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Development of Test Method to Detect Soft Grout
Formation in Prepackaged Post-Tensioning Grouts
by Alex Piper, Alexander J. Randell, Brett Brunner, and H. R. (Trey) Hamilton

This paper presents research focused on the development of a
test method that can be used to gauge the susceptibility of a post-
tensioning (PT) grout to form soft grout. Depending on the grout
formulation, soft grout may have a lower pH, retain excessive mois-
ture, and be corrosive to the tendon. While relatively rare, it has been
documented in bridge construction in the United States and abroad,
and in some cases has prompted the replacement of PT tendons.
One of the causes of soft grout is thought to be the use of low-
reactivity fillers such as ground limestone. When tendons deviate
significantly, these fillers can segregate and then accumulate into
a mass of material that does not harden. The modified inclined
tube test (MITT) was developed based on the Euronorm inclined
tube test. None of the commercially available PT grouts produced
soft grout when they were mixed and injected in accordance with
manufacturer s recommendations and tested well before their expi-
ration date. Additional mixture water or residual water in the tube,
however, produced soft grout consistently in one of the PT grouts.

Keywords: bleed; duct; grout; post-tensioning; segregation; soft grout;
tendon.

INTRODUCTION

Prestressed concrete has proven to be an efficient and
long-lasting design choice in post-tensioned (PT) bridge
construction. In PT concrete, high-strength steel tendons are
installed in ducts and tensioned against anchors that are cast
into the concrete with the ducts. A portland cement grout
mixture, which provides corrosion protection and structur-
ally bonds the tendon to the surrounding concrete, is then
injected into the duct.

Problems have been discovered with PT grout in several
bridges in Florida.!” These bridges typically suffered from
poor detailing, voids in the grout, or both, which eventually
led to corrosion of the prestressing steel in the tendon. These
bridges were also constructed before prepackaged high-
performance grouts were in common use. More recently,
however, Lau et al.* reported on one particular bridge in
which two external tendons failed as a result of severe corro-
sion of the prestressing steel. During the investigation, it was
noted that in most cases, the grout was well-consolidated
and hardened in the lower portions of the deviated tendons.
In some of the upper portions, though, the grout was either
soft and chalky or wet and plastic (soft grout). Measure-
ments indicated that the moisture content of the hardened
grout was approximately 20% by mass, while the soft mois-
ture content exceeded 60% by mass. Moisture and low pH
in the soft grout appear to have contributed to the severe
corrosion of the prestressing strands.

ACI Materials Journal/September 2025

Although there have been no catastrophic structural fail-
ures related to grout in the United States, expensive repairs
must be made to prevent such failures. This paper presents
the results of experimental work aimed at evaluating the
cause of soft grout and how to test prepackaged grouts for
their susceptibility to such deficiencies.

BACKGROUND

Grout bleed occurs when excess water rises to the top of
the grout as cement particles settle to the bottom.’ If bleeding
occurs in sufficient volume, then structural bond is lost, and
prestressing steel may be exposed and at risk of corrosion.
Excessive bleeding can also lead to segregation of solids,
which may result in the formation of soft grout. While bleed
water can be reabsorbed by the grout during hydration, soft
grout has a lower pH, retains excessive moisture, and can be
extremely corrosive to the tendon. Soft grout has been found
near corroded tendons and tube sections in both the United
States and abroad and has been attributed to grout segregation.’

Identifying problems with grout bleed and segregation in
high-performance PT grout has customarily been accom-
plished using the pressure bleed test” and the wick-induced
bleed test, which is a modified version of ASTM C940-
10.3 In the late 1990s, a method for determining bleed and
segregation resistance was developed in Europe.”!’ The
test consists of an inclined tube containing twelve 0.6 in.
(15.2 mm) diameter unstressed PT strands placed at a
30-degree incline from horizontal. PT grout is injected into
the low point of the inclined tube and discharged at the top
of the incline. The exit valve is then shut off and the grout
pressure is then maintained at the value and for the duration
specified in the method statement. The tube used for the test
is transparent, which allows for visual identification of bleed
and segregation. Grout segregation is identified visually by
a change in color along the length of the tube. The inclined
tube test, as described in the Euronorm standards,!' was
incorporated into guideline grouting specifications'? to help
offset problems with soft grout.

RESEARCH SIGNIFICANCE
This paper describes the development of a test method
that can be used to identify grouts that are susceptible
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Table 1—Summary of PT grouts tested

Testing ID Bag weights Pilot tests Final tests Date manufactured Expiration date
PT1-2 X 11/17/11 05/17/12
PT1-3 X 06/25/12 01/01/13
PT1-4 X X 04/29/13 11/01/13
PT2-2 X 01/05/12 07/05/12
PT2-3 X 06/26/12 12/01/12
PT2-4 X X 03/28/13 09/28/13
PT3-1 X 10/19/11 04/19/12
PT3-2 X 06/01/12 12/01/12
PT3-3 X X 04/10/13 10/07/13
PT4-1 X 08/25/11 02/25/12
PT4-2 X X 02/02/12 08/02/12
PT4-3 X 03/19/12 09/19/12
PT4-4 X 03/03/12 09/03/12
PT4-5 X 05/24/12 11/24/12
PT4-6 X X 05/04/13 11/04/13
PT5-1 X 06/10/13 06/10/14
PT6-1 X 06/03/13 06/03/14

to soft grout formation following injection. To this end, a
modified version of the EN 445:2007 inclined tube test was
developed. The test consisted of using a full-scale colloidal
grout plant to mix and inject grout into a 15 ft (4.6 m) long
tube containing prestressing strand. Initially, pilot testing
was conducted to determine the cause of soft grout forma-
tion; to this end, a range of variables were tested using the
modified test method to study their effect on the performance
of prepackaged PT grouts. The inclined tube test was altered
to introduce variations that might occur in the field with
respect to the tube geometry and the introduction of unin-
tended water into the grout. In addition, tube constrictions,
tubes overfilled with strand, placement of strand in the top
of the tube, injecting under pressure, injecting and setting
under pressure, and high-temperature injection were eval-
uated. Once the test method was developed, all the grouts
that were then available were tested using this methodology.
Piper et al.'® provide further details on materials, testing
procedures, and results.

MATERIALS AND MIXING EQUIPMENT

Testing was conducted primarily on commercially avail-
able proprietary prepackaged PT grouts. Table 1 summa-
rizes the PT grouts tested, the individual lots used to conduct
both the pilot and final testing, and the expiration date. All
grouts were stored at laboratory conditions and tested prior
to their respective expiration date. Testing identification
PTx-y is used to distinguish between specific manufacturers
(x) and their respective lot numbers (). Ordinary portland
cement and water were tested for comparison during the
pilot testing. C675 and C45 were mixtures with a water-
cement ratio (w/c) of 0.675 and 0.45, respectively.

Each of the commercial PT grouts was prepackaged
in bags in either 50 or 55 1b (22.7 or 25.0 kg) weights.

Prepackaging allows factory control on the proportioning of
dry materials, which avoids the potential errors associated
with jobsite proportioning. Bags are typically marked with
the allowable range of water dosage based on an assumed
dry bag weight. This method of water dosage requires that
the bag quantities match the weight shown on the bag or
that the field personnel weigh the bags and adjust for bags
containing more or less material than specified.

After initiation of the research, the issue of varying bag
weight was raised. Although some of the testing had been
completed, the bag weight measurements were completed on
the remaining tests (Table 2). The weights shown in the table
include bag and contents, where the weight of the paper bag
was generally found to be approximately 0.30 Ib (0.14 kg).
Materials PT4-3 and PT4-4 arrived on a single pallet. Every
bag on this pallet was weighed, and no distinction was made
between two lot numbers.

A commercially available, heavy-duty, high-volume
colloidal mixing grout plant was used to prepare grout
mixtures for testing. The plant was equipped with an 8 ft°
(220 L) colloidal mixer. The agitator tank was equipped
with a variable-speed paddle mixer to prevent freshly mixed
grout from building up in the structure before it was pumped.
The grout pump was a three-stage progressing cavity, posi-
tive displacement, rotor-stator pump capable of a maximum
output of 20 g/min (77 L/min). The pump was capable of a
maximum pressure of 261 psi (18 bar). Mixtures were typi-
cally prepared in three to five bag volumes for injecting a
single inclined tube.

MODIFIED INCLINED TUBE TEST (MITT)
Although introduced into Post-Tensioning Institute (PTI)
guide specifications'? (herein referred to as PTI specifica-
tion) in the United States, the inclined tube test has been

ACI Materials Journal/September 2025



Table 2—Summary of weights of bags of PT grouts

Material Specified weight, Ib | No. of bags | Average weight, Ib CoV" Percentage of bags underweight | Minimum, lb | Maximum, lb
PTI-3 50 40 51.1 1.86% 12.5% 483 52.
PT1-4 50 40 48.9 1.04% 100% 46.3 49.
PT2-3 55 58 55.5 0.84% 8.62% 54.1 56.
PT2-4 55 60 55.6 0.97% 15% 54.1 56.
PT3-2 55 60 55.9 0.64% 0% 55.2 56.
PT3-3 55 60 56.1 0.74% 1.67% 54.3 57.
PT4-2 50 3 50.5 3.8% N/A 48.3 51.8

PT4-3 and PT4-4 50 63 52.1 2.7% 7.94% 49.1 54.6
PT4-5 50 73 50.6 1.84% 24.66% 48.9 53.
PT4-6 50 64 50.1 1.40% 35.94% 48.5 52.

"Coefficient of variation.

Note: 11b=0.45 kg.

used for several years in Europe to test grout mixture designs Less dense particles

to determine the potential for bleed under simulated field segregate and flow s
conditions."" The test is conducted by injecting a 16.4 ft upward to top of duct

(5§ m) long x 3.1 in. (80 mm) diameter transparent polyvinyl
chloride (PVC) pipe filled with twelve 0.59 to 0.63 in. (15 to
16 mm) diameter prestressing strands; grout is injected into
the low end and discharged at the top. The tube is placed on
a 30-degree slope. In the 24 hours following grout injection,
visual observations are made of the tube to determine if bleed
water has collected at the top or if overall volume has changed.

In this research, preliminary inclined tube tests were
conducted on commercially available prepackaged PT grouts
using a 15 ft x 3 in. (4.6 m x 76.2 mm) diameter PVC pipe with
twelve 0.6 in. (15.2 mm) diameter seven-wire prestressing
strands cut to the same length as the tube (shortened to 14 ft
[4.3 m] in subsequent tests, as described in the following). In
nearly all cases, if proportioned and mixed in accordance with
the manufacturer’s instructions, the test revealed no bleed,
volume change, or soft grout. However, under some conditions,
such as the use of excess water or expired grout, soft grout was
discovered at the top of the incline tube upon dissection.

This soft grout is thought to be the result of segregation
of particles within the suspension based on their density
(Fig. 1). The change in elevation between the top and bottom
of the inclined test tube caused bleed water to rise. The rising
bleed water carried less-dense particles (non-cementitious)
in suspension upward until contact was made with the strand
bundle or tube. At this point, particles were carried to the
top of the incline, resulting in the accumulation of unreacted
material near the free surface of the grout at the exit of the
inclined tube. Hardened solid grout, though, was still present
along the remainder of the length of the tube. The character-
istics of the soft grout tend to vary depending on the charac-
teristics and relative quantity of grout constituents.

EN 445:2007" is focused on determining “...the bleed
properties and volume stability of grout at full-scale...”.
The test method, as indicated, is designed to measure the
bleed water and volume change of grout after injection and
does not specifically address the issue of soft or segregated
grout. Bleed water and air are measured at the top of the
inclined tube over a period of 24 hours following injection

ACI Materials Journal/September 2025

due to bleed water

Soft (segregated)
grout found at
high points

Higher density cement
particles settle to bottom
of duct

Bleed water and less dense particles
segregate from the cement particles and rise
to the strand bundle and top of duct.
Pressure forces water and particles to the
highest elevation where soft grout is formed.

Fig. I—Bleed and segregation mechanism.

of the grout. These data are then reported as part of the test.
No specific measurement or inspection for soft or segregated
grout is required in the referenced version of the test. In
some cases, identification and distinction between grout and
bleed is visually obscure even through the transparent tube.
The investigation of soft grout for this research required that
the specimen be dissected 24 hours after injection to deter-
mine whether soft grout was present at the top of the incline.

Because EN 445:2007 procedures do not directly address
soft grout, the following supplemental measurements were
taken to identify grout formulations or grouting conditions
that would result in the formation of soft grout:

1. The tube was dissected at the top of the inclined tube
and visually inspected for segregated or soft grout (Fig. 2).
The mass of the collected sample was measured, and the
moisture content of the soft grout was determined using
ASTM C566-13.1

2. Grout was sampled at selected locations along the
length of the tube and at the top and bottom of the cross



section. The samples were tested for moisture content using
ASTM C566.'

3. The strand bundle was shortened to a 14 ft (4.3 m)
length to allow unimpeded sampling of the grout near the
top of the inclined tube.

This test is referred to as the modified inclined tube test
(MITT). The ideal benchmark to determine the relative
quality of hardened grout samples is unit weight. Relative
unit weight would show whether the grout is homogenous
throughout the tube. A sample containing voids or exces-
sive water would have a lower unit weight than solid, well-
consolidated grout. Determining the unit weight of a small,
irregular-shaped sample is impractical and probably unnec-
essary. Instead of unit weight, the moisture content of grout
samples collected along the length of the tube was measured.
If the grout segregated along the length of the inclined
column, then it is expected that the moisture content of the
grout at the top of the column would be higher than that
at the bottom of the column. Ultimately, moisture content
provided a quantitative comparison among grout samples
collected from the inclined tubes.

EN 445:2007 requires that bleed measurements be taken
at 0 minutes, 30 minutes, 1 hour, 3 hours, and 24 hours after
injection. At these intervals, bleed water level, and any other
liquid that is visible through the tube near the top of the
incline, are recorded. These same observations were used
for taking readings during testing of prepackaged PT grouts.
In nearly all tests, however, bleed water was not detected at
the top of the inclined tubes.

After the grout had been allowed to set for at least 24 hours,
samples were collected along the length of the tube. Early in
the testing program, each tube was cut to shorter lengths and
generally sampled in four to five locations along its length.
After cutting the tubes into smaller sections, the PVC casing
was removed to provide direct access to the grout. The casing
was removed using a handheld rotary tool, which did not
disturb the surface of the grout. Typically, a 6 in. (152 mm)
window of PVC casing was removed, and a chisel was used
to collect at least 50 g (0.11 Ib) of grout sample (Fig. 3).

Results from the earlier sampling scheme indicated that
the sampling locations could be reduced to those shown in
Fig. 2. Furthermore, grout samples were taken from above
and below the strand bundle, which obviated the need to cut
the strand. At the top of the incline, grout was more easily
sampled due to lack of strand near the top. Samples were
taken in adjacent locations; one was removed from under
the end cap, which was cut off using a band saw. This also
allowed bleed water to be collected during the cutting
process. Soft grout, if present, was scraped from the top of
the grout column and weighed. Samples were also taken
over a 6 in. (152 mm) length near the end of the strand
bundle. Extensive testing experience had shown that bleed
water was typically not found in the prepackaged grouts,
and, because the primary focus of the inclined testing was
the measurement of soft grout and moisture content, opaque
tubes were used to reduce testing costs.

Grout samples of approximately 25 g (0.055 Ib) were
taken from the top and bottom of the cross section at
selected locations for a total sample size at each location of
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Fig. 2—Schematic of MITT setup. (Note: 1 in. = 25.4 mm;
1 ft =306 mm.)

approximately 50 g (0.11 lb). The moisture content of grout
samples was determined using ASTM C566.'*

Several standard test methods were conducted to eval-
uate the fresh and hardened properties of the grout for each
MITT. Modified flow cone!? and dynamic viscosity!® were
conducted on the fluid grout immediately following mixing
to assess the rheological properties of the grout. Pressure
bleed'® was conducted to evaluate bleed under pressure, and
unit weight!” and mud balance'? were conducted to evaluate
water dosage.

PILOT TESTING

During the initial pilot testing, none of the proprietary
prepackaged PT grouts tested using the MITT produced
bleed or soft grout when they were fresh and when they
were mixed and injected in accordance with the manufac-
turer’s recommendations. For these initial tests, the grouts
were mixed at the maximum water dosage (MWD) recom-
mended by the manufacturer. To induce soft grout produc-
tion, several variations on the test method were introduced,
simulating adverse grouting conditions that might occur in
the field. Initially, the following variations were imposed on
all the PT grouts tested using the MITT:
*  15% above maximum water dosage (1.15 - MWD)
*  Residual water in the tube
e Duct constriction

It was discovered in initial tests of some of the grouts that
mixtures prepared with a higher water dosage than recom-
mended by the manufacturer might be prone to producing
soft grout. Consequently, two series of tests were developed
to simulate conditions in which excess water might be intro-
duced into the grout in the field. The first was the addition of
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too much mixing water, which might occur due to an error
in the measurement of the material quantities or to temper
or increase the fluidity of the PT grout before injection. For
a typical-sized batch of test grout, 2 gal. (7.6 L) of water
corresponded to approximately 15% of the manufacturer’s
maximum recommended water dosage (1.15 - MWD).

The second was to introduce residual water in the inclined
tube specimen. This simulated water in the PT duct that had
not been adequately cleared to grouting. Each tube was filled
with 2 gal. (7.6 L) of water, which occupied approximately
half of the volume of the tube.

Post-tensioning ducts may have constrictions due to anchor-
ages or couplings, which forces grout through a tortuous path
and perhaps results in mechanical filtering of large particles,
causing different behavior in the fluid or hardened grout.
To simulate the effect of these constrictions, the inclined
tube specimen was redesigned with a series of smaller-
diameter sections (Fig. 4). To further enhance the constriction,
reduced-diameter sections were packed full with seven-wire
strands. Some of the seven-wire strands were separated into
individual wires and packed into the constrictions to create
the most tortuous path possible for the grout. No strand was
placed in the remainder of the specimen.

Fig. 3—Collecting grout samples for moisture content
measurement.

PT4 was found to consistently produce soft grout when
mixed at 1.15 MWD using the standard MITT; although not
confirmed by testing, its sensitivity to excess water dosage
may be due to a large proportion of nonreactive filler mate-
rial used in its formulation. To determine potential sensi-
tivity to other conditions, PT4 was further tested using the
variations shown in Table 3.

RESULTS AND DISCUSSION
Moisture content

This section presents the moisture content measured in
grout samples taken from the inclined tube specimens and
evaluates the effect of the variables on this moisture content.

Effect of MWD—TFigure 5 shows the maximum moisture
content measured in each tube for all grouts mixed at the
manufacturer’s maximum specified water dosage. Tests on
PT4-1 were repeated, as indicated by PT4-1a and PT4-1b,
because of the suspected sensitivity of this grout to producing
soft grout. No soft grout was detected in any of the prepack-
aged grouts when mixed at MWD and none of the grouts
exhibited a moisture content higher than 25%. This agreed
well with results from tests conducted on grouts in the field,*
where similar measurements indicated a moisture content of
approximately 20%.

Figure 6 shows the details of further MITT results when
mixed at MWD. The plots show the variation in moisture
content between the top and bottom of the tube section and
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3x3x2-in. diameter
schedule 40 PVC
short socket tee
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. 2 - in. diameter clear schedule
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schedule 40

PVC slip cap

Fig. 4—Inclined tube specimen modified with constrictions.
(Note: 1 in. = 25.4 mm, 1 ft = 306 mm.)

Table 3—Summary of additional field conditions tested on PT4

Condition

Description

Tube full of strand

Tube was filled to capacity with strands. Eighteen strands were used instead of the standard 12. Grout was mixed at MWD.

Pressurized injection .
iz J mixed at MWD.

The pressure at the injection point was 55 psi (380 kPa). Standard injection pressure was 20 to 30 psi (140 to 207 kPa). Grout was

Strand tube top

Tube was filled with 12 strands that were elevated to the top of the tube cross section. The strand in standard tubes was laid flat on
the bottom of the tube cross section. Grout was mixed at MWD.

P i .
ressurized set (kPa). Grout was mixed at MWD.

Tube was sealed at a pressure of 60 psi (414 kPa), and then the grout was allowed to set. Standard tubes were sealed at 0 psi

High-temperature

injection temperature. Grout was mixed at MWD.

The grout material and water were conditioned to 90°F (32°C) in an oven prior to testing. Standard materials were stored at room

Water in hose

Grout hose was filled with 2 gal. (7.6 L) of water prior to injection. This is similar to the 2 gal. (7.6 L) of water in the tube test,
except that the water was in the grout hose instead of the tube. Grout was mixed at MWD.

1.5- MWD

The grout was mixed with a water dosage 50% greater than MWD.
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Fig. 5—Maximum moisture content measured in tube for all
grouts at maximum water.

along the length of the tube. Generally, the moisture content
at the top of the section was either equal to or greater than the
moisture content of grout at the bottom of the section. Eval-
uating the moisture content along the length of the specimen
provides a measure of the fresh grout stability. Variations
along the length of the specimen would indicate relative
movement of moisture or particles and perhaps the begin-
nings of complete segregation. Based on the relatively minor
variation in moisture content shown in these plots, however,
it appears that the fresh PT grout, when mixed at MWD, was
stable over the length of the tube, with the possible excep-
tion of PT4 and PT5, which had higher moisture contents in
the upper reaches of the incline. Yet none of the PT grouts
exhibited a moisture content measurement above 25%,
nor was soft grout found in any of the specimens. Water-
to-bagged material ratios for these grouts ranged between
0.232 and 0.318 (by mass), which translates to theoretical
pre-hydration moisture contents ranging between 18 and
24%. Measured moisture contents varied between 12 and
20%; the difference accounts for bound water not released
when hardened grout samples were heated to determine
moisture content.

Effect of excess mixing water (1.15 - MWD)—PT1-2,
PT2-2, PT3-1, and PT4-2 were each tested three times at
1.15 - MWD. Figure 7 shows the maximum moisture content
measured in each tube for all grouts at 1.15 - MWD. These
results are very similar to those seen when 2 gal. (7.6 L) of
water was placed in the tube prior to injection. Soft grout
was found at the top of all the tubes injected with PT4-2. It
was not found in any other case, although porous grout was
found in the tubes injected with PT1-2.

Figure 8 shows the details of further MITT results when
mixed at 1.15 - MWD. As with those shown in the previous
section, the plots show the variation in moisture content
between the top and bottom of the tube section and along the
length of the tube. With the exception of PT3 and PT6, an
increased moisture content is noted at the top of the inclined
tube relative to that at the bottom. In the case of PT4, the
moisture content is over 70% and the grout was soft, which
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Fig. 6—Variation in moisture content with respect to posi-
tion along tube for MWD mixtures.
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Fig. 7—Maximum moisture content measured in tube for all
grouts at 1.15 - MWD.

agrees with results from tests conducted on grouts in the
field,* where similar measurements indicated that the mois-
ture content of soft grout is approximately 60%.

Differences in moisture content between the top and
bottom of the section were relatively small compared to the
very large increases noted in PT2 and PT4 near the top of
the incline. Based on the consistency noted in these results,
grout sampling was limited to the single moisture content
readings at each location along the length.
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Fig. 8—Variation in moisture content with respect to posi-
tion along tube for 1.15 - MWD mixtures.

It is desirable to place an upper limit on the moisture
content measurements resulting from this test. To ensure a
robust formulation of PT grout, the grout must be capable of
enduring some level of water overdosage and still produce
solid, durable grout. One possibility is to require that the mois-
ture content from MITT tests with 1.15 - MWD be limited to
a suitable maximum. The theoretical moisture content of the
six tested grouts when mixed at 1.15 - MWD ranges from 21
to 27%. Most of the moisture contents, however, measured
below approximately 25%. The upper limit of the water-
cementitious materials ratio (w/cm) given by the PTI spec-
ification is 0.45; the theoretical moisture content for a
wlcm of 1.15 % 0.45 = 0.52 is approximately 35%. To ensure
that other properties are not adversely affected by additional
water or that the additional water does not cause serious
segregation, it is reasonable to limit the moisture content to
35% as measured at any location along the tube length.

Constricted tube—PT1-2, PT2-2, and PT3-1 were tested
once and PT4-2 was tested twice using a constricted tube. In
the first test of PT4-2, the grout was injected in the standard
manner. In the second test, the grout was recirculated through
the constricted tube. During recirculation, one of the fittings
failed, which resulted in the tube being partially filled with grout.
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Fig. 10—Maximum moisture content measured in tube for all
grouts with 2 gal. (7.6 L) of water in tube prior to injection.

Moisture content samples for the constricted tube were
collected on both ends of both constrictions and at the top of
the incline. Figure 9 shows the maximum moisture content
measured at any of these locations for each test. Results indi-
cate that the PT4-2 had high moisture content relative to the
other results, indicating soft grout. The maximum moisture
content in the constricted tubes for PT1-2, PT2-2, and PT3-1
was nearly identical to that measured using the standard
tubes. PT4-2, however, exhibited a low moisture content at
the top of the tube when it was injected through a constric-
tion and recirculated. Furthermore, PT4-2 exhibited a high
moisture content at the top of the tube in the other case when
it was injected through a constriction in the standard manner.

Water in tube—Figure 10 shows the maximum moisture
content measured in each tube filled with 2 gal. (7.6 L) of
water prior to injection. Moisture content values varied
widely among the various PT grouts from 20 to over 70%.
PT2-2 and PT3-1 behaved in a similar manner to a mixture at
MWD. PT1-2 exhibited a higher moisture content than it did
when mixed at MWD. PT4-1 exhibited a very high moisture
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Fig. 11—Maximum moisture content measured in tube for
additional tests conducted on PT4-1 and PT4-2. (Note:
1gal. =3.78L; I psi = 6.89 kPa.)

content (over 50%) when compared to that measured when
the grout was mixed at MWD, while PT4-2 exhibited a higher
moisture content (over 70%) than PT4-1. This was the only
case in which the same testing condition was conducted on
both lots of PT4 (PT4-1 and PT4-2). These results indicate
that PT4-2 was more susceptible to high moisture content
than PT4-1. In both cases, soft grout was found at the top of
the incline during dissection.

Other conditions—Because PT4-1 and PT4-2 were the
only materials that produced soft grout, additional tests were
conducted to determine if other conditions would produce soft
grout. Figure 11 contains a summary of the maximum moisture
content measured for the additional tests conducted on PT4-1
and PT4-2. Of the conditions listed in the figure, two resulted in
soft grout. One was 1.5 - MWD. The other condition was when
2 gal. (7.6 L) of water was placed in the grout injection hose.
Pressurized injection and strand at top of tube tests resulted in
similar moisture content values to the MWD mixture.

When grout was mixed for the pressurized set test, it was
noted that some solids remained in the mixer. Lower than
typical flow cone time and unit weight values in the mixer
were measured. No solids were noted in the mixer for the
high-temperature injection test; however, similar initial unit
weight and flow cone results as were measured in the pres-
surized set test were noted. It is not clear why this occurred,
but it is notable that both mixtures in which solids were
noted had higher moisture contents.

Moisture content and soft grout

Table 4 provides a summary of the testing conditions that
resulted in the formation of soft grout, and Table 5 summarizes
testing conditions that did not. Both tables also indicate the
maximum moisture content measured in the tube under each
condition. The lowest moisture content measured in any soft
grout sample was 53%. This sample was observed to be semi-
hard but could be scraped out using the tip of a screwdriver.

10

Table 4—Summary of conditions that produced
soft grout in initial pilot tests

Material Condition Maximum moisture content

2 gal. (7.6 L) water in tube 53%

PT4-1 2 gal. (7.6 L) water in hose 65%
1.5- MWD 80%

Constriction 61%

1.15- MWD 61%

PT4-2 1.15- MWD 73%
2 gal. (7.6 L) water in tube 77%

1.15- MWD 80%

Table 5—Summary of conditions that did not
produce soft grout in initial pilot tests

Material Condition Maximum MC
C45 Standard tube 23%
C675 Standard tube 54%
Constriction 18%
MWD 19%
1.15 - MWD* 35%
PTI1-2
1.15- MWD" 36%
2 gal. (7.6 L) water in tube” 41%
1.15- MWD" 42%
MWD 19%
Constriction 19%
2 gal. (7.6 L) water in tube 21%
PT2-2
1.15- MWD 22%
1.15- MWD 22%
1.15- MWD 23%
MWD 18%
Constriction 20%
1.15- MWD 21%
PT3-1
2 gal. (7.6 L) water in tube 22%
1.15- MWD 22%
1.15- MWD 23%
Tube full of strand 15%
MWD 18%
PT4-1 | Pressurized injection (55 psi [380 kPa]) 20%
Strand at top of tube 25%
MWD 26%
Recirculate through constriction 16%
PT4-2 Pressurized set (60 psi [414 kPa]) 39%
High-temperature injection 41%

“Porous grout observed.

Note: MC is moisture content.

Conversely, the highest moisture content measured in a hard-
ened sample of PT4 was 41%. This sample could not be
collected by scraping with a screwdriver. If plain grout C675
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is not considered, then the maximum moisture content found
in any hardened sample was 42%. Although the definition of
soft grout is not based on measurable mechanical properties,
the data indicate that if the moisture content approaches 50%,
then the sample is likely to fit the description of soft grout.
While the minimum moisture content of a soft grout is
likely to be greater than 50%, it was noted that the plain
grout sample exhibited higher moisture content but was not
necessarily considered soft. This is likely due to the large
amount of bleed water that was not present in PT4 tests.

Pressure bleed results

Visual observations were made on the inclined tubes at the
following times after injection: 30 minutes, 1 hour, 2 hours,
and 24 hours. Bleed water in the tubes was difficult to visu-
ally discern for several reasons. First, although the tubes
were constructed of clear PVC, the fittings on either end
were opaque and covered several inches of grout at the end
of the tube. When the tubes were fully grouted, they were
completely filled, and small amounts of bleed water would
have been covered by the opaque fittings. In addition to the
opaque fittings, the grout generally coated the interior wall
of the clear PVC tubes during the injection process, making
visual bleed readings difficult.

Despite these obstacles, bleed water was still observed in
some of the inclined tubes. It is important to note, however,
that bleed water may have been present in some of the other
tubes, but not necessarily observed. In most cases, however,
observed bleed did not correspond to soft grout.

PT1-2 exhibited bleed for 1.15 - MWD. Bleed water was
observed to be yellow in color and was located below a layer
of porous grout at the top of the tube. Bleed water was not
observed until 24 hours after the tube was injected.

PT2-2 exhibited bleed water when 2 gal. (7.6 L) of water
was in the tube prior to injection. This was not observed
when the tube was in the inclined position, but instead when
the tube was cut open 24 hours after injection. PT2-2 also
exhibited bleed three times for 1.15 - MWD. In one case,
bleed water was observed 2 hours after injection and again
24 hours after injection. In the next case, bleed water was
only observed 24 hours after injection. In the final case,
bleed water was not observed when grout was in an inclined
position, but instead when it was cut open 24 hours after
injection. In each case, bleed water was yellow in color.

PT3-1 exhibited bleed when mixed at 1.15 - MWD. In
each case, bleed water was visible between 30 minutes and
2 hours after the tube was injected. Twenty-four hours after
the tube was injected, however, bleed water was no longer
visible. PT3-1 also exhibited bleed water when there was
2 gal. (7.6 L) of water in the tube prior to injection. However,
bleed water was not observed until the tube was cut open
24 hours after injection.

PT4-1 and PT4-2 did not exhibit bleed water but rather
formed soft grout when extra mixing water was introduced.

Finally, the two plain cement grouts, C45 and C675, both
exhibited bleed. Bleed water was visible 30 minutes after
injection in each case and continued to be visible 24 hours
after injection. Material C675 exhibited bleed water extending
approximately 4 ft (1.22 m) down from the top of the tube.
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Opverall, the bleed water observed during the MITT does not
appear to correlate well to the formation of soft grout. Each of the
materials, aside from PT4-1 and PT4-2, exhibited bleed water,
but not soft grout. PT4-1 and PT4-2, however, exhibited soft
grout several times, but did not exhibit bleed water in any case.

Pressure bleed test results

Pressure bleed testing was conducted on several grout
samples prepared for the MITT. Samples for the pressure
bleed test were collected in the mixer before injection into
the tube. PT3-1 and C675 failed the pressure bleed test, yet
none produced soft grout under the MITT. This agrees with
the findings regarding bleed readings for the MITT, which is
that the propensity to bleed does not necessarily indicate an
affinity to produce soft grout.

SUMMARY AND CONCLUSIONS

The objective of this research was to determine and be able
to reproduce the cause of soft grout that has been discovered
in post-tensioning (PT) ducts in several bridges in the United
States. This phenomenon has also been noted abroad. A
modified version of the Euronorm inclined tube test, called
the modified inclined tube test (MITT), was developed and
used to conduct most of the testing. The inclined test tube
offered a configuration that could be used in a laboratory
setting to simulate grout bleed and segregation during full-
scale mixing and injection. The change in elevation between
the top and the bottom of the inclined test tube causes bleed
at the base of the tube to flow upward along the length of
the tube due to the pressure head. This bleed then filters or
washes out the less-dense particles present in the suspen-
sion, resulting in an unreacted putty near the free surface of
the grout at the exit of the inclined tube and normal hardened
grout along the remaining length of the tube. Modifications
to the inclined test method included using a slightly shorter
length of bundled strand to facilitate grout sampling at the
top end of the tube, sampling and inspecting for soft grout at
the top and bottom of the specimen, and measuring moisture
content in the sampled grout.

Other common grout fresh property tests, including flow
cone, wet density, unit weight, and pressure bleed, were
routinely conducted in parallel with the MITT.

None of the commercially available prepackaged PT
grouts tested with the MITT produced bleed or soft grout
when the grout was mixed and injected in accordance with
the manufacturer’s recommendations and tested well before
the expiration date printed on the bag.

To induce soft grout production, testing was conducted
in which several variations on the MITT were introduced
to simulate more closely the variations that occur in field
conditions. In this series of testing, the following variations
were imposed on all the PT grouts tested:

*  15%additional water beyond the maximum recommended
water dosage (1.15 - maximum water dosage [MWD])

*  Residual water in the tube

*  Tube constriction

Additional mixing water and residual water in the tube
produced soft grout consistently in one of the PT grouts, and
in one case with the tube constriction (PT4). Further tests
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were conducted on PT4 that involved tubes that were packed

full of strands, high-temperature injection, pressurized set,

and strand placed in the top of the tube, among others. None
of these conditions produced soft grout consistently.
Conclusions can be summarized as follows:

*  High-performance prepackaged PT grouts tested at the
MWD recommended by their manufacturers and tested
well before the expiration date resulted in no soft grout.

e Soft grout was produced in several lots of PT4 under
several conditions, which included the introduction of
water beyond that recommended by the manufacturer.
When extra water was introduced into the mixing or
injection process, PT4 was found to produce soft grout.
In addition, in one out of the two cases in which the
grout was injected through a constricted path, PT4-2
was found to produce soft grout.

