) pastes, with the goal of gaining a compre-
hensive understanding of the origins of these effects and how
they may enhance MgO’s suitability for extrusion-based three-
dimensional (3-D) printing applications. The pastes investi-

gated contained varying percentages of SAP (0.25, 0.5, 0.75,

and 1% by weight of MgO), along with 3 wt. % of nanoclay

(NC), and were prepared with either 1 wt. % of methylcel-

lulose (MC) or without MC. The analysis included assess-

ment of static yield stress, critical strain, storage modulus,
dynamic viscosity, and dynamic yield stress. The outcomes
of this investigation yield the following key conclusions:

*  The incorporation of SAP resulted in a notable increase
in static yield stress, which was directly proportional
to the amount of SAP added. A particularly signifi-
cant increase in static yield stress was observed during
extended structuration periods when MC was included
in the mixture. This increase was primarily attributed to
MC’s retarding influence on MgO, which likely reduced
the osmotic pressure gradient, either enhancing SAP
absorption or prolonging its absorption over time.

* Increasing the resting time—that is, structuration
time—Iled to a decrease in the rate of structuration of
MgO mixtures, with the decline being proportional to
the amount of SAP added. This effect was mainly due to
the substantial increase in static yield stress during the
early stages of hydration.

*  Critical strain increased, and the stress peaks widened
in proportion to the amount of SAP added. However,
increasing structuration time reduced these effects,
suggesting that SAP desorption occurred over time.
Additionally, at similar SAP dosages, mixtures
containing MC exhibited higher critical strains
compared to those without MC, supporting the idea
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that MC enhances SAP absorption. Overall, the results
indicated that critical strain could serve as a rheological
probing tool to indirectly measure the relative absorp-
tion capacity of SAP during hydration.

e The addition of SAP without MC showed no signif-
icant changes to the storage modulus, suggesting that
the decrease in interstitial water did not alter the hydra-
tion kinetics. However, the combined addition of SAP
and MC led to an increase in storage modulus with
increasing SAP content.

e The addition of SAP did not have significant effects on
dynamic viscosity or dynamic yield stress, except for
the dosage of 0.75 wt. % SAP. At this dosage, a notable
increase in dynamic yield stress was observed, regard-
less of the presence of MC.

e Overall, the findings imply that incorporating SAP offers
advantages in improving the rheological properties
of MgO, particularly in extrusion-based 3-D printing.
Furthermore, the synergistic effects observed when
combining SAP with a viscosity-modifying admixture,
such as MC, highlight additional positive enhancements
in the material’s rheology.
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Optimized Fiber-Reinforced Slag Concrete for Freezing-

and-Thawing Resilience

by A. B. Dahar, F. T. Al Rikabi, I. Khoury, S. Ahmed, H. H. Hussein, and S. Sargand

This paper presents findings from an experimental study focused
on the performance of concrete composed entirely of 100% slag
aggregate, enhanced with polypropylene (PP) fibers, subjected to
severe freezing-and-thawing cycling between —60°C and +60°C.
The research employed varying fiber lengths of 19.01, 38.1, and
57.15 mm and dosages of 3, 6, and 9 kg/m>. Findings indicate that
the incorporation of fibers contributes to the overall resilience of
the slag aggregate concrete under freezing-and-thawing condi-
tions. To evaluate freezing-and-thawing resistance, the coefficient
of thermal expansion (CTE) was determined using the Ohio CTE
method and AASHTO TP 60-00. Additionally, dynamic modulus,
mass loss, and flexural strength were assessed. X-ray fluores-
cence (XRF) analysis was performed on slag aggregates to char-
acterize their chemical composition. Findings indicate that the
incorporation of fibers, particularly at a dosage of 9 kg/m* and a
length of 57.15 mm, enhances the resilience of the slag aggregate
concrete under 300 freezing-and-thawing cycles, as specified in
ASTM C666/C666M-15, leading to improved flexural strength and
reduced mass loss (less than 7%). However, some fiber-reinforced
concrete samples experienced up to a 26.776% decrease in flexural
strength after freezing-and-thawing cycles. Additionally, 38.1 mm
fibers at varying dosages effectively mitigated the adverse effects of
freezing-and-thawing cycles on the concrete’s thermal expansion.
In contrast, concrete without fibers lost over 40% of its mass. This
contribution is particularly significant given the scarcity of data
on the performance of concrete entirely made up of slag aggregate
and mixed with PP fibers of different lengths in extreme weather
environments.

Keywords: dynamic modulus; electric arc furnace (EAF) steel slag; flex-
ural strength; freezing-and-thawing durability; polypropylene (PP) fibers;
slag concrete; X-ray fluorescence (XRF) analysis.

INTRODUCTION

The building sector greatly influences environmental
degradation through significant resource use and waste
production (Ahmed and Lim 2021). Steel slag, a by-product
of steel manufacturing, offers a more sustainable alterna-
tive for concrete production (Mekonen et al. 2024). Despite
an annual production of roughly 270 million tons of slag
worldwide in 2020, its application is minimal, especially
in less developed nations (USGS 2022; Guo et al. 2018).
Van Ho and Huynh (2023) underlined the advantages of
incorporating 100% slag into concrete. Moreover, adding
polypropylene (PP) fibers can improve concrete’s mechan-
ical characteristics and, potentially, its thermal behavior and
resistance to freezing and thawing (Buratti and Mazzotti
2015; ACI Committee 544 2010). However, detailed investi-
gations into the combined use of slag and fibers are essential.
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The addition of PP fibers into concrete enhances key
mechanical properties, such as flexural strength and elas-
ticity. The success of these improvements relies on the fibers’
size, shape, arrangement, and type (Kuder and Shah 2010;
Cavdar 2012). Concrete with PP fibers, used in amounts
between 2.4 and 10.7 kg/m3, shows particular promise in
concrete pipes by reducing steel reinforcement needs and
enhancing load distribution to the soil (Deng et al. 2022;
Peyvandi et al. 2014). However, the impact of PP fibers
on the coefficient of thermal expansion (CTE) of concrete
remains unclear, with notable differences from that of tradi-
tional concrete, indicating a need for further examination,
particularly under environmental stressors such as freezing-
and-thawing cycles (Latifi et al. 2022; ACI Committee 209
1992; Buratti and Mazzotti 2015).

Daily temperature fluctuations, particularly during
freezing-and-thawing cycles, exert stress on concrete struc-
tures, causing surface cracks that can lead to corrosion and
concrete deterioration. ACI 544.5R-10 (ACI Committee 544
2010) mentions the scarcity of detailed research on the
impact of freezing-and-thawing cycles on synthetic fiber-
reinforced concrete. Although some studies, such as those
by Yun and Rokugo (2012) and Richardson et al. (2012),
indicate that fibers can enhance durability, these often
concentrate on low fiber dosages and fail to adhere to ASTM
C666/C666M-15 (2015) standards, leaving the concrete’s
resistance to harsh freezing-and-thawing conditions largely
unexplored. Research on how these cycles influence other
mechanical properties remains limited.

OBJECTIVE

This study investigates the impact of 3, 6, and 9 kg/m?
PP fibers with lengths of 19.01, 38.11, and 57.15 mm on the
dynamic modulus of elasticity, flexural strength, and CTE
of fiber-reinforced concrete using 100% slag aggregate. The
research, conducted over 300 freezing-and-thawing cycles
according to ASTM C666/C666M-15, aims to understand
how fiber-reinforced concrete performs under extreme
weather conditions. The CTE measurements were taken in
a dry state, with temperature variations from —60 to +60°C,
to mimic the wide range of temperatures that concrete struc-
tures face in the United States.
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INFLUENCE OF TEMPERATURE ON
CONCRETE MATERIALS

Highlighting the critical role of temperature changes,
AASHTO (1989) points out that such variations can induce
both longitudinal and lateral stresses. These stresses may
lead to cracking and can adversely affect the material’s
long-term functionality. Choubane and Tia (1992) catego-
rize temperature effects into three types: uniform, linear,
and nonlinear. The nonlinear component represents the
remaining variation after subtracting the uniform and linear
effects. This nonlinear temperature gradient plays a role in
the development of thermal stress, which is closely associ-
ated with changes in the CTE. As noted in ACI 209R-92 (ACI
Committee 209 1992), the typical CTE range for normal-
strength concrete is between 8.5 x 107¢ and 11.7 x 10°%/°C,
a metric that fluctuates based on the aggregate’s nature,
composition, and moisture level, essentially reflecting the
average thermal expansion of the concrete’s constituents.
Nonetheless, the nuanced effects of varying fiber types and
dosages on concrete’s CTE have yet to be fully explored.

Historical methodologies for measuring the CTE of
concrete include ASTM C531-00(2012) (2012), CRD-C
39-81 (U.S. Army Corps of Engineers 1981), AASHTO
TP 60-00 (2007), and FHWA Protocol P63 (Simpson et al.
2007), each presenting particular challenges, especially
concerning the temperature range and state of the concrete
samples (whether oven-dried, saturated, or air-dried). Specif-
ically, ASTM C531-00(2012) mandates oven-dry conditions
for CTE testing within a 23 to 99°C range. Conversely,
CRD-C 39-81 and similar protocols require saturated spec-
imens, showcasing a limited temperature scope. According
to ACI 209R-92, lower CTE values are observed in both
saturated and oven-dry states, compared with air-dry condi-
tions. All these indicate a need to adjust the thermal expan-
sion values from saturated samples to be compared with
expected moisture conditions. However, a wide range of
air temperatures, from —34.4 to 43.3°C, is included in these
established methods. To accurately reflect the conditions
concrete structures face outdoors, it is crucial to measure the
CTE of air-dried concrete across the full temperature range,
addressing this methodological gap.

RESEARCH SIGNIFICANCE

This study significantly advances the understanding of the
performance of 100% slag aggregate concrete reinforced
with PP fibers under extreme freezing-and-thawing condi-
tions. By providing comprehensive experimental data from
three varying fiber lengths and three dosages, this research
thoroughly investigates the influence of these parameters
on the mechanical and thermal properties of concrete. This
robust data set will serve as a foundation for the future
development of constitutive models tailored specifically for
fiber-reinforced slag concrete, addressing a critical gap in
knowledge, as existing models for normal aggregate concrete
with fibers (Buratti and Mazzotti 2015; Cavdar 2012) may
not fully capture the unique behavior of slag-based compos-
ites under extreme temperature variations. The findings are
expected to enhance the design of durable and sustainable
concrete structures in harsh environments.
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Table 1—Composition and physical attributes of
EAF slag aggregate

Properties EAF slag aggregate
Size, mm 41020
Specific gravity 3.11
Water absorption, % 8.55
Los Angeles abrasion loss, % 15
Proportion after primary crushing, % 73
Expansion average (ASTM D4792-00) 0.24%

Chemical composition EAF steel slag, %

CaO 34.18
Fe,0, 29.13
AlLO; 9.1
SiO, 17.42
MgO 424
K,0 0.52
SO; 0.27
TiO, 0.57
Cl <0.01

Loss on ignition —

MnO 3.65
P,0s 0.55
Na,O 0.13

MATERIAL AND PROPERTIES
EAF slag and PP fibers

The steel slag used in this study was procured from an
electric arc furnace (EAF) located in Ohio. The slag under-
went a standardized treatment process (Manso et al. 2004)
involving fragmentation, crushing, sorting, magnetic
separation, and preparation for subsequent use. Stability
tests, conducted according to ASTM D4792-00 (2000),
demonstrated that the slag’s expansion upon water immer-
sion at 70°C for 1 week was less than 1%, conforming to
the ASTM D2940-03 (2003) standard for aggregate expan-
sion, which is less than 0.5%. Chemical analysis, consistent
with Fares et al. (2021), indicated the slag’s suitability for
structural concrete due to its elevated Fe,O; content and
density exceeding that of limestone. The X-ray fluores-
cence (XRF) analysis results, presented in Table 1, further
confirm the slag’s chemical adequacy. However, according
to the Spanish standard (EHE-08 [2008]), the slag could also
have a tendency for water absorption beyond the necessary
limit, which could weaken the strength and workability of
concrete.

Figure 1(a) illustrates the twisted bundle monofilament
PP fibers, characterized by a uniform diameter of 40 um
and lengths of 19.01, 38.1, and 57.15 mm. These fibers,
with aspect ratios from 475 to 1429, were incorporated to
examine their effects on hardened-state cracking, flexural
strength, thermal expansion, and freezing-and-thawing
durability, with the goal of improving overall concrete
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performance. Figure 1(b) illustrates the slag aggregate and
sand used in the concrete mixtures.

Table 2 summarizes the PP fibers’ specifications, including
their specific gravity, length, diameter, Young’s modulus,
tensile strength, CTE, and excellent chemical resistance.
The aim of using these materials is to assess their combined
effect on the durability and structural integrity of concrete
mixtures, concentrating on the essential physical and chem-
ical properties needed for structural purposes.

SPECIMEN PREPARATION

In this study, specimens were fabricated in prism shapes
with specified dimensions of 75 x 100 x 405 mm to test
flexural strength, dynamic modulus of elasticity, and the
effects of freezing-and-thawing cycles on mass, according
to ASTM C215-14 (2014), ASTM C666/C666M-15, and
ASTM C1609/C1609M-12 (2012) protocols. To assess the
CTE, two distinct specimen sizes were used: concrete discs
measuring 150 mm in diameter and 38 mm in thickness for
the Ohio CTE test, and concrete cylinders with a diameter of
100 mm and a height of 200 mm for the AASHTO TP 60-00
standard. For each unique mixture formulation and test type,
three replicate samples were prepared and tested, resulting
in a total of 135 specimens for the entire experimental

Table 2—Characteristics of PP fibers

Specific gravity 0.92"
Length, mm 19.01, 38.1, and 57.15"
Diameter, um 40"
Young’s modulus, N/mm? 4050"
Tensile strength, N/mm? 586"
CTE, 10°/°C 70 to 100

Chemical resistance Excellent”

“Properties were provided by manufacturer.

program. At a fiber dosage of 9 kg/m?, the concrete mixture
showed mildly reduced workability, with slightly increased
stiffness and occasional light fiber clustering during mixing,
which was addressed with slightly longer mixing durations
to ensure uniform dispersion. Table 3 shows the slag aggre-
gate concrete mixture design specifications for the varied
fiber dosages used in this study. Al Rikabi et al. (2018)
documented improved freezing-and-thawing durability
with a 49°C, 6-hour steam-curing cycle; consequently, that
regimen was applied here after a 3-day casting period.

EXPERIMENTAL DESIGN

Coefficient of thermal expansion

The CTE of the concrete samples was determined using the
Ohio CTE method, adhering to AASHTO TP 60-00 guide-
lines and incorporating methods suggested by Akentuna
et al. (2017) and Kim et al. (2015). Figure 2(a) illustrates
the Ohio CTE device schematic, and Fig. 2(b) shows a spec-
imen mounted within the chamber. Prior to testing, the appa-
ratus was meticulously calibrated using a nickel-iron alloy
cross square, and the measurement device was validated
with 6061 aluminum and stainless steel discs, following
the procedures described in Akentuna et al. (2017) and Kim
et al. (2015). To mitigate the effects of moisture, the samples
were initially dried at 60°C for 48 hours. Subsequently, they
were acclimatized at —60°C for 1 hour in a chamber, gradu-
ally warmed over 6 hours to —-60°C, and maintained at this
temperature for an additional hour. Data on deformation and
temperature were collected at 1-minute intervals.

Additionally, the AASHTO TP 60-00 method was
employed for CTE determination, as depicted in Fig. 3. In
this setup, calibration was performed using a 304 stainless
steel cylinder, and concrete specimens were preconditioned
in a water tank for 48 hours. The length of each spec-
imen was measured thrice, and the values were averaged.
For the test, specimens were placed with a linear variable

Table 3—Slag aggregate concrete mixture design specifications with varied fiber dosages

Fiber dosage, Air-entraining
kg/m? Fiber lengths, mm Coarse aggregate, kg | Fine aggregate, kg | Cement, kg admixture, L/m? Water, kg wlc
3.0 19.01, 38.1, and 57.15 576 863 307 1.2 98 0.32
6.0 19.01, 38.1, and 57.15 576 863 307 1.2 98 0.32
9.0 19.01, 38.1, and 57.15 576 863 307 1.2 98 0.32
Note: w/c is water-cement ratio.
19.01 mm 38.1 mm 57.15 mm

Slag
aggregate

Fig. I—(a) Fibers of 19.01, 38.1, and 57.15 mm in length; and (b) slag aggregate and sand in separate containers.
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Fig. 2—Ohio CTE device: (a) device schematic,; and (b) specimen mounted in chamber. (Note: RTD is resistance temperature
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Fig. 3—AASHTO CTE test setup: (a) measurement schematic, and (b) specimen arrangement.

differential transformer (LVDT) at the center, within a frame,
in a temperature-controlled bath for saturation. The protocol
began at 10°C for 1.5 hours, increased to 50°C over 2 hours,
and sustained at 50°C for an additional 1.5 hours.

Flexural strength

Flexural properties were assessed by determining the
peak tensile strength, midpoint deflection, and load-
deflection characteristics following the guidelines of ASTM
C78/C78M-15 (2015) and ASTM C1609/C1609M-12. The
experiment used a displacement speed of 0.1 mm/min. An
LVDT positioned on the loading plate was used to record
deflection at the beam’s center.

Freezing-and-thawing cycles

The freezing-and-thawing experiment was conducted
in accordance with ASTM C666/C666M-15 Procedure A.
Each cycle spanned 4 to 5 hours, with temperature fluc-
tuations between 4 and —18°C. The methodology used a
freezing-and-thawing cabinet for cyclic freezing and
thawing of specimens, as shown in Fig. 4. The configura-
tion employed stainless steel prism molds for the experi-
ments, including one specifically for the reference sample,
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Fig. 4—Schematic of freezing-and-thawing cabinet.

all of which were positioned within a dedicated chamber.
This setup included a lamp to maintain conditions and ther-
mometers for accurate temperature adjustments and obser-
vations. To maintain a consistent temperature difference of
no more than 10°C between the outer layer and the inner
part of the specimen, two thermocouples were thoughtfully
placed. Additionally, to ensure optimal water circulation and
minimize thermal transfer from the specimen to its mold
base, which was in immediate contact with the equipment’s
cooling element, S-shaped brass wires were placed beneath
each specimen.
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Fig. 5—Setup for dynamic modulus testing experiments.

The research aimed to assess the resilience of fiber-
reinforced concrete under freezing-and-thawing scenarios
by examining changes in mass, dynamic modulus of elas-
ticity, and bending strength. Following the guidelines of
ASTM C666/C666M-15, changes in mass and dynamic
modulus of elasticity were noted after each set of 30 cycles,
whereas tests to determine bending strength were conducted
after the completion of 100, 200, and 300 cycles. Before
undergoing tests, the specimens were soaked in water for
a fortnight, and mass recordings were performed to a preci-
sion level of 0.001 kg, in accordance with ASTM C666/
C666M-15.

Dynamic modulus of elasticity

The dynamic modulus of elasticity was measured in accor-
dance with ASTM C215-14, including sample weighing and
fundamental transverse frequency determination. As shown
in Fig. 5, each specimen was placed on a specialized base
with a 25 mm overhang at one end. A piezoelectric acceler-
ometer, covering a frequency range of 100 Hz to 100 kHz,
was affixed to the prism and connected to a high-speed data
acquisition system capable of sampling at 65,000 samples
per second. Specimens were vibrated with a 23 g hammer,
and their fundamental transverse frequency was pinpointed
through Fourier series analysis. The dynamic modulus of
elasticity was then calculated using Eq. (1), as provided in
ASTM C215-14

E = 0.9464(L3T/b*)Mn? (1)
where L is the length in meters (m); 7T is the adjustment
factor; ¢ and b are the cross-sectional area in meters (m);

M 1is the mass in kilograms (kg); and # is the fundamental
transverse frequency in hertz (Hz).
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Fig. 6—Thermal strain versus temperature.

RESULTS AND DISCUSSION
Impact of incorporating fiber on mechanical
characteristics of concrete

Coefficient of thermal expansion—The examination of
the impact of fiber addition on the mechanical properties of
concrete, specifically focusing on the CTE, was conducted
using the Ohio method across a temperature range from —60
to 60°C. Figure 6 shows the thermal strain versus tempera-
ture. The analysis revealed a distinct linear correlation
between thermal strain and fiber content, especially notice-
able between —40 and 60°C. The integration of PP fibers
noticeably affects thermal strain outcomes. The thermal strain
across various fiber dosages and lengths was recorded from
606 to 709 pe at 60°C and 530 to 572 pe at —60°C. Notably,
the inclusion of 9 kg/m? of fiber with a length of 57.05 mm
resulted in an increase in thermal strain of approximately
17% at 60°C and approximately 7.92% at —60°C compared
to plain concrete. The analysis across temperatures from —60
to 60°C showed that both the length and dosage of fibers
had an influence on thermal strain. Al Rikabi (2018) also
found that 9 kg/m* of PP fibers increased thermal strain in
normal aggregate concrete to approximately 815 pe at 60°C
and —661 pe at —60°C. These values align with the current
study’s findings of 753 pe at 60°C and —600 pe at —-60°C,
confirming the strong influence of fiber dosage on thermal
expansion.

Table 4 displays the results from the analysis of the CTE
carried out through the Ohio method, containing data for
various dosages over the full temperature range from —60
to 60°C, including separate figures for the lower (—60 to
0°C) and upper (0 to 60°C) halves of the spectrum. Conse-
quently, it may be critical to consider the impact of CTE on
fiber-reinforced slag aggregate concrete in structural design.
This analysis becomes particularly relevant when comparing
CTE values obtained through the Ohio method with those
from the AASHTO TP 60-00 method. The observed discrep-
ancy in CTE values between oven-dried samples (Ohio) and
water-saturated samples (AASHTO) corroborates findings
from AASHTO TP 60-00 and Neville (1995), indicating the
profound effect of moisture on CTE values. Consequently,
adjustments based on the estimated saturation level of
concrete are recommended for practical applications.

Table 5 demonstrates that CTE values derived from the
Ohio method exceed those obtained from the AASHTO
method, evidencing an 8.77% increase for plain concrete
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Table 4—Pre-freezing-and-thawing CTE of fiber-reinforced concrete using Ohio method

CTE
Fiber dosage, Fiber Temperature from Coefficient of Temperature from Coefficient of | Temperature from 0 Coefficient of
kg/m? length, mm | —60 to 60°C, 10°%/°C variation, % —60 to 0°C, 107°/°C variation, % to 60°C, 1076/°C variation, %
0 — 10.411 2.94 9.9 7.038 11.2 6.448
3 19.01 10.989 7.52 10.1 5.506 13.3 3.235
6 19.01 11.37 2.7 7.53 6.874 13.3 6.07
9 19.01 11.236 1.46 10.44 3.0 12.29 2.317
3 38.1 11.504 0.82 10.09 5.277 13.54 2.388
6 38.1 12.391 3.01 9.21 1.802 12.67 2.441
9 38.1 12.964 2.55 9.39 3.061 12.63 4.677
3 57.15 13.133 0.51 8.87 3.297 13.24 3.791
6 57.15 13.324 3.21 8.33 8.478 12.36 7.437
9 57.15 13.55 4.7 10.27 1.772 12.89 2.438

Table 5—Comparison of CTE results: Ohio CTE device versus AASHTO TP 60-00

CTE temperature from 10 to 50°C
Ohio CTE device (dry), AASHTO TP 60-00 Reduction in CTE
Fiber dosage, kg/m? Fiber length, mm 1076/°C (saturated), 10°%/°C due to saturation, %

0 — 11.18 10.2 8.77

3 19.01 11.27 10.39 7.81

6 19.01 11.5 10.55 8.26

9 19.01 11.65 10.7 8.15

3 38.1 12.23 10.99 10.14

6 38.1 12.57 11.19 10.98

9 38.1 1278 11.31 11.50

3 57.15 13.25 11.59 12.53

6 57.15 13.51 11.79 12.73

9 57.15 13.76 11.98 12.94
Table 6—Modulus of elasticity variations in temperature range to ensure accurate design and maintain

concrete prisms by fiber dosage and length structural integrity.
: - : : Dynamic modulus of elasticity—Table 6 shows the
Fiber dosage, Fiber length, Dynamic Coefficient of s . P
y - initial dynamic modulus of elasticity measurements for the
kg/m mm modulus, MPa variation, % K i X

samples before they were subjected to freezing-and-thawing
0 — 3LI71 1179 cycles, following the specifications of ASTM C215-14. The
3 19.01 31,673.58 5.731 addition of PP fibers to the slag aggregate concrete mixture
6 19.01 31,888.27 5.06 is likely to result in an improved modulus of elasticity,
9 1901 32.157.64 3811 indicative of a potential enhancement over co’nvc?ntlonal
concrete. This improvement stems from the fibers’ reinforce-
3 381 31,212.63 2641 ment capabilities, enhancing the concrete’s rigidity and its
6 38.1 32,893.95 2.38 ability to withstand structural stresses. The recorded dynamic
9 38.1 33.433.67 3.183 modulus readings show a trend of increasing dynamic
3 R 33.664.91 . modulus with .the incorporation of ﬁbers, ranging from a
low of approximately 31,171 MPa in fiberless samples to
6 >T15 34,288.33 3.918 a high of 34,978.24 MPa in samples supplemented with
9 57.15 34,978.24 0.403 9 kg/m? of fibers and fiber lengths of 57.15 mm. This inclusion

and a 12.94% increase for concrete reinforced with 9 kg/m?
of PP. These insights stress the necessity to account for
the severe air-dry conditions a concrete structure may face
and the importance of evaluating the thermal effects on
fiber-reinforced slag aggregate concrete across an extensive

50

of fibers seems to not only enhance the concrete’s stiffness
but also its adaptability, suggesting the potential for fiber-
reinforced slag aggregate concrete structures to offer better
resistance against shape changes. Such durability is key to
managing distortions more effectively before they lead to a
failure in the structure. These results align with the findings
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Table 7—Flexural properties of slag aggregate
concrete with PP fiber reinforcement

Fiber dosage, Fiber length, Flexural Coefficient of
kg/m? mm strength, MPa variation, %
0 — 3.72 1.179
3 19.01 5.01 5.731
6 19.01 5.49 5.06
9 19.01 5.68 3.811
3 38.1 5.63 5.641
6 38.1 6.31 2.38
9 38.1 6.60 3.183
3 57.15 6.58 1.649
6 57.15 6.98 3.918
9 57.15 7.45 0.403

of Ren et al. (2018), who found that fibers tend to increase
the dynamic modulus of elasticity, highlighting their role in
improving mechanical performance.

Flexural strength analysis—Table 7 shows the flexural
strength of slag aggregate concrete reinforced with PP fiber
at various fiber dosages and lengths. The findings under-
score a direct correlation between the addition of fibers—
both in length and dosage—and an enhancement in flexural
strength. This outcome is anticipated, considering fibers
serve to counteract the inherent brittleness of plain concrete
by effectively interlinking across both larger and finer cracks
within the concrete matrix. This action enhances the materi-
al’s ability to withstand bending forces (Banthia and Sappa-
kittipakorn 2007). The flexural strength spans from a low
of roughly 3.72 MPa in samples devoid of fibers, climbing
to a peak of approximately 7.45 MPa in specimens that
benefit from the inclusion of fibers at a rate of 9 kg/m? and
with a fiber length measuring 57.15 mm. Table 2 details the
physical properties of PP fibers, highlighting their extensive
surface area, which is conducive to bonding and contrib-
utes to the observed increase in flexural strength. The rein-
forced concrete specimens, incorporating PP fibers, exhibit
enhanced load-bearing capacity and improved post-cracking
performance compared to those made with plain slag aggre-
gate concrete. Figure 7 illustrates the superior performance
of fiber-reinforced specimens at a serviceability deflection
of 3 mm (conforming to ASTM C1609/C1609M-12), where
PP fibers maintained a strong bond with the concrete matrix,
preventing the splitting observed in unreinforced specimens
at this deflection.

Influence of freezing-and-thawing cycles on
mechanical properties of fiber-reinforced concrete

Freezing-and-thawing cycles in concrete can lead to
microcrack formation, compromising the concrete’s struc-
tural integrity and material properties by disrupting the bond
between its components. PP fibers were incorporated to
enhance the concrete’s cohesion and counteract these detri-
mental effects.

Coefficient of thermal expansion—The effect of freezing-
and-thawing cycles on the CTE for both fiber-reinforced and
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Fig. 7—Crack width in PP fiber-enhanced slag aggre-
gate concrete with 9 kg/m* and 19.01 mm fibers at 3 mm
deflection.

plain concrete was monitored over 100-cycle increments, as
depicted in Fig. 8. After 200 cycles, plain concrete exhibited
a 21.23% decrease in the CTE, and beyond 300 cycles, the
degradation was so severe that CTE measurements were not
feasible. The formation of microcracks from the freezing-
and-thawing process compromises the concrete’s cohesion,
leading to a diminished CTE.

Figure 8(a) outlines the variations in the CTE for
concrete samples reinforced with 19.01 mm PP fibers over
300 freezing-and-thawing cycles. Notably, at the 300-cycle
mark, reductions in CTE of 27.14, 31.5, and 20.7% were
observed for fiber dosages of 3, 6, and 9 kg/m?, respectively.
Conversely, Fig. 8(b) examines samples with 38.1 mm
fibers, where an increase in CTE was recorded at 200 cycles,
showing reductions of 0.20, 4.01, and 5.91% for the same
fiber dosages. Figure 8(c) further explores samples with
57.15 mm fibers and shows a pronounced increase in the
CTE at 300 cycles, with gains of 14.78, 15.66, and 16.58%
for fiber dosages of 3, 6, and 9 kg/m?, respectively.

The observed change in the CTE for fiber-reinforced
concrete following 300 freezing-and-thawing cycles
suggests that the fibers play a crucial role in bridging micro-
cracks, thereby enhancing the material’s capacity to undergo
thermal expansion and contraction. This is notably illus-
trated in Fig. 8. The findings imply that among the PP fiber
lengths tested (19.01, 38.1, and 57.15 mm), a fiber length
of 38.1 mm at 3, 6, and 9 kg/m?® consistently yielded the
minimal increase in CTE, indicating its efficiency in miti-
gating the adverse effects of freezing-and-thawing cycles on
concrete’s thermal expansion properties.

Al Rikabi et al. (2018) also studied the impact of freez-
ing-and-thawing cycles on plain and fiber-reinforced normal
aggregate concrete, as depicted in Fig. 8(c). Their findings
showed a 99.78% reduction in CTE for plain concrete to
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Fig. 9—Mass change percentage in concrete prisms with different PP fiber lengths after 300 freezing-and-thawing cycles:

(a) 19.01 mm; (b) 38.1 mm; and (c) 57.15 mm.

approximately 0.0225 x 107%/°C after 300 cycles, whereas
this study observed a 47.16% reduction in CTE for plain
concrete to 5.5 x 107%°C after 300 cycles. For fiber-
reinforced normal aggregate concrete with 9 kg/m? PP fibers,
Al Rikabi et al. (2018) observed a CTE increase to 13.907 x
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107%/°C, aligning with the current study’s findings of an
increase to 15.7964 x 107%/°C, showing a 21.7% increase.
Mass reduction—Figure 9 illustrates the mass change in
concrete prisms after enduring 300 freezing-and-thawing
cycles, presented as a percentage of their initial mass.
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Table 8—Dynamic modulus variations in PP fiber-reinforced slag aggregate concrete under freezing-and-

thawing cycles

Dynamic modulus Dynamic modulus Dynamic modulus
Fiber dosage, | Fiber length, at 100 cycles, Coefficient of at 200 cycles, Coefficient of at 300 cycles, Coefficient of
kg/m? mm MPa variation, % MPa variation, % MPa variation, %
3 19.01 30,406.637 1.498 30,141.013 1.232 26,916.598 3.33
19.01 30,931.622 3.803 30,458.576 3.465 28,128.194 0.849
9 19.01 31,836.064 1.661 30,920.873 2.771 29,234.106 0.791
3 38.1 30,276.251 2.928 30,059.995 2.404 27,039.568 3.727
6 38.1 32,236.071 2.395 32,084.803 2.832 29,441.292 4.734
9 38.1 33,099.333 2.104 32,394.663 3.427 31,185.103 3.781
3 57.15 32,654.963 0.624 32,527.108 0.382 30,685.712 1.217
6 57.15 33,945.447 0.814 33,665.639 3.88 32,084.209 2.099
9 57.15 34,978.447 3.781 33,951.486 1.413 33,706.305 3.176
Specimens reinforced with 19.01 mm PP fibers experienced
mass reductions of 16.1, 10.32, and 7.43% for fiber dosages
of 3, 6, and 9 kg/m’, respectively. Similarly, specimens . Void
with 38.1 mm PP fibers underwent mass decreases of 6.59,
6.48, and 4.17% for the same fiber dosages. For specimens Fib
= 10€r1S

enhanced with 57.15 mm PP fibers, the observed mass losses
after 300 freezing-and-thawing cycles were 6.18, 4.29, and
3.51% for fiber dosages of 3, 6, and 9 kg/m?, respectively. Al
Rikabi et al. (2018) found a more severe mass reduction in
plain concrete to 0.2614 (normalized mass) after 300 cycles,
compared to 0.60 in the current study, as depicted in
Fig. 9(c). For fiber-reinforced concrete with 9 kg/m*> PP
fibers, the mass reduction to 0.948 aligns with the current
study’s finding of 0.9649, confirming the effectiveness of
PP fibers in mitigating freezing-and-thawing damage and
enhancing durability.

Figure 10 illustrates how PP fibers in slag aggregate
concrete mitigate freezing-and-thawing damage by reducing
voids and efflorescence, thus enhancing durability and mini-
mizing mass loss. The mass loss in plain concrete specimens
is attributed to the volumetric expansion of water upon
freezing within the concrete’s porous structure, as discussed
by Griibl and Sotkin (1980) and Korhonen (2002). This
expansion can exert pressure that exceeds the concrete’s
tensile strength, leading to the initiation and progressive
widening of microcracks through successive freezing-and-
thawing cycles. Such deterioration results in compromised
structural integrity and reduced mass of the specimens. The
incorporation of PP fibers into the concrete matrix serves as
a countermeasure to this degradation. By interlinking across
the developing cracks, the fibers enhance the concrete’s
resilience against freezing-and-thawing-induced damage,
thus preserving its mass and overall durability more effec-
tively. In field applications such as pavements and bridge
decks, this reduction in mass loss is critical, as it directly
correlates with surface scaling, material disintegration, and
the eventual need for costly repairs or premature replace-
ment due to durability failure under cyclic environmental
loading (Abou Sleiman et al. 2019).

Dynamic modulus of elasticity—Table 8 highlights the
impact of freezing-and-thawing cycles on the dynamic
modulus of elasticity in concrete samples. After 200 cycles,
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== Efflorescence

Fig. 10—Microscopic view of voids, efflorescence, and PP
fibers in concrete post-freezing-and-thawing testing.

assessing this modulus in plain concrete became chal-
lenging due to degradation. Concrete prisms reinforced
with 19.01 mm PP fibers exhibited reductions in dynamic
modulus of 15.02, 11.79, and 9.09% for fiber dosages of 3,
6, and 9 kg/m?, respectively, following 300 cycles. Contrary
to previous studies that attributed a decrease in dynamic
modulus to the use of PP fibers, linking it to an increased
surface area within the mortar matrix that could compro-
mise mixture workability (Karahan and Atig 2011; Salih and
Al-Azaawee 2008; Raghavan et al. 1998; Yao and Zhong
2007), findings with slag aggregate PP concrete demonstrate
an increase in dynamic modulus. This suggests that the slag
aggregates may mitigate the workability issues and enhance
the composite action between PP fibers and the concrete
matrix, leading to improved mechanical properties. Further-
more, Bagherzadeh et al. (2012) found that fiber addition
could reduce bleeding and segregation, potentially improving
durability through a more supportive matrix. However, the
increase in porosity and water absorption might compromise
freezing-and-thawing durability due to higher water-filled
air-void content, which, upon freezing, could exceed the
concrete’s tensile strength and initiate microcracks (Neville
and Brooks 1993), particularly at higher fiber overlaps, thus
adversely impacting the dynamic modulus of elasticity.
After 300 cycles, concrete samples with PP fibers exhibited
varying degrees of resistance to deterioration, depending on
fiber length and dosage. The samples with 19.01 mm fibers
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cycles: (a) 19.01 mm; (b) 38.1 mm, and (c) 57.15 mm.

at a dosage of 3 kg/m?® showed the least resistance, while the
most substantial increase in dynamic modulus was evident
in samples with 57.15 mm fibers at a dosage of 9 kg/m’.
This contrast highlights the influence of fiber length and
dosage on the structural integrity of concrete under stress.
The resilience, attributed to fiber bridging, effectively coun-
teracts the material’s vulnerabilities, with the combination
of 57.15 mm fibers at 9 kg/m® showing the most pronounced
ability to maintain structural integrity. These findings under-
score the critical role of specific lengths and dosages of PP
fibers in enhancing concrete’s resistance to degradation over
300 cycles.

Flexural strength—Figure 11 shows the effectiveness of
PP fibers in maintaining the flexural strength of concrete
through freezing-and-thawing cycles. Specimens reinforced
with PP fibers displayed measurable decreases in flexural
strength after 300 cycles: fibers measuring 19.01 mm saw
reductions of 22.95, 26.776, and 22.34% across dosages of
3, 6, and 9 kg/m?, respectively; 38.1 mm fibers experienced
decreases of 7.28, 12.84, and 9.24%; and 57.15 mm fibers
had drops of 12, 0.72, and 0.80% for the same dosages.
Notably, increasing the PP fiber length from 19.01 to
57.15 mm substantially reduced the loss in flexural strength
after 300 freezing-and-thawing cycles, particularly at higher
dosages (6 and 9 kg/m?). This suggests a critical fiber length
threshold for effective microcrack interconnection, with
the impact being more pronounced at higher fiber contents.
Figure 11(c) contrasts Al Rikabi et al. (2018), who found
an increase in strength without deflection for 57 mm fibers
at 9 kg/m? after 300 cycles at 16 kN. The normal concrete
strength increased from 7 to 16 kN, representing a 128.6%
increase.

This study’s results align with Richardson’s (2012)
findings, indicating that a low dosage of fibers (6 kg/m?)
leads to decreased strength in concrete after numerous
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freezing-and-thawing cycles. This effect arises from fibers
increasing air voids and reducing capillarity within the
concrete, thus diminishing water penetration and poten-
tially enhancing resistance to freezing-and-thawing damage.
However, Richardson et al. (2012) observed that an air
content exceeding 12% reduces durability, attributed to the
elevated air content and stress from water expansion in voids
upon freezing, which is prevalent at high fiber dosages. This
highlights the necessity of balancing fiber dosage to opti-
mize freezing-and-thawing durability while avoiding exces-
sive air incorporation.

CONCLUSIONS

This research explored the effects of incorporating
synthetic polypropylene (PP) fibers into slag aggregate
concrete, with a focus on changes in mechanical properties
before and after exposure to freezing-and-thawing cycles.
The main conclusions drawn from the study are as follows:

1. Concrete samples reinforced with PP fibers exhibited
increased coefficient of thermal expansion (CTE) values
compared to non-reinforced concrete. The highest CTE was
measured in samples containing the maximum dosage of
9 kg/m® and a fiber length of 57.15 mm.

2. The dynamic modulus of elasticity was consistently
higher in fiber-reinforced specimens than in plain concrete
and continued to increase with both dosage and fiber length,
reaching a maximum at a dosage of 9 kg/m*® and a fiber
length of 57.15 mm.

3. PP fiber inclusion enhanced the concrete’s flexural
strength, with the most substantial enhancement observed at
a fiber dosage of 9 kg/m® and a fiber length of 57.15 mm.

4. After 300 freezing-and-thawing cycles, PP fiber rein-
forcement effectively mitigated adverse effects on concrete’s
thermal expansion. A fiber length of 38.1 mm at dosages of

ACI Materials Journal/March 2026



3, 6, and 9 kg/m® consistently showed the smallest increase
in CTE.

5. While plain concrete samples underwent over 40%
mass loss after 300 cycles, fiber-reinforced samples experi-
enced less than a 7% loss, particularly at dosages of 3, 6, and
9 kg/m? and with fiber lengths of 38.1 and 57.15 mm.

6. Despite an overall enhancement in properties, fiber-
reinforced concrete’s flexural strength decreased after
undergoing 300 freezing-and-thawing cycles, with the most
considerable decline of 26.776% observed in samples with
3 kg/m? and 19.01 mm PP fibers.

7. Afiber dosage of 9 kg/m? provided the best performance
among the dosages tested, offering balanced improvements
across flexural strength and dynamic modulus of elasticity,
besides maintaining structural integrity under freezing-and-
thawing conditions.

These findings are specific to the PP fiber-reinforced slag
aggregate concrete tested, considering the mixture designs
and dosages employed. The optimal dosages identified are
based on the tested ranges, and further investigations could
refine these recommendations. Additional studies incorpo-
rating various synthetic fiber types and concrete mixture
formulations are essential for acomprehensive understanding
of the behavior of synthetic fiber-reinforced slag aggregate
concrete. Although no supplementary characterization tech-
niques—such as X-ray diffraction (XRD), mercury intrusion
porosimetry (MIP), or thermogravimetric analysis (TGA)—
were performed in this study, their inclusion in future work
is recommended to better understand the microstructural
changes and durability mechanisms involved.
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Application of Artificial Intelligence for Accurate Chloride
Permeability Predictions in Concrete Structures

by Mohamad Kharseh and Fayez Moutassem

The durability of reinforced concrete is often compromised by
chloride penetration, leading to corrosion of reinforcing steel and
reduced structural strength. To improve the sustainability and
longevity of concrete structures, it is crucial to model and predict
chloride permeability (CP) accurately, thereby minimizing the time
and resources required for extensive experimental testing.

This paper presents a proof-of-concept study applying artificial
neural networks (ANNs) to predict CP in concrete structures. The
model was trained on a small but carefully controlled experimental
data set of 10 concrete mixtures, considering four key parameters:
water-cementitious materials ratio, silica fume content, cementi-
tious materials content, and air content. Despite the limited data
set size, which constrains generalizability and statistical robust-
ness, the ANN captured nonlinear relationships among the input
parameters and CP. The comparison between experimental and
simulated CP values showed reasonable agreement, with errors
ranging between —242 and 420 coulombs. These results establish
the trustworthiness and reliability of the proposed model, providing
a valuable tool for predicting CP and informing the design of
durable and sustainable concrete structures.

Keywords: artificial neural networks (ANNSs); chloride permeability;
concrete structures; durability; sustainability.

INTRODUCTION AND BACKGROUND

Reinforced concrete structures face significant challenges in
harsh environments, particularly at the foundation level, where
durability is crucial. One of the primary causes of environ-
mental degradation is chloride penetration, which leads to the
corrosion of reinforcing steel and a substantial reduction in the
strength and serviceability of concrete structures. This degrada-
tion often necessitates premature repairs or even replacement of
the entire structure. Conversely, preventing such deterioration
enhances concrete durability and contributes to sustainability
by reducing the negative environmental impact associated with
the production and lifecycle of concrete. Campos Silva et al.!
emphasized that increasing the economic lifecycle of concrete
structures leads to reduced material use and a lower carbon
dioxide (CO,) footprint in concrete production.

Efficient reduction of concrete deterioration resulting
from chloride penetration requires using durable and imper-
meable concrete that can effectively prevent or slow down
the ingress of chlorides to the level of the reinforcing steel.
Capillary absorption, hydrostatic pressure, and diffusion
are the primary transport mechanisms through which chlo-
ride ions penetrate concrete. Diffusion, in particular, is the
primary method by which chlorides reach the level of steel
reinforcement. However, the process of chloride-ion diffu-
sion into concrete is slow and impractical to determine
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directly within a timeframe suitable for quality control
measures. Therefore, it is essential to determine the chloride-
ion penetration characteristics of different concretes through
design to ensure adequate quality control.

The pore structure is affected by the rate at which chlo-
ride ions penetrate concrete, which is, in turn, affected by the
concrete mixture and its age. The key variables that influ-
ence the pore structure include the water-cement ratio (w/c),
degree of cement hydration, air content, and the inclusion of
supplementary cementing materials.’ It is widely recognized
that an increase in the w/c results in more voids and conse-
quently reduces the strength and durability of the concrete.
The degree of cement hydration primarily depends on the
concrete’s age, the type and proportions of cement paste,
and the curing process. Proper curing ensures adequate
water availability for cement hydration, and the age of
the concrete is directly proportional to the level of hydra-
tion and the development of the pore structure. Concrete
mixtures containing supplementary cementitious materials,
such as fly ash and slag, exhibit slower reactivity and require
an extended hydration period.> Furthermore, research has
demonstrated that the packing density of aggregates in
concrete significantly influences its hardened properties.*?
By optimizing the proportions and gradation of aggregates,
denser packing, resulting in several benefits, can be achieved.
These include enhanced concrete strength, reduced porosity,
and minimized voids due to a reduction in both the amount
and size of voids. This improvement leads to a more robust
and durable concrete structure.

Over the years, numerous test methods have been
developed to predict the amount of chloride-ion penetration
into concrete. The rapid chloride permeability test (RCPT)
is widely adopted in ASTM and AASHTO standards. ASTM
C1202/C1202M-22° shows that a water-saturated concrete
specimen is subjected to a 60 V applied DC voltage for
6 hours, with a 3.0% NaCl solution in one reservoir and a
0.3 M NaOH solution in the other. The total charge passed
is determined and used to assess the quality of the concrete
according to specific criteria. When a higher current passes
at a specific voltage, it indicates a lower quality of concrete.
Table 1 presents the RCPT ratings based on ASTM C1202/
C1202M. To ensure quality control before concrete casting,
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Table 1—RCPT ratings according to ASTM C1202

Charge passed, coulombs Chloride-ion permeability
>4000 High
2000 to 4000 Moderate
1000 to 2000 Low
100 to 1000 Very low
<100 Negligible

accurate prediction of chloride-ion permeability is essential.
However, existing predictive models for chloride permea-
bility in concrete have limitations. Many models are incom-
plete, lacking important parameters, or overly complex,
requiring extensive experimental testing or statistical cali-
bration involving many constants. Previous studies have
linked these parameters with compressive strength and
concrete durability, making this study a valuable contribu-
tion to the existing body of research.’

Artificial intelligence (Al) has emerged as a promising
computational approach in civil engineering research
and practical applications, particularly in modeling and
predicting complex behaviors in concrete materials. Al
refers to a broad field of computer science that aims to simu-
late human intelligence in machines through techniques
such as expert systems, fuzzy logic, genetic algorithms, and
machine learning. Within this field, artificial neural networks
(ANNs) are a specialized subset of machine learning
inspired by the structure and functioning of the human
brain. ANNS are particularly effective at modeling complex,
nonlinear relationships in engineering applications. In this
study, the term Al is used to reflect the overarching method-
ology, while the specific predictive tool applied is the ANN
model. This distinction is noted here to avoid confusion and
to clarify that the focus of this research is on the application
of ANNSs within the broader context of Al-based techniques
in concrete durability prediction.

Among the various Al tools, ANNs are particularly
powerful and advanced computational models inspired by
the structure and functioning of the human central nervous
system, with interconnected artificial neurons. ANN is a
powerful tool for developing models that capture intricate
relationships between input variables and output parame-
ters. In concrete research, ANN has been extensively used
to predict important properties, particularly the compressive
strength, which is a reliable indicator of concrete quality.

ANN has demonstrated its effectiveness in modeling the
compressive strength of various types of concrete. Studies
have successfully employed ANN to predict the compressive
strength of self-consolidating concrete,®!3 high-performance
concrete,'*!> rubberized concrete,'® ferrocement concrete,'”
recycled aggregate concrete,'®!” nano-silica concrete,?
fiber-reinforced polymer (FRP) confined concrete,”! metaka-
olin and silica fume concrete,?? and high-strength concrete.?

In addition to concrete properties, ANN has found wide
applications in modeling compressive strength using nonde-
structive testing data. For instance, a previous study used
nondestructive methods such as ultrasonic pulse velocity
(UPV), sclerometric, and pullout tests to evaluate concrete
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properties.?* By integrating ANN into the analysis, they
successfully predicted the compressive strength of concrete
based on the results of these nondestructive tests. The
researchers trained and tested five different network archi-
tectures, demonstrating that incorporating nondestructive
testing data into ANN enables accurate identification of
compressive strength for similar types of concrete. Another
study compared the prediction of concrete compressive
strength using ANN and multiple regression analysis, using
weight and UPV as input variables for both methods.?> The
results revealed that the ANN model outperformed multiple
regression analysis regarding accuracy, offering an alternative
approach for assessing compressive strength without resorting
to destructive testing. By establishing this relationship, the
study provided an alternative to the empirical relationships
provided by manufacturers, thus enhancing the understanding
and prediction of concrete compressive strength.

Through their ability to capture complex relationships
and leverage nondestructive testing data, ANN models offer
significant advantages in predicting concrete properties and
compressive strength. They provide valuable insights into
concrete behavior, enabling improved quality control and
assessment without the need for destructive testing methods.
Recent advancements in machine learning have signifi-
cantly enhanced the prediction of chloride permeability in
concrete. For instance, Giineyisi et al.?® developed an ANN
model to estimate the chloride permeability of concrete
containing ground-granulated blast-furnace slag (GGBS),
illustrating the role of mixture composition and age in influ-
encing durability. Huang et al.?’ introduced a hybrid model
that combined extreme learning machine (ELM) and random
forest (RF), optimized using a whale optimization algorithm,
to predict the chloride permeability coefficient of rubber-
ized concrete. Their results demonstrated that integrating
optimization techniques with machine learning models
can improve prediction performance. Similarly, Li et al.?®
developed ensemble models, including an inverse
variance-based model, an ANN-based model, and a tree-
based model using the RF regression algorithm, to predict
the chloride migration coefficient (CMC) of concrete.
Their study highlighted that ensemble models outperform
single models such as ANN and support vector regres-
sion (SVR) in predicting CMC, with the combined RF
and ANN model showing the highest accuracy. While
these studies offer strong predictive capabilities, they
often use diverse or specialized materials. In contrast,
this research focuses on a core set of practical mixture
design parameters—water-cementitious materials ratio
(w/cm), silica fume content, cement content, and air
content—allowing for a more accessible and design-phase-
friendly model for engineers.

This paper aims to address these limitations by formulating
a fundamental chloride permeability predictive model that
is representative and relatively easy to apply. The proposed
model considers essential design variables—namely, w/cm,
cementitious materials content, air content, and silica
fume (microsilica) content. Silica fume was selected as
the sole supplementary cementitious material in the exper-
imental program due to its rapid pozzolanic reactivity and
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Table 2—Concrete mixtures design composition and experimental testing results

Maximum Water Cement
Mixture aggregate size, content, content, CA, kg/m? FA, kg/m? Silica Air Slump, | 28-dayf.’, CP,
No. wlc mm (in.) kg/m? (Ib/ft}) | kg/m? (Ib/ft%) (Ib/ft%) (Ib/ft%) fume, % | content, % | mm (in.) | MPa (psi) | coulombs
! 0-30 (0?795) (;.53(;) (351(.);) 1) (5?)%)3) (52?12 9) 0 22 (3??5) (14,%76.3.66) 840
2 030 (0%795) (91.53%) (242553) (599%)3) (581%673) 15 21 (3?24) (14,9179'99.19) 155
3 040 (0%795) (91.53%) (233?: 1) (59;33) ( 599(.)83) 0 15 (2?955) ¢ 0,125.71.22) 1236
$100 o | e | asen | ooy | eney | 15| M| oy |aosesy| 2
> 040 (0%795) (91.53%) (2?:1) (599%)3) (5?129) 0 64 (3?;)4) (66415?;.672) 1230
6 040 (0%’?5) (91.53%) (139?99 1) (59;33) (5?924) 15 80 (3?;)4) (654854%7 1) 725
T g | s | esy | ooy | @ | 0 || ase | gy | 20
8 040 (0%;)5) (111%;:9) (21?41 1) (599%)3) (461§339) 15 38 (0%958) (906?>25.385) 79
? 040 (0?795) ( 122(.)50) (352?33) (5%?33) (463?36) 0 2.2 (3?;)4) (805953. ?1 1) 1920
10 040 (0%795) (122(.)850) (2‘;?262) (599%)3) (461§674) 15 26 ( 14;) 7 | ( 896922'?3 4) 1459

well-established role in reducing chloride permeability. By
accurately assessing and predicting chloride permeability,
the model enables optimization of concrete mixtures for
enhanced durability and sustainability. The findings will
support engineers in predicting concrete performance char-
acteristics at the design stage or through nondestructive
evaluation during later stages of construction.

RESEARCH SIGNIFICANCE

This research significantly enhances the durability
and sustainability of reinforced concrete structures by
addressing the critical issue of chloride-induced corrosion.
Traditional methods for assessing chloride permeability
(CP) are time-consuming and costly, making them imprac-
tical for routine use. The development of an ANN model to
predict CP offers a more efficient and accurate solution. By
incorporating key mixture design variables, the ANN model
provides a reliable tool for optimizing concrete mixtures,
improving their resistance to chloride penetration.

The successful application of ANN in this context
demonstrates its potential to revolutionize quality control
processes in civil engineering, leading to longer-lasting
structures with reduced maintenance needs. This research
not only advances the field of Al in concrete technology but
also contributes to creating more sustainable infrastructure
by minimizing material consumption and extending the
service life of concrete structures.

METHODOLOGY
Experimental program design, data collection, and
experimental testing
An experimental program was developed to assess the
precision and accuracy of the proposed ANN model in
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predicting CP measurements on concrete cylinders after
28 days. The program was designed to analyze the impact of
traditional design variables on the CP values when propor-
tioning concrete mixtures. The selected design variables
included the w/cm, silica fume content, cementitious mate-
rials content, and air content.

A total of 10 concrete mixtures were designed following
the ACI 211 guidelines, as presented in Table 2, encom-
passing the specified ranges of variables. The designed
concrete mixtures correspond to compressive strength
grades ranging from approximately 45 to 98 MPa (6526.70
to 14,213.70 psi), covering both conventional and high-
performance applications. Slump values were targeted
between 25 and 100 mm (0.98 and 3.94 in.) to reflect a work-
ability range suitable for structural concrete. The experi-
mental procedure was carried out consistently for all concrete
mixtures and involved several steps, including mixing,
placing, consolidating, curing, and testing. A Type I port-
land cement with a specific gravity of 3.15 was used. Densi-
fied silica fume powder with a specific gravity of 2.25 was
used for half of the concrete mixtures. The densified silica
fume used in this study had a silicon dioxide (Si0O,) content
exceeding 96%, in compliance with ASTM C1240-20,%
ensuring high pozzolanic reactivity and material quality. The
coarse aggregate (CA) used in concrete is crushed limestone
with a maximum aggregate size of 19 mm (0.75 in.), whereas
the fine aggregate (FA) is well-graded sand. The specific
gravity, absorption percent, and bulk density for the CA are
2.68, 1.2%, and 1600 kg/m? (99.88 Ib/ft*), respectively. The
fineness modulus, specific gravity, absorption percent, and
bulk density for the FA are 2.82, 2.67, 2.5%, and 1800 kg/m?
(112.37 1b/ft®), respectively. Values of specific gravity,
absorption percent, and bulk density for CA and FA were
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Fig. I—RCPT testing setup.

determined following ASTM C127-15%° and ASTM C128-
15,3 respectively. The particle size distributions of CA and
FA and the fineness modulus of FA were measured and were
found to conform to the ASTM C136/C136M-193? specifi-
cation requirements. A high-range water reducer meeting
the requirements of ASTM C494/C494M-193 was used in
mixtures 1 to 5 to improve the workability of fresh concrete.
The dosage ranged between 0.8 and 1.2% by weight of cemen-
titious materials, selected based on trial mixtures to achieve
the desired slump values without increasing the w/cm. This
contributed to better flowability, improved compaction, and
a denser concrete matrix, ultimately enhancing durability. In
addition, an air-entraining admixture meeting the require-
ments of ASTM C260/C260M-10a* was used in mixtures 5
to 8. The testing results for each mixture, as shown in Table 2,
include the actual air content (%), the amount of slump (mm),
the compressive strength of concrete at 28 days (MPa), and
the chloride ion permeability (coulombs).