*  When PTI1-2 was mixed with a water dosage greater
than MWD, porous hardened grout was found at the top
of the inclined tube.

*  Except for PT4-1, PT4-2, and PT4-6, high-performance
prepackaged PT grouts were robust when subjected to
1.15 - MWD, resulting in no soft grout. PT2-4 did have
a higher moisture content of 45% at the exit region of
the inclined tube relative to the other four PT grouts, but
did not have any visually identifiable soft grout. PT4-6
had a moisture content of 76% at the exit region, with
55.6 g (0.12 1b) of soft grout.

*  Supplemental tests of fresh grout properties, such as
flow cone, unit weight, wet density, pressure bleed, sedi-
mentation, and bleed readings on inclined tubes, were
conducted. The results of these tests did not provide indi-
cations that soft grout would be formed during the MITT.

RECOMMENDATIONS

The MITT should be included in the tests used to qualify
PT grout formulations. The following are specific sugges-
tions: Test prepackaged grouts under laboratory conditions
using a water dosage of 1.15 - MWD recommended by the
manufacturer. Fifty-gram (0.11 1b) samples of grout should
be taken at the top, middle, and bottom of the inclined tube
for the purposes of testing moisture content (ASTM C566-
13), which should be limited to a maximum of 35%. This
approach, when used in conjunction with the other PTI spec-
ification requirements, will ensure robust grout formulations
that can withstand accidental or incidental addition of water
to the grout formulation.
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This study employs machine learning (ML) to predict ultrasonic
pulse velocity (UPV) based on the mixture composition and curing
conditions of concrete. A data set was compiled using 1495 exper-
imental tests. Extreme gradient boosting (XGBoost) and support
vector regression (SVR) were applied to predict UPV in both direct
and surface transmissions. The Monte Carlo approach was used
to assess model performance under input fluctuations. Feature-
importance analyses, including the SHapley Additive exPlanation
(SHAP), were conducted to evaluate the influence of input vari-
ables on wave propagation velocity in concrete. Based on the
results, XGBoost outperformed SVR in predicting both direct and
surface UPV. The accuracy of the XGBoost model was reflected
in average R’ values of 0.8724 and 0.9088 for direct and surface
UPYV, respectively. For the SVR algorithm, R? values were (0.8362
and 0.8465 for direct and surface UPV, respectively. In contrast,
linear regression exhibited poor performance, with average R’
values of 0.6856 and 0.6801 for direct and surface UPV. Among
the input features, curing pressure had the greatest impact on UPV,
followed by cement content. Water content and concrete age also
demonstrated high importance. In contrast, sulfite in fine aggre-
gates and the type of coarse aggregates were the least influential
variables. Overall, the findings indicate that ML approaches can
reliably predict UPV in healthy concrete, offering a useful step
toward more precise health monitoring through the detection of
UPYV deviations caused by potential damage.

Keywords: concrete health monitoring; extreme gradient boosting
(XGBoost); feature importance; machine learning (ML); support vector
regression (SVR); ultrasonic pulse velocity (UPV).

INTRODUCTION

Concrete is one of the most popular construction mate-
rials and has been used in many infrastructures due to its
advantages including low cost, high durability, and thermal
resistivity.!> However, concrete and other construction
materials can experience degradation and deterioration
during their lifetime.®® Therefore, it is essential to have
highly accurate quality assessment techniques. Nondestruc-
tive testing (NDT) methods have been used for decades for
quality control. Among the various NDT methods, elastic
wave propagation techniques such as ultrasonic testing and
acoustic emission monitoring have gained significant popu-
larity due to their low equipment costs, user-friendly oper-
ation, and high sensitivity to material defects.”!? Ultrasonic
pulse velocity (UPV) is one of the most commonly used
testing approaches for determining the quality and homoge-
neity of materials.

Numerous researchers used the UPV technique to eval-
uate concrete under different environmental conditions.!'!!2
Hwang et al.® investigated the deterioration of ordinary
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and ultra-high-strength concrete exposed to high tempera-
tures using the UPV method. It was reported that the UPV
method could monitor damage inside the concrete. More
specifically, a decrease in the pulse velocity accompanied
an increase in crack width. Camara et al.'* studied the self-
healing of concrete using the UPV approach. It was observed
that the UPV decreases at the stage in which the specimens
are cracked. However, the self-healing process recovered the
UPV. Additionally, the studies in the literature reveal that
UPYV is well-correlated with concrete ingredients and prop-
erties. For instance, UPV was effectively used to determine
the concrete’s water content, porosity, elasticity modulus,
Poisson’s ratio, compressive strength, water absorption, and
aggregate textural properties.'>!” These findings indicate the
robustness of the UPV method in the nondestructive assess-
ment of concrete.

Damage in a material influences the velocity of waves
passing through it. The deviations of measured pulse veloc-
ities from the velocity at which the wave propagates in the
undamaged state of material are used to assess the severity
of damage.'® Whitehurst'® proposed a classification proce-
dure for evaluating the quality of normal concrete based on
UPYV test results. More specifically, different ranges of UPV
were presented, categorizing concrete conditions as excel-
lent, good, regular, poor, and very poor. Carino? asserted
that researchers mainly rely on this classification to expound
UPV tests. However, it is worth noting that the results of
UPV tests on concrete in intact status differ based on the
concrete mixture. The deviation is attributed to the different
aggregates, binders, chemical and mineral additives, mois-
ture content, curing conditions, age, and so on that affect
wave propagation velocity. Therefore, accurately defining
the concrete condition solely through a predetermined set
of classified velocity ranges is inherently challenging. To
enhance the efficacy of UPV-based nondestructive evalua-
tion, the development of robust frameworks is essential.

One effective approach to refine this methodology involves
integrating specific concrete characteristics such as mixture
design and curing conditions into the UPV assessment
process. By creating methods that can precisely determine
wave propagation velocity in intact concrete with defined
attributes, the accuracy and reliability of damage evaluation
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using the UPV technique can be significantly enhanced. This
advancement would not only improve diagnostic capabilities
but also facilitate more informed decision-making regarding
the structural integrity of concrete materials. However, many
variables complicate the relationship between UPV and
material properties. Therefore, it is imperative to use robust
methods to predict the UPV well. Machine learning (ML)
and data-driven modeling as modern methods for estimating
materials’ characteristics can be used for this purpose.

Construction materials studies demonstrate the remark-
able recent interest in using data-driven models and ML
techniques to predict and classify tasks regarding concrete
properties. In general, data-driven models refer to a set of
computationally intelligent methods that predict a certain
characteristic of a particular class of data.?! Nguyen et al.??
investigated the efficiency of artificial neural network
(ANN) and adaptive neuro-fuzzy inference system
(ANFIS) in predicting the compressive strength of fiber-
reinforced high-strength self-consolidating concrete. It was
demonstrated that ANN outperformed ANFIS, showing
coefficient of determination (R?) values equal to 0.9742 for
ANN and 0.9584 for ANFIS. Additionally, the potential of
data-driven and ML methods can be combined with meta-
heuristic optimization technology toreach high precisions.?>*

In recent years, ML techniques such as extreme gradient
boosting (XGBoost) and support vector regression (SVR)
have gained significant attention for their effectiveness in
predictive modeling tasks. XGBoost, a powerful ensemble
learning method based on gradient boosting, has been
widely used for its ability to handle complex patterns and
large data sets efficiently.”> On the other hand, SVR, a
kernel-based method derived from support vector machines
(SVMs), is known for its robustness in modeling complex
nonlinear dependencies.?® Given their success, studies
have explored their applications in concrete research.
Safhi et al.?’ predicted the rheological properties of self-
consolidating concrete using the XGBoost method. Their
findings indicated that the XGBoost model effectively
captured the relationship between concrete mixture parame-
ters and rheological properties, achieving R? values of 0.98
for plastic viscosity and 0.87 for yield stress. Singh and
Rajhans?® developed SVR models to predict the mechanical
properties of concrete made with recycled concrete aggre-
gate. It was reported that the model accurately predicted
compressive, flexural, and splitting tensile strengths with
accuracies of 97%, 95%, and 88%, respectively.

Despite the recent significant interest in using ML methods
in materials and engineering, relatively few research studies
have been conducted to predict UPV using ML methods.?*
Numerous studies have been reported on ML algorithms’
capabilities in estimating the compressive strength of
various types of concrete. However, the prediction of pulse
velocity based on concrete mixture design and preparation
method has not been thoroughly studied. It is important to
comprehensively investigate the performance of different
ML models in predicting wave velocity in various types of
concrete. Developing general frameworks for using artificial
intelligence approaches in NDT would improve the health
monitoring procedure of concrete structures.
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The current study employed XGBoost and SVR models to
predict direct and surface UPVs. The results of 1495 ultra-
sonic tests were collected from previous research studies.
Data related to several concrete characteristics were used
as input features, while UPV values served as the outputs.
Hyperparameter tuning was performed using the grid search
method to improve the models’ accuracy. A Monte Carlo
approach was applied to evaluate model performance under
input uncertainty. This sensitivity analysis included 100
Monte Carlo simulations for each developed model. The
coefficient of determination was used as the primary eval-
uation metric, and linear regression was implemented as a
baseline model for comparison. Finally, feature importance
analyses were conducted to identify the most influential
parameters affecting UPV.

RESEARCH SIGNIFICANCE

A widely used nondestructive evaluation method involves
performing UPV tests on existing concrete and comparing
the results to predefined ranges that classify the condition
of the concrete. However, these classification ranges are
often too general. Given the high variability in concrete
mixtures, it is challenging to accurately assess the condi-
tion of concrete using a fixed set of velocity thresholds. A
potential enhancement to this approach is to employ ML to
predict the expected UPV of healthy concrete based on its
mixture design. The deviation between the measured UPV
of in-place concrete and the ML-predicted value can then
serve as an indicator of potential damage severity.

DATA SET DESCRIPTION

The concrete and UPV test data are derived from previ-
ously published experiments.’'® The experiments from
which data were collected used ordinary portland cement
and sulfate-resisting cement for making concrete. Different
curing conditions were included in the collected data set.
Water, air, and pressure steam curing of 2, 4, and 8 bars
were considered. Table 1 presents the descriptive statistics
of the data set. Table 2 shows a subset of the data used for
training the ML models. Two separate data sets were used
to develop models, which included a total of 1495 input-
output data pairs. Specifically, the first data set comprised
873 samples corresponding to UPV in direct measurement,
and the second data set included 622 instances related to
UPV in surface measurement. The schematic representation
of direct and surface UPV tests is illustrated in Fig. 1.

For illustrative purposes, the statistical distributions of
some of the concrete attributes in the data set are presented in
Fig. 2. A comprehensive correlation analysis was performed
to provide a heatmap demonstrating clear correlation values
between all of the components in the data set. Figure 3 pres-
ents the correlation heatmap between the concrete attributes
and UPVs. As shown in the heatmap, direct UPV was posi-
tively correlated with cement, fine aggregates, concrete age,
and fiber. In contrast, direct UPV had a negative correlation
with the coarse aggregate and water. Surface UPV was posi-
tively correlated with cement and concrete age. Moreover,
the surface UPV was negatively correlated with the pres-
sure of curing and sulfite content in the fine aggregates.
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Table 1—Descriptive statistics of data set

Parameter Average Minimum Maximum Std
Coarse aggregate content, kg/m? 1035.06 0 1564.22 255.83
Fine aggregate content, kg/m? 730.60 0 1567 160.82
Cement content, kg/m? 397.45 166.54 1803 124.86
Water content, kg/m? 194.21 130.99 511 29.22
Concrete age, days 38.56 1 365 44.83
Steam curing pressure, bar 3.66 2 8 2.01
Slump, mm 51.90 5 115 30.89
Metakaolin, kg/m3 0.74 0 47.90 5.38
Silica fume, kg/m? 1.44 0 180 12.83
Fiber, kg/m? 2.51 0 1.56 11.94
High-range water-reducing admixture, kg/m? 0.32 0 21 1.48
SO; in fine aggregate, % 0.92 0.34 4.45 1.11
Direct UPV, m/s 4399.35 1320 5190 465.63
Surface UPV, m/s 4332.87 490 5420 821.12
Note: Std is standard deviation.
Table 2—Examples of gathered data set (in part)
CA ‘ FA ‘ C ‘ % ‘ SP ‘ SF ‘ Fiber ‘ MT Age, UPV,
1D No. kg/m? days Curing | Fiber type m/s
1 1098.9 581.5 471.6 217 2.4 — — — 7 Water — 4230
2 1107.3 586 451.5 218.6 2.4 — — 23.9 7 Water — 4280
59 990 618 462 185 23 — — — 365 Water — 4700
65 1035 480 648 180 — 72 — — 7 Water — 4700
107 862 908 332 192.6 — — — — 90 Water — 4620
147 735.7 1022.7 521.8 167 — — 39 — 7 Water Steel 5100
158 7133 991.5 505.9 192.2 — — 13.5 — 7 Water Glass 5090
161 733.9 1020.1 520.5 166.6 — — 20.2 — 7 Water Glass 5230
166 737.6 1025.3 523.11 167.4 — — 227 — 7 Water Nylon 5350
167 735.7 1022.7 521.8 167 — — 4.55 — 7 Water Nylon 5380
211 733.9 1020.1 520.5 166.6 — — 58.5 — 44 Water Steel 6100
243 946 772 450 139 10 45 39 — 28 Water Steel 5137
567 1109 708.2 3455 207.3 — — — — 28 Air — 4410
574 1088.1 724.4 313.6 203.8 — — — — 90 Air — 4580
612 1232.1 753.9 235.6 188.5 — — — — 28 Air — 4650
827 | 10154 | 7966 | 2378 | 190.2 — — — — 2 P(Tf;r)e — 3050
871 | 10924 857 2558 | 2047 — — — — 2 Pgisa“rr)e — 3610

Note: CA is coarse aggregate; FA is fine aggregate; C is cement; W is water; SP is high-range water-reducing admixture; SF is silica fume; and MT is metakaolin.

Generally, the features that have strong correlations with
target characteristics can be neglected during model devel-
opment to reduce computational time and cost. However, all
of the mentioned features were considered in this study to
have a comprehensive investigation.
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MACHINE LEARNING METHODOLOGY
Extreme gradient boosting (XGBoost)

XGBoost is a decision tree-based model that uses gradient
boosting to ensemble the outputs of several base predictors
as the final result. Thus, over-fitting is prevented.*® This
method is developed to work well with sparse data, which
is frequently found in real-world data sets that have frequent
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Fig. 1—Schematic representation of UPV measurement: (a) direct UPV; and (b) surface UPV.
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Fig. 2—Statistical distribution of concrete attributes in data set.

zero entries or missing values.*’ The prediction is performed

using many additive functions as Eq. (1)*!
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Vi =

1 (X

where y; is the predicted result corresponding to the i-th
instance with the feature vector Xj; y? represents the initial
hypothesis (commonly the mean of the values in the training
set); and 7 is known as the learning rate or shrinkage param-
eter. It enhances the efficiency of the model while appending
new trees. Therefore, over-fitting is avoided. The process
of model training is performed in an additive approach. In

()
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Fig. 3—Correlation matrix of attributes in data set: (a) direct UPV data set; and (b) surface UPV data set.

other words, the additional £-th estimator is connected to the
model at the &-th iteration. Knowing the value of prediction
at the previous iteration, y; * 1, and the estimation f; of the

additional estimator, the predicted output j; * is then calcu-
lated as Eq. (2)*

it =y D+ nh (2

where f; is the leaves’ weights, which are obtained through
minimizing an objective function. The regularized objective
function can be expressed as Eq. (3)*!

L(¢) = Zl(fi,)h') +;Q(fk) 3)

where /(y;, y;) is the loss function, measuring how much the
predicted outputs deviate from actual targets; and Q(f;) is
the regularization function inflicting a penalty on the model
complexity. This action helps to prevent over-fitting.** The
regularization is expressed as

1
Qf) = yT+5ilo)’ (4)

where T indicates the number of leaf nodes; w represents the
weights of leaf nodes; and y and 1 are controlling parameters
used to prevent over-fitting.**

Support vector regression (SVR)

SVM is a powerful method developed by Vapnik et a
to solve classification problems. This kernel-based method
also extended to deal with regression tasks using Vapnik’s e-
insensitive loss function and was named support vector regres-
sion (SVR).* The SVR was chosen in this research because of
its effective application in simulating engineering processes
related to construction materials.>**74% The methodology of
SVR is concisely introduced in the following.

Consider a data set containing {(x;, y,)i = 1, ..., k}, where
x; is the vector of input variables, y; is the vector of outputs,
and & denotes the number of training instances. In the case
of nonlinear regression, the function f{x) can be expressed
as Eq. (5)¥

1'45

foe,w) = <w-d@x)>+b 5)
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where w represents weights, specifying how the discrimi-
nating plane is orientated; ®(x) is a nonlinear mapping func-
tion; and b is the bias term.

The SVR minimizes the Euclidean norm of the weight
vector using non-negative slack variables (&, &) through an
optimization problem formulated as follows

%nwn“C( na ﬁ,é)] 6)

Minimize

which is subjected to

yi—w-O(x;) = b
w-O(x;) +b—y;
&.6>20

e+ &
e+, i=1,.. .k %)

IN TN

In Eq. (6), C denotes a constant mediating the model flat-
ness and the empirical error. Next, Lagrange multipliers
are involved in solving Eq. (6), and the optimization is
transformed into a dual-quadratic programming problem.*’
Finally, the function f{x) can be represented as

f¥) = $(a ~a)K(xix) +b ®)

where K(x; - x;) = O(x;) - O(x;) indicates the kernel function;
and o and o are Lagrange multipliers.

MODEL ESTABLISHMENT

The Python programming language was chosen to
perform ML-based predictions of direct and surface UPV.
Data preprocessing is one of the most important primary
steps in ML model development because the variables could
possess different scales, missing values, and so on. For
instance, in this study, the age of concrete varied between 1
and 365 days, while the cement ranged between 166.54 and
1803 kg/m®. Normalization can enhance the performance
and convergence of ML models by mitigating the scale
effect. Moreover, it also improves the model against outliers
as it takes the mean and standard deviation of the data into
the calculation.”® Therefore, it is crucial to normalize the
data to have a common scale during model development.
The normalization was performed according to Eq. (9)
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where x denotes the original variable; x represents the mean
of the variable; and o is the standard deviation.

Next, the data samples were randomly shuffled to avoid
biases and enhance generalization. The data set was parti-
tioned into two sections in a 7:3 ratio, where 70% of the
data was used to train the model and the remaining 30%
was employed in the testing stage. A variety of hyperpa-
rameters exist owing to the scalability property, laying the
foundation of the XGBoost system.** Tuning hyperparam-
eters can significantly improve the model’s accuracy. This
study selected four hyperparameters of the XGBoost for
tuning: colsample bytree and n_estimators, subsample,
and max_depth. The hyperparameter colsample bytree
indicates the subsampling ratio of features in a given tree.
The hyperparameter n_estimators represents the number of
boosted trees.’! The hyperparameter subsample handles the
ratio of observations used for each tree. The hyperparameter
max_depth specifies the maximum depth of a tree. For the
SVR model, the radial basis function (RBF) was used as
a kernel function. Moreover, the two hyperparameters, C
and gamma (y), were considered for tuning. C specifies a
penalty for margin-violated samples and controls the scope
of the decision boundary. As previously mentioned, SVR
uses a kernel approach to make data linearly separable, and
the hyperparameter y is related to the RBF kernel. It ascer-
tains the influence of individual training instances on hyper-
plane.** The scenario considered to develop ML models
using all of the features existing in the data set, as shown
in Fig. 4.

An evaluation criterion was employed to measure the
accuracy of statistical models. In this research, the coef-
ficient of determination (R?) was selected to monitor the
performance of ML models and is expressed as Eq. (10)>

2

L)

2 (10
oD
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where y; represents the target value; y; is defined as the
predicted output; y denotes the average of the targets; and n
expresses the number of samples.

MONTE CARLO SIMULATION

As the first step of developing an ML model, it is common
to randomly split data into training and testing parts with a
predefined portion. The optimal values of weights are then
determined during the training phase based on the feed data.
The random process lies in selecting training samples that
could undoubtedly influence ML models’ performance.
Therefore, it is important to investigate the robustness and
efficiency of ML models during this random operation. To
this aim, the Monte Carlo simulation was adopted. Each ML
model was independently run 100 times while the training
instances were randomly selected and fed to the model in
each run. The evaluation criterion, R?, was used to investi-
gate the models’ precision.

RESULTS AND DISCUSSION

XGBoost

Hybrid grid searches were performed for each model.
The colsample bytree ranged from 0.3 to 1.0, with incre-
ments of 0.01. The number of trees varied from 300 to 800,
with increments of 20. The subsample ranged from 0 to 0.9,
with increments of 0.1. The max_depth ranged from 3 to
9, with increments of 1. Figure 5 illustrates the contours
of calculated R? during hybrid grid searches for XGBoost
models predicting direct and surface UPV. The combination
of colsample bytree equal to 0.9 and the number of trees
equal to 360 resulted in an R? equal to 0.8902 for the direct
UPV predictive model. Also, the subsample equal to 0.9
and the max_depth equal to 6 showed the best combination,
resulting in an R? equal to 0.9092 for the direct UPV predic-
tive model. For surface UPV predictive models, the combi-
nation of colsample bytree equal to 0.77 and the number of
trees equal to 780 resulted in an R? equal to 0.9156. Also,
the subsample equal to 0.7 and the max_depth equal to 3
showed the best combination, resulting in an R? equal to
0.9260 for the direct UPV predictive model.
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Fig. 6—Correlation plot of XGBoost models predicted outputs with experimental targets: (a) training data-direct UPV; (b)
testing data-direct UPV; (c) training data-surface UPV; and (d) testing data-surface UPV.

The obtained optimal values of hyperparameters were then
set in XGBoost models to perform Monte Carlo simulations.
As previously mentioned, 100 different cases for each direct
and surface UPV predictive model were run in the Monte
Carlo simulation. At the same time, training samples were
randomly changed in each run. R? was determined in each
run, and the average of 100 R? values was calculated. Among
the 100 developed models, the model with the closest R? to
that average value of R? was selected as the main predictive
model. The mentioned approach determines models based
on average accuracy. Thus, they could be well representative
of the performance of ML algorithms.

Figure 6 illustrates the best-fit lines demonstrating the
relationship between the estimated outputs of direct and
surface UPV predictive models and experimental targets.
The satisfactory coefficients of determination were observed
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in the testing phase of XGBoost models for direct UPV and
surface UPV models as R* = 0.8663 and 0.9128, respec-
tively. Also, the values of 0.9993 and 0.9989 were perceived
in the training procedure for direct and surface UPV predic-
tors, respectively. The test data showed that surface UPV
was more accurately predicted than direct UPV using the
XGBoost method. This could be attributed to the more
sources of data samples in the direct UPV data set. Accord-
ingly, the wave velocity inside concrete can be efficiently
predicted using the XGBoost algorithm without the expense
of many experiments. It is perceived that the XGBoost
algorithm is powerfully applicable in addressing complex
problems related to wave propagation in concrete materials.
Figure 7 presents the variation of R? during the performed
Monte Carlo simulations.
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SVR

A hybrid grid search was performed for each direct and
surface predictive SVR model in which C changed between
16,000 and 20,000 with an increment of 400. At the same
time, y varied between 0.01 and 0.72 with an increment of
0.02. Figure 8 illustrates the results of the hybrid grid search.
The highest R? value for the direct UPV model was 0.8732.
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Fig. 7—Variation of R? test data of XGBoost models during
Monte Carlo simulation: (a) direct UPV; and (b) surface UPV.
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This accuracy was achieved for C = 16,000 and y = 0.069.
The best performance of the surface UPV predictive model
was R?=0.8721, in which C = 16,400 and y = 0.049 were the
optimal values of hyperparameters.

Next, the perceived optimal values of hyperparameters
were set in the SVR models, and a Monte Carlo simula-
tion was performed. The relationship between the predicted
outputs and experimental targets of SVR models is presented
using best-fitting curves as shown in Fig. 9. The results indi-
cate that the SVR model well estimates the direct UPV with
an accuracy of R? = 0.9079 and 0.8289 in the training and
testing phases, respectively. Additionally, the surface UPV
was predicted with high accuracy, showing R? = 0.9087 and
0.8545 in the model’s training and testing, respectively. The
obtained results demonstrate that the SVR algorithm predicts
surface UPV more accurately than direct UPV. This could be
attributed to the more sources of data instances in the direct
UPYV data set. Moreover, the performance of SVR during the
Monte Carlo simulation was evaluated using the R> measure
as presented in Fig. 10, demonstrating the influence of input
fluctuations.

The measured accuracies of the developed models are
presented in Table 3. These values are the average of R?
scores obtained during 100 runs for each model. In the
training step of both direct and surface UPV predictive
models, the XGBoost method demonstrated higher precision
than the SVR algorithm. However, the superiority of a model
should be deduced based on the testing part. According to the
test data, it is again perceived that XGBoost outperformed

088
087
0585
084
082
081
079

16000 16500 17000 17500 18000 18500 19000 19500

0.7

0.6
0.5
£0.4
£
803
0.2
0.1

(b)

Fig. 8—Contours of R? values related to SVR models during hybrid grid search for: (a) direct UPV; and (b) surface UPV.
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Table 3—Values of evaluation criterion for different ML models

R? average XGBoost-Direct UPV XGBoost-Surface UPV SVR-Direct UPV SVR-Surface UPV
Training data 0.9991 0.9995 0.9096 0.9093
Testing data 0.8724 0.9088 0.8362 0.8465
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Fig. 10—Variation of R? test data of SVR models during
Monte Carlo simulation: (a) direct UPV; and (b) surface
UPV.

SVR in predicting direct and surface UPV. This superiority
could be attributed to the ensemble nature of the XGBoost
algorithm. Generally, the two used methods possessed
extreme accuracy in predicting the propagating wave veloc-
ities inside cementitious materials and have the potential
to be successfully adopted in real-world applications—for
example, stress wave-based health monitoring.

Linear regression

Linear regression, as a baseline model, was also used to
predict the direct and surface UPV. The results of R? during
the Monte Carlo simulation are illustrated in Fig. 11. The
average R* values were obtained as 0.6856 and 0.6801 for
direct and surface UPV models, respectively. Comparing the
ML models with linear regression can better demonstrate
the efficiency of the proposed methods. Accordingly, the
XGBoost method demonstrated a 27% and 33% improve-
ment compared to linear regression counterpart models for
direct and surface UPV, respectively. The SVR precision
was approximately 22% and 24% higher than the counter-
part linear regression models for direct and surface UPV
prediction, respectively.

Feature importance

Feature importance analysis investigated the significance
of concrete attributes used as models’ inputs on wave propa-
gation velocity for the concrete. The SHapley Additive exPla-
nation (SHAP) technique introduced by Lundberg was used
to explain the employed XGBoost model for direct UPV.>
Moreover, the SVR permutation feature importance option
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Fig. 11—Variation of R’ test data of linear regression
models during Monte Carlo simulation: (a) direct UPV; and
(b) surface UPV.

was adopted to assess the interpretability of the surface UPV
predictive model. It is important to note that uncertainties in
the inputs and random selection can also affect the signif-
icance of the attributes. Thus, a Monte Carlo simulation
comprising 100 different runs was again performed, and
the average of feature importance degrees was calculated
for each attribute. Figures 12 and 13 illustrate the results of
SHAP and permutation feature importance analyses. The
obtained results show that for both models, curing pressure
plays the most important role in determining the UPV values
inside the concrete, followed by cement content. Afterward,
the water content and concrete age were the parameters that
mainly contributed to determining UPV values.

It is important to shed light on the underlying mechanism
and investigate the influence of key factors on UPV. Previous
experimental research reported that the curing conditions
significantly affect the mechanical properties of cementi-
tious materials and UPV. The curing conditions can posi-
tively or negatively influence the material’s microstructure
depending on the curing parameters—for example, tempera-
ture, pressure, and duration. Some studies revealed that
optimal steam and autoclave curing enhance the compres-
sive strength and reduce concrete’s porosity.’*” This is
attributed to the ameliorated hydration process accomplished
in concrete under autoclave curing.”® Previous experimental
research reported that curing time, pressure, and temperature
significantly affected the compressive and flexural strength
of reactive powder concrete.”® Moreover, it was indicated
that similar compressive strength levels can be obtained
in a shorter duration if the pressure level is increased. The
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underlying chemistry of this phenomenon was related to
the rate of reaction of the ingredients. Besides, increasing
temperature and pressure altered the hydration products.
Therefore, the pressure of steam curing can be considered
as an important parameter influencing the mechanical prop-
erties of concrete.

Another study by Chen et al.®® demonstrated that
greater steam pressure was associated with a shorter
curing time, indicating the importance of steam pres-
sure. It was noted that high-pressure steam conditions
can accelerate the hydration reactions, which raise
the autoclaved aerated concrete’s (AAC’s) compres-
sive strength. Moreover, a similar study on ultra-high-
performance concrete showed that to get the highest strength,
concrete with more fly ash requires a higher autoclave pres-
sure.®" The theory of sound propagation in solids implies
that the velocity of sound transmission depends on the
elastic modulus and density of the material.®> UPV increases
when cement transforms from a plastic to solid state.® It is
directly proportional to the strength gain of concrete, and
high-pressure steam curing can accelerate hydration and
concrete hardening, yielding high pulse velocities.

However, previous experimental studies also revealed
that steam and autoclave curing could impede the strength
development of concrete and harm its microstructure.>®64-68
This is due to the transformation of calcium silicate hydrate
(C-S-H) gel into crystalline alpha dicalcium silicate hydrate
(0-C,SH) product.®® The generated phase is accompanied by
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the strength reduction and high permeability of concrete.®®
As a result, prolonged autoclaving may cause a decrease in
UPV. Additionally, the produced phases during hydration
need enough time to distribute steadily between cement
particles. The increased hydration rate caused by high
temperature curing could reduce the time.

Consequently, the nonuniform distribution of hydration
products yields high porosity and deterioration. It is worth
mentioning that the low thermal conductivity of concrete
causes a temperature discrepancy between the surface and
the internal parts of the substance during high-pressure
steam curing. This discrepancy also leads to a non-uniform
rate of cement hydration and thermal expansion, associ-
ating concrete with microcracking.®® These microstruc-
tural mechanisms induced by autoclaving influence UPV
in a decreasing manner. The reviewed experimental studies
ascertain that curing conditions strongly affect concrete
properties and wave propagation velocity. Therefore, the
significant importance of curing pressure in determining the
UPV is justified.

Previous laboratory studies have also verified the signif-
icant influence of cement’s content and type on UPV.%%70
However, the curing conditions had a stronger influence
on UPV than the type of cement.”! Generally, cement and
water contents play crucial roles in the hydration process. An
increased water-cement ratio (w/c) raises capillary pores and
microcracks in the cement paste and transition zone. Even-
tually, the concrete’s resistance is augmented by transferring
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Table 4—Values of evaluation criterion for different practical ML models

R? average XGBoost-Direct UPV XGBoost-Surface UPV SVR-Direct UPV SVR-Surface UPV
Training data 0.9971 0.9982 0.9442 0.9421
Testing data 0.8715 0.9095 0.8405 0.8450

ultrasonic waves.”> Therefore, cement and water contents
could be the key factors in pulse velocity.

The sulfite content in fine aggregates and the type of
coarse aggregates were the two least significant factors
affecting surface UPV. It is worth noting that sulfate ions
from sand can react with cement products, such as C-S-H gel,
to produce gypsum (CaSO42H,0). This generated sulfate
compound interacts with calcium aluminate in cement, and
a secondary ettringite is eventually formed, resulting in
stress and mechanical degradation in concrete.”>’* However,
a low degree of importance was observed for sulfite in the
feature importance analysis. Considering the prior observa-
tion and the high sensitivity of UPV to microcracks, it may
be perceived that sulfates did not cause significant damage
to concrete. This is due to sulfate-resistant cement in the
mixture of concrete specimens whose data set was used
in this study. Scholars have investigated the influence of
internal sulfite on concrete. The behavior of cement when
facing SO; in the sand depends on the particular type of
cement and different factors—for example, fineness, sound-
ness, and C;A content.”” In other words, the effects of high
SO; content in sand on damaging the concrete microstruc-
ture depend on the properties of cement used in concrete.””
Therefore, sulfite emerged as one of the least important
features affecting surface UPV in this study.

Silica fume and metakaolin were the two least significant
factors affecting direct UPV. It was reported that because of
silica fume’s large specific surface area, its particles could
react with calcium hydroxide (CH) to generate a thick phase
of C-S-H. C-S-H gel reinforced the matrix’s binding, filled
in the pores, and gave the structure more density. It should be
noted that the silica fume micro-filling property also contrib-
uted to an improvement in the contact surface between the
cement and sand particles.”® Metakaolin also positively
affects concrete when used as a partial substitute for cement.
Metakaolin combines with Ca(OH), to produce more C-S-H
gel, thereby increasing the concrete’s strength.”” There-
fore, silica fume and metakaolin provide a denser structure,
therefore influencing UPV. However, the lower number of
concrete samples containing silica fume and metakaolin in
the collected data set might have affected its relative impor-
tance rate.

Practical applications

The developed models can be potentially used for mate-
rial assessment of existing concrete structures. However, it
is noteworthy that some of the features used as inputs in this
study might be difficult to access in real-world scenarios,
particularly for older structures.”® Therefore, a new set of
features was selected regarding accessibility for developing
more practical models. Moreover, new input data were gener-
ated based on the original features to improve the models’
performance by extracting relevant features. Variables most
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likely to be available for older structures were coarse aggre-
gate, fine aggregate to total aggregates ratio, cement, w/c,
age, and curing.

Besides, the mentioned features follow the results of
feature importance analyses, demonstrating the greatest
contribution to the UPV values. These variables were
considered for the practical surface UPV predictive model.
The same features were used to develop practical models
for predicting direct UPV. However, the data set for direct
UPV included fiber-reinforced concrete. Thus, fiber type
was also considered as an input because it greatly influences
the wave propagation in concrete.*® The same Monte Carlo
methodology was used for practical models. Table 4 shows
the result of the practical models’ performance. According
to the testing phase, the XGBoost models for direct UPV
and surface UPV demonstrated an average R of 0.8715 and
0.9095, respectively. The obtained results showed a negli-
gible reduction of approximately 0.0009 for the direct UPV
predictor and an improvement of approximately 0.0007 for
the surface UPV predictor. It can be perceived that elimi-
nating several features that possessed less importance on
the models’ outputs did not affect the models’ precision.
However, incorporating newly generated features based
on original data could positively affect the models’ perfor-
mance. Negligible deviations were also observed for the
SVR models, indicating the feasibility of developing prac-
tical models in real-world applications.

When the literature was surveyed for the prediction of UPV
based on the mixture design properties of concrete using ML
algorithms, a limited number of studies were found in which
R? values were obtained from 0.6799 to 0.9331.2%7 These R?
values depend on several parameters. However, it is worth
noting the substantial differences between the current and the
previously mentioned studies. First, the current study used
a large data set, enhancing model reliability. As discussed
earlier, the data set collected in this study comprised a total
of 1495 experiments, 873 samples for direct UPV, and 622
instances for surface UPV. However, the mentioned couple
of studies in the literature used less than 150 sample data
for modeling. Second, this study incorporated Monte Carlo
simulations to obtain the average values of R%. This is a more
reliable approach because a remarkable difference existed
between average and best values during the 100 times
run for each model. None of the mentioned studies used a
similar approach to consider input fluctuation, which might
have reduced the model’s performance.

SUMMARY AND CONCLUSIONS
This study used machine learning (ML) methods to
predict direct and surface ultrasonic pulse velocity (UPV) in
cementitious concrete based on the given features. Different
hyperparameters were tuned; therefore, the ML models
could reach the highest accuracy. Additionally, Monte Carlo
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simulations were performed to study the influences of uncer-
tainties in input data on the performance of ML algorithms.
The following highlights of this research can be stated:

1. The findings reveal that both extreme gradient boosting
(XGBoost) and support vector regression (SVR) models can
reliably predict the velocity of ultrasonic waves in concrete
with diverse mix designs at various curing ages. Notably, the
XGBoost model outperformed SVR, achieving R? values of
0.8724 for direct UPV and 0.9088 for surface UPV during
the testing phases. These results underscore the superior
predictive capability of XGBoost.

2. The Monte Carlo simulations demonstrated the signifi-
cant impact of input data uncertainties on model performance.
The fluctuations in input parameters notably influenced
the R? values, emphasizing the need for a robust probabi-
listic approach and uncertainty consideration in developing
predictive models for concrete health monitoring.

3. Linear regression demonstrated limitation in predicting
UPV, with average R? values of only 0.6856 and 0.6801 for
direct and surface UPV models, respectively, underscoring
the necessity of employing advanced ML techniques to
achieve more accurate and reliable UPV predictions.

4. Feature importance analysis identified key factors
affecting UPV. Curing pressure emerged as the most crit-
ical parameter, followed by cement content, underscoring
the importance of optimal curing conditions for concrete
microstructure and hydration processes. Water content and
concrete age also proved influential, highlighting their role
in improving prediction accuracy during model develop-
ment. Conversely, sulfite content in fine aggregates and
the type of coarse aggregates were found to have minimal
impact on surface UPV, suggesting that these parameters
can be deprioritized to reduce computational cost without
compromising model precision.

5. The developed models can effectively predict UPV in
concrete using a refined set of accessible features, achieving
R? values of 0.8715 for direct UPV and 0.9095 for surface
UPV. This simplification enhances practical application
without compromising accuracy, demonstrating the models’
potential for assessing aged concrete structures.

FUTURE STUDIES

Future prospects include expanding the scope of this
study to incorporate supplementary cementitious materials,
ultra-high-performance concrete, and cutting-edge cement-
less alternatives such as geopolymer and alkali-activated
concrete. These advanced materials offer significant advan-
tages, including improved durability, reduced environmental
impact, and superior mechanical properties. As the construc-
tion industry increasingly shifts toward sustainable prac-
tices, understanding the UPV characteristics of these mate-
rials will be vital for their widespread adoption.
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Enhancing Fracture Properties in Cementitious
Composites through Hybrid Fiber Reinforcement
by Qi Cao, Liujingyuan Su, Changjun Zhou, Kaiming Pan, Jun Wu, and Xiaoyan Han

Adding fibers, especially steel fibers, to cementitious composites is
one of the most commonly used methods to improve the mechan-
ical properties of cementitious composites. The high price is the
most concerning factor in the use of steel fibers. This study aims
to investigate the influence of the content of multiscale fibers,
including nanocellulose, sisal fibers, and steel fibers, on the frac-
ture properties of cementitious composites. The fracture proper-
ties will be evaluated using the initial fracture toughness, unstable
fracture toughness, and fracture energy through notched-beam
bending tests. The results demonstrate that replacing steel fiber
with an appropriate amount of sisal fiber effectively improves
fracture properties, indicating a balancing point between fracture-
impeding properties and price/environment. Specifically, under
total macrofiber volume fractions of 1 and 1.5%, the 0.2% sisal
fiber replacement for the steel fibers exhibits the best fracture-
impeding properties. Additionally, the incorporation of nano-
cellulose (2% optimal in the research) enables the formation of
a multiscale crack resistance system at the nano-micro level,
further enhancing the fracture-impeding properties of cementitious
composites. Moreover, the research found that adding the fibers
collaboratively can cultivate a better enhancement in fracture-
impeding properties than adding them separately.

Keywords: fracture properties; multiscale fiber reinforcement; nanocellu-
lose; sisal fiber; steel fiber.

INTRODUCTION

Cementitious materials, as one of the most important
building materials in the construction industry, have a wide
range of applications and increasing consumption. Their
widespread availability, low cost, and simple production
process make cementitious materials a popular choice that
can meet various structural design requirements. Despite
these advantages, cementitious composites have structural
limitations such as low tensile strength, poor toughness,
and vulnerability to cracking, which directly impact the
safety, durability, and stability of buildings.! The addition
of fibers is one of the commonly used methods to address
these structural shortcomings and enhance the performance
of cementitious composites. Fibers can transfer stress and
effectively alleviate stress concentration, thereby improving
the tensile strength and crack resistance of the composite
material.? Fiber-reinforced cementitious composites (FRCC)
are widely used in bridge and tunnel engineering, hydraulic
engineering, highway pavement and airport runways,
shotcrete, and seismic engineering due to their excellent
mechanical performance and durability.>* Yang et al’
studied the influence of a hybrid of sepiolite and basalt fibers
on the mechanical properties of cementitious composites. It
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revealed that the hybrid fibers further enhanced the ultimate
stress and strain capacity of the cementitious composites
under uniaxial compression conditions compared to adding
one of them separately, due to the different elastic moduli
and dimensions of the fibers. Additionally, it effectively
improved fracture toughness and restrained the initiation
and propagation of cracks of different sizes. Alrekabi et al.®
found that the nanocellulose fibers enhanced the mechanical
performance of the cementitious composites both with and
without steel fibers. Scanning electron microscope (SEM)
observations indicated that nanoscale fibers can impede the
propagation of microcracks within the composite material.
Smarzewski’ investigated the influence of the addition of
polypropylene fibers and basalt fibers on the fracture prop-
erties of high-performance concrete. It was demonstrated
that the combined addition of high-modulus basalt fibers
and low-modulus polypropylene fibers had a positive effect
on fracture toughness in high-performance concrete. Hybrid
fibers were found to be more effective than single fibers in
improving flexural strength, flexural toughness, and frac-
ture energy. Nanocellulose, also known as nanofibrillated
cellulose (NFC), nanocrystalline cellulose (NCC), or cellu-
lose nanocrystal (CNC),® has been extensively studied for
its effect on the hydration reactions and basic mechanical
properties. Kamasamudram et al.’ found that the addition
of cellulose nanofibers (CNF) promoted cement hydra-
tion, with the compressive strength of specimens increased
by 24% when 0.05% CNF was added at a water-cement
ratio of 0.35. Similarly, the flexural strength of cement
paste increased with increasing CNF content, with a 75%
increase observed when 0.5% CNF was added. In a study by
Barnat-Hunek et al.,'® nanocellulose was found to improve
the compressive and flexural strengths of cement mortar by
27.6% and 10.9%, respectively. Goncalves et al.'! found that
the addition of CNF to cement systems reduces the perme-
ability of sulfate ions in the binder system. It indicated that
CNF significantly reduces the formation of ettringite and
associated expansion, while improving pore size. Onuagu-
luchi and Banthia'? investigated the influence of NFC-
reinforced repair mortar (with a volume fraction of 0.1%
NFC) on the corrosion behavior of reinforcing steel,
exploring the possibility of enhancing the durability of repair
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Table 1—Chemical compositions of cement, wt. %

Composition CaO SiO, Al,O4 SO,

Fe,03 MgO K,O TiO, SrO ZnO

Wt. % 58.51 21.52 6.01 4.51

4.10 3.52 1.08 0.42 0.24 0.09

composite materials. Natural and accelerated corrosion test
results indicate that the inclusion of NFC inhibits corrosion
of the steel reinforcement, reducing the extent of corrosion
and delaying delamination of the repair layer.

Plant fibers, such as sisal fiber, are renewable natural
fibers that offer various advantages, including excellent
mechanical properties,'>'* low cost,'> less energy consump-
tion in production,'®!” strong water absorption,'® and similar
strength and stiffness to synthetic fibers. They can be used
as a green improvement material to substitute mineral and
synthetic fibers. Moreover, this approach has no negative
impacts on human health or the environmental ecosystem,' %22
contributing to the sustainable development of construction
engineering. Ruano et al.3 incorporated sugarcane fibers
and hemp fibers into cementitious composites and evaluated
their flexural performance through notched-beam three-point
bending tests. Both fibers exhibited high tensile strength and
effectively reinforced the mortar. Sugarcane bagasse fiber
increased the flexural strength of cementitious composites,
while hemp fiber improved their toughness. Kriker et al.?*
concluded that, by increasing the volume dosage and length
of jujube fiber, the post-cracking flexural strength and tough-
ness coefficient of concrete could be improved, but the initial
cracking strength and compressive strength would decrease.
Kundu et al.® used chemically modified jute fiber as a
concrete reinforcement and found significantly enhanced
compressive and flexural strengths in jute fiber-reinforced
concrete. It showed that replacing part of the traditional steel
reinforcement with jute fiber would effectively reduce the
negative effects of steel corrosion, make concrete products
lighter, and improve their mechanical properties.

As a type of natural plant fiber, sisal fiber possesses
various advantages, such as being pollution-free, easily
available, and highly tough, and having high tensile strength
and good corrosion resistance. Moreover, compared with
other plant fibers, sisal fiber is more resistant to abrasion,?®
acid and alkaline attacks,”’ corrosion from seawater,”® and
low temperatures. In the marine environment, sisal fiber can
effectively enhance the strength of concrete under corro-
sion.?® Studies have shown that sisal fiber can undergo
expansion in seawater, which can reduce the cracks caused
by concrete shrinkage and slow down the corrosion rate
of concrete in marine environments, thus extending its
lifespan.?® Ramakrishna and Sundararajan® investigated the
impact resistance of cement mortar boards reinforced with
four types of natural fibers—coconut shell, sisal, jute, and
hibiscus—by considering different fiber dosages and fiber
lengths. The results revealed that the impact resistance of
mortar boards with these plant fibers increased by three to
18 times compared to ordinary mortar boards. Moreover,
the addition of any type of fiber showed an increasing trend
concerning impact resistance with increasing dosage and
length. Zhou et al.** investigated the influence of incorpo-
rating short discrete sisal fibers on the fracture properties and
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impact resistance of cementitious composites. The results
revealed that, compared with ordinary cement mortar, the
jointed fiber-reinforced cementitious composites (JFRCC)
exhibited higher tensile strength, compressive strength, and
fracture toughness.

RESEARCH SIGNIFICANCE

Fibers are often used to obtain high-performance concrete
by increasing its tensile strength and toughness. Although
much research exists on natural plant fibers and multiscale
fiber reinforcement, barely any research has shed light on
multiscale reinforcement considering the differences in stiff-
ness and scales using natural plant fibers. The purpose of
this study is to investigate the influence of combinations of
hybrid steel fibers, sisal fibers, and nanocellulose (NFC) on
enhancing the fracture properties of cementitious compos-
ites through experimentation. By conducting experiments
on 22 groups of cement mortar specimens, the effects of
fiber content on the fundamental mechanical properties and
fracture properties of concrete specimens can be under-
stood. Research findings will assist engineers in designing
and implementing multiscale-fiber-reinforced cementitious
composites in engineering fields while yielding a decent
environmental and financial cost.

EXPERIMENTAL PROGRAM

Raw materials

The ordinary portland cement in this research was produced
by a cement plant in Dalian, Liaoning, China. Its chemical
composition is shown in Table 1. The fine aggregate used
in this study was quartz sand with a density of 2.65 g/cm?
(1.53 oz./in.%) and a fineness modulus of 1.9. The 13 mm
(0.51 in.) long non-hooked copper-plated steel fibers were
used, as shown in Fig. 1(a). The physical properties of the
steel fibers are shown in Table 2. The sisal fibers used in this
study are shown in Fig. 1(b), and their physical properties
can be found in Table 3. A polycarboxylate-based high-effi-
ciency water-reducing agent (WRA) was used to ensure good
workability of cement mortar. The properties of the WRA are
as follows: density of 1.060 kg/L (8.85 Ib/gal.), solid content of
28.2%, and pH value of 4.5. Class F fly ash was used, and its
performance parameters are shown in Table 4. The NFC used
in this study was obtained from bleached softwood sulfate
pulp. The appearance and transmission electron microscope
(TEM) images of the NFC are shown in Fig. 1(c), and its
performance parameters are listed in Table 5.

Mixing ratios and procedures

Twenty-two test groups were designed for the fracture
properties test of cement mortar to study the influence of
steel fibers, sisal fibers, and nanocellulose (NFC) on the
fracture properties of cement mortar under single and multi-
scale interactions. The mixture ratios used in this experi-
ment are shown in Table 6. The control groups with no sisal
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fiber, steel fiber, or NFC are labeled as NO. Sisal fibers were
added to the cement mortar in proportions of 0.1%, 0.2%,
and 0.4% by volume of the cement mortar, labeled as FFO0.1,
FF0.2, and FF0.4, respectively. Steel fibers were added to
the concrete in proportions of 1%, 1.5%, and 2% by volume
of the cement mortar, labeled as SF1, SF1.5, and SF2,
respectively. NFC was incorporated into the cement mortar
by mass based on the percentage of cementitious materials,

Table 2—General properties of steel fibers

Aspect ratio Tensile strength,
Diameter &, mm | Length L, mm Lid MPa
0.21 13 62 2750

Note: 1 mm = 0.0394 in.; 1 MPa = 145.14 psi.

Table 3—General properties of sisal fibers
(provided by manufacturer)

Tensile Elastic ‘Water
Density, Diameter, strength, modulus, absorption
g/em? mm MPa GPa rate, %
1.4 0.4 470 25 65

Note: 1 mm = 0.0394 in.; 1 MPa = 145.14 psi; | GPa = 145.14 ksi; | g/em’® =
0.5787 oz./in.

namely 0.05%, 0.1%, 0.15%, and 0.2%, labeled as NFCO0.05,
NFCO0.1, NFCO0.15, and NFC0.2, respectively. To enhance
the environmental friendliness and cost-effectiveness of
the material, steel fibers were replaced by 0.1%, 0.2%, and
0.4% of sisal fibers by volume of the cement mortar, denoted
as SF0.9FF0.1, SF0.8FF0.2, SF0.6FF0.4, SF1.4FF0.1,
SF1.3FF0.2, and SF1.1FF0.4. The combinations where steel
fibers, sisal fibers, and NFC were jointly incorporated are
labeled as FFO.INFCO0.2, FF0.2NFCO0.2, FF0.4NFCO0.2,
SF0.8FF0.2NFCO0.2, and SF1.3FF0.2NFC0.2. The WRA
was added at 0.1% by mass of cement.

The required amounts of steel fibers, sisal fibers, and
nanocellulose were measured for different experimental
mixture proportions. A 50 L (13.21 gal.) horizontal shaft
forced mixer was used in the test. First, cement and fly ash
were added to the mixer and stirred for 60 seconds. Quartz
sand was then added and stirred for 3 minutes. The steel and
sisal fibers were uniformly added to the mixer and stirred
for 2 minutes, ensuring even distribution. Finally, water
and high-range water-reducing admixture were added to the
mixer and stirred for 2 minutes to obtain the desired mortar
mixture for the experiment. The cementitious composites

Table 4—Properties of fly ash (provided by manufacturer)

Sieve residue of 45 pm

Density, g/cm? square-hole sieve, %

Water demand ratio, %

Loss on ignition, % | Water content, % SO3, %

2.3 8.9

4.8 0.3 1

Note: 1 g/em® = 0.5787 0z./in.?

Fig. I—Appearance of steel fibers, sisal fibers, and NFC.

ACI Materials Journal/September 2025

@

(c) Appearance of NFC under naked eye and TEM

(b) Appearance of sisal fibers
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were mixed under ambient temperature at approximately
20°C (68°F).

Specimen preparation and testing method

The compression tests for the FRCC were carried out after
curing for 7 and 28 days. The compression tests adopted
cubic specimens with dimensions of 150 x 150 x 150 mm
(5.91 x 5.91 x 5.91 in.). The loading speed was 0.8 MPa/s
(0.12 ksi/s) for the compression tests. The fracture parame-
ters (initial fracture toughness, unstable fracture toughness,
and fracture energy) of FRCC were determined through
notched-beam three-point bending tests in accordance with
ASTM C78/C78M-223! and ASTM E399-24,%2 as depicted
in Fig. 2(a). To conduct the experiment, notched-beam
specimens with dimensions of 100 x 100 x 400 mm (3.94 x
3.94 x 15.7 in.) were prepared, as depicted in Fig. 2(b). A
total of 22 sets of specimens with different mixing ratios

Table 5—Properties of NFC (provided by
manufacturer)

Tensile Shear
Density, strength, viscosity,
g/em? Length, nm | Width, nm MPa MPa-s
1.05 >1000 5to 100 2220233 | 30to 5000

Note: 1 nm =0.0394 x 10 in.; 1 MPa = 145.14 psi; 1 g/em® = 0.5787 o0z./in.>.

Table 6—Mixture proportions of cement mortar

were cast. Three parallel specimens were made for each set.
Specimens were cured for 24 hours under ambient tempera-
ture and then demolded and cured in water until the 28th
day. One day prior to the experiment, a midspan notch with
2 mm (0.078 in.) width and 30 mm (1.18 in.) height was
created using a diamond saw. During sawing, the diamond
saw was moved quite slowly and was cooled using tap water.
After sawing, the specimens were placed with the notches
facing upward. A universal testing machine was used
for the experiment, with a loading rate set at 0.1 mm/min
(0.0039 in./min), controlled by deflection collected by the
linear variable displacement transducer (LVDT). During the
experiment, load sensors, the LVDT, and a clip-on extensom-
eter captured the load (P), deflection (), and crack mouth
opening displacement (CMOD). Additionally, four resistive
strain gauges with an effective length of 5 mm (0.2 in.) were
symmetrically attached to the two sides of the notch tip of
the experimental specimen, as depicted in Fig. 2(c).

The double-K fracture model was used in this paper to
describe the fracture process of FRCC. The double-K frac-
ture model uses two critical stress intensity factor param-
eters—initial fracture toughness K} and unstable fracture
toughness Kj'—to distinguish concrete fracture states of
initiation and instability.>* The double-K model can better
reflect the fracture of the quasi-brittle materials, such as
FRCC. In the double-K fracture model, the whole process of

Amount of components, kg/m?
Number Cement Fly ash Silica sand Water Steel fiber Sisal fiber NFC WRA
NO 1123 125 624 375 — — — 1.12
FFO0.1 1123 125 624 375 — 1.4 — 1.12
FF0.2 1123 125 624 375 — 2.8 — 1.12
FF0.4 1123 125 624 375 — 5.6 — 1.12
SF1 1123 125 624 375 78 — — 1.12
SF1.5 1123 125 624 375 117 — — 1.12
SF2 1123 125 624 375 156 — — 1.12
NFC0.05 1123 125 624 375 — — 0.62 1.12
NFCO0.1 1123 125 624 375 — — 1.24 1.12
NFCO0.15 1123 125 624 375 — — 1.86 1.12
NFCO0.2 1123 125 624 375 — — 2.48 1.12
SF0.9FF0.1 1123 125 624 375 70.2 1.4 — 1.12
SF0.8FF0.2 1123 125 624 375 62.4 2.8 — 1.12
SF0.6FF0.4 1123 125 624 375 46.8 5.6 — 1.12
SF1.4FF0.1 1123 125 624 375 109.2 1.4 — 1.12
SF1.3FF0.2 1123 125 624 375 101.4 2.8 — 1.12
SF1.1FF0.4 1123 125 624 375 85.8 5.6 — 1.12
FF0.INFCO0.2 1123 125 624 375 — 1.4 2.48 1.12
FF0.2NFC0.2 1123 125 624 375 — 2.8 2.48 1.12
FF0.4NFC0.2 1123 125 624 375 — 5.6 2.48 1.12
SF0.8FF0.2NFCO0.2 1123 125 624 375 62.4 2.8 2.48 1.12
SF1.3FF0.2NFC0.2 1123 125 624 375 101.4 2.8 2.48 1.12

Note: 1 kg/m® = 0.0624 Ib/ft>.
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(a) Testing apparatus
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400mm B=100mm

(b) Schematic diagram of the gauges and the section cut view through the notch

|
Strain gauge (_ié[
|

Notch

20mm

(c) Detailed schematic of the strain gauge near the notch

Fig. 2—Fracture test setup of notched beams. (Note: Dimen-
sions in mm, 1 mm = 0.0394 in.)

concrete fracture damage can be described as follows: when
K < K} the crack does not initiate; when K = K, the crack
initiates; when K} < K < K}, the crack propagates slowly
and steadily; when K = K}, the unstable crack propagation
initiates; and when K > K}, the crack propagates rapidly
and unsteadily. After the experiment, the initial fracture
toughness and unstable fracture toughness were calculated
in accordance with Tada et al.** using Eq. (1) and (2)

1.5(P,-,,,- LA 10*2) X107 .S - a1

ni — 2
Kit e fla) (1)
1.5(P,,,ax+% x 10*2) <1028 - a)?
Ky = e flay (2)
where K} is the initial fracture toughness, MPa-m'?; K" is

the unstable fracture toughness, MPa-m'?; P,,; is the initial
cracking load, which was determined by the unloading at
the strain gauges, as reflected by the sudden drop in strain
followed by continuous decrease during the experiment,
kN; S'is the distance between specimen supports, m; m is the
mass of the specimen between supports, kg, which can be
calculated using the total mass of the specimen multiplied
by a factor of §/0.4; g is the acceleration of gravity, m's~,
which takes the value of 9.81; ay is the initial notch depth,
m; a, is the critical effective crack length, m, which can be
calculated according to Eq. (3); and ¢ and 4 are the thickness
and the height of the specimen, m.
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MOD, 12
a. = %(h + ho)arctan(% Et— 0.1135) —hy (3)

2 h+h

E = %(3.70 +32.60tan’ 4

nao+ho))

where E is the Young’s modulus, GPa; 4 is the thickness of
the holder of the clip gauge, m; CMOD., is the CMOD at the
maximum load, pm; and ¢; is the CMOD/P at the linear stage
of the P-CMOD curve, pm/kN.

1.99 — a(1 — a)(2.15 — 3.930. + 2.70.2)

sl = (I +20)(1 — @)
)
+ P
a}? T ;Z: for the calculation of K}
C=N 0 oty (©6)

Wt hy for the calculation of K}/

Apart from the double-K method, the fracture energy (Gr)
was also adopted to assess the energy dissipation ability of
the FRCC during fracture. G was calculated using the work
of fracture method, as shown in Eq. (7), recommended by
RILEM Technical Committee 50-FMC3¢

Wr
- (h = ho)t ™

Gr

where G is the fracture energy, N/m; and W is the total frac-
ture energy (equivalent to the area below the P-J curve), J.

EXPERIMENTAL RESULTS AND DISCUSSION
Compressive strength

The compressive strength of NO was 59.57 and 80.11 MPa
(8.64 and 11.62 ksi) after curing for 7 and 28 days, as shown
in Fig. 3(a). The compressive strength of the test groups
with steel fibers, SF1, SF1.5, and SF2, increased by 7.55%,
27.38%, and 30.17% (7-day ages), and 12.9%, 25.57%,
and 28.44% (28-day ages) compared to NO, respectively.
In contrast, the specimens with sisal fibers (FF0.1, FF0.2,
and FF0.4) did not show distinct variations in compressive
strength compared with NO, as shown in Fig. 3(b), nor did
the group with NFC or the group that combined sisal fibers
and NFC, as shown in Fig. 3(e) and ().

From Fig. 3(c), it can be seen that, compared with the
test group SF1 with 1% volume dosage of steel fibers,
the compressive strengths at 7 and 28 days of the groups
replacing steel fibers with 0.1%, 0.2%, and 0.4% volume
dosage of sisal fibers with 1% fiber volume dosage in total
(SF0.9FF0.1, SF0.8FF0.2, and SF0.6FF0.4) increased by
6.79%, 8.16%, and 0.75% (7-day ages) and 6.51%, 12.08%,
and 8.05% (28-day ages). This is because the addition of sisal
fibers formed a synergy between the fibers, which impeded
the formation and propagation of cracks. However, the
group replacing steel fibers with sisal fibers with 1.5% fiber
volume dosage in total did not show an obvious increase in
compressive strength compared to SF1.5 (Fig. 3(d)), as the
sisal fibers in the groups with 1.5% fiber volume dosage in
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Fig. 3—Cube compressive strength of mortar at 7 and 28 days. (Note: 1 MPa = 0.145 ksi.)
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total cannot adequately reveal the synergy effect in compres-
sion with relatively low content.

Moreover, the test group SF0.8FF0.2NFC0.2 showed an
increase of 8.89% and 2.23% in compressive strength at
7 and 28 days compared to the test group SF0.8FF0.2, as
shown in Fig. 3(g). The group SF1.3FF0.2NFC0.2 showed
an increase of 8.22% and 4.66% in compressive strength at
7 and 28 days compared to the test group SF1.3FF0.2, as
shown in Fig. 3(h). This is owing to the filling of the voids in
the mortar matrix and impeding the initiation of microcracks
due to the incorporation of nanofibers.

P-CMOD curves

Figure 4 shows the experimentally measured P-CMOD
curves. It can be observed that the control group NO and
the experimental group with singly added sisal fibers and
nanocellulose exhibited relatively brittle fracture charac-
teristics, as shown in Fig. 4(a), (b), and (e). The P-CMOD
curves of the FF0.1, FF0.2, and FF0.4 experimental groups
did not show a softening segment, as shown in Fig. 4(b),
nor did the group combining NFC and sisal fibers, as shown
in Fig. 4(f). It can be attributed to the insignificant crack
suppression effect of the low dosage of sisal fibers. On the
other hand, specimens with singly added steel fiber, as well
as a mixture of steel and sisal fibers, exhibited a gradual
softening segment after reaching the peak load, as shown in
Fig. 4(a), (c), and (d). This demonstrates that the addition of
steel fibers and a mixture of steel and sisal fibers can signifi-
cantly enhance the deformation and bearing capacities of
the cementitious composites. The strong bridging effect and
load transfer action of the steel fibers effectively suppress
the propagation of macrocracks visible to the naked eye.

Moreover, among the specimens with a total dosage of 1%
of steel and sisal fibers, when replacing limited volumes of
steel fibers with sisal fibers, the P-CMOD curve can enclose
a larger area than non-replacing specimens. Among them,
the P-CMOD curve of SF0.8FF0.2 had the highest enclosed
area, indicating superior bending performance at a 1%
dosage, as shown in Fig. 4(g). Similarly, among the speci-
mens with a total dosage of 1.5% of steel and sisal fibers, the
specimens with sisal fibers replacing steel fibers cultivated a
better performance in P-CMOD curves; the P-CMOD curve
of SF1.3FF0.2 had the highest enclosed area, indicating
superior bending performance at a 1.5% dosage, as shown
in Fig. 4(h).

Furthermore, with the addition of nanocellu-
lose, the P-CMOD curves of SF0.8FF0.2NFCO0.2 and
SF1.3FF0.2NFCO0.2 had higher enclosed areas than
SF0.8FF0.2 and SF1.3FF0.2, respectively. It demonstrated
that the addition of NFC to the mixture containing steel and
sisal fibers can improve the ductility and bearing capacity.
However, when adding NFC to NO or the mixture just
containing sisal fibers, the ductility did not show distinct
improvement, as shown in Fig. 4(e) and (f). It indicates that
the nanocellulose effectively enhances the interfacial bond
strength between steel fibers, sisal fibers, and the cementi-
tious composites.
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P-o curves

Figure 5 shows the experimentally measured P-0 curves.
The P-6 curves showed a similar trend to the P-CMOD
curves. From Fig. 5(a), it can be observed that specimens
containing steel fibers exhibited a distinct ductile frac-
ture mode. However, the individual addition of sisal fiber
(Fig. 5(b)) or nanocellulose (Fig. 5(e)) did not significantly
improve the fracture mode of the specimens, which may
be attributed to the lower content of sisal fibers and poor
macroscopic bridging ability of nanocellulose, nor did the
group combining NFC and sisal fibers, as shown in Fig. 5(f).
Nanocellulose mainly suppresses the occurrence of microc-
racks in the cementitious matrix and has a negligible effect
on the fracture mode of the specimens when added individ-
ually. In the case of sisal and steel fiber hybridization, the P
of the specimens showed a trend of increasing first and then
decreasing (Fig. 5(c) and (d)). Furthermore, in the combi-
nation of steel-sisal hybrid fibers, specimens further added
with nanocellulose exhibited a higher bending capacity with
an outstanding toughness (Fig. 5(g) and (h)).

Initial fracture toughness

The initial fracture toughness reflects the ability of cemen-
titious composites to resist the initiation of free cracks. As
shown in Fig. 6, whether it is single-doped with steel, sisal,
nanocellulose, or hybrid fibers, they can all increase the
initial fracture toughness of cement mortar. Compared with
the control group NO, the initial fracture toughness of steel
fiber-reinforced cement mortar specimens (SF1, SF1.5, and
SF2) increased by 94.17%, 159.63%, and 244.41% respec-
tively, as shown in Fig. 6(a). The initial fracture toughness
of sisal-fiber-reinforced cement mortar specimens (FFO.1,
FF0.2, and FF0.4) increased by 3.24%, 11.58%, and 8.95%,
respectively, as shown in Fig. 6(b). The initial fracture tough-
ness of nanocellulose fiber-reinforced cement mortar speci-
mens (NFCO0.05, NFCO0.1, NFCO0.15, and NFCO0.2) increased
by 18.79%, 11.87%, 10.56%, and 18.48%, respectively, as
shown in Fig. 6(e). These trends indicate that steel fibers
have the most significant enhancing effect on the initial frac-
ture toughness of cement mortar when added singly.

Under the condition of a total fiber dosage of 1% of
steel and sisal fibers (Fig. 6(c)), as sisal fibers gradually
replaced steel fibers, the initial fracture toughness of the
specimens initially increased and then decreased. Among
them, SF0.8FF0.2 was the highest, reaching 0.83 MPa-m'?
(855 psi-in.!?), which was an increase of 148.02% compared
to NO. This suggests that a combination of 0.8% steel fibers
and 0.2% sisal fibers in the volume fraction is the optimal
fiber combination for improving the initial fracture tough-
ness under a 1% total fiber dosage. Additionally, compared to
SF0.8FF0.2, the introduction of 0.2% mass fraction of nano-
cellulose fiber further increased the initial fracture toughness
of the specimens by 12.83%, as shown in Fig. 6(g).

Under the condition of a total fiber dosage of 1.5% of
steel and sisal fibers (Fig. 5(d)), as sisal fibers gradually
replaced steel fibers, the initial fracture toughness of the
specimens initially increased and then decreased. Among
them, SF1.3FF0.2 was the highest, reaching 1.154 MPa-m'?
(1247 psiin.'"?), which was an increase 0f262.11% compared
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to NO. This suggests that a combination of 1.3% steel fibers
and 0.2% sisal fibers in the volume fraction is the optimal
fiber combination for improving the initial fracture toughness
under a 1.5% total fiber dosage. Additionally, compared to
SF1.3FF0.2, the introduction of 0.2% mass fraction of nano-
cellulose fiber further increased the initial fracture toughness
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of the specimens by 18.96%, as shown in Fig. 6(h). This
indicates that nanocellulose fiber can be used as a filler in
cementitious composites to increase the compactness of the
matrix and enhance the ability of specimens to resist external
loads when free cracks start to propagate.

35



—
(=2
1

(a) The mortar with different steel fiber content

—_
(=2
|

E 14 E 14
3 1.4 T B 1.4
< ]
1.2 & 1.2
S 12 /V S 12
% 1.0 T % 1.0
g / g
0.8 - 0.8
& &
0 0.6+ g 0.6
2 g - =
g049 —= g044 = = /
= =
g 021 / g 021 / /
S S

0.0 0.0

NO SF1 SF1.5 SF2 NO FFO0.1 FF0.2 FF0.4
Specimen Number Specimen Number

(b) The mortar with different sisal fiber content

167 167
= <
£ 1.4 8149
o <
§1.2- & 1.2 T -
& = T
EI'O' él‘o_ T / / /l
=
. W7

%08- - — T g08
s / / e 06
0.6 go.
=} =
8 0.4 §0~4-
= 202
.5 0.2 ;é -
5 —

0.0 0.0

SF1 SF0.9FF0.1 SF0.8FF0.2 SF0.6FF0.4 SF1.5 SF1.4FF0.1 SF1.3FF0.2 SF1.1FF0.4

Specimen Number Specimen Number

(¢) The mortar with 1% total content of steel fiber
and sisal fiber

(d) The mortar with 1.5% total content of steel
fiber and sisal fiber

164
16 o

g 14+
5 1.4- §t
o 12
& i -=
\24142 § .
% 1.0- g 107
£ 5
50.3- 208+
B =

© 0.6 06
504— % = = = 804/ = = =2 7
E0.2- £024
E g

0.0

NoO

NFCO0.05 NFCO0.1 NFCO0.15 NFCO0.2

FROL FFO2 ROy \NEGANFEAPANFCO2

Specimen Number i
Specimen Number

(f) The mortar mixed with combined addition of

Th ith diff NF
(¢) The mortar with different NFC content sisal fiber and NFC

> o
1 1

o
!

)
N

o
)
|

e o
[N
L

Initial Fracture Toughness (MPa e m'"?)
(=3
oo

o
(=}

vl

7

NO

(g) The mortar with steel fiber and sisal fiber
combined with NFC when the total content of

SF1 s\:o.SFFOé%O

Specimen Number

GEFONECO2

steel fiber and sisal fiber is 1%

I
= N =)
1 ! f )

T

T

.

7 7z

e o @
'S
f

Initial Fracture Toughness (MPa e m'?)
(=]
oo

7

e
o

+0 FO.
NO Sat gp1. 3F 3

Specimen Number

FL

2 app0. 2NFCO: 2

(h) The mortar with steel fiber and sisal fiber
combined with NFC when the total content of steel

fiber and sisal fiber is

Fig. 6—Initial fracture toughness. (Note: 1 m = 39.4 in.; 1 MPa = 145.14 psi.)