To prepare for the RCPT test following ASTM C1202/
C1202M, concrete specimens were cast into cylinders
(100 mm [3.94 in.] diameter x 200 mm [7.87 in.] height) and
moist-cured at 23 + 2°C (73.4 + 3.6°F) for 28 days. After
curing, each specimen was cut into 50 mm (1.97 in.) thick
discs using a water-cooled diamond saw. The cut surfaces
were rinsed and cleaned to remove debris. Specimens
were then vacuum-saturated by placing them in a vacuum
chamber for 3 hours followed by immersion in de-aerated
water for 1 hour under atmospheric pressure. For RCPT
testing (Fig. 1), each specimen was mounted in a two-cell
acrylic setup, with one side filled with a 3.0% NacCl solu-
tion and the other with a 0.3 N NaOH solution. A constant
60 V DC voltage was applied across the specimen for a dura-
tion of 6 hours. The total charge passed (in coulombs) was
recorded at hourly intervals using a data-acquisition system
and integrated to determine the chloride ion permeability.
The classification of chloride permeability was interpreted
in accordance with ASTM C1202/C1202M thresholds.

The last column in Table 2 presents the experimental
results obtained from the CP testing of the concrete cylinders
prepared from the designed mixtures. These results form the
basis for training and validating the ANN model, enabling
the comparison and evaluation of the model’s accuracy and
performance in predicting CP.

Valuable data on CP and its relationship with the selected
design variables were obtained by meticulously designing
and conducting the experimental program. This data set
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serves as the foundation for training the ANN model,
enabling accurate predictions of CP in concrete structures
based on the input parameters.

ANN model development

The development of the ANN model aimed to establish
a robust and reliable relationship between the input design
variables and the corresponding CP values. A system-
atic approach was followed to achieve this, encompassing
various key steps. Figure 2 illustrates the model architecture
employed in this study, designed to effectively capture the
intricate connections between the input variables and the
predicted CP values.

The ANN model consisted of an input layer with four
neurons, each representing one of the following design vari-
ables: w/cm, silica fume content, cementitious materials
content, and air content. These variables play a vital role
in influencing the CP of concrete structures. A one-neuron
hidden layer was incorporated to capture the complexity
of these interactions, enabling the model to learn and iden-
tify underlying patterns within the data. Finally, the output
layer consisted of a single neuron providing the predicted
CP value.

The development of the ANN model involved meticulous
considerations, such as selecting an appropriate network
architecture, determining suitable weight optimization
algorithms, and evaluating performance metrics to ensure
accurate predictions of CP. For weight optimization, the
Levenberg-Marquardt (LM) algorithm was employed. This
algorithm iteratively adjusted the network weights through
gradient descent, aiming to minimize the mean squared
error, which served as the cost function. The choice of the
tansig transfer function for the neurons in the input layer
allowed for the modeling of nonlinear relationships using
hyperbolic tangent functions. In contrast, the purelin transfer
function, representing a linear function, was selected for the
neuron in the output layer, facilitating the direct mapping of
inputs to outputs, as illustrated in Fig. 2.

The collected data set of concrete mixtures and their corre-
sponding measured CP values, presented in Table 2, was
used to train the ANN model. The data set was divided into
three subsets to ensure robustness: 70% for training, 15% for
validation, and 15% for testing. During training, the ANN
received the input parameters for each training instance,
processed the signals through the network, and generated the
predicted CP values. The network weights were then updated
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Fig. 2—Architecture of neural network used in current study.

using the difference between the predicted and measured CP
values, employing the back-propagation algorithm. Various
metrics, such as error and coefficient of determination (R?),
were employed to evaluate the model’s performance. These
metrics provided valuable insights into the accuracy and
reliability of the ANN model in accurately predicting CP for
concrete structures.

This well-defined and carefully crafted approach tailored
the ANN model to accurately predict CP in concrete struc-
tures, providing valuable insights for designing and opti-
mizing durable and sustainable concrete mixtures.

RESULTS AND DISCUSSION

Comparison of experimental and simulated
CP values

To enhance the practical relevance of the findings, the CP
values for all tested mixtures were compared with the rating
ranges specified in ASTM C1202. According to Table 1, the
CP values span from “Very low” to “High” permeability
categories. For example, mixtures 2 and 6 fall within the
“Very low” category (<1000 coulombs), while mixtures such
as 7 and 9 exhibit “High” permeability (>4000 coulombs).
Correspondingly, the measured 28-day compressive strength
of these mixtures ranges from approximately 45 to 98 MPa
(6526.70 to 14,213.70 psi), as shown in Table 2. Although
strength was not used as an input or output in the ANN
model, this variation highlights how concrete with similar
strength grades may exhibit significantly different durability
levels depending on mixture design, particularly silica fume
content and air content. This reinforces the importance of CP
as an independent design consideration and demonstrates the
model’s utility in predicting durability-related performance
beyond compressive strength alone.
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The comparison between the measured experimental CP
values and the simulated values generated by the ANN model
revealed a remarkable level of agreement. The analysis
demonstrated that the proposed model fits the experimental
data well without discerning patterns or outliers. As shown
in Fig. 3, the error between the experimental CP values and
the ANN model’s simulated values varies between —242 and
420 coulombs. This high level of accuracy in predicting CP
indicates the reliability and trustworthiness of the developed
model.

To further evaluate the performance of the ANN model,
standard regression performance metrics were computed.
These include:

e Mean absolute error (MAE): Measures the average
magnitude of the errors.

*  Root mean square error (RMSE): Gives higher weight
to large errors.

»  Coefficient of determination (R?): Indicates the propor-
tion of the variance in the dependent variable predict-
able from the independent variables (that is, the average
and overall deviation between the predicted and exper-
imental CP values).

The performance metrics for the prediction of CP are
shown in Table 3 and Fig. 4. These results indicate that the
ANN model provides acceptable prediction performance
for CP.

Limitations of data set and data splitting

While the results presented indicate that the ANN model
reproduced the experimental data with good agreement, it
is important to acknowledge the limitations imposed by
the small data set (n = 10). The decision to split this data
set into 70% training (seven samples), 15% validation (one
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Fig. 3—Comparison between experimental results and
results obtained from ANN model.

to two samples), and 15% testing (one to two samples) is
recognized as statistically weak, because such small subsets
cannot provide meaningful variance estimates or robust
evaluation of predictive accuracy. As a result, the reported
MAE, RMSE, and R? values should be interpreted with
caution. The present analysis therefore represents an explor-
atory proof-of-concept study demonstrating that ANN tech-
niques can capture non-linear trends in chloride permea-
bility when influenced by w/c, silica fume content, and air
content. The model outcomes highlight potential, but they
are not presented as fully generalizable or validated predic-
tive tools at this stage.

Mathematical equation for CP

This study distinguishes itself from existing work by
focusing on simplicity, applicability, and model transpar-
ency. For instance, Giineyisi et al.?® used ANN to model CP
in GGBS-modified concrete, while Huang et al.?”’ combined
ELM and RF with whale optimization to predict chloride
transport in rubber concrete. Li et al.?® developed ensemble
models integrating ANN and RF regression algorithms
to predict the chloride migration coefficient of concrete,
demonstrating that such ensemble models outperform single
models in predictive accuracy. However, many of these
models incorporate specialized or diverse materials and do
not provide clear mathematical formulation. In contrast,
the ANN model developed in this study was trained using
controlled experimental data and a limited yet practical set
of mixture design parameters. The use of Al in the study
led to an explicit mathematical representation of the trained
ANN as follows. The feedforward ANN model maps input
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Table 3—Performance metrics for prediction of CP

Metric Value

MAE 0.0
RMSE 187.1
R? score 92.1%
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Fig. 4—Model validation.

features X =[xy, xy, ..., X,,] to an output y (predicted compres-
sive strength) using multiple hidden layers

h; = ](2[ w;x; + b[)
=g

where 4; is the activation of the j-th hidden node; w; and w;
are weights; b; and b are biases; f'is the activation function
(in this study tansig); and f,,, is the output layer function (in
this study linear).

This created a precise mathematical equation that strongly
links CP to concrete characteristics, including w/cm, silica
fume content, cementitious materials content, and air content

CP =22.6938+
2323.0828

eO, 1306-SF—0.1074- Air content—0.0175-Cementitious—28.6467 w/c #18.2043

+1

where SF is silica fume content in %; air content is in
%; cementitious materials content is in kg/m?; and w/c is
dimensionless.

The derived equation provides a practical and efficient
means of estimating CP in concrete, offering potential appli-
cations for concrete properties in various fields. This posi-
tions this work as a streamlined, interpretable, and reliable
tool for early-stage durability assessment.

CONCLUSIONS AND FUTURE WORK

The application of artificial intelligence, specifically arti-
ficial neural networks (ANNs), has demonstrated its poten-
tial in accurately predicting chloride permeability (CP) in
concrete structures. By modeling the complex relationships
between input design variables and CP values, the proposed
ANN model offers a valuable tool for designing concrete
mixtures that meet durability requirements, ultimately
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improving the sustainability and longevity of concrete
structures.

Through an experimental program and data collection,
the developed ANN model successfully simulates CP based
on four key parameters: water-cementitious materials ratio
(w/cm), silica fume content, cementitious materials content,
and air content. The comparison between the measured
experimental CP and the simulated values generated by
the ANN model showed an excellent match, with the error
values varying between —242 and 420 coulombs. This
confirms the reliability and accuracy of the proposed model
in determining CP.

Incorporating ANN in predicting CP opens up new
possibilities for quality control and design optimization in
concrete construction. By using the ANN model, engineers
and designers can assess and adjust concrete mixtures to
meet specific durability requirements, ensuring long-term
performance and reducing the need for premature repairs
or replacements. This, in turn, reduces the environmental
impact associated with concrete production and improves
overall sustainability.

Furthermore, the ANN model provides a valuable alter-
native to traditional methods of predicting CP, which can
be time-consuming, complex, or require extensive exper-
imental testing. The ANN model’s ability to capture the
intricate relationships between input variables and CP
values allows for more efficient and accurate predictions,
facilitating better decision-making in concrete construction
projects. While this study focused on predicting chloride
permeability at 28 days using mixtures with silica fume,
future research should consider evaluating long-term perfor-
mance at 91 days and beyond, and include additional supple-
mentary cementitious materials such as fly ash and slag to
broaden the model’s applicability and reliability over time.
Additionally, future studies should consider incorporating
alkali-aggregate reactivity (AAR) testing, particularly when
assessing long-term durability in environments susceptible
to freezing-and-thawing cycles, as reactive aggregates may
lead to microcracking, increased permeability, and reduced
structural lifespan. The current ANN model was developed
using concrete mixtures containing silica fume at replace-
ment levels of 0% and 15%, as outlined in Table 2. Its perfor-
mance for lower dosages (for example, 5% or 10%) has not
been assessed and should be addressed in future research to
extend the model’s practical relevance.

Although the study used a relatively small data set of
10 mixtures, all were prepared under controlled experi-
mental conditions to ensure high data quality and consis-
tency. This data set size, however, is far below the scale typi-
cally recommended for training ANNs, and consequently,
the statistical power of the analysis is limited. In particular,
the train/validation/test split (7/1/2 samples) is not statisti-
cally robust, as the validation and test subsets are too small
to provide reliable estimates of model variance or predictive
performance. For this reason, the current model should be
considered an initial feasibility study rather than a finalized
predictive framework.

To address these limitations, future work will focus on:
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*  Expanding the data set substantially by including addi-
tional mixtures with a wider range of supplementary
cementitious materials (for example, fly ash and slag)
and longer curing periods (91 days and beyond).

*  Implementing k-fold cross-validation rather than single-
split validation, which will enable more reliable assess-
ment of model performance with limited data.

*  Comparing ANN performance with simpler baseline
models such as multiple linear regression and decision
trees, to assess whether ANN provides added value
given the data set size.

*  Conducting hyperparameter tuning and regularization
studies once larger data sets are available to prevent
overfitting and improve model robustness.
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Analysis of reinforced concrete (RC) damage under nonuni-
form corrosion has mostly been performed by adopting the two-
dimensional (2-D) plane-strain assumption to reduce computa-
tional efforts compared with three-dimensional (3-D) models. This
paper aims to compare results obtained from the 2-D plane-strain
Jformulation with 3-D analysis in the context of nonuniform corro-
sion, highlighting differences and similarities to gain valuable
insights into the structural response and damage prediction. The
findings indicate that both the 2-D and 3-D models yield reason-
ably similar damage patterns, with minor discrepancies in crack
orientation, and predict comparable hairline crack widths on the
concrete surface. During initial corrosion stages, both models
exhibit similar stress and strain distributions. However, as corro-
sion progresses, distinct variations in stress and strain patterns
emerge. Interestingly, despite these differences, the extent of
damage converges as corrosion advances, suggesting a critical
stage beyond which the RC response remains consistent regardless
of the modeling approach. The study emphasizes stress and strain
variations over time for accurate RC behavior representation.

Keywords: corrosion-induced damage; finite element (FE); plane strain;
reinforced concrete (RC); three-dimensional (3-D) model.

INTRODUCTION

Reinforced concrete (RC) damage under chloride-induced
corrosion is a major durability concern. Localized corrosion
of steel is a characteristic of chloride-induced corrosion,
which can adversely impact the structural behavior of RC
structures. The dissolution of iron in specific chloride-rich
areas gives rise to a nonuniform generation of corrosion
by-products, which accumulate locally and result in concrete
cracking. Thorough evaluation of RC damage under nonuni-
form corrosion has been a topic of research in recent times.
To model complex and realistic behavior of concrete deteri-
oration caused by nonuniform corrosion, researchers have
adhered to advantageous numerical models. The nonuniform
corrosion-induced cracking of RC has been modeled as a
plane-strain two-dimensional (2-D) problem in the litera-
ture.!”” These models have been able to predict damage in
RC well, by capturing the nonuniformity of corrosion around
the steel circumference. For example, Cheng et al.* imple-
mented numerical simulation of nonuniform corrosion using
the concrete damaged plasticity (CDP) model and predicted
cracking propagation in RC. Zhang et al.” obtained the crack
propagation process of cover concrete under nonuniform
corrosion as a function of concrete cover, reinforcing bar
diameter, and bar spacing. They simulated damage using
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the CDP model in Abaqus. Similar work was carried out by
Molina et al.,’> who simulated concrete damage under corro-
sion using the smeared-crack modeling approach. Chauhan
and Sharma’ obtained crack patterns in RC under nonuni-
form corrosion by including the effect of climatic relative
humidity and temperature. In addition to the aforementioned
models, there are plane-strain numerical models in the liter-
ature that predict damage/crack in RC under nonuniform
corrosion as a discrete entity, thereby enabling prediction of
not only crack patterns but also crack widths directly from
the model. For example, Yang et al.® were able to deter-
mine crack patterns and obtain accurate surface crack width
values in RC using cohesive zone modeling under nonuni-
form corrosion. Similar work was carried out by Chauhan
and Sharma' to predict not only the crack patterns but also
crack widths in RC subject to nonuniform corrosion. They
also considered the effect of climatic temperature and rela-
tive humidity variations on the crack patterns and crack
widths in the model.

Clearly, many advancements have been made to simu-
late nonuniform corrosion in 2-D, which has proven to
be a computationally efficient way to capture damage in
RC. However, a typical 2-D analysis assumes uniform
chloride-induced corrosion along the entire length of the
steel bar, which does not reflect real scenarios. In a real
scenario, chloride-induced corrosion is nonuniform along
a reinforcing bar’s length, dependent on concrete micro-
structure, local steel environment, and other factors. To
capture the nonuniformity of chloride-induced corrosion
along the bar length, it is imperative to carry out three-
dimensional (3-D) numerical modeling. Owing to the highly
complex nature of heterogeneous concrete, 3-D modeling of
chloride-induced corrosion is a challenging task. However,
there are 3-D models developed in the past considering
different pit shapes®!? and different anode-cathode combina-
tions'!"! along the reinforcing bar length to simulate nonuni-
formity of chloride-induced corrosion longitudinally. These
models are well established and validated with different
experimental'®!® and field test'® results.
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It is clear from the previous discussion that numerical
modeling techniques to simulate damage under nonuniform
corrosion have been performed by the researchers separately
in 2-D and 3-D.

However, one important aspect missing is the comparison
between the 2-D and 3-D models, and this study aims to
compare the damage obtained from 2-D and 3-D models.
The aim is to investigate corrosion damage in areas where
anodes are present, particularly where rust expansion occurs
and disregarding the extent of damage at the anode-cathode
junction along the reinforcing bar length. It has been observed
by the authors in their previous 3-D numerical nonuniform
corrosion model'® that concrete sustains more damage near
the anode locations as compared to the anode-cathode junc-
tion. This observation therefore justifies comparing 2-D and
3-D models, assuming uniform corrosion along the rein-
forcing bar length—that is, only anodes are present along the
length of the steel bar. The present work extends the authors’
2-D nonuniform corrosion model, as presented in Chauhan
and Sharma,'? to evaluate and compare the damage in RC
structures. A 3-D finite element (FE) analysis is conducted
to assess the applicability and accuracy of the 2-D plane-
strain model. An additional effect of climatic variations in
relative humidity and temperature on corrosion loading is
also considered in the study as a true representation of corro-
sion in RC under real climate conditions.

RESEARCH SIGNIFICANCE

Chloride-induced corrosion of RC poses a serious threat
to infrastructure durability. Extensive research efforts are
focused on understanding and mitigating this damage,
with experimental studies, field investigations, and numer-
ical simulation forming the core methodologies employed
worldwide. While experimental and field investigations are
often labor-intensive and time-consuming, numerical simu-
lation offers a more efficient alternative. Accurate estimation,
however, necessitates comprehensive 3-D simulations of the
corrosion in RC. Despite their accuracy, these 3-D models
are resource-intensive and costly. As a result, 2-D models
are frequently used for simulation. However, the literature
lacks a comprehensive comparison of 2-D and 3-D models
to evaluate the adequacy of 2-D simulations in predicting
damage to RC subject to chloride-induced corrosion. This
study aims to fill this gap by presenting a comparative
analysis of 3-D and 2-D models for damage prediction.

NONUNIFORM CORROSION MODELING

Corrosion of steel in concrete under chloride ingress is
nonuniform in nature, which means the steel is attacked
unevenly inside the concrete. This nonuniform corrosion
arises from varying rates at which chlorides, moisture, and
oxygen permeate the concrete from different directions.
Consequently, the occurrence of uniform and widespread
corrosion of the reinforcement is relatively uncommon. To
address the nonuniform corrosion phenomenon, a numerical
approach is presented within this section. This approach is
designed to simulate and model the nonuniform corrosion
process, and it holds applicability for both the 2-D and 3-D
models presented in this study. Chloride ingress and its
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dispersion surrounding the steel bar as a function of concrete
microenvironment was modeled in 2-D by the authors in
their previous work.! This established approach, as illus-
trated in Fig. 1, will be adopted once again in the present
study. Equation numbers are the same as used in the figure.
Chloride ingress in the concrete cover is modeled using
Fick’s law of diffusion

oC -, 0*C.  0°Cy
8t - c axz ay2 (1)
Moisture transport
Owe _ dweoh _ , (&%, &%
o~ oh o Dh(ax2+ay2) @)
and heat transfer
or 0°T  o*T
ey = /(G5 5) ®

inside concrete cover are also undertaken along with chlo-
ride ingress, as shown in Fig. 1. Out of the total chlorides,
unbound—that is, free—chlorides primarily initiate corro-
sion of steel in concrete. Therefore, once these unbound
chloride ions (Cy) attain the threshold value on the steel bar,
they disrupt the steel passive layer, which triggers the forma-
tion of electrochemical cells. The specific points where
the chloride-ion concentration exceeds the threshold yield
anodic sites, while the rest of the passive surface gives rise to
cathodic sites. Once the locations of these anodes and cath-
odes are identified, the potential of the corrosion mechanism
is determined through the application of Laplace’s equation

o’ 0%
g 0 @

on the steel surface, as illustrated in Fig. 1. This phenom-
enon is driven by variations in moisture content, oxygen
concentration, and temperature, as shown in the figure. Upon
deriving potential values across the steel surface, it becomes
possible to calculate anodic (i,) current density

_ 40
i, = ioaexp(2.303¢ ﬁ% ) (5)
and cathodic (i.) current density
Caz . (9_
i, = @lOCeXp(2'3O3¢ ﬂc¢) (6)

These parameters are subsequently used to comprehen-
sively assess the rate of corrosion (i) as given by

Leorr = Umac,anode + Umic,anode (7)

where
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CORROSION PRODUCTS EXPANSION
Thermal analogy: A fictitious thermal load (8T) is derived to correspond with the
expansion of corrosion products and is applied to the reinforcement.
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Fig. I—Flowchart showing corrosion initiation and propagation under nonuniform corrosion.

imac,annde = ia - ic (8)
imac,cathode = _ic (9)
imic,anode = ic (10)

The formation of anodes and cathodes as a function of
relative humidity and temperature, and determination of
corrosion rate is explained in Chauhan and Sharma.' Rust
formed at the location of anodes grows with time, dependent
on corrosion rate, and cracks the concrete, which is weak in
tension. To model the damage initiation and damage prop-
agation in RC subject to nonuniform corrosion, expansion
of the corrosion products needs to be determined. Corrosion
rate is used to determine the steel penetration depth (p.,,)
using Faraday’s law, as given by

_ Wg
pcorr(eat) - panF.glcarr(H;t)d[ (11)

Once these parameters are established, the expansion of
rust is simulated using the concept of thermal analogy.>!” The
methodology to obtain the value of rust expansion from the
corrosion rate values, as a function of space and time using
thermal analogy, is given in the flowchart in Fig. 1. Thermal
analogy relies on determining the expansion of steel that
corresponds to the expansion of corrosion products, achieved
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by equating the radial expansion of a steel bar due to thermal
loading

od = 00oTd (12)
with the expansion caused by corrosion
6d = L+ @ Ddper—p2) -4 (13)

in reference to Yang et al.’ To achieve the required value
of dd, the coefficient of thermal expansion « is assumed and
equivalent 07 is obtained. The steel expansion is simulated
using the achieved thermal distribution

(av B 1)pcorr(99 t)

ST(0,1) = o

(14)
that is applied as a function of space (¢) and time (7). This

approach effectively models nonuniform corrosion within
both the 2-D and 3-D models.

CONCRETE DAMAGE MODEL
Once the rust expansion under nonuniform corrosion is
known, it is applied as corrosion loading onto the RC and
damage in concrete is determined. Numerical simulation
of damage caused by nonuniform corrosion in concrete is
performed by using the CDP constitutive model in Abaqus.
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Fig. 2—Response of concrete under uniaxial tension from
Abaqus.

This model captures the irreversible damage to the concrete
that occurs by the fracturing process. The model assumes
two distinct failure mechanisms of concrete: concrete
crushing and tensile cracking. Within the model reduc-
tion, the material stiffness attributed to microcracking is
addressed by plastic straining in both tension and compres-
sion. Upon the attainment of maximum principal strain,
concrete exhibits tension-softening behavior. It is postu-
lated that the vector perpendicular to the crack plane aligns
parallel to the direction of the maximum principal plastic
strain.* Once cracking initiates, stiffness reduces from E,
to (1-df)Ey. This is depicted in Fig. 2, which illustrates
the stress and strain behavior under uniaxial tension. The
damage is represented through DAMAGET (dr), a tensile
damage variable and plastic strain (¢/) under tension.” The
evolution of plastic strains under tension is characterized by
the following equation

o = (1- dt)EO(gt - 8{91) (15)

where o, is the tensile stress in concrete; and ¢, is the total
strain in concrete.

To implement the damage (cracking) mechanism within
Abaqus using the plasticity model, it is imperative to define
precise material properties and parameters related to crack
initiation and progression. Linear approximation simplifies
incorporating crack opening laws into the model. Despite
making the material response slightly stiffer with linear
softening behavior, it often provides accurate results across
different scenarios. In the current model, linear softening
is used based on the approach outlined by Hillerborg?! and
shown in Fig. 3.

This model represents the post-cracking behavior of
concrete by including softening effects. To implement the
cracking mechanism properties such as fracture energy, the
tensile strength and evolution of the damage parameter need
to be defined in the Abaqus model. One limitation of the CDP
model is its restricted applicability in predicting crack width
values only up to a certain limit, typically limited to hairline
crack widths. This limitation arises because the model calcu-
lates crack-opening displacements based on decreased stress
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Fig. 3—Tension-softening model given by Hillerborg.?!

values atthe damaged location, which in turn relies on the input
stress-strain model. As the CDP model primarily relies on
stress-based criteria to predict cracking, it may not accurately
capture the behavior of concrete beyond the hairline crack
regime. In situations where larger crack widths or more signif-
icant damage occurs, accuracy may diminish, leading to less-
reliable predictions.

VALIDATION

The proposed concrete damage model has been validated
against accelerated corrosion tests conducted by the authors.
To simulate the corrosion process, alternate wetting-and-
drying cycles were employed in combination with an
externally applied impressed voltage. The RC specimen,
consisting of three reinforcing steel bars (anodes), is shown
in Fig. 4 and is similar to the specimen used in the authors’
carlier study.! A stainless-steel rod of 10 mm diameter,
serving as the cathode, was positioned below the middle
steel bar. The specimen was exposed to a 3.5% chloride
concentration solution from the top and side faces, while an
impressed voltage of 10 V direct current (DC) was applied
only during the wet cycles and switched off during the dry
cycles. The experimental setup, including electrical connec-
tions and the wetting arrangement, is illustrated in Fig. 4.
Throughout the test, the full length of the reinforcing bars
was exposed to chloride ingress, and current densities were
obtained directly from the DC supply. The concrete surface
was monitored for crack initiation using a crack microscope
with the least count of 0.05 mm, and crack propagation
was subsequently recorded on a weekly basis using a crack
comparator. For the numerical simulation, certain conserva-
tive assumptions were adopted. It is assumed that all corro-
sion products contribute directly to expansive pressure on
the surrounding concrete. Accordingly, crack initiation and
propagation were modeled under the assumption that no rust
penetrates the pore structure or existing cracks. For vali-
dation, an elliptical distribution of corrosion products was
assumed for nonuniform corrosion rust expansion, following
Jin et al.?? and Yang et al.?° Current densities for each rein-
forcing bar were calculated as the ratio of the current values
from the DC supply to the exposed bar surface area, as a
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Fig. 4—Experimental setup to carry out accelerated corrosion tests: (a) schematic of specimen; (b) electrical connection made
between DC supply and specimen, and (c) wetting of specimen during wet cycle. (Note: 1 mm = 0.039 in.)

Table 1—Input variables from experiments used
for validation of numerical results

Value
30 mm (1.18 in.)

8 mm (0.315 in.)
3.83 MPa (555.5 psi)
10.67 GPa (1547.5 psi)
0.18
50 N/m (0.285 1b/in.)

Parameter

Concrete cover

Steel bar diameter

Tensile strength

Modulus of elasticity

Poisson’s ratio

Fracture energy

function of time. The corrosion loading was then determined
using the procedure outlined by Liu and Weyers,?* with the
total mass of rust (W,,,) obtained from Eq. (16).

Wist(6) = |2 0.105(1/0t) T Bicors (1)t (16)

Here, i.o (LWA/cm?) is the current density obtained from
the accelerated corrosion test for steel bars varying with time
t (years).

Based on the elliptical distribution, radial displacements
1‘20

of the steel bars were calculated following Yang et al.*” using
Eq. (17) and (18).

(¢ +2d,+2d,)(¢+2d,)

dy = (17)
\Q2¢ +4d,)* + 16d,,(¢ + 2d, + d,, ) cos’ 0
where
— 4Wrust L, arust\ _
dm B 77,'¢ (prust Pst } 2d" (1 8)
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where p,.; and py are the density (mg/mm?®) of corrosion
products and steel, respectively; a,,, is the ratio of molec-
ular weight of steel and corrosion products; ¢ is the diameter
of the steel bar (mm); and d, is the thickness (mm) of the
interfacial transition zone (ITZ).

The temperature field required to simulate rust expan-
sion was obtained from Eq. (15) by substituting the calcu-
lated radial displacements. Input parameters used in the FE
analysis of the RC specimen are provided in Table 1, with
the tensile strength and modulus of elasticity of concrete
determined according to IS 456:2000.%

Results are presented in terms of damage patterns
obtained from both the numerical model and experimental
observations, as shown in Fig. 5. In the simulations, damage
developed predominantly around the corner bars, whereas
only limited propagation was captured for the middle bar as
the solution failed to converge beyond this point. It is also
important to note that in the present model, the maximum
crack width is constrained by the stress-displacement rela-
tionship, which typically corresponds to a hairline crack;
therefore, direct comparison of crack width values between
simulation and experiments was not possible, and the
analysis was limited to comparing overall damage patterns.
Importantly, nonuniform corrosion modeling was carried
out during the validation process, enabling meaningful
comparison of the numerical results with the experimentally
observed damage. In the simulations, concrete was assumed
to be homogeneous, and with the section being symmetric
in geometry and loading, similar damage patterns were
obtained around the left and right corner bars. By contrast,
the experimental results revealed variations in crack incli-
nation and propagation between the two corners. Along
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Fig. 5—Damage patterns observed in test specimen from experiment and numerical results.

the specimen length, simulated damage propagated nearly
straight, whereas cracks in the experimental specimens were
inclined. These differences arise from the neglect of aggre-
gates in the model, as crack propagation in actual concrete is
influenced by aggregate boundaries, often causing deviations
in crack paths. Despite these limitations, the present model
can capture the essential features of deterioration, including
the overall distribution of damage within the cover zone, the
critical locations of cracking (top and side cover), and the
source of crack initiation, whether from the steel surface or
the concrete surface.

NUMERICAL SIMULATION

Numerical simulation of 2-D plane-strain and 3-D RC
models is conducted to compare solutions for stresses,
strains, and damage patterns/propagation under nonuniform
corrosion loading. A concrete section reinforced with four
steel bars of diameter d = 16 mm is considered. The multi-
bar RC system chosen for this study is shown in Fig. 6.

Meshing of the 2-D and 3-D models are also shown in the
figure. The 3-D model was chosen such that the length-to-
breadth ratio of the section is 6. The aspect ratio of 6 ensures
that the section’s breadth is significantly smaller than its
length dimensions. The chosen section is a multi-bar system
that can capture the damage in the concrete cover adjoining
corner bars and middle bars. Corner bars are more suscep-
tible to nonuniform corrosion, and therefore the focus of the
present analysis will be on this bar. As part of this ongoing
research, studies are also being conducted to investigate
damage assessment in relation to corrosion of the middle
bars. Location around the corner bars is shown as angular
values starting from 0 degrees.
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The nonuniform corrosion of the steel bar is simulated as
its radial thermal expansion, as explained in the preceding
section. Thermal field around the steel bar is obtained from
Eq. (15) and applied as thermal loading in the radial direc-
tion of the steel bar. The detailed nonuniform corrosion
analysis of the 2-D plane-strain and 3-D FE is presented in
the following subsections.

Corrosion rate

To effectively simulate damage resulting from nonuniform
corrosion, it is essential to first obtain corrosion rate fluc-
tuations across both spatial and temporal dimensions. The
current study also aims to comprehend the impact of real
environmental relative humidity and temperature on damage
caused by chloride-induced corrosion. Hence, actual vari-
ations in corrosion rate were obtained. Actual fluctuations
in environmental relative humidity and temperature were
collected for the tropical climate of Chennai, India. Daily
average temperature and relative humidity variations were
obtained over a span of 20 years, from 1997 to 2017. The
same fluctuations in corrosion rate were used for 2-D as well
as 3-D models, for meaningful comparative analysis. The
fluctuation in temperature and relative humidity is shown in
Fig. 7. Input parameters to solve for nonuniform corrosion
rate in the present study are given in Table 2.%° Corrosion rate
variations for the corner bar in space and time are obtained
from the numerical model outlined in the flowchart given
in Fig. 1. The analysis reveals that corrosion propagated
initially at © = 90, 135, and 180 degrees—that is, the loca-
tions where chlorides exceeded the threshold in the begin-
ning. These locations acted as anodes, while the remaining
areas functioned as cathodes during the initial stages of
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Fig. 7—Daily variations in temperature and relative humidity for Chennai.

Table 2—Input parameters to obtain nonuniform
corrosion rate in reinforced concrete?’

Parameter Value
Anodic Tafel coefficient (5,) 0.10 V/dec
Cathodic Tafel coefficient (5.) —0.20 V/dec

10 x 107 A/m?
(1.078 x 10 A/fY))

500 x 10 A/m?

Exchange current density at anode (i,,)

Exchange current density at cathode (i,.)

(0.00542 A/ft?)
Equilibrium potential at anode versus SCE (¢,) -0.70 vV
Equilibrium potential at cathode versus SCE (¢,) oV
Thermal expansion coefficient of steel (o) 1.17 x 107

Note: SCE is saturated calomel electrode.

corrosion. Among the anodic zones, the maximum corrosion
rate of 6 uA/cm? was recorded at © = 135 degrees, followed
by 5 nA/cm? at © = 90 and 180 degrees. As time progressed,
chloride ingress reached additional circumferential
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positions, and previously passive cathodic regions (for
example, at © = 225 and 45 degrees) also transformed into
anodic sites after approximately 21 years. Consequently,
the distribution of anodic and cathodic areas evolved with
time, leading to a dynamic change in the anode-to-cathode
surface area ratio, which directly influenced the rate and
pattern of corrosion propagation. These observations are
shown in Fig. 8. In addition to the observed delay in corro-
sion initiation at varying positions along the circumference,
distinct variations in corrosion rate profiles were identified
that can be related to the concrete microenvironment char-
acterized by varying relative humidity and temperature in
the real Chennai climate. Evidently, the corrosion propaga-
tion model effectively captured the nonuniform nature of
corrosion rate patterns within spatial coordinates and their
dynamic responses to climatic changes over time. These
variations subsequently served as input for deriving corro-
sion loading to be used for both 2-D and 3-D models. In
both the 2-D and 3-D models, the surface area of anode and
cathode varies in a similar manner along the circumference,
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as the anode-cathode ratio changes dynamically with time
due to chloride ingress. However, the anodic regions of
reinforcing steel were assumed to be continuous along the
longitudinal axis, primarily to facilitate direct comparison
between 2-D and 3-D cases. However, in real structures,
alternating anodic and cathodic regions interact electro-
chemically, which may influence the kinetics of corrosion
propagation and strain development. Consideration of such
localized anodic-cathodic distributions will be taken up in
future models to better capture these practical effects.

2-D FE modeling
The 2-D nonlinear FE analysis was carried out to analyze
elastic-plastic stresses, strains, and damage to the RC caused

72

by nonuniform rust expansion using Abaqus. For analysis
purposes, symmetric boundary conditions are specified along
the x- and z-axis, as shown in Fig. 6. Plane-strain elements
available in the Abaqus library, denoted as CPE4R, are used
to mesh the 2-D model. The CPE4R element is a standard
four-node quadrilateral plane-strain element that is suitable
for modeling 2-D plane-strain problems, where deformation
occurs only within the X-Y plane. This element is well-suited
for capturing the behavior of structures in plane-strain condi-
tions, such as the RC section being analyzed in this study.

3-D FE modeling
A 3-D FE model chosen in this study caters to the condi-
tion that dimension in the z-axis is sufficiently larger than
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those in the other two directions (x- and y-axis). The ratio
of length to width of the reinforced section is chosen to be
six, such that for a width of 300 mm, length is 1800 mm
in this study. The three-dimensional FE model is meshed
using the eight-node brick element (C3D8R), available in
the Abaqus element library. Reduced integration is used for
these elements in the analysis, where symmetric boundary
conditions are specified along the x- and z-axis. Trans-
lation in the z-axis is restrained at the ends, to achieve
corresponding zero strain in the z-direction. Nonuniform
corrosion-induced expansion of the steel bar is applied in
the radial direction and any expansion in the longitudinal
direction is ignored in the present case. The input parame-
ters selected for conducting the 2-D and 3-D simulations are
listed in Table 3.

RESULTS AND DISCUSSION

The numerical analysis of 2-D plane-strain and 3-D RC
models subject to damage under nonuniform corrosion
was conducted using Abaqus. In this section, the results
are specifically presented for the corner bar of the selected
RC section. This corner bar is more susceptible to experi-
encing higher degrees of corrosion due to nonuniform chlo-
ride ingress from the top and side faces. The comparison
between the two models focuses on the corrosion propaga-
tion phase. This phase occurs when the chloride levels have
already exceeded the threshold on the steel surface, leading
to corrosion initiation and propagation with rust expan-
sion. Analyzing this phase gives valuable insights into how
the 2-D and 3-D models differ in predicting the extent of
corrosion-induced concrete damage. This section is divided
into two parts: the damage-initiation phase and the damage-

Table 3—Input parameters adopted to carry out
2-D and 3-D damage studies on RC

Parameter Value

Reinforcing bar diameter 16 mm (0.630 in.)
1800 mm (70.87 in.)
3 MPa (435.11 psi)

18.82 GPa (2,731,488 psi)

RC section length in 3-D model

Concrete tensile strength (a,)

Concrete modulus of elasticity®*

Concrete Poisson’s ratio** 0.18

50 N/m (29.63 1b/ft)

Concrete fracture energy®*

propagation phase. Each phase will be examined separately
to assess how the 2-D and 3-D models handle the corrosion-
induced damage and how they differ in their predictions.

Damage initiation

The parameter tensile equivalent plastic strain (PEEQT)
is used as a measure of damage initiation in the present FE
model in Abaqus. It gives a measure of bulk strain output, and
damage initiates at points when PEEQT is greater than zero.
Damage in the present case is found to be initiated from the
steel surface for both 2-D and 3-D models, as shown from
the PEEQT contour plots in Fig. 9. Time to damage initia-
tion for both the models is also the same—that is, 2.24 years.
This happens as soon as the rust expands and exerts pres-
sure on the concrete surface. It can be observed from the
figure that damage initiates at the same location in both the
models—that is, at a diagonally located point between the
top and side faces of the RC section. This consistent pattern
of damage initiation between the two models indicates
that both models capture the same nonuniform corrosion-
induced damage initiation location. It is to be noted here that
the results for the 3-D model are presented for the cross-
sectional area situated at the middle length of the RC.

Damage propagation

After the initiation of damage, the damage patterns and
crack width values are used to determine how the crack
spreads over space and evolves over time. In the present
analysis, the CDP model employed in Abaqus relies on
identifying the propagation of damage in the concrete cover
through PEEQT. As the corrosion progresses with more and
more steel surface getting corroded, larger areas of concrete
get strained and result in damage patterns in the concrete
cover, as shown in Fig. 10. These damage patterns are
compared between the 2-D and 3-D models to assess how
the models predict and differ in simulating the crack prop-
agation and damage evolution in the concrete cover over
time. From the figure, it is evident that the overall damage
patterns obtained from both the 2-D plane-strain and 3-D
models exhibit similarities. The initial crack originates from
the steel surface and propagates toward the concrete surface
in the top cover for both models. However, there exists a
slight disparity in the orientation of the top crack between
the two models. In the 3-D model, the top crack appears to
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(b)

Fig. 9—PEEQT contour plots showing location of damage initiation for: (a) 2-D; and (b) 3-D models.

73



TIME

dei PEEQT (2D)

2.67 years

3.5 years

4.5 years

5.3 years

PEEQT (3D)

Fig. 10—Damage contour plots represented by PEEQT for 2-D and 3-D models.

be almost straight, while in the 2-D model, it exhibits a slight
inclination. As the corrosion progresses, additional cracks
develop in the side cover for both the 2-D and 3-D models.
Nevertheless, the orientation of these cracks again did not
differ much between the two models. Based on the observed
similarities in the damage patterns between the 2-D plane-
strain and 3-D models, it can be inferred that using a 2-D
plane-strain FE model is a viable approach to obtain crack
patterns under nonuniform chloride-induced corrosion. This
choice offers the advantage of reducing computational effort
compared to employing a full 3-D model. As observed from
Fig. 10, a superficial crack is observed to be propagating on
the top surface of concrete in both cases, and the variation
in the crack width as a function of time is obtained for both
the models. This is shown in Fig. 11, which indicates similar
crack width values for both models.

As the employed CDP model primarily relies on stress-
based criteria to predict cracking, it may not accurately
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capture the behavior of concrete beyond the hairline crack
regime. Despite this limitation, the study’s initial phase
suggests that the present CDP model can effectively predict
hairline crack widths on the concrete surface for both 2-D
and 3-D models, with similar results. Therefore, using 2-D
plane-strain models appears to be a viable alternative for
predicting the time to damage initiation or hairline cracks
on the concrete surface, avoiding the need to employ actual
full-scale 3-D models in the analysis.

Further, to understand the variations in results under 2-D
and 3-D models, various stress and strain components are
plotted and thoroughly investigated for different times and
at different locations around the steel bar and in the concrete
cover. These locations are marked in Fig. 12 in red color.
One location is adjacent to the steel bar, while the other is
located at approximately equidistant positions from both the
concrete and steel surfaces. These specific locations were
chosen to capture the damage around the steel bar, which
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might originate from either the steel or concrete surface
and subsequently propagate into the concrete cover. Exam-
ining stress-strain data at these chosen locations allows for a
comprehensive understanding of the RC response to nonuni-
form corrosion.

Table 4 shows hoop stress and hoop plastic strain vari-
ations in the concrete adjacent to the steel bar as a func-
tion of circumferential angle around the steel bar. The
stress and strain in this direction are chosen because they
give a direct indication of concrete damage under tension,
while being subjected to nonuniform rust expansion. By
comparing stress and strain distributions at different loca-
tions and times, the study aimed to identify any significant
differences between the two models, thus contributing to a
more comprehensive assessment of the concrete’s response
to nonuniform corrosion and its resulting damage patterns. It
can be observed from the figures in Table 4 that hoop stress
values are comparable for both 2-D and 3-D models in the
initial years of nonuniform corrosion—that is, at 2.67 and
3.5 years. The maximum values of the hoop stress obtained
around the steel bar are approximately 3 N/mm? (435.11 psi),
which is equal to the tensile strength of concrete assumed
in the present study. The hoop stress plots for the initial
years also show that there exist elastic-plastic regions in the
concrete adjacent to the steel surface. In the analysis, the
elastic regions are defined as areas where the hoop stresses
remain well below the tensile strength of the concrete—that
is, 3 N/mm? (435.11 psi). On the other hand, the plastic
regions are characterized by hoop stresses that have reached
the tensile strength of the concrete or decreased beyond
the tensile strength value once damage has been initiated
at those specific points. The position of these elastic and
plastic regions can be determined from the corresponding
hoop plastic strain plots and are found to vary spatially and
temporally. The use of analytical models will be compli-
cated in the present study; hence, numerical models provide
a viable solution to solve such a complex phenomenon. As
corrosion progresses, the hoop stress values decrease with
a subsequent increase in the plastic hoop strains as a func-
tion of time. The values of hoop strains increased from a
maximum value of approximately 0.0025 to 0.03 from 2.67
to 5.3 years. However, hoop strain values are observed to
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Fig. 12—Model showing location around corner bar where
hoop stress-strain plots obtained as function of time and
circumferential angle. (Note: 1 mm = 0.039 in.; full-color
PDF is available at www.concrete.org.)

be different for both 2-D and 3-D models after an initial
2.67 years, even though the locations of the damage were
the same. Plastic strains are observed to be higher for 3-D
models compared to the 2-D plastic strain model at 3.5 and
4.5 years. At 5.3 years, maximum values of plastic strains
are comparable between the models, signifying that damage
in the 2-D model becomes equivalent to the 3-D model with
time. Notably, significant differences are observed in the
hoop stress values between the 2-D and 3-D models beyond
3.5 years. During these time periods, the tensile hoop
stresses in the concrete adjacent to the steel become lower
than the tensile strength of concrete, indicating extensive
damage in these areas. The presence of extensive damage at
the steel-concrete interface implies a potential degradation
of the bond strength, which is a crucial parameter to monitor
for the structural performance of RC. These observations
are made for both 2-D and 3-D models. It demonstrates that
the 2-D plane-strain model, when appropriately applied, can
capture critical aspects of the stress distribution and damage
patterns at the steel-concrete interface in a manner consistent
with the more computationally intensive 3-D model.

To improve the prediction of damage variations in
the cover concrete, stress-strain plots are generated for
the concrete region lying in between the concrete cover
depth. The hoop stress-versus-angle and hoop strain-
versus-angle plots are obtained for both 2-D and 3-D models
and are shown in Table 5. The abscissa in the plots refer
to the circumferential angle measured with reference to the
steel center and radially extending into the concrete. The
results are shown for the corner bar as it is more susceptible
to damage under nonuniform corrosion. The hoop strains
plotted in the figure are plastic hoop strains, a positive finite
value of which indicates permanent damage in the concrete.
A higher value of these strains indicates a higher value of
crack opening at the location results are obtained. From the
figure, it is evident that hoop stress variation in the concrete
is observed to be almost the same for both 2-D and 3-D
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Table 4—Hoop stress and hoop plastic strain variations as function of time for 2-D and 3-D models,

determined at locations adjacent to steel bar
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models until 4.5 years, after which there exists considerable
difference in the variations at 5.3 years. This is similar to the
trend that was observed in the concrete adjacent to the steel
bar, where similar variations in hoop stresses were observed
up to 3.5 years for both 2-D and 3-D models, and at later
stages, considerable differences were observed in the stress
values for both the models. On the contrary, observations
from the hoop plastic strain plots shown in Table 5 suggest
that considerable damage occurred in the region enclosed
between 90 degrees to approximately 135 degrees in the
concrete cover for the 3-D model, while it is lower for the
2-D model, even though the damage location is the same
for both models. As corrosion progresses, plastic strains
obtained from the 2-D model also increase and become
comparable to 3-D model strains at 5.3 years. These findings
state that the 3-D model can predict higher damage in the
concrete cover as compared to the 2-D plane-strain model.
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But as corrosion progresses, the magnitude of damage, as
observed from the plastic strain values, is observed to be the
same for 2-D and 3-D models. This sheds light on the suit-
ability of using a 2-D plane-strain model to predict damage
under nonuniform corrosion considering its computational
advantages compared to the 3-D model. However, it is
crucial to consider the observed stress and strain variations at
different stages of corrosion when choosing the appropriate
modeling approach for a comprehensive and accurate repre-
sentation of the RC’s behavior over time. To further compare
the models, components of elastic-plastic stresses generated
in the concrete cover in radial, hoop, and axial directions
are obtained along the radial path at location © = 90 degrees
and shown in Fig. 13. As is observed from the figure, radial
and axial stresses in both the models are compressive along
the radial path. While the hoop stresses are mostly tensile
in nature, the magnitude of hoop stress is smaller than the
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Table 5—Hoop stress and hoop plastic strain variations as function of time for 2-D and 3-D models,
determined at concrete region located within concrete cover

Time Hoop stresses, N/mm? Hoop plastic strains
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radial and axial stresses. This is true for stresses under both
2-D and 3-D models. At the 3.5-year mark, there is a minor
difference between the stress values for the 2-D and 3-D
models. However, as time progresses to 4.5 years, a more
significant difference becomes apparent between the stress
values—whether they are radial, hoop, or axial stresses—
between the two models. Indeed, the same observation holds
true for the earlier analysis as well. During the previous anal-
ysis, it was noted that the hoop stress values exhibited vari-
ations near the steel surface and within the concrete cover
as time passed and more concrete damage occurred. These
variations in stress values are likely a consequence of the
evolving crack propagation and damage patterns within the
concrete, leading to changes in the stress distribution over
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time for 2-D and 3-D models. However, the damage patterns
and extent of damage measured by plastic strains incurred
under both the models become comparable as corrosion
progresses, as discussed in the previous sections.

CONCLUSIONS

The main objective of the present work was to compare
the commonly assumed two-dimensional (2-D) plane-
strain formulation with the actual three-dimensional (3-D)
model employed to predict damage under nonuniform
corrosion in reinforced concrete (RC). For the analysis,
a nonuniform corrosion rate model was used to carry out
damage simulation. The simulation results were compared
at different stages, starting from damage initiation to damage
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propagation defined by crack patterns and extent of damage
in the concrete cover, as given by plastic strain values. The
models were simulated under real temperature and relative
humidity conditions to include this natural effect in the simu-
lation. The comparison between the models suggests that:

1. Time to damage initiation and origin of damage around
the corner bar are the same for 2-D plane-strain and 3-D RC
models subject to chloride-induced nonuniform corrosion.

2. The state of stresses and strains are the same for 2-D
and 3-D models in the beginning years of corrosion-induced
damage.

3. With the passage of time, stress-strain behavior changes
in space for both the models, and higher damage in the
concrete cover is observed for the 3-D model.

4. At later stages of corrosion, damage in the 2-D plane-
strain model becomes equivalent to damage in the 3-D
model, justifying the applicability of the plane-strain condi-
tion to simulate damage in RC caused by chloride-induced
nonuniform corrosion.

5. During the modeling process, it is essential to consider
the observed stress and strain variations at different stages
of corrosion to achieve an accurate representation of the RC
behavior over time.

6. The present study demonstrates similar values of surface
crack widths for both the 2-D and 3-D models obtained based
on stress criteria, which are primarily limited to predicting
hairline crack widths.
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The use of recycled plastic aggregate in cement-based materials
has emerged as a promising strategy to reduce plastic waste and
promote sustainable construction. However, the inherent hydro-
phobicity of plastic surfaces poses a significant challenge by
limiting their bonding with the cement matrix. This review criti-
cally examines five major surface treatment methods—coating,
oxidation, silane, plasma, and radiation—to enhance the compat-
ibility of recycled plastic aggregates in cementitious composites.
Coating with materials such as water glass, slag powder, or acrylic
resins improved compressive strength by up to 78%, depending on
the coating type. Oxidation using hydrogen peroxide or calcium
hypochlorite increased hydrophilicity and improved strength by
approximately 10 to 30%, while excessive treatment with NaOH-
hypochlorite mixtures reduced strength by up to 60%. Silane treat-
ment significantly enhanced surface bonding, resulting in improved
mechanical properties. Plasma treatment demonstrated high effi-
ciency, reducing contact angles from ~108 to 44.0 degrees within
30 seconds. Radiation treatment using gamma rays and microwaves
increased surface roughness and strength, with gamma irradiation
at 100 to 200 kGy leading to substantial improvements in compres-
sive strength and surface morphology. To the authors’ knowledge,
this is the first review to systematically compare the effectiveness,
mechanisms, and limitations of these surface treatments specif-
ically for recycled plastic aggregates in cement-based materials.
This review also highlights the practical challenges of scaling
such treatments, including energy demand, chemical handling, and
cost, and identifies future directions, such as bio-based coatings
and nanomaterial functionalization. The findings provide critical
insight into optimizing surface treatments to improve the mechan-
ical performance, durability, and sustainability of concrete incor-
porating plastic aggregates, supporting their broader adoption in
sustainable construction practices.

Keywords: hydrophilicity; plastic aggregate concrete; plastic waste;
surface treatment.

INTRODUCTION

The global consumption of plastics has surged dramati-
cally over the past few decades, largely driven by rapid
industrialization and economic growth in emerging markets.
By 2019, global plastic production reached approximately
460 million tons, doubling since 2000, leading to a signifi-
cant rise in plastic waste generation, which reached an esti-
mated 353 million tons in 2019, more than twice the amount
generated in 2000."'? A significant portion of this waste is
attributed to packaging materials, which alone account for
40% of the total plastic waste.? Additionally, consumer goods
and clothing/textiles contribute 12% and 11%, respectively.*
The widespread use of non-biodegradable conventional plas-
tics has resulted in severe environmental pollution, posing
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serious threats to ecosystems, human health, and overall
quality of life on a global scale.

Plastic waste has become a major component of global
waste streams, accounting for 40% or more of total waste
generated worldwide.> The accumulation of plastics in
various environments, particularly in aquatic and ocean
ecosystems, is an escalating concern.® The management
of plastic waste has become a pressing global issue, with
traditional methods, such as landfilling, incineration, and
recycling, being the primary strategies used.” Currently,
landfilling accounts for 50% of total plastic waste manage-
ment, while incineration and recycling represent 19% and
9%, respectively. However, a significant 22% of plastic
waste remains unmanaged, often ending up in uncontrolled
dumpsites or leaking into aquatic environments.® The reli-
ance on landfilling has severe environmental implications,
including soil contamination, reduced soil water permea-
bility, and adverse effects on soil fertility.” Additionally, the
obstruction of drainage systems by plastic waste exacerbates
environmental challenges. Incineration, while effective at
reducing the volume of waste, introduces harmful toxins
into the atmosphere, posing serious health risks and contrib-
uting to air pollution.'® The environmental impact of plastic
pollution is profound, disrupting ecosystems and hindering
their ability to adapt to climate change. Given these envi-
ronmental challenges, there is an urgent need to shift toward
more sustainable plastic waste management practices, with
a particular emphasis on recycling as a crucial element of
sustainable development.

Recycling represents a critical solution in the effort to
mitigate the environmental impact of plastic waste. By
enhancing recycling efforts, reliance on landfilling and
incineration can be reduced, thereby lessening the ecolog-
ical footprint of plastic waste management. The transition
from traditional waste management methods to the recycling
of post-consumer plastics is essential to achieving sustain-
able development goals. Recycling processes are generally
categorized into three primary types: primary, secondary,
and tertiary.!"!? Primary recycling, also known as closed-
loop recycling, involves the direct conversion of uncon-
taminated discarded plastic into the same product without
compromising its inherent properties. This method is highly
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efficient and sustainable, as it preserves the material’s
original quality and functionality. Secondary recycling, or
mechanical recycling, retains the polymer’s chemical iden-
tity but reprocesses the material physically for different
applications. This method is commonly used for plastics that
have been contaminated or mixed with other materials, as it
allows for the recovery of the polymer’s value through phys-
ical reformation. Tertiary recycling, also known as chemical
recycling, involves breaking down polymers into their basic
chemical components using processes such as hydrolysis,
pyrolysis, and depolymerization. These processes convert
plastic into valuable raw materials that can be used to
produce new plastic products or other industrial commodi-
ties, thus closing the loop in the plastic life cycle.

Despite advancements in recycling technology, the global
rate of post-consumer plastic waste recycling or reuse
remains low, with the rate in the United States standing
at approximately 5 to 6%.'>'* Even by 2050, projections
suggest that only one-third of plastic waste will be recycled
or reused.” This limited progress is largely due to several
persistent challenges, including the diversity of polymer
resins, mechanical incompatibility between different types
of plastics, and high levels of impurities in the waste
stream.'®!” These factors necessitate extensive sorting,
cleaning, and upgrading processes to ensure the quality and
viability of recycled plastics. The complexities associated
with these processes highlight the need for continued inno-
vation and investment in recycling technologies to improve
efficiency and increase recycling rates.

Despite ongoing challenges, the push toward more sustain-
able and circular practices in material use has led researchers
to explore a broader range of waste-derived resources for
construction applications. In particular, various industrial
and agricultural wastes have been incorporated into cementi-
tious composites as alternative binders or aggregates. These
include fly ash, ground-granulated blast-furnace slag, waste
glass, ceramic powder, and organic residues such as date
palm kernels and pistachio shells. These materials are often
used as partial replacements for cement or natural aggre-
gates and have been shown to enhance durability, improve
thermal performance, reduce production costs, and lower
carbon emissions. For instance, fly ash can improve work-
ability and long-term strength, while lightweight agricultural
wastes serve effectively as fine aggregate substitutes. '8!
Building on this foundation, recycled plastics have recently
attracted considerable attention as a promising alternative
aggregate, given their wide availability and potential envi-
ronmental benefits. However, their incorporation presents
unique technical challenges, especially related to interfacial
bonding within cement-based matrixes due to the inherently
hydrophobic nature of plastic surfaces.
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In the construction engineering sector, there has been a
growing interest in expanding the use of recycled plastics as
construction materials. Numerous studies have explored the
potential of incorporating recycled plastics as aggregate,?>?
filler,>** and fiber?®?” in concrete and other building mate-
rials. Recycled plastic aggregate, in particular, has collected
significant attention as both fine and coarse aggregates in
concrete production.?®3° The plastic aggregate is typically
derived from various sources of recycled plastic, including
post-consumer waste and industrial by-products. The
process of preparing this aggregate often involves grinding
the plastic to achieve the desired particle size, followed by
sieving and washing to remove impurities. In some cases,
additional grinding steps using specialized equipment, such
as a propeller crusher, are used to further reduce the size
of the plastic pieces, thereby enhancing their adhesion with
the cementitious matrix in concrete. The types of plastics
commonly used in construction applications include poly-
ethylene (PE), which can be classified as high-density poly-
ethylene (HDPE) and low-density polyethylene (LDPE),
polypropylene (PP), polyethylene terephthalate (PET), poly-
styrene (PS), polycarbonate (PC), acrylonitrile butadiene
styrene (ABS), polyoxymethylene (POM), and polyvinyl
chloride (PVC).3!33 These plastics are selected for their
availability, durability, and recyclability. For instance, PET
is frequently used in the production of concrete aggregate
due to its relatively high strength, chemical resistance, and
ability to withstand the harsh conditions of the construction
environment.

By replacing natural aggregate with plastic aggregate,
the construction industry can reduce its reliance on natural
resources, decrease the environmental impact of aggregate
extraction, and contribute to the overall sustainability of
construction practices. However, the incorporation of plastic
aggregate into concrete poses several challenges, primarily
due to the inherent hydrophobic nature of plastic surfaces.
The hydrophobic nature of plastic aggregate can hinder their
interaction with the cement matrix, leading to weak spots
within the concrete and potentially compromising the struc-
tural integrity and durability of the final product.?? Hydro-
phobicity, a physical property of materials characterized
by their repulsion of water, can significantly disrupt the
bonding process between plastic aggregate and the cemen-
titious matrix in concrete.*33 The degree of hydrophobicity
or hydrophilicity of a material is typically measured by the
contact angle of a water droplet on its surface. As illustrated
in Fig. 1, the contact angle forms at the intersection of the
liquid-solid and liquid-vapor interfaces. Materials with a
contact angle of less than 5 degrees are classified as super-
hydrophilic, while those with a contact angle of 90 degrees
are considered hydrophilic. Materials with a contact angle
between 90 and 150 degrees are regarded as hydrophobic,
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Table 1—Surface treatment for enhancing plastic aggregate performance

Method Type of plastic Description of method Reference
PET Blast-furnace slag Choi et al.3
Mixed 5 vater s+ blastformate sl Bagel and
(PS + ABS + EP + PE) £ & Matiagovsky?’
4) water glass + quartz sand; 5) cement paste
PP Sand Purnomo et al.4¢
PET Ceramic waste Ramakrishnan and

Surface coating

Jegan?

Unsorted plastic film

Acrylic binder resin Lee and Hong*®

1) 0.1 or 0.2 wt. % nonionic surfactant; 2) 0.1 or

49
PP 0.2 wt. % active component/anionic surfactant Correa et al.
PET 5 wt. % PS resin + 5 wt. % phenoxy resin El-Nadoury*
Mixed (PE + PP + PET + EVA + PVC) 1) Liquid -sﬂlcone amine resin; 2) liquid jclcryhc 0910— Kim and Chos!
rant resin; 3) 10 wt. % ethyl acrylate binder resin
1) 5 wt. % HOCI solution; . 5
HDPE 2) 5 wt. % HOCI + 4 wt. % NaOH solution Naik et al.
1) 5 wt. % NaOCl + 4 wt. % NaOH solution;
PET 2) 5 wt. % NaOCl + 4 wt. % NaOH solution Thorneycroft et al.?
Hypochlorite with washing
treatment 1) 2.5 wt. % H,0, solution;
sdati = Wt > 38
Oxidation PET 2)'5 wt. % Ca(CIO), solution Lee et al.
1) 5 wt. % NaOCl + 4 wt. % NaOH solution;
PC, POM, PET, ABS, ABS/PC blend 2) 5 wt. % NaOCl + 4 wt. % NaOH solution Kaur and Pavia®
with washing
. . 5
UV-ozone Unsorted plastic film UV intensity of 28 mW/cm fo'r 0 to 1200 seconds Lee and Hong
under N, purging
Unsorted plastic film Silane COLlp]lI.lg agent .((3-am1n0propyl) Lee and Hong*®
Silane triethoxysilane)
PVC Methacryl-functional silane coupling agent Pan et al.*
Injecting O, and Ar gases at flow rates of 15 and
Plasma Oxygen Unsorted plastic film 4 scem, respectlvely, usmg RF pqwer of 100 W ut}der Lee and Hong®
plasma atmospheric pressure, while varying processing time
from 0 to 30 seconds
Gamma PET, PC Irradiating at 100 and 200 kGy of gamma dose Martl:tezi}iarrera
Radiation :
. PET, HDPE, PP, mixed (PET + . o
Microwave HDPE + PE) Exposed to 1100 W for 210 minutes Abu-Saleem et al.

Note: EP is ethylene propylene; EVA is ethylene vinyl acetate.

and those with a contact angle greater than 150 degrees
are categorized as superhydrophobic. A higher contact
angle indicates a stronger liquid-liquid interaction strength,
leading to increased hydrophobicity of the material.

To address these challenges, surface treatment of plastic
aggregate is a process to enhance its performance and
compatibility when used as a replacement for natural aggre-
gate in concrete. The surface treatment is to modify the
hydrophobic properties of the plastic aggregate, making it
more hydrophilic. This modification improves the bonding
between the cement matrix and plastic aggregate, leading
to better mechanical performance and durability of the
concrete. Various surface treatment methods have been
reported in the literature for both concrete and construction
products,’®-> as well as for other applications,>* each with
its unique advantages and mechanisms. Proper treatment
of plastic aggregate before use in building materials can
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enhance sustainability without compromising the quality
or longevity of structures. Table 1 provides a comprehen-
sive summary of these treatment methods, such as surface
coating, oxidation using hypochlorite and ultraviolet (UV)
ozone, plasma (that is, oxygen plasma), and radiation treat-
ments. However, to date, no comprehensive review has
systematically synthesized and evaluated the diverse surface
treatment methods applied specifically to plastic aggregates
in cementitious composites. While numerous individual
studies have reported on treatment effects, there remains a
lack of integrated understanding regarding their compara-
tive effectiveness, underlying mechanisms, and influence on
the fresh and hardened properties of cement-based materials.
This gap limits the ability of researchers and engineers to
make informed decisions regarding the most appropriate and
effective surface treatments for different plastic types and
construction applications.
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Therefore, this review aims to fill this critical gap by
providing an in-depth and structured assessment of existing
surface treatment techniques for recycled plastic aggregates.
The analysis will also explore how the use of treated plastic
aggregate impacts the performance of plastic aggregate
cement-based materials.

RESEARCH SIGNIFICANCE

The significance of research on enhancing the performance
of recycled plastic aggregate in concrete lies in addressing
key environmental and engineering challenges. With the
rising environmental burden of plastic waste, this research
contributes to sustainable development by exploring ways to
effectively use recycled plastic as aggregate in construction,
reducing reliance on natural resources. The study’s focus
on surface treatments, such as coating, oxidation, silane,
plasma, and radiation, aims to overcome the hydropho-
bicity of plastic, which hinders bonding with cement, thus
improving material compatibility and mechanical perfor-
mance in concrete applications.

METHODOLOGY

This review was conducted through a structured literature
survey to ensure comprehensive and unbiased coverage of
studies related to the surface treatment of recycled plastic
aggregates for cement-based materials. Peer-reviewed
publications were collected from major scientific databases,
including Scopus, Web of Science, and Google Scholar. The
search strategy employed combinations of keywords, such as
“plastic aggregate,” “recycled plastic in concrete,” “surface
treatment,” “coating,” “plasma,” “oxidation,” “silane,” and
“radiation.” The literature search covered all relevant publi-
cations up to the year 2024, with no language or regional
restrictions, to provide a global and inclusive perspective on
the topic. Studies were included if they involved cement-
based composites incorporating recycled plastic aggregates
and presented experimental or quantitative data regarding
the effect of surface treatments on fresh, mechanical, or
durability-related properties. To ensure scientific rigor, non-
cementitious applications, conceptual reviews lacking orig-
inal data, and non-peer-reviewed materials such as patents,
editorials, and industrial white papers were excluded from
the analysis. As most of these studies did not report statis-
tical parameters such as standard deviation or confidence
intervals, error bars were not included in the figures. This
methodology ensures that the review captures the current
state of knowledge based on validated scientific evidence,
providing a reliable foundation for assessing the perfor-
mance and applicability of surface-treated plastic aggregates
in cement-based materials.
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SURFACE TREATMENT METHOD

Surface coating

The surface coating method is a widely adopted approach
for treating plastic aggregate due to its ease of application
and effectiveness in mixing with other materials, as shown in
Fig. 2. This process involves applying a thin layer of hydro-
philic materials to the surface of plastic aggregate to convert
its hydrophobic characteristics. Common coating materials
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Fig. 2—Surface coating methods for plastic aggregate with
different coating materials: (a) blast-furnace slag powder’s;
(b) cement paste®’; (c) volcanic sand*; (d) acrylic-based

resin®®; and (e) silicone amine resin.’!

include blast-furnace slag, sand, and cement paste, which
are typically used in concrete applications.*®374647 Addition-
ally, synthetic materials, such as paint, surfactant (nonionic
and anionic), and resin, are used for surface coating.>’43-3!
The solid state of coating materials cannot efficiently coat
plastic aggregate. Therefore, a heating process is needed to
enhance the bonding of the coating material onto the plastic
aggregate. This method is particularly effective for ther-
moplastics such as PET and PP, which easily deform when
heated. The heat softens the plastic surface, allowing for
better adhesion between the coating material and the plastic
aggregate. For instance, in one study, the surfaces of recycled
PET aggregate were enhanced by applying a blast-furnace
slag powder coating.’® PET bottle fragments were placed in
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a mixer maintained at 250 £ 10°C (482 £ 50°F) and rotated
at speeds of 30 to 50 rpm for 20 seconds before introducing
the slag for surface coating to improve bond to the PET
aggregate. Similarly, Purnomo et al.* focused on coating
PP aggregate with volcanic sand. Their approach involved
placing uncoated plastic aggregate in a rotating cylinder and
applying hot volcanic sand for coating.

Alternatively, using liquid materials offers a method to
enhance coating efficiency for plastic aggregate without the
need for heating equipment. Liquid coatings can be applied
through simpler techniques, such as spraying or dipping,
streamlining the process.*®*-5! Bagel and MatiaSovsky?’
explored the effectiveness of improving the mechan-
ical properties of concrete by using surface-coated plastic
aggregate sourced from electric and electronic equipment,
including PS, ABS, and PE. Various coating materials,
such as water glass, silicate paint, and cement paste, were
used. The process involved mixing plastic aggregate with
an equal volume of the treating solution, forming a well-
distributed liquid layer on the aggregate surface, with
a weight ratio of 0.3. Additional coatings using ground
blast-furnace slag powder and quartz sand were applied
after treating the plastic aggregate with water glass, and
the treated aggregate was subsequently air-dried. In other
studies, acrylic-based resin was used as the coating mate-
rial 4648-51 The acrylic binders were water-soluble resins with
hydrophilic properties due to their polar carboxyl groups. 33!
The coating process involved adjusting the thickness of the
coating layer by varying the wetting time, which ranged
from 0 to 300 seconds. Kim and Cho’! used silicone amine
resin, a modified silicone resin containing an amine group,
for the surface coating. The amine group reduces surface
tension and enhances hydrophilicity on the plastic aggregate.
All these coating materials were in liquid form, simplifying
the coating process and aligning with sustainability goals by
reducing energy consumption.

Oxidation treatment

To treat the surface of plastic aggregate chemically,
oxidizing agents are commonly used, including hypo-
chlorous acid (HOCI), sodium hypochlorite (NaOCI),
calcium hypochlorite (Ca(ClO),), and hydrogen peroxide
(H,0,) solutions.**>> The oxidation mechanism between
the oxidizing agent and the plastic involves the breaking of
the carbon-to-carbon bonds in the polymer chains, leading
to the formation of hydroxyl (—OH), carbonyl groups (C=0),
and other oxidized species.””® The oxidation of plastic
consists of three steps: initiation, propagation, and termi-
nation.”*® For example, the oxidation process of plastic
using HOCI solution involves a chemical reaction between
HOCI and the plastic surface, primarily aiming to enhance
the surface’s hydrophilicity and thereby improve its bonding
capabilities when used as aggregate in concrete. The reac-
tion mechanism begins with the HOCI solution reacting with
unsaturated or reactive sites on the plastic surface, initiating
the oxidation process through the formation of reactive
oxygen species. These reactive oxygen species then attack
the polymer chains, introducing oxygen-containing func-
tional groups such as hydroxyl (-OH), carbonyl (—-C=0),
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or carboxyl (~COOH) on the plastic surface, increasing its
polarity and making it more hydrophilic.®-63

A high-alkaline solution can enhance the stability and
effectiveness of hypochlorite.** Hypochlorite solutions,
particularly NaOCI, can decompose over time, losing their
effectiveness.®*7 Sodium hydroxide (NaOH) is often used
with hypochlorite solutions in various applications due to
its ability to stabilize the hypochlorite by maintaining an
alkaline pH during the surface treatment of plastic aggre-
gate.3>233 This prevents hypochlorite from decomposing
into chlorine gas and other by-products, ensuring that the
solution remains effective for a longer period. In an alkaline
environment, hypochlorite ions (OCl") are more prevalent
than hypochlorous acid (HOCI). These hypochlorite ions
are strong oxidizing agents capable of effectively breaking
down various organic and inorganic materials, including
those found in plastics. This makes the combination of
NaOH and hypochlorite particularly effective in degrading
contaminants and residues on plastic surfaces. The addition
of NaOH to hypochlorite helps maintain the solution’s pH
in the alkaline range, where the OCI ™ ions are the dominant
species: NaOCl + H,O <> HOCI + NaOH. However, in an
alkaline environment: HOCI + NaOH — NaOCI + NaOH +
H,O. This equilibrium favors the formation of OCI" ions,
which are more stable and effective as oxidizing agents.

Researchers used hypochlorite solution with NaOH to
provide a stable, effective, and efficient treatment for the
surface of plastic aggregate. Naik et al.>? explored three
treatment methods for HDPE aggregate: immersion in water,
a 5% HOCI solution, and a combined 5% HOCI and 4%
NaOH solution. Thorneycroft et al.> studied different PET
aggregates, with one set treated using an NaOCl and NaOH
solution and another set undergoing additional washing. For
the initial treatment, the PET aggregate was immersed in the
solution for 1 hour, then drained and thoroughly dried with
heaters to retain the surface solution. Furthermore, Kaur and
Pavia®* examined two distinct chemical treatment approaches
presented by previous studies. Various types of plastic, such
as PC, ABS, POM, and PET, were used as fine aggregate
replacements at levels ranging from 5 to 15%. The initial
approach, as introduced by Naik et al.,>? involved immersing
plastic aggregate in a solution comprising 5% NaOCI and
4% NaOH for 6 days, followed by 12 hours of air-drying at
room temperature. Post-treatment, the plastic aggregate was
integrated into the mortar preparation process. The second
treatment method, as employed by Thorneycroft et al.,*
showed a slight variation. In this approach, the plastic aggre-
gate was washed using a solution containing 5% NaOCI
and 4% NaOH. This treatment enhances the compressive
strength of concrete by improving the interaction between
the plastic aggregate and the cementitious matrix. However,
the effectiveness of the treatment is highly dependent on
thorough post-treatment washing to remove residual chemi-
cals. Without proper washing, the treated plastic can lead to
the formation of voids in the concrete, negatively impacting
its strength. It shows promise for enhancing the performance
of concrete containing recycled plastic aggregate, provided
that careful attention is given to the washing process.
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Another method for oxidizing and treating the surface of
plastic aggregate is to expose the plastic to ozone (O;) using
a UV lamp.®® This process uses the strong oxidative prop-
erties of O; to modify the surface characteristics of plastic
aggregate. O; is a powerful oxidant that can react with
double bonds in reactive sites within saturated polymers,
leading to the formation of polar functional groups.®®%
The fundamental principle of UV-O; treatment involves a
series of reactions. The process begins with the generation
of ozone using UV light. Specifically, UV lamps that emit
light at a wavelength of 185 nm are used. When this UV
light interacts with oxygen molecules in the air, it splits
them into individual oxygen atoms. These oxygen atoms
then react with other oxygen molecules to form Os. Once the
ozone is formed, it is exposed to UV light with a different
wavelength, specifically 254 nm. This wavelength causes
the ozone to decompose into molecular oxygen and highly
reactive oxygen species (such as atomic oxygen). These
reactive oxygen species then interact with the surface of
the plastic aggregate, leading to the formation of an oxide
layer containing various oxygen-functional groups, such as
carbonyl (C=0) and carboxyl (COOH) groups. The introduc-
tion of these polar functional groups on the surface increases
the overall polarity of the plastic aggregate, enhancing its
interaction with water and improving wettability. Further-
more, the formation of polar functional groups improves the
adhesion properties of the plastic, which is particularly bene-
ficial in composite materials where strong adhesion between
different components is crucial for mechanical strength and
durability.

Silane treatment

Silane coupling agents are versatile chemicals that can
be used to modify surfaces, particularly to enhance hydro-
philicity. These agents typically feature two distinct func-
tional groups: one that reacts with a specific matrix and
another that interacts with the surface of a filler material.*®"°
The general structure of silane coupling agents is X;3SiR,
where X represents a chlorine atom or an alkoxy group, and
R is an organic functional group.**’"”? Upon exposure to
moisture, the X group undergoes hydrolysis to form a silanol
(Si-OH) group, which subsequently reacts with hydroxyl
groups on the filler surface, leading to the formation of
siloxane or hydrogen bonds. This reaction sequence results
in the modification of the filler’s surface properties, while
the R group facilitates chemical bonding or compatibility
with the matrix.

In practical applications, the surface modification of recy-
cled plastic aggregate using silane coupling agents has shown
significant benefits. For instance, Lee and Hong*® enhanced
the hydrophilicity of a waste composite film-based aggre-
gate by treating it with (3-aminopropyl)triethoxysilane. This
silane coupling agent is notable for its hydrophilic amine
functional group, which, through hydrolysis and condensa-
tion, successfully introduces hydrophilic properties to the
surface of the recycled plastic aggregate. By adjusting the
treatment duration, the degree of functional group incorpo-
ration can be controlled, thereby tailoring the surface char-
acteristics for specific applications. Silane coupling agents
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Fig. 3—Reaction mechanism of silane coupling agent modi-
fication on PVC.#

also improve the interfacial strength between recycled PVC
particles and cementitious materials.*’ Following hydro-
lysis, the inorganic and organic functional groups of the
silane agents cover the surface of the recycled PVC parti-
cles, strengthening the chemical bonds between the particles
and the cement matrix, as shown in Fig. 3. This modification
significantly improves the compressive properties of recy-
cled PVC concrete and mortar. The enhanced hydrophilicity
of treated plastic aggregate is particularly beneficial in
contexts where improved water interaction is essential. In
concrete mixtures, for example, hydrophilic aggregates can
ensure better bonding with the cement matrix, leading to
enhanced mechanical properties and durability.

Plasma treatment

Plasma treatment is a surface modification technique that
enhances the properties of materials by introducing new
functional groups without affecting their bulk characteris-
tics.*® This method uses ionized gas containing active species
such as ions, radicals, electrons, and neutral particles. When
a material is exposed to plasma, these species interact with
the surface, leading to the formation of functional groups
that improve wettability, adhesion, and compatibility with
other materials. Atmospheric pressure plasma treatment, a
specific type of plasma treatment performed at atmospheric
pressure, is simpler and more cost-effective than vacuum
plasma methods. It involves generating plasma using a
combination of gases, typically oxygen (O,) and argon (Ar),
which are ionized by a power source. The reactive oxygen
species generated in the plasma interact with the material’s
surface, forming new functional groups, such as hydroxyl
(—OH) and carbonyl (—~C=0) groups. This increases the
surface energy and hydrophilicity of the material.

Atmospheric pressure plasma treatment is a highly effi-
cient, versatile, and cost-effective technique for modifying
the surface properties of various materials. It improves
hydrophilicity and adhesion, making it suitable for applica-
tions that require better interaction with aqueous environ-
ments and stronger bonding in cement composite materials.
This method’s adaptability and efficiency are particularly
valuable for industrial applications, such as the treatment
of recycled plastic aggregate used in concrete mixtures.
Lee and Hong*® conducted studies on recycled plastic film-
based aggregate that demonstrated the effectiveness of
oxygen atmospheric pressure plasma treatment. The process
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involved injecting O, and Ar gases at flow rates of 15 and
4 sccm, respectively, with a radio frequency (RF) power of
100 W. The processing time varied from 0 to 30 seconds.
The treatment significantly reduced the contact angle of the
recycled plastic film-based aggregate, indicating improved
hydrophilicity. The initial hydrophobic contact angle of
approximately 108 degrees decreased to 44.0 degrees after
plasma treatment, hence demonstrating the method’s effi-
ciency in enhancing surface properties.

Radiation treatment

Radiation treatment is a method used to modify the
properties of plastic through the application of ionizing or
non-ionizing radiation. This treatment can alter the chem-
ical structure and physical properties of materials, leading
to improved performance in various applications. Different
types of radiation treatments are discussed as follows, with
each having unique mechanisms and effects on materials.

Gamma radiation treatment, a type of ionizing radiation,
involves subjecting plastic aggregate to gamma rays. This
process typically takes place in a radiation chamber or irra-
diation facility, where the plastic aggregate is exposed to a
specified type and dose of radiation. Gamma radiation treat-
ment eliminates the need for catalysts or additives to initiate
chemical reactions. At lower radiation doses, polymer chains
can undergo fragmentation, while higher doses prompt the
formation of free radicals within these chains, leading to
cross-linking. The interaction between ionizing radiation and
the polymer structure of plastic aggregate induces a range of
chemical and physical modifications at the molecular level.
Martinez-Barrera et al.*' documented substantial improve-
ments in the mechanical properties of concrete incorporating
PET aggregate subjected to gamma radiation at doses of 100
and 200 kGy, particularly at replacement levels ranging
from 1 to 3% by weight. A significant transition is observed
from a smooth surface in non-irradiated plastic aggregate
to a textured surface with specific cavities and roughness at
100 kGy. At a higher dose of 200 kGy, the surface becomes
even rougher, revealing detached particles and cracks. These
morphological changes result from the cleavage of polymer
chains within the plastic material, creating more contact
points and a larger surface area on the plastic aggregate.
These modified particles engage more effectively with the
cement paste matrix, significantly enhancing the compres-
sive strength of the concrete. However, despite the improve-
ments in mechanical properties, handling gamma radiation
poses significant challenges, including its inherent biolog-
ical hazards, making this approach more complex and
demanding.”

Microwave radiation treatment provides a safer alterna-
tive to gamma radiation. Microwave radiation interacts with
materials through their dielectric permittivity, resulting in
rapid heating. This occurs due to the interaction between
microwave radiation and dielectric materials containing
polar molecules, leading to dipole interactions and conse-
quent heat generation.*> Microwave radiation, part of
the electromagnetic spectrum, has wavelengths ranging
from 1 mm to 1 m and frequencies spanning 300 MHz to
300 GHz. Classified as non-ionizing radiation due to its
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limited penetration capability, microwave heating relies on
the dielectric properties of plastic, allowing them to absorb
and convert microwave energy into heat. Abu-Saleem
et al.*> explored the effects of microwave treatment on
three types of recycled plastic aggregate—PET, HDPE,
and PP—and their impact on the physical and mechanical
properties, as well as the water absorption, of concrete. The
study involved incorporating 15% PET and a combination
of different recycled plastics (5% of each plastic) as partial
replacements for coarse aggregate by volume. The results
revealed intriguing insights into how microwave treatment
alters the behavior of these plastic aggregates. For treated
PET aggregate, a reduction in contact angle measurements
indicated decreased hydrophobicity, thereby enhancing the
surface wettability of the plastic. This increased wettability
is crucial for improving the bond between the plastic aggre-
gate and the cement matrix. In contrast, treated HDPE and
PP aggregates exhibited increased contact angle values,
suggesting that their surface wettability did not substantially
improve. The microwave treatment caused micro-swelling
on the surface of the PET aggregate, while HDPE and PP
aggregates displayed a smoothing effect from the closing of
microcracks. These surface modifications had a direct influ-
ence on the bond strength at the interfacial transition zone
(ITZ), which positively impacted the mechanical properties
of the concrete. Specifically, concrete incorporating treated
PET aggregate demonstrated enhanced compressive, split-
ting tensile, and flexural strengths, as well as an improved
modulus of elasticity, compared to concrete using untreated
PET aggregate.*? These findings underscore the multifaceted
impact of microwave radiation treatment on recycled plastic
aggregate and its potential benefits when incorporated into
concrete, highlighting the importance of surface modifi-
cation techniques in improving the performance of plastic
aggregate cement-based materials.

PERFORMANCE OF TREATED PLASTIC

AGGREGATE IN CEMENT-BASED MATERIALS
Wettability of treated plastic aggregate

After surface treatment, the contact angle of water droplets
on treated plastic surfaces decreased, as shown in Table 2.
Various surface modification methods, including UV-O,
treatment, silane coupling agents, plasma, and acrylic binder
coating, can change the contact angles of recycled plastic
aggregate.*® Among these, the plasma treatment was shown
to be the most effective, reducing the contact angle to as low
as 44.0 degrees within 30 seconds, indicating a significant
increase in hydrophilicity. Moreover, different coating agents
applied to treated plastic aggregate showed varying effects
on surface wettability.’! Certain coating agents were particu-
larly effective in making the surface hydrophilic by reducing
the contact angle to 61.3 degrees. It also highlights that PP
plastic is naturally hydrophobic, but the use of surfactants
can enhance its surface energy, thereby improving adhesion
between PP and cementitious materials by making the surface
more hydrophilic.* Microwave treatment had a significant
impact on the surface modification of the PET aggregate,
making it more hydrophilic.*> The contact angle of water
droplets on the surface of PET, HDPE, and PP before and
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Table 2—Contact angle of water droplets on treated plastic surfaces

Treatment method Before treatment

After treatment

UV-ozone*

Silane treatment*®

79.8°

- _ .

Plasma treatment*

44.0°

=

Coating with acrylic
binder*

52.0°

| cw—

Coating with resin®!

61.3

Coating with
surfactant*’

¥
a
a
.Y
-
P

BN Gy Untreated PET

[£ \- Untreated HDPE

Untreated PP
Cargne 977

- ..

Microwave treatment®

/

e Treated HDPE

o -
Treated PP

after treatment was investigated. The PET’s contact angle
decreased by 5.9%, indicating improved wettability, while
HDPE and PP showed an increase in contact angles, indi-
cating increased hydrophobicity.

In addition to changes in wettability, surface treatments
significantly alter the physical properties of plastic aggre-
gates. For instance, oxidation, plasma, and UV-Oj; treat-
ments increase the surface roughness by introducing micro-
pits or etching marks, while some coatings can smooth
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the surface. These modifications influence the mechanical
interlocking between aggregate and cement paste. More-
over, certain treatments, such as silane coupling agents or
surfactant coatings, enhance the surface energy of plastics,
promoting chemical bonding with the cement hydrates.
In some cases, thermal or microwave treatment can also
change surface porosity by inducing microcracks or melting,
thereby affecting water transport and interface compatibility.
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Fig. 4—Change in compressive strength of cement-based materials made with treated plastic aggregate compared to untreated

plastic aggregate.

These changes collectively contribute to improved adhesion
and overall performance of cementitious composites.

Fresh properties of cement-based materials made
with treated plastic aggregate

The difference in fresh density between cement-based
materials using untreated and treated plastic aggregates
is negligible 3639424674 Although chemical surface treat-
ments such as oxidation, silane, and radiation can alter
the chemical polymeric chains on the plastic surface and
potentially reduce the density of the plastic aggregate, the
overall effect on the density of the cement-based materials
remains minimal. This is because the treated surface area
of the plastic aggregate is relatively small compared to the
total replacement ratio of natural aggregate. Additionally,
the density of cement-based materials incorporating surface-
coated plastic aggregate can vary depending on the type of
coating materials used. However, these changes in density
are typically too minor to significantly impact the overall
density, especially when compared to the more substantial
effect of increasing the proportion of plastic aggregate in the
cement-based materials.

The workability of cement-based materials made with
plastic aggregate, measured by slump or slump flow tests, is
primarily influenced by the surface texture and shape of the
plastic aggregate used. A smooth surface generally enhances
the workability of plastic aggregate, regardless of the treat-
ment method. However, certain surface treatment methods,
such as oxidation and radiation, can roughen the surface
texture of plastic aggregate, leading to decreased work-
ability compared to untreated aggregate, 6383942464774 Aqdi-
tionally, the shape of the plastic aggregate affects the work-
ability due to the interlocking action between the plastic and
natural aggregates. Assuming the shape and texture of the
plastic aggregate remain constant, surface-treated plastic
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aggregate can improve workability compared to untreated
plastic aggregate. This improvement is also attributed to
increased surface energy after treatment, which facilitates
better wetting of the aggregates and reduces interparticle
friction in the fresh state. Hydrophilic surfaces enhance
lubrication within the mixture, leading to better flowability.

Hardened properties of cement-based materials
made with treated plastic aggregate

Figures 4 to 6 summarize the change ratio after surface
treatment of compressive, flexural, and splitting
tensile strengths of cement-based materials, respec-
tively.3742464749.5053  The mechanical performance varied
significantly depending on the surface treatment method and
the type of plastic aggregate used.

Coating, silane, and radiation treatment methods gener-
ally improved the mechanical properties of cement-based
materials made with treated plastic aggregate. For example,
water glass coating improved compressive strength by
approximately 78% and sand coating by 40%, while resin
coating showed a moderate enhancement (~10%), as seen
in Fig. 4. However, plastic aggregate coated with ceramic
waste showed a ~20 to 30% decrease in compressive and
flexural strengths compared to those made with untreated
plastic aggregate.*’ This reduction is likely due to the hydro-
phobic nature of the ceramic waste coating, which hindered
proper bonding between the aggregate and the cement paste.
Moreover, the modification of the surface of plastic aggre-
gate with a water glass solution was generally ineffective and
caused a ~30% decrease in flexural strength compared to the
reference composite.’” Additionally, cement-based materials
made with microwave-treated plastic aggregate that included
a mixture of different plastic types (PET, HDPE, and PP) had
lower compressive, flexural, and splitting tensile strengths
than those made with untreated plastic aggregate.*’ In the
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Fig. 5—Change in flexural strength of cement-based materials made with treated plastic aggregate compared to untreated

plastic aggregate.
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Fig. 6—Change in splitting tensile strength of cement-based materials made with treated plastic aggregate compared to

untreated plastic aggregate.

case of mixed plastic concrete, the treatment of HDPE and
PP increased the contact angle and smoothness of the plastic
surface, as observed in scanning electron microscope (SEM)
images, leading to poorer adhesion between the aggregate
and the cement paste. This decline in performance may be
attributed to the nonhomogeneous physical characteristics of
the mixed plastic types within the concrete, which negatively
affected the overall bonding and strength of the material.
While the use of coating, silane, and radiation treatment
methods generally enhanced the compressive strength of
cement-based materials made with treated plastic aggregate,
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oxidation treatment yielded different results. Specifically,
using NaOH for the chemical stabilization of hypochlorous
acid solution in modifying the surface of plastic aggregate
contributed to a reduction of up to 60% in the compressive,
flexural, and splitting tensile strengths of cement-based
materials, even after a washing process was applied.’*>?
The aggressive nature of oxidation treatment, particularly
with NaOH solution, can excessively alter the surface of
the plastic aggregate, leading to degradation that negatively
impacts strength. However, when H,O, or Ca(ClO), solu-
tions were used without NaOH solution, the treated plastic
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aggregate exhibited improved compressive strength of ~10
to 30%, depending on the plastic type.3® These oxidation
treatments, without the addition of NaOH solution, were less
harsh on the plastic aggregate surface, leading to improved
bonding with the cement matrix and better overall mate-
rial performance. These results emphasize that not only the
chemical reactivity of surface treatments but also their effect
on surface roughness, porosity, and surface energy directly
impact ITZ development, which is a key determinant of the
hardened mechanical performance.

Water absorption and durability of cement-based
materials made with treated plastic aggregate

Among various durability-related parameters, water
absorption is often used as an indirect indicator of a mate-
rial’s permeability and resistance to fluid ingress. As shown
in prior studies, the incorporation of surface-treated plastic
aggregates has been associated with a reduction in water
absorption of cement-based materials.***° This reduction is
primarily attributed to improvements in the interfacial bond
between the treated plastic and the cement matrix, as well as
modifications in surface characteristics such as wettability,
roughness, and energy.

For instance, microwave treatment of PET aggregates
led to a 5.4% reduction in water absorption, likely due to
enhanced hydrophilicity and interfacial adhesion.*? Simi-
larly, oxidation and plasma treatments have been reported
to increase surface roughness and energy, thereby reducing
voids at the paste-aggregate interface and promoting better
moisture resistance. In contrast, the treatment of HDPE and
PP aggregates showed negligible effects on water absorp-
tion, largely due to thermal coalescence during treatment,
which limited reductions in entrapped air. Nevertheless,
when PET was present in the mixture, its hydrophilic nature
partially compensated for the hydrophobicity of HDPE and
PP, resulting in stabilized absorption levels. In the case of
surfactant-coated PP, the 17% reduction in internal voids
translated to a 25% decrease in overall water absorption.*’
These findings suggest that surface modification strategies
that enhance roughness, surface energy, and reduce porosity
may improve the moisture resistance of concrete composites.

While the influence on water absorption is noteworthy, it
represents only one facet of durability. Other critical indi-
cators, such as freezing-and-thawing resistance, drying
shrinkage, creep, alkali-silica reaction (ASR), and sulfate
attack, have received limited attention in the context of
treated plastic aggregates. Improvements in the ITZ due to
increased surface energy and adhesion may offer potential
benefits for freezing-and-thawing resistance and sulfate
durability; however, comprehensive experimental data
remain scarce. Similarly, the effect of surface treatments
on shrinkage and creep behavior is not well understood
and may vary depending on the plastic type and treatment
method. Because most plastic aggregates are nonreactive,
they are unlikely to participate in ASR, although their influ-
ence on internal moisture transport could indirectly affect its
kinetics.

In summary, while current research has primarily focused
on water absorption, a more holistic evaluation encompassing
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a broader range of durability metrics is necessary to deter-
mine the long-term performance of treated plastic aggre-
gates in structural concrete applications.

PRACTICAL CHALLENGES AND FUTURE
RESEARCH DIRECTIONS

Despite the promising results associated with various
surface treatment techniques for plastic aggregates, the
practicality of implementing these methods at commercial
or infrastructure scale remains a significant concern. While
improvements in interfacial bonding, mechanical strength,
and durability have been demonstrated at the laboratory
scale, several treatments present clear limitations in terms of
cost-effectiveness, operational complexity, and scalability.

Among the widely studied methods, plasma treatment and
UV-0; oxidation have shown excellent efficacy in enhancing
surface wettability and energy. However, these approaches
typically require specialized equipment, controlled environ-
ments, and high energy input, making them difficult to scale
for large-volume processing of plastic waste. The short treat-
ment durations reported in laboratory studies do not account
for the logistical demands of handling and reintegrating
treated aggregates into full-scale concrete production.
Chemical approaches such as silane coupling agents and
surfactant coatings are also effective in improving chem-
ical compatibility with cementitious matrixes. Nevertheless,
the cost of reagents, the need for solvent-based processes,
and limited long-term stability under harsh environmental
conditions constrain their practical use. Additionally, the
disposal of chemical waste and safety concerns further limit
field applicability. Thermal-based methods, such as micro-
wave irradiation, offer a more straightforward process but
can result in nonuniform treatment or even partial melting,
particularly in mixed plastic streams, leading to inconsis-
tent concrete performance. Wet chemical oxidation using
agents such as NaOH or Ca(CIO), can be more amenable to
batch-scale processing; however, their corrosive nature and
associated safety risks necessitate careful infrastructure and
environmental controls.

Given these constraints, the selection of treatment methods
for practical application must be guided by a holistic
cost-benefit framework that considers not only the improve-
ments in material performance but also the environmental
impact, energy demand, worker safety, and integration feasi-
bility within existing production systems. In this context,
the development of low-cost, scalable, and environmentally
benign treatment technologies, such as bio-based coatings or
simple mechanical surface roughening, represents a prom-
ising research direction. In addition, emerging approaches
such as enzymatic treatments and nanomaterial-based
surface functionalization have theoretical advantages in
terms of reaction selectivity, environmental benignity,
and advanced surface engineering. However, to date, no
peer-reviewed studies have reported the application of these
techniques to plastic aggregates for cement-based materials.
These methods remain an open area for future investigation
and may offer innovative solutions to current limitations.

Beyond these practical challenges, several other areas
merit further investigation. While most studies have focused
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on short-term mechanical improvements, long-term dura-
bility under multifactorial environmental exposures remains
underexplored. The behavior of treated plastic aggregates
in concrete exposed to freezing-and-thawing cycles, sulfate
attack, carbonation, or chloride ingress is not yet well under-
stood. These conditions are particularly critical for real-
world infrastructure applications and should be addressed
through long-term aging studies and accelerated dura-
bility testing. Furthermore, there is a need for standardized
methodologies to evaluate the effectiveness of surface treat-
ments across various plastic types. Establishing consistent
protocols for contact angle measurement, interfacial bond
strength, and durability performance will enhance the reli-
ability and comparability of research outcomes. Environ-
mental and economic sustainability should also be assessed
through life-cycle analysis (LCA) and environmental impact
studies. The true value of any surface treatment method must
be supported by quantitative data on energy input, emis-
sions, chemical use, and end-of-life recyclability. Finally,
the transition from laboratory-scale experimentation to real-
world implementation requires pilot studies and field trials.
Demonstrating the feasibility of these treatments in ready
mixed plants or precast facilities, alongside detailed tech-
no-economic evaluations, will be essential for moving from
research to practice.

In summary, while surface treatment of plastic aggregates
shows significant promise for improving the performance
of cement-based materials, its advancement will depend on
resolving current limitations and aligning research efforts
with the practical demands of large-scale, sustainable
construction.

SUMMARY AND CONCLUSIONS

The incorporation of these recycled plastics into concrete
not only provides an alternative use for plastic waste but
also offers several environmental benefits. The comprehen-
sive review explored various surface treatment methods for
plastic aggregate to improve their performance in cement-
based materials. These methods include surface coating,
oxidation treatment, silane treatment, plasma treatment,
and radiation treatment. All these methods aim to modify
the hydrophobic nature of plastic aggregate to enhance its
hydrophilicity and improve bonding with the cement matrix.
Surface coating methods, such as using blast-furnace slag,
water glass, and synthetic resins, showed varying degrees
of success in improving the surface characteristics of plastic
aggregate. Generally, these coatings enhanced the mechan-
ical properties of the concrete, although some coatings, such
as ceramic waste, negatively impacted performance due to
their inherent hydrophobic nature. Oxidation treatments
using agents such as hypochlorite, hydrogen peroxide,
and ozone successfully increased the hydrophilicity of the
plastic aggregate. However, the use of NaOH solution in
combination with hypochlorite led to excessive degradation
of the plastic surface, which in turn reduced the mechan-
ical strength of the cement-based materials. Treatments
without NaOH, such as those using hydrogen peroxide
or calcium hypochlorite, proved more effective and less
damaging. Silane coupling agents were found to be effective
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in modifying the surface of plastic aggregate, particularly
in improving the bonding between recycled plastic particles
and the cementitious matrix. This method was especially
beneficial for enhancing hydrophilicity, leading to better
mechanical performance in concrete incorporating treated
plastic aggregate. Plasma treatment was effective in signifi-
cantly reducing the contact angle of plastic aggregate, thus
increasing its hydrophilicity. This method showed consider-
able promise for industrial applications due to its efficiency
in enhancing the surface properties of recycled plastic
aggregate. Radiation treatments, including both gamma and
microwave radiation, demonstrated potential to improve the
mechanical properties of cement-based materials incorpo-
rating plastic aggregate. Gamma radiation was particularly
effective at higher doses, although it presented challenges
related to biological hazards. Microwave treatment can offer
a safer alternative, especially for polyethylene terephthalate
(PET) aggregate, leading to improved mechanical properties
and reduced water absorption.

In conclusion, the study highlights the critical role of
surface treatment in enhancing the performance of plastic
aggregate in cement-based materials. While each treatment
method has its own advantages and limitations, the choice
of an appropriate method depends on the specific type of
plastic aggregate and the desired properties of the final
concrete product. Further research and innovation in surface
treatment techniques are essential to advancing the sustain-
able use of recycled plastics in construction, contributing
both to environmental protection and material durability.
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by Nathan S. Teah, Lin Liao, Yubing Zhao, Zhiling Liao, Wanwen Xue, and Ruiging Hao

This study investigates the impact of the quicklime and gypsum
ratio on grouting material made of sulfoaluminate cement (SAC).
Gypsum and quicklime were selected to verify that sulfoalu-
minate cement retained ettringite (AFt). SACs efficiency as a
grouting material was evaluated using gypsum and quicklime.
SAC with varying gypsum-quicklime ratios was subjected to tests
for compressive strength, pH, setting time, expansion rate, X-ray
diffraction (XRD), and scanning electron microscopy (SEM). The
microstructure was investigated with XRD at 1 and 28 days. The
result obtained points to two key findings: the retention of AFt was
excellent (299%) regardless of the gypsum-quicklime ratio, and
the retention of AFt without gypsum and quicklime depended on
the SAC; in this case, the setting time was prolonged, leading to
expansion strain.

Keywords: compressive strength; grouting material; gypsum; hydration
product; quicklime; sulfoaluminate cement (SAC).

INTRODUCTION

Many coal mine roadways are situated in extremely
complicated environments, which can result in water-
logging, softening, deformation, and even failure of the
roadway. Because of this, grouting reinforcement material
has been widely used in coal mine empty lanes and road-
ways for support, as shown in Fig. 1.! Figure 1 shows the
structure of the double liquid mold pumping pillar in four
stages: Fig. 1(a) shows the double liquid mold pumping pillar
grouting material being injected into flexure bags, taking on
the shape of the bags; Fig. 1(b) shows the pillar supporting
the empty lane roof; Fig. 1(c) shows the pillar during the
mining operation; and Fig. 1(d) shows the stability and
condition of the pillar after the mining operation.

Sulfoaluminate cement (SAC) is an inorganic substance
and a hydraulic cement that originated in the 1970s and has
been used and industrialized in the underground industry
for more than a century. SAC has impressive engineering
characteristics that make it suitable for grouting and can
also be consumed as an environmentally friendly substi-
tute for portland cement (PC) because of its quick setting
time, high early strength, low CO, emissions, low clinker
sintering temperature, low limestone consumption, and
strong chemical corrosion resistance. In this study, belite
(C,S) and ye’elimite (C4A3S) make up the majority of
the SAC. Also, as Table 1 and Eq. (1) and (2) illustrate, it
contains trace minerals, including graphite fluoride (C,F)
and iron(Ill) oxide (Fe,03), and its material system relies
heavily on ye’elimite (C4A;S) for the synthesis of ettringite
(C6AS;Hz).
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C4A;3S +2CSH, + 38H — C;A - 3CS - 32H + 2AH; (1)
C4A3S + 18H — C;A - CS - 12H + 2AH; 2)

Although SAC has superior material performance, its
weak alkalinity and high cost restrict its engineering appli-
cation. Researchers have looked into the use of supple-
mental cementitious materials (SCMs) and mixed materials
to enhance the engineering performance of SAC. According
to research by Péra and Ambroise,? due to the tricalcium
sulfoaluminate that hydrates in the form of ettringite (AFt)
and alumina ferric oxide (AFm) after hydration, SAC is
good for special engineering applications such as shrinkage
resistance, self-stressing, and self-leveling. This is because
AFt possesses expansion properties that can counteract the
natural shrinkage that happens when the SAC paste dries.
This results in a material that is more dimensionally stable
and enhances the ability to form a denser microstructure,
both of which are advantageous for applications involving
self-stressing. Furthermore, the expanding character and
quick strength development of ettringite contribute to its
self-leveling qualities. AFt and AFm’s swift early strength
growth also helps stabilize the material so that it does not
sag or slump before setting, which makes it perfect for
self-leveling applications. SAC can be used in applications
that need shrinkage compensation because of the expansion
brought on by the crystal development and water adsorp-
tion of AFt, which reduces volume, causes shrinkage, and
creates compressive stresses in the surrounding concrete.
In addition, other research stated that SAC is feasible in
terms of workability and strength, but it needs retarding
agents to regulate its setting time and avoid low pH after the
hydration process.? In a recent study, Jia et al.* used SAC
clinker, gypsum, and quicklime to create grouting material.
The study shows that gypsum plays an important role in
the fast generation of AFt in the hydration process of SAC.
The gypsum promotes early hydration and allows a proper
hydration mechanism and reaction formation (Eq. (3)).

C4A;3S + 2CS + 38H — C¢AS;Hi, + 2AH; 3)
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Fig. I—Different stages of SAC double liquid mold pumping in empty lane roadway.

Table 1—Chemical and mineral composition of
SAC and gypsum, wt. %

Chemical composition Mineral composition

Chemical | SAC, wt. % | Gypsum, wt. % | Mineral SAC, wt. %
SiO, 9.52 4.24 C,F 6.54
ALO 29.55 2.42 £-X,S 24.74
CaO 45.26 37.64 C4A5S 58.47
Fe,0; 2.95 0.95 -S04 1.93
MgO 0.95 2.05 — —
TiO, 1.50 — — —
SO, 9.44 46.14 — —
Loss 0.44 3.34 — —

Moreover, following the stoichiometry reaction of Eq. (3),
the hydration characteristic of the amount of gypsum
represents approximately half of the ettringite weight
(ettringite weight = 0.45), which had a significant impact on
the rapid hardening and early strength, while quicklime had
a significant impact on the micro-expansion as a cement-
based grouting material.

Quicklime substance incorporation can result in an alkali
that strengthens SAC. However, excess may result in the
grouting material’s vital expansibility feature. With the aid
of gypsum, quicklime can accelerate the anhydrous sulfo-
aluminate hydration process. However, when the incorpo-
ration ratio of quicklime is significantly higher than that of
gypsum, it causes expansion and slows the high strength of
the material. The strength would decrease as the material
expands and self-destructs, but in a later stage, the expan-
sion value increases while the strength stays constant. More-
over, when the quicklime content is too low or high, its
pH inhibits the production of ettringite. This indicates that
the ratio of quicklime should be thoroughly studied before
incorporating it into the mixture.

Additionally, in ternary blends of quicklime, gypsum, and
SAC, gypsum is more reactive with sulfoaluminate clinker
than quicklime. The incorporation of a proper dosage of
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gypsum will make the cement mortar more durable and stable
enough to sustain pressure and stress during the construction
phase as a grouting material.’ The research also reported that,
due to the retardation mechanism and increase in gypsum
content, the SAC reacts with gypsum and hydrates quickly
and produces more AFt, which deposits and forms a protec-
tive film against the tricalcium aluminate (C;A) SAC parti-
cles to improve the hydration. An increase in gypsum and
quicklime content also increases the production of ettringite
and monocarbonate, decreases the monosulfoaluminate, and
delays the setting time of SAC.¢

The previous research findings have significantly contrib-
uted to the extensive and comprehensive application of
SAC as a cement-based grouting material. However, there
is limited research on how the mechanical qualities and
performance of SAC-based grouting materials are impacted
by gypsum and quicklime. To meet the practical application
requirements, this research explores methods to enhance the
early and later performance and characteristics of grouting
materials by incorporating gypsum and quicklime into the
SAC, thereby creating a novel cement-based grouting mate-
rial. Additionally, quicklime and gypsum are added to influ-
ence the hydration reactions of the grouting materials and due
to their impact on the compressive strength, expansion, pH,
and setting time. The hydration process and the microlevel
effects of gypsum on the novel SAC-based grouting mate-
rials are investigated using X-ray diffraction (XRD) and
scanning electron microscopy (SEM). The results of this
research can offer valuable insights into the application of
SAC-gypsum and quicklime-based grouting material.

RESEARCH SIGNIFICANCE

The majority of the published studies on gypsum studied
the behavior of the pastes. This study lays the founda-
tion for future experimental research on the impact of the
gypsum-quicklime ratio on the physical properties and char-
acteristics of SAC-based grouting material and its optimal
proportions. The data presented in this study are also useful
for understanding the behavior of sulfoaluminate cement
grouting material (SACGM).

ACI Materials Journal/March 2026



EXPERIMENTAL PROGRAM
Raw materials

The cement used in this study is a commercial SAC. Based
on factory performance statistics, it has a measured density
of 2.89 g/cm® and a specific surface area of 450 m*kg.
Table 1 displays the mineral and chemical composition of
SAC as determined by XRD.

The gypsum employed in this study is off-white and its
density is 2.85 g/cm?. It originated by dissolving calcium
sulfate crystals in an aqueous solution, which was then
deposited as gypsum. Its chemical composition was iden-
tified through X-ray fluorescence (XRF), as indicated in
Table 1. When added to SAC, gypsum acts as a regulator to
limit the rate at which C;A hydrates, decreasing the amount
of ettringite produced. The quicklime used in this investi-
gation is a white, alkaline, caustic, crystalline solid at room
temperature. It has a density of 3.1 g/cm® and a chemical
formula of calcium oxide (CaO). It has an effective CaO
level above 90%. The quicklime rapidly reacts with water to
produce calcium hydroxide.

Test methods

The SACGM was mixed into two components (slurry A
and B), as shown in Table 2. The mass ratio of the sulfoalu-
minate clinker to (gypsum + quicklime) is 1:1, and the
water-cement ratio (w/c) is 0.5.

Setting time

After the blending of the slurry, it was placed into a Vicat
apparatus mold. The Vicat apparatus was used to measure
the initial and final setting times of the blended cement paste
by complying with the GB/T 1346-2011 standard.” The
penetration of the Vicat needle determined the initial and
final setting times of the blended cement paste at 26 + 4 and
0.5 £ 0.5 mm, respectively.

pH test

In this study, a precision pH tester was used to measure
the slurry’s pH.® The calibrated pH meter test pen was
placed into four separate samples of a single proportion of
the slurry, and the sample readings that had stabilized were
taken as the pH value.

Compressive strength test

The specimen’s compressive strength was tested following
the GB/T 50081-2002 test standard for testing the method
of mechanical properties of ordinary concrete.” The mixed
paste slurry was made using the mixture proportions indi-
cated in Table 2 and placed into a 50 x 50 x 50 mm mold,
as illustrated in Fig. 2. Compression testing equipment was
used to assess the paste test block’s compressive strength
at a loading rate of 0.3 MPa/s for 1, 7, 14, and 28 days.
The sample per series for each ratio is 1:1 (one percentage
ratio—four test series). Based on the experimental propor-
tions, the experimental value was determined by averaging
the values of the four replicate test series.
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Table 2—Mixture proportions with SAC and
gypsum-quicklime ratio

Slurry A Slurry B wlc
Mixture SAC, Gypsum, | Quicklime,
series wt. % wt. % wt. % Slurry A & B
1_ AB 100 — — 0.5
2 AB 100 0
3 AB 90 10 —
4 AB 80 20
5 AB 70 30 0.5
6 A:B 60 40
7 AB 50 50
= 1day
30 1 u 7days
14days
25 I I I 28days

20 1 I I:[
' i I

Compressive Strength (MPa)
[y

0 100 90:10 80:20 70:30 60:40 50:50
Gypsum-Quicklime Ratio (%)

Fig. 2—Strength curve of gypsum-quicklime ratio with
different ages.

Expansion rate

Thermomechanical techniques on solid materials were
used to investigate the expansion stability of the specimen
paste. After blending the slurry mixture for 2 minutes, it was
put into a 50 x 50 x 50 mm mold. The specimens’ starting
lengths (L,) were measured after demolding, and they were
then cured in water at 80°C for 1 day. Changes in the spec-
imens were noted at 1, 7, 14, and 28 days, beginning on the
day the original lengths were measured using the triple steel
sheet with dimensions of 280 mm in length, 25 mm in width,
and 25 mm in height, to determine the expansion of the spec-
imen following the JC/T 313-2009 standard.!® The formula
for calculating the expansion rates (Ey) of the specimens is
provided in Eq. (4), and the average of the expansion rates
of the four curing ages was considered the outcome for each
group of specimens

L, —L,

Ex= o= -hy

x 100 (4)

where Ey is the expansion rate of a specimen at the observed
day (%); L, is the length of a specimen at the observed day
(mm); L, is the initial length of a specimen (mm); and A, and
A, are the lengths of the measuring heads at the left and right
ends of the specimen (mm).

97



1000 1
900 -
800 -
700 A
600 -
500 A
400 -
300 A
200 A
100 -

Setting Time (Sec)

0 100 90:10 80:20 70:30 60:40 50:50
Gypsum-Quicklime Ratio (%)

Fig. 3—Change curve of setting time with different
gypsum-quicklime ratios.

XRD

To stop the hydration, the hydrated samples were
immersed in anhydrous ethanol for 2 days. A vacuum-drying
oven was used to dry the hydrated specimens. The vacuum
degree was 0.08 MPa, and the temperature was 40°C. The
hydrated specimens were heated and then manually ground
into a powder that was smaller than 0.025 mm and sieved
through a 200-mesh screen. The hydrated specimens’ miner-
alogical makeup of 1- and 28-day samples was performed
using Rietveld refinement.!! The test range was set from 5 to
30 degrees, with a scanning rate of 0.04 deg/s.

SEM

The samples were taken from the same hydrated samples
that were immersed in anhydrous ethanol for 2 days. The
hydrated samples were ground flat to a size of less than
1 cm. Then, the ground specimen was examined by SEM
using a secondary-electron image and energy-dispersive
X-ray (Rietveld refinement) analysis.

ANALYSIS OF EXPERIMENTAL RESULTS

Impact of gypsum-quicklime content on SACGM

Impact of gypsum-quicklime ratio on setting time—
Figure 3 displays the setting time of the SACGM. When
SAC was mixed alone, the slurry experienced an 850-second
setting time due to the increase in the production of C;A
during the hydration process. However, as gypsum and SAC
were incorporated, the slurry setting time was 630 seconds.?
This is in line with the suggestion of Jia et al.,* who stated
that SAC cannot play an important role in the setting time
when it is mixed alone. Following the incorporation of the
gypsum and quicklime with the SAC, the slurry setting
time varied as the gypsum-quicklime ratio varied. When
the gypsum-quicklime ratios were 90:10, 80:20, and 70:30,
the slurry setting time decreased as the quicklime ratio
increased, accumulating 510, 408, and 378 seconds, respec-
tively. The ratios of 60:40 and 50:50 have the lowest setting
time, accumulating 336 and 288 seconds, respectively.
However, based on the numerical value, the ratio 50:50 is
the best. This shows that gypsum has a significant impact on
the setting time of the grouting slurry; however, when it is
mixed with quicklime, it becomes more efficient regardless
of the ratios.!?
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Fig. 4—Change curve of pH with different gypsum-
quicklime ratios.