36

ACI Materia

1.5%

Is Journal/September 2025



Unstable fracture toughness

Unstable fracture toughness reflects the ability of cemen-
titious composites to resist crack instability and expan-
sion under critical conditions. Figure 7 shows the vari-
ation of the unstable fracture toughness of cement mortar
with steel fibers, sisal fibers, nanocellulose single doping,
and sisal fibers in terms of volume fraction of two fibers.
It can be seen that the addition of nanocellulose and sisal
fibers can both improve the fracture toughness of concrete.
Compared to the NO blank group, the fracture toughness
of NFC0.05, NFCO0.1, NFCO.15, and NFCO0.2 increased by
1.37%, 4.48%, 8.77%, and 14.6%, respectively (Fig. 7(e)).
This indicates that as the NFC content increases, the cement
mortar continuously shows an increasing trend, indi-
cating that 0.2% of NFC has the best improvement effect
on cement mortar. FF0.1, FF0.2, and FF0.4 increased by
2.89%, 5.47%, and 15.01%, respectively, compared to the
NO blank group (Fig. 7(b)). However, compared to steel
fibers, their improvement effect was not very significant.
SF1, SF1.5, and SF2 reached 5.39 MPa-m!? (4.9 kip-in."?),
8.67 MPam'? (7.89 kip-in.'?), and 11.43 MPam'?
(10.4 kip-in."”?), respectively, which increased by 278.07%,
509.35%, and 704% compared to NO, as shown in Fig. 7(a).
This indicates that steel fibers contribute much more to the
improvement of cement mortar than NFC and sisal fibers.
Figures 7(c) and (d) illustrate the unstable fracture toughness
of cementitious composites with 1% and 1.5% steel fiber
content, respectively, when sisal fibers (at volume fractions
0f0.1%, 0.2%, and 0.4%) replaced the steel fibers. In the case
of a total fiber content of 1%, the cementitious composites,
when sisal fibers replaced the steel fibers, exhibited varying
degrees of improvement compared to SF1, with increases of
22.52%, 45.52%, and 27.97% for volume fractions of 0.1%,
0.2%, and 0.4%, respectively. Similarly, in the case of a total
fiber content of 1.5%, the composite specimens SF1.4FF0.1,
SF1.3FF0.2, and SF1.1FF0.4 exhibited different degrees of
improvement compared to SF1.5, with increases of 5.15%,
16.35%, and 10.34%, respectively. These results indicate
that the ability to resist crack instability and propagation is
superior in composites with a combination of steel and sisal
fibers compared to those with steel fibers alone.

Figures 7(g) and (h) depict the influence of the combined
action of nanocellulose, sisal fibers, and steel fibers on the
fracture resistance of cement mortar. When 0.2% nanocel-
lulose was further incorporated into the steel-sisal hybrid
fiber system, further improvement was achieved. Compared
to SF0.8FF0.2, the addition of nanocellulose resulted in
an increase of 16.35% to 9.1 MPa-m'? (8.28 kip-in."?).
Compared to SF1.3FF0.2, SF1.3FF0.2NFC0.2 reached
11.14 MPam'? (10.1 kip-in."?), indicating a 10.52%
improvement. This enhancement is attributed to the micro-
crack blocking effect of nanocellulose, which inhibits the
formation of microcracks. At the same time, nanoscale NFC
acts as a filler to improve the compactness of the cementitious
matrix, enhancing crack resistance and preventing crack
propagation at critical states in cementitious composites.
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Fracture energy

The fracture energy calculation results for each mixture
proportion are shown in Fig. 8. It can be observed that steel
fibers had the most significant enhancing effect on the Gr
of cementitious mortar (Fig. 8(a)). This is because steel
fibers at the macroscopic scale can function as a bridge,
impeding crack propagation and converting the failure
mode of the cementitious mortar toward ductile fracture,
thereby increasing the energy absorption capacity of the
specimens. However, the inclusion of single sisal fiber does
have a significant effect on enhancing the Gr of cementitious
mortar, as shown in Fig. 8(b).

Figures 8(c) and (d) illustrate the fracture energy of cemen-
titious composites with 1% and 1.5% steel fiber content,
respectively, when sisal fibers were used as a replacement at
different volume percentages (0.1%, 0.2%, and 0.4%). For a
total fiber content of 1% (including steel and sisal fibers), as
the sisal fibers gradually replaced the steel fibers, the fracture
energy, Gp, initially increased and then decreased. Among
the different combinations, the SFO.8FF0.2 sample exhib-
ited the highest G of 3890.04 N/m (265.2 Ib/ft). This value
was 29.31%, 8.91%, and 7.09% higher than that of SFI,
SF0.9FF0.1, and SF0.6FF0.4, respectively. These results
indicate that the optimal combination of steel and sisal fibers
can improve the energy absorption capacity of cementitious
composites, depending on the specific fiber content. Similar
trends were observed for a total fiber content of 1.5% as the
sisal fibers replaced the steel fibers. The SF1.3FF0.2 sample
demonstrated the highest Gr of 5501.92 N/m (375.1 1b/ft),
which was 25.97%, 8.79%, and 5.45% higher than that of
SF1.5, SF1.4FF0.1, and SF1.1FF0.4, respectively. There-
fore, SF1.3FF0.2 represents the optimal fiber combination
for achieving the highest energy absorption capacity under a
total steel-sisal fiber content of 1.5%.

Figures 8(e) and (f) illustrate the influence of the addition
of nanocellulose alone and the combined effect of nanocellu-
lose and sisal fiber on the fracture energy of cement mortar.
It can be observed that although the addition of nanocellu-
lose can enhance the fracture properties of cement mortar to
some extent, with NFC0.05, NFC0.1, NFCO0.15, and NFCO0.2
achieving increases of 9.29%, 8.85%, 19.83%, and 27.59%,
respectively, in comparison to NO, its effect is far inferior
to that of steel fiber. This can be attributed to the structural
scale of fiber-reinforced materials, wherein nanocellulose
primarily contributes to the nanoscale enhancement of
cementitious composites but does not alter the macroscopic
brittle fracture characteristics of cement mortar. It is worth
noting that, compared to the addition of sisal fiber alone, the
inclusion of nanocellulose in FFO.INFC0.2, FF0.2NFC0.2,
and FF0.4NFCO0.2 increased the fracture energy by 13.74%,
82.03%, and 48.47%, respectively, highlighting the favor-
able synergistic effect between nanocellulose and sisal
fibers, which enhanced the energy absorption capacity of
cement mortar. Figures 8(g) and (h) demonstrate the impact
of the combined effect of nanocellulose, sisal fibers, and steel
fibers on the fracture energy of cement mortar. Compared
to SF0.8FF0.2 and SF1.3FF0.2, the experimental groups
SF0.8FF0.2NFC0.2 and SF1.3FF0.2NFC0.2, with the
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addition of NFC at a mass fraction of 0.2%, exhibited frac-
ture energy increases of 19.12% and 6.03%, respectively.

Synergy of fibers

Three kinds of fibers were used in the research. Among
them, the bending capacity and fracture resistance witnessed
a surge when more steel fibers were added, while replacing

ACI Materials Journal/September 2025

steel fibers with mild volumes of sisal fibers or adding NFC
to the system can also enhance the properties. Replacing
0.2% of sisal fibers can increase the load capacity, K},

7, and Gr 29.17%, 12.87%, 45.35%, and 29.31% more
than that of 1% mono-steel-fiber reinforcement, and 12.01%,
16.91%, 16.26%, and 25.97% more than that of 1.5% mono-
steel-fiber reinforcement. In contrast, the load capacity,
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K Ki" and G of the 2% mono-sisal-reinforced mortar was
only 5.6%, 11.8%, 5.6%, and —0.75% more than the non-
reinforced group NO. That is because monofiber composites
with high-stiffness fibers exhibit high ultimate strength, low
strain capacity, and small crack widths, whereas those with
low-stiffness fibers have low ultimate strength, high strain
capacity, and large crack widths. A hybrid composite with an
appropriate volume ratio of high- and low-stiffness fibers is
anticipated to concurrently enhance ultimate strength, strain
capacity, and crack width characteristics.?’

Furthermore, when adding 2% of NFC to the system
containing 1.0% macrofibers, the load capacity, Kj*, Ki”,
and G could grow 10.34%, 13.25%, 16.37%, and 19.12%
more. When adding 2% of NFC to the system containing
1.5% macrofibers, the load capacity, Kj, K}, and G could
grow by 13.78%, 18.89%, 10.52%, and 6.03%, respectively.
When adding NFC singly to the mortar without fibers, the
load capacity, Kj¥, Ki#, and G grew by 34.3%, 18.46%,
14.79%, and 27.59%, but the absolute values were very low
due to the relatively poor ability of the no-fiber group. That
is because the large macrofibers bridge the big cracks and
provide toughness, while microfibers can block the initia-
tion and propagation of cracks by reducing the generation of
microcracks and blunting the crack tips.*® Microfibers also
improve the pullout response of macrofibers by improving
the properties of the internal zone area between macrofi-
bers and the mortar, thus producing composites with higher
strength and toughness.?* Consequently, the combination of
micro and macrofibers can yield a more distinct effect than
adding them singly.

CONCLUSIONS

This study investigates the influence of nanocellulose,
sisal fibers, and steel fibers on the fracture characteristics
(initial fracture toughness, unstable fracture toughness, and
fracture energy) of fiber-reinforced cementitious composites
(FRCC). Through experimental investigations and analyt-
ical study, the following conclusions can be drawn:

1. Compared to cement mortar without fibers, the addition
of steel fibers, sisal fibers, and nanocellulose individually
enhanced the fracture properties of cementitious composites
to some extent. Among them, steel fibers exhibited the best
fracture-impeding properties of cement mortar.

2. For both overall volume fractions of 1% and 1.5%
of macrofibers, the fracture properties of the cementi-
tious composites increased when the steel fibers were
mildly replaced by sisal fibers. An optimum combination
ratio exists between the steel and sisal fibers, indicating a
balancing point between fracture-impeding properties and
price/environment. Under total macrofiber volume fractions
of 1% and 1.5%, the 0.2% replacement of steel fibers with
sisal fibers (SF0.8FF0.2 and SF1.3FF0.2) exhibited the best
fracture-impeding properties.

3. In the hybrid fiber combination containing steel
and sisal fibers, the addition of nanocellulose further
increased the fracture properties of the cement mortar, with
SF0.3FF0.2NFCO0.2 exhibiting the best performance. This
indicates that nanocellulose synergizes with sisal and steel
fibers, achieving a multiscale enhancement effect.
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This study investigates the feasibility of using a hybrid combina-
tion of scrap tire recycled steel fiber (RSF) and manufactured steel
fibers (MSF) in concrete pavement overlay applications. A total
of five concrete mixtures with different combinations of MSF and
RSF, along with a reference concrete mixture, were studied to eval-
uate fresh and mechanical properties. The experimental findings
demonstrate that the concretes incorporating a hybrid combination
of RSF with hooked-end MSF exhibit similar or higher splitting
tensile strength, flexural strength, and residual flexural strength
compared to that of concretes containing only hooked-end MSF,
straight MSF, or RSF. This enhanced mechanical performance can
be ascribed to the multiscale fiber reinforcement effect that controls
different scales (micro to macro) of cracking, thereby providing
higher resistance to crack propagation. The concretes containing
only RSF show lower splitting tensile strength, flexural strength, and
residual flexural strength compared to concrete solely reinforced
with straight MSF or other steel fiber-reinforced concrete (SFRC)
mixtures due to the presence of various impurities in the RSF such
as thick steel wires, residual rubber, and tire textiles. Interestingly,
blending RSF with hooked-end MSF overcomes these limitations,
enhancing tensile strength, flexural strength, and residual flexural
strength, while significantly reducing costs and promoting sustain-
ability. Last, the findings from the pavement overlay design suggest
that using a hybrid combination of RSF with hooked-end MSF can
reduce the design thickness of bonded concrete overlays by 50%
compared to plain concrete without fiber reinforcement, making it
a practical and efficient solution.

Keywords: hybrid recycled and manufactured steel fibers; mechanical
properties; multiscale fiber reinforcement; overlay design; recycled steel
fibers (RSF).

INTRODUCTION

Owing to global population growth and expanding urban-
ization, a significant amount of tire scrap is generated by
vehicles using road networks. This has resulted in various
environmental concerns because of the alarming situations
regarding the management and disposal of scrap tires. In
2021, approximately 5.03 million tons (4.56 million tonnes)
of scrap tires were generated in the United States alone,
and 0.73 million tons (0.66 million tonnes) of them were
disposed of in landfills.! There has been a continuous effort
by the U.S. Tire Manufacturers Association (USTMA) and
the Texas Commission on Environmental Quality (TCEQ)
to ensure a sustainable and circular end-use market for scrap
tires.!"? In the processing of scrap tires, approximately 15%
of the total weight of tire waste can be extracted as steel
fibers with irregular shapes and varying dimensions, along-
side the production of ground rubber. These recycled steel
fibers (RSF) obtained from waste tires have been used as
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reinforcement in concrete.’ Life cycle assessment studies
indicate that processing RSF consumes less energy compared
to conventionally manufactured steel fiber (MSF).® Inter-
estingly, using all the scrap tire RSF available in the U.S.
market to replace conventional steel reinforcement (either
reinforcing bar or traditional steel fibers) could lead to a
reduction in CO, emissions of 245 million tons (222 million
tonnes).” Moreover, unsorted RSF are significantly cheaper
than MSF.®

There are several existing studies on the use of steel fibers
obtained from waste tires as reinforcement in concrete.>¢%-12
However, the majority of the existing studies on RSF-
reinforced concrete have been conducted in European
nations and the United Kingdom,»>®!12 indicating a
predominant focus on RSF-reinforced cementitious mate-
rials in that region. The mechanical properties of concrete
reinforced with RSF—namely, compressive strength, split-
ting tensile strength, and flexural strength—did not show
significant reduction compared to concrete with hooked-end
MSF.* In another study, RSF-reinforced concrete speci-
mens demonstrated comparable post-cracking behavior to
that of MSF-reinforced concrete, exhibiting good energy
absorption and residual flexural strength after cracking.’
However, using a higher volume fraction of RSF in concrete
lowered the post-cracking performance of RSF-reinforced
concrete.'’ The effectiveness of RSF-reinforced concrete
can be attributed to the similar or even higher bond strength
between RSF and the cement matrix compared to MSF due
to the increased roughness of the RSF surface resulting
from adhered residual rubber.®!# Recent research conducted
by Wang et al.!' showed that longer fibers significantly
improve the flexural strength and residual strength of RSF-
reinforced concrete. Therefore, according to the literature,
RSF-reinforced concrete appears to be a promising candi-
date for both structural and nonstructural applications.*

With the rapid advancements in tire recycling technology,
waste tire processing plants in the United States have adopted
better techniques for extracting high-quality RSF, character-
ized by minimal rubber residue adhering to their surfaces.
The increased awareness of sustainability and lack of exper-
imental data to facilitate design warrants the research of
using of RSF to reinforce cementitious composites in the
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United States. However, because of the smaller size of the
RSF, using RSF alone may only control smaller cracks in
concrete. The use of RSF with longer MSF can be of signif-
icant potential to effectively mitigate varying levels of crack
widths and offer multiscale fiber reinforcement. Addition-
ally, using the larger fiber can help retain mechanical inter-
locking within the concrete matrix and limit the ingress of
various aggressive ions into the concrete.

The mechanical behavior of hybrid manufactured/recycled
steel fiber-reinforced concrete (SFRC) was investigated by
Martinelli et al.!® Their experimental results indicate a negli-
gible influence of the addition of fibers in terms of compres-
sive strength, whereas a decrease in the post-cracking perfor-
mance was observed for specimens with higher fractions of
recycled fibers. Nevertheless, an increase in the equivalent
fracture energy was observed for fiber-reinforced concrete
(FRC) specimens with respect to the plain concrete, even for
the case of a total replacement of MSF with RSF. Another
research study demonstrated that manufactured fibers can be
replaced by an equal amount of recycled fibers without a
significant decrease in post-cracking toughness, compared
to the MSF-reinforced concrete, provided that the recycled
fibers present suitable geometrical characteristics.!> The
enhanced mechanical performance of hybrid fiber systems
containing long and short fibers is attributed to their capa-
bility to control different scales of cracks—that is, micro-
and macroscale cracks.'®?' Furthermore, there are various
studies on hybrid metallic and synthetic FRC systems!”-?*24
reporting a similar trend in the mechanical properties.

The application of concrete overlays is a cost-effective
solution for the rehabilitation and maintenance of deterio-
rated concrete and asphalt pavements. The thickness of a
concrete overlay is primarily determined by the concrete
material properties, assuming traffic loads, climatic features,
and the condition of the existing pavement are the same.?>?
Thus, it is crucial to design concrete mixtures incorporating
a hybrid combination of RSF and longer MSF to achieve
maximum flexural strength and residual flexural strength. To
the best of the authors’ knowledge, there are limited studies
on the use of RSF and hybrid RSF/MSF in slab-on-ground
and pavement applications,?”?® and no studies have been
conducted specifically focusing on pavement overlay appli-
cations in the United States.

This research work aims to investigate the feasibility of
using a hybrid combination of RSF and MSF in concrete to
achieve multiscale fiber reinforcement for pavement overlay
applications. Two types of MSF—that is, hooked-end and
straight—and RSF obtained from scrap tires were used in
the present investigation. A total of five concrete mixtures
with different combinations of MSF and RSF were studied
for fresh and mechanical properties, along with a reference
concrete mixture without any fiber reinforcement. Subse-
quently, the full-range load-deflection response for the flex-
ural behavior of SFRC mixtures was evaluated to obtain the
residual flexural strength (f2), toughness (71,), and equiv-
alent flexural strength ratio (R? s50) using ASTM C1609/
C1609M.% Finally, based on the flexural and residual flex-
ural strength values obtained for all concrete mixtures, a
pavement overlay design was performed to determine the
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Fig. 1—Particle size distribution of coarse and fine aggre-
gates used in this study.

thickness of the bonded SFRC overlay on an existing asphalt
pavement, often called whitetopping.

RESEARCH SIGNIFICANCE

Using FRC in overlays is one of the effective ways to
repair and rehabilitate pavements.’*3! This research explores
the synergistic use of RSF obtained from scrap tires with
larger-sized manufactured steel fibers. The proposed hybrid
fiber combination may effectively mitigate varying levels of
crack widths by providing multiscale fiber reinforcement,
thereby enhancing resistance to crack opening and propaga-
tion. Because the United States is a major source of scrap tire
generation, the effective use of RSF in concrete can signifi-
cantly reduce costs and promote sustainability in construction.

EXPERIMENTAL INVESTIGATION

Materials

First, the physical characteristics of coarse and fine aggre-
gates—that is, particle size distribution, bulk specific gravity,
and absorption capacity’>—were measured. The particle
size distribution of both coarse and fine aggregates used in
this study is given in Fig. 1. In this work, portland lime-
stone cement (Type IL) and two types of steel fibers—that
is, manufactured and recycled—were used. The hooked-end
MSF used in this study (refer to Fig. 2) had a circular cross
section with an aspect ratio of 64 (/= 1.38 in. [35 mm], d =
0.02 in. [0.55 mm]). The RSF used in this investigation was
provided by a tire recycler located in Texas. The RSF had a
circular and tortuous cross section with an average aspect
ratio of 55 (average /= 0.6 in. [15 mm], average d=0.012 in.
[0.32 mm]) based on a previous study.** Most of the RSF had
a diameter less than 0.02 in. (0.5 mm), with an average diam-
eter of 0.012 in. (0.32 mm). The length of fiber was within the
range of 0.2 to 1 in. (5 to 25 mm), averaging 0.6 in. (15 mm),
while aspect ratios of most of the RSF were between 20 and
70 with an average value of 55.** As shown in Fig. 3, the
RSF is a mixture of steel fibers, steel wires, loose residual
rubber, and tire textiles. To compare the mechanical perfor-
mance of concrete reinforced with a hybrid combination of
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Fig. 2—Types of steel fibers used in this study: (a) hooked-end MSF; (b) straight MSF, and (c) RSF.

Fig. 3—Various constituents of RSF (reprinted from Shi et al.*

RSF and hooked-end MSF, concrete incorporating a hybrid
combination of hooked-end MSF with similarly sized steel
fibers to RSF—that is, straight MSF, was considered. The
straight MSSF has a circular cross section with an aspect ratio
of 65 (/=0.5 in. [13 mm], d = 0.008 in. [0.2 mm]). Based
on a study the authors completed, a steel fiber volume frac-
tion of 1.5% was determined as the optimum fiber dosage®®
for maximizing residual flexural strength. As a result, a steel
fiber volume of 1.5% was considered for all SFRC mixtures
in the present investigation. A high-range water reducer
(HRWR) was used to improve the workability of the refer-
ence and SFRC mixtures. The raw material properties are
summarized in Table 1.

Mixture design

The concrete mixtures studied in this research work were
designed to meet the Class CO requirements specified in the
Texas Department of Transportation standard,*® which are
required to have a minimum 56-day compressive strength
of 4600 psi (31.72 MPa). All the concrete mixtures used a
water-cement mass ratio of 0.40. For the concrete overlay, a
design slump value ranging from 3 to 5 in. (75 to 125 mm)
was targeted.*® It is important to note that the volume fraction
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with permission from Sage Journals). (Note: 1 cm = 2.54 in.)

calculations for SFRC mixtures with RSF were performed
using a density of 490 Ib/ft* (7850 kg/m®). The mixture
proportions for reference concrete and SFRC are detailed
in Table 2. In SFRC, a common problem is that both MSF
and RSF can easily form fiber clumps in concrete mixtures,
thereby reducing the quality of the concrete. To alleviate
this issue, the best mixing and casting measures to produce
uniform, high-quality SFRC mixtures were examined. The
authors explored various mixing approaches to uniformly
disperse steel fibers into the concrete mixture, including
intermediate mixing and end-stage mixing proposed by
different researchers.>>” Through experimental trials, the
mixing procedure outlined by Shi et al.*> was found to be
more suitable for the author’s SFRC mixtures and was there-
fore adopted for preparing all SFRC mixtures considered
in this study. The concrete mixtures were prepared using a
stand mixer and the stepwise mixing process is detailed here:
»  First, add the coarse and fine aggregates to the Hobart
mixer with three-quarters of the water containing
HRWR and mix for 1 minute
e Then, add the cement and mix it with other constituents
for 1 minute
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Table 1—Raw material properties

Material Specific gravity Typical size Other information
Cement 3.15 Not available Type IL
Coarse aggregate 2.45 0.75 in. (19 mm) Absorption capacity: 2.51%
Fine aggregate 2.60 0.19 in. (4.75 mm) Absorption capacity: 0.80%
/=1.38 in. (35 mm), Aspect ratio: //d = 64
Hooked-end steel fiber 785 d=0.02 in. (0.55 mm) Tensile strength: 174,045 psi (1200 MPa)
. [=0.51in. (13 mm), Aspect ratio: //d = 65
h 1 fi . . . .
Straight steel fiber 78 d=0.008 in. (0.2 mm) Tensile strength: 385,800 psi (2660 MPa)
Average /= 0.6 in. (15 mm), o
Recycled steel fiber 7.65 to 7.85 Average d = 0.012 in. (0.32 mm) Average aspect ratio: //d = 55

Table 2—NMixture proportion of reference and
SFRC mixtures, Ib/yd® (kg/m?)

Quantity
Materials Reference concrete SFRC

Cement 565 (335) 565 (335)
Coarse aggregate 1714 (1017) 1714 (1017)
Fine aggregate 1372 (814) 1372 (814)
Water 226 (134) 226 (134)
HRWR 2.83 (1.68) 5.65 (3.35)

Fiber — 198 (118)

e Add the rest of the water and mix all the constituents for
a duration of 2 minutes
¢ Once the mixture becomes consistent and flowable,
manually disperse steel fibers into the concrete mixture
and continue mixing for 3 minutes
*  Stop the mixer and cover the mixer with a polypro-
pylene (PP) sheet, allowing it to rest for 3 minutes
*  Finally, restart the mixer and mix the concrete mixture
for 2 minutes
This research work involved a total of six concrete
mixtures, as summarized in Table 3. After the concrete
mixture was prepared, fresh properties including slump, unit
weight, and air content were measured. Subsequently, the
specimen casting was completed within 15 to 20 minutes
after measuring the fresh properties. A higher than the usual
amount of effort was made to consolidate the mixture and
screed the surface of the SFRC specimens containing only
hooked-end MSF and a hybrid combination of hooked-end
and straight MSF. However, the incorporation of RSF in
concrete did not show much difficulty in finishing. The
prepared specimens were stored in a room with a constant
temperature of 73.4°F (23°C) and covered by a plastic sheet
to prevent moisture loss. After 24 hours, specimens were
demolded and kept for curing in a standard moist room
(73.4°F [23°C], 100% relative humidity [RH]) for additional
periods of 2, 6, and 27 days.

EXPERIMENTAL METHODS
Fresh properties
The fresh properties of SFRC mixtures including slump, unit
weight, and air content were measured according to ASTM
C143/C143M* and ASTM C138/C138M.,*° respectively.
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Fiber dispersion

Ensuring uniform dispersion of steel fibers is a crucial
aspect in SFRC mixtures, as the formation of fiber clumps
significantly lowers the quality of concrete. In this study, the
authors explored intermediate and end-stage mixing tech-
niques to address this issue*>*” and X-ray computed tomog-
raphy (CT) was employed to examine the distribution of
steel fibers in various SFRC mixtures. The aim was to assess
fiber dispersion and compare X-ray CT images between
SFRC mixtures containing single fibers and those containing
a hybrid combination of longer and shorter fibers.

To examine fiber distribution through CT scans, an indus-
trial 225 kV CT scanner was used. The scanner was oper-
ated at voltage and current settings of 115 kV and 95 mA,
respectively, with a focal spot size of 120 microns. A series
of several thousand images were taken over 360 degrees
of rotation on SFRC cylinder, measuring 4 x 8 in. (100 x
200 mm) from the top. It is noteworthy that to eliminate
streak artifacts caused by the hybrid fiber system combining
RSF and hooked-end MSF, the voltage and current settings
were adjusted to 225 kV and 125 mA, respectively. The
radiographs were reconstructed using NSI efXct reconstruc-
tion software, and the reconstructed volume was imported
into Volume Graphics software to obtain complete volume
data and image stacks.** An example cross section from a
typical X-ray CT image of SFRC mixtures containing RSF
and a hybrid combination of RSF and hooked-end MSF is
presented in Fig. 4. It appeared that the steel fibers were
well dispersed in the concrete matrix without the forma-
tion of clumps. Further, a greater number of fibers aligned
parallel to the filling plane adjacent to the wall of the cylin-
drical specimen and on the top while undergoing the filling,
tamping, and vibrating process. This phenomenon, known
as the wall effect, is commonly exhibited in FRCs.*! During
the casting process, fibers tended to align parallel to the
mold walls, resulting in a non-uniform fiber distribution.
This led to a higher concentration of fibers near the edges
of the concrete specimens compared to the center, due to
the physical constraints because of the mold boundaries.
Additionally, a visual examination of the failure planes of
SFRC specimens following the execution of splitting tensile
and flexural tests was conducted. It was observed that the
fibers were uniformly dispersed without clumping within the
concrete matrix, as illustrated in Fig. 5.
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Table 3—Summary of various mixtures prepared

Mixture abbreviation Mixture details Fiber volume fraction, %
REF Plain concrete mixture (that is, without fiber reinforcement) NA
M(H) SFRC mixture with only hooked MSF 1.5
M(S) SFRC mixture with only straight MSF 1.5
R SFRC mixture with only RSF 1.5
M(H)(S) SFRC mixture with an equal amount of hooked-end and straight MSF (that is, 0.75% each) 0.75+0.75=1.5
RM(H) SFRC mixture with an equal amount of hooked-end MSF and RSF (that is, 0.75% each) 0.75+0.75=1.5

Fig. 4—X-ray CTimages of SFRC cylindrical specimen with
dimensions of 4 x 8 in. (100 x 200 mm) containing: (a) RSF;
and (b) hybrid combination of hooked-end MSF and RSF.

Mechanical properties

The mechanical properties—namely, compressive
strength, dynamic modulus of elasticity (MOE), splitting
tensile strength, and flexural strength—of all the concrete
mixtures at 3, 7, and 28 days were evaluated. The compres-
sion test was conducted according to ASTM C39/C39M.#
Cylindrical specimens with dimensions of 4 x 8 in. (100 x
200 mm) were uniaxially loaded under compression at a
loading rate of 35 psi/s (0.25 MPa/s) using a universal testing
machine (UTM) with a capacity of 1124 kip (5000 kN) to
measure compressive strength. According to ASTM C215,%
the dynamic MOE of concrete specimens was assessed.
A steel ball of diameter of 0.4 in. (10 mm) was used as
an impact source for generating incident stress waves in
cylindrical concrete specimens with the same dimensions
that were used for compressive strength measurements.
The longitudinal fundamental resonant frequencies were
measured by an accelerometer that was used to calculate
the dynamic MOE of the concrete specimens. The splitting
tensile strength of the concrete specimens was determined
by ASTM C496/C496M* using 4 x 8 in. (100 x 200 mm)
cylindrical specimens. The test was performed using the
UTM at a loading rate of 2.5 psi/s (0.017 MPa/s).
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The flexural strength of concrete beams was obtained by
performing the third-point loading test in accordance with
ASTM C78/C78M.% Specimens with dimensions of 4 x
4 x 14 in. (100 x 100 x 350 mm) were loaded at the rate of
2.5 psi/s (0.017 MPa/s) using the UTM to obtain flexural
strength. Finally, the full-range (prior-cracking and post-
cracking) load-deflection curves for the flexural behavior of
SFRC mixtures were studied to obtain ductility and tough-
ness parameters using ASTM C16092° at 28 days. The beams
with dimensions of 4 x 4 x 14 in. (100 x 100 x 350 mm)
tested on a 12 in. (300 mm) span were loaded at their
third points with a linear variable differential transformer
(LVDT) to measure the midpoint deflection on each side.
A metallic frame with screws was fixed to the neutral axis
of the concrete beam above the support points, and LVDTs
were mounted on each side of the frame as shown in Fig. 6.
The load versus deflection was recorded to get ductility and
toughness parameters for various SFRC mixtures. It should
be noted that all the mechanical tests were performed on a
set of three specimens for each mixture at all curing ages
considered in this study.

Pavement overlay design

It has been reported that the addition of macrofibers to
plain concrete increases the flexural and ultimate capaci-
ties of concrete pavement slabs.?> For FRC, residual flex-
ural strength (fB,) is a representative material property
that quantifies the benefits of the addition of macrofibers
into plain concrete after it has cracked. Essentially, it is the
post-cracking flexural strength of FRC corresponding to the
residual load (Pf,) at a net deflection of L/150. Therefore,
for the design of concrete pavement overlay with macrofi-
bers, effective flexural strength (f;4) was used as that of the
standard flexural strength (f}). This effective flexural strength
is the sum of residual flexural strength () and standard
flexural strength?>-? as given in Eq. (1).

Jer=11+ 1o (1

This design approach was proposed by Altaoubat et al.>°
and validated by small and large-scale testing of FRC slabs
in the lab. The approach was then adopted by the American
Concrete Pavement Association (ACPA) to design concrete
overlay. There are several design procedures and software
applications available for bonded and unbonded overlays.?
In this study, a bonded overlay of concrete over asphalt
pavement (located in Texas) was considered and is discussed
in detail in the subsequent sections.
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(b)

Fig. 5—Visual inspection of failure plane of SFRC specimens: (a) with RSF after performing splitting tensile; and (b) with

hooked-end MSF performing flexural test.

Fig. 6—Experimental setup of flexural test of SFRC beam using third-point loading applying ASTM C1609.

The design procedure adopted in this study was based
on the Bonded Concrete Overlay on Asphalt Thickness
Designer (BCOA), developed by the ACPA.* The overlay
design process consists of two steps. The first step requires
input of traffic data corresponding to the type of street. In
this investigation, a residential street was taken as a case
study, and the traffic parameters over the pavement during
the design life are outlined in Table 4. The second step entails
specifying the properties of existing pavement (in this case,
asphalt pavement) and subgrade properties. Table 5 pres-
ents the input properties of the existing asphalt pavement
and subgrade for the design of the bonded overlay over the
asphalt pavement. For all SFRC and reference cases, the
same design input parameters such as traffic loading, design
life, subgrade properties, and pre-overlay surface preparation
were maintained, except for the mechanical properties—that
is, flexural strength (or modulus of rupture [MOR]) and
residual strength of the SFRC mixtures. The reliability and
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percentage of slabs cracked at the end of design life were
assumed to be 85% and 20%, respectively.

The software specifies a range for the average 28-day
flexural strength that spans from 500 to 850 psi (3.45 to
5.86 MPa), disregarding values outside of this range for
overlay design purposes. A similar restriction applies to
the MOE of concrete. Considering these limitations and
ensuring a reasonable comparison between the different
concrete mixtures, the MOR and MOE of concrete values
were scaled down by a constant scaling factor by estab-
lishing higher limit values as a reference. The mechanical
properties of various SFRC mixtures examined in this study
at 28 days are presented in Table 6.

RESULTS AND DISCUSSION
Concrete fresh properties
From the experiments, the slump value for the reference
concrete was observed to be 4 in. (100 mm); whereas, for
each of the SFRC mixtures, a slump of 0 in. (0 mm) was
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Table 4—Traffic input data for residential street
located in Texas

Input Value

Two-way average daily traffic (ADT) 500
Growth rate, % 2

Design life, years 30

Directional distribution factor, % 50

Design lane distribution factor, % 100
Percent trucks, % 2

Design lane equivalent single axle load (ESAL) 125,862

Table 5—Properties of existing asphalt pavement
and subgrade

Input Value
Remaining asphalt thickness, in. 4(101.6)
Asphalt modulus of elasticity, psi 350,000 (2413.17)
Modulus of subgrade reaction (k-value), psi/in. 150 (40.72)

recorded. The slump results show that adding steel fiber
dramatically decreased the concrete slump values. This
implies that the addition of steel fibers leads to poorer work-
ability of the concrete mixtures tested in this study. Based on
the authors’ experiences with high fiber volume fractions with
a higher water-cement ratio (w/c) concrete where the slump
was minimally affected, the role of fibers on the slump must
be considered on a case-by-case basis. Further, the slump test
is not a good indicator of the workability and consistency of
FRC, because a mixture can show a low slump while having
sufficient workability and consistency.*’ Despite the lower
slump, concrete samples were adequately consolidated for
hardened property testing. The unit weight and air content
of the various concrete mixtures are presented in Fig. 7.
The unit weight of all the SFRC mixtures was higher as
compared to the reference concrete except the concrete with
hooked-end steel fibers (refer to Fig. 7(a)). The lower unit
weight of M(H) mixture can be attributed to the increased
entrapped air resulting from the larger size and hooked-end
geometry of M(H) fibers. The larger hooked-end MSF lower
the packing density of concrete, creating larger void spaces
which in turn reduces the unit weight. This behavior was
reflected in the air content values. The concrete mixtures with
higher unit weight show lower air content (refer to Fig. 7(b)).
However, the concrete mixture with a hybrid combination
of hooked-end and straight MSF shows higher air content
despite having higher unit weight. This can be ascribed to
the combined effect of increased entrapped air and micro-
voids because of the higher number of steel fibers (due to the
smaller size of straight MSF) and poor aggregate gradation
in the concrete mixture, resulting in lower packing density.