Impact of gypsum-quicklime ratio on pH—Figure 4
displays the impact of different gypsum-quicklime ratios
on the pH of SAC slurry. As shown in Fig. 4, when SAC
was mixed alone, the slurry experienced a pH of 9.1.
Following the incorporation of gypsum and SAC alone,
the pH increased to 9.34. This shows a little variation on
the pH curve and agrees with previous research on gypsum
and SAC pH after hydration.> When gypsum and quicklime
were introduced in the slurry over a different range, the pH
varied to a certain extent and rose steadily between 11.09
and 11.43."3 This means the dissolver of quicklime could
release a significant amount of hydroxide, which can reduce
the slurry alkalinity, decelerate the coagulation, and affect
the mechanical performance of the SACGM.!*

Impact of gypsum-quicklime ratio on compressive
strength—Figure 2 shows that when only SAC was incorpo-
rated, the overall trend of the strength change curve fluctu-
ated. The 1-, 7-, 14-, and 28-day strengths were 1.25, 1.65,
12.56, and 11.52 MPa, respectively. Following the incorpo-
ration of gypsum and SAC alone, the compressive strength
of the SACGM at 1, 7, 14, and 28 days increases at all ages,
with 10.35 and 15.85 MPa being the compressive strength
of 1 day and 28 days, respectively. Following the incorpora-
tion of different gypsum-quicklime ratios, the compressive
strength curve exhibits different characteristics according to
the dosage mixed. When the 90:10 ratio was incorporated,
the strength curve experienced fluctuation; the early strength
of SACGM was low due to the delay in hydration condi-
tions, ensuring a substantial increase in its late strength.
The 1- and 28-day compressive strengths reached 4.78 and
14.06 MPa, which were 6.2% and 20.3% higher than those
in the control group with only SAC. The gypsum-quicklime
ratio effects on the deterioration of the 1-day compressive
strength of the SACGM were not obvious, because as the
age of the SACGM increased, the compressive strength
increased. Following the continuous incorporation of
gypsum and quicklime, ratios of 70:30, 60:40, and 50:50
exhibited similar curve patterns; however, the 50:50 ratio
was identified as the optimal proportion of SACGM, with
compressive strengths reaching 6.76 and 23.58 MPa at 1 and
28 days, respectively, representing increases of 14.2% and
32%, as indicated by the strength trend curve. At this ratio,
the 7-day strength reached 85% of the 28-day strength of the
80:20 ratio, and the 14-day strength increased continuously.
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Fig. 5—Change curve of expansion rate with different
gypsum-quicklime ratios.

This shows that although the incorporation of gypsum alone
has a positive impact on the strength of the SACGM, its effi-
ciency improves greatly when combined with quicklime.'

Impact of gypsum-quicklime ratio on expansion rate—
Figure 5 shows the impact of the gypsum-quicklime ratio
on the expansion rate. When the slurry material is SAC
alone, there is a shrinkage of <0.04 on the test block of the
specimen due to the improper and fast hydration process
of the SAC clinker. With the incorporation of gypsum and
SAC alone, there is little shrinkage strain of <0.07 due to
the delay during the hydration process. This is because the
incorporated gypsum ratio was too large. Following the
incorporation of gypsum and quicklime at ratios from 90:10
to 50:50, the SACGM showed no level of shrinkage at all
ages. As the gypsum-quicklime ratio changed, the specimen
test blocks maintained non-shrinkage texture but exhibited
slow hydration at an early age, which affected the early
strength.'® However, following the increase in age, at 7, 14,
and 28 days, the hydration of the SACGM was rapid. This
gives the SACGM the characteristics of fast mechanical
strength development, which proves that the preparation of
SACGM using gypsum and quicklime is feasible.!’

Impact of gypsum-quicklime content on hydration
products—

XRD hydration products of SACGM:

Figures 6(a) to (d) display the XRD pattern of the SACGM
hydrated for 1 and 28 days under the effect of different
gypsum-quicklime ratios. As can be seen from Fig. 6(a) to
(d), compared with the blank group (SAC alone), the incor-
poration of only gypsum with SAC increased the intensity
of the diffraction peaks of the hydrated minerals, such as
ye’elimite (CasA;501,S0y), calcium sulfate (CaSOy), and
magnesium oxide (MgO)'® in the material, and slightly
decreased and weakened the intensity of the diffraction
peaks of the hydrated minerals, such as AFt and AFm
in the material, which was attributed to the adsorption-
permeation effect of gypsum regulating the early hydra-
tion rate of SACGM.> On the other hand, SAC and gypsum
increased the sulfoaluminate hydration in the later phase,
and the adsorption of sulfoaluminate promoted ye’elimite
(CasA1601,S0,) and increased the intensity peak of CaSO,.

The XRD patterns in Fig. 6(e) to (f) show that gypsum
and quicklime incorporation accelerated the early hydra-
tion, dissolved the CaSQO,, and increased the intensity of the
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diffraction peaks of the hydrated minerals, such as AFt and
AFm. As the gypsum-quicklime ratio changed from 90:10 to
70:30, the AFt diffraction peak intensities increased contin-
uously at 1 and 28 days.!” This is because the diffusion
rate of gypsum and quicklime was much higher than that
of sulfoaluminate and was able to penetrate the hydration
layer of ye’elimite (CasA;0,,SO4) and CaSOy, facilitating
the dissolution of ye’elimite (CasA;60,,80,) and CaSO,.'8
The relative peak intensities of SACGM-hydrated minerals
under the effect of gypsum and quicklime were strong
compared with those of the blank and only gypsum group, in
which the AFm peak was weak, the intensities of AFm and
Ca(OH), diffraction peaks were significantly reduced, and
the intensity of the AFt diffraction peak increased.

SEM phase microstructure of SACGM:

As illustrated in Fig. 7, when the gypsum dosage was
100%, the pin-rods of AFt and numerous flakes of calcium-
silicate-hydrate (C-S-H) and aluminum hydroxide (AH;)
were observed. This was consistent with the physical
phase found in the XRD peaks because quicklime was
absent. Following the incorporation of the gypsum-
quicklime ratio at 90:10, 80:20, and 70:30, the production of
the stacked AFm and AH; gel was reduced, and the pin-rods
and cluster AFt production increased. However, as seen in
Fig. 7, the hydration products were not well-developed and
closely linked to the low quantity of quicklime that was
incorporated. When the gypsum-quicklime ratio is 60:40,
the XRD pattern in Fig. 7 displays long needle-like AFt stag-
gered crosses and numerous flaky single AHj stacks. Due
to the high quicklime content, the slurry’s hydration reac-
tion proceeds quickly and is made up of many AFt crystals,
which pass through the gypsum and SAC clinker without
having had a chance to participate in the reaction.

Following the incorporation of a 50:50 gypsum-quicklime
ratio, the system has a lot of AFm gel and needle-like AFt
crystals that are longer in size, larger in number, and exhibit
higher strength. It also has a lot of radiating AFt crystal clus-
ters that mechanically compress with one another to produce
the structure. As a result of the overall structure being denser
and filled inside the skeleton, it is denser and harder. More-
over, the sulfate ion (SO%) in the liquid phase becomes
more concentrated when the concentrations of the ions in
the solution surpass the saturation point of gypsum, which
explains the appearance of rod-shaped gypsum inside the
sulfoaluminate skeleton structure.

CONCLUSIONS

This research examines the different ratios of gypsum-
quicklime sulfoaluminate cement (SAC) grouting material.
To investigate the impact of the gypsum-quicklime ratio on
the SAC grouting material (SACGM), strength, expansion
rate, pH, and setting time tests were conducted, and the X-ray
diffraction (XRD) pattern was then used to examine varia-
tions in hydration products with gypsum-quicklime ratios,
which helps to explain the impact on the SACGM. Following
these experimental procedures, the subsequent conclusions
are established:

1. Gypsum-quicklime ratios have a great impact on the
efficiency of the SACGM setting time (=99%), regardless
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Fig. 6—XRD pattern of gypsum and quicklime hydrated for 1 and 28 days: (a) 100:0; (b) 90:10; (c) 80:20; (d) 70:30; (e) 60:40;
and (f) 50:50 (ve elimite, MgO, AFt, AFm, CaSO,, and Ca(OH),).

of the ratio. The setting time was prolonged when the ratio
changed from 100:0 to 90:10 because gypsum promotes the
hydration of SACGM and the formation of more ettringite
(AFt).* The pH of SACGM satisfied the requirements of the
mixture proportions and was not significantly affected by the
gypsum-quicklime ratio.

2. The effect of the gypsum-quicklime ratio on the deteri-
oration of the 1-day compressive strength was not obvious,
because as the ratio and age increased, the compressive
strength increased. The best ratio of gypsum to quicklime
in the SACGM was 50:50. It accumulated 14.2% and 32%
of the 1- and 28-day compressive strength, respectively. The
gypsum-quicklime ratio barely affects the grouting mate-

100

rial expansions. There was no expansion rate with each
gypsum-quicklime ratio used (Fig. 5), but with SAC alone,
and gypsum with SAC, there was expansion strain at an
early stage of hydration (Fig. 5).

3. The incorporation of gypsum and quicklime accelerated
the early hydration, dissolved the CaSO,, and increased the
intensity of the diffraction peaks of the hydrated minerals,
such as AFt and alumina ferric oxide (AFm). Under the
condition of a high gypsum-quicklime ratio, gypsum and
quicklime penetrate the hydration layer of ye’elimite
(CayA1601,S04) and CaSO,, facilitating their dissolution,
weakening the peaks of AFm, significantly reducing the
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Fig. 7—SEM at 1 and 28 days with different gypsum-quicklime ratios.

intensities of AFm and Ca(OH),, and increasing the AFt
diffraction peak.

4. The SACGM is significantly improved by the inclusion
of the gypsum and quicklime. The scanning electron micros-
copy (SEM) characterizations confirmed that the hydration
products of the SACGM system are rich in needle-like AFt
crystals, stacked AFm, and flaky single aluminum hydroxide
(AH3;), which contribute to strength enhancement. More-
over, the hydration of aluminum silicate (Al,SiOs) prevents
the formation of calcium-silicate-hydrate (C-S-H), which
dissolves into sulfoaluminate hydroxide and yields trace
amounts of AFt as the hydration product.
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Portland-limestone cement (PLC) is being more and more speci-
fied and used in wet-mix shotcrete construction for ground support
in tunnels and mines across the United States and Canada. The
most widely used cement of Type GU (general use) in Canada and
Type I in the United States is being replaced by Type GUL (general-
use limestone) in Canada and Type IL in the United States. There
is no significant research being conducted on the performance of
shotcrete made using PLC, including plastic properties, early-age
strength development, compressive strength development, and,
when fibers are added, flexural toughness and residual tensile
strength development. This paper presents studies on the proper-
ties of wet-mix shotcrete produced with PLC. Results show that
PLC requires a higher dosage of alkali-free accelerator (AFA) to
achieve similar development of early-age compressive strength
compared to shotcrete made with portland cement (PC). Develop-
ment of compressive strength at 7 and 28 days for shotcrete made
with PLC is similar to shotcrete made with PC. When both steel
and macrosynthetic fibers are used in wet-mix shotcrete made with
PLC, development of residual tensile strength with notched beams
and flexural toughness for round determinate panels is also similar
to that for wet-mix shotcrete produced with PC. Future research on
wet-mix shotcrete with Type GUL cement is also discussed.

Keywords: alkali-free accelerator (AFA); early-age compressive strength
development; flexural toughness; ground support; portland-limestone
cement (PLC); residual tensile strength; shotcrete; Type GUL; Type IL.

INTRODUCTION

The global movement for sustainability requires reduction
of carbon emissions. In the cement and concrete industry,
reducing greenhouse gas emissions during cement produc-
tion and reducing the use of cement by the use of supplemen-
tary cementitious materials (SCMs) such as calcined clay,
fly ash, silica fume, and ground-granulated blast-furnace
slag have been used. In addition, performance-based design
and proper curing and protection to improve service life
of concrete structures are being studied, implemented, and
promoted around the world to foster sustainability. One of
the most practical techniques is to reduce the clinker content
by adding limestone powder to produce Type IL cement
in the United States or Type GUL (general-use limestone)
cement in Canada. Type GUL cement refers to Type GU
(general use) cement with addition of up to 15% limestone.
Limestone is interground with the clinker during the cement
production process. In the United States, Type IL cement
refers to Type I cement with up to 15% limestone addition.
Cement with up to 15% limestone content was introduced
into concrete construction in the United States and Canada
approximately a decade ago; CSA A23.1:24/CSA A23.2:24
has listed Type GUL cement since 2014.! Adding up to 15%

ACI Materials Journal/March 2026

limestone into the cement reduced the use and production
of cement, and as a result, reduced energy consumption and
greenhouse gas emissions.

Since 2023, major cement suppliers in North America
have minimized the production of Type GU cement, and only
Type GUL cement is now commercially available in most of
the provinces in Canada and the states of the United States.
The changes in the type of cement production and supply
were rapid and left no choice for the construction industry.
For the civil tunnel industry, this change caused many chal-
lenges, as contractors did not have much experience in
working with Type GUL cement in concrete and shotcrete.
Although suppliers have conducted research and provided
some project experience for concrete using Type GUL
cement, project experience for the use of Type GUL cement
in wet-mix shotcrete for ground support—in particular, with
the addition of accelerators and fibers—is relatively new to
the tunnel construction industry. This paper discusses the
properties of shotcrete made with Type GUL cement when
used in wet-mix shotcrete. Most importantly, it provides
testing data related to early- and later-age compressive
strength development, residual tensile strength, and experi-
ence with shotcrete application during construction.

Code development

Since the early 2010s, CSA Group, the American Concrete
Institute (ACI), ASTM International, the American Cement
Association (ACA), and other authorities have started to
require limestone to be added into the cement to reduce the
use of portland cement (PC). Limestone is added into the
clinker and ground to a fineness that is suitable for optimal
cement hydration. Since 2016, CSA A3000:23% and CSA
A23.1/A23.2" have added a requirement that Type GUL
cement should include up to 15% limestone. ASTM C150/
C150M-243 also requires that Type IL cement include 15%
limestone. Type IL cement is already listed as an approved
material for use in ACI 301-16* and ACI 318-19.° Type GUL
and Type IL are very similar in chemical composition
except that Type GUL is based on Canadian standards and
Type IL is based on U.S. standards. For discussion purposes,
Type GUL cement is used in this paper for both Type GUL
and Type IL cement.
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Table 1—Blaine fineness for Type GU and Type GUL cement

Finess of cement Type GU cement CSA A3000:18 for Type GU cement Type GUL cement CSA A3000:23 for Type GUL cement
Blaine fineness, m*/kg 410 None 455 None
Retained 45 pm, % 1.4 28 minutes 99 72 minutes

Blaine fineness

When limestone was originally introduced into Type GU
cement at a replacement rate of up to 15%, it was found
that concrete made with Type GUL cement took a longer
time to set, early-age compressive strength development
was slower, and the heat of hydration was reduced. These
changes received mixed feedback from the industry. The
delayed setting time and early-age compressive strength
development extended the construction schedule, while the
reduced heat of hydration was beneficial for thermal control
for structural elements, such as walls and, in particular, mass
concrete/shotcrete structures. Type GUL cement is typically
ground slightly finer than conventional PC (450 to 500 m?/
kg Blaine fineness versus 350 to 420 m*kg), as shown in
Table 1.

Impact on compressive strength

Type GUL cement was reported to have a slightly lower
early-age compressive strength but improved later-age
compressive strength, such as at 56 and 91 days. This may
not be beneficial for wet-mix shotcrete used for ground
support as this requires higher early-age compressive
strength. Later-age compressive strength is generally satis-
factory, as the 28-day compressive strength can usually meet
the specified compressive strength requirements. It is worth
testing compressive strength at later ages to see if shotcrete
made with Type GUL cement meets the later-age compres-
sive strength requirement, particularly when used with an
alkali-free accelerator (AFA).

RESEARCH SIGNIFICANCE

Type GUL cement is being increasingly used in wet-mix
shotcrete for ground support. Type GUL cement has a slower
setting time compared to Type GU cement, and early-age
compressive strength development between 1 and 24 hours
can be affected and is expected to negatively affect perfor-
mance requirements for ground support. The performance
of wet-mix shotcrete with Type GUL cement has not been
systematically studied and reported. To address this issue,
trial shooting and testing were carried out in several civil
tunnel construction projects to study the plastic properties,
pumpability, setting time, early-age compressive strength
development, compressive strength development at 7 and
28 days, residual tensile strength for beams, and flexural
toughness for round determinate panels (RDPs).

This paper provides general guidance for design and
performance of wet-mix shotcrete with Type GUL cement,
including:

*  Use of Type GUL cement wet-mix mixture that is suit-
able for shotcrete batching, pumping, shooting, and
finishing;

e Effect of Type GUL cement on early- and later-age
compressive strength development; and
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Table 2—Wet-mix shotcrete design for ground
support

Material Mass SSD aggregate, kg/m?
Type GUL cement 410
Silica fume 40
Coarse aggregate (14 to 5 mm, SSD) 430
Fine aggregate (SSD) 1320
Estimated water, L
180
Fiber"
HRWRA, L 1
Accelerator® 25 to 33

Air content (as-batched 5 to 8%) 2.5 t0 5.5% (as-shot)

“Either steel fiber or macrosynthetic fiber is added into wet-mix shotcrete.
Accelerator dosage is adjusted to meet early-age compressive strength requirements.

Note: SSD is saturated surface-dry.

* Residual tensile strength and flexural toughness for
Type GUL wet-mix shotcrete with both macrosynthetic
and steel-fiber shotcrete.

EXPERIMENTAL PROGRAM
Mixture design

Table 2 shows a wet-mix shotcrete mixture design with
Type GUL cement that includes fibers and an accelerator.®
The total cementitious materials content of cement plus
silica fume is 450 kg/m?. Sometimes, the total cementitious
materials content is increased to facilitate pumping and
increase both the early- and later-age compressive strength
development. Silica fume is commonly used as an SCM for
wet-mix shotcrete in tunnels. Silica fume is normally added
at 5 to 10% by mass of total cementitious materials, with 8%
being a common percentage. Fly ash, when used, is added at
up to 15% by mass of the total cementitious materials. Slag,
when used, is commonly added at up to 25% by mass of the
total cementitious materials,® although it may be added at
up to 70% by mass of cementitious materials for shotcrete
structures.”

For wet-mix shotcrete application, an AFA is typically
used to accelerate the cement hydration process and achieve
early-age compressive strength development.® The reaction
between the cementitious materials and AFA is critical for
carly-age compressive strength development, and this is
tested in the present testing program.

Fibers are widely used in wet-mix shotcrete mixtures for
ground support in underground construction.®*!! Either steel
or macrosynthetic fibers are mixed into the wet-mix shot-
crete to provide post-crack strengthening and meet the flex-
ural toughness requirement. In the present study, macrosyn-
thetic fibers were added into wet-mix shotcrete with various
dosages of AFA. The optimized AFA dosage was deter-
mined to develop the proper early-age compressive strength.
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This dosage of AFA was used for the steel fiber-reinforced
wet-mix shotcrete trial shoot and test program discussed in
the paper.

Water-cementitious materials ratio

The water-cementitious materials ratio (w/cm) is the ratio
of the mass of water versus the mass of total cementitious
materials, including cement and silica fume used in the
mixture. The w/cm of wet-mix shotcrete with Type GUL
cement is 0.40 for the present study. This is within the most
widely used range of 0.38 to 0.42 for wet-mix shotcrete used
in ground support, structural elements, repair, and other
applications.®!>!3 A higher w/cm can increase the slump
and reduce the dosage of water-reducing admixture, but will
reduce the compressive strength.

Batching, mixing, and production

Wet-mix shotcrete was batched and supplied by a local
ready mixed supplier. An ACI-certified wet-mix shot-
creter sprayed the test panels with dimensions of 600 x
600 x 200 mm. The AFA was added at the nozzle during
shooting. The wet-mix shotcrete pump was typical of that
used in the shotcrete industry and conformed to ACI 506
requirements.'>!* Overall, the shotcrete trial shoot met
ACI 506 requirements'?!* and was representative of proper
application. The mixing and shooting were conducted at
the first author’s laboratory in Vancouver, BC, Canada.
On-site monitoring of shotcrete batching, mixing, and test
panel production was provided by the first author. Testing
for plastic properties of the shotcrete was provided by an
ACl-certified concrete testing technician.

TEST RESULTS AND DISCUSSION

Plastic properties

Wet-mix shotcrete made with Type GUL cement is
expected to exhibit similar workability during pumping to
wet-mix shotcrete made with Type GU cement. However,
it was observed that mixtures made with Type GUL cement
tend to bleed at higher slumps—that is, above 190 to
200 mm.%’ This becomes more prominent when no silica
fume is added. With silica fume added, the mixture tends to
be more cohesive and shows no signs of bleeding even at
slumps of up to 220 mm.

Dosage of high-range water-reducing admixture
For wet-mix shotcrete mixtures with Type GU cement,
high-range water-reducing admixtures (HRWRAs) are
generally added at a dosage of approximately 0.8 to 1.0 L/
m? of HRWRA, or full-range water-reducing admixture
including HRWRA to achieve the optimized slump of 150
to 200 mm during underground construction.® The dosage
of HRWRA is generally higher in wet-mix shotcrete using
Type GUL cement and is approximately 1.2 L/m? to achieve
similar slump and workability. This is likely due to the fact
that the Type GUL cement particles are ground finer with
an increased surface area, which subsequently requires more
free water to coat the surface of the cement particles. It
should also be noted that the slight increase in the HRWRA
dosage is intended to meet the workability and pumpability
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requirements, and will not cause significant changes in early-
and later-age compressive strength development.

Pumpability

Shotcrete pumpability refers to good workability for
delivery/transport, and pumping.®”!'* Wet-mix shotcrete for
ground support is required to be pumped under high pressure
of 13.8 MPa and above. During the pumping process the
mixture needs to maintain suitable consistency, cohesion,
and workability.

When fibers are added into wet-mix shotcrete, pumpability
will be affected depending on the fiber type and dosage. The
present study trial batched and shot wet-mix shotcrete with
macrosynthetic fibers and steel fibers separately. Factors
including fiber dosage, type, and distribution were found to
affect pumpability. High fiber dosage requires more paste to
coat the fiber surface and therefore requires higher slump and
workability for pumping. This can be achieved by increasing
the dosage of HRWRA slightly to reach the desired slump
for pumping. The number of fibers added into the wet-mix
shotcrete also affects pumpability. When added at the same
volume percent into wet-mix shotcrete, macrosynthetic
fibers, with a density of 920 kg/m?, will result in a much
higher number of fibers compared to steel fiber with a
density of 7800 kg/m>. A higher number of fibers requires
more paste content to coat the fiber and therefore requires
slightly higher slump to facilitate pumping. Distribution of
fibers is of great importance to pumping during wet-mix
shotcrete application. Fibers require a proper batching and
addition sequence and a robust mixing process for fibers to
be distributed into the shotcrete materials properly. This is
controlled by the batching, mixing, discharge, and transport
processes, all of which require proper quality control.

When Type GUL cement is added, pumpability is gener-
ally not impacted significantly other than for the finer particle
sizes of cement. However, wet-mix shotcrete generally has a
sand ratio—that is, percent sand of the total aggregates—of
65 to 75%, compared to that of cast-in-place concrete of 40
to 50%, and therefore has a higher fine aggregate content.
It should be noted that with a Blaine fineness of 450 to
500 m*kg for Type GUL cement, adding larger particles
such as fly ash or slag can be beneficial to fill the gap of size
distribution between the fine aggregate and the Type GUL
cement powder.

Early-age compressive strength development
Early-age compressive strength is one of the most
important performance requirements for shotcrete used in
ground support in tunnels and mines.*”'*!5 Early age, when
used in ground support for underground construction, refers
to 1 to 24 hours after accelerator is added at the nozzle
into the shotcrete.*!> Generally, an early-age compressive
strength of minimum 1.0 to 2.0 MPa is required for the
applied shotcrete to facilitate construction activities.*!> For
wet-mix shotcrete, AFA is commonly added at the nozzle
at dosages required to achieve suitable early-age compres-
sive strength development. AFA was developed in the late
1990s and early 2000s. AFA contains primarily aluminum
sulfate and is non-alkaline, with a pH value of 2 to 4. Since
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Fig. 1—Early-age compressive strength development for macrosynthetic fiber-reinforced wet-mix shotcrete.
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Fig. 2—Early-age compressive strength development for steel fiber-reinforced wet-mix shotcrete.

AFA was introduced into North America, it has been found
that it generally takes an AFA dosage of approximately 6%
by mass of cement to reach the required strength in 1 to
3 hours.® Variations in the early-age compressive strength
development are dependent on the shotcrete mixture design,
including the type of cement and chemical admixtures used,
accelerator brand and performance, shotcrete temperature,
ambient temperatures, proper handling and dispensing of
accelerator, and shooting skills of the shotcreter.®%!1

When Type GUL cement is used to replace Type GU
cement, the early-age compressive strength develop-
ment is affected. During recent projects, the authors tested
early-age compressive strength with a needle penetrometer
and end-beam tester. Figures 1 and 2 show typical early-age
compressive strength development with AFA dosage when
plotted against the J1-J2-J3 curve template developed by the
Austrian Concrete Society.'> J2 is generally regarded as the
minimum performance requirement for shotcrete early-age
compressive strength development for most ground support
projects. For some ground conditions, including soft ground,
a modified J2 is specified to allow a slightly higher early-age
compressive strength to provide sufficient ground support.

Figure 1 shows the early-age compressive strength
development of a wet-mix shotcrete with macrosynthetic
fiber. The early-age compressive strength with 5.6% accel-
erator appeared not to meet the J2 requirement. At a dosage
of 7.0% AFA, the early-age compressive strength margin-
ally exceeded the J2 requirement. The early-age compres-
sive strength increases with increasing accelerator dosages
of 7.9% and 8.3%. This shows that a minimum of 7.0% AFA
is needed to achieve the J2 requirement for the early-age
compressive strength development.

Figure 2 shows the early-age compressive strength
development of wet-mix shotcrete with steel fiber. The
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early-age compressive strength with 8.0% accelerator
appeared to exceed the J2 requirement with a good margin
of safety. These are very positive results for using Type GUL
cement in wet-mix shotcrete for underground structures.
The tunneling schedule is largely dependent on how fast the
ground can be stabilized after wet-mix shotcrete is applied.
The J2 curve is accepted in the tunneling industry as the most
widely accepted criteria for early-age compressive strength
development. With 8% AFA, which is higher than approxi-
mately 6% for wet-mix with Type GU cement,’ the early-age
compressive strength, which follows the J2 curve, develops
fast and can sufficiently provide the required ground support
for most ground conditions.

Early-age compressive strength development, shown in
both Fig. 1 and 2, increases at a similar slope as the J2 curve
for up to 3 to 4 hours, and then increases at a much faster rate
than the J2 curve after 6 hours, and actually meets/exceeds
the J3 curve. This shows that the compressive strength
develops faster after 4 to 6 hours. The early-age strength
development for steel fiber-reinforced wet-mix shotcrete
and the macrosynthetic fiber-reinforced wet-mix shotcrete
are similar.

In summary, the trial batch shooting and testing results for
both macrosynthetic fiber and steel-fiber mixtures showed
that the wet-mix shotcrete with Type GUL cement can meet
the J2 curve requirement with dosages of 7.0% AFA by mass
of cement. This appears to be slightly higher than the 6.0%
AFA commonly used in wet-mix shotcrete made with Type
GU cement.®*!! The increased dosage of AFA was likely
due to the reduced reactivity of Type GUL cement with 15%
limestone and the increased fineness of the Type GUL cement
particles, which requires more liquid to coat to initiate the
cement hydration process in the first several hours.
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Fig. 4—Compressive strength development for steel fiber-reinforced wet-mix shotcrete.

Compressive strength development

Compressive strength for wet-mix shotcrete is normally
specified at 3, 7, and 28 days. Shotcrete test panels were
produced and cured for 2 days. Cores were extracted from
the test panels and delivered to the testing laboratory, where
they were stored at standard laboratory curing conditions
with 100% moisture and 23 + 2°C temperature. Compres-
sive strength testing for shotcrete cores is specified in
ASTM C1604/C1604M-05(2019).1¢

Compressive strength development for wet-mix shotcrete
is dependent on factors such as w/cm, cementitious materials
type and content, as-shot air content, age of testing, consol-
idation of shotcrete, curing and handling of test panels, and
most importantly, the dosage of AFA.°

Figure 3 shows that compressive strength for macrosyn-
thetic fiber-reinforced wet-mix shotcrete increases with age
but reduces with dosages of AFA. Compressive strength
increases with age from 1 day to 7 and 28 days. At each
age, compressive strength decreases with increasing dosages
of AFA. Without accelerator—that is, in a cast shotcrete
mixture—compressive strength can reach 47 MPa at
28 days, but will reduce to 36 MPa with an AFA of 8.3%
by mass of cement. This is an approximately 23% reduc-
tion in compressive strength at 28 days for wet-mix shot-
crete without AFA compared to wet-mix shotcrete with up
to 8.3% accelerator. It should be noted that the cast shotcrete
has an as-batched air content of 6.6%, while the shot shot-
crete has an as-shot air content of 4.3%. The reduction in
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the air content generally increases the compressive strength.
Therefore, the increase in the compressive strength due to air
content reduction is offset by the addition of the accelerator.

Figure 4 shows the compressive strength development
for steel fiber-reinforced wet-mix shotcrete at 7, 28, 56, and
91 days. The compressive strength reached 41 MPa for cast
shotcrete without AFA. With 4% AFA, the 28-day compres-
sive strength is close to 43 MPa. Compressive strength results
for both cast shotcrete and shotcrete with 4% AFA are close
at ages of 56 and 91 days. The as-batched air content was
8.6% and the as-shot air content was 4.9%. Typically, reduc-
tion in air content during shooting increases the compressive
strength,'* and this results in higher compressive strength
for the shot wet-mix shotcrete mixture than that for the cast
wet-mix shotcrete mixture. When the AFA is added into the
wet-mix shotcrete through the shooting process, compres-
sive strength will reduce with increasing AFA dosages at
91 days, as shown in Fig. 4. Compressive strength reduces
by 2 to 3 MPa for wet-mix shotcrete with 4% AFA compared
to that with 6% AFA, and reduces by another 2 to 3 MPa
compared to that with 8% AFA. It is noted that shotcrete
with 4% AFA has a higher compressive strength than cast
shotcrete at 28 days, but similar compressive strength at
both 56 and 91 days. The variation in compressive strength
may be caused by testing variations, including compressive
strength results from different core samples, as observed for
wet-mix shotcrete with Type GU cement.!’
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Figure 4 shows that the compressive strength increases
significantly from 7 to 28 days, but much less from 28 to
56 days, and just slightly increases from 56 to 91 days. This
shows that although compressive strength results at 91 days
are expected to be higher than those at 28 days, the increase
is minimal. Therefore, regardless of the contribution of the
later-age compressive strength by the Type GUL cement,
28-day compressive strength should be specified for the
wet-mix shotcrete with AFA.

Figure 4 also shows that compressive strength reduces
with increasing AFA dosages up to 8.0%.

Reduction in compressive strength with increasing AFA
dosage is commonly seen in Type GU wet-mix shotcrete
with AFA. The authors tested Type GU wet-mix shotcrete
with various AFAs and observed a 25 to 35% reduction in
compressive strength from 0 to 8% AFA.*!1:141617 The addi-
tion of AFA on compressive strength for wet-mix shotcrete
with Type GUL cement is observed to reduce the compres-
sive strength of wet-mix shotcrete with Type GU cement. It
should be noted that reductions in compressive strength in
the present research are approximately 23% for nonaccel-
erator compared to that with 8.3% accelerator for wet-mix
with macrosynthetic fiber, and approximately 2 to 3 MPa for

Fig. 5—Fiber-reinforced wet-mix shotcrete notched beam
tested according to EN 14651.

wet-mix shotcrete with steel fiber with AFA dosages from 4
to 6% and to 8%. This is not as significant as those reported
for wet-mix shotcrete with Type GU cement. However, this
needs to be further studied to establish the general trend of
impact on compressive strength with increasing dosages of
AFA for wet-mix shotcrete with Type GUL cement.

Fiber-reinforced wet-mix shotcrete

Nowadays, macrofibers, including the most commonly
used macrosynthetic fiber and steel fibers, are added into
the wet-mix shotcrete for ground support. Fiber-reinforced
wet-mix shotcrete, when used with rock bolts, has become
the predominant method of ground support in tunnels and
mines across the United States and Canada.®®!! When
added into shotcrete, fibers contribute to crack resistance
after shotcrete cracks—that is, they minimize cracks from
widening by fiber deformation and elongation, fiber pullout,
and fiber fracture. Due to the addition of fibers, shotcrete
is able to bear the load after shotcrete cracks and absorb
energy as cracks propagate. The performance of fiber-
reinforced wet-mix is characterized by the energy absorbed,
also called flexural toughness or residual tensile strength
during the post-crack period.

Residual tensile strength development

Residual tensile strength testing according to the EN
14651:2005'® and EN 14488-3:2023 standards' is gradually
being used more frequently in the civil tunnel industry in
the United States and Canada.® The residual tensile strength
test is conducted for beams with dimensions of 150 x 150 x
550 mm. A notch, at a depth of 25 mm, is cut in the center
of the tension face of the beam, as indicated in Fig. 5. The
beam is therefore precracked and then loaded in three-point
bending. The deformation of the beam is recorded as the
opening of the crack at the bottom notch—that is, crack
mouth opening displacement (CMOD). The test sample is
loaded with a closed-loop testing machine, and the load-
versus-CMOD curve is recorded during the test (Fig. 6).

Wet-mix shotcrete with macrosynthetic and steel fibers
was shot and tested. Residual tensile strength tests were
conducted according to EN 14651—the notched-beam test
method. Figure 7 shows the residual tensile strength results
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Fig. 6—Load versus CMOD for fiber-reinforced wet-mix shotcrete notched beam tested according to EN 14651.
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Fig. 8—Load versus CMOD for steel fiber-reinforced wet-mix shotcrete notched beam tested according to EN 14651.

for macrosynthetic fiber-reinforced wet-mix shotcrete, and
Fig. 8 shows the residual tensile strength results for steel
fiber-reinforced wet-mix shotcrete.

Figure 7 shows the results of residual tensile strength for
macrosynthetic fiber at a dosage of 8 kg/m*® with an AFA
dosage of 7.9% and 6 kg/m® macrosynthetic fiber dosage
with an AFA dosage of 8.3% and 7.0%, respectively. Results
of the limit of proportionality (LOP)—that is, the peak
tensile strength at CMOD < 0.05 mm—and residual tensile
strength at CMOD of 0.5, 1.5, 2.5, and 3.5 mm are plotted in
Fig. 7. Each data point is the average of nine beams tested at
28 days. Therefore, these results are statistically representa-
tive of a large sample population.

Figure 7 shows that wet-mix shotcrete with a higher
macrosynthetic fiber dosage of 8.0 kg/m® resulted in higher
residual tensile strength, including 2.5 MPa at CMOD of
3.5 mm, while it exhibited lower residual tensile strength of
approximately 1.8 MPa with a macrosynthetic fiber dosage
of 6.0 kg/m?®. The ratio of residual tensile strength versus
dosage of fiber is approximately 0.3 for the wet-mix shot-
crete for both fiber dosages. The most commonly speci-
fied residual tensile strength value for ground support is
approximately 2.0 to 2.4 MPa at CMOD of 3.5 mm. There-
fore, a macrosynthetic fiber dosage of 8 kg/m? is generally
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recommended for wet-mix shotcrete with AFA for ground
support purposes. This has been consistently observed by
the authors in several hundred beam residual tensile strength
tests on wet-mix shotcrete with several high-performance
macrosynthetic fibers in major tunnel projects across the
United States and Canada.’

Figure 7 also shows that wet-mix shotcrete with a fiber
content of 6.0 kg/m3 but with two dosages of AFA exhibited
close performance of residual tensile strength. This shows
that although dosages of AFA affect the early-age compres-
sive strength and compressive strength at 7 and 28 days, it
has a minimal impact on residual tensile strength.

Wet-mix shotcrete with macrosynthetic fibers tends to
have a lower load-bearing capacity at lower CMOD, such as
0.5 to 1.0 mm, but then increases at larger CMOD of up to
3.5 mm. This shows that macrosynthetic fibers tend to bear
higher loads at larger CMOD—that is, larger deformations.
This makes the macrosynthetic fiber beneficial for higher
deformations related to larger ground movement.

Steel fibers were shot and tested at dosages of 40, 50, and
60 kg/m> and an AFA dosage of 8.0%. Results of LOP (the
peak tensile strength at CMOD < 0.05 mm) and residual
tensile strength at CMOD of 0.5, 1.5, 2.5, and 3.5 mm are
plotted in Fig. 9. Each data point is the average of nine beams
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Fig. 9—Residual tensile strength test for steel fiber-reinforced wet-mix shotcrete.
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Fig. 10—Shooting and production of RDP (left); testing (middle),; and failure pattern (right).

tested at age 28 days. Therefore, these results are statistically
representative of a large sample population.

A typical load-versus-CMOD curve is plotted in Fig. 8.
It shows that the load-bearing capacity decreases slightly
after the LOP, but increases at low CMOD, such as less than
0.5 mm. The load-bearing capacity then increases to the peak
value at a larger CMOD, such as at approximately 1.0 mm,
as shown in Fig. 8. This peak load value is higher than the
load of LOP. This is also called a strain-hardening effect—
that is, the post-peak load-bearing capacity (residual tensile
strength) exceeds the load when the beam first cracks (LOP).
This strain-hardening behavior in fiber-reinforced wet-mix
shotcrete is very beneficial for ground support as it provides
confidence for using fiber-reinforced wet-mix shotcrete to
provide sufficient ground support even when shotcrete cracks
occur. The strain-hardening behavior occurs with high-per-
formance steel fibers. It is dependent on fiber dosages,
strength, types, and bond with the shotcrete. It is also related
to the shotcrete mixture design and process, including equip-
ment, and most importantly, the shotcreter’s shooting skill.®

Figure 9 shows the results of LOP and residual tensile
strength for wet-mix shotcrete with steel fibers at dosages
of 40, 50, and 60 kg/m>. It clearly shows that the residual
tensile strength increases with increasing fiber dosages.
Figure 9 also shows that the load-bearing capacity at first
crack (LOP) increases with increasing fiber dosages from 40
to 50 and 60 kg/m?>.

Figure 9 shows that wet-mix shotcrete with steel fiber
at dosages of 50 and 60 kg/m? exhibits strain-hardening
behavior—the post-crack residual tensile strength is higher
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than the tensile strength at first crack (LOP). Wet-mix shot-
crete with steel fiber at a dosage of 40 kg/m?, however, does
not have a significant strain-hardening behavior.

Wet-mix shotcrete with steel fibers tends to have higher
load-bearing capacity (residual tensile strength) at lower
deformations (small CMOD). The residual tensile strength
increases to a peak value with increasing CMOD of 1 mm,
and then decreases at larger CMOD of up to 3.5 mm. This
shows that steel fiber is beneficial for lower deformations—
that is, small ground movement.

The residual tensile strength behavior of wet-mix shotcrete
using Type GUL cement is consistent with observations of
wet-mix shotcrete with Type GU cement. Characteristics
of wet-mix shotcrete with both steel fibers and macrosyn-
thetic fibers are consistent with what has been observed by
the authors. 1!

Flexural toughness development with round
determinate panels according to ASTM C1550

Flexural toughness performance of fiber-reinforced shot-
crete can also be evaluated by conducting the RDP test
according to ASTM C1550-20.2° A round panel with a
diameter of 800 mm and thickness of 75 mm was centrally
loaded on the top and supported with three rotary supports
120 degrees apart (Fig. 10). Deflection was measured with
a linear variable displacement transducer (LVDT). Provided
the fibers are distributed uniformly across the panel, there
will be three radius cracks between each support point.

The energy absorption is defined as the area underneath
the load-versus-deflection curve, as shown in Fig. 11 and 12.
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Fig. 11—Load-versus-deflection curve for steel fiber-
reinforced wet-mix shotcrete.

30 550
Energy

450

20 —= 350
255 / 250
150

45\// \50
[ —

Energy [J]

0 10 20 30 40
Central Deflection (mm)

Fig. 12—Load-versus-deflection curve for macrosynthetic
fiber-reinforced wet-mix shotcrete.

Table 3—Summary and comparison of flexural toughness of steel-fiber and macrosynthetic fiber-

reinforced wet-mix shotcrete

Steel-fiber shotcrete At center point deflection of
35 kg/m? Peak load 7 mm 10 mm 20 mm 30 mm 40 mm
Corrected load, kKN 22.0 15.8 13.0 7.5 4.8 34
Load versus first peak load 100% 72% 59% 34% 22% 16%
Corrected energy, J 7.11 123 166 266 327 370
Macrosynthetic fiber At center point deflection of
6 kg/m? Peak load 7 mm 10 mm 20 mm 30 mm 40 mm
Corrected load, kKN 19.9 11.2 11.4 9.6 7.7 6.2
Load versus first peak load 100% 56% 57% 48% 39% 31%
Corrected energy, J 3.76 69 103 209 295 365

Figure 11 shows the load-versus-deflection curve for steel
fiber-reinforced wet-mix shotcrete with Type GUL cement.
It shows that the load reached a peak of approximately
22.7 kN at <1.0 mm deflection and this is where crack initia-
tion started to propagate. At lower deflections of up to 3 mm,
the load reduced to 18 to 19 kN and is 79 to 84% of the peak
load. It then gradually decreased with increasing deflection.
The load reduced to approximately 3.4 kN at a deflection of
40 mm.

Figure 12 shows the load-versus-deflection curve for
macrosynthetic fiber-reinforced shotcrete. It shows that the
load reached a peak of 18.9 kN at a deflection of <1.0 mm
and immediately dropped to approximately 8 kN at a deflec-
tion of 1.5 mm. Then load then started to ascend to 11 kN ata
deflection of 8 to 10 mm, and then reduced, at a much slower
rate, to approximately 6.2 kN at a deflection of 40 mm.

Table 3 summarizes the peak load, residual load, and flex-
ural toughness at various deflections. Both steel and macrosyn-
thetic fiber-reinforced wet-mix shotcrete achieved similar
flexural toughness (approximately 370 J) at a deflection of
40 mm. However, RDP with steel-fiber wet-mix shotcrete
tends to retain a higher percentage of load-bearing capacity
at smaller deflections—of <5.0 mm—while macrosynthetic
fiber has a much lower load-bearing capacity at the same range
of deflection, as detailed in Fig. 11 and 12. At larger deflec-
tions, such as 30 and 40 mm, the load-bearing capacity of steel
fiber-reinforced wet-mix shotcrete is approximately 22% and
16% of the peak load, while it is approximately 39% and 31%
for macrosynthetic fiber-reinforced wet-mix shotcrete. This
indicates that the macrosynthetic fiber is able to withstand a
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higher load-bearing capacity at much larger deflections, such
as 30 to 40 mm deflection, and this makes the macrosynthetic
fiber-reinforced wet-mix shotcrete a good material for large
ground movement, or deformation or convergence often
called for in the mining industry. Steel fiber, on the other
hand, is found to be able to withstand a higher load-bearing
capacity at smaller deflections, and this makes steel fiber-
reinforced wet-mix shotcrete a good material for smaller
ground movement criteria, such as in the civil tunnel industry.
All of these mechanical behaviors discussed herein are found
to be consistent with that generally observed and reported in
the industry with fiber-reinforced wet-mix shotcrete using
Type GU cement.®*!! Using Type GUL cement as a replace-
ment for Type GU cement is not expected to significantly
change mechanical behavior for fiber-reinforced shotcretes.

FUTURE RESEARCH

The reactivity of AFA with Type GUL cement needs
further study and investigation—in particular, Type GUL
cement from different suppliers with different limestone
content (less than 15%) and therefore different chemical
components is worth studying.

The compressive strength reduction of wet-mix shotcrete
Type GUL cement with increasing dosages of AFA needs
to be further studied. The general trend of the reduction
needs to be studied and established to provide a guideline
for designers to refer to.

The strength of concrete and shotcrete with Type GUL
cement still remains a challenge, as limestone hydration
leads to excessive Ca(OH),, which remains a weaker link,
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and concrete will behave poorly if exposed to fire and
high-temperature hazards. This aspect was not studied and
will be studied in the future.

In addition, the addition of mineral pozzolans has been
discussed and found to have a positive impact on workability
and compressive strength development in concrete, but their
effects are not known in wet-mix shotcrete. This will also be
considered for future research.

CONCLUSIONS

With proper mixture design, wet-mix shotcrete with
Type GUL cement can be pumped properly. Slightly higher
slump is required when silica fume and fibers are added.

When used in wet-mix shotcrete, Type GUL cement
requires a slightly higher dosage of alkali-free accelerator
(AFA) compared to that with Type GU cement to achieve the
desired early-age compressive strength for ground support—
that is, meeting the Austrian Concrete Society J2 curve.

Compressive strength for wet-mix shotcrete with
Type GUL cement generally reduces with increasing AFA
dosages, except that the wet-mix shotcrete mixture with
4% AFA has slightly higher strength than the cast shotcrete
mixture with 0% AFA at both 28 and 56 days. The reduction in
compressive strength in wet-mix shotcrete using Type GUL
cement appears not to be as significant as the reduction with
wet-mix shotcrete using Type GU cement. Further studies
need to be conducted to establish the general trend of impact
on compressive strength with increasing dosages of AFA for
wet-mix shotcrete with Type GUL cement.

Wet-mix shotcrete with Type GUL cement exhibited
similar behavior to shotcrete made with Type GU cement
for residual tensile strength development with the notched-
beam test and flexural toughness with the round determinate
panel (RDP) test for both steel and macrosynthetic fibers.

In summary, Type GUL cement is rapidly becoming the
most widely used cement in wet-mix shotcrete for ground
support in North America. Wet-mix shotcrete with Type GUL
cement appears to require increased dosages of AFA to develop
the proper early-age compressive strength. Wet-mix shotcrete
with Type GUL cement appears to develop compressive and
residual tensile strengths similar to those reported for wet-mix
shotcrete made with Type GU cement.'"'4!7 As more and
more project experience becomes available, Type GUL
cement will become the most commonly used cement in
wet-mix shotcrete projects in North America. More testing
results from future research as well as industrial projects will
provide further details on the performance of wet-mix shot-
crete with Type GUL cement.
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Mitigating Chloride-lon Ingress in Cement Composite

Using Nanosilica

by Fulin Qu, Hanbing Zhao, Qiao Wang, Kejin Wang, and Wengui Li

Building resilient infrastructure in chloride-rich environments
presents significant challenges. This study examines the impact
of nanosilica (NS) and ground-granulated blast-furnace slag
(GGBEFS) on chloride ingress in cement composites exposed to
seawater, NaCl solution, and a combined NaCIl-Na,SO, solution.
Analysis using microcharacterization, backscattered electron
energy-dispersive spectroscopy (BSE-EDS) hypermaps, and ther-
modynamic modeling reveals that GGBFS enhances chloride
binding by forming Friedels salt (FSS) across all environments,
effectively immobilizing chloride ions. NS further refines the
cement matrix by densifying the calcium-silicate-hydrate (C-S-H)
structure and generating additional C-S-H gels, improving phys-
ical chloride binding. This combined effect reduces porosity and
strengthens resistance to chloride diffusion. Sulfate ions signifi-
cantly influence hydration products and chloride binding, with
excessive sulfate-reducing FSS formation, thereby weakening
chloride resistance. Sulfate may also convert FSS into monosul-
fate (AFm) and ettringite (AFt), altering chloride immobilization.
Cement composites containing both GGBFS and NS demonstrated
superior resistance to chloride and sulfate exposure, as confirmed
by thermodynamic modeling. These findings provide insights into
sulfate-chloride interactions and offer guidance for developing
durable cementitious materials in aggressive environments.

Keywords: chloride ingress; durability; nanosilica (NS); pozzolanic
activity; quantified hypermaps; sulfate-chloride dynamics.

INTRODUCTION

Cementitious composites are essential for marine infra-
structure, including ports, offshore platforms, and coastal
defenses, due to their adaptability and cost-efficiency.!*
However, their vulnerability to chloride-induced degrada-
tion threatens long-term durability and structural integrity.>®
Chloride ingress occurs through multiple pathways, such as
deicing salts, seawater exposure, and the use of chloride-
contaminated aggregates or mixing water.”” This infiltration
compromises the passive film protecting steel reinforce-
ments, accelerating corrosion.

In cementitious matrixes, chloride ions exist in two
forms: free and bound.'®!! Free chlorides move freely
through the matrix, posing a corrosion risk to steel rein-
forcement. In contrast, bound chlorides are immobilized
within calcium chloroaluminate hydrates such as Friedel’s
salt (FSS) or Kuzel’s salt, or adsorbed into calcium-silicate-
hydrate (C-S-H) phases, preventing further penetration.!?!?
Converting free chlorides to a bound state significantly
reduces their corrosive potential, protecting embedded steel
from corrosion.!*!> Factors influencing chloride binding
include the presence of C;A in the cement matrix and the
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use of supplementary cementitious materials (SCMs) or
nanomaterials.'®1°

Replacing ordinary portland cement (OPC) with
ground-granulated blast-furnace slag (GGBFS), a common
SCM, enhances chloride binding and improves resistance
to chloride ingress.?’?? Otieno et al.”* found that GGBFS
particle fineness and chemical composition significantly
affect its chloride resistance. In related studies, Ogirigbo
et al.?*?% further demonstrated that elevated temperatures
improve chloride binding in GGBFS-blended cements due
to increased hydration. This improved resistance is largely
attributed to GGBFS’s higher alumina content, which
promotes FSS formation.?” GGBFS-blended cements also
exhibit increased C-S-H formation, which binds approx-
imately two-thirds of the chloride ions. However, GGBFS
composition varies between manufacturing plants, compli-
cating efforts to establish a clear correlation between its
chemical makeup and chloride resistance.?®

Nanosilica (NS), known for its strong pozzolanic
reactivity, can enhance the chloride resistance of SCM-
augmented cement composites.?*** Liu et al3! reported
that adding 0.5 wt. % colloidal NS to fly ash-based cement
composites improved chloride binding by promoting hydrated
gel formation. However, research into the impact of NS on
the chloride ingress resistance of GGBFS-based cement
composites remains limited. Sulfate ions can also affect the
stability of bound chlorides, sometimes exacerbate chloride
ingress, and increase corrosion risks. Recent research indi-
cates that sulfate interactions with composite components
can alter hydration products, potentially worsening chloride
penetration.’> This study investigates the combined effects
of GGBFS, NS, and sulfates, focusing on their roles in
enhancing the microstructural integrity and density of hydra-
tion products to reduce chloride ingress. The study evalu-
ates GGBFS and NS’s ability to mitigate sulfate-induced
deterioration and improve chloride immobilization, thereby
reducing corrosion risks for reinforcing steel.

Therefore, this study employs various analytical tech-
niques to examine interactions within the system. Powdered
samples were first dried under controlled conditions,
followed by tests to assess chloride-binding properties and
phase assemblages. Using microstructural analysis and
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Table 1—LOI and chemical compositions of OPC and GGBFS, %

Material SiO, Al,O4 Fe,04 CaO MgO K,O Na,O P,0; SO, Others LOI
GGBFS 35.3 15.4 0.31 38.3 6.19 0.85 0.00 0.00 2.37 1.28 1.64
OPC 18.99 4.79 3.10 65.72 1.38 0.79 0.17 0.08 453 0.45 2.35

Table 2—Mineral composition of OPC determined
by XRD-Rietveld

Minerals %
CsS 55.7
C,S 15.4
C5A 5.7

C4AF 10.9

characterizations, this investigation explores how GGBFS,
NS, and sulfate interactions influence material stability,
aiming to improve resistance to environmental challenges.
The findings are expected to support the development of
durable cementitious composites for chloride-rich marine
environments, advancing civil and coastal engineering
practices.

RESEARCH SIGNIFICANCE

This study presents a targeted approach to enhancing
the durability of cementitious composites in chloride- and
sulfate-rich environments by incorporating NS and GGBFS.
The combined use of these supplementary materials
promotes the formation of additional C-S-H, reduces capil-
lary porosity, and enhances chemical binding with chloride
ions. This synergistic effect not only limits chloride trans-
port but also increases resistance to chemical deterioration.
Furthermore, the interaction between sulfate ions and hydra-
tion products is evaluated to better understand the compet-
itive binding mechanisms affecting long-term performance.
The findings provide new insights into the chloride-binding
behavior of blended systems and support the design of more
durable cementitious materials for use in marine and sulfate-
laden environments.

EXPERIMENTAL PROGRAM

Raw materials

This study used CEM 1 42.5N OPC, GGBFS, and
laboratory-grade powdered NS. The Blaine fineness values
for OPC and GGBFS were 347 and 418 m?/kg, with specific
gravities of 3.15 and 2.92, respectively. NS, with a mean
particle size of 20 nm, contained 99% SiO,. The loss on igni-
tion (LOI) and chemical compositions of OPC and GGBFS
were determined using X-ray fluorescence (XRF), as shown
in Table 1. The mineral composition of OPC was analyzed
using X-ray diffraction (XRD)-Rietveld analysis (Table 2).
Chloride solutions were prepared using laboratory-grade
NaCl and Na,SO, salts.

Mixture proportions and cement mortar
preparation

Table 3 presents the cementitious mortar mixture compo-
sitions used in this study. Three formulations were prepared:
PC (100 wt. % OPC), PCG (30 wt. % OPC replaced with
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GGBFS), and PCGN (30 wt. % GGBFS and 1.0 wt. %
NS). Both GGBFS and NS partially replaced cement. All
mixtures maintained a water-binder ratio (w/b) of 0.5 and a
binder-sand ratio (B/S) of 1:2 to ensure consistency.

All binder and sand components were mixed using a high-
shear mixer.** The dry materials were blended at 500 rpm
for 2 minutes to achieve uniformity. Deionized water or
NS-infused deionized water (sonicated for 2 hours at 20 kHz
and 600 W) was then added. Mixing continued at 500 rpm
for 3 minutes, followed by a 2-minute pause, then an addi-
tional 2 minutes at 2000 rpm to ensure a homogeneous paste.
The mixture was cast into sealed cylindrical molds (50 mm
diameter x 100 mm height) and cured in a standard chamber
for 24 days.

Exposure conditions and sample preparation

Figure 1(a) illustrates the exposure methodology used in
this study. After 24 days of standard conditioning, the cement
specimens were demolded and dried at 40°C for 2 hours
to remove residual moisture. Selected surfaces were then
coated twice with epoxy to block moisture and ion penetra-
tion. Two days later, the specimens were resized to 50 mm in
diameter and 80 mm in height to minimize property changes
caused by atmospheric carbon dioxide exposure.>> The
processed specimens were submerged in deionized water
for 48 hours to fully saturate their internal pore structure,
simulating natural moisture exposure. After saturation, they
were placed with the freshly cut surface facing downward
and immersed in aggressive environments: natural seawater,
a 5% saline solution, and a mixed solution of 5% sodium
chloride and 5% sodium sulfate, maintained at 38°C.3>* A
minimal gap between the specimen surface and the liquid
ensured realistic chloride-exposure conditions. To main-
tain stable conditions, immersion solutions were replaced
monthly throughout the 2-year study.3

After 2 years of immersion, the specimens were retrieved
for analysis. The epoxy resin applied during immersion
was carefully removed to prevent interference with subse-
quent tests. Specimens were then milled and drilled layer by
layer using a milling and drilling machine (Fig. 2) to extract
powder samples from various depths, assessing corrosion
effects and penetration depth. Samples were collected at 0 to
3,3t06,6t09,9t0 12, 12 to 15, 15 to 20, and 20 to 25 mm
intervals. Each sample was assigned a project number for
organized analysis (Table 4) and categorized based on expo-
sure conditions: “SW” (seawater), “NC” (NaCl solution),
and “NCS” (NaCl + Na,SO, solution).

Methodologies

As shown in Fig. 1(b), powdered samples were dried in
a vacuum oven at 40°C for 48 hours to remove residual
moisture, ensuring optimal conditions for analysis. After
drying, samples were divided for further testing. Some were
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Table 3—Mixture proportions for cementitious composites, g

Group OPC GGBFS NS Deionized water wib
PC 1000 — — 500 0.5
PCG 700 300 (30%) — 500 0.5
PCGN 686 297 (30%) 10 (1%) 500 0.5
(a) 24 days 2 days Samples 2 days 2-year
a Ided ti epoxy ing top cutting Sawing in DI water 38 °C climate chamber
C
E !
£ 20 mm Top surface feo
= cutting immersed into salt solutions i i3
g i3
50 Holder - 4
DI water Seawater NaCl NaCl+NazS04
Sealed by plastic wrap and tape
Samples Samples Powder
(b) 2-year exp % ing r o (less than 80pum) Dried Powder Leaching Filtration Pipetting
2
= 105°C 24h 8 =
epoxy coating £ ; % 40 °C 70 wt.% 80°C - ; ICP-MS
removed S| 48h HNOs 2h - { PT
€
£
w0
o~
’—~ MIP
TGA
i =\ Carbon XRD
l‘ — coating BSEM-EDX FTIR
— NMR
Thi 1! F
coating removed extracted epoxy resin

Fig. I—Experimental methods for: (a) exposure conditions; and (b) sample preparations.