Mechanical properties of hardened concrete

In the compression test, the reference concrete speci-
mens experienced a catastrophic brittle failure. Conversely,
SFRC specimens failed gradually in a ductile manner (refer
to Fig. 8). Similarly, in the splitting tensile test, the refer-
ence concrete specimens completely split into two halves
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Fig. 7—Fresh properties of reference and SFRC mixtures;
data represent values for single tests.

after the test, whereas SFRC specimens remained intact
with smaller crack widths, as presented in Fig. 9. The flex-
ural test predominantly showed fiber pullout failure (refer to
Fig. 5(b)), indicating ductile behavior. The failure patterns
observed across all mechanical tests clearly demonstrate the
ductile nature of SFRC mixtures.

The compressive strengths of reference and SFRC
mixtures at different curing ages are presented in Fig. 10.
The compressive strength results indicate that adding steel
fibers to plain concrete increases its compressive strength
by 15 to 20%. The concrete with straight MSF exhibits
the highest compressive strength among all the studied
concrete mixtures. This can be explained by the fact that
there is a higher number of steel fibers present in the matrix
(compared to other fibers at the same fiber volume frac-
tion) because of the smaller dimensions/size of the straight
MSF.*® When compared to straight and hooked-end MSF
concrete, the hybrid steel fiber concretes exhibit comparable
compressive strength. As expected, compressive strength
increases with the curing age of concrete specimens from 3
to 28 days for all concrete mixtures. This is mainly attributed
to the strength gained by the concrete matrix because of the
cement hydration process.

The MOE of concrete specimens marginally increased
with the addition of steel fiber, as displayed in Fig. 11. There
is no clear trend found regarding the effect of hybrid steel
reinforcement on the MOE of SFRC. As with the compres-
sive strength results, the MOE of concrete mixtures increases
with the curing age of concrete.

The splitting tensile strengths for all concrete mixtures at
various curing ages are depicted in Fig. 12. From the results,
the splitting tensile strength of SFRC is higher in compar-
ison with the reference concrete mixtures (approximately
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Table 6—Mechanical properties for SFRC mixtures considered in this study

Measured MOR, MOR used in simulation, Measured MOE, MOE used in simulation, Residual strength

Mixture psi (MPa) psi (MPa) psi (GPa) psi (GPa) ratio, %
REF 803 (5.54) 558 (3.85) 6,153,950 (42.43) 4,733,800 (32.64) 0
M(H) 982 (6.77) 682 (4.70) 6,507,840 (44.87) 5,000,000 (34.47) 58
M(S) 1054 (7.27) 732 (5.05) 6,507,840 (44.87) 5,000,000 (34.47) 39
R 865 (5.96) 601 (4.14) 6,348,300 (43.77) 4,883,300 (33.67) 24
M(H)(S) 1221 (8.42) 850 (5.86) 6,507,840 (44.87) 5,000,000 (34.47) 47
RM(H) 1022 (7.05) 710 (4.90) 6,251,120 (43.10) 4,797,690 (33.08) 54

(a)

(b)

Fig. 8—Comparison of failure pattern for: (a) reference concrete; and (b) SFRC after compression tests.

(b)

Fig. 9—Comparison of failure pattern for: (a) reference concrete; and (b) SFRC after splitting tensile tests.

20 to 70%). The concrete containing only hooked-end MSF
shows higher splitting tensile strength compared to other
SFRC mixtures (refer to Fig. 12(a)). This can be attributed
to the geometry of the fiber, specifically the hooked-end.
The larger-size hooked-end fiber enhances mechanical inter-
locking within the concrete matrix, resulting in increased resis-
tance to crack opening and thus higher strength. The concrete
mixtures with hybrid steel fibers—that is, M(H)(S) and
RM(H)—demonstrate comparable splitting tensile strengths to
those comprising only hooked-end and straight MSF. The
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similar strength performance of hybrid steel fiber concrete
mixtures might be due to the multiscale fiber reinforce-
ment provided by the hybrid combination of fibers with
varying lengths. The combination of longer and shorter-
length fibers can effectively control different scales of
cracking (that is, micro- to macrocracks) under tensile or
flexural loading, as illustrated in Fig. 13. This observation
aligns with findings reported in the previous research studies
on hybrid combinations of metallic fibers (hooked-end
MSF) and synthetic fibers (polyester), as well as a hybrid
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combination of different synthetic fibers such as polyvinyl
alcohol (PVA) and PP.!"-"°

Notably, the concrete mixture containing solely RSF
exhibits a slightly lower splitting tensile strength compared
to other SFRC mixtures, with observed strength reductions
of approximately 20 to 25%. This decrease may be attributed
to the presence of various impurities in the RSF such as thick
steel wires, residual rubber, and tire textiles, as depicted in
Fig. 3. These impurities, particularly the steel wires that are
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Fig. 10—Comparison of compressive strength for different
concrete mixtures at curing ages of 3, 7, and 28 days.
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longer (in comparison to the specimen size), act as a point
of stress concentration, thereby forcing failure to initiate at
the perimeter of the steel wire under lower loads. However,
they may have a positive effect on full-scale structures with
larger cross-sectional areas such as pavements. Despite that,
the splitting tensile strength of RSF-reinforced concrete is
still approximately 20 to 25% higher than that of the refer-
ence concrete. Interestingly, the splitting tensile strength
values reveal that blending RSF with hooked-end MSF
can compensate for the lower tensile strength observed in
concrete mixtures containing RSF alone. An increase of
approximately 25% was observed because of this blending.
The hybrid combination of straight and hooked-end MSF
does not appear to offer additional benefits from the multi-
scale fiber reinforcement effect.

Figure 14 illustrates the flexural strength of both refer-
ence and SFRC mixtures at different curing ages. The results
indicate that the addition of steel fibers into plain concrete
results in a notable enhancement of flexural strength,
approximately 30%. A comparable increasing trend was
noted for compressive and splitting tensile strengths. Among
all SFRC mixtures, the mixture with a hybrid combination
of hooked-end and straight MSF shows superior flexural
strength compared to others (refer to Fig. 14). This suggests
that combining larger and smaller-size fibers might provide a
multiscale fiber reinforcement effect. The flexural strength of
concrete mixtures containing only RSF is marginally lower
compared to those containing solely straight or hooked-end
MSF. However, the decrease in flexural strength of the RSF
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Fig. 12—Variation of splitting tensile strength for different
concrete mixtures at curing ages of 3, 7, and 28 days.
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Fig. 13—Schematic showing mechanism of crack bridging in SFRC with hybrid combination of hooked-end MSF and RSF.
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reinforced concrete is more pronounced (approximately 15 to
20%) when compared to mixtures with a hybrid combination
of fibers. Furthermore, concrete with a hybrid combination
of RSF and hooked-end MSF demonstrates flexural strength
comparable to that of concretes containing only hooked-end
or straight MSF. Thus, the lower tensile capacity of concrete
mixtures containing RSF alone can be alleviated by blending
them with hooked-end MSF, as evident from Fig. 14. This
observation is consistent with the measurements of split-
ting tensile strengths. Additionally, it is worth emphasizing
that all the designed concrete mixtures meet the minimum
criteria for average compressive and flexural strength at both
7 and 28 days, as specified for concrete pavement applica-
tions.3® The results of the mechanical properties of concrete
containing only RSF and a hybrid combination of RSF and
hooked-end MSF are consistent with the values reported in
the literature.*!%15

Ductility and toughness measurements

For the design of concrete pavement overlay with macro-
fibers, effective flexural strength (f;;), which is the sum
of residual flexural strength (f)) and standard flexural
strength (f}), is often used. The standard flexural strength (1)
corresponds to flexural strength at the first-peak load. On
the other hand, toughness (7{) is the area under the load-
deflection curve from 0 to 1/150 of the span that signifies the
amount of energy absorbed by the concrete. Additionally,
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Fig. 14—Comparison of flexural strength for different
concrete mixtures at curing ages of 3, 7, and 28 days.

another commonly used parameter for FRC slab design, the
equivalent flexural strength ratio (RP ;s), is the ratio of the
toughness-based equivalent residual flexural strength (from
the area under the load-deflection curve up to L/150) to the
first-peak flexural strength. These values directly signify
the post-cracking moment capacity of an FRC slab. Table 7
summarizes the ductility and toughness parameters obtained
from the ASTM C1609 tests.

The concrete mixtures with hooked-end MSF and
hybrid combinations of fibers—that is, both M(H)(S) and
RM(H)—show higher residual flexural strength than other
concrete mixtures. The residual strength values obtained
for hooked-end MSF are in good agreement with the results
reported in the literature.”> The excellent performance of
hybrid steel fiber concrete mixtures can be attributed to the
inclusion of longer hooked-end MSF and shorter RSF or
straight MSF. The combined use of these fibers may reinforce
concrete to effectively control different scales of cracking
(refer to Fig. 13) and provide multiscale fiber reinforcement,
thereby offering higher resistance to crack opening and
propagation. The increase in residual strength resulting from
this blending is notably higher (approximately 180%) for the
hybrid combination of RSF and hooked-end MSF compared
to concrete solely containing RSF. Like other mechanical
properties, concrete mixtures with only RSF have slightly
lower residual strength compared to other SFRC mixtures
(refer to Table 7). Despite that, RSF-reinforced concrete
satisfies the 100 to 150 psi (0.69 to 1.03 MPa) residual
strength requirements for FRC overlays.?> Moreover, it meets
the requirements specified in Eq. (2) and (3), meaning that
RSF can replace (partly or completely) conventional rein-
forcement in precast applications at the ultimate limit state.*’
From Table 7, blending RSF with hooked-end MSF signifi-
cantly improves residual strength compared to concrete with
RSF only. This significantly reduces limitations associated
with the use of RSF as fiber reinforcement in various struc-
tural applications.

S
7

o
o

> 0.4 @)

> 0.5 3)

Similarly, from the toughness (773,) values, it is inferred
that concrete mixtures with a hybrid combination of steel

Table 7—Various ductility and toughness parameters obtained from ASTM C1609 test

Specimen name f1» MPa %00, MPa D50, MPa TP50, 1 R? 150, %
REF 4.44 (2%) NA NA NA NA
M(H) 5.67 (2%) 5.58 (1%) 4.04 (1%) 33.33 (1%) 76.8 (3%)
M(S) 6.64 (7%) 5.10 (4%) 2.80 (4%) 28.25 (6%) 46.4 (5%)

R 5.48 (5%) 2.97 (4%) 1.43 (5%) 16.34 (1%) 26.1 (10%)
M(H)(S) 6.79 (5%) 6.19 (1%) 3.95 (3%) 36.24 (4%) 67.1 (1%)
RM(H) 5.75 (10%) 5.55 (11%) 3.98 (10%) 31.32 (3%) 67.5 (4%)

Note: Values in parentheses are coefficient of variation (CoV); f; is peak flexural strength; 5 is residual strength at net deflection of L/600; 1 is residual strength at net deflection
of L/150; Tfy is area under load-versus-net deflection curve from 0 to L/150; R? 5, is equivalent flexural strength ratio at net deflection of L/150.

52

ACI Materials Journal/September 2025



25
MH)(S) : ;’(5:)
M(H) o M(S)
20 e R
e M(H)(S)
e RM(H)
Z 15
=3
T
©
]
- 10
5
0 T T T

T
0.0 0.5 1.0 1.5 2.0
Net deflection (mm)

Fig. 15—Typical load-deflection response for reference
concrete and SFRC mixtures obtained from ASTM C1609
experiments.

fibers possess higher toughness values among all concrete
mixtures. This indicates that concrete with a hybrid combi-
nation of fiber can absorb more energy than other concrete
mixtures before experiencing complete failure. The equiv-
alent flexural strength ratio (R? 50) demonstrates a similar
trend to that of the toughness values. The equivalent flexural
strength ratio values for straight and hooked-end MSF are
in close agreement with the findings reported in the litera-
ture.? It is important to highlight that all the designed SFRC
mixtures meet a minimum R7 ;5o of 20% required for FRC
overlay applications.?> The load-versus-deflection response
of all concrete mixtures is depicted in Fig. 15. The hybrid
steel fiber concrete mixtures show superior performance,
followed by those containing hooked-end MSF, as evident
from the load-deflection response.

Based on the findings of mechanical tests, it can
be inferred that hybrid steel fiber concrete mixtures
demonstrate similar or better mechanical performance to
concrete using solely hooked or straight MSF. Blending a
shorter RSF or straight MSF with a larger hooked-end MSF
can reinforce the concrete, effectively controlling various
levels of crack widths by providing multiscale fiber rein-
forcement. However, a hybrid combination of straight and
hooked-end MSF is neither cost-effective nor sustainable.
Hence, concrete incorporating a hybrid mixture of RSF and
hooked-end MSF presents a potentially more environmen-
tally friendly and economic alternative.

Design thickness of overlay

Figure 16 presents the design overlay thicknesses for
reference and SFRC cases. It is observed that the addi-
tion of steel fiber led to a significant reduction in concrete
overlay thickness. The concretes containing hooked-end
MSEF, straight MSF, and a hybrid combination of fibers
reduced overlay thickness from 6 to 3 in. (150 to 75 mm). It
should be noted that the overlay thickness calculated using
BCOA thickness designer based on the input parameters
was less than 3 in. (75 mm). However, the minimum recom-
mended design thickness of 3 in. (75 mm) obtained from
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Fig. 16—Design thickness of overlay for reference and
SFRC mixtures.

the BCOA thickness designer was considered for further
analysis. The results of concrete overlay thickness indi-
cate that the design thickness can be potentially reduced
by approximately 50% by the addition of steel fibers of
1.5% volume fraction. The overlay thickness yielded for
both hybrid fiber systems is very similar as compared to
the overlay thickness for concretes with only hooked-end
and straight MSF. On the other hand, the addition of RSF
into concrete ended up in a 30% reduction of overlay thick-
ness compared to the reference case. A similar range of
percentage reduction was obtained for the design thickness
of pavement using a 1.25% volume fraction of RSF.*® The
percentage reduction in the thickness of overlay obtained
for RSF is even higher in comparison with the percentage
thickness reduction reported for concrete containing modi-
fied synthetic PP fibers.>! Furthermore, blending RSF with
hooked-end MSF reduces the design thickness of the overlay
by 50%. This underscores the significance of replacing
carbon and energy-intensive, costly hooked-end MSF with
RSF without compromising the mechanical performance.

It is worth highlighting that the overlay design approach®
adopted in this research work based on effective flexural
strength can be more suitable for concrete mixtures rein-
forced with a low volume of macrofibers (producing equiv-
alent flexural strength ratio values between 20 and 50%).
In addition to that, the overlay design procedure is sensi-
tive to several factors including properties of the under-
lying asphalt, the residual strength ratio of the SFRC, joint
spacing, and pre-overlay surface preparation. Consequently,
the design thickness may vary depending on these factors.

As mentioned earlier, the ACPA software used in this
study has certain limitations regarding the input values of
flexural strength and MOE for concrete mixtures. This limits
its applicability for a wider range of concrete materials with
higher flexural strength and MOE. Given these limitations,
the design thickness values of the overlay qualitatively
provide insight into the effect of incorporating macrofibers
into plain concrete mixtures as well as the benefit offered
by a hybrid combination of steel fibers. These findings
suggest that employing a hybrid combination of RSF with
hooked-end MSF is viable for significantly reducing the
design thickness of the bonded overlay.
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To assess the long-term performance of concretes with
a hybrid combination of RSF and hooked-end MSF, it is
imperative to conduct durability tests—namely, corro-
sion resistance, abrasion resistance, freezing-and-thawing
resistance, and drying shrinkage. Furthermore, to quantify
the economic, social, and environmental benefits of using
hybrid fibers in concrete overlays, life-cycle assessment and
life-cycle cost analysis are necessary.

CONCLUSIONS

This study investigated the mechanical performance of
a hybrid combination of recycled steel fibers (RSF) and
manufactured steel fibers (MSF) in concrete designed for
pavement overlay applications. Various concrete mixtures
incorporating different combinations of RSF and MSF were
examined for fresh and mechanical properties. By using flex-
ural strength and residual flexural strength values obtained in
this study, the thickness of the bonded steel fiber-reinforced
concrete (SFRC) overlay over an existing asphalt pavement
was determined. Based on comprehensive experimental and
simulation investigation, the following conclusions can be
drawn:

1. The use of a hybrid combination of steel fibers,
comprising hooked-end MSF and RSF, improves concrete
compressive strength by 15 to 20%. However, there is no
significant enhancement in the modulus of elasticity (MOE)
of the concrete.

2. Concrete mixtures with a hybrid combination of steel
fibers demonstrate comparable or higher splitting tensile and
flexural strength when compared to those using: (a) only
hooked-end; and (b) only straight MSF.

3. The hybrid combination of steel fibers enhances concrete
post-cracking behavior in terms of ductility and toughness.

4. RSF-reinforced concrete exhibits lower flexural strength
and residual flexural strength; however, blending RSF with
hooked-end MSF achieves similar mechanical performance
compared to using hooked-end MSF alone. This in turn can
notably reduce environmental and economic impacts.

5. The incorporation of hooked-end/straight MSF or a
combination of hybrid steel fibers leads to a reduction in the
design thickness of the concrete overlay laid over asphalt
pavement by approximately 50%.

In summary, the hybrid combination of RSF with
hooked-end MSF emerges as a promising solution to pavement
overlay applications. It is important to note that this study was
only restricted to the mechanical properties of hybrid recycled
and manufactured SFRCs. Detailed examination of durability
performance remains an area for future investigation.
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This research investigates the impact of using washed waste fines
(WWF), a by-product from ready mixed concrete (RMC) plants,
as a partial replacement for natural sand in concrete. Cylindrical
(100 x 200 mm) and cubic (50 x 50 x 50 mm) mortar specimens
were created with 20% WWEF substitution. Hardened properties,
such as compressive strength, tensile strength, and ultrasonic
pulse velocity (UPV), and durability parameters, such as chloride
migration coefficient and carbonation coefficient, were evaluated.
The study also examined the microstructure of concrete using a
scanning electron microscope (SEM). Results showed that incorpo-
rating WWF enhanced both the hardened and durability properties
of concrete, increasing compressive strength by 25% compared to
the control case. Additionally, WWF decreased the non-steady-
state chloride migration and carbonation coefficients, indicating
improved durability. SEM analysis revealed a denser microstruc-
ture, and WWF incorporation reduced the permeable porosity and
absorption capacity of concrete.

Keywords: carbonation; rapid chloride migration test; ready mixed
concrete (RMC); returned concrete; washed waste fine (WWF).

INTRODUCTION

Given the current global emphasis on sustainable construc-
tion, there has been significant international interest in the
recycling and reusing of hardened concrete generated from
construction and demolition (C&D) waste."”> Numerous
principles and techniques have been established to facili-
tate the recycling of hardened concrete through cutting-edge
research. While significant interest has been shown in the
recycling of hardened concrete waste, comparatively little
attention has been given to the potential recycling or reusing
of waste generated while manufacturing fresh concrete in
ready mixed concrete (RMC) plants.

One form of fresh concrete waste commonly generated in
RMC plants is referred to as returned concrete. Based on
existing calculations, it has been observed that a truck with a
volume of 9 m? typically transports approximately 300 kg of
returned concrete daily.* Based on estimations, the propor-
tion of returned concrete amounts to approximately 0.2 to
0.4% of the total daily output. However, in periods of high
demand, this range has the potential to expand considerably,
reaching approximately 5 to 9%.* From a global standpoint,
annually, approximately 125 million tonnes of unhardened
returned concrete is disposed of as waste at RMC plants.*
These wastes are in fresh, unhardened to early hardened
states within a few hours of production. In most cases, these
waste components are often transported, either before or
during solidification, to temporary disposal sites in RMC
plants. Subsequently, they are disposed of in public land-
fills or dumping grounds as inert materials. Nevertheless, it
is worth noting that many nations have a scarcity of land
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for waste disposal,’ thereby indicating that the conventional
landfill method used for waste management may not be a
viable solution. In addition, landfill taxes exist in some coun-
tries, such as Japan, where the cost of disposal of returned
concrete in urban areas is estimated to range between 3600
and 4500 yen per m? of returned concrete.® Using recycled
concrete for landfill purposes is also not an environmentally
responsible practice. In some countries, returned concrete
is classified as hazardous material. Some possible reasons
behind this action may include the high pH (<11.5) of the
material and the possibility of it containing heavy metals.” In
the United Kingdom, for instance, if the pH value of waste
exceeds 11.5, it is classified as category H8 hazardous waste
under Technical Guidance WM2, Hazardous Waste: Interpre-
tation of the definition and classification of hazardous waste.

As a consequence of the drawbacks mentioned previ-
ously of the conventional landfill method for managing
returned concrete, it is necessary to look for economically
viable and environmentally friendly alternatives. According
to Xuan et al., “the composition of returned concrete waste
normally includes 70% or more recoverable aggregates, and
30% or less potentially unrecoverable paste.”® By washing,
sedimentation, dewatering, and filtering, returned concrete
can be separated as aggregates and slurry composed of
sand, hydrated cement particles, unhydrated cement parti-
cles, and water.” Researchers have named slurry in many
ways, such as concrete slurry waste (CSW),? fresh concrete
waste (FCW),” and sludge.”'° There are records of previous
research where CSW has been used to produce clinker.
However, its high chemical variation and high alkalinity,
SO;, and MgO contents made it inconvenient to do so.!!
In another investigation, CSW was used as a substitute
for sand or cement for concrete production, decreasing the
compressive strength of concrete.'> Audo et al.” investigated
the effect of sludge as a complete alternative to limestone
filler for producing mortar. They concluded that “28 days
compressive strength is between 30% lower to 17% higher
when the dry sludge is used instead of limestone filler.” Kou
et al.” used FCW as a replacement for sand to produce wall
partition blocks without a reduction in compressive strength
or an increase in drying shrinkage of blocks. Correia et al.'?
also investigated the recycling potential of FCW and gave
similar conclusions regarding the compressive strength of
concrete. Zervaki et al.'” replaced cement with dry sludge
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to produce mortar and assessed the hardened properties of
mortar. The results indicated that a small replacement of
cement (<2%) can improve the compressive strength of
mortar. However, excess replacements can negatively affect
compressive strength and workability. !

In Bangladesh, in RMC plants, coarse aggregate is sepa-
rated from the returned concrete in a washing plant. After
washing, the water with sand, fine aggregate, hydrated
cement, and unhydrated cement is stored in a sedimenta-
tion tank. The deposit of the sedimentation tanks is called
washed waste fines (WWF). This study focused on assessing
the feasibility of using dried WWEF as a partial sand substi-
tute for producing concrete. To achieve the objective, an
extensive investigation was conducted on mortar specimens
made with different amounts of sand replaced by WWF.!* It
was found that up to 20% replacement of natural sand with
WWEF increased the compressive strength of mortar. There-
fore, a further study was conducted on concrete samples
made with natural sand replaced by 20% of WWF with
different types of binder, such as ordinary portland cement
(OPC) and blended cement. The concrete specimens were
tested for compressive strength, ultrasonic pulse velocity
(UPV), and splitting tensile strength at different curing ages
to evaluate the effect of WWF as a sand replacement on the
mechanical properties of concrete. To understand its effect
on durability properties, a rapid chloride migration test
(RCMT) and accelerated carbonation test were conducted.
Furthermore, microstructural investigation of concrete was
conducted using a scanning electron microscope (SEM).

RESEARCH SIGNIFICANCE

The research investigates the use of WWF from RMC
plants as a partial replacement for natural sand in concrete
production. The significance of this research lies in its poten-
tial to enhance the sustainability of concrete production by
recycling or reusing waste materials, thus reducing landfill
use and environmental impact. The study demonstrates that
incorporating WWF improves the compressive strength and
durability of concrete, decreases permeability and absorp-
tion, and results in a denser microstructure. These findings

&

Sieving

(a) WWEF collected from RMC Plant
Fig. I—WWF.
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Crushing

suggest a viable, eco-friendly alternative for managing
concrete waste while improving concrete properties.

EXPERIMENTAL INVESTIGATION
Materials

For the production of concrete specimens, granite stone was
used as coarse aggregate (CA), and river sand was used as fine
aggregate (FA). The gradation of the CA and the river sand
were controlled in accordance with ASTM C33/C33M-18.1

Mortar specimens were produced using natural sand,
the gradation of which was controlled in accordance with
ASTM C778-21.16

WWF was collected from the different depths of the
sedimentation basin of a local RMC facility, as depicted in
Fig. 1. Considering the heterogeneity of the material, the
sample was collected from the different layers of the sedi-
mentation basin and then mixed to make a representative
sample. In this study, the variation in WWF’s composition
from plant to plant was not considered. In Bangladesh,
cement is produced as per BDS EN 197-1: 2003."” CEM
Type I, CEM Type II/A-M, and CEM Type II/B-M are the
most commonly used binders for RMC production across
most plants. While some variations in composition of WWF
might exist, it is likely not significantly different across
plants. However, in future studies, the variation in compo-
sition of material from plant to plant will be considered.
After collection, WWF was oven-dried at 110 £ 5°C for
24 hours. It was then crushed by using an abrasion machine
and sieved through a 4.75 mm sieve to remove larger partic-
ulates to meet the sand grading specifications. The surface
morphology, microstructure, and phase composition of the
WWEF particles were evaluated using the SEM and X-ray
diffraction (XRD), respectively. The findings from these
tests are thoroughly discussed in the “Experimental Results
and Discussion” section.

Figure 2 depicts the grading curves of CA, FA, WWF
particles, and the natural sand used for mortar produc-
tion. The grading curve reveals that the WWF adheres to
the gradation for FA specified in ASTM C33/C33M." 1t is
also apparent that WWF contributes a substantial amount of

(b) Crushed WWF
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Gradation Curve of Aggregates (Fine, Coarse and WWF)
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Fig. 2—Grading curve of aggregates.

Table 1—Physical properties of aggregates

ce@ee

- -# - Natural River Sand (as per ASTM C33)

—&— Upper Limit for Coarse Aggregate (as per ASTM C33)
—a— Lower Limit for Coarse Aggregate (as per ASTM C33)
- - - Natural River Sand (as per ASTM C778)

WWF

Coarse aggregate Fine aggregate WWE Test method

Bulk SSD specific gravity 2.75 2.56 2.36 1:?"1111\\/[/[ 21122;-_1155 ((gﬁ))::
Absorption 1.80% 1.98% 3.96% R ((‘F*‘:))lf
Unit weight (oven dry), kg/m? 1544 1509 1489 ASTM C29/C29M-232°
Unit weight (SSD), kg/m? 1572 1539 1432 ASTM C29/C29M-232°

Abrasion 22.7% — — ASTM C131-06%!

Coarse aggregate 6.5
Fine aggregate used for concrete production 3.1
Fineness modulus (FM) ASTM C136-06*
Fine aggregate used for mortar production 1.8
WWF 2.44

finer particles to the mixture. The physical properties of the
different aggregate and WWF are summarized in Table 1.

Eight distinct kinds of cement were used in this study.
These included CEM Type I (OPC), CEM Type II/A-M,"
and six different blends of slag and fly ash cement. The binary
blends were: 65% OPC + 35% slag, 50% OPC + 50% slag,
35% OPC + 65% slag, 65% OPC + 35% fly ash, 50% OPC
+ 50% fly ash, and 35% OPC + 65% fly ash. The mineral
contents were fixed at 35 to 65% for both slag and fly ash
cement to make it a similar composition as per CEM Type
III/A and high-volume fly ash cement CEM Type IV.'” To
assess the relative reactivity of slag and fly ash in the pres-
ence of WWE, the replacement percentages of these mate-
rials were maintained equally for both types of cement. The
replacements were done on an absolute volume basis. The
CEM Type II/A-M cement was sourced from a local manu-
facturer and is named PCC (portland composite cement) as
per BDS EN 197-1: 2003.7

Potable water was used to mix both mortar and concrete.
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Mixture and preparation of specimens

Tables 2 and 3 present a summary of the concrete and
mortar mixture proportions, respectively. Sixteen concrete
and 16 mortar cases were investigated in total. Different
WWEF contents (0 and 20%) and cement types (CEM Type |
[OPC], CEM Type II/A-M, 65% OPC + 35% slag, 50%
OPC + 50% slag, 35% OPC + 65% slag, 65% OPC + 35%
fly ash, 50% OPC + 50% fly ash, and 35% OPC + 65% fly
ash) were used to formulate multiple mixture proportions.
The replacement percentage was limited to 20% to examine
the influence of WWF on the hardened and durability param-
eters of concrete. The aggregates used for both the concrete
and mortar cases were in saturated surface-dry (SSD) condi-
tion, whereas the WWF was in a dry condition. The amount
of mixing water was adjusted during the mixing process
with due consideration of water absorption by WWF.

Concrete cylinders—According to the mixture proportions
summarized in Table 2, a total of 288 cylindrical concrete
specimens (100 mm in diameter x 200 mm in height) for
16 independent cases (18 cylinders per case) were produced
in accordance with ASTM C192/C192M-15.% After placing
concrete into cylindrical steel molds, the specimens were
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Table 2—Mixture proportions of concrete mixtures

CEM
CEM Typel | TypeIUA-M | 65%OPC+ | 50%OPC+ | 35%OPC+ | 65%OPC+ | 50%OPC+ | 35% OPC +
Cement type (OPC) (PCC) 35% slag 50% slag 65% slag 35% fly ash 50% fly ash 65% fly ash
Cement, kg/m’ 450 360 (80%) 293 225 158 293 225 158
Slag, kg/m? — 108 154 201 — — —
90 (20%)
Fly ash, kg/m? — — — — 95 136 176
Coarse aggregate, 958 939 958 958 958 958 958 958
kg/m
Water, kg/m’ 225 225 225 225 225 225 225 225
WWE content, |, 20 0 20 0 20 0 20 0 20 0 |2 | o0 20 0 20
volume %
Sand, kg/m? 701 | 561 | 687 | 550 | 701 | 561 | 701 | S61 | 701 | 561 | 701 | 561 | 701 | S61 | 701 | 561
WWF, kg/m? 0 129 0 127 0 129 0 129 0 129 0 | 129 o 129 | 0 129
Table 3—Mixture proportions of mortar mixtures
CEM Type [ CEM 65%OPC+ | 50%OPC+ | 35%OPC+ | 65%OPC+ | 50%OPC+ | 35%OPC -+
Cement type (OPC) Type II/A-M 35% slag 50% slag 65% slag 35% fly ash 50% fly ash 65% fly ash
Cement, 626 493 (80%) 406 313 219 406 313 219
kg/m
Slag, kg/m? — 123 185 264 343 — — —
Fly ash, kg/m? — (20%) — — — 136 194 253
Water, kg/m’ 297 297 297 297 297 297 297 297
WWFcontent, | 10 | g | 29 | o 20 0 20 0 20 0 20 0 20 0 20
volume %
Sand, kg/m® | 1251 | 1001 | 1229 | 983 | 1251 | 1001 | 1251 | 1001 | 1251 | 1001 | 1251 | 1001 | 1251 | 1001 | 1251 | 1001
WWF, kg/m® | 0 229 0 |225] o0 229 0 229 0 229 0 229 0 229 0 229

covered with plastic to prevent water loss by evaporation.
After 24 hours from the placement of the concrete, the spec-
imens were demolded and cured underwater in accordance
with ASTM C192/C192M?3 until the testing age.

Mortar cubes—A total of 48 mortar cubes (50 x 50 x
50 mm) for 16 distinct cases (three cubes per case) were
produced following the mixture proportions summarized
in Table 3. The procedure for making mortar cubes adhered
to ASTM C109/C109M-20.2* After placing mortar into the
mold, the molds were covered with a polyethylene sheet and
demolded after 24 hours. The mortar samples were cured
under water until the age of testing. These mortar cubes
were used solely for the accelerated carbonation test, and the
reason for using them can be attributed to the fact that smaller
specimens allow for a more uniform CO, exposure, reducing
the variability in carbonation depth measurements. Also,
they are easy to handle and store in carbonation chambers.
In previous studies, cube specimens of the same dimensions
have been used for carbonation depth measurement.?>2

Test procedures

Compressive strength and UPV—A total of 192 cylindrical
concrete specimens were made and tested for compressive
strength of concrete as per ASTM C39/C39M-2327 at the
ages of 7, 14, 28, and 90 days (three cylinders per day per
case). Additionally, the UPV of the cylinder specimens was
measured using a portable ultrasonic nondestructive digital

60

indicating tester (PUNDIT), following the procedures
outlined in ASTM C597-22.% A total of 48 cylinders were
employed to assess the splitting tensile strength at the age of
28 days (three cylinders per case). The experimental protocol
adhered to the guidelines outlined in ASTM C496-96.%°

Rapid chloride migration test (RCMT)—Three concrete
discs with diameters of 100 and thickness of 50 = 2 mm
were used in the test as per the standard NT Build 492.% The
discs were cut from the middle of the cylindrical specimen.
Initially, the discs were conditioned by placing them in a
vacuum container, sealing it, and subjecting them to a 5 kPa
vacuum for 3 hours before being submerged in lime water
while maintaining the vacuum for another hour. The discs
were kept in the chamber for an additional 18 hours before
being exposed to an electrical voltage. The conditioned
discs were then placed in rubber sleeves, positioned in the
catholyte (10% NaCl solution) reservoir, and filled with
anolyte (0.3N NaOH) solution. Electrodes were connected,
and the applied voltage was determined based on the initial
current at 30 V. After the electrical exposure for the specified
time, the specimens were split, sprayed with 0.1N AgNO;
solution, and the chloride penetration depth was measured at
10 mm intervals, excluding the outer 10 mm on both sides.
The average depth was used in the following equation to
measure the migration coefficient

RT

% Xg— a\/xd
zFE

Dnssm = t (1)
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where D, is non-steady-state migration coefficient, mm?/s;
X, is average penetration depth, mm; z is absolute value
of ion valence, for chloride z = I; R is gas constant, R =
8.314 J/(K'mol); T is average value of the initial and final
temperature in the anolyte solution, K; F is the Faraday
constant, F' = 9.648 x 10* J/(V-mol); U is absolute value of
the applied voltage, V; ¢, is chloride concentration at which
the color change changes, mol/L; ¢ is chloride concentra-
tion in the catholyte solution, mol/L; L is thickness of the
sample, m; and ¢ is time duration, seconds.