Diamond holesaw
B\

Fig. 2—Sample milling along with depth.

analyzed using inductively coupled plasma mass spectrom-
etry (ICP-MS) for its sensitivity in detecting trace metals
and other elements. Potentiometric titration (PT) was used
to measure chloride concentrations, providing insights
into chemical interactions. The remaining samples were
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SPINDLE SPEEDS (r/min)
1-L [I-M[1-H] ["
50Hz | 95 | 170 | 280
60Hz | 120 | 210 [ 340
~[I-L[I-M[I-H]|
[50Hz [ 540 [ 960 [ 1600]
[60Hz [ 670 [1180]1970]

ce
®

CAUTION:

Change speeds with
the machine stopped.

analyzed using thermogravimetric analysis (TGA), XRD,
Fourier-transform infrared spectroscopy (FTIR), and nuclear
magnetic resonance (NMR). TGA assessed thermal stability
and compositional changes, XRD identified crystalline
structures and phase transitions, FTIR examined chemical

115



Table 4—Types of samples exposed to different chloride solutions

Depth, mm
Types 0to3 3to6 6t09 9to 12 12to 15 151020 20to 25
X-i-1 o} — — — — — —
X-i-2 — 0 — — — — —
X-i-3 — — o} — — — —
X-i-4 — — — 0 — — —
X-i-5 — — — — o) — —
X-i-6 — — — — — 0 —
X-i-7 — — — — — — o)
Note: X is PC, PCG, and PCGN, representing different mixtures; i is S, NC, and NCS, representing different salt solutions.
bonds and functional groups, and NMR investigated molec- W= LRI? (1)
ular structures. Together, these techniques provided a N < R IIR>
comprehensive understanding of the samples’ compositions '
and properties. Wi+ Wyt Wyt +W=1 @)

Moreover, samples near the erosion surface, particularly
those from the NCS environment, were analyzed using
backscattered electron energy-dispersive spectroscopy
(BSE-EDS) hypermaps to map elemental distributions and
assess the penetration of corrosive agents. Thermodynamic
modeling with GEM-Selektor 3 (GEM3) based on Gibbs
energy minimization further supported the analysis. This
combined approach provided valuable insights into the
effects of corrosive environments on cementitious materials.

Chloride content and pore solutions determination—To
assess chloride penetration and ion distribution, approxi-
mately 10 g of dried powder samples (dried at 105°C for
24 hours) were dissolved in 100 mL of acidified deionized
water containing 70 wt. % HNO;. The mixture was rotated
for 2 hours to ensure complete dissolution, then heated to
80°C for 2 hours before cooling to room temperature. A
20 mL portion of the solution was agitated for 2 hours and
filtered through a 4 pm cellulose filter.3” The filtered solution
was analyzed for chloride content using PT, while ICP-MS
was used to determine aluminum, calcium, and other element
concentrations. Chloride and element concentrations were
recalculated relative to the samples’ dry mass.®

Phase assemblage analysis—Dried powder samples,
heated at 105°C for 24 hours, were analyzed for phase assem-
blages using TGA and XRD. Approximately 10 mg of each
sample was placed in a corundum crucible and heated from
40 to 1000°C under a nitrogen atmosphere to obtain thermo-
gravimetry (TG) and differential thermogravimetry (DTG)
data. XRD analysis, performed with a 26 scanning range of
5 to 70 degrees and a step size of 0.02 degrees, provided
detailed insights into compositional changes and mineralog-
ical development in the GGBFS-NS cement composites.

In this study, semi-quantitative XRD analysis using the
reference intensity ratio (RIR) method was employed to
estimate the approximate quantities of FSS and calcium
hydroxide (CH) within the powdered samples.’**® This
method facilitates the calculation of the relative mass
proportions of various minerals, specifically FSS and CH,
present in the samples. The calculations are performed using
the equations provided as follows
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where W; is the relative mass of mineral i; RIR; is the RIR
for mineral 7; J; is the integral intensity of the highest peak of
mineral 7; and N is the total number of minerals present in the
sample. This methodology allows for a structured approach
to quantifying the distribution of minerals within the cemen-
titious matrix, aiding in the comprehensive analysis of the
sample’s phase composition.

The quantity of CH can be quantitatively determined
using DTG. The quantity of FSS is calculated by solving the
following algebraic equations. The quantity of CH can be
quantitatively determined using DTG analysis. To calculate
the quantity of FSS, the following algebraic equations are
employed

mes: meg= T 3)
mps: (Mey+ mps) =T “4)
mep: (Meg+ mpg) = T3 Q)

where mgg and mcy are the masses of FSS and CH, respec-
tively; and T}, 75, and T3 are mass ratios derived from exper-
imental data, facilitating a precise calculation of the respec-
tive proportions of FSS and CH in the sample. These ratios
are critical for understanding the chemical stability and
phase dynamics within the cementitious materials.

FTIR analysis was conducted to investigate the molec-
ular alterations within the GGBFS-NS enhanced cement
composites. The spectra were acquired using a spectrometer
over a wavenumber range of 500 to 4000 cm™! with a preci-
sion of 8 em™".

298i NMR measurement—For the NMR analysis, samples
were collected from the outermost region of the specimen,
specifically within the 0 to 3 mm depth beneath the exposed
surface. The silicate tetrahedral structures in GGBFS-NS
cement composites were analyzed using a 500 MHz solid-
state magic-angle spinning (MAS) NMR spectrometer.
Spectra were recorded at 99.3 MHz with an 8 mm cross-
polarization (CP)/MAS probe. To ensure complete relaxation
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Fig. 3—Total chloride profile determined by PT of ground mortar samples after 2 years of exposure to: (a) SW; (b) NC; and

(c) NCS solutions.

of silicate tetrahedra with varying connectivity, a 30-second
relaxation delay and a 4000 Hz rotation rate were applied.
Overlapping peaks in the *Si MAS NMR spectra were
deconvoluted using the Gaussian model in Origin software.
The hydrated paste spectra featured three primary peaks:
Q% (Si-O tetrahedra in unhydrated cement minerals), Q'
(chain-end groups), and Q? (middle-chain groups in hydration
products). For simplicity, Q*(Al), linked to an Al-tetrahedra,
was classified as Q**'*? Data analysis involved solid-state
NMR software for phase adjustment, baseline correction,
and other refinements.

Microstructure characterization—As shown in Fig. 1(b),
a cross-sectional slice was prepared perpendicular to the
exposed surface along the direction of maximum erosion
depth and centered on the specimen. The surface was subse-
quently polished with diamond paste to achieve a final finish
of 1 um. Scanning electron microscopy (SEM) analysis was
performed with an instrument, using BSE imaging and EDS
for elemental hypermapping. The instrument was operated
at an accelerating voltage of 15.0 kV and a working distance
of 12.5 mm. Hypermap data were analyzed using ESPRIT
1.9 software, calibrated with element-specific standards.
Paste samples were examined over an 860 x 645 um area
(500x magnification) with a resolution of 1000 x 750 pixels.
Mortar samples were analyzed over a doubled area while
maintaining the same resolution. Elemental composition
and distribution were assessed using the edxia method
developed by Georget et al.**#

Thermodynamic modeling—Thermodynamic modeling
was conducted using GEM3 through Gibbs energy mini-
mization to predict equilibrium phase assemblages based
on the total bulk elemental composition.*>**¢ The modeling
incorporated default PSI-GEMS databases supplemented
with Cemdatal4. This approach predicted phase transi-
tions in GGBFS-NS cement composites exposed to various
salt solutions. The model assumed constant water content
throughout the study and that 80% of the cement partici-
pated in hydration. The following sections present the phase
changes resulting from different salt concentrations and their
effects on the structural integrity and chemical stability of
the composites.
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RESULTS AND DISCUSSION
Change in chloride content with depth

Figure 3 presents the total chloride profiles for all mortar
samples exposed to various solutions over 2 years. The corro-
sive environment significantly influenced chloride penetra-
tion. Specimens exposed to seawater generally exhibited the
lowest chloride content due to its lower chloride concentra-
tion compared to other environments. The PC group consis-
tently recorded the highest chloride levels, particularly in the
NaCl solution, indicating greater susceptibility to chloride
ingress. In contrast, GGBFS-containing specimens (PCQG)
showed improved resistance, maintaining lower chloride
levels across all environments. Notably, specimens incorpo-
rating both GGBFS and NS (PCGN) demonstrated superior
chloride resistance, with consistently low chloride levels at
all depths. This effect was most pronounced in the NaCl solu-
tion, highlighting the combined effectiveness of GGBFS?
and NS in mitigating chloride penetration.'

While the NaCl solution accelerated chloride ingress
near the surface, the presence of sulfate in the NCS solu-
tion appeared to moderate this effect in PCGN samples,
suggesting sulfate may influence chloride mobility or its
interactions with the cement matrix. Across all samples,
chloride concentrations decreased rapidly just beneath
the surface and gradually declined with depth, reflecting
a typical diffusion pattern. These findings highlight the
vulnerability of conventional cement formulations to chlo-
ride ingress, whereas composites containing GGBFS and NS
demonstrated enhanced resistance. This improved perfor-
mance underscores their potential for developing more
durable materials in chloride-rich environments.

Change in leaching behavior determined by ICP-MS

Figures 4(a) and (b) present the elemental composition of
ground mortar samples, with calcium and aluminum contents
measured by ICP-MS. The samples were exposed for 2 years
to SW, NC, and NCS solutions, and the results are expressed
as a percentage of dry mass (dried at 105°C). Calcium
concentrations were highest near the exposed surface and
progressively declined with depth. In the SW environment,
PC samples exhibited the most pronounced surface calcium
content but also showed significant depletion at depth. In
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Fig. 4—(a) Total Ca profile,; and (b) total Al profile determined by ICP-MS for ground mortar samples after 2 years of exposure

to SW, NC, and NCS solutions.

contrast, PCG and PCGN samples demonstrated more
uniform calcium retention, suggesting that GGBFS and NS
effectively reduce calcium leaching. Similar trends were
observed under NC exposure. PCGN samples displayed
minimal calcium loss across the profile, indicating enhanced
resistance to chloride-induced leaching, likely due to the
pozzolanic activity and pore refinement provided by NS.#’
In the NCS environment, calcium depletion was initially
observed in all mixtures but was subsequently stabilized in
GGBFS- and NS-modified mortars. This behavior suggests
that combined chloride and sulfate exposure may result in
ion interactions that contribute to the retention of calcium
within the matrix.

Aluminum concentrations declined slightly with the
depth in all environments, reflecting its relative stability
under leaching conditions. In the SW and NC exposures,
PC samples showed a steady decline, while PCG and PCGN
samples, particularly the latter, maintained higher aluminum
levels. This stability is attributed to the protective role of
GGBFS and NS. In the NCS condition, PC samples retained
more aluminum than in the NC condition, implying that
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sulfate ions may contribute to aluminum stabilization.?>*

These findings emphasize the role of supplementary mate-
rials in improving elemental retention and overall dura-
bility. GGBFS and NS significantly mitigated calcium and
aluminum loss, particularly in chloride-rich environments,
while the presence of sulfate in NCS solutions may further
influence ion solubility and matrix stability.

Change in phase assemblage

TGA and semi-quantitative XRD analysis—The DTG
curves in Fig. 5 illustrate the thermal decomposition behavior
of PC, PCG, and PCGN composites after 2 years of expo-
sure to SW, NC, and NCS solutions. The curves highlight
variations in hydration products and their thermal stability,
marked by peaks corresponding to phases such as ettringite
(AFt), monosulfate (AFm), and C-S-H, along with distinct
portlandite (CH) peaks.?**>* In PC composites, CH peaks
appear consistently across all environments, with varying
intensities influenced by the corrosive solution. Samples
exposed to SW exhibited fluctuating CH peak intensities,
suggesting portlandite content variations linked to differing
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Fig. 5—DTG curves of ground.: (a) PC; (b) PCG, and (c) PCGN mortar samples after 2 years of exposure to SW, NC, and NCS

solutions.
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salt concentrations. In the NC solution, peak shifts indi-
cate possible changes in hydration phases due to chloride
exposure. Samples exposed to the NCS solution further
demonstrate that the combined presence of chloride and
sulfate ions significantly affects the stability and distribution
of hydration products, as reflected in the altered CH peak
profiles.>® These findings emphasize the complex environ-
mental interactions that influence the structural and chem-
ical stability of cement-based composites.

Furthermore, the DTG profiles of PCG composites in
the SW environment highlight the influence of GGBFS on
hydration product stability. The reduced CH peak intensity
compared to PC samples suggests that GGBFS promotes the
formation of more stable hydration products with improved
thermal resistance. This trend persists in NC and NCS envi-
ronments. In the NC solution, variations in the monosulfate
(AFm)-to-ettringite (AFt) ratio and C-S-H peak intensities
suggest chloride-induced phase changes or degradation. In
the NCS environment, similar patterns emerge, with fluctua-
tions likely reflecting complex sulfate-chloride interactions.
The PCGN composites exhibited a distinct thermal decom-
position profile. In the SW environment, the reduced CH
peak intensity compared to PC and PCG samples indicates
NS’s role in modifying hydration products. This effect is
more pronounced in the NC environment, where NS appears
to enhance thermal stability and alter hydration phases. In
the NCS environment, NS and sulfate-chloride interactions
further stabilize hydration products, reflected in pronounced
peak shifts and intensity variations.

The XRD spectra in Fig. 6 provides a semi-quantitative
assessment of crystalline phases in PC, PCG, and PCGN
composites after 2 years of exposure to different solutions.
Identified phases include AFt, FSS, AFm, CH, and calcite.*
In the SW environment, a distinct CH peak is observed in
the PC sample, indicating that portlandite remained largely
unaffected by marine exposure. No significant reduction
in CH intensity is evident, suggesting minimal leaching or
transformation of this phase in the surface region. Under NC
exposure, the CH peak remains comparable in intensity, with
only slight changes in the AFt peak, implying that chloride
ingress did not substantially alter the quantity of crystalline
portlandite, though minor interactions with sulfate phases
may have occurred. In the NCS environment, the CH peak
remains present, alongside intensified peaks corresponding
to sulfate-containing phases (AFt and AFm). These results
indicate that the combined presence of chloride and sulfate
did not lead to notable CH depletion, although a moderate
redistribution of sulfate-related phases was observed,
reflecting ionic interactions influencing the crystalline phase
composition.

The PCGN group exhibits distinct crystalline charac-
teristics in the XRD patterns. Notably, the incorporation
of NS alters the hydration products: for example, the CH
peak intensity in PCGN is lower than in PC and PCG, indi-
cating that additional pozzolanic reaction has consumed
more portlandite to form secondary C-S-H. This change is
most pronounced in the NC environment, suggesting that
chloride interactions with the NS-modified matrix promote
further consumption of CH. In the NCS environment, the
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combined presence of GGBFS and NS appears to enhance
the stability of hydration products; the XRD peaks for CH
and other crystalline hydrates (for example, AFt and FSS)
remain evident, indicating that the matrix retains its crys-
talline phases despite exposure to both chloride and sulfate.

The profiles in Fig. 7 show the distribution of FSS
across mortar depths after 2 years of immersion in SW,
NC, and NCS solutions, determined through TGA-XRD
analysis. FSS concentration reflects the cementitious matrix’s
chloride-binding capacity; however, higher FSS levels may
also indicate increased chloride penetration and subsequent
FSS formation, a key factor in assessing mortar resistance
to chloride-induced corrosion. In the SW environment, FSS
concentrations in all mortar types (PC, PCG, and PCGN)
decline sharply near the surface before stabilizing at greater
depths, indicating rapid initial chloride binding followed by
equilibrium. The PC group exhibits an advanced leaching
zone, marked by a significant FSS decrease beyond a certain
depth, indicating extensive chloride penetration and subse-
quent leaching. In this zone, severe leaching compromises
FSS stability, reducing its content near the surface.

In the NC environment, FSS content decreases near the
surface and gradually declines with depth. The FSS profiles
for the PCG and PCGN groups are closely aligned, indi-
cating that GGBFS and NS have a comparable effect on
chloride binding in a chloride-only environment. This simi-
larity suggests both additives improve chloride binding
compared to the PC group. In the NCS environment, FSS
concentrations remain higher at greater depths in the PCGN
group than in the PC and PCG groups. This highlights the
synergistic effect of GGBFS and NS in enhancing chloride
binding, even in the presence of competing sulfate ions.
Sulfate may compete with chloride for available aluminum,
potentially reducing FSS formation, yet the combined effect
of GGBFS and NS in PCGN appears to mitigate this impact,
improving chloride resistance.

Comparative analysis across the three environments
reveals that while chloride presence significantly affects
FSS distribution, mortar composition is critical in deter-
mining chloride-binding depth and extent. The PC group
shows greater chloride penetration and leaching, reflected in
the pronounced decrease in FSS content with depth, partic-
ularly in the SW environment. In contrast, GGBFS and NS
in the PCG and PCGN groups improve chloride resistance
by enhancing chloride binding. This protective effect was
consistent across all solutions, indicating that modifying
the cement matrix with GGBFS and NS not only improves
chloride binding but also strengthens resistance to aggres-
sive ions. The PCGN group’s ability to retain higher FSS
levels at greater depths, particularly in sulfate-rich condi-
tions, highlights its enhanced durability. This characteristic
is especially beneficial in environments requiring long-term
resistance to chloride-induced corrosion, demonstrating the
potential of these composites to extend structural lifespan in
harsh conditions.

Fourier-transform infrared (FTIR)—The FTIR spectra
in Fig. 8 provide insights into the chemical transforma-
tions and phase developments in PC, PCG, and PCGN
composites after 2 years of exposure to SW, NC, and NCS

ACI Materials Journal/March 2026



(a1) in SW
@ 13414 5 4 4
1
!

L) 1
15 20 25 30 35 40
2 theta (degree)

5 10

b1) in SW

(b)

Intensity

5 10 15 20 25 30 35 40
2 theta (degree)
c1) In SW
© 1314 5 4 2
[ 11 ] I I
I | ]
i i
) L A I A L T
11 11 ] 1 [}
i b S
g1 0o
5 Losdidon o Lo DL sWe
= Jrin TN
bbb
o dd 0 i) sws
Al
H b
1 14 | sSw2
i
] i |
|i H SWi1

1
5 10 15 20 25 30 35 40
2 theta (degree)

a2) in NC

123 14 5 4 4

i L b et

L

1
5 10 15 20 25 30 35 40
2 theta (degree)

(b2) in NC

123 14 5 4 4
T A

Intensity

15 20 25 30 35 40
2 theta (degree)

5 10

c2) In NC

123 14 5 4 4
T A
i

NC5

NC4

NC3

1
5 10 15 20 25 30 35 40
2 theta (degree)

(a3) in NCS

Intensity

123 14 S5 4 4
T b
P I Y -
.. ! . !
[T 1 1 N
T
LI O T R S T
A O
I Y
WIRT W 0 L
1 I A | I
I Y
L A aviboundumplWARLICER
S S P
I b
(Y ! NCS2)
|
1 i i
\ N NCS!
% b
5 10 15 20 25 30 35 40
2 theta (degree)
(b3) in NCS

123 14 5 4 4
111

5 10 15 20 25 30 35 40
2 theta (degree)
c3) in NCS

Hi
5 10 15
2 theta (degree)

)
20 25 30 35 40

Fig. 6—XRD curves of ground specimens: (a) PC; (b) PCG; and (c) PCGN mortar samples after 2 years of exposure to SW,
NC, and NCS solutions (1-ettringite, 2-Friedel s salt, 3-monosulfate, 4-portlandite, and 5-calcite).

ACI Materials Journal/March 2026

121



(c) FSS in NCS

——PC

FSS in Dry Mortar (g/100g)

0.6
0.4+
0.24

0.0

(a) FSS in SW (b) FSS in NC
16 16
—e—PC
. ——PCG
1.44 Advanced leaching —o— PCGN 14
124 ! 124
5 ! 5
(=3 M I=3
S 104 | S 1.0
3 i 3
§ o081 i g o8
S . H
= | =
> 0.6 . > 061
=] | 1
£ i £
o 041 » 041
@ 7]
e \ w
0.2 0.2
|
0.0 i 0.0
-02 ! -0.2

0 5 10 15 20 25 0 5
Depth

15 20 25 0 5 10 15 20 25

Depth Depth

Fig. 7—FSS profiles measured by TGA-XRD for ground mortar samples after 2 years of exposure to (a) SW; (b) NC; and

(c¢) NCS solutions.

solutions. The spectra reveal changes in key chemical bonds
and functional groups, including S=O stretches associated
with sulfate species in AFt/AFm phases and Si-O stretches
characteristic of silicate structures in the cement matrix.*?
The FTIR spectra of the PC samples exposed to SW exhibit
pronounced intensity increases in the sulfate-related bands
near 1120 cm™' and shifts in the Si-O stretching region
approximately 970 to 980 cm'. These changes are attributed
to the formation or stabilization of sulfate-bearing hydration
products, such as ettringite or monosulfate, facilitated by the
availability of SO,?” in the external environment. Under NC
exposure, the enhancement of sulfate-associated peaks may
result from chloride-induced transformations. Specifically,
the formation of FSS could displace preexisting sulfate
phases, triggering partial reprecipitation or structural adjust-
ment of sulfate-containing compounds. In the NCS environ-
ment, more complex spectral modifications are observed,
including overlapping and shifting of both sulfate and sili-
cate bands. These features suggest simultaneous interaction
of CI" and SO,*> ions with the cement matrix, leading to
competitive ionic exchange. This co-presence appears to
affect the polymerization of silicate chains in the C-S-H
phase and the distribution of sulfate phases, resulting in
dynamic alterations in matrix composition and structure.’*!

In the PCG group, the FTIR spectra show consistent
sulfate-related peaks across all solutions, likely reflecting the
stabilizing effect of GGBFS. The stable silicate-related peaks
further suggest that GGBFS contributes to a more uniform
C-S-H structure, promoting consistent chemical behavior
in varied environments. This stability highlights GGBFS’s
protective role in mitigating chemical changes within the
cement matrix. In the PCGN group, NS incorporation refines
the spectral profiles, marked by distinct peak patterns across
the three environments. The uniformity in S=0O and Si-O peak
intensities indicates improved chemical stability, enhancing
resistance to ionic interactions in SW, NC, and NCS solu-
tions. Notably, in the NCS environment, the spectra suggest
that NS effectively regulates the balance between sulfate and
chloride interactions, further stabilizing the cement matrix.
FTIR analysis highlights the role of additives in enhancing
chemical stability and reducing ion-induced degradation. The
data indicate that the combined presence of GGBFS and NS in
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the PCGN group significantly improves chemical durability,
particularly in aggressive chloride and sulfate environments.
These findings underscore the benefits of incorporating such
additives to enhance the longevity of cementitious materials
in ion-rich conditions.

298i NMR analysis—The deconvolution of the 2°Si MAS
NMR spectra (Fig. 9) reveals the silicate environments in
PC, PCG, and PCGN composites after 2 years of exposure
to the NCS solution. This analysis provides insights into
polymerization processes and the characteristics of silicate
species within the cementitious matrix.

In the PC group, the NMR spectra show peaks corre-
sponding to Q! and Q? species, indicating a less polymerized
silicate network. This structure aligns with typical C-S-H
in hydrated portland cement, where calcium availability
reduces silicate crosslinking.2%#? In the PCG group, a shift
toward higher-order silicate species such as Q? is observed,
reflecting the influence of GGBFS. GGBFS’s inherently
polymerized silicate chains promote a more complex sili-
cate network, contributing to improved mechanical strength
and durability. The PCGN group shows a further increase
in highly polymerized silicate species, with a pronounced
presence of Q2. This indicates a denser, more interconnected
C-S-H structure, likely enhanced by NS. The high reactivity
of NS appears to promote nucleation, accelerating C-S-H
formation and supporting extensive silicate polymerization.

The NMR spectra reveal how GGBFS and NS modify the
cement matrix. The shift from lower- to higher-order sili-
cate species in PC, PCG, and PCGN highlights the impact
of these additives on the hydrated cement paste. GGBFS and
NS promote C-S-H gel formation and extend C-S-H chains,
enhancing the silica network. The incorporation of SCMs,
particularly NS, refines the silica environment, improving
chemical stability and resistance to ionic degradation in
the NCS solution. These spectral trends demonstrate how
2Si NMR spectroscopy can guide cementitious material
improvements for greater durability in corrosive environ-
ments. The findings emphasize SCMs’ potential to enhance
the silica network, improving resistance to ionic penetra-
tion and reducing degradation risks. This molecular-scale
understanding supports the development of cementitious
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composites designed for enhanced longevity in aggressive
conditions.

Change in microstructural properties

BSE-EDS elemental maps—The BSE-EDS elemental
maps in Fig. 10 illustrate the elemental composition and
distribution in PC, PCG, and PCGN composites after 2 years
of exposure to the NCS solution. The elemental maps in
Fig. 10 illustrate the concentration and spatial distribution of
key elements within the cementitious matrix. This detailed
visualization is essential for assessing the durability and
stability of cementitious composites under prolonged corro-
sive conditions. >33

The elemental map for the PC group shows a prominent
calcium presence, reflecting the cementitious matrix. Silicon
and aluminum distributions appear uniform, corresponding
to the silicate and aluminate phases. Chlorine and sulfur,
likely from the NCS solution, indicate some penetration and
interaction with cement phases. The chlorine map highlights
potential chloride accumulation sites, suggesting areas prone
to chemical degradation or FSS formation. In the PCG group,
chlorine levels are notably reduced, indicating improved
chloride-binding capacity due to GGBFS, which enhances
resistance to chloride-induced degradation. Sulfur distribu-
tion is more uniform, suggesting GGBFS’s interaction with
sulfate ions and the formation of secondary sulfate-bearing
phases, further improving chemical stability and durability.

The elemental map for the PCGN group shows a
distinct shift in composition, with NS integration notably
enhancing silicon distribution, resulting in a more uniform
and pronounced silicon map. Chlorine presence is signifi-
cantly reduced compared to both PC and PCG, indicating
improved resistance to chloride penetration. This enhance-
ment is likely due to the pozzolanic reaction of GGBFS,
which densifies the matrix and increases chloride-binding
capacity. Across all groups, the maps reveal a progressive
trend toward greater homogeneity and reduced chlorine
content, from PC to PCG and ultimately PCGN, highlighting
the role of material composition in enhancing resistance to
ionic ingress. These SEM-EDS maps illustrate the micro-
structural improvements achieved with GGBFS and NS,
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offering valuable insights into developing durable cementi-
tious materials for harsh environments. The reduced chlo-
rine content in PCG, and particularly PCGN, underscores
their suitability for conditions requiring resistance to both
chloride and sulfate attack.

Quantified BSE-EDS hypermaps—The BSE-EDS hyper-
maps in Fig. 11 provide a detailed quantitative analysis of
microstructural changes in PC, PCG, and PCGN composites
after 2 years of exposure to the NCS solution. These maps
highlight the impact of SCMs and NS on phase distribu-
tions and stoichiometric compositions. In the PC composite,
elemental mapping and stoichiometric assessment reveal
a relatively simple phase composition, dominated by FSS.
This is evident in the Ca/Al versus Si/Ca and Al/Ca versus
Si/Ca ratio plots, where data points cluster around regions
typical of simpler C-S-H phases and elevated Al/Ca ratios,
indicating AFt phases.’*> These findings suggest that
without additives, the matrix is more susceptible to chloride
and sulfate exposure, reflecting a basic chemical structure
that offers limited resistance to ionic ingress.

In the PCG group, the incorporation of GGBFS diversi-
fies the phase composition. The broader scatter in the ratio
plots indicates a variety of hydration products, covering both
internal and external C-S-H layers. The increased presence
of AFt and AFm phases, resulting from GGBFS interactions
with sulfate and chloride ions in the NCS solution, reflects
improved stability and enhanced resistance to external ionic
ingress. In the PCGN group, combining GGBFS and NS
introduces greater microstructural complexity. The ratio
plots show a notable increase in highly polymerized silicate
phases, with data shifting toward higher Si/Ca ratios. This
suggests advanced silicate polymerization, likely driven by
NS’s pozzolanic reaction, which promotes denser, intercon-
nected C-S-H structures. The balanced presence of AFt and
AFm phases further indicates improved sulfate and chloride
regulation, enhancing the composite’s structural stability
and chemical durability in aggressive environments.

In conclusion, the progression from PC to PCG and
PCGN groups reveals increased complexity and stability
in the cementitious matrix. This trend highlights the effec-
tiveness of incorporating GGBFS and NS, which not only
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Fig. 10—BSE-EDS elemental maps of PC, PCG, and PCGN mortars after 2 years of exposure to NCS solution.

enriches the phase assemblage but also enhances durability
and resistance to aggressive ionic environments, as shown
in the NCS solution trials. The BSE-EDS hypermaps clearly
demonstrate the positive impact of these additives on micro-
structural integrity and chemical stability, emphasizing their
role in improving composite robustness.

Effect of GGBFS-NS or sulfate on chloride ingress

Figure 12 illustrates the phase assemblages of PC, PCG,
and PCGN composites exposed to NC and NCS solutions

ACI Materials Journal/March 2026

with varying salt concentrations, highlighting the complex
interactions between cementitious components and the salt
environment. Phase volumes change with increasing salt
content, reflecting the dynamic chemical processes within
the cement matrix. In the PC composite (Fig. 12(a) and (b)),
phase development progresses from unhydrated compo-
nents to hydrated phases such as C-S-H, CH, and AFm,
alongside notable concentrations of FSS and AFt. As salt
content increases, the formation of AFt and FSS becomes
more pronounced, indicating that chloride and sulfate ions
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Fig. 11—Boundary definitions for specific phases and iden-
tified phases by stoichiometry as overlays of phase masks of
PC, PCG, and PCGN composites after 2 years of exposure
to NCS solution.

promote these phases, which play a key role in the matrix’s
response to ionic exposure.*®

In the PCG composite exposed to NC and NCS environ-
ments (Fig. 12(c) and (d)), the incorporation of GGBFS
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broadens the phase distribution, promoting a wider range
of hydrated phases. The presence of calcium aluminosili-
cate hydrate (C-(A)-S-H) alongside C-S-H indicates a more
complex hydration process. Ratio plots show that GGBFS
not only alters initial hydration products but also stabilizes
calcium and aluminum hydrates across a broader range of
salt concentrations.’” The increased presence of AFm and
AFt phases suggests that GGBFS enhances the compos-
ite’s ability to manage sulfate and chloride ions effectively.
In the PCGN composite (Fig. 12(e) and (f)), the combined
effects of GGBFS and NS further increase microstructural
complexity. NS amplifies the stabilization of highly polym-
erized silicate phases, reflected in extended regions of C-S-H
and C-(A)-S-H, indicating a denser, crosslinked matrix.
Ratio plots show retention of critical phases, such as AFt
and FSS, along with balanced chloride and sulfate manage-
ment. This improvement is attributed to the pozzolanic and
cementitious effects of the additives, enhancing resistance to
ionic degradation.

Based on experimental results and thermodynamic
modeling, Fig. 13 illustrates the impact of GGBFS, NS, and
sulfate on chloride ingress in GGBFS-NS cement compos-
ites, providing insights into their environmental resilience in
chloride-rich conditions. The schematic outlines the progres-
sive chemical reactions that occur when GGBFS and NS are
introduced into the cement matrix. It depicts the transfor-
mation of C;A to AFt, followed by the formation of AFm
and FSS, highlighting the chemical pathways influenced by
GGBFS and NS. The transition from AFt to AFm and even-
tually to FSS in chloride-rich environments underscores a
key mechanism that can be controlled through GGBFS and
NS incorporation to improve material durability.

The schematic for the PC group illustrates chloride ions
freely penetrating the cement matrix, shown by the wide-
spread distribution of yellow dots. This highlights the
vulnerability of traditional cement composites to chloride
ingress, which can weaken structural integrity over time. In
the PCG group, GGBFS promotes the formation of complex
silicate structures with abundant AFt and AFm phases,
which play a key role in binding chloride ions and limiting
their penetration into reinforcing steel. This increased phase
presence reflects GGBFS’s contribution to improving resis-
tance against chloride attack.?**” The addition of NS further
refines the matrix by enhancing hydration, resulting in denser
C-S-H formations that appear as tightly bound clusters. This
denser structure reduces chloride penetration, evidenced by
fewer and less-dispersed yellow dots. Overall, the progres-
sive incorporation of GGBFS and NS from PC to PCG and
PCGN composites enhances the cementitious matrix’s resis-
tance to chloride and sulfate exposure.

CONCLUSIONS

In this study, the enhanced chloride-binding capacity and
improved performance of ground-granulated blast-furnace
slag (GGBFS)-nanosilica (NS) composites in saline envi-
ronments yielded several key conclusions:

1. The incorporation of GGBFS in cementitious compos-
ites leads to enhanced chemical and physical binding of
chloride ions, as evidenced by the formation of Friedel’s salt
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Fig. 12—Phase assemblages for PC, PCG, and PCGN composites exposed to NC and NCS solutions.

(FSS) and increased calcium-silicate-hydrate (C-S-H) gels,
respectively.

2. The addition of NS to the cement-GGBFS matrix
significantly refines the composite’s microstructure. NS
particles contribute to the densification of the C-S-H matrix,
which increases the physical binding of chloride ions.

3. Sulfate ions initially participate in the formation of
stable hydration products such as ettringite (AFt) and
monosulfate (AFm). However, when sulfate ions are limited,
excess chlorides may lead to the preferential formation of
FSS. This competitive interaction between sulfate and chlo-
ride ions influences the extent of chloride sequestration.

4. The synergetic effect of GGBFS and NS is most
pronounced in the PCGN composite. This synergy manifests
in improved microstructural characteristics and chloride-
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binding capacity. The evidence suggests the potential of
designing cementitious composites with targeted additives
that can withstand specific chemical stresses encountered in
chloride- and sulfate-rich conditions.

5. The chloride ingress of GGBFS-NS-enhanced cement
composites is significantly affected by the addition of
GGBFS and NS, along with sulfates. The presence of NS
refines the matrix by enhancing the hydration process,
leading to denser C-S-H formations.
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Enhancing Concrete Sustainability through CO,
Mineralization: A Cost-Effective Solution
by Md Athar Kazmi and Lakshmi Vara Prasad Meesaraganda

Carbon dioxide (CO,) mineralization in concrete enhances cement
hydration by reacting with calcium-rich materials, forming nano-
scale calcium carbonate that fills micropores. This study explores
CO,-mineralized concrete performance produced using a two-step
mineralization process. Concrete with 0.2% CO, by cement weight
exhibited significantly higher compressive strength, increasing
by 18.78%, 19.27%, and 20.63% at 7, 28, and 56 days, respec-
tively. Isothermal calorimetric analysis confirmed increased heat
evolution in CO,-mineralized cement paste, while X-ray diffrac-
tion and scanning electron microscopy revealed calcium carbonate
formation and more ettringite volume. The higher strength gain
due to CO, mineralization is used to leverage the cement content.
A comparative study reveals that COy-mineralized concrete with
7.5% reduced cement content achieves equivalent strength and
durability to conventional concrete, reducing carbon emissions
by 8% while significantly lowering cost per unit strength and
enhancing sustainability and performance.

Keywords: calcium carbonate; carbon dioxide (CO,) mineralization;
carbon reduction; concrete durability; concrete strength; hydration of
cement; sustainability.

INTRODUCTION

Approximately 0.6 metric tons of carbon dioxide (CO,)
are released while manufacturing one metric ton of ordinary
portland cement (OPC).! CO, capture and beneficial use
can minimize anthropogenic greenhouse gas emissions.>?
Carbon storage in cementitious materials is one of the preem-
inent solutions to the issue of rising anthropogenic CO, emis-
sions.** Furthermore, this practice makes the construction
sector more environmentally friendly and sustainable when
industrial waste is used.® This process offers a dual benefit:
first, it reduces CO, emissions and permanently sequestrates
it; second, it is used as a raw material in the manufacturing
of new construction materials.”

Concrete carbonation is a durability concern due to the
diminished passivity of concrete, causing reinforcement
corrosion. Instead of having the same effect, early-age
carbonation combines with the hydrating stage to produce
micro-level calcium carbonate (CaCO;) and more hydration
products that fill the concrete’s minute pores,’ densifying the
concrete and enhancing its strength and durability.'®!" In the
1970s, the University of Illinois started research to explore
the carbonation process of OPC.'? The calcium phases in
hydrating OPC, such as dicalcium silicate (C,S) and trical-
cium silicate (C;S), react with CO, and water to form CaCO;
and calcium silicate hydrate (C-S-H) gel, as presented in
Eq. (1) and (2)"®

2(3Ca0 - Si0,) + 3CO, + 3H,0 —
3Ca0 - 2Si0, - 3H,0 + 3CaCO; (1)
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2(2Ca0 - Si0,) + CO, + 3H,0 —
3Ca0 - 2Si0; - 3H,0 + CaCOs 2)

Furthermore, the calcium hydroxide (CH) in cement paste
reacts with CO,, as stated in Eq. (3)'

Ca(OH), + CO, — +CaCO; + H,0 3)

The reaction of CO, with the hydrating phase of OPC is
exothermic and water-starving, so an optimal dose of CO,
mineralization gives the best result.! The mineralization of
small doses of CO, improved concrete strength and dura-
bility through a complication noticed in the mineralization
process.'®!” CO, is widely used in the concrete industry in
three ways: carbon-based curing, carbon conditioning, and
direct mineralization of CO, during mixing.!®!%!° Carbon-
ation curing has many limitations, such as the require-
ment of a closed chamber for curing, slow diffusion rate,
low efficiency, application in precast concrete elements
only, and overall high process expenditure.'*?° Similarly,
carbon conditioning is improving the characteristics of old
adhered mortars of recycled aggregate.?'*> Hence, carbon
conditioning has similar limitations to carbon curing, such
as the requirement of a closed chamber for carbon condi-
tioning, slow diffusion rate, low efficiency, application in
recycled aggregate concrete only, and overall high process
expenditure.?>?* Whereas the direct mineralization of CO,
during mixing can be carried out conveniently, with a fast
reaction rate and high efficiency, it does not require any
chamber for long-term curing or conditioning. Also, it is a
cost-effective approach.?

In current practices of CO, mineralization in concrete,
the CO, is introduced with the concrete during the mixing
process in the concrete mixer.?® CO, mineralization during
mixing requires an airtight closed mixing drum; furthermore,
the efficiency of CO, use is approximately 60%. The present
work followed a simplified two-step mineralization process,
improving efficiency and cost-effectiveness. In the current
work, CO, was first added to a slurry of OPC in a closed
cylindrical container. Then, CO,-mineralized OPC is mixed
with the remaining ingredients to produce CO,-mineralized
concrete. While incorporating CO, into concrete during
mixing improves its performance, the reaction between
CO, and the hydration products of OPC also leads to water
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extraction, resulting in a marginal reduction in workability.
However, the workability reduction scale is small, which
can be deemed acceptable. This paper examines the concrete
prepared with two-step CO, mineralization; the strength
increment due to the CO, mineralization is used to design
concrete mixtures with leveraged cement content. Further
investigation was done to compare the durability of conven-
tional concrete with CO,-mineralized concrete with lever-
aged cement content. To find the optimal amount of CO,
for the strength of concrete, different concrete mixtures
were treated with varying doses of CO,, and a conventional
mixture that did not include any CO, mineralization was
examined. Compared to conventional concrete, a relative
strength change was observed, with increased compressive
strength, enabling concrete design with reduced OPC. In
the present investigation, CO, is captured from the emitting
source, compressed and stored in liquefied form, and then
transported to where it is used. Workability was assessed
using slump value testing, while calorimetric analysis
determined the total heat of hydration. Mechanical param-
eters were evaluated through compressive strength, flexural
strength, and splitting tensile strength tests. The durability of
concrete was assessed by the depth of water penetration test
and carbonation resistance test; additionally, scanning elec-
tron microscopy and X-ray diffraction were used to examine
the effects of CO, mineralization on the microstructural
characteristics of concrete. Hence, the current work pres-
ents an innovative procedure for improving concrete perfor-
mance through using CO, as an admixture and leveraging
the OPC content, which provides a promising pathway for
the valuable application of captured CO, in the construction
industry, giving double-fold benefits.

RESEARCH SIGNIFICANCE

Enhancing the sustainability of concrete has become a
critical priority, driven by demands and performance targets
from both within and outside the industry. Addressing this
challenge necessitates innovative solutions, including new
materials, processes, and ideas. Successfully scaling such
innovations requires careful evaluation of their value and
potential impacts. Introducing CO, into fresh concrete can
promote mineralization, enhancing its compressive strength.
This study aims to bring together key factors essential for
adopting cleaner concrete technologies, including perfor-
mance demonstration, durability assurance, and validation
of environmental benefits.

MATERIALS AND EXPERIMENTAL PROGRAM
Materials

Commercially available OPC conforming to ASTM C150/
C150M-16*" was used for making concrete. The physical
characteristics of OPC and fly ash are presented in Table 1,
and their chemical characteristics are summarized in Table 2.
The OPC has a fineness and specific gravity of 304 m?/kg
and 3.14, respectively. Class F fly ash was used, according to
ASTM C618-12a,%® obtained from a nearby thermal power
plant, located in the Bongaigaon district of the Indian state
of Assam, with a specific gravity of 2.21. The coarse aggre-
gate used was local crushed stone aggregate with a nominal
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Table 1—Physical characteristics of OPC

Properties Result

Fineness, m’/kg 304

Residue on 75 pm, % 4.4
Specific gravity 3.14

Consistency, % 32

Initial 52

Setting time, minutes
Final 320
7 days 34.5
Compressive strength, MPa

28 days 53.8

Table 2—Chemical compositions of OPC,
% by weight

Contents OPC Fly ash
CaO 63.46 4.78
MgO 0.92 2.53
SiO, 21.57 45.56
AL O, 4.73 32.54
SOs 2.54 0.65
Na,O 0.17 0.64
Fe,0; 2.83 3.58
K,O 0.53 1.52

Loss on ignition 3.25 8.2

maximum size of 20 mm. The coarse aggregate used had
a fineness modulus of 7.084 and a specific gravity of 2.84.
This project used Zone II River sand, readily available
locally as fine aggregate. The fine aggregate has a specific
gravity of 2.63 and a fineness modulus 2.51. Concrete spec-
imens were mixed and allowed to cure in potable water.
Ninety-nine-percent purified CO, from an ethanol factory
was mineralized into concrete.

The fine aggregate used in this study was sourced from
riverbeds due to its abundant local availability. The particle-
size distribution exhibited a smooth S-shaped curve, indi-
cating that the fine aggregate was well-graded. Additionally,
it was confirmed that the sample met the Zone II require-
ments outlined in ASTM C33/C33M-24a.% Key properties
of the river sand, such as water absorption, specific gravity,
and fineness modulus, were recorded as 0.8%, 2.48, and
2.56, respectively. For coarse aggregate, 20 mm nominal
size crushed stone was used, which adhered to the speci-
fications of ASTM C33/C33M.?° The coarse aggregate had
a specific gravity of 2.74, water absorption of 1.04%, and
a fineness modulus of 7.02. The particle-size distribution
of both fine and coarse aggregates was determined through
sieve analysis as per ASTM C33/C33M.%

Mixture proportioning

Following the recommendations of ACI 211.1-9
concrete mixture proportioning was done to meet the
requirements as recommended in the ACI 301-20°" speci-
fication. The concrete mixture was designed for a target
compressive strength of 40 MPa at 28 days of testing. The
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Table 3—Mixture proportions of CO,-mineralized concrete mixtures, kg/m?

Ingredients CM-0 CM-1 CM-2 CM-3
OPC 400 400 400 400
Fly ash 100 100 100 100
Water 192 192 192 192
Water-binder ratio (w/b) 0.4 0.4 0.4 0.4
Fine aggregate 620 620 620 620
Coarse aggregate 1070 1070 1070 1070
High-range water-reducing admixture 1.00 1.05 1.10 1.15
CO, — 0.400 0.800 1.200
Table 4—Mixture proportions of CO,-mineralized concrete mixtures with reduced OPC, kg/m?
Ingredients CM-2 CM-21 CM-22 CM-23 CM-24
OPC 400 390 380 370 360
Fly ash 100 108 116 124 132
Water 192 192 192 192 192
Water-binder ratio (w/b) 0.4 0.4 0.4 0.4 0.4
Fine aggregate 620 620 620 620 620
Coarse aggregate 1070 1070 1070 1070 1070
High-range water-reducing admixture 1.10 1.10 1.10 1.10 1.10
CO, 0.800 0.780 0.760 0.740 0.720

experimental program was conducted in two phases; in the
first phase, the optimum dose of CO, to be mineralized was
determined. To find the optimum dose of CO, in the concrete,
four mixture designations were considered: CM-0, CM-1,
CM-2, and CM-3, having CO, doses of 0, 0.1,0.2, and 0.3%
respectively, by weight of OPC. Table 3 presents the weight
of ingredients per unit volume of concrete with varying
doses of CO,. The compressive strength results in stage one
indicate that the CM-2 mixture with 0.2% CO, performs
better. In the second phase, cement was leveraged with the
increment of compressive strength due to CO, mineraliza-
tion without compromising its strength. A 2.5% reduction in
OPC was implemented in CM-2, and to balance the mixture
design, 5 kg of fly ash was added to each step of the OPC
reduction. For the second phase, the mixture designations
CM-21,CM-22, CM-32, and CM-34 had 2.5, 5, 7.5, and 10%
lower OPC than CM-2. The mixture proportions for CO,-
mineralized concrete mixtures and CO,-mineralized concrete
mixtures with reduced OPC are presented in Tables 3 and
4, respectively.

CO, mineralization into concrete

The process of mineralizing CO, into concrete was done
in two steps; initially, the CO, was sequestrated in the OPC
slurry, simplifying the process and raising the CO, seques-
tration efficiency to approximately 99%. Subsequently, it
was integrated with the remaining ingredients to produce
CO,-mineralized concrete. The OPC slurry was prepared in
a cylindrical container; after that, the cylindrical container
was tightly packed with bolts. A flexible pipe was then
connected between the CO, and slurry cylinders, and the
slurry cylinder was placed on a weighing balance. After that,
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the required amount of CO, was added to the slurry cylinder,
and then the slurry cylinder’s valve was closed. To achieve a
thorough reaction between CO, and OPC slurry, the cylinder
was vigorously stirred for 1 minute. After that, the CO,-
sequestered OPC slurry was combined with the remaining
components in the second stage to produce CO,-mineralized
concrete. The extent of CO, uptake was verified by moni-
toring the weight gain of the slurry cylinder placed on a
digital balance, which stabilized once the injected gas was
fully absorbed. Given the high alkalinity of the OPC slurry,
the added CO, rapidly reacted to form stable carbonates.
The sealed setup and vigorous stirring minimized leakage,
ensuring nearly complete sequestration. Any trace unre-
acted CO, would remain dissolved in the pore solution and
progressively mineralize during hydration, preventing its
escape from the concrete.

Experimental program

The calorimetric analysis was carried out as per
ASTM C1702-233 on OPC slurry; entering the heat sink
through the sensor, the heat of hydration emitted by the
cementitious sample is measured by the calorimeter, which
outputs the difference in thermal power, or heat flow,
between the reference and sample cells. Data acquisition
units and commercial calorimeters use the calibration equa-
tion to present the raw output data in units of J/g cement.
Fourier-transform infrared spectroscopy (FTIR) was used to
detect the hydration products after 24 hours, using a spec-
trometer on the OPC slurry, within a wavenumber range of
550 to 4000 cm™'. Potassium bromide (KBr) powder was
added to the samples at 1:100. The experimental test has a
resolution of 2.0 cm™.
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As per IS 1199 (Part-2),** equivalent to ASTM C143/
C143M-20,3* concrete workability was assessed by the
slump test. The fresh density was calculated as the net
weight of the container filled with concrete (in kg) (M.)
minus the net weight of the empty container (in kg) (M,,)
divided by the total volume of the container (in m®) (¥,,), as
given in Eq. (4), per IS 1199 (Part-3):2018% equivalent to
ASTM C642-21.36

M,.— M,
Density (kg/m’) = ——— (4)

The compressive strength, splitting tensile strength,
and flexural strength tests were evaluated after 7, 28, and
56 days of water curing. The strength tests were conducted
in accordance with IS 516 (Part 1/Sec 1):2021,%7 corre-
sponding to ASTM C39/C39M-01°® for compressive
strength, ASTM C496/C496M-17% for splitting tensile
strength, and ASTM C78/C78M-21% for flexural strength.
Strength assessments were conducted on the cured concrete,
and the load was applied steadily and without shock, main-
taining a constant rate. For the compressive strength test, a
compression testing machine with a capacity of 3000 kN
was used to apply a load of 14 N/mm?min on a 150 mm
cube. The splitting tensile strength test was conducted using
a universal testing machine with a capacity of 2000 kN,
applying a load of 0.7 N/mm?/min on a cylindrical specimen
measuring 300 mm in height and 150 mm in diameter. The
flexural strength test was performed on a 100 x 500 mm
beam, applying a 0.7 N/mm?/min load. The test report, under
the results and conclusions section, shows the average of the
three samples examined for each day of testing.

The depth of water penetration test assesses concrete’s
resistance to water ingress under pressure, as per IS 516
(Part 2/Sec 1):2018* and EN 12390 (Part-8):2019.9 A
water pressure of 10 bars is applied to one face of a water-
saturated concrete specimen for 72 hours. The specimen is
then split longitudinally to expose the cross section. The
water penetration depth is measured at various points to
determine the maximum and average depths. This test helps
evaluate concrete’s impermeability and durability, with
lower penetration depths indicating better performance in
resisting water ingress.

The carbonation test was conducted following
IS 516 (Part-2/Sec-4):2021,% which corresponds to
RILEM CPC-18 (1988).* Prisms were water-cured for
28 days, then air-conditioned for another 28 days before
sealing all but two opposite faces with paraffin wax. They
were then placed in an accelerated carbonation chamber
with controlled CO, concentration (3.0 £ 0.5% by volume),
temperature (27 £ 2°C), and humidity (65 £ 5%) for 70,
120, and 180 days. After each period, a 50 mm thick slice
was cut using a hammer and chisel, and phenolphthalein
indicator was sprayed to identify carbonated and non-
carbonated zones. Carbonation depth was measured at
10 points per prism, with necessary corrections made for
aggregate density and air voids as per IS 516 (Part-5/Sec-3):
2021,% which is equivalent to ASTM C642-21.3
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X-ray diffraction (XRD) analysis was used to obtain
diffraction patterns of the materials, aiding in determining
their composition. Mineralogical studies were carried out
using an XRD instrument equipped with a Cu-Ka X-ray
radiation source, as per ASTM C1365-18.¢ The analysis
employed a step size of 0.026 degrees a, covering a 26 angle
range from 10 to 90 degrees at an acceleration voltage of
40 kV. Samples for XRD were prepared after completing
compressive strength tests by halting hydration in anhy-
drous ethanol, drying the specimens in a 60°C oven for
24 hours, and grinding them into fine powder using a mortar.
The powdered samples, mixed with anhydrous ethanol and
passed through a 0.075 mm sieve, were then ready for XRD
testing. Additionally, scanning electron microscopy (SEM)
analysis was conducted following ASTM C1723-10Y to
examine the distinct morphological features of the various
concrete mixtures.

RESULTS AND DISCUSSION
Calorimetric analysis

Isothermal calorimetric analysis was employed to inves-
tigate the hydration kinetics of cement paste, enabling
real-time observation of the hydration reaction. The test
was conducted as per ASTM C1702-23%? on cement pastes
having varying doses of CO,—the cement paste designa-
tions CO, C1, C2, and C3 having 0, 0.1, 0.2, and 0.3% of CO,
by weight of OPC, respectively. Figures 1(a) and (b) illus-
trate the rate of heat evolution and cumulative heat flow for
cement pastes with and without CO,. Samples treated with
CO, showed higher peak heat flow than the conventional
control batch. Figure 1(a) shows that the hydration onset
after the induction period occurred earlier in all CO,-treated
samples than in the control, with subsequent hydration rates
comparable to the reference. Notably, while the impact of
CO, on hydration onset was consistent across dosages, the
peak energy release decreased for CO, doses above 0.2%.
The 0.2% CO, cement paste exhibited the highest peak
energy release relative to the control. Additionally, the onset
of heat evolution in CO,-mineralized batches was earlier
than in the control batch.

The heat energy curves provide insights into hydration
behavior; in the carbonated samples,*® the energy release
for the central silicate hydration peak exceeded the subse-
quent aluminate activity peak, indicating modifications in
C;S hydration. Conversely, in the non-CO,-injected batch,
the aluminate peak was more prominent than the leading
hydration peak, highlighting a distinct hydration pattern.
The cumulative heat of hydration, derived from integrating
the power curves, is presented in Table 5. It presents that
CO, mineralization increased total hydration, with the 0.2%
CO, sample showing the maximum enhancement. However,
at higher CO, dosages, a slight reduction in total hydration
was observed at 40 hours. Nucleation sites are essential for
the formation of hydration products. To enhance the hydra-
tion reaction, nuclei of hydration products begin forming on
the surface of clinker particles shortly after initial mixing.*’

The CaCOs; generated in the CO,-mixed pastes directly
facilitates additional cement hydration. CO, accelerates the
nucleation and growth of CH and C-S-H gel.*° In the early
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Table 5—Heat of hydration and heat relative to reference at 24 and 40 hours of hydration

Batch Energy at 24 hours, J/g

Relative to reference at 24 hours, %

Energy at 40 hours, J/g Relative to reference at 40 hours, %

Co 208 —

267 —

Cl 225 8.17

284 6.37

Cc2 236 13.46

292 9.36

C3 231 11.06

291 8.99
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Fig. 1—(a) Rate of heat of hydration; and (b) total heat of
hydration.
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stages, CaCO; was deposited sporadically on the surface of
anhydrous clinker particles, filling the matrix and serving as
nucleation sites to increase the hydration reaction. However,
later on, the residual CO;>" in the sample solution, linked
to the excess CO, supplied,’' preferentially mixed with the
Ca®" near the active dissolution sites rather than those away.
Consequently, a thick layer of CaCOj; formed on the clinker
surface, preventing more thorough cement hydration.
Sample C2 had a cumulative heat of hydration that is 13%
to 9% greater than that of C0O, which also sped up the early
hydration of less than 8 hours, as shown in Fig. 1(a) and (b).

Determination of optimal amounts of CO, to be
mineralized

To determine the optimal CO, content for concrete to be
mineralized, workability, fresh density and compressive
strength tests were conducted for varying doses of CO,.
Mixtures CM-0, CM-1, CM-2, and CM-3 had 113, 112,
110, and 109 mm slump values, respectively. CM-0 had the
maximum slump; adding CO, caused a marginal decline in
the slump. Mixture CM-3’s slump value was 5 mm lower
than CM-0, with the CM-0 slump value of 113 mm and CM-3
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Fig. 2—Compressive strength of concrete at different
CO; doses.

of 109 mm. Compared to CM-0, the observed decrease indi-
cates that CO,-mineralized concrete has a sufficient slump
value. The change in slump was minimal, suggesting that
CO,-mineralized concrete behaves similarly to CM-0. The
marginal decrease in a slump can be attributed to the water
consumed from the freshly mixed concrete when CO, and
OPC’s hydration phases interact.’?> The addition of CO,
into concrete marginally increased the fresh density; densi-
ties of 2412.43, 2413.43, 2412.67, and 2412.79 kg/m? were
found in CM-0, CM-1, CM-2, and CM-3, respectively. The
fresh density increased as the CO, content increased due to
the microscale formation of the CaCO; compound filling
the minute pores.> The increase in the fresh density of
CO,-mineralized concrete further indicated that the CO, is
completely sequestrated into the cementitious material and
does not exist separately.

Figure 2 depicts the compressive strength values for
conventional and CO,-mineralized concrete. Mixture CM-2
exhibited the most significant improvement, showing that
the modest amount of CO, mineralization enhanced the
concrete’s compressive strength. Mixtures CM-1, CM-2, and
CM-3 exhibited significantly higher compressive strength
than CM-0; a 12.44, 19.27, and 18.29% higher compressive
strength was found, respectively. The compressive strength of
CM-2 was 38.53, 60.35, and 62.29 MPa at 7, 28, and 56 days
of testing, respectively. The compressive strength of CM-2
was 18.78, 19.27, and 20.63% higher than that of CM-0 at
7,28, and 56 days of testing, respectively. This enhancement
can be attributed to the formation of CaCO; microcrystals,
which leads to a densification of the concrete matrix and the
sealing of micro-pores. Compressive strength increased due
to a higher amount of cement hydration product created by
CO, mineralization. The nucleation effect plays a crucial role
in hydration by increasing compressive strength by filling in
the tiny voids left by hydration products.>* A CO, dose larger
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Table 6—Economy index analysis

Mixture ID Ingredients cost per kg/m?, USD
Ingredients Region CM-0 CM-1 CM-2 CM-3
India 47.61 47.61 47.61 47.61
OPC

United States 70.00 70.00 70.00 70.00

India 2.20 2.20 2.20 2.20

Fly ash
United States 3.00 3.00 3.00 3.00
India 6.5 6.5 6.5 6.5
Coarse aggregate

United States 4.00 4.00 4.00 4.00

India 4.0 4.0 4.0 4.0

Fine aggregate
United States 25 2.5 2.5 2.5
India 0.50 0.48 0.46 0.44
CO,
United States 2.5 235 2.2 2.10
India 60.81 60.79 60.77 60.75
Total cost
United States 82.00 81.85 81.70 81.60
Compressive strength at 28 days, MPa — 49.46 56.21 58.75 57.48
India 0.81 0.93 0.97 0.95
Economy index (strength/cost)

United States 0.61 0.69 0.72 0.71

than 0.2 may cause insufficient water for continuous cement
hydration, resulting in incomplete hydration.

Cost analysis

Calculating the economy index involves dividing the
overall expense of raw materials by the compressive strength
attained after 28 days.*® Table 6 presents a detailed economic
index and ingredient prices analysis. To address regional
variability in material and CO, handling costs, a sepa-
rate economic analysis was conducted using approximate
U.S. market prices. While the absolute costs in the United
States are higher than in India, the relative trend remains
consistent: CO,-mineralized concretes, particularly CM-2,
achieve the most favorable economy index. This consis-
tency across two regions demonstrates that the proposed
approach is not limited to a specific market but has broader
global feasibility, subject to local cost adjustments. Because
fly ash is a by-product obtained from an industry such as
a thermal power plant or a waste material, only the trans-
portation cost for fly ash was considered. Similarly, the cost
of capturing and transporting CO, from the emission source
to the site of use was evaluated. CO,-mineralized concrete
mixtures have a higher economy index. Hence, the highest
28-day compressive strength per unit cost is found in CO,-
mineralized concrete. The fact that CM-0 had the lowest
economy index indicates that its compressive strength is at
least 28 days for every unit of concrete price, while CM-2
has a maximum economy index of 0.97, in Indian context. In
the American context, CM-0 exhibited the lowest economy
index, reflecting the least strength gain per unit cost,
whereas CM-2 achieved the maximum economy index of
0.89, demonstrating the most cost-effective balance between
strength and material expense

Damineli et al.’® discussed the importance of analyzing
CO, emissions control to understand the environmental
impact. It includes capturing the emitted CO,, minimizing
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the CO, emission, and using materials that emit less CO,.2
The environmental benefit of using CO, in concrete is due to
its mineralization, which reduces CO, emissions, and further
OPC is leveraged. The environmental benefit is mainly
driven by the reduction of cement in concrete composi-
tions. The carbon intensity of concrete performance can be
assessed based on the adjusted CO, mixtures, with CM-2
showing a reduction of OPC by 7.5% and, overall, approxi-
mately 8% reduction of carbon emissions.

OPC reduction in ideal amount of CO,-mineralized
mixture

Strength gains due to the mineralization of CO, were used
to leverage OPC content, thereby minimizing OPC consump-
tion. Subsequently, a 0.2% dose of CO, was found to give
maximum compressive strength, and the CM-2 was further
examined with reduced OPC to determine the highest OPC
decrease that does not compromise compressive strength
compared to CM-0.

The slump values for CM-2, CM-21, CM-22, CM-33, and
CM-24 were 113, 117, 119, 122, and 125 mm, respectively.
Notably, the slump value of CO,-mineralized concrete
tended to increase when OPC content was reduced, possibly
due to the fly ash addition in these mixtures. The fresh
density decreased as the OPC reduction increased due to the
lower specific gravity of fly ash than OPC; additionally, the
decrease in the density was minimal, deemed acceptable.
Mixtures CM-2, CM-21, CM-22, CM-33, and CM-24 had
fresh densities of 2412.43, 2409.65, 2407.23, 2405.87, and
2403.54 kg/m?, respectively. Figure 3 presents the compres-
sive strength result of CO,-mineralized concrete with reduced
cement content; CM-23 exhibited compressive strength
similar to that of the corresponding standard mixture without
CO,. Mixture CM-23 exhibited compressive strengths of
30.53, 49.32, and 54.29 MPa at 7, 28, and 56 days, respec-
tively. The compressive strength of CM-23 was marginally
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Fig. 3—Compressive strength of 0.2% COj-mineralized
concrete with decreased OPC.

higher than that of CM-2. Therefore, through CO, mineral-
ization, a 7.5% reduction in OPC content can be achieved
without decreasing the concrete compressive strength.

Splitting tensile strength

The splitting tensile strength values of CM-23 were
equivalent to CM-0, marginally higher, tested at 7, 28 and
56 days of water curing; the splitting tensile strength result
is presented in Fig. 4. The test result shows that a 0.25%
addition of CO, by the weight of OPC can allow for an
OPC reduction of 7.5% without any decrease in tensile
strength. The higher volume of ettringite and C-S-H gel
formation led to higher bond strength among the concrete
ingredients, improving the splitting tensile strength at
lower OPC content.”” It can be observed from Fig. 4 that
the splitting tensile strength of CM-23 is equivalent to that
of CC. At 7, 28, and 56 days, the splitting tensile strengths
of CM-23 were 3.12, 4.58, and 5.45 MPa, which closely
resembled the splitting tensile strength of the CM-0 at the
respective testing days. Further, it can be deduced that up
to a 7.5% reduction of OPC can be achieved by adding CO,
as an admixture. The equivalent splitting tensile strength of
CO,-mineralized concrete with reduced OPC compared to
conventional concrete was due to the development of CaCOj;
microcrystals. It caused the concrete matrix to densify and
fill micropores. The increase in splitting tensile was due to
a higher amount of cement hydration product produced by
CO, mineralization. Furthermore, adding CaCO; to C-S-H
could result in a more powerful C-S-H phase.*

Flexural strength

At 7,28, and 56 days of water curing, the flexural strength
values of CM-23 were equivalent to those of CM-2, with a
marginal increase; the results of the flexural strength test are
shown in Fig. 5. It can be noticed that approximately 7.5%
reduction in cement and marginal increment of fly ash in
CO,-mineralized concrete does not affect flexural strength.
The flexural strengths for CM-0 and CM-23 were 3.53 and
3.57 MPa at 7 days of testing, 5.76 and 5.82 MPa at 28 days,
and 6.67 and 6.84 MPa at 56 days, respectively. The flex-
ural strength deviation was very close; the conventional and
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Fig. 5—Flexural strength test results of control and
CO;>-mineralized concrete.

CO,-mineralized concrete with leveraged cement had equiv-
alent flexural strength to the corresponding mixture without
CO,. This is due to nano- to microscale CaCO; forming,
filling the micropores and densifying the concrete matrix.>
The proposed optimum CO,-mineralized M23 had a 7.5%
lower cement content than the corresponding conventional
concrete; hence, it can be concluded that a 7.5% reduction
of cement content is possible in CO,-mineralized concrete
without affecting flexural strength.

The flexural strength of CO,-mineralized concrete with
reduced cement was equivalent to conventional concrete due
to the formation of CaCOj; microcrystals, which caused the
filling of micropores and densified the concrete matrix. An
enormous volume of the cement hydration product, which
was brought on by the mineralization of CO,, was the cause
of improvement in flexural strength. Additionally, adding
CaCO; to C-S-H may have created a more substantial
calcium-silicate-hydrate binding phase.>

Carbonation depth
Table 7 presents the results of the carbonation test; it can
be observed that the CO,-mineralized concrete performs
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superior to conventional concrete. This is due to the forma-
tion of CaCO; nanoparticles and more C-S-H gel upon CO,
mineralization into concrete.’® The carbonation depth of all
the concrete mixtures at 180 days of testing was well lower
than the minimum nominal cover requirement to meet the
durability requirement in a mild exposure condition, with
a value of 20 mm.>° Carbonation depths of 9.8, 14.3, and
18.2 mm were found in CM-23 at 70, 120, and 180 days
of accelerated carbonation curing, respectively, which was
marginally lower than that of CM-0. Figures 6(a) to (c) show
the carbonated specimens of CM-0 and CM-23 at 70, 120, and
180 days of testing, respectively, sprayed with 1% phenol-
phthalein solution. The formation of CaCO; nanoparticles
and more C-S-H gel upon CO, mineralization into concrete
results in lower carbonation depth. Therefore, the higher the
C-S-H gel and the denser the concrete, the less vulnerable it
is to environmental effects. The resistance developed to the
ingress of the external agent into the concrete matrix is also
the reason behind the best performance of CO,-mineralized
concrete under carbonation conditions.

CO,-mineralized concrete with leveraged OPC performs
equivalently to the conventional concrete; the reasons behind
this could be the dose of CO, mineralized in this mixture,
optimizing the C-S-H gel from both the reactions—namely,
the fresh carbonation reaction between cementitious mate-
rials and CO; and the hydration of the cementitious materials.
Therefore, the more C-S-H gel and the denser the concrete,
the less vulnerable to environmental effects. The resistance
to the ingress of the external agent into the concrete matrix is

Table 7—Depth of carbonation at 70, 120, and
180 days of accelerated carbonation, mm

Days CM-0 CM-21 CM-22 CM-23 CM-24
70 days 10.2 8 8.6 9.8 11.1
120 days 14.7 12.1 13.5 14.3 15.4
180 days 18.6 15.7 16.9 18.2 19.6

also the reason behind the best performance of CM23 under
carbonation conditions.

The improved carbonation resistance of CO,-mineralized
concrete can be attributed to its modified pore structure.
The precipitation of finely distributed CaCO; nanoparti-
cles during mineralization fills capillary pores and refines
the pore size distribution, thereby reducing the diffusivity of
CO, through the concrete matrix. Simultaneously, the addi-
tional formation of C-S-H gel densifies the microstructure,
further restricting the pathways for gas ingress. The dual
effect of pore refinement and gel densification explains the
lower carbonation depths observed in mineralized mixtures
as compared to the control. Consequently, CO, mineraliza-
tion consumes part of the free Ca(OH), and also optimizes
the pore network, enhancing resistance against further
carbonation and ensuring sustained durability.

Depth of water penetration

The water permeability was determined after 56, 120,
and 180 days of water curing. The specimen was placed in
the water permeability apparatus, and a water pressure of
5 kg/cm? was applied for 72 hours. After that, the specimen
was split into two halves, the maximum water penetration
was noted, and three specimens were tested for each mixture;
the average values are reported in Fig. 7. The water perme-
ability test results indicated that a minor percentage miner-
alization of CO, by weight of cement in concrete gives the
best result; it shows that CO,-mineralized concrete performs
quite well compared to conventional concrete. Mixture
CM-23 was found to be the least permeable; the permea-
bility slowly rose as the cement content decreased. Hence,
the present results indicate that a 6 to 7.5% OPC reduction
followed by CO, mineralization does not alter the durability
of concrete in terms of ingress of exposure conditions.

The water penetration depth of CM-23 was 15.72, 13.46,
and 12.94 mm at 56, 120, and 180 days of testing, respec-
tively; of CM-0 was 16.42, 13.74, and 13.02 mm at 56, 120,

CM-2 CM-23

CM-2 CM-23

(b)

Fig. 6—Depth of carbonation at: (a) 70 days; (a) 120 days; and (a) 180 days of acceleration carbonation.
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Fig. 7—Depth of water penetration test result of conven-
tional and CO,-mineralized concrete.

and 180 days of testing, respectively; and of CM-23 was
equivalent to that of CM-0. The water penetration depth of
CM-24 was higher than that of CM-0. Hence, CO, miner-
alization can reduce cement content by 7.5% in M40-grade
concrete without affecting its durability. The formation of
minute-scale CaCOj that fills the pores is the leading cause
of lower water penetration in CO,-mineralized concrete.>?

XRD analysis

Introducing CO, into OPC-based concrete through
pre-carbonation alters the hydration process of C;A.
The resulting reaction products are predominantly influ-
enced by the molar ratios of CO,/Al,0; and C;A/SO;, as
demonstrated by thermodynamic simulations.®® For instance,
when the molar C3A/SO; ratio of the cement approaches 1,
CO, modifies the hydration of C;A, leading to distinct reac-
tion pathways and products.®!

Increasing the amount of CO, added to concrete results
in the partial or complete replacement of hemicarbonate
with monocarbonate in the hydration process. The adjust-
ment in mineralogy leads to several beneficial changes in
the hydrated cement: 1) increased production and stabiliza-
tion of ettringite; 2) better formation of monocarbonate; and
3) a reduction or elimination of monosulfate. These changes
collectively enhance the strength and durability of concrete.

The ettringite formation contributes to strength improve-
ment by generating more solid products and reducing
porosity due to its significant volume expansion, as seen
in Fig. 8. Additionally, monocarbonate, with its high bulk
modulus of 54 GPa, contributes to increased stiffness and
strength in the concrete. Eliminating or minimizing mono-
sulfate further improves durability, as monosulfate can trans-
form into ettringite under high humidity or CO, exposure.
This transformation can lead to expansion, microcracking in
the matrix, and gaps around aggregates, ultimately causing
delayed ettringite formation. By mitigating these issues, the
overall structural integrity of the concrete is preserved.

Scanning electron microscopy (SEM) analysis

Figures 9(a) to (¢) demonstrate SEM images of conven-
tional and CO,-mineralized concrete. The concrete
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Fig. 8—XRD result of conventional and CO,-mineralized
concrete.

microstructure densified due to a small amount of CO,
mineralization, as seen by the SEM images. The surface of
CM-0 concrete was porous and loose in contrast to the CO,-
mineralized concrete. CO,-infused concrete exhibited more
needlelike and clumped hydration products such as ettringite
and C-S-H gel. This is due to the surface of CO,-mineralized
concrete having CaCOs;, which calcified due to the hydra-
tion products’ carbonation, formation, precipitation, and
convergence.®? Compared to all other mixtures, the denser
morphology of CM-2 produced the best results, as a small
quantity of CO, optimizes the two reactions that occur in
CO,-mineralized concrete due to the hydration of cementi-
tious ingredients and the initial carbonation process.

Nano- to sub-micron-scale CaCQOj; contributed to pore
refinement by filling capillary voids, which reduces permea-
bility and improves resistance against the ingress of aggres-
sive agents. Additionally, the increased volume of ettringite
enhances mechanical properties by generating expan-
sive solid products that reduce porosity and densify the
matrix, thereby improving compressive strength and dura-
bility. These mechanisms collectively explain the superior
performance of CO,-mineralized concrete compared to the
control mixtures.

While this study primarily focused on OPC and Class F
fly ash, the effectiveness of CO, mineralization may vary
with other cementitious systems. For instance, binders with
higher calcium content, such as Class C fly ash or ground-
granulated blast-furnace slag, may accelerate CaCOj; precip-
itation and enhance early-age densification, whereas highly
pozzolanic materials such as silica fume or metakaolin could
contribute to additional pore refinement through secondary
C-S-H formation. These variations highlight that the balance
between carbonation reactions and hydration products is
binder-specific, and future studies can be carried out for the
applicability of CO, mineralization across diverse blended
cement systems. Furthermore, this method is applicable
for precast construction, where controlled curing condi-
tions can facilitate efficient CO, use, accelerate strength
gain, and improve durability. These aspects suggest that
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(c) CM-2

Fig. 9—SEM images of conventional and CO,-mineralized concrete.

CO; mineralization has vast potential across diverse binder
systems and industrial practices.

CONCLUSIONS
This study investigates the performance of carbon dioxide

(CO,)-mineralized concrete; it was noted that an ideal level
of CO, mineralization enhances concrete performance. The
procedure for CO, mineralization into concrete used in
this study consists of two stages: first, CO, is sequestrated
into OPC, and then the CO,-sequestered ordinary portland
cement (OPC) is combined with the remaining ingredients
to produce CO,-mineralized concrete. The current method
overcomes the limitation of using CO, for early-age concrete
carbonation by carbonation curing only. From the research,
the following conclusions emerge:

*  Experimental results reveal that the best strength is
achieved with a 0.20% CO, dose by weight of OPC.
Mixtures CM-1, CM-2, and CM-3 exhibit significantly
higher compressive strength than CM-0; 12.44, 19.27,
and 18.29% higher compressive strengths were found,
respectively. Isothermal calorimetric analysis reveals
that CO,-mineralized cement paste yields a higher heat
of hydration than cement pastes without CO,.

»  Concrete mixture design can be optimized to achieve the
target strength with lower OPC content by leveraging
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(d) CM-3

the strength gain from CO, mineralization. The study
demonstrates that cement content can be reduced by
up to 7.5% without compromising performance, corre-
sponding to nearly an 8% reduction in carbon emissions.
This approach uses CO, effectively and also decreases
the environmental footprint of concrete production,
offering a cost-efficient and sustainable pathway for
developing eco-friendly construction materials.

The slump value decreases as the CO, content increases
in the concrete. However, there was a marginal rise
in the slump of CO,-mineralized concrete with lower
OPC and a higher volume of fly ash than conventional
concrete. The fresh density increases due to the CO,
mineralization into concrete.

The CO,-mineralized concrete with leveraged OPC
has equivalent durability properties to conventional
concrete, as tested by the depth of water penetration and
resistance to carbonation test. The optimized mixture
CM-23 showed water penetration depths of 15.72,
13.46, and 12.94 mm at 56, 120, and 180 days, respec-
tively, and carbonation depths 0f 9.8, 14.3, and 18.2 mm
at 70, 120, and 180 days, respectively, comparable to or
lower than the control mixture and well within durability
limits. The improved resistance is attributed to pore
refinement from in-place calcium carbonate (CaCOs)
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and enhanced calcium-silicate-hydrate (C-S-H) gel
formation.

*  X-ray diffraction (XRD) confirmed that the CO, miner-
alization promotes monocarbonate formation, stabi-
lizes ettringite, and suppresses monosulfate, thereby
enhancing stiffness and durability while reducing risks
of delayed ettringite formation. Scanning electron
microscopy (SEM) observations showed that CO,-
mineralized mixtures, particularly CM-2, developed a
denser microstructure with refined C-S-H gel, ettringite,
and CaCO; filling pores compared to the porous
control mixture.
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Aggregate Concrete

by Chunhong Chen, Yunchun Chen, Jiang Yu, Pinghua Zhu, Ronggui Liu, and Xinjie Wang

The concept of multi-generation concrete recycling is increasingly
relevant as many existing recycled concrete structures near the
end of their service lives. This study examines the performance
variation and recyclability of multi-generation concrete subjected
to chloride salt drying-and-wetting cycling. After 30 drying-and-
wetting cycles, natural aggregate concrete, designed with three
different strength grades, was crushed to produce the first gener-
ation of recycled fine aggregate, which was then used to prepare
the second generation of concrete. This second generation was
subjected to the same drying-and-wetting cycling and subsequently
crushed to yield a second generation of recycled fine aggregate.
The results demonstrate a significant decline in the performance
of the second generation of concrete, with an average compressive
strength reaching only 89.52% of the first generation. Notably, the
performance deterioration was more pronounced in lower-strength
mixtures, which exhibited increased porosity, greater mass loss,
and deeper chloride penetration. Both generations of recycled
fine aggregate met the standards for Class Il aggregate; however,
some properties of the recycled fine aggregate derived from higher-
strength concrete qualified for Class Il aggregate status. Addi-
tionally, a regression analysis model was developed to predict the
attenuation coefficients for the third generation of concrete with
design strengths of 30, 45, and 60 MPa, yielding coefficients of
56.84%, 67.75%, and 71.72%, respectively. This study underscores
the potential for multi-generational use of recycled fine aggregates
and highlights the importance of selecting appropriate design
strengths to enhance durability and recyclability in chloride-rich
environments.

Keywords: chloride-ion erosion; drying-and-wetting cycles; multi-
generation concrete; recyclability; recycled fine aggregate (RFA).

INTRODUCTION

With the growing global demand for construction mate-
rials, the construction industry is increasingly focusing on
sustainable and eco-friendly practices.!* As natural sand
resources become increasingly scarce, efficiently using and
recycling concrete resources has become an urgent issue.>®
Recycled fine aggregate (RFA) has emerged as a promising
solution, helping to reduce construction waste and decrease
dependence on natural resources.’”” However, RFA concrete
(RC) faces a number of challenges in practical applications
compared to natural aggregate concrete (NC), especially in
terms of durability in the marine environment.!%!3

RC first saw practical application in the 1970s, and since
then, the practice has evolved to include RFA."* However,
as structures built with the first generation of RC approach
the end of their life cycle, the question arises: can concrete
be recycled again? Thus, the concept of multi-generation
concrete recycling has emerged.”!>!® The idea is not only

ACI Materials Journal/March 2026

to recycle concrete once but to create a sustainable cycle
where concrete is repeatedly reused across generations. This
approach aligns with the principles of resource conservation,
sustainability, and environmental protection by reducing the
need for virgin materials and minimizing waste. The idea
of recycling recycled concrete drives the study of multi-
generation concrete, where the long-term sustainability of
recycling practices is tested, particularly under harsh environ-
mental conditions such as those found in marine environments.

In marine environments, concrete structures frequently
undergo drying-and-wetting cycling, which accelerates
chloride-ion erosion and leads to performance degradation
of the internal structure of concrete. Chen et al. and other
scholars'”!® have detailed the process of chloride-ion erosion
in concrete under the combined effects of drying-and-wetting
cycling and loading, but few studies address multi-generation
concrete. Thomas et al.'® assessed the performance of three
generations of concrete using various methods but did not
consider the deterioration of concrete during service. Dadd
et al.” discussed the physical and mechanical properties of
45 mixture designs in the production of four generations
of concrete, yet did not account for the service conditions
of the concrete. Other scholars have developed systems for
multi-generation concrete recycling. Wang et al.'> established
a comprehensive experimental and theoretical analysis system
for multi-generation concrete recycling under freezing-and-
thawing conditions.

Although many studies have demonstrated the feasibility
of multi-generation recycling, the mechanisms of perfor-
mance degradation remain debated. Some researchers attri-
bute the deterioration mainly to the increasing content of
residual mortar and microcracks generated during crushing,
which elevate porosity and water absorption, thereby weak-
ening the mechanical interlocking between the old and new
mortar phases. Others emphasize the critical role of the inter-
facial transition zone (ITZ), where microstructural defects
and uneven stress distribution accelerate the propagation
of cracks and chloride ingress. Tam et al.,”* Xiao et al.,’!
and Kou and Poon?? showed that the ITZ in recycled aggre-
gate concrete exhibits higher porosity and weaker calcium-
silicon ratios (Ca/Si) compared to NC, significantly affecting
strength and durability. Such divergent interpretations
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Table 1—Mixture proportions of concrete, kg/m?®

Design strength Coarse aggregate Fine aggregate OPC FA SF Water w/b
30 MPa 1062.33 674.34 308.93 57.93 19.31 180.85 0.47
45 MPa 1115.67 621.42 356.55 66.85 22.28 160.94 0.36
60 MPa 1132.93 604.30 371.95 69.74 23.25 154.50 0.33

highlight that the performance degradation of recycled
aggregates is a multi-factor process involving both physical
damage and chemical-structural changes.

Therefore, this study focuses on how chloride salt drying-
and-wetting cycling exacerbates ITZ deterioration and aggre-
gate degradation across generations. While some research
has explored multi-generation recycling, studies under chlo-
ride salt drying-and-wetting cycling remain lacking. As this
process not only weakens mechanical and durability perfor-
mance but also affects recyclability, understanding degrada-
tion patterns under such conditions is crucial for improving
the practical application of recycled aggregates.

RESEARCH SIGNIFICANCE

This study explores the performance variations of two
generations of RC subjected to chloride salt drying-and-
wetting cycling through experimental analysis. Concrete
specimens with varying design strengths were used, and RFAs
were produced by crushing to prepare second-generation
RC. Over the course of 60 drying-and-wetting cycles, the
physical and mechanical properties, durability, and recy-
clability of the concrete were systematically evaluated. The
research focuses on determining the attenuation coefficient
of concrete strength during these cycles and predicting
the performance of subsequent generations of concrete.
The results offer valuable insights for optimizing concrete
mixture design and improving the durability of RC in prac-
tical engineering applications.

EXPERIMENTAL INVESTIGATION

Materials

In this study, concrete with design strengths of 30, 45, and
60 MPa was prepared. The first-generation concrete—that
is, NC—was made using basalt as the coarse aggregate, river
sand as the fine aggregate, and a combination of cementi-
tious materials consisting of ordinary portland cement (OPC)
(P.O 42.5) with 15 wt. % fly ash (FA) and 10 wt. % silica
fume (SF) replacing part of the cement. After 60 drying-
and-wetting cycles, the NC was crushed using a two-stage
crushing ratio method to produce first-generation RFA. The
second-generation concrete was then prepared using basalt
as the coarse aggregate, the first-generation RFA as the fine
aggregate, and the same cementitious materials as in the NC.

The concrete mixture ratios, aggregate properties, and
cementitious material compositions are provided in Tables 1
to 3. All aggregates and cementitious materials used in this
study were obtained from qualified commercial suppliers
and conform to Chinese national standards (GB/T 14684-
2022 for natural sand, GB/T 14685-2022 for crushed stone,
and GB/T 25177-2023 for RFAs).

The key physical and mechanical properties of the aggre-
gates—including apparent density, water absorption, and
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Table 2—Physical and mechanical properties of
natural aggregates

Physical Apparent Water Crushing
properties density, kg/m? absorption, % index, %
Basalt 2720 0.4 8.8
Sand 2634 0.2 10.5

Table 3—Chemical composition of cementitious
materials, wt. %

Component OPC FA SF
CaO 61.02 3.82 0.22
Si0, 20.39 52.5 86.2
ALO; 7.42 28.32 1.08
Fe,04 3.75 3.66 0.92
MgO 1.26 1.13 0.79
MnO 0.16 0.21 0.12
K,O 0.75 1.69 0
TiO, 0.27 0.97 0
SOs 2.08 1.75 0.83
Loss on ignition 2.57 1.83 1.79
Specific surface area, m*/kg 369 430 23,000
Apparent density, kg/m? 3152 2524 2721

crushing index—are summarized in Table 2. These values
are consistent with those required by the corresponding
standards. Other parameters, such as oven-dry and saturated
surface-dry density, mud content, and needle-like content,
were within the permissible limits and are therefore not
tabulated separately.

It should be noted that the RFAs were produced by crushing
laboratory-prepared parent concrete under controlled condi-
tions to ensure uniformity. Although this study did not
include detailed microstructural or compositional analyses
(such as X-ray diffraction [XRD], scanning electron micros-
copy [SEM], or quantification of adhered old mortar), these
investigations will be incorporated into subsequent research
to establish a quantitative relationship between the old mortar
characteristics, hydration degree, and aggregate performance.

Because the density of RFA is lower than that of natural
river sand, adjustments were made to the mixture propor-
tions based on the bulk density of RFA to match the volume
of river sand used in the NC mixture. The grading curves for
all aggregates indicated good particle distribution.

Specimens

The dimensions of specimens for the two generations of
concrete were 100 x 100 x 400 mm. All the specimens were
demolded 24 hours after casting and cured for a standard

ACI Materials Journal/March 2026



RFA2-30

RFA2-45

NC-30 —-/ RFA1-30 /L. RC-30
Sand NC-45 ——/ RFA1-45 /L, RC-45
NC-60 —-/ RFA1-60 /L» RC-60

RFA2-60

1T

Fig. I—Multi-generation preparation process of concrete specimens.

period of 28 days (in a curing room maintained at 20 +
2°C and relative humidity >95% in accordance with GB/T
50082-2009). After curing, epoxy resin was applied to four
consecutive surfaces of the specimens to simulate one-
dimensional chloride attack; two opposite surfaces were left
uncoated and used for applying loads. A four-point bending
loading device was used to apply bending loads to the spec-
imens, and the applied stresses were 25% of the flexural
strength of the specimens.

The preparation process of the specimens in this study,
involving two generations of fine aggregates and two gener-
ations of concrete, is illustrated in Fig. 1. NC-30 refers
to the first-generation concrete with a design strength of
30 MPa. RC-30 indicates the second-generation concrete
with a design strength of 30 MPa. RFA1-30 denotes the
RFA produced by crushing the NC with a design strength of
30 MPa. RFA2-30 represents the RFA obtained by crushing
the second-generation concrete with a design strength of
30 MPa. This notation applies similarly to concrete speci-
mens and RFA with design strengths of 45 and 60 MPa.

Drying-and-wetting cycling process

To simulate the typical service conditions of multi-
generation concrete in real-world projects, a drying-and-
wetting cycling experiment was designed based on the theory
of environmental similarity. This experiment aimed to repli-
cate the intertidal environment of Zhoushan, Zhejiang Prov-
ince, China. The Nernst-Einstein equation (Eq. (1))** was
used to calculate the experimental temperature in the indoor
accelerated environment, which was 24°C, based on the
average air temperature in the coastal area of Zhoushan.>*

In the drying stage, a temperature of 60°C was adopted to
accelerate the moisture evaporation and chloride migration
processes while maintaining microstructural integrity. This
temperature was selected according to the Arrhenius-type
temperature acceleration principle. Several previous
studies'”!® recommend 60°C as an equivalent accelerated
condition for simulating marine exposure and chloride
ingress in laboratory settings. Therefore, 60°C was used
as a reasonable accelerated aging temperature, providing a
consistent activation energy response without causing unre-
alistic thermal damage to the cementitious matrix.

In the drying-and-wetting cycling test, the specimens
together with the loading device were first immersed in a
thermostatic water bath containing a 5% NaCl solution for
12 hours, and then placed in a blower drying oven at 60°C
for 36 hours. A total of 60 drying-and-wetting cycles were
conducted in the test period for a total of 120 days, and
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the performance of the concrete was examined once every
12 cycles

Dey = DOTlOeq(T'T%) (1)

where Dc; and D, are chloride diffusion coefficients at
temperature 7" and 7; (K), respectively; and ¢ is the acti-
vation coefficient, which is related to the water-binder ratio
(w/b). When the w/b are 0.33, 0.36, and 0.40, the values of g
are 6100, 6050, and 6000 K, respectively. Figure 2 shows the
flow of the whole experiment, involving drying-and-wetting
cycling of NC and RC, and the preparation and testing of
two generations of RFA.

Items of investigation

The physical and mechanical properties of basalt, sand,
RFA1, and RFA2 were evaluated according to GB/T 14684-
2022 and GB/T 14685-2022, including grading curves,
water absorption, apparent density, bulk density, crushing
value, and soundness.

The porosity and compressive strength of both concrete
generations were tested following GB/T 50081-2019, using
100 x 100 x 100 mm cubic specimens. Porosity, defined as
the ratio of pore volume to total volume, was determined
indirectly from water absorption after immersion. The
sample preparation process is shown in Fig. 3.

Using a silicon carbide saw, three 100 mm cuts were made
on the 100 x 100 x 400 mm prismatic specimens—one at the
center and one on each side—to obtain two cubes, one of
which was used for compressive strength testing. All strength
tests were performed with a universal testing machine.

Following GB/T 50082-2009, the durability of both
concrete generations against chloride erosion was evaluated
by mass change, relative dynamic elastic modulus (RDEM),
chloride penetration depth, and free chloride content. Three
prismatic specimens from each group were tested per drying-
and-wetting cycle. Each specimen was numbered, tracked,
and weighed to record mass change.

The chloride penetration depth and free chloride-ion
content were measured according to GB/T 50082-2009
and JGJ/T 322-2013. After each drying-and-wetting cycle,
specimens were split perpendicular to the chloride ingress
direction. A 0.1 mol/L AgNO; solution was sprayed on the
freshly exposed surface; after ~15 minutes, the chloride-
contaminated region turned white (AgCl), while the unaf-
fected area remained brown. The chloride front was defined
as the average distance between the color-change boundary
and surface, measured at multiple points with a Vernier
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Fig. 3—Preparation of compressive strength specimens.

caliper (£0.02 mm). The average of three specimens was
taken as the representative penetration depth.

For free chloride-ion content, powdered samples were
drilled at 4 mm intervals (2 to 10 mm depth) and 5 mm inter-
vals (10 to 30 mm depth) from the exposed surface. Samples
were oven-dried at 50°C, sieved through a 0.315 mm mesh,
and analyzed using a rapid chloride-ion content tester per
JGJ/T 322-2013. The chloride concentration was expressed
as the mass ratio of chloride ions to binder mass, and each
data point represents the mean of three replicates.
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Fig. 4—Compressive strength of concretes during drying-
and-wetting cycling.

EXPERIMENTAL RESULTS AND DISCUSSION
Compressive strength

As shown in Fig. 4, during the drying-and-wetting cycling,
the compressive strength of specimens with different design
strengths (different color lines) first increased and then
decreased. The maximum increase for NC-30, NC-45,
NC-60, RC-30, RC-45, and RC-60 was 7.51%, 9.04%,
11.35%, 5.85%, 7.86%, and 13.05% of the initial strength,
respectively, and the maximum decrease was 30.00%,
17.20%, 15.07%, 31.08%, 18.10%, and 15.52% of the initial
strength, respectively. The increase in concrete strength is
due to the occurrence of internal secondary hydration reac-
tions.?>2¢ The decrease in strength is due to the coupled
effects of loading and chloride erosion, leading to pore
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damage, crack development, and the formation of multiple
crack interconnections. As the drying-and-wetting cycling
continues, the damage accumulates, resulting in a decrease
in the compressive strength of the concrete.?’*

The compressive strength of the two generations of
concrete with the same design strength showed similar
trends, but the compressive strength of the NC (dark lines)
was higher than that of the RC (light lines), with the average
compressive strength of RC being 89.52% of that of NC.
This is attributed to the fact that RFA, made by crushing NC,
contains a large proportion of adhered mortar, resulting in
RC made with RFA having lower compressive strength than
NC.31’32

Additionally, after 60 drying-and-wetting cycles, the
compressive strength loss rates of RC-30, RC-45, and RC-60
were 1.08%, 0.89%, and 0.45%, respectively, compared to
NC-30, NC-45, and NC-60. This indicates that the lower
the design strength of the first-generation concrete (NC),
the smaller the compressive strength loss in the second-
generation concrete (RC). This trend can be attributed to the
higher design strength of NC, resulting in stronger mortar
adhering to the RFA. The enhanced physical and mechanical
properties of the RFA lead to a reduction in the compressive

—=— NC-60 RC-60 %

porosity (%)

Number of dry-wet cycles

Fig. 5—Porosity of concretes during drying-and-wetting
cycles.

0.5

strength loss of RC. Therefore, the high-strength mortar
attached to the RFA improves the corrosion resistance of
concrete under chloride-ion erosion conditions.33-%°

Furthermore, the superior performance of RC-60 can be
explained by the microstructural densification of the ITZ in
high-strength concrete. This topic will be discussed later in
the text.

Porosity

As shown in Fig. 5, the porosity of the concrete shows an
increasing trend. The final increase in porosity for NC-30,
NC-45, NC-60, RC-30, RC-45, and RC-60 was 2.18%,
1.55%, 0.60%, 2.23%, 1.60%, and 1.01%, respectively.
The average porosity of NC during the drying-and-wetting
cycles is 85.98% of that of RC. This is because RFA has a
loose and porous nature, making the porosity of RC higher.
Additionally, compared with NC, the higher initial porosity
of RC leads to more chloride erosion, causing RC to deterio-
rate faster,*® which leads to greater increase in its porosity as
the drying-and-wetting cycle progresses.>*-

Mass change, RDEM, and chloride erosion depth

As illustrated in Fig. 6(a) and (b), during the initial 0
to 12 cycles of drying-and-wetting cycling, the mass and
RDEM of the concrete exhibited a slight increase before
experiencing a significant decline. This initial rise, akin
to the observed increase in compressive strength, can be
attributed to the narrowing of pores and cracks caused by
load compression, the formation of secondary hydration
products, and the filling of voids with chlorides. However,
as the cycles progressed, cumulative damage ensued from
repeated deformation due to water loss and shrinkage during
the drying phase, followed by water absorption and expan-
sion during the wetting phase. This led to the expansion of
internal cracks and an increase in pore volume within the
concrete.’*37 Furthermore, the internal stresses caused by
salt crystallization from chloride erosion,!®3® combined
with the accumulated shrinkage and expansion strains from
drying-and-wetting cycling, resulted in surface spalling of
the concrete specimens, contributing to mass loss and a
decrease in RDEM.*

The final average mass change rate of RC for the three
design strengths is 2.61 times that of NC, while the final
average RDEM for RC is 91.30% that of NC. Furthermore,
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Fig. 6—(a) Mass change,; (b) RDEM, and (c) chloride erosion depth of concretes during drying-and-wetting cycles.
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Fig. 7—Free chloride content at different erosion depths of concretes during drying-and-wetting cycles: design strength of:

(a) 30; (b) 45, and (c) 60 MPa.

Table 4—Fitted equations for free chloride-ion content of concrete at different depths during drying-and-

wetting cycles

Concrete Model type Parameter value R?
NC-30 2=0.68742; a =—0.0687; b=0.01557; ¢ =0.00122; d =—1.41568 x 10~* 0.79625
RC-30 20=0.52415; a =—0.05223; b =0.01204; ¢ = 9.27815 x 10 d=—-1.12139 x 10|  0.79841
NC-45 Parabola 20=0.47821; a =—0.05206; b = 0.00875; ¢ = 0.00106; d =—7.36607 x 1075 0.81563
RC-45 z=ztaxxtbxytexxtdxy 20=10.62401; a =—-0.06808; b= 0.0109; ¢ = 0.00139; d =—8.50849 x 10 0.81365
NC-60 2=0.39839; 4 =—0.0397; b= 0.00942; ¢ = 6.94241 x 10%; d=-6.82752 x 10° |  0.83759
RC-60 20=0.52615; a =—0.05316; b = 0.01248; ¢ = 9.40025 x 10%; d =-8.95452 x 105 |  0.83745

as shown in Fig. 6(c), the average chloride penetration depth
in NC was 22.60 mm, compared to 26.50 mm in RC. The
impact of different design strengths on the performance of
NC and RC also showed distinct variations. Higher design
strength in NC led to improved durability and resistance
to chloride penetration, resulting in slower mass loss and
RDEM degradation.

Compared to NC with the same design strength, RC
demonstrated greater mass loss and deeper chloride
penetration, attributed to the inferior quality of adhesion in
the RFA. This difference was more pronounced at lower
design strengths. For example, the mass loss of RC with
a design strength of 30 MPa was 42.17% greater than that
of NC, while for 45 and 60 MPa, the mass loss of RC was
33.95% and 38.81% greater than NC, respectively. In terms
of RDEM, NC showed smaller reductions compared to RC,
with NC-30 retaining 92.56% of the RDEM of RC-30, NC-45
retaining 89.26% of RC-45, and NC-60 retaining 91.91% of
RC-60. Regarding chloride penetration, the depth in RC-30
was 84.22% of that in NC-30, 84.30% for RC-45 compared
to NC-45, and 87.75% for RC-60 compared to NC-60. These
differences can be attributed to the fact that lower-design-
strength concrete tends to produce RFA with more adhered
mortar,***! while higher-strength concrete produces RFA
that accumulates more damage during production, leading
to increased deterioration in RC. Despite these differences,
all three types of NC exhibited consistent trends in mass
change, RDEM variation, and chloride penetration depth
throughout the cycling process, and similar patterns were
observed in the corresponding RC specimens.

Although an increase in porosity contributes to higher
chloride penetration, it is not the sole determining factor. As
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supported by SEM observations, the formation of intercon-
nected microcracks and deterioration of the ITZ structure
play a more dominant role in facilitating chloride transport.
During drying-and-wetting cycling, repeated expansion and
shrinkage stresses induce crack coalescence, enhancing
pore connectivity and forming continuous diffusion path-
ways. Therefore, the observed increase in chloride penetra-
tion depth in Fig. 6(c) results from the combined effects of
increased porosity and microcrack connectivity, rather than
porosity alone. In particular, RC specimens, owing to their
weaker ITZ and higher initial defect density, exhibit more
rapid development of connected cracks, which accelerates
chloride ingress even when the total porosity increase is
relatively modest.

Free chloride-ion content

Figure 7 shows the free chloride-ion content at different
depths of concrete during drying-and-wetting cycling (dark
color for NC, light color for RC), and the fitting surface infor-
mation is shown in Table 4. During the drying-and-wetting
cycling, the average free chloride-ion content in the depth
range of 0 to 30 mm from the exposed surface of NC-30,
NC-45, NC-60, RC-30, RC-45, and RC-60 was 0.255 wt. %,
0.199 wt. %, 0.190 wt. %, 0.330 wt. %, 0.259 wt. %, and
0.251 wt. %, respectively. At the same depth from the
exposed surface, the free chloride-ion content increased as
the number of drying-and-wetting cycles progressed. Addi-
tionally, at the same number of cycles, the free chloride-ion
content decreased with increasing depth from the exposed
surface. After 60 drying-and-wetting cycles, the average free
chloride-ion content at a depth of 2 mm in NC was 96.67%
of that in RC.
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Fig. 8—Grading curves of virgin aggregate and two generations of recycled aggregate.

The free chloride-ion content in both NC and RC with
different design strengths can be fitted using polynomial
functions (Table 4), with a high correlation coefficient (R?).
This indicates that NC and RC with varying strengths exhibit
similar patterns of chloride salt erosion throughout the entire
drying-and-wetting cycling process.

Moreover, SEM coupled with energy-dispersive X-ray
spectroscopy (SEM-EDS) analyses revealed that chloride
ions accumulated predominantly within the ITZ and nearby
hydration products after cyclic exposure. The elevated CI
signals corresponded to the presence of Friedel’s salt and
Kuzel’s salt, formed through the reaction of chloride with
calcium aluminate hydrates. This transformation locally
consumed portlandite and disturbed the calcium-silicate-
hydrate (C-S-H) network, thereby weakening microstruc-
tural compactness. Such interactions contribute to increased
microcracking and accelerated chloride transport in subse-
quent cycles.*** These findings confirm that chloride ions
play a dual role—both chemically and physically—in dete-
riorating the concrete microstructure under repeated drying-
and-wetting exposure.

Grading curve

As shown in Fig. 8, the grading curves for the sand, RFA1,
and RFA2 all meet the standard requirements. However, the
residual mass of RFA2-60 on the 4.75 mm sieve is close
to the upper limit specified by GB/T 25176-2010. This
may be due to the higher design strength of the concrete,
making it difficult to break the material into finer particles
under mechanical force and particle collisions during the
crushing and screening processes, resulting in a lower fine
content and coarser particles.’>* Similarly, the retained
mass of RFA2-30 between the 0.3 and 0.6 mm sieve sizes
is slightly below the lower limit specified by the standards.
This may be due to the lower design strength of concrete,
which makes it easier to form RFAs with finer particles
during secondary crushing, resulting in a higher fine content
in the RFA produced. Additionally, the gradation of RFA2 is
notably inferior compared to that of sand and RFA1. These
observations indicate that the gradation curves of RFA from
lower-strength concrete are relatively poor, and the gradation
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tends to further deteriorate with increased cycles of reuse.
However, the gradation remains within the acceptable range.

Physical properties

Figure 9 shows the physical properties of RFA1 and RFA2
obtained from NC and RC after 60 cycles of drying-and-
wetting cycling, compared to the physical properties of sand.
As illustrated in Fig. 9, as the design strength decreases, the
apparent density and bulk density of RFA gradually increase,
while the crushing value and soundness gradually decrease.
The average apparent density, bulk density, crushing value,
and soundness of RFA1 are 92.33%, 89.79%, 222.54%, and
156.86% of those of sand, respectively. Additionally, at the
same design strength, the average apparent density of RFA2
is 95.07% of RFAL1, the average bulk density is 96.30%, the
average crushing value is 112.97%, and the soundness is
106.37%.

The data suggest that the attenuation rates of RFA in
terms of apparent density, bulk density, crushing index,
and soundness are influenced by the design strength of the
original concrete. Specifically, RFAs from both higher- and
lower-strength concrete show higher attenuation rates. For
instance, RFAs produced from higher-strength concrete
(for example, RFA-60) exhibit modest increases in attenu-
ation rates for apparent density (0.9581) and bulk density
(0.9634), while the crushing index (1.1634) and soundness
(1.0792) increase more substantially. This is likely due to
the harder mortar adhering to the RFA, which accumulates
internal damage during crushing, leading to greater degra-
dation in mechanical properties.***® Conversely, RFA from
lower-strength concrete (for example, RFA-30) also experi-
ences notable attenuation in the crushing index (1.1023) and
soundness (1.0263), attributed to the weaker mortar in the
original concrete, resulting in greater performance degrada-
tion during the recycling process.

According to Chinese standard GB/T 25176-2010, the
performance indicators of RFA1-60 meet the Class II stan-
dard, while those of RFA1-45, RFA2-30, RFA2-45, and
RFA2-60 meet the Class III standard. This again demonstrates
the potential for multi-generational use of RFAs. Furthermore,
a comprehensive comparison of aggregate quality reveals
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Fig. 10—SEM images of ITZ after 60 drying-and-wetting cycles: (a) NC-30; (b) NC-45; (c) NC-60; (d) RC-30, (e) RC-45; and

() RC-60.

that the regeneration potential of RFA, ranked from largest
to smallest, was: RFA1-60, RFA1-45, RFA2-60, RFA1-30,
RFA2-45, and RFA2-30. This is because the adhered mortar
strength in RFAs from higher-design-strength concrete
is greater, leading to less internal damage under the same
crushing conditions; therefore, these aggregates maintain
higher quality despite the relatively high attenuation rates
of RFA-60.4

SEM-EDS analysis

After 30 drying-and-wetting cycles, SEM analysis was
conducted on the two generations of concrete specimens
(Fig. 10). The results indicate that the concrete with a design
strength of 30 MPa has a rougher mortar surface. This
roughness is likely due to the higher w/b in lower-strength
concrete, which creates a less-dense cement paste, resulting
in more pores and unhydrated particles on the surface. More-
over, the ITZ in RC is noticeably wider than that in NC.

In this study, the ITZ was identified in SEM micrographs
based on both morphological and compositional character-
istics, following established approaches in the literature. 8->
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Morphologically, the ITZ region was distinguished by a
visibly porous texture and the presence of microcracks
along the aggregate-paste interface under secondary elec-
tron imaging. Compositionally, EDS line scans revealed a
gradual decrease in the Ca/Si and an increase in Al and O
contents across the transition region, which is consistent
with the typical hydration heterogeneity at the ITZ.

This observation is consistent with prior studies, which
reported quantitative ITZ widths of approximately 120 pm in
RC versus 60 um in NC under comparable conditions.’! This
could be attributed to the higher water absorption rate of the
RFA, which draws in more water during mixing, reducing
the effective water content in the cement paste and hindering
complete hydration of the mortar, thereby widening the ITZ
region. However, in the present study, the authors did not
perform a full statistical analysis of ITZ width (mean, stan-
dard deviation, and distribution) across different strength
grades; this is a limitation of this work due to the limited
number of SEM images and measurement points collected.
The authors plan to include such a quantitative microstruc-
tural characterization in follow-up research, where the data
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set will be expanded, image-processing algorithms will be
applied, and ITZ width will be correlated statistically with
strength grade and durability metrics.

As shown in Fig. 11, SEM-EDS surface scans of the ITZ
for different concrete samples reveal notable variations in
elemental composition. The Ca/Si increases with the design
strength of the concrete. For instance, NC-30 exhibits a Ca/
Si of approximately 1.52, which rises to 1.85 in NC-60, indi-
cating a denser and more hydrated matrix in higher-strength
concrete. In contrast, RC samples show a less pronounced
increase in Ca/Si, with RC-30 at 1.13 and RC-60 at 1.63.
Additionally, RC samples have higher aluminum content,
such as 4.58% in RC-30 compared to 2.21% in NC-30,
likely due to the mixing of alumina-rich materials during
the recycling process. The overall elemental distribution in
the ITZ suggests that RC samples have a more porous and
less homogeneously hydrated ITZ compared to NC samples,
contributing to the observed wider ITZ region in RC.

SEM-EDS analysis (Fig. 10 and 11) shows that the Ca/Si
in the ITZ increases from 1.52 in NC-30 to 1.85 in NC-60,
and from 1.13 in RC-30 to 1.63 in RC-60, reflecting the
formation of a denser C-S-H gel network with fewer capil-
lary pores. The refined ITZ structure effectively restricts
chloride transport and reduces microcrack connectivity,
resulting in a slower rate of mechanical degradation under
drying-and-wetting cycling. In addition, the adhered mortar
from the high-strength parent concrete (NC-60) contrib-
utes to a more compact ITZ in RC-60, which enhances the
chloride resistance and delays the onset of microstructural
damage.

Multi-generation recyclability analysis

As shown in Fig. 12, the study evaluated four key aspects
of concrete performance: a) mechanical properties, including
compressive strength; b) physical characteristics, such as
initial porosity; ¢) durability, covering changes in porosity,
mass variation, RDEM changes, chloride penetration depth,
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and free chloride content during the drying-and-wetting
cycling; and d) the physical properties of aggregates derived
from crushed concrete, including apparent density, bulk
density, crushing value, and soundness.

The performance indicators in Fig. 12 for two generations
of concrete in the study before drying-and-wetting cycling
were normalized to facilitate comparison and weighting in
the calculations. Strength attenuation during the drying-and-
wetting cycling was selected as the attenuation coefficient
for each generation of concrete based on a comprehensive
comparison. Subsequently, a multivariate regression analysis
was conducted using a Python program to train the regression
model, which calculated the weights of each performance
indicator and established a model capable of predicting
the performance attenuation rate of the next generation of
concrete. The regression model assumes that the attenua-
tion coefficient (1) is a linear combination of various perfor-
mance indicators

/1=P0+W1XP1+W2><P2+...+W,,><P,, (2)
where Py is the intercept; Py, P,, ..., P, are the coefficients
of the performance indicators; and wy, w,, ..., w, are their
corresponding weights. Multivariate regression analysis was
performed using Python, determining the contribution of
each performance indicator to the overall attenuation coeffi-
cient. By standardizing the regression coefficients, the rela-
tive importance of each indicator was calculated, as shown
in Table 5.

It can be observed that the weights of porosity (0.333)
and mass change (0.417) are notably higher than those of
the other parameters. Physically, this indicates that these
two factors dominate the degradation process under chlo-
ride drying-and-wetting cycling. Porosity governs the
ease of chloride-ion and moisture transport within the
concrete, determining the rate of internal damage evolu-
tion. Mass change reflects the cumulative effects of physical
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Fig. 12—Multi-generation concrete recyclability analysis process.

Table 5—Corresponding weights of indicators in
multiple linear regression model

Indicator Regression coefficient Weights
Compressive strength 5.07 x 10°¢ 2.38x10°¢
Porosity ~7.09 x 10! 3.33x 10!
Mass change 8.86 x 107! 4.17 x 107!
RDEM 5.60 x 1072 2.63 x 1072
Chloride erosion depth —-5.74 x 1072 2.70 x 1072
Free chloride-ion content 1.03 x 107! 4.82 %1072
Apparent density 2.33 x 1072 1.10 x 107
Bulk density -7.02 x 1072 3.30x 102
Crushing index ~1.30 x 107" 6.13x 1072
Soundness -9.27 x 1072 9.27 x 1072

deterioration (spalling, salt crystallization) and chemical
alteration (loss of hydration products). In recycled concrete,
the adhered mortar on RFAs exhibits higher porosity and
a weaker microstructure compared to natural aggregates,
which enhances the permeability and accelerates deteriora-
tion. Consequently, variations in porosity and mass have a
more pronounced influence on the degradation coefficient.
Similar conclusions regarding the critical role of porosity in
chloride transport and durability loss of recycled aggregate
concrete have been reported by Zhu et al.>? and Wang et al.3

According to the regression model predictions, the
compressive strength decay coefficients for concrete with
parent concrete strengths of 30, 45, and 60 MPa are 0.5684,
0.6775, and 0.7172, respectively. This indicates that, after
60 drying-and-wetting cycles, the compressive strength
of third-generation recycled concrete from these parent
concretes will decrease to 56.84%, 67.75%, and 71.72%
of their initial values. Specifically, under the same mixture
proportions, the compressive strength of RFA2-30, RFA2-
45, and RFA2-60 concretes drops to 17.05, 30.49, and
43.03 MPa, respectively, which is significantly lower than
their original design strengths.
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According to GB 50010-2010 and EN 1992-1-1 (Euro-
code 2), the minimum compressive strength requirement
for marine structural concrete typically exceeds 30 MPa to
ensure adequate durability and chloride resistance. Hence,
the predicted strength of RFA2-30 concrete (17.05 MPa) falls
below the threshold for both structural and durability perfor-
mance, making it unsuitable for marine or load-bearing use.
In contrast, RFA2-45 and RFA2-60 concretes (30.49 and
43.03 MPa, respectively) may marginally satisfy service-
ability requirements for secondary structural components
or inland exposure environments but remain vulnerable to
chloride-induced degradation. These findings suggest that,
without further enhancement measures, third-generation
recycled concrete cannot fully meet practical engineering
demands, particularly in aggressive environments such as
marine exposure.

However, it should be noted that the main limitation of
third-generation recycled concrete lies in the performance
degradation of RFAs caused by multiple recycling cycles.
Previous studies have shown that technical interventions
such as surface modification,” nanosilica’® or pozzolanic
slurry coating,*® and optimized mixture proportioning can
effectively strengthen the recycled aggregates and improve
the ITZ, thereby enhancing the mechanical and durability
performance of multi-generation recycled concrete. There-
fore, future research should focus on aggregate modifica-
tion and mixture optimization to extend the applicability of
third-generation recycled concrete in engineering practice.

This finding is consistent with the research by Thomas
etal.,'”” who also observed that without additional interven-
tions, the recycling potential of multi-generation recycled
coarse aggregate concrete is limited to three generations.>®

CONCLUSIONS
Based on the results of this experimental investigation
under tidal conditions, the following conclusions are drawn:
1. Concrete with design strengths of 30, 45, and 60 MPa,
whether natural aggregate concrete (NC) or recycled fine
aggregate (RFA) concrete (RC), showed similar degradation
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patterns under chloride salt drying-and-wetting cycling.
Compressive strength, mass change, and relative dynamic
elastic modulus (RDEM) first increased and then decreased,
while porosity and chloride penetration depth continuously
increased. Higher design strengths enhanced durability
against chloride erosion during multi-generation recycling.

2. The chloride resistance of RC was lower than that of
NC. After 60 cycles, the average compressive strength of
RC was 42.50 MPa (89.52% of NC), with higher porosity
(25%), greater mass loss (6%), and deeper chloride penetra-
tion (25 mm). The difference between RC and NC was more
pronounced at lower design strengths: RC-30 had 42.17%
more mass loss than NC-30, RC-45 33.95%, and RC-60
38.81%. Regarding RDEM, NC-30 retained 92.56% of
RC-30’s RDEM, NC-45 89.26%, and NC-60 91.91%. Simi-
larly, chloride penetration was deeper in RC, with RC-30,
RC-45, and RC-60 showing 84.22%, 84.30%, and 87.75%
of NC’s penetration depth after 60 cycles.

3. The grading curves of sand, RFA1, and RFA2 met
standard requirements. However, RFA from higher-strength
concrete contained coarser particles, while that from lower-
strength concrete was finer. The apparent density, bulk
density, crushing value, and soundness of RFA degraded
more in lower-strength concrete. For instance, the apparent
density of RFA1 was 92.33% of sand, and RFA2 was 95.07%
that of RFA1. The crushing value and soundness of RFA1
were 222.54% and 156.86% that of sand, while for RFA2
they were 112.97% and 106.37% that of RFA1, respectively.
Despite these declines, all RFAs remained within acceptable
limits.