Accelerated carbonation test of mortar—Following a
curing period of 28 days, three mortar cube specimens were
used from each case that were made with and without WWEF.
These specimens were subsequently placed in an accelerated
carbonation chamber. The concentration of carbon dioxide
(CO,) in the carbonation chamber was maintained at 3%,
while the relative humidity was set at 70% and the tempera-
ture was maintained at 40°C. Researchers used different
concentrations of CO, for accelerated carbonation testing,
ranging from 1 to 10% of CO,.3* In this investigation, the
concentration of CO, was regulated at a level of 3%. The
relative humidity was set at 70%, as another study concluded
that at this relative humidity, the carbonation depth would
be the highest.*! The temperature was set at 40°C, as
some previous studies have used the same temperature for
accelerated carbonation of concrete, considering a hot and
humid environment similar to their laboratory’s terrestrial
conditions.*>* The carbonation depths of the mortar were
assessed at intervals of 15, 30, and 45 days in the accelerated
carbonation chamber. This was accomplished by applying
a 1% phenolphthalein indicator solution, which consisted
of 1 g phenolphthalein mixed with 50 mL 95% ethanol and
50 mL distilled water, onto the recently fractured surface.
The measurement of depth of the colorless portion, which
refers to the carbonated portion of concrete, was measured
using a digital slide caliper. The accelerated carbonation
coefficient of mortar was obtained by analyzing the depth
of carbonation versus time curve. This was achieved by
performing a linear regression analysis on the data, specifi-
cally by examining the relationship between the carbonation
depths and the square root of the corresponding time in
years. The following equation provides the necessary infor-
mation to calculate the accelerated carbonation coefficient.

XA:KA\/;*KA:A% (4)
where X, is accelerated carbonation depth, mm; K, is
accelerated carbonation coefficient, mm/+fyears; and ¢ is
time, years.

Density, absorption, and voids in hardened concrete—In
accordance with ASTM C642-21,* the density, absorption,
and void percentage (permeable porosity) of concrete were
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determined. To conduct the experiments, three specimens
measuring 50 mm in thickness and 100 mm in diameter were
cut using a diamond cutter. As per the previously referenced
standard (ASTM C642), several weight measurements
were performed on the discs, including apparent weight,
saturated weight, oven-dried weight, and boiled weight.
Following that, using the equations mentioned in the stan-
dard, the density, absorption, and voids in hardened concrete
were measured.

Microstructural  investigation—The freshly fractured
fragments of concrete were immediately gathered following
the crushing of the specimens during the evaluation of
their compressive strength at 90 days. The specimens were
subjected to a drying process for 120 minutes at a tempera-
ture of 60°C. Subsequently, the specimens were submerged
in a solution of acetone to eliminate any particulate matter
present on the surface. Prior to conducting SEM analysis,
the specimens underwent a gold sputtering process to miti-
gate the occurrence of charge surges that may arise during
SEM research conducted at high voltage. The microstructure
of the materials was examined by capturing pictures using
an SEM.

Research flow diagram—TFigure 3 presents the research
flow diagram of this investigation.

EXPERIMENTAL RESULTS AND DISCUSSION
Microstructure, surface morphology, and phase
composition of WWF particles

The SEM images of WWF are presented in Fig. 4. The
examination results revealed that the particles possess a
porous calcium-silicate-hydrate (C-S-H) microstructure and
exhibit an irregular shape. In addition, WWF particles have
a rough surface texture. The XRD pattern in Fig. 5 indicates
the presence of Ca(OH), and SiO,. Ca(OH), may have orig-
inated from prior hydration of cement, and the presence of
Si0, in WWF also indicates the presence of sand. The peaks
of SiO, may also correlate with the presence of fly ash and
slag. The pH of WWF was found to be 9.52, indicating its
high alkalinity, which can be attributed to the presence of
Ca(OH), crystals. CaCOj; crystals were also found in WWEF,
likely originating from limestone powder mixed with clinker
during the cement production.

Compressive strength and UPV

The 28-day compressive strength and UPV data are plotted
against the 0 and 20% WWF contents for various types of
cement in Fig. 6. According to Fig. 6(a), the use of WWF as
a natural sand substitute increases the compressive strength
of concrete compared to the control case with 0% WWEF. The
concrete mixture using CEM Type I cement and WWF-20%
as a sand replacement had the greatest compressive strength
(37.01 MPa). The compressive strength increased by over
25% compared to the matching control case of 100%
natural sand. However, the rate of increase in compressive
strength for other cement types was lower compared to CEM
Type I, ranging from 1 to 17%. The strength increased by
only 1% for CEM Type II/A-M. When the fly ash content
was 65%, the compressive strength was increased by 17%
compared to the control case. For 50% slag content, the
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Fig. 3—Research flow diagram.
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Fig. 4—SEM images of WWEF.
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Fig. 5—XRD pattern of WWF.
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(b) Microstructure of WWF particles

compressive strength was increased by 13% compared to
the corresponding control case. The finer particles in WWEF,
high alkalinity, presence of anhydrous cement, and higher
absorption capacity contribute to an increase in strength by
filling voids, accelerating hydration reactions, and helping
the hydration of cement particles through internal curing.
Kou et al.’ reported a similar finding when using FCW as
a replacement for natural sand in the production of partition
blocks. They attributed the increase in compressive strength
to the presence of unhydrated cement in FCW, as well as
its finer particle size, which helps fill voids more effectively
compared to natural sand. Nevertheless, the percentage of
strength improvement due to the inclusion of WWF varies
among different concrete mixtures. This observation can be
explained by the variation in cement composition. The pure
clinker-based cement (CEM Type I) experienced a spike in
strength increase due to the internal curing effect caused by
the inclusion of WWF. For the cases with a significant amount
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Fig. 6—Twenty-eight days: (a) compressive strength; and (b) UPV.

of pozzolans, the strength development was not as significant
as the pure clinker-based cement. Uddin et al.* studied the
strength development of composite concrete incorporating
supplementary cementitious materials (SCMs) and reported
that its early-age strength gain was slower compared to OPC
concrete. They attributed this slower strength development
to the delayed pozzolanic reaction of SCMs at early ages.
The volume of permeable voids was investigated to see if
the porosity had improved due to the addition of WWEF, and
the results are presented in the later sections of this study.
The results of the UPV tests showed a similar trend to that of
compressive strength, which can be observed from Fig. 6(b).

Relationship between compressive strength and
UPV with variation in cement type and WWF content

The compressive strength and UPV data are plotted and
presented in Fig. 7. The results demonstrate that regardless
of the type of cement, the concrete specimens including
WWEF in their mixture exhibit higher levels of compres-
sive strength compared to their respective control instances
when considering the same value of UPV. For example,
the compressive strength of concrete containing WWF as a
partial sand replacement was greater than that of concrete
without WWF at a UPV of 4700 m/s. The improvement of
concrete compressive strength by incorporation of WWF can
be attributed to the improvement of the microstructure of the
concrete. The finer particles of WWF might have refined the
microstructure to make it denser, which resulted in higher
values of UPV.

Based on these data, the following exponential rela-
tionship (Eq. (5)) can be developed between compressive
strength (f.") and UPV in concrete for various cement types
with varying WWF concentrations

fl=ax UV Q)

where o and £ are the coefficients; their values are presented
in Table 4. The greater the value of a, the more the graphs
deviate from the compressive strength axis. According to the
exponential relationships, the value of « varies for different
types of cement, with the greatest value observed for CEM
Type I cement. In addition, the value of a increased due to
the incorporation of WWF compared to cases with no WWF
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in their mixture. When examining the impact of mineral
content in cement, it was seen that the exponential lines
shifted toward the right as the mineral content in the cement
increased. The f coefficient represented the rate of change in
compressive strength with UPV. For most cases, the value
of # was high for concretes with WWF compared to their
corresponding control cases.

Some of the R? values in Table 4 are moderately low.
The low R? values may also be attributed to the presence
of outliers within the data. It is important to consider the
inherent heterogeneity of concrete materials, which arises
from variations in hydration kinetics, differences in aggre-
gate distribution, and microstructural inconsistencies. These
factors introduce natural variability, occasionally leading to
data points that appear as outliers in statistical analysis. The
outliers have been identified within Fig. 7 using red circles.
Despite the moderately low R? values, the Pearson correla-
tion coefficient () was calculated for all cases, revealing a
strong positive correlation between compressive strength
and UPV, with statistical significance (p-value < 0.05) in all
cases (Table 4). This confirms that the relationship between
these two parameters remains valid, even in the presence of
natural material variability.

Similar trends have been reported in previous studies,
where researchers observed relatively low R? values when
modeling concrete properties due to its complex and
heterogeneous nature.***” However, the strong and statis-
tically significant Pearson correlation values reinforce that
UPV remains a reliable indicator of compressive strength,
aligning with prior findings.

Variation in compressive strength with time

Figure 8 depicts the strength development with time
for concrete specimens made with and without WWF for
different binders. The compressive strengths at 7, 14, and
28 days were normalized by the compressive strength
at 90 days. It can be observed that for half of the investi-
gated cases, the incorporation of WWF accelerates the
strength development process at an early age. The trend of
strength development can be explained in a manner that the
early-age strength, such as the 7-day strength development,
was boosted for mixtures composed of CEM Type I, fly ash
cement having a moderate to high level of fly ash content
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Fig. 7—Compressive strength versus UPV.
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Table 4—Relationships between compressive strength and UPV for different cement types with varying

WWF content
WWE Pearson correlation Relationship between ;' and

Cement type content coefficient, p-value UpPV R? o s Equation No.

0% 0.932 9.9 % 106 £/=0.0703 x 00013 % UPY 0.885 | 0.0703 0.0013 ()
oPC
20% 0.854 40x 104 £./=0.3808 x 00009 < UPV 0.745 | 0.3808 .0009 )
0% 0.850 46x10* £/=0.0165 x 0016 % UPY 0783 | 0.0165 0.0016 ®)
PCC
20% 0.874 1.9 %104 £/=0.0599 x 00013 < UPY 0.808 | 0.0599 | 0.0013 )
65% OPC + 0% 0.838 6.6 % 10 £/=0.0809 x 00012 % UPY 0.655 | 0.0809 | 0.0012 (10)
35% fly ash 20% 0.779 2.8x% 1073 S =0.0004 x 00025 < UPV 0.644 .0004 0.0025 (11)
50% OPC + 0% 0.977 49%x10°% £/=0.0825 x 000127 UPY 0913 | 0.0825 0.0012 (12)
50% fly ash 20% 0.899 6.8 % 105 £.1=10.0728 x 00013 UPV 0.825 | 0.0728 0.0013 (13)
359 OPC + 0% 0.902 59%x10° £/=0.0037 x 00019 % UPY 0.900 | 0.0037 0.0019 (14)
65% fly ash 20% 0.947 2.7%10° £.1=10.0046 x 00018 UPV 0928 | 0.0046 0.0018 (15)
65% OPC + 0% 0.943 41%10°¢ £/=0.0032 x 00019 UPY 0.878 | 0.0032 0.0019 (16)
35% slag 20% 0.817 1.1x 1073 Ji=0.2902 x 00010 < UPY 0.658 | 0.2902 0.0010 a7
50% OPC + 0% 0.907 46%10° £/=0.0332 x 00014 x UPV 0815 | 0.0332 0.0014 (18)
50% slag 20% 0.912 3.5%10° £.1=10.0355 x 00014 UPV 0.878 | 0.0355 0.0014 (19)
35% OPC + 0% 0.751 48 %107 £/=0.0079 x 00011 x UPV 0.631 | 0.0079 0.0011 (20)
65% slag 20% 0.807 1.4 %1073 £/ =10.0308 x 00013 UPV 0.785 | 0.0308 0.0013 @1
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Fig. 8—Strength development for concrete.

(50%), and slag cement having a small slag content (35%)
when WWF was incorporated into their mixtures, and at
the later curing ages (28 to 90 days), the development rate
slowed down. This can be attributed to the fact that WWF
may have aided the hydration process for these cases by
supplying water internally, as the absorption rate of WWF
was high compared to natural sand. Due to this, the majority
of the clinker and pozzolans reacted fast at the early age
and the strength developed, and in the later ages, a very low
amount of clinker and pozzolans remained; that is why, at
later curing ages, the development rate slowed down. It is
also possible that WWF might have created new nucleation
sites within the concrete matrix where the hydrates precipi-
tated and the strength gain was accelerated. Additionally, the
elevated alkalinity caused by the presence of WWF, which
contains Ca(OH),, may have facilitated the early-age hydra-
tion of pozzolans. Juenger and Jennings*® also reported that
increasing alkalinity by adding hydroxide ions accelerates
the initial rate of hydration, thereby enhancing early strength
development. However, in some cases, the developing trend
is almost identical to their control cases, such as the cases
composed of cements that had high amounts of mineral
admixtures in their mixture, such as fly ash 65% and slag
50 and 65%. The possible reason for this can be the fact
that for the high amount of mineral admixtures, the internal
water supplied by WWF at early ages was not adequate to
boost the hydration process. In a similar investigation on the
use of sludge from returned concrete, Audo et al.” examined
the heat of hydration in mortar and found that it was higher
at early ages in mixtures containing sludge. They attributed
this increase to the creation of new nucleation sites for
hydrate precipitation due to sludge incorporation, as well
as the potential contribution of anhydrous cement, which
may have facilitated higher exothermic ion dissolution. It is
also a sign that in cases containing WWF, the reaction rates
are high at young ages, indicating that the rate of strength
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development is also high. Kou et al.” similarly hypothesized
that anhydrous cement particles might be present in these
types of materials, contributing to the rapid strength gain at
an early age.

Tensile strength

The 90-day tensile strength data are plotted for the
different mixtures with and without WWF in Fig. 9. Same as
the compressive strength of concrete, the case with OPC and
20% WWEF shows the highest tensile strength (4.19 MPa).
The results also indicate that partial substitution (20%) of
sand with WWF had no significant influence on the tensile
strength of concrete. When compared to their corresponding
control cases, irrespective of the cement types, the tensile
strength of concrete with and without WWF was nearly
identical. However, in previous studies where recycled
fine aggregates (RFA) were used to produce concrete, the
splitting tensile strength of concrete was decreased,**° and
the researchers hypothesized that it could decrease even
further with a high replacement amount of sand with RFA,
attributing this phenomenon to the porous nature of RFA.%!
WWEF is also a porous material compared to natural sand;
however, no reduction in tensile strength of concrete was
found for 20% replacement of sand. Based on Fig. 10(a) and
(b), two relationships between compressive strength and
tensile strength for concrete made with 0% and 20% WWF
are presented in Eq. (6) and (7), respectively. The equations
were comparatively similar.

For concrete with 0% WWF

fi = 0.530~f (6)

For concrete with 20% WWF as natural sand replacing

material

fi = 051247 7
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Fig. 10—Relationship between splitting tensile strength and compressive strength: (a) WWF 0%, and (b) WWF 20%.

Volume of permeable voids (%) and absorption
capacity (%) of concrete

The volume of permeable voids and absorption capacity
of concrete at the age of 56 days for different types of cement
with and without WWF are shown in Fig. 11. The volume
of permeable voids (VPV) in concrete is reduced with the
incorporation of WWF irrespective of the types of cement;
however, the maximum reduction in permeable pores is
found for OPC. Similar to the volume of permeable pores,
the absorption capacity is reduced with the incorporation
of WWE; it is clearly understood that WWF improves the
microstructure of concrete by filling out the voids. Chen et al.
provided a similar explanation in which they substituted fine
granite polishing waste (GPW) for sand.>>33 They attributed
this decrease to the filling effect of GPW, which is similar to
the filling effect of WWF. Even though the VPV is reduced
due to the incorporation of WWE, it is possible that the pore-
size distribution shifts toward larger, more continuous pores,
which might increase the sorptivity coefficient and enhance
ion mobility. The authors previously observed an increased
sorptivity coefficient for mortar mixtures containing WWF
in an earlier study.'*
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Non-steady-state migration coefficient (Dpssm)

The non-steady-state migration coefficient (D,,) values
for different mixtures, with and without WWF, are plotted in
Fig. 12. It is evident that concrete specimens incorporating
blended cement exhibit greater resistance to chloride migra-
tion compared to those made with OPC. Among the different
mixtures, the lowest migration coefficient is observed for
specimens containing 65% slag.

According to prior studies, the incorporation of slag in
concrete leads to microstructural refinement, which increases
the tortuosity of the chloride-ion transport pathway.>! Addi-
tionally, research has shown that the chloride-binding
capacity of slag concrete is influenced by the slag content in
blended cement—higher levels of slag replacement enhance
binding capacity and reduce the diffusion coefficient.”
Other studies have also demonstrated that concrete with
a high slag content exhibits the lowest chloride ingress in
both short-term laboratory tests and long-term exposure to
seawater.’!*> Furthermore, chloride ions can be chemically
absorbed by alumina phases, contributing to improved resis-
tance against chloride penetration.>*
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However, the effect of incorporating WWF does not
follow the same trend as the use of SCMs. For mixtures with
low to moderate SCM content (<50%), the addition of WWF
appears to increase the D,, value. A noticeable reduction
in D, is observed only when the SCM content reaches
65%. The XRD pattern of WWF (Fig. 5) reveals the pres-
ence of Ca(OH), and crystalline SiO, (quartz). It is possible
that WWF supplies excess Ca(OH); to the concrete mixture.
When SCM content is low to moderate, unreacted Ca(OH),
remains after pozzolanic reactions, leading to an increased
pH in the concrete pore solution. The excess Ca(OH), does
not even react with the crystalline SiO, present in WWF. As
a result, the presence of OH™ ions competes with Cl™ ions,
destabilizing the formation of Friedel’s salt and subsequently
increasing chloride-ion diffusion.

However, when SCM content reaches 65%, the hydration
mechanism shifts toward pozzolanic and latent hydraulic
reactions, leading to the consumption of excess Ca(OH),
supplied by WWEF. Consequently, the negative impact of
excess portlandite is mitigated, and the D,,, decreases
as the concrete microstructure becomes denser; chemical
binding of Cl~ was not affected. Additionally, based on the
XRD pattern (Fig. 5), WWF contains Al,O; crystals, which
may contribute to chloride binding.
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Carbonation coefficient of mortar

Figure 13 shows the fractured surface of mortar samples
that have been sprayed with phenolphthalein solution.
These samples were exposed to an accelerated carbonation
chamber for 15 days. Figure 14 depicts the depths of carbon-
ation in mortar samples with and without WWF at different
phases of exposure in an accelerated carbonation chamber.
Figure 15 shows the corresponding carbonation coefficients.
As expected, the specimens made with OPC showed the
least carbonation depth as well as carbonation coefficient,
similar to the conclusions drawn in previous literature.*> The
whole section of the specimens was carbonated for speci-
mens containing 50% or greater fly ash content. The cases
made with 65% slag exhibited greater depths of carbonation
as well. The alkalinity of the concrete mixture determines
the resistance to carbonation, and mixtures with high alka-
linity exhibit the highest resistance. During hydration reac-
tions, the quantity of Ca(OH), produced influences alka-
linity.>* Compared to the control case, the cases with WWF
showed decreased carbonation depths. This reduction in
depth was particularly noticeable in cases using PCC and
slag-based blended cement with low slag content. When the
SCM content is low to moderate, some Ca(OH), remains
unreacted after pozzolanic reactions, leading to a higher pH
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in the concrete pore solution. Given that the XRD pattern
of WWF reveals the presence of Ca(OH), crystals and its
measured pH is 9.52, it is reasonable to suggest that the
additional alkalinity supplied by WWF may contribute to
improving concrete’s carbonation resistance.

The effect of incorporating WWF on the improvement of
concrete carbonation resistance was further validated using a
t-test statistical analysis. The critical #-value for the explained
data to indicate a 95% confidence interval was found to be
2.015. However, after analysis, the calculated #-value for the

mm
1 30 4
Z ]

mm

E o ‘
WWF-20%

WWE-0%

Fig. 13—Fractured mortar surface after spraying phenol-
phthalein solution (50% OPC + 50% slag).

given data was 2.462, indicating a significant and positive
effect of WWF on concrete’s carbonation resistance.

Microstructural investigation

Figure 16 shows SEM pictures of concrete made with
WWE. The SEM photos were taken in and around the WWF
particles. In the pores of WWF, the deposits of ettringites
(Fig. 16(a)), CH plates (Fig. 16(c)), and fly ash particles
(Fig. 16(b) and (d)) are observed. The deposits of ettringite
and CH will reduce the porosity of WWEFE. The fly ash
particle of Fig. 16(d) can be attributed to the WWF added to
the mixture. The fibrous regions of WWF in Fig. 16(c) and
(e) can be linked with the hydration of cement particles at a
high water-cement ratio (w/c) during washing and sedimen-
tation in the tank.

The finer particles of WWF are expected to reduce the
permeable pore channels. Also, the higher absorption of
WWEF will help the hydration of cement particles around the
WWE, thereby forming a dense layer of C-S-H around the
WWE. Although WWF is porous in nature, the overall perme-
ability of concrete will not increase due to the improvement
of the microstructure of concrete around the WWE.
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CONCLUSIONS

This research was conducted to determine the impact of
using washed waste fines (WWF) as a partial replacement
of sand in the production of concrete. The following conclu-
sions are drawn from the scope of this investigation:

1. The incorporation of WWF improved the compressive
strength of concrete. In the case of CEM Type I, a 25%
increase in compressive strength was observed compared
to the control, while for other cases, the increase ranged
between | and 17%. This improvement can be attributed to
WWEF by filling voids, accelerating hydration reactions, and
aiding cement particle hydration through internal curing.
Additionally, the hydration of anhydrous cement present in
WWEF may have contributed to strength gain by participating
in later hydration reactions.

2. The incorporation of WWF accelerates the early-age
strength development of concrete made with CEM Type I,
fly ash cement with moderate fly ash content (50%), and slag
cement with low slag content (35%). In the case of CEM
Type 1, the inclusion of WWF increased the 7-day strength
gain from 61.3 to 67%, representing a nearly 6%-point
improvement. For the other cases mentioned, this increase
was approximately 5% points. WWF may have enhanced
the hydration process through internal curing due to its high
absorption capacity. Additionally, the higher alkalinity of
WWEF contributed to early strength development by accel-
erating hydration. WWF may have also created new nucle-
ation sites for hydrates to precipitate, further aiding early
strength gain.

3. The inclusion of WWF improves the microstructure of
concrete around WWF particles, leading to a reduction in
the volume of permeable voids (VPV). Consequently, the
absorption capacity of concrete is also reduced. The filling
effect of WWF particles plays a significant role in decreasing
both VPV and absorption capacity.

4. Slag significantly enhances resistance to chlo-
ride migration by refining concrete’s microstructure and
increasing chloride binding. The lowest migration coeffi-
cient was observed at 65% slag content. WWF’s impact on
chloride resistance varies with supplementary cementitious
material (SCM) content. At low to moderate SCM levels
(<50%), incorporation of WWF increases chloride diffusion
due to excess Ca(OH), supplied by WWEF, which disrupts
chloride-binding phases. However, at high SCM contents,
pozzolanic and latent hydraulic reactions consume excess
Ca(OH),, leading to a denser microstructure and improved
chloride resistance. The ALO; in WWF may further aid
chloride binding at high SCM levels.

5. The carbonation resistance is highest in ordinary port-
land cement (OPC)-based mixtures and lowest in mixtures
with high fly ash (<50%) or slag (65%) content due to
reduced alkalinity. Incorporating WWF reduces carbon-
ation depth, especially in portland composite cement (PCC)
and low-slag blended cement mixtures, likely due to the
additional alkalinity supplied by WWEF. Statistical analysis
(t-test) further validates WWF’s significant positive effect on
carbonation resistance at a 95% confidence level.

6. Microstructural analysis indicates that the high absorp-
tion capacity of WWF may have facilitated the hydration of
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surrounding cement particles, leading to the formation of
a dense layer of calcium-silicate-hydrate (C-S-H) around
the WWEF.

7. From both a functional and environmental perspective,
the concrete mixture containing 35% slag as CEM Type [
replacement and 20% WWEF as a replacement for natural
sand emerged as the best among all the mixtures studied in
this research. This mixture achieved compressive strength
comparable to the ultimate control mixture made with CEM
Type I cement and 100% natural sand. In terms of dura-
bility, its chloride migration coefficient was lower than that
of the CEM Type I mixture without WWF, and its carbon-
ation coefficient was close to that of the mixture with the
highest carbonation resistance. These findings suggest that
replacing both clinker and natural sand in moderate amounts
can enhance sustainability while maintaining the struc-
tural integrity of concrete, making it both environmentally
friendly and suitable for structural applications.
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The role of limestone (LS) powder replacement and changes in
calcium-silicate-hydrate (C-S-H) due to pozzolanic reactions on
the acid resistance of cementitious pastes are studied using thermo-
dynamic modeling. Simulations are performed under equilibrium
conditions, while hydration products are exposed to increasing
levels of sulfuric acid. LS replacement does not show sacrificial
characteristics against sulfuric acid attack, and LS acidification
starts only after full consumption of portlandite and most C-S-H.
Increased LS replacement causes the dilution of the formed port-
landite and C-S-H volumes, which results in their full consumption
at lower acid concentrations than mixtures without LS replace-
ment. Pozzolanic reactions of supplementary cementitious mate-
rials (SCMs) result in C-S-H phases with lower Ca/Si than their
ordinary portland cement (OPC) counterparts, increasing acid
resistance. However, highly reactive and/or high-volume SCM
replacements might further decrease the available portlandite,
reducing the buffer acid resistance capacity. This issue is particu-
larly critical for portland-limestone cement (PLC)-based systems.

Keywords: acid attack; calcium-silicate-hydrate (C-S-H); limestone (LS);
portland-limestone cement (PLC); supplementary cementitious materials
(SCMs); thermodynamic modeling.

INTRODUCTION

Acid resistance of concrete is critical for wastewater trans-
mission and treatment facilities. The construction industry
has been moving toward using ASTM C595 Type IL cement
(that is, portland-limestone cement [PLC]) across the United
States, and there is a significant drive to reduce the clinker
content of concrete using supplementary cementitious mate-
rials (SCMs) to reduce the carbon footprint of concrete.'?
However, it is not clear how clinker reduction will affect
acid resistance. Few studies have examined the impact of
replacing clinker with limestone (LS) on the acid resistance
of cement paste,>!! and the literature shows contradictory
findings. Senhadji et al.* examined the acid resistance of
mortars by replacing 5, 10, and 15% by mass of the clinker
with LS and showed a lower mass loss for mortars with a
higher LS replacement level. The improvement in acid resis-
tance with LS replacement was attributed to reduced perme-
ability and porosity; consumption of calcium carbonate
(CaCO0:s) as a sacrificial material; reduced calcium hydroxide
(portlandite, Ca(OH),, or CH) content, which is considered
to be more susceptible to acidification; and the possible
role of LS as a filler material that can affect the transport
properties of the system.>® Furthermore, the mixtures with
LS aggregates showed a greater resistance to sulfuric acid;
Chang et al.’ attributed this to the LS aggregates acting as
a sacrificial material to neutralize the acid and decrease
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the acid degradation of the paste. Supporting this hypoth-
esis, Fernandes et al.” showed through a microscopic study
the formation of gypsum crystals along the interface of the
LS aggregate and paste, indicating that acid attacks both
the cement paste (likely the portlandite-rich region of the
paste) and LS aggregate. In addition, finer LS fillers showed
greater resistance to sulfuric acid attack, presumably due
to the increased surface area of the LS, which resulted in a
more rapid neutralization of the acid.?®

Siad et al.” reported contradictory results while studying
acid resistance of self-consolidating concrete with mixtures
containing LS, natural pozzolan, and fly ash. They reported
that the mixtures containing LS filler had the greatest mass
loss and significant visual deterioration after 12 weeks of
immersion, which the authors correlated to higher neutral-
ization capacity of LS and increased kinetics of the reac-
tion with sulfuric acid due to fineness of LS in the study.
House'? reported that while the use of LS coarse aggre-
gate increased concrete resistance to sulfuric acid attack,
replacing a portion of cement with finely ground LS did not
have positive effects on concrete resistance to sulfuric acid.
The lower acid consumption with ground LS replacement
was interpreted as lower neutralization capacity of LS than
the cementitious material, even though the mass loss was
less with LS replacement. Liu and Wang!! suggested that
when cement is replaced with LS filler, the sulfuric acid is
more readily available to react with portlandite, reducing
acid resistance. These contradictory results indicate a need
for a systematic investigation of the role of LS in the acid
resistance of cementitious pastes.

Furthermore, studies examined the influence of pozzo-
lanic reactions on sulfuric acid resistance.'*!> Pozzolanic
reactions consume portlandite. Further, the calcium-silicate-
hydrate (C-S-H) produced by pozzolanic reactions of
SCMs has a lower calcium-silicate ratio (Ca/Si) than C-S-H
produced by ordinary portland cement (OPC) hydration. The
properties of C-S-H with different Ca/Si were investigated
by several researchers.'®!” Kunther et al.'® reported that
the compressive strengths improved with decreasing Ca/Si
when four different Ca/Si (0.83, 1.0, 1.25, and 1.50) were
tested. Another study examining the micro/nanostructure of
C-S-H'¢ reported that with the increase in Ca/Si (0.83, 1.0,
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Table 1—Oxide composition of OPC, LS, and SF

Eq. Na,O", % MgO, % SO;, % Ca0, % Si0,, % Fe,0s, % ALOs, % LOI SG DOR™
OPC 0.57 3.80 2.80 62.00 19.90 3.20 4.60 0.96 3.15 —
LS 0.11 0.47 0.05 55.62 1.83 0.05 0.09 41.68 2.70 —
SF 0.48 0.26 0.15 0.70 95.88 0.12 0.69 430 2.20 76%
GS — — — — >99.00 — — — 2.65 0%

“Eq. Na,O = Na,0 + 0.658 K,0.
fMaximum degree of reactivity as per pozzolanic reactivity test.?®

Note: LOI is loss on ignition; SG is specific gravity.

and 1.50), there was a decrease in the degree of polymeriza-
tion, resulting in more discrete silica chains. Alizadeh et al."
suggested that adsorbed and interlayer water contribute
significantly to the dynamic mechanical properties of C-S-H.
Wanna et al.'"* examined the effect of low- and high-CaO
fly ash on the sulfuric acid resistance and found that the
addition of fly ash improved the acid resistance of cement
pastes by promoting pozzolanic reactions that consume
portlandite and produce C-S-H, which is more resistant
to acid attack, in addition to the role of the reaction prod-
ucts in refining pore size and pore connectivity. Low-CaO
fly ash was more effective in improving the sulfuric acid
resistance of cement pastes than the high-CaO fly ash.
Bassuoni and Nehdi'® investigated the acid resistance of self-
consolidating concrete mixtures to sulfuric acid attack. The
testing was conducted in two 6-week-long phases: Phase I,
with the initial pH (0.9) of the solution controlled at a maximum
threshold value of 2.5; and Phase II, with the refreshment of
the solution with pH (0.9) controlled at a maximum threshold
value of 1.0. They reported that the decalcification of C-S-H
became the governing factor for mass loss in Phase II. The
authors reported that the decalcification of C-S-H with a high
Ca/Si resulted in a surface that is susceptible to direct acid
attack. Conversely, the decomposition of C-S-H with a lower
Ca/Si generated a protective zone, effectively restricting acid
diffusion into the cementitious matrix. This protective mecha-
nism consequently diminished mass loss in specimens derived
from blended-binder mixtures. These limited studies indicate
a need to study the role of pozzolanic reactions, C-S-H type,
and Ca/Si on the acid resistance of cementitious pastes.

The main objective of this study is to systematically inves-
tigate the role of LS replacement and Ca/Si of the C-S-H
(that is, different types of C-S-H) on the acid resistance
of cementitious pastes using thermodynamic modeling.
This study aims to simulate chemical acidification of
paste samples with varying LS, ground silica (GS), and
silica fume (SF) contents using thermodynamic calcula-
tions where the concentration of sulfuric acid is gradually
increased. It should be noted that unreacted clinker phases
were excluded by considering 100% degree of hydration
(DOH) for the systems, which simply reduces the extent
of unreacted cement (which is highly acid-resistant). The
water-cementitious materials ratio (w/cm) was considered
higher than in realistic conditions to enable the availability
of pore solution and surrounding solution for the reactions.
This assumption allowed the authors to study the role of LS
replacement and Ca/Si of the C-S-H at the thermodynamic
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level, without the complication of unhydrated cement phases
or ionic transport.

RESEARCH SIGNIFICANCE

The acid resistance of concrete is important for septic
tanks, sewer pipes and risers, and water treatment facilities.
Experimental tests can be time-consuming, and it is often
difficult to isolate the influence of specific changes in a
mixture. This study uses computational models to assess the
resistance of the unreacted and reacted phases to acid expo-
sure. The results provide a clear indication of the phases that
are most susceptible to damage and the reaction products
that form for a given level of acid reaction. This approach
can enable the design of binder systems that are more resis-
tant to acid attack.

THERMODYNAMIC MODELING

In this study, thermodynamic simulations were performed
using the open-source GEMS3K code?*?! combined with the
default PSI/Nagra Chemical Thermodynamic Database and
the Cemdata v18.1 thermodynamic database.’> GEMS3K
uses Gibbs free energy minimization to predict the output
phase assemblage of a cementitious system in equilibrium.
Following the well-established practice,”>?* the CSHQ model
was used to model OPC and OPC + pozzolanic SCM systems.
The CSHQ model can predict the changes in four different
C-S-H types: jennite D (JenD) with a Ca/Si of 2.25, jennite H
(JenH) with a Ca/Si of 1.33, tobermorite D (TobD) with a
Ca/Siof 1.25, and tobermorite H (TobH) with a Ca/Si of 0.67.
Based on empirical evidence from the literature, the forma-
tion of carbonate-ettringite,’*? hydrotalcite,?® hydrogarnet,?
and thaumasite’”” was blocked in the GEMS-CEMDATA
framework because these phases are not observed to form in
substantial quantities in cementitious systems at 25°C—the
temperature at which the simulations were conducted.