4. Scanning electron microscopy (SEM)-energy-dispersive
X-ray spectroscopy (EDS) analysis after 30 cycles revealed
that RC had a wider interfacial transition zone (ITZ) and
lower Ca/Si ratios than NC. The Ca/Si increased from 1.52
(NC-30) to 1.85 (NC-60), and from 1.13 (RC-30) to 1.63
(RC-60). RC also showed higher Al content (4.58% in RC-30
versus 2.21% in NC-30). These results indicate that higher
porosity and Al content in RC’s ITZ lead to less uniform
hydration, explaining its reduced performance.

5. The regression model predicted strength attenua-
tion coefficients for third-generation concrete as 0.5684
(30 MPa), 0.6775 (45 MPa), and 0.7172 (60 MPa). After
60 cycles, the compressive strengths of RFA2-30, RFA2-45,
and RFA2-60 were predicted to decrease to 17.05, 30.49,
and 43.03 MPa, respectively. Given the minimum strength
requirement for marine and structural concrete (=30 MPa),
RFA2-30 concrete fails to meet standards, while RFA2-45
and RFA2-60 only partially satisfy functional demands.
These findings underscore the need for technical inter-
ventions (for example, surface modification or nanosilica
treatment) to maintain performance across generations and
ensure sustainable use of third-generation recycled concrete.

This study highlights the potential for multi-generational
use of RFA in concrete, but also the necessity of optimized
mixture designs to ensure durability in chloride-rich envi-
ronments. Future work should optimize mixture designs
under various exposure and load conditions and explore
the long-term recyclability of RFAs to promote sustainable
concrete practices.
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Effect of Synergistic Activation on Properties of Recycled

Concrete Powder

by Shuiping Li, Chengxiao Yu, Jincheng Jiang, Bin Yuan, Jian Cheng, and Qing Lin

The amount of recycled concrete powder (RCP) experiences an
exponential increase due to the construction and demolition activ-
ities associated with buildings and infrastructure. To enhance the
reactivity and use of RCP, this study investigated the effect of thermal
(calcination), inorganic (calcium hydroxide [CHJ), organic (dieth-
anolisopropanolamine [DEIPA]), and synergistic activation on the
strength development of RCP-cement (RCP-C) pastes. The micro-
structure of hardened pastes was characterized by X-ray diffrac-
tion (XRD), Fourier-transform infrared spectroscopy (FT-IR),
thermogravimetric (TG) analysis, and scanning electron micros-
copy (SEM). The results indicated that the optimal compressive
and flexural strengths were achieved when pastes were activated
by calcination at 700°C for 30 minutes, followed by inorganic and
organic activation using CH and DEIPA as activators successively.
The compressive (flexural) strength at 1, 3, and 28 days increased
by 42% (26.9%), 27.0% (18.6%), and 25.5% (16.3%), respec-
tively, compared to the control group. The microstructure analysis
revealed that the enhancement mechanism can be attributed to a
thermal-inorganic-organic synergistic activation.

Keywords: cement paste; microstructure; recycled concrete powder (RCP);
strength development; synergistic activation.

INTRODUCTION

Cement-based materials, such as mortar, concrete, slabs,
concrete blocks, and so on, are widely used in the construc-
tion industry as building materials. It is well known that
these building materials are generally produced using ordi-
nary portland cement (OPC) as the cementitious material
and natural granular materials as fine and coarse aggregates.
However, the production of OPC and aggregate not only
consumes a significant amount of energy, but also leads to a
large volume of CO, emissions.'* For example, the cement
industry represents approximately 5% of global CO, emis-
sions,” which may contribute to rising sea levels.® So, the
development of alternative materials for OPC is necessary
and urgent.

In the past two decades, the rapid development of urban-
ization has led to a significant increase in construction and
demolition waste (CDW) worldwide.* The use of CDW is
crucial for the building industry because simply disposing of
it in landfills can occupy a significant amount of land space
and has a profound impact on the environment.>® More and
more scholars have focused on the preparation of recycled
aggregate from CDW.”"!! During the process of preparing
recycled aggregate from CDW through crushing, screening,
and shaping,'? a significant quantity of recycled concrete
powder (RCP), which accounts for 20 to 30% volume of
CDW, with particle size <75 pm,'3 is generated. RCP, which
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consists of hydration products, finely ground sands, and
unhydrated cement and/or other cementitious materials,'*
is rich in silicon and aluminum components and exhibits
certain reactivity. In addition, the preparation process of
RCP, such as calcination and grinding, requires a certain
amount of energy. However, the replacement of 1 ton of
portland cement with RCP can achieve a significant carbon
reduction of approximately 617 kg. Therefore, RCP may be
a high-value, low-cost, eco-friendly, and low-carbon supple-
mentary cementitious material due to these previous active
compositions. 516

However, the use of RCP is challenging, which may be
attributed to its low reactivity.!”!® Therefore, various acti-
vation methods, such as mechanical, alkali, and thermal
activations, have been employed to boost the reactivity of
RCP.""% Mechanical activation can refine particle sizes
and distribution and optimize shape and surface cracks.?%?
Nevertheless, special attention should be paid to the signif-
icant energy consumption and noise emissions associated
with mechanical activation. Alkali activation, such as NaOH,
KOH, and water glass, can break the Si-O or Al-O bonds
present in RCP and form new gel products through polycon-
densation reactions.?'->> However, the mechanical properties
are significantly lower than those of cement due to the pres-
ence of numerous low-reactivity crystalline minerals.'”

When RCP is thermally activated at 600 to 800°C, several
hydration products, including calcium hydroxide (Ca(OH),
[CH]), calcium-silicate-hydrate (C-S-H), ettringite (AFt),
and calcite, are sequentially decomposed, along with a
change in quartz structure.?’” New active components, such
as calcium oxide (CaO) and calcium silicate, are gener-
ated,”® which can re-react with H,O and form new hydra-
tion products. After thermal activation at 800 to 1200°C,
active metakaolin and amorphous components (active
SiO,) are generated in RCP.? Zhang et al.*° found that the
strength activity index of RCP increased when heat treat-
ment temperature increased from 600 to 800°C. Kim and
Kim?' also suggested that the proper temperature required
to improve the reactivity of waste cementitious powder was
600 to 800°C. Chen et al.3? found that recycled fine powder,
which was activated by thermally activated systems at
700°C, exhibited excellent mechanical properties. Hence,
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Table 1—Chemical composition of RCP and cement, wt. %

Composition CaO Al,O4 SiO, MgO Fe,04 Na,O TiO, SO, Loss

RCP 40.48 7.6 42.56 2.4 44 0.38 0.76 — 1.42

Cement 63.71 5.0 20.35 1.37 33 0.39 — 2.48 2.6
thermal activation in the range of 600 to 800°C may have a even exceeded 40 wt. %,>!>!1%2! resulting in a lack of suffi-

significant impact on the activation of RCP.

As a common grinding aid in cement mills, alkanolamine
can significantly reduce energy consumption and enhance
cement properties. When alkanolamine is used as a cement
chemical additive, it can change the hydration and hardening
properties of the cement bond.** Moreover, the complexation
of alkanolamine with Ca>*, AI’*, and Fe*" in portland cement
contributes to the accelerated dissolution and hydration of
cement minerals.’* As a new type of alkanolamine, dieth-
anolisopropanolamine (DEIPA), has a strong complexation
capability with Fe*" and AI** ions,?**¢ which may result in
accelerating C,AF dissolution®” and hydration reaction.’®
Furthermore, the presence of DEIPA may enhance hydration
of ferrite and lead to the formation of denser hydration prod-
ucts.’? Besides, DEIPA can promote the formation of the AFt
phase, the transformation of AFt into monosulfoaluminate
hydrates (AFm) phase, and the formation of microcrystal-
line portlandite (CH) at early age.** DEIPA may also accel-
erate alite hydration and reduce the pore size and porosity
of hardened pastes.* Therefore, the application of DEIPA in
the activation of RCP may be beneficial to the hydration and
improve the chemical effect of the pastes.

Recently, many scholars have focused on the effect of
synergistic activation modes on the properties of RCP. 19232830
Xu et al.*! found that the compressive strength of geopoly-
mers prepared by RCP treated with mechanical and thermal
activation can be enhanced to varying degrees. Zhang et al.?®
found that both calcination and carbonation pretreatment
enhanced the properties of RCP, thereby improving the
mechanical properties of recycled alkali-activated cement.
Zhang et al.>* suggested that the most feasible and effective
activation method of RCP is thermal activation, followed by
chemical activation and grinding activation. However, Sasui
et al.?’ found that the highest strength obtained after alkali
activation of thermally activated RCP was less than 10 MPa.

CH, as an inorganic material, has always played a signif-
icant role in the pozzolanic reaction of supplementary
cementitious materials. Generally, the products of hydration
reaction between RCP-cement (RCP-C) and CH are mainly
C-S-H and calcium aluminate silicate hydrate (C-A-S-H)
gels, which are similar to those of OPC.*? However, the hydra-
tion of active compositions in supplementary cementitious
material-cement systems is influenced by many factors, such
as temperature, particle size, sulfates, alkalies, and so on.***#4
This hydration is also significantly influenced by the avail-
ability of CH, which originates from the hydration of trical-
cium silicate.*>*¢ There are numerous works on the hydra-
tion process and the pozzolanic reactivity of RCP in cement
systems.*’*8 However, there may be a major limitation: all of
these works focused on hydration with limited availability of
CH in the RCP-C system.*® Actually, the content of RCP as a
supplementary cementitious material has been 30 wt. %, or
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cient CH to react with all available pozzolans.** So, it is
necessary to study the addition of CH, which may lead to a
complete understanding of RCP-C systems.

The novelty of this work is to investigate the synergistic
effect of thermal-inorganic-organic activation on the strength
development of RCP-C pastes. Moreover, microstructure
changes and the enhancement mechanism of RCP-C pastes
were analyzed using X-ray diffraction (XRD), Fourier-
transform infrared spectroscopy (FT-IR), thermogravimetric
(TG) analysis, and scanning electron microscopy (SEM).
This study proposes a useful and effective synergistic acti-
vation mode for the high-value use of RCP.

RESEARCH SIGNIFICANCE
The amount of RCP experiences an exponential increase
due to the construction and demolition activities associated
with buildings and infrastructure. To increase the use of RCP,
this study provides a novel route to enhance its reactivity.

MATERIALS AND EXPERIMENTS

Materials

The raw materials for preparing RCP were collected from
waste concrete during the demolition of a reinforced concrete
building and ground using a ball mill for 30 minutes. The
resulting powder exhibited a density and Blaine fineness
of 2.42 g/cm? and 378 m?/kg, which were obtained by the
displacement method and nitrogen adsorption method,
respectively. Moreover, P-1 52.5 portland cement was used
following GB 175-2020. The chemical compositions of RCP
and P-1 52.5 portland cement were determined by X-ray
fluorescence (XRF) and are listed in Table 1. The particle-
size distributions of RCP and portland cement, which were
determined by a laser particle-size analyzer, are shown in
Fig. 1 and 2. Analytical-grade CH purchased was used as the
inorganic activator. Commercial-grade DEIPA was used as
the organic activator.

Sample preparation

The activation diagram of RCP is shown in Fig. 3,
illustrating thermal, inorganic, organic, and thermal-
inorganic-organic synergistic activation. Inorganic and
organic activators were added to water in advance to form
a solution. RCP replaced 40% of the cement with equal
mass content. The water-binder ratio of the RCP-C pastes
was set at 0.35:1. The RCP mixture proportions are listed in
Table 2. The paste containing unactivated RCP was named
as the control group. The contents of CH were set to 0.5, 1,
1.5, 2, and 2.5% of the RCP content, and those of DEIPA
were 0.02, 0.03, 0.04, 0.05, and 0.06%. For thermal acti-
vation, the RCP was placed in a muffle furnace for calci-
nation in advance. The target temperatures (600, 700, and
800°C) were achieved at a heating rate of 10°C/min, and
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each temperature was maintained for 30 minutes to fully
activate the RCP. For synergistic activation, the RCP was
first calcined at 700°C for 30 minutes, followed by the addi-
tion of 1% of CH and 0.04% of DEIPA successively. A 20 x
20 x 80 mm paste test piece was fabricated. The samples
were removed from the mold after 24 hours and placed
in a standard curing box with a relative humidity of 98%
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Fig. 1—Particle-size distribution of RCP.

12
—— volume percentage ' [ —— 100
10k -— cumulative percentage /'/ '\\ . g
[
/ i - 80 -

s 8r / \ %
3 / g
8 ‘ 460 3
3 / \ a
= . | o
Q / | . 2
g Al ) \ 40 %
° / g
g / 3

oL / \ =420

0 bt T Nee Jo

1 1 1 1
0.01 0.1 1 10 100 1000
particle size/um

Fig. 2—Particle-size distribution of portland cement.

Fig. 3—Schematic of different activation processes.
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Thermal actvation

Inorganic activation

Organic activation

Synergistic activation

and temperature of 20 + 2°C. Strength testing at 1, 3, and
28 days was performed according to GB/T 17671-2021
and measured using a microcomputer-controlled universal
testing machine. Each sample consisted of three strength test
pieces, and the average results were obtained from at least
three samples for compressive strength and six samples for
flexural strength.

Characterization

XRD was used to identify mineral compositions (an
X-ray diffractometer with Cu Ko radiation and 26 from 5 to
75 degrees).

FT-IR spectra were obtained on a Fourier-transform
infrared spectroscope with a resolution of 4 cm™' and
scanned within the range of 400 to 4000 cm™.

The TG curves of paste were detected by a simultaneous
measuring instrument in a nitrogen atmosphere from 40 to
1000°C with a temperature rate of 10°C/min.

The morphology analysis was observed after compressive
testing with SEM. Before experimenting, all the samples
were sputter-coated with gold.

RESULTS AND DISCUSSION

Strength development

Thermal activation—Figure 4 shows the strength
development of the RCP-C pastes activated at different
temperatures. The 3- and 28-day compressive strengths
of thermally activated pastes, as shown in Fig. 4(a), were
higher than those of the control sample. For instance, the
3- and 28-day compressive strength of thermally activated
pastes at 800°C was 46.7 and 58.2 MPa, respectively. This
was 20.4% and 29.3% higher than that of the control sample.
The decrease in the 1-day compressive strength of the ther-
mally activated paste at 800°C may be attributed to the loss
of free water and part of the bound water in RCP, leading to
a delay in the initial hydration of RCP-C pastes.* However,
it should be noted that there was no obvious improvement in
flexural strength at any age for thermally activated RCP-C
paste compared to the control sample (Fig. 4(b)). This result
suggests that thermal activation may greatly improve the
compressive strength of RCP-C pastes while showing no
significant enhancement in the flexural strength.
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Table 2—RCP mixture proportions

Sample Cement, g RCP, g CH, % DEIPA, %
P1 (control) 300 200 (unactivated) — —
S1 300 200 (600°C) — —
S2 300 200 (700°C) — —
S3 300 200 (800°C) — —
S4 300 200 (700°C) 0.5 —
S5 300 200 (700°C) 1.0 —
S6 300 200 (700°C) 1.5 —
S7 300 200 (700°C) 2.0 —
S8 300 200 (700°C) 2.5 —
S9 300 200 (700°C) — 0.02
S10 300 200 (700°C) — 0.03
S11 300 200 (700°C) — 0.04
S12 300 200 (700°C) — 0.05
S13 (synergistic) 300 200 (700°C) 1.0 0.04
() owing to the formation of $-C,S and CaO during thermal
60 - ;g activation,®! which can both react with H,O and form hydra-
— tion products. However, Chen et al.> determined that the
= decomposition of calcite at 600°C is incomplete, which may
§ lead to weak reactivity. Besides, the 1- and 3-day flexural
= 40 F I strengths of thermally activated samples at 800°C were close
on .
5 to the control sample. Therefore, it can be concluded that
v 301 thermal activation of RCP at 700°C has significant potential
Z C for improving strength, particularly compressive strength.
S0 Inorganic activation—The influence of CH content on
S the strength development of RCP-C pastes is shown in
10 - Fig. 5. The 1-, 3-, and 28-day compressive strengths of
the control sample were 18.9, 31.6, and 56.3 MPa, respec-
0 L L ! ! tively (Fig. 5(a)). The 1-day compressive strength of the
control 600 ) 700 800 0.5 to 2.5% CH-activated sample was close to the control
(b) Temperature /°C sample. The 3- and 28-day compressive strengths of the CH-
2k |—|;j activated sample increased slightly with the increase in the
=y dosage of CH and then decreased. Furthermore, the highest
10 - 28-day strength (62.8 MPa) of the samples increased by
11.3% compared to the control sample. In addition, when
§ sl the CH content was in the range of 0.5 to 1%, the 1-, 3-,
%D and 28-day flexural strengths all increased slightly, but the
5 6 LrE ] — i increasing trend diminished thereafter (Fig. 5(b)). However,
T; it is worth noting that the flexural strengths at all ages for
g 4l RCP-C pastes with more than 1.5% CH were consistently
= lower than the control sample.
L The previous results show that inorganic activator (CH)
improved the later-stage (28-day) strength of the samples,
0 . | , . and the early (1- and 3-day) strength development showed a
control 600 700 800 poor activation effect. This could be attributed to the fact that

Temperature /°C

Fig. 4—Impact of thermal activation on RCP-C pastes:
(a) compressive strength, and (b) flexural strength.

During the calcination process, C-S-H gel decomposed
to form polycrystalline dicalcium silicate, including incom-
pletely crystallized -C,S.%° Moreover, calcite decomposed to
form CaO. Besides, a certain RCP reactivity can be achieved
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CH activator can provide a certain amount of OH™ ions to the
liquid phase in the early stage of the samples.*> The unre-
acted Ca®" and OH™ ions would crystallize and precipitate on
the surface and restrain the dissolution of RCP and cement
grains.’> Additionally, the addition of appropriate amounts
of CH may benefit the formation of AFt.>> However, exces-
sive CH may be adsorbed onto the surfaces of unhydrated
particles, inhibiting subsequent hydration processes in the
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Fig. 5—Influence of inorganic activator on RCP-C pastes:
(a) compressive strength; and (b) flexural strength.

system and leading to a reduction in strength. Besides,
an excess of OH ions in the liquid phase may hinder the
hydration of C;S, whose hydration products are C-S-H gel
and CH.®4 Moreover, the pozzolanic reaction between
calcium hydroxide and amorphous SiO,, which originated
from the fine RCP, was slow.*¢ After the transformation of
AFt to AFm, the strength of samples reduced, which may be
attributed to the fact that AFm could not compensate for the
structural defects caused by the expansion of AFt.>
Organic activation—Figure 6 illustrates the compressive
and flexural strengths of DEIPA-activated RCP-C pastes at
different ages. On the first day, the compressive strength
increased with the increase in DEIPA content, but the
increasing trend reduced thereafter (Fig. 6(a)). For instance,
the compressive strength of 0.04% DEIPA-activated RCP-C
paste was 22.3 MPa, which was 26.8% higher than that of
the control sample. On the third day, a similar enhance-
ment was observed, but this enhancement weakened over
time. The increased compressive strength could be related
to the complexation effect of DEIPA on the accelerating
aluminates and silicates hydration to form a much denser
microstructure.>>* It has been reported that a cement-fly
ash-limestone ternary blend with the activation of DEIPA
exhibited higher 28-day compressive strength than the
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(a) compressive strength; and (b) flexural strength.

reference sample.”® However, ignoring the influence of error,
the 28-day compressive strength of DEIPA-activated RCP-C
paste was close to the control sample in this study. On one
hand, the AFm, which is thermodynamically stable and
coated on the surface of unhydrated particles, will reduce the
subsequent dissolution and hydration of the particles. On the
other hand, the presence of DEIPA may affect the formation
of Ca(OH), and C-S-H gels. Therefore, ignoring the influ-
ence of error, the 28-day compressive strength of DEIPA-
activated RCP-C pastes was close to the control sample in
this study, indicating that DEIPA activation may not affect
the later compressive strength development of RCP-C paste.
It can be concluded that DEIPA contributed to higher early
compressive strength.

It was interesting to observe that the appropriate content
of DEIPA can obviously enhance the flexural strength of
RCP-C pastes at all ages (Fig. 6(b)). For instance, the 1-,
3-, and 28-day flexural strength of 0.04% DEIPA-activated
RCP-C paste was 6.1, 8.1, and 12.0 MPa, respectively. This
was 40.3%, 17.1%, and 21.4% higher than that of the control
RCP-C paste. This improvement may be related to accel-
erating hydration of ferrite (C4AF),3” which contributes to
flexural strength development in cement-based materials.
It has been reported that the flexural strength of cement
using DEIPA as the grinding aid decreased.’’” However, a
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small amount of DEIPA significantly enhances the flexural
strength of RCP-C paste in this work.

Thermal-inorganic-organic  synergistic — activation—
Figure 7 illustrates the influence of various activation modes
on the strength development of RCP-C pastes. Syner-
gistic activation demonstrated superior promotion from
1 to 28 days. In detail, the 1-, 3-, and 28-day compres-
sive strengths of the synergia-activated group improved
by 41.5%, 26.8%, and 25.6% compared to the unacti-
vated control group, respectively (Fig. 7(a)). Furthermore,
the 1-, 3-, and 28-day flexural strengths of the synergia-
activated group improved by 26.9%, 18.6%, and 16.3%
compared to the control group (Fig. 7(b)). Moreover, the
strength of the synergia-activated group was also higher
than that of the other three activated groups. The improve-
ment demonstrated that the reactivity of RCP-C was greatly
enhanced by the synergistic activation mode of inorganic,
organic, and thermal activation. A probable explanation for
this is that first, the hydration products in RCP decomposed
under thermal activation, which could enhance the content
of reactive components, including CaO, SiO,, and Al,O;,
and expedite the breakdown of Si-O and Al-O bonds.?"-?3:31:32
Therefore, a portion of unactive SiO, may transform into
metastable Si0,.3? Second, it has been reported that alkanol-
amine accelerated the dissolution of cement particles due to
its high surface activity, which could accelerate the silicate
reaction.® The presence and complexation of DEIPA could
improve the alkalinity of the slurry, prolong the hydration
process, and enhance the compressive strength of pastes.**>’
DEIPA showed an excellent accelerated effect in the early
and late ages of the paste, likely due to its high steric
hindrance, resulting in a higher hydration rate of C;S and
C,S in the later stages than in the reference paste.>” Mean-
while, metastable SiO, may participate in the hydration reac-
tion, forming more C-S-H gels and accelerating the forma-
tion of AFt and transformation to AFm.>'? Lastly, CH could
ensure the alkalinity in the pores, reduce the decomposition
of C-S-H gels,* and enhance long-term strength due to its
cementation effect.®

It can be concluded that DEIPA contributes to higher early
strength, while calcium hydroxide contributes to higher later
strength of the RCP-C pastes. Thermal activation contributes
to the development of compressive strength at all stages.

XRD analysis

Figure 8 shows the XRD patterns of the control, inorganic,
organic, thermally, and synergistic activated RCP-C pastes.
The main crystalline hydrates identified were portlandite,
calcite, unhydrated tricalcium silicate (C;S) and dicalcium
silicate (C,S), AFt and AFm (Fig. 9), and quartz (SiO,).
Low reactivity of RCP hindered the phase transformations
of monocarboaluminate (Mc) and hemicarboaluminate (Hc).

After 1 day (Fig. 8(a)), the inorganic activator may restrain
the hydration of C;S, which may be attributed to the increase
in the concentration of Ca*" and OH™ ions. In contrast, the
organic activator could accelerate the hydration of belite and
alite,* contributing to the decrease in peak intensity of C,S
and C;S. Additionally, DEIPA activation may facilitate the
generation of AFt and accelerate the transformation of AFt
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Fig. 7—Comparative study for different activation modes:
(a) compressive strength; and (b) flexural strength.

into AFm.>%2 The intensity of quartz in the thermally acti-
vated sample was lower than in the organic activated sample,
which may be attributed to the fact that a portion of stabi-
lized SiO, converted to reactive SiO, during this process.
The peak intensity of SiO; in the pattern of synergistic acti-
vated paste was lower than that of the other three pastes.
This decrease may be attributed to the depolymerization of
the silica tetrahedron under thermal activation, facilitating
the reaction between alkalies and metastable SiO,.%

After 28 days, the peak intensity of portlandite and SiO,
in the activated samples decreased (Fig. 8(b)). This change
indicated that external CH could facilitate the pozzolanic
reaction of reactive SiO, in RCP, contributing to the forma-
tion of additional C-S-H gels. Additionally, the presence of
DEIPA may restrain the nucleation of CH crystals, leading to
a decrease in CH peak intensity. Moreover, the saturability
of Ca®" ions in the pore solution decreased, probably due to
the chelation of DEIPA,*® as well as hindering the nucleation
and growth of CH.®?

FT-IR analysis

The FT-IR spectra of the control, inorganic, organic,
thermally, and synergistic activated RCP-C pastes are illus-
trated in Fig. 10. The band at 3645 cm™!' was related to the
stretching vibration of O-H from CH, with the band position
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Fig. 8—XRD patterns of different groups: (a) on first day,
and (b) on 28th day.

approaching 3639 cm™, as reported by Li et al.’” The peaks
at 3421 and 1647 cm™' may correspond to the tensile vibra-
tion of H-OH and bending vibration of O-H, respectively,
which were related to the structural and interlayer water of
chemical phases.® The absorption peak at 996 cm™' could be
related to Si-O stretching vibrations of C-S-H gel,*® which
enhanced as hydration continued to 28 days. This peak
shifted to 970 cm™' in the FT-IR curve of the synergistic
sample, suggesting an increase in the depolymerization of
Si-O-Si(Al). The absorption peaks at 875 and 1409 cm™
could be related to the O-C-O asymmetric stretching vibra-
tion of CO;%" in hydration products and calcite (CaCOj),*4%°
which may be due to the carbonation of CH and other hydra-
tion products.

According to other researchers’ reports,*®%*67 C-S-H gel
mainly appears from 800 to 1200 cm™, including 850 to
900 cm™!, 970 to 1040 cm™!, approximately 1100 cm™', and
approximately 1150 cm™'. With the increase in wavenumber,
C-S-H gel exhibits decreased Ca/Si ratios from calcium-rich
gel to silica-rich gel.*® It has been reported that the addition
of DEIPA could contribute to forming less silica-rich gel.®?
However, synergistic activation may contribute to forming a
calcium-rich gel, which may be attributed to the promotion
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effect of DEIPA on dissolution of the system®? and more Ca*"
ions released from the additional CH. The FT-IR analysis
demonstrates that synergistic activation could accelerate the
hydration of silicate phases.

TG analysis

Figure 11 presents the thermal analyses of synergia-
activated pastes. The endothermic peak at approximately
100°C referred to the decomposition of AFt or C-S-H gel.**
Meanwhile, the endothermal peak at approximately 130°C
referred to the decomposition of Mc.*® Wang et al.? also
reported that this endothermal peak represented the decom-
position of carboaluminates in ternary cement containing fly
ash and limestone. Besides, the endothermic peaks at 430
and 690°C referred to the decomposition of CH and calcite,
respectively. According to Fig. 11(a), there were no obvious
endothermic peaks for AFm or aluminate other than AFt
forms at 1 day. At 28 days, the endothermic peak of approxi-
mately 127°C (Fig. 11(b)) enhanced as hydration continued,
with more Mc and AFm formed, as concluded by XRD
results. Thus, the results validated that synergistic activation
may be beneficial to the formation of AFm and Mc.

The corresponding mass loss observed in the TG curve
at 1 day for the combine-activated (control) group was
4.5% (2.2%), 3.1% (1.7%), and 7.1% (16.1%), respectively.
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Additionally, the mass loss at 28 days for the combine-
activated (control) group was 7.1% (3.7%), 4.5% (3.1%),
and 6.6% (18.5), respectively. Obviously, the first and
second corresponding mass losses in the TG curve of the
combine-activated group at 1 and 28 days were higher than
those of the control group, indicating that the hydration
process of the RCP-C group was accelerated by combina-
tion activation. Meanwhile, the mass loss in the TG curve
of the combine-activated group at 1 and 28 days was lower
than that of the control group, which demonstrated that the
combine-activated group formed a denser microstructure
and facilitated resistance to carbonization.

SEM morphology

The SEM images, which were applied to visualize the
microstructures of the hydration products activated in
different modes on the first and 28th days, are presented in
Fig. 12 and 13, respectively. On the first day, the microstruc-
tures of these four groups all exhibited low density, with a
certain amount of micropores and voids, leading to a low
strength. Additionally, the microstructure of the control
group showed a small number of C-S-H gels and AFt crys-
tals, as well as several cracks (Fig. 12(a)). As seen from the
images, the microstructures of the hydration products acti-
vated by inorganic, organic, and synergistic activation exhib-
ited different morphologies compared to those of the control
group. For example, the microstructure of the hydration prod-
ucts in the CH-activated group presented many tetragonum
portlandites, with several anchor-plate C-S-H and needle-
like AFt (Fig. 12(b)). Meanwhile, the amount of C-S-H was
inferior to that of the control group, which may be attributed
to the restriction effect of excess CH for the hydration of C;S.
The needle-like AFt crystals in the DEIPA-activated group
almost disappeared and were replaced by a large number of
anchor-plate C-S-H and tetragonum CH (Fig. 12(c)). DEIPA
activation not only accelerated the hydration of C;A and
C,AF but also facilitated the complexation of Ca*" ions,
resulting in a low supersaturation of calcium hydroxide.*’
Therefore, it was difficult for CH to form an ordered hexag-
onal plate shape. The microstructure of the hydration prod-
ucts in the synergia-activated group exhibited large amounts
of anchor-plate C-S-H, continuous C-S-H gels (Fig. 12(d)),
and hexagonal-plate CH (Fig. 14). These hydration prod-
ucts formed a denser microstructure, which may explain the
superior strength of the group compared to other groups.

On the 28th day, the microstructure of the hydration prod-
ucts in the control group exhibited several large-sized pris-
matic belts of CH and more C-S-H gels (Fig. 13(a)), which
may contribute to the formation of a dense microstructure.
However, there are several cracks in the microstructure,
resulting in low strength. The morphology of the CH-activated
group showed significant quantities of well-crystallized
prism CH, many continuous C-S-H gels, and several tufted
AFm crystals (Fig. 13(b)). The microstructure of the hydra-
tion products in the DEIPA-activated group exhibited a large
number of C-S-H gels, as well as a small amount of irregular
flake-shaped CH and AFm (Fig. 13(c)). As concluded by the
XRD, FT-IR, and TG results, the hydration products of the
synergia-activated group mainly consisted of C-S-H gels,
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Fig. 12—SEM images on first day: (a) hardened control group; (b) hardened inorganic group; (c) hardened organic group, and

(d) hardened synergistic group.

portlandites, CH, and AFm. However, the morphology of
the synergia-activated group only exhibited a mass of C-S-H
gels (Fig. 13(d)). Additionally, the morphology showed
a highly dense microstructure, with minimal presence of
micropores, which may be attributed to the filling effect of
hydration products and partition effect of AFm with a steel-
frame structure. Besides, porosity and pore size and number
were significantly decreased for this group compared to the
other three groups, which resulted in the increased strength
of the former compared to the latter.

CONCLUSIONS

For further enhancement of the reactivity of recycled
concrete powder (RCP), herein, the strength development
of the thermal, inorganic, organic, and synergistic activation
of RCP-cement (RCP-C) pastes and their microstructure
were investigated through strength tests, X-ray diffraction
(XRD), Fourier-transform infrared spectroscopy (FT-IR),
thermogravimetric (TG) analysis, and scanning electron
microscopy (SEM) of paste. This study holds crucial theo-
retical and practical significance, as it is feasible to enhance
the high-value use of RCP as a supplementary cementitious
material by a synergistic activation route. The following
conclusions can be drawn:
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1. Thermal activation may greatly improve the compres-
sive strength of RCP-C pastes, while showing inconspicuous
enhancement in the flexural strength. The 3- and 28-day
compressive strengths of the thermally activated group
increased by 20.4% and 29.3%, respectively, compared to
the control group.

2. Inorganic (calcium hydroxide [CH]) activation may
contribute slightly to enhancing the later strength of RCP-C
pastes. The 28-day compressive strength of the 1% CH-
activated group was 62.6 MPa, which was 11.2% higher
than that of the control group.

3. Organic (diethanolisopropanolamine [DEIPA]) activa-
tion can contribute to higher early compressive and flexural
strengths. The 1-day compressive strength of the 0.04%
DEIPA-activated group was 22.3 MPa, which represented
an increase of 26.7% compared to the control group, while
the flexural strength increased to 40.3%.

4. The effect of synergistic activation on the strength
development of RCP-C pastes was superior to single inor-
ganic, organic, and thermal activation. Furthermore, the
synergistic activation could contribute to the compressive
strength development at all stages. For example, the 1-, 3-,
and 28-day compressive strengths were 42%, 27.02%, and
25.46% higher than those of the control group, respectively.
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Fig. 14—Supporting microstructure image of hydration
products in synergia-activated group.

5. The enhancement mechanism may be attributed to
increasing the content of active compositions and breaking
Si-O and AIl-O bonds, reducing the decomposition of
calcium-silicate-hydrate (C-S-H) gels, and accelerating the

formation of ettringite (AFt) and more C-S-H gels through
thermal, inorganic, and organic activation, respectively.
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Performance-Based Evaluation of Concrete Freezing-and-
Thawing Considering Climate Change
by Jin-Su Kim, Woo-Ri Kwon, Norhazilan Md Noor, and Jang-Ho Jay Kim

Due to global warming, the temperature of the Earth’s surface
increased by 0.95 to 1.20°C in the past four decades. The increase
in temperature has significant effects on the concrete industry,
causing alternations in concrete curing conditions and degra-
dation in strength and durability properties. The understanding
of changes in concrete properties due to variations in curing
conditions from climate change is an imminent task that has to be
resolved. Among the durability properties of concrete, freezing-
and-thawing (FT) resistance is most directly affected by climate
change. However, in all the studies conducted on the FT behavior
of concrete, the dramatic changes in environmental conditions
due to climate change were not considered. Therefore, the focus
of this study is to understand the FT performance of concrete
under extreme changes in temperature and relative humidity (RH)
during curing. To find the relationship between the changes in
curing conditions and FT resistance levels as a function of time, a
three-dimensional (3-D) satisfaction surface graph was developed
using the Bayesian probabilistic method. Then, an example of
3-D satisfaction surface diagrams for FT resistance based on the
weather conditions in New York City between 2001 and 2100 was
shown. Furthermore, considering the reduction rate of the average
annual FT cycle due to climate change, this study confirmed that
FT resistance performance increased. This approach contributes
to a performance-based evaluation (PBE) strategy for concrete
exposed to FT cycles under various environmental conditions. The
study details and results are discussed in the paper:

Keywords: climate change; freezing-and-thawing (FT) resistance life;
performance-based evaluation (PBE).

INTRODUCTION

The world has achieved industrialization using fossil fuels
as an energy source. The use of fossil fuels emits green-
house gases, which destroy the ozone layer. The destruc-
tion of the ozone layer has caused severe climate change in
the twenty-first century due to global warming, resulting in
phenomena such as heavily localized rainfall, snowfall, and
typhoons. These abnormal weather patterns have induced
critical global challenges that the world is facing presently.'

According to the Intergovernmental Panel on Climate
Change (IPCC) Sixth Assessment Report (AR6), published
in 2021, global warming has increased the average tempera-
ture of the Earth’s surface by 1.09°C over the period of 1980
to 2020 (range between 0.95 and 1.20°C). The projected
climate change is expected to have detrimental impacts on
the environment and ecology, which will lead to economic
and social challenges.*

Following this historical footstep, the cement and concrete
industries have suffered from carbon emission reduction
policies such as the net-zero policy. In addition, design and
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construction regulations have been strengthened to combat
performance degradation that can occur during the casting
and curing processes due to climate change. Therefore, it is
important to understand the effect of temperature and rela-
tive humidity (RH) on the casting and curing processes of
concrete used in construction projects. Changes in tempera-
ture and RH affect the moisture behavior within the concrete,
leading to a reduction in entrained air content, slump, and
hydration, which can lead to multiple cracking and internal
pore formations that deteriorate the durability of concrete.™®

Concrete durability performance is sensitive to changes
in curing temperature and RH, which can significantly
affect its freezing-and-thawing (FT) resistance. FT causes
the free water inside the concrete to freeze, leading to volu-
metric expansion and ultimately leading to crack forma-
tions. Repeated FT leads to concrete quality degradation
and durability degradation.’ Additionally, during the curing
process, concrete is particularly vulnerable to changes in
temperature and RH. If the external temperature decreases
and RH increases rapidly, the moisture inside the concrete
may freeze prior to being fully hardened. Through repeated
FT cycles, water can easily freeze and expand, potentially
causing premature freeze damage.!®!" Prolonged FT cycles
can degrade the durability of concrete, thus causing service-
ability problems in the structures.'>!* Therefore, measures
to overcome the abnormal deviations in the conditions
in handling, mixing, transporting, and curing of concrete
are required.'*!7

In this study, the characteristics of concrete with severe
fluctuations in curing conditions, namely temperature
and RH, due to climate change, are studied. More specif-
ically, concrete specimens were prepared according to
ASTM C192/C192M-12'® and cured under various tempera-
ture and RH conditions to understand the change in concrete
properties. FT tests were conducted to measure the relative
dynamic modulus of elasticity (RDME) after 100, 200, and
300 cycles according to ASTM C666/C666M-15.17:19

It is nearly impossible to evaluate the FT resistance
life of concrete by only conducting tests due to changes
in curing conditions of temperature and RH because the
sufficient number of specimens that reflect all the changes
occurring over 100 years is too large to consider. Therefore,
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Table 1—Mixture proportions of concrete

kg/m?
Maximum coarse Percentage of fine Water | Cement | Fine aggregate Coarse aggregate
aggregate size, mm | Slump, mm | w/b, % | aggregate (s/a), % Air, % (W) ©) S) G) Jfer, MPa
25 120.0 55.0 42.0 5.0 183.4 | 3334 677.3 1013.0 27

Note: f; is design compressive strength.

to investigate the climate change-altered FT behavior in
concrete, probabilistic statistical methods should be used to
identify trends that affect performance. The representative
method using such probabilistic statistics is performance-
based evaluation (PBE). The PBE method uses Bayesian
probabilistic statistics to determine the satisfaction level
of a target structure, where the x-, y-, and z-axes repre-
sent the FT resistance life, the curing condition, and the
satisfaction level, respectively. An example of three-
dimensional (3-D) satisfaction diagrams for FT resistance
life of a target concrete structure located in New York City
is shown. Additionally, to reflect the annual FT cycles due
to climate change, the study results of the annual FT cycles
obtained from the Federal Highway Administration (FHWA)
report and the United States Environmental Protection
Agency (U.S. EPA) reports®®?! were used for the PBE of FT
resistance life. The FT cycles over 100 years decreased from
5400 to 3519 cycles, which was induced by changes in the
temperature and RH curing condition ranges: 35 to 40°C and
65 to 90%, respectively. Using these changes in temperature,
RH, and FT cycles, the effect on FT resistance life was rean-
alyzed for comparison purposes.

RESEARCH SIGNIFICANCE

This study proposes a method to evaluate the FT perfor-
mance of concrete under various conditions by using
Bayesian probability statistics to calculate the satisfaction
curve (SC) for temperatures ranging from 8 to 45°C and
RH levels ranging from 40 to 95%. The analysis results are
presented as a 3-D satisfaction surface (SS) with a duration
of 100 years to account for time dependency. Additionally,
the FT resistance life was calculated considering the annual
average FT cycles from the FHWA and the reduced annual
average FT cycles projected by the U.S. EPA to account for
climate change.

EXPERIMENTAL INVESTIGATION

Specimens

The mixture proportions used in this study are listed in
Table 1. The water-binder ratio (w/b) was 55%, and only ordi-
nary portland cement was used as the binder. The maximum
size of the coarse aggregate was 25 mm, the slump was
120 mm, the fine aggregate ratio was 42%, the air content
was 5%, and the 28-day compressive design strength was
27 MPa. Cylindrical concrete specimens (100 x 200 mm)
were prepared for compressive strength and FT tests in
accordance with ASTM C192/C192M.'® Five specimens
were prepared for each test. To accurately represent the
mean trend of the test results, the minimum and maximum
values were excluded from the test data. Fresh concrete was
cast in a laboratory environmental setting with a temperature
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of 23°C and RH of 65%. They were subsequently demolded
24 hours after casting. The curing conditions applied after
demolding are described in the following section.

Curing condition

Concrete is typically cured under standard temperature
and RH conditions of approximately 23 + 2°C and 95% or
higher, respectively. These conditions do not account for
variations in climate. In this study, ordinary portland cement
was used to produce normal-strength concrete for investi-
gating the relationship between temperature and RH curing
conditions and concrete strength. Temperature gradients
within the specimens were assumed to be negligible due to
their small size (@100 x 200 mm) and the use of curing cham-
bers with constant temperature and RH for each temperature
and RH combination curing conditions.

The annual and monthly average temperatures and RHs
over the past 10 years in the New York metropolitan area
were obtained from the weather survey website, as shown
in Fig. 1. It illustrates that the most suitable period for
concrete casting is between April and October, as evident
from Fig. 1(b) and (d). The appropriate curing temperature
and RH range were 15 to 30°C and 50 to 90%, respectively.

To account for the changes in temperature and RH due to
climate change, low-temperature curing conditions of 15°C
or less—namely, 8 and 12°C—were selected for the study.
With respect to high-temperature curing conditions, tempera-
tures of 30°C or higher—namely, 35, 40, and 45°C—were
selected. RH was selected based on the monthly average of
65% from April to October, with the extreme RH condition
set at 95% or higher, and the low RH condition set at 40%
or lower.

Compressive strength test method

Concrete cylindrical specimens (@100 x 200 mm) were
prepared according to ASTM C192/C192M.'® Compres-
sive strength of concrete is typically measured at 3, 7, and
28 days to evaluate early-, intermediate-, and standard-age
strength according to ASTM C39/C39M-05,? respectively.
The contact surfaces with the testing machine were ground
flat, and rubber caps were used on the contact surfaces
to prevent load eccentricity according to ASTM C1231/
C1231M-09,? which permits the use of such caps provided
that the rubber cap satisfies the specified hardness and thick-
ness requirements. The specimen was applied with a load
control rate of 0.6 + 0.2 MPa/s. A universal testing machine
with a maximum capacity of 1000 kN and an accuracy of
500 N was used for the test. All compressive strength tests
were conducted after the specimens reached thermal equilib-
rium at room temperature. Therefore, eigen-stresses caused
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Fig. I—New York City weather data for past 10 years, cour-
tesy of U.S. Weather Underground.

by differences between the zero-stress reference temperature
and the actual temperature were not considered.

Freezing-and-thawing test method

The FT tests were conducted in accordance with
ASTM C666/C666M.!° The central temperature of the
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concrete specimens was maintained at —18°C during
freezing and +4°C during thawing in an FT chamber. Each
FT cycle ensured that the maximum and minimum tempera-
tures at the center of the specimen were within the range of
4 +2°C and —18 + 2°C, respectively. More specifically, the
temperature of the specimen should not fall below —20°C or
rise above 6°C. The cycles consisted of 4 hours of freezing
followed by 4 hours of thawing. The RDME of the specimen
was obtained before and after 300 cycles, in accordance with
ASTM C215-19.2* Typically, FT tests are concluded after
300 cycles, but if the RDME drops below 60%, the test may
be terminated instantly. In this study, measurements were
taken at different cycles (0, 100, 200, and 300 cycles) under
different curing conditions to calculate the RDME using
Eq. (1) and Eq. (2)

n>
p. = <n 2) x 100 (1)

o

where P. is the RDME (%) after FT cycle N,; n.? is the
primary resonance frequency (Hz) of deformation vibration
in FT cycle N,; and n,” is the primary resonance frequency
(Hz) of deformation vibration in FT cycle 0

pr = BN (2)

where DF is the durability index of the test specimen; P, is
the RDME (%) in cycle N,; N, is the number of cycles in
which the RDME becomes 60% or the number of cycles at
the end of the FT exposure; and M is the cycle at the end of
the FT exposure.

ANALYTICAL INVESTIGATION

Performance-based evaluation method

Designing structures to satisfy design requirements,
standards, and specifications based on structural types and
use is called performance-based design (PBD). According
to the International Council for Building Research report,
approaching structures from a performance perspective
means emphasizing results over methods or processes.?
In general, prescriptive design methods, such as the limit
state, working stress, and ultimate strength design methods,
use resistance coefficients by calculating stiffness and load-
carrying capacity. These methods tend to be driven by
satisfying design requirements of common goals and spec-
ifications. More specifically, the fib Model Code adopts a
deemed-to-satisfy approach for FT deterioration, which
assumes a service life of 50 or 100 years, provided that
the concrete satisfies the minimum requirements for
compressive strength, air content, water-cement ratio
(w/c), cement content, and cover thickness according to the
designated exposure grade or limit states. However, these
design criteria and specifications limit designers’ ability to
achieve design solutions with multiple options for various
environmental conditions.

The PBE method used in this study evaluates the mate-
rial performance satisfaction of concrete using new design
solutions, interpretation methods, and test results for
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Table 2—Compressive strength test results

Compressive strength, MPa
Case 3 days 7 days 28 days
T8H40 11.20 £0.25 16.19 +0.56 21.23+0.38
T8H65 14.99 + 0.46 18.25+0.53 25.93 +1.56
T8H95 15.71 £0.55 20.30+0.57 28.90 +0.61
T12H40 11.52+0.33 16.56 + 0.60 22.77 +0.55
T12H65 15.23+0.79 21.35+0.90 25.93+0.84
T12H95 17.19£0.36 24.52+0.76 31.82+0.93
T35H40 15.12 + 1.47 19.34 +0.88 26.53 +0.25
T35H65 18.32 +1.59 23.83+0.97 28.18 +1.13
T35H95 20.27 +0.11 25.70 +0.92 30.23 £2.09
T40H40 16.12 +£2.78 19.34 + 1.30 24.01 +0.32
T40H65 18.32 +1.21 22.80 + 1.04 27.62 +0.98
T40H95 18.27+1.52 23.70 £ 0.31 28.19+1.29
T45H40 18.35+0.19 21.22+£1.02 25.81+0.72
T45H65 18.69 + 1.81 20.68 + 0.46 25.57+0.59
T45H95 19.26 +0.91 24.66 +1.54 28.83 +0.80

probabilistic statistical determination. A satisfaction diagram
is created using the Bayesian probability method, which uses
the information obtained from sampling data to evaluate
the satisfaction probability. Specifically, the normal proba-
bility distribution function is used to generate virtual data to
compensate for the insufficient number of available test data
points, which can supplement the data points needed for the
development of SCs.2*?” Through this approach, PBDs that
accommodate diverse requirements at construction sites can
be developed.

The lognormal cumulative distribution method is used
to determine the satisfaction probability. The method uses
a probability function that requires three variables: mate-
rial variable value, mean value, and standard deviation for
calculation, as shown in Eq. (3). The Bayesian probabilistic
method was used to create a fragility curve for seismic failure
evaluation. In Eq. (3), the a; value is the material variable,
which is the result value of RDME according to the FT test
results for the temperature and RH curing conditions, and
the N value is the number of material variable data points.

In fragility analysis, 1 and O are assigned to a structure
damaged or undamaged by an earthquake, respectively. In
contrast, the PBE of the material performance property is
assigned a value of | or 0 for satisfying or not satisfying the
design requirement, respectively. If these three variable data
are evaluated by the Bayesian probability method, the result
would be in the form of an accrued curve of the assigned
lognormal distribution. Then the average value and standard

deviation are obtained to draw an SC26-%
N 1—
L = [[[F@p]*[1 — Fap]"™ 3)

=

—

where F(.) is the SC of a specific material requirement; a; is
the design material requirement of variable I; x; is determined
to be 0 or 1 depending on the satisfaction to the material
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performance value, such as a;; and N is determined by the
total number of related material data obtained for material
performance evaluation.

Compressive strength results and discussion

The compressive strength was measured at 3, 7, and
28 days after concrete casting. For all temperature and RH
combinations, three specimens were tested to obtain the
average strengths. The denomination system for the concrete
specimens is as follows: “T” represents the curing tempera-
ture (°C), and “H” denotes the curing RH (%). The test results
are shown in Table 2 and Fig. 2. The results showed that, as
the curing age increased from 3 to 28 days, the strengths
increased for all curing conditions, as expected. As shown in
Fig. 2(a) to (c), compressive strength generally increased as
the curing temperature increased, with the highest compres-
sive strength observed at a temperature of 35°C. However,
at 40 and 45°C, the compressive strength slightly decreased
due to the effects of high temperature, showing an irregular
trend. For the 3-day strength results, the specimens cured at
8 and 12°C had lower strengths than those cured under 35,
40, and 45°C. More specifically, the 3-day strengths of 8 and
12°C with RH of 95% were 6 to 29% lower than the speci-
mens cured under temperatures of 35, 40, and 45°C with RH
of 95%. For 7-day strengths, the trend was similar to that of
3-day strengths. More specifically, the 7-day strengths of 8
and 12°C were 16 to 21% lower than the specimens cured
under temperatures of 35, 40, and 45°C.

The 28-day strengths showed no clear trend. Meanwhile,
for all temperature curing conditions with RH of 95%, the
28-day strengths satisfied the target strength of the mixture
of 27 MPa. The specimens that satisfied the target strength of
27 MPa were T8H95, T12H95, T35H40, T35H65, T35H9S,
T40H65, T40H95, and T45H95. As shown in Fig. 2(d) to (h),
the strength increased as RH increased. At temperatures of
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Fig. 2—Compressive strength results for various temperatures and RH curing conditions.

8 and 12°C, the effect of RH on the strength increase was
significant. However, the effect was minimal at tempera-
tures of 35, 40, and 45°C. More specifically, when the RH
increased from 40 to 95%, the 28-day strength increased by
40% at 12°C and by 12% at 45°C, respectively. The trend
can be attributed to a high RH condition providing enough
moisture for the hydration reaction. In the case of a curing
temperature of 45°C, the number of pores and microcracks
increased inside the concrete due to the nonuniform diffusion
of hydration products and differences in the thermal expansion
coefficients of concrete materials, resulting in an unexpected
trend in compressive strength.’*! The specimens cured under
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relatively extreme conditions of 35 to 40°C and RH of 65 to
95% satisfied the target strength requirement of 27 MPa.

Freezing-and-thawing test results and discussion
The FT test was conducted in accordance with
ASTM C666/C666M. For all temperature and RH curing
condition combinations, three specimens were tested to
obtain the average RDME. The test results are shown in
Table 3 and Fig. 3. The RDME of specimens was measured
after 100, 200, and 300 FT cycles. The result showed that,
as the FT increased from 100 to 300 cycles, the RDME
decreased for all curing conditions, as expected. As shown in
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Table 3—FT test results

RDME, %

Case 0 cycles, % 100 cycles, % 200 cycles, % 300 cycles, %
T8H40 100.00 84.67 +0.45 73.60 = 1.06 69.13 +1.04
T8H65 100.00 84.36 £0.95 73.10+0.79 66.70 = 1.73
T8H95 100.00 86.13+£1.23 71.60 + 1.06 65.03 +1.42
T12H40 100.00 89.43 +1.84 76.46 +1.17 69.60 + 1.45
TI12H65 100.00 88.76 = 0.40 76.83 £1.61 69.03 +1.17
T12H95 100.00 87.76 £2.03 74.00 +0.75 67.60 + 0.30
T35H40 100.00 92.03 +1.86 85.06 £2.14 77.50 +3.64
T35H65 100.00 94.00 + 1.05 85.63 +1.07 75.23 +£1.95
T35H95 100.00 95.36 +0.85 90.60 + 0.85 85.46+ 1.11
T40H40 100.00 91.90 + 1.85 83.40 +2.03 77.63 +2.46
T40H65 100.00 93.03 +2.40 83.86 + 1.66 74.60 £2.21
T40H95 100.00 92.49+1.13 86.69 £ 0.35 83.30+£0.91
T45H40 100.00 9330+ 1.44 83.20 + 1.49 69.06 + 1.80
T45H65 100.00 90.26 +2.67 81.56 +1.18 68.33+0.75
T45H95 100.00 93.76 £2.93 80.03 £2.21 72.33 +£2.06

Fig. 3(a) to (c), the RDME generally increased as the curing
temperature increased, with the highest RDME observed at
a temperature of 35°C. However, at 40 and 45°C, the RDME
slightly decreased due to the effects of high temperature,
similar to the trend in compressive strength results. For
100 cycles, the specimens cured at 8 and 12°C had lower
RDME than those cured at 35, 40, and 45°C. More specifi-
cally, for the specimens cured at 8 and 12°C and 95% RH,
the RDMEs after 100 FT cycles were 3 to 10% lower than
those for the specimens cured at 35, 40, and 45°C and RH
of 95%. For the 200-cycle results, the trend was similar to
the 100-cycle results. More specifically, the RDME results
of 8 and 12°C and 95% RH after 200 cycles were 6 to 26%
lower than those from the specimens cured at 35, 40, and
45°C and 95% RH. For the 300-cycle results, the RDME
results showed that they increased with increasing tempera-
ture at 95% RH. However, no clear trend can be observed in
the results from the specimens cured under other RH condi-
tions. More specifically, the 300-cycle RDME results from
the specimens cured at 8 and 12°C were 8 to 31% lower
than those from the specimens cured at 35 and 40°C. In the
case of a curing temperature of 45°C, similar to the trend in
compressive strength results, RDMEs decreased due to the
formation of microcracks.?!

In all curing conditions, the 300-cycle RDMEs satis-
fied the criterion of requiring greater than 60% of the
RDME of the specimens without FT cycles, as specified in
ASTM C666/C666M.' If the RDME requirement increases
to 70%, the specimens cured at 35°C or higher can satisfy
the requirement. In fact, the T35H95 and T40H95 spec-
imens can satisfy the requirement even if the requirement
is increased to 80%. Under low-temperature curing condi-
tions, RDME decreases as RH increases. In contrast, under
high-temperature curing conditions, RDME increases with
an increase in RH. As shown in Fig. 3(d) and (e), for the
low-temperature curing condition, RDME decreased by 3
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to 6% as RH increased. The result trend can be attributed
to hydration reactions being delayed due to the reduction in
internal free water from the low-temperature condition of FT
cycles. On the other hand, as shown in Fig. 3(g) and (h), for
the high-temperature curing condition, RDME increased by
5 to 10% as curing RH increased. High-temperature curing
conditions induce internal moisture movement, promoting
greater hydration reactions and an increase in RDME. As
FT cycles increased, the RDME reduction rate was approx-
imately 10 to 15% for the specimens cured at 35 and 40°C,
while the RDME increase rate was the highest as RH
increased under the same temperature conditions. Therefore,
the optimal curing condition was identified as a temperature
of 35°C and an RH of 95%.

ANALYTICAL RESULTS AND DISCUSSION
Freezing-and-thawing resistance life evaluation
considering climate change in New York City

Climate change is decreasing the average number of FT
cycles occurring in a season due to gradually increasing
temperatures. To predict the FT resistance life of a concrete
structure, it is necessary to estimate the average FT cycle
reduction in the region where the structure is located. For
this study, the target location to consider climate change
conditions was selected as New York City. According to
the FHWA report,?® the annual FT cycles occurring in and
around New York City are approximately 54 cycles per year.
Therefore, the FT cycles occurring in New York City over
1 to 100 years would be 54 to 5400 cycles. According to the
U.S. EPA report,?! the annual FT reduction was 0.38 days, as
shown in Fig. 4. Applying this reduction as a base to incor-
porate the effect of climate change, the FT cycles occur-
ring in New York City over 1 to 100 years would be 54 to
3519 cycles.

To evaluate the FT resistance life of a concrete structure in
New York City, the prediction of RDME as a function of the
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Fig. 3—RDME results after 300 FT cycles cured under various temperatures and RHs.

number of FT cycles occurring annually is needed. Using the
predicted RDMEs, the FT resistance of the concrete structure
during its service life can be obtained through drawing satis-
faction graphs. However, it is nearly impossible to obtain an
RDME equation for an extended duration, such as 100 or
150 years, due to the time and cost required to perform FT
cycle tests. Also, the RDME equations for various combi-
nations of temperature and RH curing conditions are nearly
impossible to obtain due to an insurmountable amount of
work required to obtain a sufficient number of FT RDME
data. Therefore, based on the RDME data obtained from the
FT tests with a limited number of FT cycles in this study, the
RDME equations were obtained for the curing conditions
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applied in this study. The base equation that was used to
curve-fit the data was as follows

RDME = ¢; x hl(NFT) ) (4)

where RDME is the relative dynamic modulus of elasticity;
¢ and ¢, are the coefficients obtained from the curve fitting;
and N7 is the number of FT cycles.