Thermodynamic calculations were performed for systems
at 100% DOH for cement and complete pozzolanic reaction
for the reactive phases of the SCM, which was chosen as
SF in this study. Table 1 provides the chemical composi-
tion of the materials used in the simulations (that is, OPC,
LS, SF, and GS) and the degree of reactivity (DOR* as per
the pozzolanic reactivity test?®) of SF, which represents the
portion of the SCM that is pozzolanically reactive. Note that
OPC does not contain any LS, so the effect of LS replace-
ment can be compared to a control case with no LS. All
LS is assumed to be available for reaction. In all simulated
mixtures, the w/cm was 0.70 to ensure the high DOR of the
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simulated cementitious systems and for sufficient pore solu-
tion for acidification.

The first set of thermodynamic simulations investigated the
effect of LS replacement. Four mixtures were studied with 0,
5, 10, 15, and 25% (mass) LS replacement, labeled as OPC,
SLS, 10LS, 15LS, and 25LS, respectively. To investigate the
dilution effect of LS replacement on the hydration products,
the 5, 10, 15, and 25% (mass) nonreactive GS replacements
were considered and labeled as 5GS, 10GS, 15GS, and
25GS, respectively. Finally, the effect of C-S-H type (and
Ca/Si) was studied by incorporating 15% (mass) SF—this
mixture was labeled 15SF. The authors acknowledge that this
level of SF replacement is higher than the standard industry
designs, which are typically 5 and 9%, but the goal of this
simulation was to provide comparative pozzolanic reaction
data with the same dilution level to 15% LS replacement.
Chemical acidification in the simulations was achieved by
incrementally adding H,SO, to the hydrated cementitious
systems at 100% DOH. The changes of the hydrated solid-
phase volumes, the Ca/Si of C-S-H, and the pH of the system
at equilibrium were recorded with H,SO, addition for each
simulation. Unhydrated phases were excluded in the sulfuric
acid attack simulations to develop a clear understanding of
the acid resistance of the hydrated phases.

RESULTS AND DISCUSSION
Effect of LS

Figures 1 and 2 show the results of the thermodynamic
calculations in the form of volumetric distribution of phases
with increasing sulfuric acid addition for OPC and OPC + LS
systems, respectively. It should be noted that this modeling
was conducted for 100% DOH. The cementitious system
hydration phase volume was 100%; the additional phase
volume represents the unreacted volume of H,SO,. Realis-
tically, there would be unreacted cementitious phases in the
system, which might also react with sulfuric acid.

As shown in Fig. 1, for the 100% OPC mixture, mono-
sulfate depleted first with sulfuric acid addition, producing
ettringite, which remained in the system until all portlandite
and most C-S-H were consumed. During this time, the pH
dropped below 10.7. The degradation of ettringite occurred
below 10.7, as reported by Gabrisova et al.,” who studied
ettringite stability in aqueous solutions. As also expected
from the literature,’*3? portlandite was shown to be highly
susceptible to sulfuric acid attack even at low acid concentra-
tions. For the 100% OPC system, C-S-H consumption began
with H,SO, addition after monosulfate and portlandite were
consumed completely. The reaction of C-S-H phases started
with high Ca/Si C-S-H (JenD then JenH), followed by low
Ca/Si C-S-H (TobD then TobH), decreasing the overall
Ca/Si of C-S-H in the system with increasing acidification.
Ettringite, portlandite, and C-S-H converted to gypsum with
increasing acidification. When the last form of C-S-H with
the lowest Ca/Si (that is, TobH with a Ca/Si of 0.67) was
consumed by the acid, quartz was formed with the released
Si in the system. It is noted that the pH of the system had
no obvious change during the portlandite consumption due
to the neutralization of the sulfuric acid. The pH started to
decrease at a slow rate, from ~13 to ~10, after portlandite
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Fig. I—Phase assemblage of OPC system reacting with
H,S0,. (Phase volume beyond 100% reflects volume change
due to addition of H,SO,. Chemical shrinkage is not shown
in plot for clarity, but this accounts for why phase volume
starts at less than 100%.)

depletion while C-S-H was being consumed. When there
was no hydration product left to neutralize the sulfuric acid
in the system, a rapid decrease in the pH was observed.

Figure 2 shows that LS replacement causes lower volumes
of hydrated phase (for example, portlandite, C-S-H, and so
on) formation before acidification, due primarily to dilution.
Unlike the OPC mixture, OPC + LS mixtures contained
monocarbonate phases instead of monosulfate phases. These
monocarbonate phases were the first to acidify to produce
ettringite, which remained in the system until all portlandite
and most C-S-H were consumed. Other than this difference,
100% OPC and OPC + LS systems showed similar trends
under chemical acidification with sulfuric acid. However, a
negative effect of increased LS replacement is the dilution
of the formed portlandite and C-S-H volumes, which results
in their full consumption at lower H,SO,4 concentrations, as
shown in Fig. 2(a) to (d), with progressive increase of LS
from 5 to 25%. For example, the mixture with OPC + 15%
LS replacement (representing PLC) showed complete port-
landite and C-S-H depletion at 25% and 45% lower sulfuric
acid concentrations than the 100% OPC mixture, respec-
tively. Note that the OPC used in this study did not contain
any LS, and commercial OPC would typically contain up to
5% LS. When this comparison is done with respect to the
OPC + 5% LS mixture (Fig. 2(a)), which represents typical
commercial OPC, the mixture with OPC + 15% LS replace-
ment (Fig. 2(c)), representing PLC, showed complete port-
landite and C-S-H depletion at 20% and 25% lower sulfuric
acid concentrations, respectively. Figure 2 also shows that
LS (at any replacement level) does not show sacrificial char-
acteristics against sulfuric acid addition. In fact, LS acidi-
fication does not start until all portlandite and most C-S-H
phases (JenD, JenH, and TobD) are consumed. This observa-
tion is supported by an earlier experimental work by Sahan
et al.¥ on the acidification of mixed pure phases, which
showed when LS was still present after portlandite depletion
while other phases were being consumed.

The pH of the pore solution influences the formation of
other hydration products in the presence of magnesium oxide
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(MgO). It is reported in the literature that if the pH exceeds
10.5, brucite will be the primary reaction product.’* When
the pH decreases below 10.5, the progressive formation
of magnesium-silicate-hydrate (M-S-H) gel occurs.>* The
formation of M-S-H gels in thermodynamic simulations was
attributed to decomposition of brucite at lower pH and an
available Si source due to decomposition of C-S-H. With the
decomposition of M-S-H, the excess Si source forms quartz.

The changes in portlandite, monosulfate, and monocar-
bonate phases are clearly shown in Fig. 3 for the OPC and
25LS systems. Although portlandite is traditionally consid-
ered to be the most susceptible hydration product to acid
attack, the consumption rate of monosulfate and monocar-
bonate phases is more likely to be higher with the initial
sulfuric acid exposure. As the amount of reacted sulfuric
acid increases, the phase volume percentage of monosul-
fate and monocarbonate decreases steadily. The portlandite
decreases as the amount of reacted sulfuric acid increases,
but at a less rapid rate than monosulfate for both cases.

The observations in Fig. 2 reflect the influence of LS
replacement on the acid resistance of OPC pastes; however,
they contain both the chemical effects and the effects due to
the dilution of the OPC with the LS replacement. To isolate
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the dilution effect, additional simulations were performed
with nonreactive GS replacement at corresponding LS mass
replacement levels—that is, 5, 10, 15, and 25%. Figures 4(a),
(b), (c), and (d) represent the changes in phase volume (%)
as a function of H,SO, addition for 5GS, 10GS, 15GS, and
25GS, respectively. As expected, the reduced hydration
phases due to reduced cement hydration with unreactive
GS replacement caused these phases to be consumed more
readily than the OPC mixture, as shown in Fig. 4. As shown
in Fig. 4, with the increase of GS from 5 to 25%, the required
H,SO, addition for the depletion of C-S-H decreased from
approximately 100 to 80 grams of H,SO,4. While LS reacted
with the H,SO, after C-S-H depletion for the OPC + LS
mixtures, unreactive GS did not react in the acidic envi-
ronment. The further increase in H,SO, caused the conver-
sion of gypsum (CaSO42H,0) to anhydrite (CaSO,) and a
further decrease in pH. These results confirm earlier simu-
lations on the effect of LS that until the complete consump-
tion of portlandite and C-S-H, LS acts as an inert filler under
chemical acidification, similar to inert GS. However, after
the consumption of all portlandite and C-S-H, LS provides
additional acid resistance and delays the sharp pH decrease
to levels below 2.
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Effect of C-S-H type decalcification of C-S-H does not occur until the portlandite
Figure 5 shows the results of the thermodynamic calcula- in the system is mostly consumed.

tions in the form of volumetric distribution of phases with Figure 5 shows that the pozzolanic reactions consumed

increasing sulfuric acid addition for the OPC + SF system. all the portlandite in the system. When portlandite is not

All simulations (OPC in Fig. 1, OPC + LS in Fig. 2, and present in the 15SF system, the initial acid attack promotes

OPC + GS in Fig. 4) show that portlandite is highly suscep- the consumption of monosulfate and C-S-H phases. It is

tible to acid attack, as also reported in the literature,**-3? and shown that the decalcification of C-S-H with acid attack
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begins with high Ca/Si C-S-H type. The JenD type (high
Ca/Si) was followed successively by the lower Ca/Si types,
and eventually all converted to the TobH type (the lowest
Ca/Si type) with increasing acid volume. Finally, the TobH
reacted with sulfuric acid and formed gypsum and quartz by
following Eq. (1)

Ca0,(Si0,), - H,0. + ,H,S0, < ,CSH2 +,Si0, +
(z - x)H,0 (1)

The main phases identified in conventional cement paste,
following sulfuric acid attack, are gypsum and amorphous
silica gels, rather than ettringite.

It is established in the literature that C-S-H generally
remains stable at high pH until the pH is reduced to a value
of 8.8.3%%7 In the absence of portlandite, the decalcification
process of C-S-H starts as soon as acid is introduced and
continues until only amorphous silica gel remains. Although
the present work only focuses on the chemical aspect of
acidification, previous work by Bassuoni and Nehdi'> and
Gu et al.*® proposed that during sulfuric acid exposure, the
decalcification of C-S-H results in the formation of a protec-
tive layer composed of silica and aluminosilicate gels. This
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layer effectively protects the undegraded cement paste from
further degradation.

Figures 6(a) and (b) demonstrate the phase volume conver-
sions of different C-S-H types with varying H,SO, amount
for the OPC and 15SF mixture, respectively. Figure 6(a)
shows a delayed consumption of C-S-H due to consumption
of other phases for the OPC system, while the consumption
of C-S-H and the decrease in Ca/Si began immediately with
H,SO, addition. The comparison of OPC and 15SF systems
in Fig. 6 shows an increase in the phase volume of C-S-H
due to pozzolanic reaction, which resulted in greater acid
consumption by C-S-H in the 15SF system compared to
OPC. The degradation of C-S-H began initially with the
JenD type, which has a high Ca/Si and deteriorates compared
to other types, which were deteriorating and forming from
the decalcified material. The temporary increase observed
in JenH and TobD types suggests a gradual conversion of
C-S-H. TobH is the final product consumed during the acid
attack. This study used a CSHQ model incorporating four
types of C-S-H with varying Ca/Si, noting the possibility
of observing C-S-H structures with different average Ca/Si
compositions during the attack.

Figure 7 compares the Ca/Si of the C-S-H in the system for
the different mixtures. Figure 7(a) compares OPC with 15%
replacement systems, while Fig. 7(b) compares OPC with
25% replacement systems. As can be seen in Fig. 7(a), the
decomposition of C-S-H was delayed for the OPC mixture
due to the availability of other hydration products, such
as portlandite and monosulfate. The LS and GS mixtures
followed a nearly identical trend based on the replacement
percentages; the higher replacement percentage enabled the
decomposition of C-S-H at lower H,SO,(g) addition due to
dilution of other reaction products. While other hydration
products were not available for reaction with sulfuric acid,
the decomposition of C-S-H was promoted at lower concen-
tration with the sulfuric acid addition for the 15SF mixture.
As can be seen in Fig. 7(a) and (b), the Ca/Si of C-S-H for
25LS and 25GS showed a decrease in Ca/Si at lower H,SO,
addition compared to 15LS and 15GS. Besides, the C-S-H
was depleted at lower H,SO, addition for 25% replacement
systems due to the reduced amount of C-S-H. Although
C-S-H was being consumed at a higher rate for 15SF, the
higher amount of C-S-H due to pozzolanic reaction led to
later depletion compared to 25LS and 25GS mixtures. This
provides insight into how the presence of different substitute
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Fig. 6—Phase volume alteration of C-S-H types with exposure to HSO, for: (a) OPC system, and (b) 15SF system.
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materials and proportions influences C-S-H’s stability and
decomposition in the presence of sulfuric acid. The Ca/Si
appears to play an important role in the reaction with sulfuric
acid.®® The incorporation of SCMs decreases portlandite in
the system with pozzolanic reaction and promotes the forma-
tion of C-S-H; however, this also promotes the formation of
C-S-H with a lower Ca/Si, which appears more stable when
exposed to acid.

Thermodynamic simulations presented in this paper focus
on the chemical equilibrium of the phases under increased
levels of acidification and do not consider the impact of
transport properties. This is one area where the pozzolanic
reactions may have additional benefits that are not captured
here. Furthermore, the change in pore structure due to acidi-
fication reactions plays a significant role in transport proper-
ties, which affects the degradation rate.

CONCLUSIONS
This study systematically investigated the influence of
limestone (LS) as a replacement of cement in terms of the
acid resistance of cementitious pastes. In addition, silica
fume (SF) was used to assess the influence of the calcium-

silicate ratio (Ca/Si) of the calcium-silicate-hydrate (C-S-H)

(that is, different types of C-S-H) on acid resistance. The

primary conclusions are based on 100% degree of hydration

(DOH) and include:

* LS replacement as a filler material did not show sacri-
ficial characteristics to sulfuric acid attack, contrary to
many discussions in the literature. In fact, LS acidifica-
tion did not start until all portlandite and most C-S-H
phases (JenD, JenH, and TobD) were consumed.

* Increased LS replacement caused the dilution of port-
landite and C-S-H volumes, which resulted in their
complete consumption at lower H,SO, concentrations
than mixtures without LS replacement. For example, the
mixture with 15% LS replacement (representing a port-
land-limestone cement [PLC] mixture) showed complete
portlandite and C-S-H depletion at 20% and 25% lower
sulfuric acid concentrations than corresponding ordinary
portland cement (OPC) mixtures, respectively.

*  Although portlandite is traditionally considered to be
the most susceptible hydration product to acid attack,

ACI Materials Journal/September 2025

the consumption rates of monosulfate and monocar-
bonate phases were higher with sulfuric acid exposure.

e The acidification of C-S-H phases started with high
Ca/Si C-S-H (JenD then JenH), followed by low
Ca/Si C-S-H (TobD then TobH), decreasing the overall
Ca/Si of C-S-H in the system with increasing acidification.

*  Pozzolanic reactions resulted in C-S-H phases with
lower Ca/Si than the OPC-only counterparts, increasing
acid resistance. The level of pozzolanic reaction depends
on the reactivity of the pozzolan and the volume of
the pozzolan used. However, if pozzolanic reactions
consume all portlandite in the mixtures, the buffer acid
resistance capacity of the mixtures might decrease. This
issue is particularly critical for PLC systems, for which
additional LS further dilutes the available portlandite
(by approximately 13% for 15% LS mass replacement)
and C-S-H in the mixture before acidification.

o Further experimental and/or modeling research is
needed to explore the role of changes in transport
properties of the hardened systems due to pozzolanic
reactions and chemical acidification, particularly for
typical degrees of hydration and pozzolanic reactions of
PLC-based systems.
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Predicting Geopolymer Ultra-High-Performance Concrete
Strength Using Machine Learning

by Kamran Aghaee and Kamal H. Khayat

Ultra-high-performance geopolymer concrete (UHP-GPC) can
exhibit high to exceptional strength. Given the importance of
UHP-GPC's mechanical properties, prediction of its 28-day
compressive strength (f.") remains insufficiently explored. This
study predicts UHP-GPC5s {.' based on alkali-activated mate-
rials, sand, fiber volume, and water-geopolymer binder and alkali
activator ratios. Advanced statistical modeling and a spectrum of
ensemble machine learning (ML) algorithms including random
forest (RF), gradient boosting (GB), extreme gradient boosting
(XGB), and stacking are used to predict UHP-GPC's strength. The
derived models reveal the significance of fiber, slag, and sand as
the most significant factors influencing the 28-day f.' of UHP-GPC.
All the ML models demonstrate higher precision in forecasting .’
of UHP-GPC compared to statistical modeling, with R? peaking at
0.85. Equations are derived to predict the strength of UHP-GPC.
This paper reveals that UHP-GPC with superior mechanical prop-
erties can be designed for further sustainability.

Keywords: compressive strength; ensemble machine learning; envi-
ronment; geopolymer ultra-high-performance concrete; sustainability;
ultra-high-performance concrete (UHPC).

INTRODUCTION

Ultra-high-performance concrete (UHPC) represents a
significant advancement in the field of concrete technology
by offering exceptional characteristics. Its remarkable dense
structure, excellent mechanical properties, high ductility,
and superior durability make it an attractive construction
material for a myriad of applications.! However, the use of
UHPC can present some challenges given the high cement
consumption, high autogenous shrinkage that can lead to
cracking, and inadequate fire resistance.”* A low water-
binder ratio (w/b), high content of fine materials, and high
fiber volume adversely affect UHPC’s rheology by reducing
workability while increasing viscosity and thixotropy.® As a
result, careful attention to mixture proportioning and selec-
tion of admixtures should be taken to facilitate UHPC’s
mixing, pumping, placement, consolidation, and finishing.
The use of supplementary cementitious materials (SCMs)
such as silica fume (SF), fly ash (FA), and slag cement
can enhance particle packing, reduce water and high-range
water-reducing admixture (HRWRA) demand, and provide
lubricating effect by reducing friction between particles,
thereby improving workability and flow properties.®’
Meng et al.® proposed cement substitution with 50 wt%
slag cement and 5 wt% SF for UHPC with a w/b of 0.18.
Such substitution reduced the HRWRA demand and plastic
viscosity and secured a 28-day compressive strength (f.") of
170 MPa (24.65 ksi).
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Proper use of SCM can reduce autogenous shrinkage.
For example, replacing cement with 50 wt% slag cement
in UHPC, compared to a mixture containing cement and
25 wt% SF, reduced autogenous shrinkage from 750 to
250 ue.® Despite the positive effect of SCM on autogenous
shrinkage, UHPC can still be vulnerable to self-desiccation,
which induces internal tensile stresses and can cause micro-
cracking due to high cementitious content, low w/b, and
high matrix density.”!® The incorporation of nanomaterials
and fibers in UHPC reinforcement can significantly enhance
its mechanical performance and durability. Using nano-
alumina fibers, nanocellulose fibers, and graphite nanoplate-
lets provide nucleation sites for further hydration, improving
the microstructure while enabling a reduction in silica fume
and steel fiber content. This optimization contributes to
improved mechanical properties and durability.!! Although
the aforementioned steps enhance UHPC’s characteristics,
it is crucial to upgrade it into a more sustainable material.

Recently, an alternative design for UHPC using alkali-
activated materials, also known as geopolymer precur-
sors, has been proposed. This approach employs
natural and industrial by-products to create ultra-high-
performance geopolymer concrete (UHP-GPC), which has
shown promise in enhancing early-age strength, imperme-
ability, thermal performance, fire resistance, and overall
environmental sustainability.'>!” Alkali-activated materials
can reduce unit energy consumption and CO, emission by
70% compared to portland cement.'®!® An alkali-activated
binder, or a so-called geopolymer, with minimal calcium
content can be synthesized from aluminosilicate precursors
such as metakaolin (MK), FA, and slag.?*?! High-alkali acti-
vators such as sodium/potassium hydroxide and sodium/
potassium silicate facilitate both dissolution and geopo-
lymerization processes. Alkali-based geopolymerization
includes six steps: alkalination, depolymerization of silicate,
gel formation of oligo-sialates, polycondensation, reticula-
tion, and solidification.?? In the alkaline environment, alumi-
nosilicate minerals dissolve, forming a three-dimensional
sialate network (Si—~O—Al-O) with noncrystalline polymeric
bonds, which serves as a fundamental geopolymer structure
or geopolymer blocks.??* The geopolymer blocks react
with sodium and calcium compounds and form sodium
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alumina silicate hydrate (N-A-S-H) (using low-calcium
precursor) and calcium alumina silicate hydrate (C-A-S-H)
(using high-calcium precursor) gels, which act as nucleation
sites. This, along with the formation of calcium silicate
hydrate (C-S-H) in high-calcium precursor systems, causes
hybrid binding, thus accelerating strength development and
enhancing mechanical and durability characteristics.?>
Because the specified binding products are gel phases
susceptible to leaching, it is debatable whether the system
can be classified as fully geopolymeric. However, stabilizing
these products with materials such as MK-750 can prevent
leaching and promote genuine polymerization.?’2%

Based on the literature, hot-pressed UHP-GPC made with
volcanic ash and low alkali activator content of approx-
imately 20 wt% (alkali activator-to-solid mass ratio 1:5)
with £ of up to 160 MPa (23.21 ksi) can be produced.” It
was reported that using simultaneous heating and pressing
techniques at up to 350°C (662°F) and 41 MPa (5.95 ksi)
can accelerate the dissolution of the aluminosilicate precur-
sors and their polycondensation, resulting in reduced pore
volume and a disconnected small pore network.? Therefore,
the enhanced mechanical properties were ascribed to the
denser microstructure of the UHP-GPC due to the advanced
geopolymerization during the hot-pressing process.'® Find-
ings by Ambily et al.? indicated the production of slag-
based UHP-GPC that can achieve a high f." of 175 MPa
(25.38 ksi) through the incorporation of up to 2% steel
fibers under ambient temperature curing. The concept of
strain-hardening UHP-GPC was proposed by Lao et al.!*3
for producing UHP-GPC with superior mechanical proper-
ties and ductility. The authors reported that by adjusting the
slag-FA ratio (20% FA and 80% slag) and steel fiber volume
(4%, a significantly dense microstructure of UHP-GPC with
/" up to 222 MPa (32.20 ksi) and tensile strain capacity up
to 0.55% can be produced. According to reported results, the
UHP-GPC exhibited a significantly low residual crack width
(up to 20 pm) after tensile testing, indicating the enhanced
microstructure of the concrete by superior bonding between
fibers and matrix. To further enhance the sustainability of
UHP-GPC, recycled aggregate or carbonated recycled
aggregate with superior properties can be employed. Liang
et al.’! used waste nickel slag as recycled fine aggregate to
produce UHP-GPC. The synergistic effect of several precur-
sors including slag, FA, and rice husk ash (RHA) can signifi-
cantly enhance the quality of microstructure and aggre-
gate/fiber-matrix interfacial transition zone in geopolymer
concrete. This synergy resulted in compressive strengths of
up to 145 MPa (21.03 ksi) and significantly improved the
durability of UHP-GPC. Additionally, after 300 freezing-
and-thawing cycles, the loss of /" and mass was limited to
6% and 1%, respectively.’!

Despite the effective development of UHP-GPC through
alkali-activation technology, tailoring the UHP-GPC to
achieve adequate mechanical properties and matrix density
is challenging as many factors contribute to the successful
production and strength development of UHP-GPC. These
factors include the type and combination of SCM and
fillers, the aggregate volume and characteristics, the type
and content of fibers, as well as the type and ratio of alkali
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activators. Therefore, this study is carried out to shed light on
the effect of these parameters on /.’ of UHP-GPC. A data set
was compiled from previous studies and a hybrid approach
of employing statistical modeling (multiple linear regres-
sion) using JMP software and machine learning (ML) tech-
niques was adopted to estimate the 28-day £’ of UHP-GPC.
In the ML analysis, advanced ensemble modeling using
random forest (RF), gradient boosting (GB), extreme
gradient boosting (XGB), and stacking ensemble learning
techniques were used. By estimating f." and smart design of
UHP-GPC, this research seeks to contribute to the continued
advancement and integration of this alternative UHPC mate-
rial in modern and sustainable construction.

RESEARCH SIGNIFICANCE
Cement production contributes to at least 8% of
human-induced global carbon emission, and approximately
0.9 kg of CO, is released with the production of each kg
of cement through the carbonate decomposition and fossil
fuel combustion.3233 The exceptional performance of UHPC
is primarily attributed to its high cement content; however,
its excessive cement use raises environmental concerns.
Developing alternative designs for UHPC by replacing tradi-
tional cement-based binders with SCMs and alkali-activated
materials has become imperative. Given the importance of
the mechanical properties of UHPC, accurately predicting
the strength of UHP-GPC is crucial to justify its use as a

sustainable alternative to conventional UHPC.

ANALYTICAL INVESTIGATION

Factors affecting UHP-GPC performance

The principals of producing UHP-GPC predominantly
include: 1) implementing either heat curing or pressurized
environment curing®’; 2) using binary or ternary combina-
tions of SF/MK, FA, and slag for enhanced alkali-activation
potential and flowability at low w/b*; 3) decreasing the
particle size and increasing the constituents’ specific surface
area'; and 4) employing an activator such as sodium- or
potassium-based alkaline solutions.*® Geopolymer binder,
aggregate, alkali activators, and fibers are used as main
constituents in the production of UHP-GPC, which can offer
unique benefits to the mechanical properties, durability, and
environmental impacts of the concrete. A brief review of the
aforementioned constituents is presented as follows.

Binder—A variety of natural and industrial by-products
can serve as geopolymer binder. This study focuses on the
most commonly used materials, for which extensive data sets
are available. Pozzolans and SCMs such as slag, FA, MK,
and SF, and limestone powder (LP)*%; natural by-products
such as RHA; and recyclable waste materials'>*"37 such as
granite powder,*® ground glass powder (GGP),* and dehy-
drated cementitious powder®® have been used to produce
UHP-GPC. These materials can contribute to geopolymeric,
hydraulic, and pozzolanic reactions depending on their
chemical composition, leading to the formation of strong
binding phases such as C-A-S-H (in high-calcium precur-
sors), N-A-S-H (in low-calcium precursors), and C-S-H.
Moreover, binders with fine particles, such as LP and GGP,
can improve particle packing density, resulting in lower water

ACI Materials Journal/September 2025



demand and enhanced flowability. Fine particles fill voids
and serve as nucleation sites, promoting hydration, refining
the microstructure, and improving overall performance.

Aggregate—Quartz sand is often used as the primary
aggregate in UHPC. However, such sand is a limited non-
renewable resource that requires mining and manufacturing
operations.*! The substitution of quartz sand with industrial
by-products in the preparation of UHP-GPC can enhance the
sustainability of the material. Industrial by-products include
waste nickel slag,®*' waste glass sand,* recycled concrete
aggregate and carbonated recycled concrete aggregate,*?
and ceramic waste aggregate.*’ Recycling waste materials as
aggregate can avoid accumulation of waste and effectively
resolve the scarcity of natural aggregate. Coal bottom ash,
coal FA, steel slag, blast-furnace slag, plastic wastes, and
natural aggregate such as those generated from dates palm
kernel are other refused sources of aggregate that can be
employed as partial replacement of quartz sand.*-4¢

Alkali activator—Several types of alkali activators are
used for geopolymerization of alkali-activated concrete.
The most common ones are sodium/potassium silicate
(NaySi05/K,Si05)  and  sodium/potassium  hydroxide
(NaOH/KOH).*78 Alkali activators can impact the fresh and
mechanical properties of UHP-GPC. The combination of
potassium hydroxide (KOH) and sodium silicate (Na,SiO;)
alkali activators can enhance mechanical properties of the
concrete. The chemical activators contribute to enhancing
the microstructure, strength, and durability of UHP-GPC,
particularly at temperatures exceeding 600°C (1112°F).%
The concentration of alkali activators also can affect the
mechanical properties of alkali-activated concrete.

Fiber—A drawback of UHP-GPC is brittleness, which
can be addressed by adding appropriate fibers.> In addition
to a variety of steel fibers,>! synthetic, natural, and nano
fibers have been employed to reinforce UHP-GPC.3%52-%4
Although a higher fiber content can enhance UHP-GPC’s
performance, there would be an optimum limit. The fiber
aspect ratio plays a critical role in the mechanical properties.
Relatively high-aspect-ratio straight fibers can be used in
UHP-GPC proportioning due to their extensive distribution
and superior performance.® The use of corrugated fibers
with a higher deformation ratio in UHP-GPC can result in
lower strengthening and toughening efficiency compared
to that of similar straight and hooked-end fibers.’>>* The
combined use of polypropylene and steel fibers can improve
the mechanical properties of UHP-GPC. However, substi-
tuting polypropylene with steel fibers can decrease mechan-
ical strength while enhancing durability due to the lower
vulnerability of polypropylene fibers to corrosive agents
compared to steel fibers.*®

Nano materials—Nano materials as fillers, binders,
pozzolans, and fibers can play a significant role in improving
the quality and performance of UHP-GPC, leading to
substantial mechanical properties and durability enhance-
ment.>»>"3 The incorporation of nano materials such as
nano-Si0,, nano-MK, nano-TiO,, nano-Al,Os, carbon nano-
tubes, and nano clay can enhance packing density, reduce
sorptivity, water absorption, and provide nucleation sites due
to higher surface area, thus facilitating the aluminosilicate
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network formation.’**° Nanomaterials can reduce microc-

rack development by improving interfacial bonding, refining
pores, enhancing the homogeneity of the UHP-GPC micro-
structure, and modifying stress-transfer mechanisms within
the matrix, thereby minimizing the risk of spalling.

Predicting UHP-GPC’s compressive strength

Selecting the optimum combination of constituents at
adequate contents can result in the production of UHP-GPC
with superior performance. As /.’ is one of the most important
indicators of UHP-GPC performance, it has been measured
more frequently than other properties of UHP-GPC. In this
study, statistical and ensemble ML modeling were employed
to predict the effect of constituents such as SCM, sand, fiber,
w/b, and alkali activators on the 28-day f.' of UHP-GPC.
Although the source and chemical composition of alka-
li-activated materials significantly influence UHP-GPC’s
strength development, their exclusion from the analysis was
due to insufficient data and the complexity involved. In this
study, the general relative richness of compounds is assumed
as follows: for silica, SF > FA > slag; for alumina, FA >
slag > SF; and for calcium, slag > FA > SF.

Due to intricacies and nonlinear relationships among
features, statistical modeling and a spectrum of ML tech-
niques were employed to develop predictive models. Statis-
tical modeling using JMP software typically relies on linear
relationships between dependent and independent variables,
often overlooking nonlinear interactions among features and
offering limited capabilities for fine-tuning model parame-
ters.® These characteristics can limit its performance when
having intricate data sets with potential outliers. There-
fore, ML techniques were employed as a complementary
approach, not only for comparison but also to improve the
flexibility, sensitivity, and accuracy of the analysis.

Ensemble learning methods can be divided into three main
categories of bagging, boosting, and stacking, as illustrated
in Fig. 1. In this study, the strengths of these three catego-
ries of ensemble modeling were leveraged. The bagging
category was represented by RF, whereas boosting models
included GB and XGB. Additionally, the stacking ensemble
model was employed as a powerful technique to combine
the strengths of bagging and boosting methods for achieving
a trade-off between variance and bias. These strategies were
employed to further improve the models’ predictive power
in forecasting the 28-day f." of UHP-GPC.5!-63

A data set including 120 entries related to the effect of
various factors, discussed in the previous section, on the
28-day f." of UHP-GPC was compiled. Table 1 summarizes
UHP-GPC characteristics made with diverse alkali-activated
materials, sand, fiber, w/b, and alkali activators at various
proportions.

Statistical data analysis

Multiple linear regression—Multiple linear regression
analysis of variance was performed to assess the significance
of features (alkali-activated material, sand, fiber, w/b, and
alkali activator, typically sodium silicate-sodium hydroxide
ratio [SS/SH]), on the 28-day f." of UHP-GPC. The recog-
nized statistically significant features are shown in the effect
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Fig. I—Flowchart of ensemble ML methods and associated algorithms employed in this study.

tests table (Table 2). The statistical significance level of 0.05
represents the probability that a given random sample is not
a true reflection of the overall population. Table 2 results
imply the importance of fiber, sand, w/b, slag, SS/SH, FA,
and SF, respectively, on the 28-day f." of UHP-GPC.

The predicted versus actual 28-day ;" of UHP-GPC based
on the training data set is presented in Fig. 2 (R* = 0.79).

Linear prediction equation and significant factors—Using
multiple linear regression, the statistical model developed
the following equation to predict the f." of UHP-GPC based
on the five significant features listed in Table 2. This equa-
tion applies within the specific range of features analyzed in
this study.

' =338.64 + 0.14 Fiber — 0.12 Sand — 234.30 w/b —
0.10 Slag + 6.01 SS/SH

The main constituents considered in the analysis (fiber, sand,
slag, FA, and SF) are expressed as unit mass values added to
the mixture (kg/m?), while the SS/SH and w/b denote alkali
activator and water-geopolymer binder ratios, respectively.

The effect of the two most significant factors (fiber and
sand) on the 28-day /. of UHP-GPC can be further discussed
by the surface plot shown in Fig. 3. As can be seen, based on
the compiled database, for a UHP-GPC made with 0.3 w/b,
665 kg/m? (41.5 1b/ft’) slag, and 1.5 SS/SH, increasing the
fiber dosage and decreasing sand content increase the 28-day
/.'. The positive effect of fiber on the mechanical properties of
UHP-GPC has been documented in previous studies. 330301
Less sand allows for higher alkali-activated binder use,
which can enhance the 28-day £’ of UHP-GPC. Although
individual use of SCM except for slag was not identified
among the most significant factors, the synergy and combi-
nation of alkali-activated materials at the presence of alkali
activators can play a significant role in strength development
of UHP-GPC.

In this study, the 28-day f;’ values of 24 mixtures obtained
from previous studies’®®® were employed for testing the
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statistical model. These mixtures were not used to estab-
lish or train the model. As shown in Fig. 4, the statistical
modeling offers an adequate prediction of the 28-day f." of
UHP-GPC, with R? of 0.75 on the testing data set.

ML—As a complement to statistical modeling, ML algo-
rithms were employed to forecast the f. of UHP-GPC.
These algorithms, which are considered ensemble learning
methods, were applied on the similar data set including
120 data points (shown in Table 1), of which 80% was
employed for training and 20% for testing the models. The
training subset was used to develop the ML models through
various ensemble techniques to uncover relationships among
input features such as slag, FA, SF, sand, fiber, w/b, SS/SH,
and the 28-day /. of UHP-GPC. The test subset, which was
reserved during the training phase, was subsequently used to
evaluate the models’ performance.

In this study, ensemble learning techniques using various
bagging and boosting algorithms such as RF, GB, and XGB,
along with stacking ensemble technique were employed to
enhance the predictive power. Stacking combined the predic-
tions of these models using a decision tree regressor meta-
model. The hyperparameters of the ML algorithms—including
number and depth of trees, learning rate, maximum features
per split, and minimum samples per split/leaf—were fine-
tuned to enhance the predictive performance of the models.