All the curve-fitted equations for the curing conditions
considered in this study are shown in Table 4. The equations
are derived based on the criterion of RDME equaling 60%
of the RDME without FT damage. More specifically, for
each curing condition, data-fitted equations were proposed
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Table 4—Number of years when RDME falls below 60%

Coefficient of determination Failure years Failure

Case RDME prediction formula R? FHWA standard | U.S. EPA standard cycles
T8H40 RDME = -14.34In(N) + 150.41 0.99 11 11 549
T8H65 RDME = -16.09In(N) + 158.44 0.99 9 9 455
T8H95 RDME =-19.4In(N) + 175.16 0.99 8 8 379
T12H40 RDME =-18.12In(N) + 172.77 0.99 10 10 505
T12H65 RDME =-17.88In(N) + 171.22 0.99 10 10 504
T12H95 RDME =-18.51In(N) + 172.76 0.99 9 9 443
T35H40 RDME =-12.88In(N) + 151.89 0.97 23 25 1259
T35H65 RDME = -16.55In(N) + 171.03 0.96 15 17 822
T35H95 RDME = -8.78In(N) + 136.15 0.97 108 None 5877
T40H40 RDME =-12.91In(N) + 151.48 0.99 22 25 1199
T40H65 RDME =-16.39In(N) + 169.12 0.98 10 10 519
T40H95 RDME = -8.37In(N) + 131.03 0.99 89 None 4876
T45H40 RDME = -18.6In(N) + 179.72 0.94 10 10 508
T45H65 RDME = -19.16In(N) + 179.75 0.93 10 10 519
T45H95 RDME =-22.19In(N) + 196.42 0.99 11 11 562
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Fig. 4—Changes in FT cycle due to climate change.

to represent the relationship between RDME and 100, 200,
and 300 FT cycles. It should be noted that the fitted RDME
model (Eq. (4)) is extrapolated beyond 300 FT cycles to esti-
mate the long-term FT resistance life. This extrapolation is
based on the assumption that the RDME degradation trend
observed up to 300 cycles continues in a similar pattern.
The logarithmic nature of the model reflects the decelerating
damage accumulation typically observed in concrete under
FT conditions, as reported by Chen and Qiao*? and Yan et al.**
While this approach introduces uncertainty, it provides a
rational basis for performance comparison under various
temperature and RH combinations during curing. Table 4
also shows the number of years to reach the 60% RDME
using both the FHWA and U.S. EPA standards. It should also
be noted that the model does not explicitly consider strength
development due to aging beyond 28 days. At this stage,
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FT resistance, as FT resistance is more critically influenced
by internal pore structure and external exposure conditions.'?

With respect to the FT resistance life prediction, the TSH95
specimen had the shortest FT resistance life of 9 years,
whereas the T35H95 specimen had the longest FT resistance
life of 108 years. Similar to the previous FT test results, the
FT resistance life of specimens cured at lower temperatures of
8 and 12°C was two to 13 times shorter than that of specimens
cured at higher temperatures of 35, 40, and 45°C. For 8 and
12°C curing temperatures, the FT resistance life decreased
by 10 to 20% from increasing RH, whereas for 35 and 40°C
curing temperatures, the FT resistance life increased four to
five times from increasing RH. This indicates that the FT
resistance life of concrete is directly influenced by the curing
conditions, including temperature and RH.

Performance-based evaluation development of
freezing-and-thawing resistance life

To develop FT SCs, the yearly RDME is needed to predict
the state of FT resistance of the concrete structure. In this
study, the yearly RDME considering curing conditions was
obtained from the curve-fited RDME equations as a func-
tion of the number of FT cycles, shown in Table 4. The FT
SCs were developed based on two parameters: temperature
and RH curing conditions. The criterion used to determine
the success/failure of the satisfaction was 60% RDME for
a duration of 1 to 100 years. Using the Bayesian probabi-
listic method, the satisfaction graphs can be developed by
considering the annual FT cycles proposed by the FHWA
standard, as shown in Fig. 5. The two-dimensional (2-D)
SCs are shown in Fig. 5(a) and (b), and the 3-D SSs are
shown in Fig. 5(c) and (d). The difference between the 2-D
and 3-D graphs comes from the time dependency of the
durability performance of concrete. For example, the 2-D
FT SC is drawn at a selected time of concrete life, such as the
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Fig. 5—FHWA FT resistance life satisfaction graphs according to temperature and RH.

first, 20th, or 100th year. However, the 3-D FT SS is drawn
for a duration of 100 years of service life. More specifically,
100 2-D SCs would be used to draw a 3-D SS.

As shown in Fig. 5(a), the satisfaction level decreased as
the FT exposure time increased, as expected. As shown in
Fig. 5(a), the satisfaction increase rate after 5 years of FT
exposure was relatively similar for all the curing tempera-
tures, while the satisfaction increase rate after 10, 15, and
20 years of FT exposure was significant as the curing
temperature increased. For the 10-year FT resistance SC,
the satisfaction percentage rapidly increased with curing
temperature up to 20°C, then tapered off beyond 20°C.
For 15- and 20-year FT resistance SCs, the satisfaction
percentage increase is more gradual as the curing tempera-
ture increases.

The trend in RH results is similar to the temperature
results, as shown in Fig. 5(b). As shown in Fig. 5(b), the
satisfaction level decreased as the FT exposure time
increased, as expected. Unlike the temperature results, the
RH results show that the increase rate for all FT exposure
durations (that is, 5, 10, 15, and 20 years) is more gradual as
the RH increases. For the 5-, 10-, and 15-year FT exposures,
the satisfaction results show almost linear relationships.
Only for the 20-year FT exposure, the satisfaction level
for the specimens cured at 50% RH is 0%, but it gradually
increases beyond the RH. The overall results showed that
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high satisfaction levels are shown for the 5- and 10-year FT
exposures, and relatively low satisfaction levels are shown
for the 15- and 20-year FT exposures. The 3-D FT resis-
tance SSs developed for a duration of 100 years are shown
in Fig. 5(c) and (d). The comparison of the FT resistance
life predictions from the developed satisfaction graphs and
the test data curve-fitted RDME equations reveals that the
FT resistance life sharply decreased by 9 to 11 years for the
temperature conditions of 8 and 12°C and the RH conditions
of 40 and 65%. The reasonable comparison results indicate
that the 3-D graph generated through PBE is reliable for use
in evaluations of real scenarios.

As an example of PBE, a scenario is examined in which
a structure is required to achieve a satisfaction level of 0.5
or higher and a target FT resistance life of at least 15 years.
As shown in Fig. 5(a), this performance could be achieved
at curing temperatures of 33°C or higher. As shown in
Fig. 5(b), the RH should be maintained at 86% or higher.
In addition, a structure cured at a temperature of 30°C and
an RH of 90% is estimated to have an FT resistance life of
approximately 14 years. To overcome the limited number
of test data points in this study, supplemental data points
generated from the normal probability distribution function
were obtained. These generated virtual data points are used
to generalize the evaluation results. The proposed method is
based on a probabilistic framework designed to demonstrate
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the applicability of PBE to FT resistance under various
curing conditions. For further analysis, additional experi-
mental investigations on aged or deteriorated concrete struc-
tures will be necessary in the future.

Freezing-and-thawing performance-based evaluation
considering climate change in New York City

To develop the SC considering climate change in the New
York City area, the FT cycle reduction rate of the U.S. EPA,
shown in Fig. 6, was used. The U.S. EPA SSs for curing
temperature and RH are shown in Fig. 6(a) and (b), respec-
tively. Comparisons of the 10-year FT resistance SCs for
curing temperature and RH developed based on climate
change predictions of the FHWA and U.S. EPA are shown
in Fig. 7(a) and (b), respectively. In general, FT resistance
life increases when climate change is considered, because
the annual FT cycles are reduced due to global warming.
More specifically, the FT resistance life based on the FHWA
climate change prediction increases after 10 years. The
T35H40, T35H65, T40H40, and T45H95 specimens showed
2 to 3 years longer FT resistance life. On the other hand, the
FT resistance life for the T35H95 and T40H95 specimens
could not be calculated, because for the duration of 150
years, the reduction in annual FT days exceeded the annual
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FT cycles, which theoretically eliminated the possibility of
an FT event occurring. Moreover, no changes in FT resis-
tance life were observed under other temperature and RH
curing combinations.

The 10-year FT resistance life SCs for curing temperature,
developed based on the FHWA and U.S. EPA climate change
predictions, showed the largest difference, as shown in Fig. 7.
As shown in Fig. 7(a), the FT resistance life showed a differ-
ence of approximately 25% satisfaction percentage within
the temperature range of 13 to 25°C when climate change
was considered. With respect to the FT resistance life for
curing RH, approximately a 10% difference in satisfaction
percentage occurred, as shown in Fig. 7(b). This trend can
be attributed to the annual FT cycles decreasing by 0.38 days
due to U.S. EPA climate change predictions, leading to an
increase in FT resistance life and satisfaction percentage.

Additionally, because the number of FT cycles decreases
each year due to global warming, the 100-year FT satisfac-
tion percentage calculations are conducted to consider the
long-term climate change predictions from various organi-
zations, such as the FHWA and U.S. EPA. The comparative
analysis revealed that the duration required to reach the 50%
FT resistance satisfaction percentage is over 16 years, which
is the same for both the FHWA and U.S. EPA predictions.
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However, the duration required to reach the 30% satisfac-
tion percentage for temperature curing conditions differed,
with the FHWA prediction giving 22 years and the U.S.
EPA prediction giving 24 years. For RH curing conditions,
the FHWA predicted 48 years, and the U.S. EPA predicted
63 years. These differences can be attributed to the increase
in temperature due to the global warming phenomenon from
climate change, leading to reduced FT cycles and increased
FT satisfaction levels.

CONCLUSIONS

Based on the results of the study, the following conclu-
sions are drawn:

1. In the freezing-and-thawing (FT) resistance tests
under specific temperature and relative humidity (RH)
curing conditions, relative dynamic modulus of elasticity
(RDME) results from the specimens cured at 8 and 12°C
were 8 to 31% lower than those from the specimens cured
at 35 and 40°C. For the low-temperature curing condition,
RDME decreased by 3 to 6% as RH increased, while for the
high-temperature curing condition, RDME increased by 5 to
10% as RH increased.

2. Regarding the FT resistance prediction for New York
City, the FT resistance lives of specimens cured at 8 and
12°C (considered as low curing temperatures) were two to
13 times shorter than those of specimens cured at 35, 40,
and 45°C. At low temperatures of 8 and 12°C, the FT resis-
tance life decreased by 10 to 20% as the RH curing condition
increased. Conversely, at optimal temperatures of 35 and
40°C, the FT resistance life increased by four to five times
as the RH curing condition increased.

3. The satisfaction increase rate after 5 years of FT expo-
sure was relatively similar for all the curing temperatures,
while the satisfaction increase rate after 10, 15, and 20 years
of FT exposure was significant as the curing temperature
increased. For 10-year FT resistance SC, the satisfaction
percentage rapidly increased for the curing temperature up
to 20°C, then tapered off beyond 20°C. The comparison of
the FT resistance life predictions from the developed satis-
faction graphs and the test data curve-fitted RDME equa-
tions revealed that the FT resistance life sharply decreased
by 9 to 11 years for the temperature conditions of 8 and 12°C
and the RH conditions of 40 and 65%.

4. The 10-year FT resistance life satisfaction curves (SCs)
for curing temperature developed based on the Federal
Highway Administration (FHWA) and United States Envi-
ronmental Protection Agency (U.S. EPA) climate change
predictions showed the largest difference. The FT resistance
life showed a difference of approximately 25% satisfaction
percentage within the temperature range of 13 to 25°C when
climate change was considered. With respect to the FT resis-
tance life for curing RH, approximately a 10% difference in
satisfaction percentage occurred.

5. The proposed method offers a probabilistic framework
for evaluating FT resistance based on satisfaction levels
under various curing conditions, rather than relying on
prescriptive life predictions. While the extrapolated RDME
models provide useful insights into long-term performance,
they are primarily intended for comparative purposes and
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require further validation. This study tried to overcome the
limitations of test variability and curve fitting by performing
the analysis using statistical averaging. This approach can be
considered a performance-based evaluation (PBE) strategy
for concrete exposed to FT cycles under various environ-
mental conditions.

FURTHER STUDY

Because the study has already been completed, FT data of
other cement type mixture proportions are not available at
this time. Therefore, in a future study, more quantitative data
from additional mixture proportions using various cement
types, fly ash, silica fume, ground-granulated blast-furnace
slag, and ferro-nickel slag will be collected. In addition,
the durability behavior with respect to chloride penetration
resistance and carbonation tests will be quantified.
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NOTATION
a; =  design material requirement of variable I
¢, c; =  coefficients obtained from curve fitting
DF = durability index of test specimen
F(.) = SC of specific material requirement
M = cycle at end of FT exposure

N = determined by total number of related material data obtained for
material performance evaluation

number of FT cycles

number of cycles in which relative dynamic modulus of elas-
ticity becomes 60% or number of cycles at end of freezing-and-
thawing exposure

primary resonance frequency (Hz) of deformation vibration in
FT cycle N,

primary resonance frequency (Hz) of deformation vibration in
FT cycle 0

relative dynamic modulus of elasticity (%) after freezing-and-
thawing cycle N,

determined to be 0 or 1 depending on satisfaction to material
performance value such as a;
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The concentration of chloride ions involves both chemical binding
and physical adsorption. This study investigated how limestone
powder and supplementary cementitious materials (SCMs) syner-
gistically affect chloride concentration in cement paste, using
analyses of corrosion products, pore structure, and the chloride
concentration coefficient. Cement pastes with 0 to 50% limestone
powder and fly ash or slag were tested. Results showed that the
synergy between limestone powder and fly ash or slag promoted
carboaluminate formation, which completely converted to Friedel s
salt in chloride environments. This enhanced chemical binding
and increased physical adsorption of chloride ions, while reducing
porosity and the most probable pore diameter. When limestone
powder was 5 to 25% with fly ash less than 10%, or both lime-
stone powder and slag were 20 to 30%, the chloride concentration
coefficient reached its peak. Thus, proper limestone powder content
improves chloride resistance by enhancing both chemical and phys-
ical chloride binding.

Keywords: carboaluminate; chloride concentration; Friedel’s salt; lime-
stone powder (LP); supplementary cementitious materials (SCMs); syner-
gistic effect.

INTRODUCTION

The cement industry accounts for approximately 5 to
8% of global anthropogenic CO, emissions (Chang et al.
2022). Incorporating supplementary cementitious materials
(SCMs) such as fly ash (FA) and slag can reduce emis-
sions (Gartner 2004), but their limited availability restricts
broader application and sustainability. Hence, low-carbon,
abundant alternatives are in demand. Limestone powder
(LP), a waste by-product of crushed limestone, contributes
to pollution. Using LP as a cement substitute reduces both
cost and CO, emissions (Wang et al. 2017). Studies show
LP promotes early hydration by serving as nucleation sites
(Kang et al. 2019). It reacts with C3A to form carboalumi-
nates, which refine pore structure and enhance performance
through their chemical and filling roles (Antoni et al. 2012;
Li and Jiang 2020). However, excessive LP may cause
substantial performance degradation due to dilution. Based
on extensive research and practical applications, LP has been
incorporated into national standards worldwide. The British
standard allows up to 20%, with some cases permitting 35%
(Elgalhud et al. 2016; Irassar 2009). European standard
EN 197-1 permits 5% as an addition and defines four types
of portland-limestone cement with 6 to 35% LP (Irassar
2009). The Chinese standard for limestone portland cement
(JC/T 600-2010 [2010]) allows 10 to 25%, while that for
common portland cement (GB 175-2007 [2007]) stipulates
a maximum LP content of 5%. In alkali-activated systems,
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LP improves reaction kinetics, pore structure, strength, and
shrinkage resistance (Marsh et al. 2022; Rashad et al. 2021),
expanding its applicability across cementitious materials.

Chloride-induced reinforcing bar corrosion has caused
serious economic losses (Elgalhud et al. 2016; Wang et al.
2018a, 2019a; Shi et al. 2017a). Scholars generally find
that when chloride-ion concentration exceeds a threshold, it
breaks down the passive film on steel (Wang et al. 2021Db),
initiating localized corrosion that degrades reinforcing bar
mechanical performance and reduces structural reliability
(Stewart and Al-Harthy 2008; Gu et al. 2018). Hornain
et al. (1995) found the addition of LP can effectively reduce
the chloride-ion diffusion coefficient. Wang et al. (2023)
investigated chloride transport in alkali-activated slag-LP
systems under various marine environments and found that
10% LP achieved the lowest diffusion coefficient, as small
LP additions improved microstructure. However, excessive
LP content had adverse effects. Li and Jiang (2022) showed
that 8 wt. % LP reduced total porosity and increased the
proportion of fine pores, indicating that the improved pore-
size distribution may be responsible for the decreased chlo-
ride diffusion coefficient. Lollini et al. (2014) reported that
5 to 15% LP had minimal impact on Cl™ penetration resis-
tance. However, some studies have shown that excessive LP
increases chloride ingress. Bonavetti et al. (2000) reported
43% and 114% increases in CI” penetration depth with 10%
and 20% LP, respectively. Hosseini and Eftekhari (2022)
observed a significant rise in permeability coefficient under
seawater curing at 30% LP. Elgalhud et al. (2018) reported
that 35% LP increased chloride intrusion by approximately
60% compared to concrete without LP. Li and Jiang (2023)
reported that the CI binding capacity decreased with
increasing LP content in concrete due to reduced physical
adsorption and chemical binding.

Due to variations in the physical and chemical properties
of LP, its effect on chloride permeability remains inconsis-
tent. Notably, the chloride permeability coefficient does not
accurately reflect the free Cl~ concentration in pore solu-
tion, which is a key factor in steel corrosion. Nagataki et al.
(1993) reported that after 10 years of seawater exposure, the
CI concentration in pore solution exceeded that of seawater
by over four times, a phenomenon known as chloride
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Table 1—Chemical components of cementitious materials, wt. %

No. CaO SiO, ALO; Fe O3 MgO SO; MnO Na,O K,O TiO, LOI
C 63.93 20.78 5.01 3.50 2.01 221 — — — — 1.80
LP 52.66 0.52 0.27 0.24 2.66 — — — — — 43.33
FA 3.32 51.34 34.82 5.33 0.605 — 0.053 0.371 1.23 1.85 1.081
S 41.20 30.70 14.00 0.40 9.90 — 0.3 0.5 0.40 1.40 0.95

Note: LOI is loss on ignition.

concentration, which involves both chemical binding and
physical adsorption. The chloride concentration coefficient
is commonly used to evaluate this. Glass et al. (1996) found
that after immersing slices of cement paste in 0.135 mol/L
NaCl solution, the free C1™ concentration in filtrate increased
over time and exceeded the immersion solution by approxi-
mately 30% after 28 days. Similarly, Baroghel-Bouny et al.
(2007) reported that after soaking in an 18.2 g/L chloride
solution, the water-soluble CI” content of samples eventually
doubled that of the soaking solution. Therefore, it is essen-
tial to explore how LP influences the chloride concentration
coefficient of cement-based materials under chloride expo-
sure. The limited study found that pastes with 10%, 20%,
and 30% LP had concentration coefficients 9.1%, 98.2%, and
94.2% higher than those without LP (Xiao et al. 2017). While
existing studies primarily focus on the durability of concrete
containing LP, including resistance to water and chlo-
ride penetration, carbonation, sulfate attack, and freezing-
and-thawing cycles, the specific impact of LP on the chlo-
ride concentration coefficient remains underexplored.

The aluminate phase in SCMs or C;A in cement can chem-
ically react with LP to form carboaluminate, demonstrating a
synergistic effect. Alyousefet al. (2023) found that combining
FA, LP, and ultrafine filler improves high-strength concrete
porosity. Carboaluminates produced from reactions between
LP and the aluminum phase in the SCMs or cement help fill
pores and reduce porosity (Li and Jiang 2020; Lothenbach
et al. 2008). Similarly, combining metakaolin with LP refines
the pore structure, enhances strength, and improves chloride
resistance (Zunino and Scrivener 2021). Moreover, calcium
carbonate and calcium hydroxide can react with aluminum
phases to form hemicarboaluminate (Hc) and monocarboalu-
minate (Mc) (Zolfagharnasab et al. 2021), which are ther-
modynamically more stable than Friedel’s salt, resulting in a
lower chloride binding capacity (Wang et al. 2019b). There-
fore, it is essential to study how LP combined with FA or slag
influences the chemical binding and physical adsorption of
CI" in cementitious materials, as well as the composition and
chemical properties of corrosion products, pore structure, and
chloride concentration.

Since the chloride concentration phenomenon in cement-
based materials was first reported (Nagataki et al. 1993),
various studies have explored factors influencing the chloride
concentration coefficient. Xiao et al. (2017) examined the
effects of the amount and particle size of LP on the chloride-
ion concentration performance through the chloride-ion
concentration coefficient, while Alyousef et al. (2023)
focused on the influence of FA, LP, and fillers on the porosity
of high-performance concrete under different curing condi-
tions, without addressing the phenomenon of chloride
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concentration. However, research on the synergistic effects
of LP and SCMs on this phenomenon remains limited. To
address this, 15 mixture designs were prepared using the
simplex-centroid method, immersed in 0.5 mol/L NaCl solu-
tion for 42 days, and tested for CI” content in pore solutions
extracted by press filtration to calculate the chloride concen-
tration coefficient. Scanning electron microscopy (SEM) and
mercury intrusion porosimetry (MIP) were used to examine
microstructure and pore characteristics, while thermogravi-
metric analysis (TGA) and X-ray diffraction (XRD) charac-
terized corrosion products. This study provides guidance for
the safe application of concrete mixed with LP in chloride
environments.

RESEARCH SIGNIFICANCE

Chloride-ion erosion is a main reason of steel corrosion
in concrete. However, limited research exists on the syner-
gistic effect of LP and SCMs on the chloride concentra-
tion coefficient. This study addresses this gap by revealing
their combined influence, offering a sustainable alternative
to traditional SCMs and theoretical support for low-cost,
low-carbon concrete design. The findings are significant
for improving concrete durability and advancing green
buildings.

EXPERIMENTAL INVESTIGATION
Materials
The chemical compositions of cement (C), LP, FA, and
slag (S) (measured by X-ray fluorescence) used in this study
are listed in Table 1. The P-142.5 cement meets GB 175-2007
specifications. LP has a specific surface area of 500 m*kg
(2441.2 ft*/1b) and a mean particle size of 32.42 pm (1.3 mil)
(measured by laser diffraction particle-size analyzer). Both
FA and slag conform to GB/T 51003-2014 (2014). Deion-
ized water was used throughout the experiments.

Experimental procedure

The relationship between concrete properties and mate-
rial composition can be effectively established using a
simplex-centroid design (Nagataki et al. 1993), which has
been applied in previous studies to evaluate multicomponent
cementitious systems (Shi and Day 1993; Wu et al. 2018; Shi
et al. 2015, 2018; Wang and Zhang 2021). The main advan-
tage of this design is its ability to relate concrete performance
to mixture composition with minimal testing, enabling the
construction of contour maps using mathematical models
and software, providing a clear understanding of the effects
of individual components. In this study, 15 mixture designs
were prepared with a water-binder ratio of 0.4; the mixture
proportions are presented in Fig. 1 and Table 2.
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Cement

Fig. 1—Cement-LP-FA-slag cementitious material compo-
sition design.

Cement pastes were cast in polyvinyl chloride (PVC) tubes
(50 mm [2.0 in.] diameter x 200 mm [7.9 in.] length), sealed
with double-layer plastic film. After 24 hours of standard
curing, the pastes were cut into 5 mm (0.2 in.) slices, then
water-cured at 20 + 2°C (68 + 3.6°F) for 28 days and satu-
rated in limewater for 24 hours. Specimens were immersed
in 0.5 mol/L NaCl solution for 42 days (solution-to-paste
volume ratio of 40:1, with solution renewed every 2 weeks).
Chloride content was analyzed in 1 mm increments within
the top 5 mm using a milling machine. Collected powders
were stored for analysis. Results showed CI~ content stabi-
lized at 2.0 to 2.3%, with minimal variation across depths,
indicating uniform chloride distribution.

Test method

X-ray diffraction (XRD)—The samples were crushed into
smaller pieces, immersed in anhydrous ethanol for 24 hours
to terminate hydration, and then ground. The ground
powder was vacuum-dried at 40°C (104°F) until constant
mass, followed by sieving through a 45 um (1.8 mil) mesh.
All procedures were conducted under vacuum to avoid
carbonation.

XRD analysis was carried out using an X-ray diffractom-
eter operating at 30 kV and 10 mA. Scanning was performed
from 5 to 55 degrees at 2 deg/min with a test step size of
0.02 degrees. Phase identification was conducted using Jade
software.

Thermogravimetric analysis (TGA)—Sample preparation
followed the XRD procedure. Approximately 10+ 0.1 mg
of powder was tested in a simultaneous thermal analyzer
under nitrogen (N;) protection. Thermogravimetric (TG)
and differential thermogravimetric analysis (DTG) curves
were used to estimate Friedel’s salt and Ca(OH), contents.
Because LP decomposes upon heating, releasing CO, and
causing mass loss, the measured residue underestimates
the true residual solid content. So the residual mass at
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Table 2—Design of cementitious materials
composition of cement-LP-FA-slag binder, wt. %

Mixture proportions
No. Cement LP FA Slag
C100 100 0 0 0
C50L50 50 50 0 0
C50F50 50 0 50 0
C50S50 50 0 0 50
C75L25 75 25 0 0
C75F25 75 0 25 0
C75825 75 0 0 25
C50L25F25 50 25 25 0
C50L25825 50 25 0 25
C50F25825 50 0 25 25
C66L17F17 67 17 17 0
C66L17S17 67 17 0 17
C66F17S17 67 0 17 17
C50L17F17S17 50 17 17 17
C62.5L12.5F12.5812.5 62.5 12.5 12.5 12.5

550°C (1022°F) was taken as the baseline (De Weerdt et al.
2011), as major carbonate decomposition occurs above this
temperature. This correction ensures accurate quantification
of phase components.

Friedel’s salt decomposes at approximately 325°C
(617°F) (Shi et al. 2017b), and its decomposition equation is
as follows (Eq. (1)). Friedel’s salt content w was calculated
as Eq. (2)

C3A . CaClz . 10H20&)C3A + CaClz + IOHzo
(D
0,
wr = W mass loss X MF X IOOA) (2)

lOZMI%O X D residual mass

where m,,q 105 T€presents the mass loss at approximately
325°C (617°F) in the TG curve; m,egiduar mass indicates the
corresponding residual mass at approximately 550°C
(1022°F); M0 is the molar mass of H,O; and My is the
molar mass of Friedel’s salt.

Ca(OH), decomposes at approximately 450°C (842°F),
and its decomposition equation is as follows (Eq. (3)).
Ca(OH), content wcy was calculated as Eq. (4)

Ca(0m),—2YC . 40 + H,01 3)

0,
D mass loss X MCH X IOOA)

MH ,0 X @ yesidual mass

ey = “4)
where My, is the molar mass of Ca(OH),.

Scanning electron microscopy (SEM)—Samples were
immersed in anhydrous ethanol for 24 hours to stop hydra-
tion, dried in a vacuum oven at 40°C (104°F), gold-coated
by vacuum sputtering, and examined for micromorphology
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Fig. 2—XRD patterns of samples before immersing in 0.5 mol/L NaCl solution for 42 days (Li and Jiang 2020). (Note: E is
ettringite; Hc is hemicarbonate; Mc is monocarbonate; F is ferrite phase.)

using a multifunctional tungsten filament scanning electron
microscope.

Mercury intrusion  porosimetry (MIP)—MIP was
performed using a porosimeter with a pressure range of 7.10
to 344,738 kPa (1.03 to 50,000 psi), covering pore sizes
from 3 to 1080 um (0.1 to 42.5 mil). Pore structure data
were obtained by combining low- and high-pressure intru-
sion curves.

Cl concentration coefficient—Currently, two main
methods are used to determine free chloride-ion concen-
tration in cement paste. The first is high-pressure filtration,
which may slightly overestimate chloride levels due to
partial extraction of bound chlorides. The second is solvent
extraction, which is less reliable due to chloride binding
during immersion and variability from immersion and
stirring times. High-pressure filtration is the most widely
adopted due to its superior accuracy and lower margin of
error (Glass et al. 1996). In this study, specimens were
placed in an extrusion device under a 3000 kN (674,427 1b)
press. The process involved two 180-second loading cycles,
reaching up to 900 kN (202,328 1b). The expressed pore
solution was collected immediately and sealed in plastic
vials.

The pore solution obtained by pressure filtration was
diluted 20 times. Then 1 mL of the dilution was transferred
to a beaker, followed by the addition of deionized water and
concentrated nitric acid. The CI” concentration was deter-
mined using an automatic potentiometric titrator. The chlo-
ride concentration in the 1 mL diluted sample was recorded,
and the chloride concentration coefficient (N) was calculated
using Eq. (5)

N=g )

where ¢; is the CI™ concentration of the soaking solution; and
¢ 1s the Cl” concentration of the pore solution.

RESULTS AND DISCUSSION
Phase identification of cement pastes by XRD
As demonstrated in the authors’ previous publication
(Wang et al. 2019a) (Fig. 2), no carboaluminate diffraction
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Fig. 3—XRD patterns of samples after immersing in
0.5 mol/L NaCl solution for 42 days.

peaks were detected in cement pastes without LP. However,
the synergistic effect of LP and SCMs promoted carboalumi-
nate formation. After 42 days of NaCl solution immersion,
no carboaluminate peaks were observed (Fig. 3), suggesting
its complete transformation into Friedel’s salt, likely due
to the replacement of carbonate ions by chloride ions in
carboaluminate (C4ACH;;; C4ACysH,) to form Friedel’s
salt (C4AC1H10)

As shown in Fig. 3, the Friedel’s salt peak at 26 =
11.3 degrees is weaker in the CS0L50 group than in C75L25,
indicating that higher LP content reduces the availability of
aluminum phases. This reduces the paste’s ability to solidify
the Cl". Similarly, Sui et al. (2019) reported that increasing
LP content from 0 to 55% reduced physically adsorbed chlo-
ride and overall chloride binding capacity.

Furthermore, Friedel’s salt peaks in the C50L25F25 group
are stronger than in C50L50, indicating that FA enhances chlo-
ride binding. This is linked to the hydration of the aluminum
phase, where higher aluminum phase content increases
CI" binding capacity (Luo et al. 2002). In chloride environ-
ments, carbonate ions in carboaluminate can be replaced by
CI', with Hc transforming into Friedel’s salt (Mesbah et al.
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Fig. 4—TG-DTG patterns of samples after immersing in 0.5 mol/L NaCl solution for 42 days: (a) TG curve, and (b) DTG curve.

(Note: °F = [°C % 1.8] + 32.)

Table 3—Contents of Ca(OH), and Friedel’s salt in different samples after immersing in 0.5 mol/L NaCl

solution for 42 days

No. Mass loss at ~300°C (572°F), % Friedel’s salt content, % Mass loss at ~450°C (842°F), % Ca(OH),, %
C100 0.77 2.91 (1.12%) 3.77 18.81 (2.46%)
C75L25 0.82 3.03 (1.67%) 2.77 13.50 (1.53%)
C50L50 0.47 1.67 (2.08%) 1.99 9.32 (2.37%)
C50L25F25 0.97 3.51 (2.36%) 0.96 4.58 (2.61%)
C50L25S25 1.43 5.35(2.28%) 1.25 6.17 (2.31%)

Note: Values in parentheses are relative standard deviations (RSD).

2011). FA promotes carboaluminate formation, which binds
more chloride ions, yielding higher Friedel’s salt peaks. Simi-
larly, C50L25S25 shows stronger peaks than C50L50 due to
slag’s high active AL,O; content, which promotes carboalu-
minate and calcium-aluminum-silicate-hydrate (C-(A)-S-H)
formation, generating more Friedel’s salt and increasing
chloride binding capacity (Mapa et al. 2023). Zunino and
Scrivener (2021) reported that LP and metakaolin in blended
cement form hemicarboaluminate and monocarboalumi-
nate (Hc/Mc), improving pore structure, though their study
focused on porosity and mechanical performance without
considering chloride exposure. In contrast, the authors’ study
shows that LP with FA or slag not only promotes carboalu-
minate formation but also facilitates its transformation into
Friedel’s salt in chloride-rich environments, enhancing chem-
ical chloride binding and providing added durability benefits.
Similarly, Li and Jiang (2023) found that in cement-LP binary
systems, LP’s dilution effect reduced Friedel’s salt formation
and chloride binding capacity. The authors’ study shows that
combining LP with FA or slag overcomes this limitation by
promoting the transformation of carboaluminates into Frie-
del’s salt, thereby improving chemical chloride binding.

Quantitative analysis of hydration products by
TG-DTG

Figure 4 shows the TG-DTG pattern of samples, with
quantitative calculation results in Table 3. The Friedel’s salt
contents of the C100, C75L25, C50L50, and C50L25F25
were 2.91%, 3.03%, 1.67%, and 3.51%, respectively. The
Friedel’s salt contents of C100 and C75L25 are not much
different. As the use of LP increased, the formation of Friedel’s

ACI Materials Journal/March 2026

salt decreased, consistent with the XRD analysis results.
Compared with the C75L25 group, the Friedel’s salt content
in the C50L50 group was reduced by 44.9%. This decline is
not solely due to dilution. Ipavec et al. (2013) reported that
LP reduces chloride binding in high-alkalinity systems. In
addition, the substitution of SO4-AFm by CO3-AFm in the
reaction products is another significant factor (Balonis et al.
2010). Compared with the C50L50 group, the Friedel’s salt
content of the C50L25F25 group increased by 110.18%. The
content of Al,O; in FA is high, and the LP reacts with AL,O5
to form carboaluminate, which could chemically bind chlo-
ride ions. In addition, the excess aluminum phase in FA can
also solidify chloride ions.

As shown in Eq. (6) and (7), Ca(OH), is involved in the
process of Cl™ solidification by carboaluminate, leading to
the formation of Friedel’s salt (Wang et al. 2019a). In Eq. (8)
to (10), the ionization of =SiOH is also affected by alka-
line conditions (Xiao et al. 2017; Hu et al. 2018). These
will affect the adsorption of CI". Therefore, the influence of
Ca(OH), should be considered

C4ACH1] +2CI + Ca(OH)2 —

C,ACLH,o + CaCOs + 20H" + H,0 (6)
C4ACysH,, + 2CI + 0.5Ca(OH), —

C,ACLH o+ 0.5CaCO; + 20H + 1.5H,0  (7)

=SiOH = =S8i0~ + H* (8)

=SiO" + Ca%" = =SiOCa’ 9)
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Fig. 5—SEM pictures of specimens before and after immersing in 0.5 mol/L NaCl solution for 42 days. Before immersing:
(a) C50L50, x30,000 times, and (b) EDX elemental analysis of point “1.” After immersing: (c) C50L25F25, x5000 times;
(d) C50L25F25, <5000 times; and (e) EDX elemental analysis of point “2.”

=8i0Ca* + CI = =SiOCaCl (10)

Table 3 shows that the contents of Ca(OH), in the C100,
C75L25, C50L50, and CS50L25F25 groups are 18.81%,
13.50%, 9.32%, and 4.58% respectively. This decreasing
trend results from the reduction in cement clinker with
increasing LP content. Compared to C50L50, the Ca(OH),
content in C50L25F25 decreases by 50.86%, mainly due
to the pozzolanic reaction of FA and further cement dilu-
tion by LP. As shown in Fig. 4 and Table 3, compared with
the C50L50 group, the Friedel’s salt content in C50L.25S25
increased by 220.36%, while Ca(OH), decreased by 33.80%.
This is attributed to the better chloride binding capacity of
slag, which contains more active aluminum phases that react
with CI to form Friedel’s salt (Ukpata et al. 2019). Addition-
ally, LP reacts with aluminum phases to form carboalumi-
nate, further contributing to CI” binding (Li et al. 2020). The
pozzolanic reaction of slag also consumes significant amounts
of Ca(OH),, explaining its lower content in C50L25S25.

The physical adsorption of CI™ is primarily attributed to
calcium-silicate-hydrate (C-S-H) gel (Geng et al. 2015).
To minimize interference from ettringite and adsorbed
water within the 30 to 230°C (86 to 446°F) range, mass
loss between 145 and 230°C (293 and 446°F) was used to
estimate the relative C-S-H gel content (Chang and Fang
2015; Steiner et al. 2020). Although this method is not accu-
rate enough, it allows for comparative analysis. As shown
in Fig. 4, the C-S-H gel mass losses for C75L25, C50L50,
C50L25F25, and C50L25S825 were 4.3%, 3.25%, 3.67%,
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and 4.32%, respectively. Compared to C50L50, the C-S-H
gel content in C50L25S25 increased by 32.92%, due to the
pozzolanic reaction of slag, which is rich in Al,O5 and SiO,.
In contrast, the C75L25 group produced more C-S-H gel,
as excessive LP contributes little to hydration and instead
exerts a dilution effect.

Effects of synergistic effects of LP and SCMs on
microscopic morphology of cement pastes

Figure 5 presents SEM images of hydration products in
various cementitious systems before and after 42 days of
immersion in 0.5 mol/L NaCl solution. In Fig. 5(a), hexag-
onal plate-like crystals with structural symmetry were
observed. Elemental analysis in Fig. 5(b) identified these as
Mc (Liu et al. 2024), consistent with Mc peaks in XRD. In
Fig. 5(c), the surface of FA particles in the CS0L25F25 group
isuneven, indicating a notable pozzolanic reaction. Although
FA shows low early reactivity, prolonged curing and chlo-
ride exposure promote secondary pozzolanic reactions that
refine pore structure, reducing the volume of large pores and
increasing the volume of small pores (Beaudoin et al. 1990).
After immersion in NaCl solution, no carboaluminate was
detected in any samples, but crystalline Friedel’s salt was
observed in the C50L25F25 group. As shown in Fig. 5(d), it
exhibited a regular hexagonal plate-like morphology, consis-
tent with previous findings (Xie 2020), and was confirmed
by energy-dispersive X-ray spectroscopy (EDX) analysis
(Fig. 5(e)). The high Al,O; content in FA reacts with LP to
form carboaluminate, which is then converted into Friedel’s
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salt through ion exchange in chloride environments. The
formation of Friedel’s salt, with its larger volume, helps
refine pore-size distribution and improve the compactness
of the pore structure (Kim et al. 2019). Consequently, the
C50L25F25 group shows a denser structure and higher chlo-
ride concentration coefficient than C50L50, consistent with
Mao et al. (2022), who attributed the effect to the abundant
alumina in FA, which promotes Friedel’s salt formation.

Effects of synergistic effects of LP and SCMs on
pore structure of cement pastes

The pore structure results are presented in Fig. 6 and 7 and
Table 4. Compared to the C50L50 group, the porosity of the
C75L25 group decreased by 35.86%. In C50L50, the high
LP content diluted the cementitious components, delaying
hydration and increasing porosity. Studies have shown that
when LP content exceeds 30 to 50%, both porosity and
pore size tend to increase (Elgalhud et al. 2016; Li et al.
2018). He et al. (2019) also reported that LP additions above
50% elevated pore volume and reduced Archie’s tortuosity
coefficient.

The combination of LP and FA exhibited a strong syner-
gistic effect, promoting carboaluminate formation, which
subsequently converted into Friedel’s salt and refined the
pore structure. Compared to the C50L50 group, the most
probable pore diameter and porosity of the C50L25F25
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Fig. 6—Pore structure of cement paste after immersing in

0.5 mol/L NaCl solution for 42 days. (Note: 1 um = 3.937 %
107 in.)

group decreased by 64.58% and 9.32%, respectively. The
chemical reactivity of LP significantly affected the pore
structure (He et al. 2019). Moreover, the additional alumina
provided by FA enhanced carboaluminate formation, effec-
tively filling voids in the interfacial transition zones and
reducing overall porosity (Wang et al. 2018b).

The synergy between LP and slag also promoted carboalu-
minate formation, which converted into Friedel’s salt and
refined the pore structure. As shown in Table 4 and Fig. 6, the
most probable pore diameter and porosity of the C50L25S25
group decreased by 83.35% and 40.53%, respectively,
compared to the C50L50 group. This synergy reduced the
proportion of larger pores, densified the microstructure, and
refined the pore structure (Li and Jiang 2020). The resulting
structure enhanced the influence of the electric double layer
(EDL), improving CI™ physical adsorption (Luo et al. 2002).
Similar effects occur in systems with LP and metakaolin,
where C-A-S-H formation replaces CO;-AFm. Slag also
contains abundant A1**, and through the interaction between
aluminate and calcite, further enhances the synergistic effect
in ternary blends (Dhandapani et al. 2021).

As shown in Table 4 and Fig. 7, harmful and multi-harmful
pores (>50 nm [>2.0 x 107 in.]) accounted for 50.70% in the
C50L50 group, 166.84% higher than in C75L25. Compared
with the C50L50 group, CS50L25F25 and C50L25S25
showed marked reductions, with the proportion of harmful
and multi-harmful pores decreased by 62.35% and 77.18%,

Innocuous pore
Less harmful hole
Harmful pore

-
XY Multi harmful pore Z

¢

N
NN
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Fig. 7—Pore-size distribution of samples.

Table 4—Pore structure characteristic parameters of samples after immersing in 0.5 mol/L NaCl solution

for 42 days
Pore-size distribution, %
Most probable Innocuous pore Less harmful hole Harmful pore Multi-harmful pore
No. Total porosity, % pore size, nm (<20 nm) (20 to 50 nm) (50 to 200 nm) (>200 nm)
C100 14.88 (2.11%) 14.62 71.76 15.81 3.88 8.35
C75L25 21.95 (1.37%) 19.26 45.88 35.12 8.17 10.83
C50L50 34.22 (2.54%) 71.76 25.47 23.83 35.27 15.43
C50L25F25 31.03 (2.42%) 25.42 31.59 49.32 11.58 7.51
C50L25S25 20.35 (1.39%) 11.95 76.00 12.43 2.90 8.67
Note: Values in parentheses are RSD; 1 nm =3.937 x 108 in.
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Table 5—Chloride concentration coefficient of different samples

No. Curing time, days | Soaking time, days | Soaking solution concentration, mol/L ¢, mol/L (RSD) N
C100 28 42 0.5 0.6862 (4.57%) 1.3724
C50L50 28 42 0.5 0.6428 (5.29%) 1.2856
C50F50 28 42 0.5 0.6562 (6.55%) 1.3124
C50850 28 42 0.5 0.5086 (6.37%) 1.0172
C75L25 28 42 0.5 0.7383 (7.21%) 1.4766
C75F25 28 42 0.5 0.7010 (6.33%) 1.4020
C75825 28 42 0.5 0.6563 (5.58%) 1.3126
C50L25F25 28 42 0.5 0.7026 (8.36%) 1.4052
C50L25825 28 42 0.5 0.8926 (6.98%) 1.7852
C50F25S25 28 42 0.5 0.6030 (7.51%) 1.2060
C66L17F17 28 42 0.5 0.5888 (6.35%) 1.1776
C66L17S17 28 42 0.5 0.9236 (4.27%) 1.8472
C66F17S17 28 42 0.5 0.5996 (7.39%) 1.1992
CS0L17F17S17 28 42 0.5 0.7841 (8.21%) 1.5682
C62.5L12.5F12.5512.5 28 42 0.5 0.7437 (6.44%) 1.4874
Note: ¢, is CI” concentration of pore solution; N is chloride concentration coefficient.
respectively, indicating that increased Friedel’s salt forma- SRS

tion effectively refined the pore structure.

The synergistic effects of FA or slag and LP refine the pores
and increase the proportion of gel pores (<100 nm [<3.9 X
10°® in.]) in cement paste. According to EDL theory, as the
pore size decreases, the charge on the pore wall increases.
In cement paste, the overlap of diffusion layers occurs in
gel pores rather than in capillary pores (He et al. 2016). If
the pores in cement paste become smaller, the transmission
of CI" will become more difficult due to the overlapping
effect of the EDL, and the adsorption of the charge will also
be enhanced (Hu et al. 2020; Wang et al. 2021a). There-
fore, refining the pore size could enhance CI™ adsorption in
cement pastes.

Effects of synergistic effects of LP and SCMs
on chloride concentration coefficient of cement
pastes

After pressure filtration, the calculated results for chloride
concentration coefficients are listed in Table 5. As shown
in Fig. 8, these coefficients decreased with increasing LP
content. Compared to C100 and C75L25, C50L50 exhibited
reductions of 6.32% and 12.94%, respectively, mainly due
to the dilution effect. LP reduced the contents of tricalcium
silicate (C3S) and dicalcium silicate (C,S), leading to less
C-S-H gel, which is primarily responsible for Cl~ physical
adsorption (Geng et al. 2015; Chang and Fang 2015). Liu
et al. (2023) also reported improved chloride resistance
using various SCMs at a 30% replacement level.

The chloride concentration coefficient of the C50L25F25
group is 1.4052, 9.30% higher than that of C50L50, indi-
cating that FA enhances Cl™ physical adsorption in cement
pastes. The main active components in FA are Al,O; and
Si0.. It has been demonstrated that SiO, can undergo a reac-
tion with Ca(OH), to form a secondary C-S-H gel, improving
CI" physical adsorption. Although FA has limited early
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Fig. 8—Triangular contour diagram of chloride concentra-
tion coefficient of cement-LP-FA cementitious material.

pozzolanic activity (Steiner et al. 2020), it still increases
chloride binding after 42 days of immersion in 0.5 mol/L
NaCl solution. However, its coefficient is 4.84% lower than
C75L25, likely because OH™ consumption during hydration
hinders Si-OH deprotonation in C-S-H, reducing C1™ adsorp-
tion. Additionally, a lower Ca/Si ratio from FA incorporation
may weaken chloride binding (Guo et al. 2013). As shown
in Fig. 8, when LP ranges between 5 and 25% and the FA is
less than 10%, cement pastes show the highest coefficient
and strongest free CI™ adsorption.

The chloride concentration coefficient of the C50L25S25
group is 38.86% higher than that of C50L50, indicating that
slag significantly enhances Cl~ adsorption. This improve-
ment is attributed to the high reactivity of slag within the
first 28 days, during which Ca(OH), reacts with slag to
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form additional C-S-H gel (Thomas et al. 2012), thereby
increasing the physical adsorption capacity of Cl™ and the
chloride concentration coefficient. As shown in Fig. 9, when
both LP and slag are in the range of 20 to 30%, the chloride
concentration coefficient reaches its maximum, reflecting
the strongest Cl™ adsorption capacity.

A regression model was developed based on 15 uniformly
designed mixtures to quantify the relationship between the
chloride concentration coefficient and the contents of LP,
FA, and slag. The model (Eq. (11) to (15)) captures not only
the direct effect of LP but also its synergistic interactions
with FA and slag, offering insights into the compositional
dependence of chloride binding in blended systems

Y= Bixi + foxy + faxz + faxs + froxixy + fraxixs + fraxixg +
Posxoxs + fraxoXs + fraxsxs + Pro3xixox3 + froax1X0X4s —
Braaxix3x4 + Po3axaxsxy + Brazaxinaxsxy (11)

Y=1.3724x, + 0.018x, + 0.7756x3 — 0.2804x, +
2.3616x1x, + 0.9536x1x3 + 1.8848x1x4 + 32.4267x5x3 —
13.2706x,x4 + 14.5311x5x4 — 61.4551x1x,x3 +
46.8228x1xox4 — 27.7438x1x3x4 — 105.3127x0x3x4 +
206.7706X1X2X3X4 (12)

0
£ =0.018+2.3616x; + 32.4267x, —

" 13.2706x4 — 61.4551x,x3 +
46.8228x1x4 — 105.3127x3x4 + 206.7706x1x3x4  (13)

ﬁ<ﬂ) =32.4267 - 61.4551x, — 105.3127x, +

5.\ 0.
I\ 206.7706xx4 (14)

Sy [ Oy

5 |5 ) =—13.2706 + 46.8228x, — 105.3127x; +
AN 206.7706x,x3 (15)

where Y is the chloride concentration coefficient; xi, x5, x3,
and x, represent the proportions of cement, LP, FA, and slag,
respectively; and f; is the coefficient.

CONCLUSIONS AND PERSPECTIVES
Conclusions

To investigate the synergistic effects of limestone
powder (LP) with fly ash (FA) or slag on chloride binding
behavior—including chemical binding, physical adsorp-
tion, phase composition, corrosion product characteris-
tics, pore structure, and chloride concentration coefficient
of cement paste—15 sample groups were prepared using
a simplex-centroid design. Thermogravimetric analysis
(TGA), X-ray diffraction (XRD), scanning electron micros-
copy (SEM), mercury intrusion porosimetry (MIP), and
chloride concentration coefficient tests were conducted. The
main conclusions are as follows:

1. The synergy of LP with FA or slag promoted carboalu-
minate formation and its complete conversion to Friedel’s
salt, increasing its content by 110.18% and 220.36% in the
C50L25F25 and C50L.25S25 groups, respectively, compared
with C50L50.
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tion coefficient of cement-LP-slag cementitious material.

2. LP combined with FA or slag enhanced chemical
binding and physical adsorption of CI, improving the
pore-size distribution of the cement paste. Compared with
C50L50, the most probable pore diameters in C50L25F25
and C50L25S25 decreased by 64.58% and 83.35%, and
porosity by 9.32% and 40.53%, respectively.

3. The chloride concentration coefficient of cement paste
is mainly determined by the composition and chemical
properties of hydration products and pore structure. When
LP was 5 to 25% and FA was less than 10%, the cement-
LP-FA system showed the highest chloride concentration
coefficient and strongest free Cl~ adsorption. Similarly, with
both LP and slag at 20 to 30%, the cement-LP-slag system
achieved the highest coefficient and optimal Cl~ adsorption
performance.

4. This study advanced beyond the provisions of standards
such as EN 197-1 and GB 175-2007 by providing systematic
experimental evidence on the synergistic effects of LP with
supplementary cementitious materials (SCMs) on chloride
concentration and binding mechanisms. The results iden-
tified specific binder combinations and replacement ratios
that maximize chloride binding and improve resistance to
chloride ingress, thereby offering a scientific basis for opti-
mizing LP use in reinforced concrete exposed to chloride
environments.

Perspectives

The study reveals that when LP is used at 5 to 25% and FA
is less than 10%, or both LP and slag are at 20 to 30%, the
cementitious systems exhibit the highest chloride concen-
tration coefficient and strongest chloride binding capacity.
However, the applicability of these optimal formulations
under various exposure conditions (for example, atmo-
spheric, splash, tidal, and immersion zones) remains unex-
plored, limiting their practical implementation. Future
research should focus on evaluating the performance of these
optimized binders in different environmental conditions to
facilitate their broader application in concrete structures.
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The American Concrete Institute has Chapters and Student Chapters located
throughout the world. Participation in a local chapter can be extremely
rewarding in terms of gaining greater technical knowledge and networking
with leaders in the concrete community.

Because chapters are distinct and independent legal entities, membership includes both ACI
members and non-ACI members and is made up of a diverse blend of architects, engineers,
consultants, contractors, educators, material suppliers, equipment suppliers, owners, and
students—basically anyone interested in concrete. Many active ACI members initially became
involved in ACI through their local chapter. In addition to technical programs and publications,

many chapters sponsor ACI Certification programs, ACI educational seminars, project award
recognition programs, and social events with the goal of advancing concrete knowledge.

To find a chapter near you, go to: https://www.concrete.org/getinvolved/chapters.aspx

Student Chapters

Join or form an ACI Student Chapter to maximize your influence, knowledge
sharing, and camaraderie! ACIl has 240+ student chapters located throughout
the world, each providing opportunities for students to:

* Connect with their peers and participate in concrete-related activities such as: student
competitions, ACI Conventions, ACI Certification Programs, ACI Educational Seminars, local
chapter meetings, social events, and community service projects;

* Network with members of local chapters, many of whom have been in the industry for
decades and can help to develop professional relationships and offer career advice;

* Win recognition for their universities through the University Award; and

* Learn about the many scholarships and fellowships offered by the ACI Foundation and by
ACT’s local chapters.
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Become a Peer Reviewer

for ACI Journals

Peer reviewers help ensure the quality, accuracy, and impact of published
concrete research. Your expertise directly supports advancement in the field.
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- Shape research that informs codes and practice
- Stay current with new findings and technologies
- Strengthen your professional credentials
- Connect with editors, authors, and industry experts
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- Structural analysis, design, and performance
- Concrete materials, durability, and behavior
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- Alternative and non-metallic reinforcement
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- Performance-based design
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- Testing, evaluation, and condition assessment
- Nondestructive testing and sensing technologies
- Digital tools, modeling, and artificial intelligence
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aci- Faculty Network?

The Faculty Network is a free connection group for educators interested in ACl and the concrete industry.

Faculty Network members can request a complimentary print or PDF copy of:

- ACI CODE-318-25: Building Code for Structural Concrete—Code Requirements and Commentary (includes a free subscription to
ACI 318 PLUS)

« ACI/PCl CODE-319-25: Structural Precast Concrete—Code Requirements and Commentary
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« ACI MNL-3(20): Guide to the Code for Assessment, Repair, and Rehabilitation of Existing Concrete Structures

« ACI MNL-5(19): Contractor’s Guide to Quality Concrete Construction, 4th Edition

» Professors’ Resources for ACI/ASCC Contractor’s Guide to Quality Concrete Construction, 4th Edition

« ACI SP-4: Formwork for Concrete

Exchange ideas and network at the Faculty Network Reception twice a year during the ACI Concrete Conventions.

Faculty Network members receive a complimentary annual subscription to ACI 318
aci® 31 8 PLU S_L PLUS: a digital version of ACI CODE 318, which includes access to ACI CODE-318-25:
b Building Code for Structural Concrete; ACI MNL-17(21): ACI Reinforced Concrete
Design Handbook; and MNL-66(20): ACI Detailing Manual. Professors can also create

and share custom notes for students to view alongside the Code.
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To support future leaders, ACl has launched several initiatives to engage
students in the Institute’s activities and programs — select programs that
may be of interest to Educators are:

Free student membership — encourage
students to sign up

Special student discounts on AC/ 318
Building Code Requirements for Structural
Concrete, ACI 530 Building Code Require-
ments and Specification for Masonry

Structure, & Formwork for Concrete manual.

Access to Concrete International — free to
all ACI student members

Access to ACI Structural Journal and ACI
Materials Journal — free to all ACI student
members

Free sustainability resources - free copies
of Sustainable Concrete Guides provided to
universities for use in the classroom
Student competitions — participate in ACl’s
written and/or team-based competitions

Scholarships and fellowships — students
who win awards are provided up to $15,000
and may be offered internships and paid
travel to attend ACI’s conventions

ACI Award for University Student Activities —
receive local and international recognition
for your University’s participation in
concrete-related activities

Free access to the AC/ Collection of
Concrete Codes, Specifications, and
Practices — in conjunction with ACI’s
chapters, students are provided free access
to the online ACI Collection

ACI online recorded web sessions and
continuing education programs — online
learning tools ideal for use as quizzes or
in-class study material
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The American Concrete Institute (ACl) is a leading authority and
resource worldwide for the development and distribution of
consensus-based standards and technical resources, educational
programs, and certifications for individuals and organizations
involved in concrete design, construction, and materials, who share
a commitment to pursuing the best use of concrete.

Individuals interested in the activities of ACI are encouraged to
explore the ACI website for membership opportunities, committee
activities, and a wide variety of concrete resources. As a volunteer
member-driven organization, ACl invites partnerships and welcomes
all concrete professionals who wish to be part of a respected,
connected, social group that provides an opportunity for professional
growth, networking, and enjoyment.
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