RF—REF constructs decision trees using bootstrap aggre-
gation, creating multiple training data sets through sampling
with replacement from the original data. It introduces
randomness by selecting a subset of features at each split
rather than evaluating all features, which enhances model
diversity. The final prediction is obtained by averaging
the outputs of all trees, thereby reducing variance through
ensemble averaging. RF performs nonlinear regression with
relatively few hyperparameters (primarily the number of
trees and the number of features sampled at each split) and is
generally insensitive to feature scaling. It also enables rapid
training and evaluation by leveraging parallel computation
of multiple decision trees. As a representative of bagging
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Table 1—Effect of various factors on 28-day f.' of UHP-GPC

Reference Slag, kg/m? FA, kg/m? SF, kg/m? Sand, ¢ Fiber, kg/m? w/b SS/SH | 28-day £, MPa
1175 176 216 139
1062 159 391 142
Kim et al.12 971 — 146 536 — 03 3 146
895 134 659 147
831 125 764 161
0 102
78 142
156 159
234 169
Liu et al 688 172 45 905 7 0.32 7 o
156 162
234 170
78 132
156 142
234 151
688 172 45 0 101
688 172 45 78 109
688 172 45 156 128
Liu et al.*! 688 172 45 905 234 0.32 7 155
652 163 90 156 104
580 145 180 156 137
508 127 270 156 150
0 13
78.5 138
18 142
157 151
MO“;:;‘;?E& and 85023 — 2834 846.65 78.5 0.168 3 135
118 140
157 146
66 134
153 145
950 0 912 0 85
950 0 912 78.5 90
950 0 912 157 100
950 0 798 0 83
950 0 798 78.5 90
950 0 798 157 100
Sf’:i‘iv;;rz‘;i 950 - 0 684 0 0.3 L5 08
950 0 684 78.5 105
950 0 684 157 113
807.5 142.5 912 0 85
807.5 142.5 912 78.5 90
807.5 142.5 912 157 100
807.5 142.5 798 0 90
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Table 1 (cont.)—Effect of various factors on 28-day f.' of UHP-GPC

Reference Slag, kg/m? FA, kg/m? SF, kg/m? Sand, ¢ Fiber, kg/m* wib SS/ISH | 28-day f.', MPa
807.5 142.5 798 78.5 105
807.5 142.5 798 157 115
807.5 142.5 684 0 107
807.5 142.5 684 78.5 121
807.5 142.5 684 157 130
665 285 912 0 93
Kathirvel and 665 285 912 78.5 110
Sreckumaran®? 665 a 285 912 157 03 " 17
665 285 798 0 107
665 285 798 78.5 120
665 285 798 157 132
665 285 684 0 123
665 285 684 78.5 134
665 285 684 157 150
0 115
78.5 140
98 147
118 144
137 152
Aisheh et al.> 860 — 285 850 E— 0.168 3.5
157 150
177 162
78.5 145
118 153
157 154
690 180 0 0 125
690 180 0 9 132
690 180 0 18 140
690 180 0 27 147
690 180 45 0 117
690 180 45 9 127
690 180 45 18 132
690 180 45 27 140
650 165 90 0 100
Rakesh et al.® 630 165 % 905 79 0.3 6.3 1
650 165 90 18 123
650 165 90 27 135
580 145 180 0 134
580 145 180 9 139
580 145 180 18 152
580 145 180 27 158
510 125 270 0 149
510 125 270 9 156
510 125 270 18 160
510 125 270 27 167
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Table 1 (cont.)—Effect of various factors on 28-day f.' of UHP-GPC

Reference Slag, kg/m? FA, kg/m? SF, kg/m? Sand, ¢ Fiber, kg/m? wib SS/ISH | 28-day f.', MPa
0 94
157 102
Liu et al.®’ 790 130 80 830 157 0.3 6 110
157 141
202 151
930.4 0.175 1 105
940.9 0.165 2 111
Midhin et al.® 850.23 — 283.4 945.9 — 0.16 3 116
945.9 0.153 3 122
945.9 0.146 3 130
688 172 45 905 78 0.32 7 140
688 172 45 905 156 0.32 7 149
688 172 45 905 234 0.32 7 157
Liu et al.> 688 172 45 905 78 0.32 7 126
688 172 45 905 156 0.32 7 134
688 172 45 905 234 0.32 7 144
688 172 45 905 156 0.32 7 132
685 0 207.5 1105 39 0.20 0.5 115
685 0 207.5 1105 78 0.20 0.5 122
685 0 207.5 1105 117 0.20 0.5 118
Althoey e al® 685 0 250 1105 39 0.19 0.5 120
685 0 250 1105 117 0.19 0.5 121
685 0 292.5 1105 39 0.18 0.5 118
685 0 292.5 1105 78 0.18 0.5 127
685 0 292.5 1105 117 0.18 0.5 118
688 172 45 0 104
688 172 45 78 122
688 172 45 156 140
Liang et al.’! 688 172 45 905 234 0.3 7 146
652 163 90 156 145
616 154 135 156 146
580 145 180 156 132

Note: 1 MPa = 0.145 ksi; 1 kg/m® = 0.0624 1b/ft’.

algorithms, RF effectively reduces the high variance typi-
cally associated with individual decision trees.”

GB—GB is a powerful ML algorithm that combines
shallow decision trees (typically with low variance and high
bias) and refines iteratively to create a low bias ensemble.
Each successive tree is trained to minimize the residual
errors of the combined previous learners. GB optimizes
model performance using gradient descent, relying on the
negative gradient of a specified loss function to update the
ensemble. The process begins with a weak initial model and
incrementally improves prediction accuracy by reducing
residuals in each iteration until a convergence criterion is
met. GB is computationally efficient, requires relatively
few hyperparameters (for example, tree depth, number of
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iterations, and learning rate), and is generally insensitive to
feature scaling.”!

XGB—XGB is a highly efficient and scalable implementa-
tion of GB, known for its superior performance and optimi-
zation capabilities. XGB uses an innovative tree algorithm
that enables handling scattered data with parallel and distrib-
uted computing. It incorporates regularization techniques,
and tree pruning strategies to enhance efficiency. XGB
builds asymmetric ensemble trees sequentially, with each
new tree learning from the residuals of the previous one.
It uses a depth-wise learning approach, focusing on splits
that produce the greatest reduction in loss at each leaf. This
method can reduce the risk of overfitting while enhancing
computational efficiency.”
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Fig. 2—Comparison between actual and predicted 28-day
f." of UHP-GPC based on training data set. (Note: 1 MPa =
0.145 ksi.)
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Fig. 3—Surface plot showing contribution of fiber and
sand to 28-day f." of UHP-GPC. (Note: w/b = 0.3; slag =
665 kg/m3 [41.5 Ib/f’]; SS/SH = 1.5; 1 MPa = 0.145 ksi.)

Stacking—Stacking is an ensemble learning technique that
integrates multiple regressors generated by different ML algo-
rithms on the same data set. It leverages the complementary
strengths of diverse models—such as those based on bagging
and boosting—to achieve a more balanced trade-off between
bias and variance. In this approach, a set of base-level regres-
sors is first trained independently, and their predictions are
then used as inputs for a meta-learner, which synthesizes the
outputs to generate the final prediction. Due to its flexibility
and potential to enhance predictive accuracy, stacking was
employed in this study to construct a robust and efficient
ensemble model.” In this study, a decision tree regressor was
employed as the meta-learner to integrate the predictions of
diverse base-level algorithms. Figure 5 illustrates the sche-
matic representation of the stacking procedure used.
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Table 2—Effect test table for 28-day f.’ of UHP-GPC

Sum of
Source | Nparm DF squares F-ratio Prob > F
Slag 1 1 986.502 8.992 0.0035"
FA 1 1 10.612 0.097 0.7565
SF 1 1 5.278 0.048 0.8269
Sand 1 1 4773.345 43.510 <0.0001"
Fiber 1 1 8781.506 80.046 <0.0001"
wib 1 1 1970.936 17.966 <0.0001"
SS/SH 1 1 731.148 6.665 0.0114"

"Denotes statistically significant factors.

Note: Nparm is number of parameters; DF is degree of freedom.
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Fig. 4—Predicted versus actual 28-day f." values of
UHP-GPC for testing data set. (Note: 1 MPa = 0.145 ksi.)

DISCUSSION, COMPARISON, AND EVALUATION
OF ML MODELS

The descriptive statistics including mean, standard devia-
tion (SD), minimum, and maximum values of the input and
output variables are shown in Table 3.

Pair plot and heatmap correlation—shown in Fig. 6 and
7, respectively—were employed to visually represent the
data distribution. Figure 6 shows the pairwise relationship
between the features and indicates that the relationship
among most pairs of features except for slag-SF, SF-sand,
and SS/SH-w/b is nonlinear.

The Pearson correlation coefficients on the heatmap
shown in Fig. 7, which range between —0.72 and +0.94, indi-
cate the extent of relationship between the features. Positive
numbers imply a direct relationship, while negative ones
indicate the inverse relationship between the features. As it
can be observed, the strongest direct and inverse pairwise
relationships are associated with FA-SS/SH and SF-w/b.

For assessing the accuracy of the ML models, three
widely recognized performance indicators, including R,
mean absolute error (MAE), and mean squared error (MSE)
values were employed. The R? or coefficient of determina-
tion indicates how effectively independent variables (slag,
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Fig. 5—Schematic view of stacking ensemble technique procedure.

Table 3—Statistical properties of variables

ID Data Unit Mean SD Minimum Maximum
1 28-day f.’ MPa 129.5 21.1 83.0 170.4

2 Slag kg/m? 761.5 121.4 508.0 1175.0
3 FA kg/m? 65.1 80.2 0.0 180.0

4 SF kg/m? 164.4 111.5 0.0 292.0

5 Sand kg/m? 863.8 120.3 216.0 1105.0
6 Fiber kg/m? 83.1 71.7 0.0 234.0

7 wib — 0.257 0.071 0.120 0.320

8 SSISH — 4.0 23 0.5 7.0

FA, SF, sand, fiber, w/b, and SS/SH) explain the variability
in a dependent variable (28-day f." of UHP-GPC). MAE
calculates the average of the absolute differences between
actual and predicted values, reflecting the typical magnitude
of prediction errors regardless of direction. MSE measures
the average squared differences between actual and predicted
values, offering an overall assessment of prediction accuracy.
Asshown in Fig. 8 and Table 4, the XGB and stacking models
stand out for their high accuracy in predicting the 28-day £’
of UHP-GPC, achieving R? values of up to 0.85. Among the
other algorithms, GB outperformed RF on the testing set. The
R? values on the training set for RF, GB, and XGB were 0.91,
0.90, and 0.93, respectively. These results suggest that RF
exhibited the highest and GB the lowest degree of overfitting.
The superior performance of the boosting algorithms can be
associated with their efficiency in sequential correction and
incremental improvement while learning the complex and
nonlinear relationships between the 28-day f. of UHP-GPC
and features. These algorithms learn from previous errors
and adjustments, progressively building models with
improved accuracy. The lower values of MAE and MSE
achieved by the stacking and XGB models further high-
light their adequacy. Abdellatief et al.”* conducted a similar
study to predict the compressive strength of UHP-GPC
using random forest, support vector regression (SVR), and
XGB algorithms. The authors indicated the efficiency of the
boosting algorithm compared to SVR and RF algorithms.
The adequacy of boosting algorithms and stacking ensemble
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learning techniques in effective prediction of concrete mate-
rials behavior was reported in other studies.”7°

The feature importance, which implies the impact of each
feature on the 28-day f." of UHP-GPC, was obtained using
various ML algorithms, and the most dominant trend is illus-
trated in Fig. 9. The SS/SH, fiber, and slag were identified
as the three most important features influencing the 28-day
f.' of UHP-GPC. According to both statistical and ML
modeling, the fiber content presents a significant role in the
28-day f." of UHP-GPC. Abdellatief et al.”* recognized the
effect of steel fiber as the most significant feature affecting
UHP-GPC’s compressive strength.

The results obtained indicate that statistical modeling can
be efficient with acceptable accuracy. The software performs
simple analysis using multiple linear regression and finds the
best-fit line (or hyperplane in higher dimensions) that mini-
mizes the error between the predicted and actual values. On
the other hand, ML algorithms demonstrate superior perfor-
mance in managing complex data that present a nonlinear
relationship with the target variable and deliver commend-
able prediction when meticulous hyperparameter fine-
tuning is applied. The algorithms demonstrate adaptive and
scalable capabilities, benefiting from both intrinsic linear
and nonlinear modeling capacities. They enable dynamic
modification and precise analysis of small (with a reasonable
number of features) and large, complex data sets—without
being constrained by the assumptions of conventional statis-
tical analysis. The studied ensemble techniques can benefit
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Fig. 6—Pair plot showing relationships among data set variables.

from sequential correction and incremental improvement of
the model (boosting), and the integration of multiple models
(stacking) for enhanced predictions.

CONCLUSIONS

This study explored the effect of various factors including
alkali-activated materials, aggregate, fiber, water-binder
ratio (w/b), and alkali activators on the 28-day compressive
strength (f.") of ultra-high-performance geopolymer concrete
(UHP-GPC). Statistical modeling using JMP software and
machine learning (ML) including several ensemble tech-
niques were employed to predict the 28-day f." of UHP-GPC
based on the mentioned factors. The study offered a compar-
ison between the various statistical and ensemble ML
models. According to the analyses carried out, the following
conclusions can be drawn:

1. UHP-GPC proportioned with the appropriate combi-
nation of alkali-activated materials, alkali activators, and
fibers can exhibit comparable mechanical properties to
ultra-high-performance concrete (UHPC).
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Table 4—Average performance metrics of ML
models on test data set

Algorithm R? MAE MSE
RF 0.78 7.48 75.22
GB 0.82 6.36 61.02

XGB 0.84 5.83 55.06
Stacking 0.85 5.87 51.88

2. Based on statistical and ML modeling, the significance
of fiber, slag, and sand as the top three most important
features affecting the 28-day /. of UHP-GPC were identified.

3. The comparison between statistical and ensemble ML
modeling revealed that ML models, with R? of ranging from
0.78 to 0.85, outperform statistical modeling (R = 0.75).

4. While statistical modeling exhibited significant effi-
ciency in predicting the UHP-GPC’s 28-day f.’, ML modeling
especially using boosting and stacking techniques showed
superior performance.
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5. The enhanced capability of the ensemble ML algorithms
in learning intricate and nonlinear relationships is associated
with the sequential correction and incremental improve-
ment of the model and the integration of multiple models.
Additionally, the ability to perform meticulous hyperparam-
eter fine-tuning contributed to their superior performance
compared to statistical modeling.

6. The linear equation derived from statistical and the
complex ML models can enable precise prediction of the
28-day f." of UHP-GPC based on the features. The findings
of this study provide insights into designing UHP-GPC with
enhanced performance for further sustainability.
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Impact of Under-Sulfated Cement on Concrete
Performance: Detection and Mitigation Using Real-Time

Slump Monitoring

by Justin Dickey, Kevin J. Folliard, and Thanos Drimalas

This study investigates the impact of under-sulfated cement
combined with high-calcium fly ash and lignosulfonate-based
admixtures in ready mixed concrete, leading to rapid stiff-
ening and delayed setting. Using an on-board slump-monitoring
system (SMS) installed on a ready mixed concrete truck, signifi-
cant increases in water demand were recorded to maintain target
slumps, with mixtures showing minimal slump response to water
additions. Laboratory tests, including isothermal calorimetry and
mortar trials, confirmed the under-sulfated cement’s inadequate
sulfate levels as the cause. Optimal sulfate addition was deter-
mined through calorimetry, and adjustments with gypsum effec-
tively remedied rapid stiffening and delayed setting. This research
demonstrates that an SMS can detect undesirable combinations
of cement, fly ash, and admixtures in concrete, allowing real-time
corrections. It underscores the importance of optimized sulfate
levels in cement, particularly when using high-calcium fly ash
combined with some high-range water reducers, to achieve desired
concrete performance under varying field conditions.

Keywords: flash setting; fly ash (FA); high-range water reducer; incom-
patibility issues; on-board slump-monitoring system (SMS); setting time.

INTRODUCTION

The role of sulfate in portland cement hydration has
been thoroughly researched and documented. The seminal
research on this topic took place in 1946 (Lerch 1946).
Early research used 1-day compressive strength to deter-
mine optimum sulfate levels for portland cement per ASTM
C563-20 (2020) or variations of that standard. Experience
has shown that even if determined in standard conditions,
this optimal sulfate content will typically ensure the control
of flash setting, false setting, delayed setting, and delayed
strength gain for a broad range of use conditions (for
example, different ambient temperatures, combinations with
supplementary cementitious materials [SCMs], chemical
admixtures, and so on).

The increased use of high-calcium fly ash (FA) with
certain admixtures has created an environment where the
1-day compressive strength based on cement only (no SCMs
or admixtures) may not predict undesirable outcomes. Slow
setting and slow strength gain rates have been linked to
inadequate sulfate levels in systems with high-calcium FA
and certain types of admixtures (Meyer 1976; Khalil and
Ward 1978; Johnson 1987; Helmuth et al. 1995; Ramach-
andran 1995; Roberts 1995; Hills and Tang 2004; Detwiler
and Shkolnik 2005; Sandberg and Roberts 2005; Cost 2006;

ACI Materials Journal/September 2025

Taylor et al. 2006; Wang et al. 2006; Roberts and Taylor
2007; Lashley 2009; Taylor 2007).

This research examines an instance where an under-
sulfated cement was paired with a high-calcium FA and a
lignosulfonate (LS)-based admixture during daily ready
mixed concrete operations and placed in the field. The
resulting rapid stiffening was recorded by an on-board
slump-monitoring and management system (SMS), and
water additions were recorded along with the slump response
of the concrete. The SMS uses an algorithm that combines
hydraulic pressure and drum speed sensors with load size
and mixture properties to measure slump. The algorithm is
powered by machine learning using data from millions of
loads of concrete to create a robust measuring system. Once
a slump is predicted, the system uses adaptive algorithms to
“learn” how much water or admixture is needed to reach the
target slump.

Once the concrete was in place, delayed setting times
were reported. Samples of the cement and Class C FA were
collected from the ready mixed concrete plant and chemi-
cally evaluated, including the determination of the sulfate
content of the cement and the calcium oxide content of the
FA. Isothermal calorimetry was used to assess heat genera-
tion, and mortar mixtures were used to evaluate compressive
strength, slump loss, lack of slump response to water addi-
tions, delayed setting time, and delayed strength gain. Using
isothermal calorimetry, an optimal sulfate addition was
determined and confirmed with the setting time and strength
gain of mortar mixtures.

RESEARCH SIGNIFICANCE

This research confirms through laboratory mortar trials
that the use of an SMS can help identify when an undesir-
able combination of cement, FA, and admixture is present
in a concrete mixture. An SMS could potentially use an
algorithm to detect this reaction and alert the concrete truck
driver and quality control representatives so that either an
admixture could be added to the concrete, or the load can
be aborted and returned to the batch plant if the problem
cannot be addressed with on-board monitoring and additions
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Fig. 2—Concrete Load 1B. (Note: 1 in. = 25.4 mm; 1 gal./yd®> = 4.95 L/m’.)

of water and/or chemical admixtures. Furthermore, this
research reconfirms that an increase in cement sulfate
will remedy rapid stiffening and delayed setting of mortar
mixtures containing the previously described materials.

EXPERIMENTAL INVESTIGATION
AND PROCEDURES

Field investigation

In early November 2022, an unknown number of cement
tankers delivered under-sulfated cement to multiple ready
mixed concrete plants. This cement, when combined with
high-calcium FA, an LS-based admixture, or a combination
of both, caused rapid stiffening of the concrete, followed by
delayed setting. Figure 1 shows the typical slump life and
water demand of a 10 yd* (7.6 m*) load of concrete with prop-
erly sulfated cement, high-calcium FA, and an LS admixture.
These data were provided by an on-board slump-monitoring
and adjustmentsystem. This concrete load required 1.7 gal./yd?
(8.4 L/m%) of water to achieve and hold a 5 in. (127 mm)
slump. Each graph shows two plots. The top plot shows
slump versus time, with the status of “leave plant,” “arrive
site,” and “begin placement” indicated with the vertical
axes LP, AS, and BP, respectively. The lower plot shows the
volume of water added versus time. For this load of concrete,
the beginning water-cementitious materials ratio (w/cm) was
0.58, and the as-placed w/cm was 0.62.

Figure 2 shows the rapid slump loss and increased water
demand that occurred due to the under-sulfated cement
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being incorporated into the mixture. The mixture design is
the same as the previous concrete load shown in Fig. 1. This
load required 6.6 gal./yd® (32.7 L/m?) to keep and hold a 5 in.
(127 mm) slump. This is a 296% increase in water demand
over the normal concrete load. For this load of concrete, the
beginning w/cm was 0.58, and the as-placed w/cm was 0.72.

Note that the time from LP to BP for Loads 1A and 1B was
different. However, water additions needed to hold the slump
for all loads started at approximately the same time, based
on the time from when the concrete was batched. Load 1A
water additions began at the 11-minute mark, while Load 1B
water additions began at 12 and 13 minutes from batching.
Load 1B would have still been below the target slump upon
arrival at the project site had it needed to discharge concrete
at the same concrete age as Load 1A.

Figure 3 shows the typical slump life and water demand
of a 10 yd* (7.6 m?) load of concrete with properly sulfated
cement combined with an LS admixture. There was no
high-calcium FA present in this load. This load required
1.5 gal./yd® (7.4 L/m®) to achieve and hold a 5 in. (127 mm)
slump. For this load of concrete, the beginning w/cm was
0.58, and the as-placed w/cm was 0.61.

Figure 4 shows the rapid slump loss and increased water
demand that occurred due to the under-sulfated cement
being incorporated into the mixture. The mixture design
was the same as Load 2A. This load required 6.0 gal./yd?
(29.7 L/m®) to keep and hold a 5 in. (127 mm) slump. This is
a 377% increase in water demand compared to Load 2A. For
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this load of concrete, the beginning w/cm was 0.58, and the
as-placed w/cm was 0.70.

The LP to BP times for Loads 2A and 2B were similar.
Similar to Loads 1A and 1B, the water additions for 2A and
2B all started at approximately the same time from batching,
which in this case was approximately 7 minutes.

Figure 5 shows the normal slump and water demand after
the under-sulfated cement had been depleted from the plant.
This load responded to a 4.0 gal./yd® (19.8 L/m®) water addi-
tion, with the slump increasing by 4 in. (101.6 mm), which
was to be expected. The final w/cm for Load 3A was 0.66.

This unique data set showed, in real time, the adverse
effects of under-sulfated cement on hydration. The effect
was similar for concrete with and without Class C FA. Water
additions were initiated to try to meet the target slump, but
the mixtures with the under-sulfated cement minimally
responded to water additions, leading to excessive water
additions. These mixtures also rapidly stiffened and were
very slow to set, based on feedback from the field. When
the under-sulfated cement made its way through the cement
silo and was replaced with a properly sulfated cement, the
problems went away.

Laboratory investigation and procedures
Under-sulfated cement was collected from a ready mixed
concrete plant silo, along with an ASTM C618-23 (2023)
high-calcium FA. Both an ASTM C494/C494M-19 (2019)
LS-based and polycarboxylate-based admixture were also
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collected from a ready mixed concrete plant. An ASTM
C150/C150M-22 (2022) control cement, with normal
sulfate levels, was acquired from the same manufacturer as
the under-sulfated cement. Gypsum and ASTM C778-21
(2021) standard graded sand were obtained from commer-
cial sources. Table 1 identifies each material with an ID
that is used as a material identification code throughout this
research and within this paper. Table 2 shows the chemical
analysis of the cementitious materials, which was calculated
using X-ray diffraction (XRD) and Rietveld analysis. XRD
was performed with an X-ray diffractometer, and Rietveld
analysis was performed using analysis software. X-ray
fluorescence (XRF) was also performed, and the chem-
ical analysis is shown in Table 3; potential compounds per
the Bogue equation are listed in Table 4. Low sulfate was
confirmed for cement U based on the low content of gypsum
present through XRD and the reduced SO; result found
through XRF.

Table 5 shows the particle-size distribution of each cemen-
titious material, which was performed using a particle-size
analyzer. While cement U had a larger median particle size
than cement C, it was not sufficiently different to drastically
impact the fresh and hardened properties of mortar compared
to the overwhelming impact of the cement sulfate content.

Table 6 shows the isothermal calorimetry (as per ASTM
C1702-23e1 [2023]) for various paste mixture combinations
using an eight-channel calorimeter. The calorimeter was
set at 73.4°F (23°C) for 7 days. The cementitious materials
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Table 1—Materials for calorimetry and
mortar mixtures

ID Material
Under-sulfated ASTM C150/C150M-22 Type 1
C Normal-sulfated ASTM C150/C150M-22 Type I
FA ASTM C618-23 Class C fly ash
LS ASTM C494/C494M-19 Type A and F
lignosulfonate-based admixture
ASTM C494/C494M-19 Type A and F
PC .
polycarboxylate-based admixture
G Terra alba No. 1 gypsum
Sand ASTM C778-21 standard graded sand

and admixtures that were used can be determined using the
material IDs found in Table 1.

Figures 6 to 9 show the first 48 hours of heat flow for
the combinations listed in Table 6. It was decided, for this
research, to focus on the initial 48 hours of hydration due
to the undesirable interaction of the cementitious materials
observed at an early age in ready mixed concrete loads.
Figure 10 is a bar graph that places similar mixtures side-by-
side to more easily show the difference in cumulative heat,
with the variable being cement.

Based on the isothermal calorimetry results listed previ-
ously, a new set of mixtures was evaluated that included
only cement, gypsum, and water. This was done to determine
the amount of gypsum needed to produce a cumulative heat

Table 2—X-ray diffraction analysis of cement and fly ash

Percent by mass

D CsS C,S C,AF C;3A cubic C3A orthorhombic K,SO, Gypsum
51.6 29.5 5.8 8.1 2.2 1.9 0.8
C 50.0 27.63 7.48 5.29 1.1 1.8 43
FA 0.0 37.76 0.0 1.97 8.72 0.0 6.73
Table 3—X-ray fluorescence analysis of cement and fly ash
Percent by mass
1D SiO, AlLO; Fe,05 CaO MgO SO; Na,O K,O LOI Alk
U 21.8 5.5 2.1 62.3 1.3 2.4 0.15 0.91 4.22 0.75
C 21.0 4.7 3.0 61.2 1.2 2.9 0.14 0.84 1.43 0.69
FA 37.0 21.3 5.57 22.89 4.21 2.26 1.63 0.56 0.79 2.0
Note: LOI is loss on ignition; Alk is alkalies.
Table 4—Potential cement compounds per Table 5—Particle-size distribution of cement, fly
Bogue equation ash, and gypsum
Percent by mass ID d(0.1) d(0.5) d(0.9)
1D CsS C,S C4AF CGA 3.77 16.52 47.87
41.5 31 6.3 11 C 2.16 13.40 39.72
C 459 25.6 9.2 7.2 FA 1.33 9.74 40.36
G 0.62 9.04 28.85
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Fig. 5—Concrete Load 3A. (Note: 1 in. = 25.4 mm; 1 gal./yd® = 4.95 L/m’.)
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similar to the mixture C-O. These new mixtures are found in
Table 7. The number found within the mixture ID indicates,
in percent by mass of cement, the amount of gypsum added.
The same mixing procedure and isothermal calorimetry
settings used previously were also used for these mixtures.

Figure 11 shows normalized heat flow for the
gypsum-modified mixtures and also includes mixtures C-0.0
and U-0.0, which contained no gypsum. Figure 12 shows the
cumulative heat for these same mixtures. Based on cumula-
tive heat at 48 hours, it was determined that mixture U-1.0,
with a 1% gypsum addition, would be the basis for correcting
the under-sulfated cement interaction issue. A comparison
of cumulative heat at 48 hours between mixtures C-0.0 and
U-1.0 is shown in Fig. 13.

To reproduce in the laboratory what happened in the field,
the concrete mixture design that was batched by the ready
mixed plant was reproduced as a mortar mixture. The mortar
mixtures are listed in Table 8. The letter M at the end of
each design ID indicates that they were mortar mixtures. The
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other design ID components can be identified using Table 1.
An 8 qt. (7.57 L) mixer was used, and materials were added
to the mixing bowl in the same sequence that they were
batched at the ready mixed concrete plant. The sequencing
was as follows: 80% of the batch water, 80% of the sand,

Table 6—Isothermal calorimetry paste mixtures

Fig. 6—Heat flow and cumulative heat (upper right corner) of cements C and U at 48 hours.
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Fig. 7—Heat flow and cumulative heat (upper right corner) of cements C and U with LS admixture at 48 hours.
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Mixture Cement, Fly ash, Water reducer, Water,
ID Ib(g) Ib (g) oz. (g) Ib (g)
C-0 0.11 (50) 0 0 0.04 (20)
C-LS 0.11 (50) 0 0.005 (0.15) 0.04 (20)
C-FA 0.07 (30) 0.04 (20) 0 0.04 (20)
C-LS-FA | 0.07 (30) 0.04 (20) 0.005 (0.15) 0.04 (20)
uU-0 0.11 (50) 0 0 0.04 (20)
U-LS 0.11 (50) 0 0.005 (0.15) 0.04 (20)
U-FA 0.07 (30) 0.04 (20) 0 0.04 (20)
U-LS-FA | 0.07 (30) 0.04 (20) 0.005 (0.15) 0.04 (20)
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Table 7—Isothermal calorimetry mixtures with
gypsum additions

Mixture ID Cement, oz. (g) | Gypsum, oz. (g) Water, oz. (g)
C-0.0 1.76 (50) 0 0.71 (20)
U-0.0 1.76 (50) 0 0.71 (20)
U-0.5 1.75 (49.75) 0.0088 (0.25) 0.71 (20)
U-1.0 1.74 (49.5) 0.017 (0.5) 0.71 (20)
U-1.5 1.73 (49.25) 0.026 (0.75) 0.71 (20)
U-2.0 1.72 (49) 0.035 (1) 0.71 (20)
U-2.5 1.725 (48.75) 0.044 (1.25) 0.71 (20)
U-3.0 1.71 (48.5) 0.053 (1.5) 0.71 (20)
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100% of cementitious materials, the remaining 20% of sand,
and the remaining 20% of batch water with 100% of admix-
ture mixed with this final portion of water. The mortar was
mixed for 2 minutes on the low-speed setting, and an initial
slump measurement was taken.

Along with the concrete mixture that was batched, the
water additions that took place through the on-board slump-
monitoring and adjustment system were reproduced, and
water was added to the mortar mixture at the same ages
that water was added to the concrete mixture in the truck.
After each water addition, the mortar continued to mix
for 1 minute. The mixer was stopped, and the slump was
measured with a mini slump cone. The procedure for slump
testing was as follows: The mold is placed in the center of
a 12 x 12 in. (305 x 305 mm) poly(methyl methacrylate)
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Fig. 11—Heat flow for control and paste mixtures with gypsum addition.
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Fig. 12—Cumulative heat for control and paste mixtures with gypsum addition.
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Table 8—Mortar mixture components variables

Mixture ID Cement, Ib (g) Fly ash, Ib (g) Water, 1b (g) Graded sand, 1b (g) | Water reducer, oz. (mL) Gypsum, 1b (g)
U-LS-FA-M 1.5 (678) 0.644 (292) 1.25 (566) 7.56 (3429) 0.113 (3.2) 0
C-LS-FA-M 1.5 (678) 0.644 (292) 1.25 (566) 7.56 (3429) 0.113 (3.2) 0
U-LS-FA-G-M 1.5 (678) 0.644 (292) 1.25 (566) 7.56 (3429) 0.113 (3.2) 0.015 (6.78)
U-PC-FA-M 1.5 (678) 0.644 (292) 1.25 (566) 7.56 (3429) 0.458 (1.3) 0
Table 9—Mortar mixture water additions
Time from beginning batch, minutes
0 ‘ 12 ‘ 21 ‘ 25 ‘ 29 ‘ 32 ‘ 35 ‘ 38
Water, oz. (g)
0.00 ‘ 0.274 (7.78) ‘ 1.03 (29.2) ‘ 1.164 (33) ‘ 0.960 (27.2) ‘ 0.617 (17.5) ‘ 0.480 (13.6) ‘ 0.892 (25.3)
Cumulative w/cm
0.584 ‘ 0.591 ‘ 0.622 ‘ 0.656 ‘ 0.684 ‘ 0.702 ‘ 0.716 ‘ 0.742
6.00E+00
Cumulative Heat at
48 hrs
j/g-cm
5.00E+00 C00 455
U-1.0 4.59
4.00E+00
g
% 3.00E+00 —_—C00
E ......... U-1.0
é
=
2.00E+00
1.00E+00
0.00+00
0 5 10 15 20 25 30 35 40 45
Time (hrs)

Fig. 13—Cumulative heat curve for cement C and paste mixtures with 1% gypsum addition (cumulative heat at 48 hours in

upper lefi).

square and filled halfway to the top with mortar. A rubber
tamping rod was used to tamp the mortar 25 times, penetrating
halfway down. Then the mold was filled to the top with mortar,
and the tamping rod was used in the same manner as the first
layer. The top was struck-off even with the top of the cone,
and the cone was pulled straight up as quickly as possible.
Slump was measured to the displaced center of the top of the
mortar. Table 9 shows the mass of water added at each time
interval from the batch, along with the cumulative w/cm at
each time interval. Figure 14 shows slump versus time for
each mixture.

A sample was taken from each mortar mixture at the
completion of all water additions and placed in an isothermal
calorimeter. Temperature settings were the same as the
isothermal calorimetry settings used earlier in this research.
Heat flow and cumulative heat calorimetry results are found
in Fig. 15 to 17. In addition, compressive strength (ASTM
C109/C109M-23 [2023]) and time of setting (ASTM C403/
C403M-23 [2023]) testing were conducted for each mixture.
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Compressive strength results are shown in Table 10, and
time of setting is shown in Fig. 18. Per ASTM C403/C403M-
23, initial setting of concrete is generally accepted to take
place at 500 psi (3.45 MPa) and is when initial finishing
operations can commence. Research has shown that initial
finishing operations for concrete begin well before a 500 psi
(3.45 MPa) value is reached through a mortar sample (Lee
and Hover 2016); however, this value was used simply as
a reference point to show the difference in setting when
comparing the different mortar mixtures.

DISCUSSION

Rapid slump loss and delayed setting in the field were
initially attributed to low sulfate content of the cement and
were confirmed by chemical analysis by other parties prior to
the commencement of this research. This research confirmed
the low sulfate nature of the cement through additional XRF
and XRD analysis. While ASTM C150/C150M-22 sets a
maximum SOj; limit of 3% by mass, many cement producers

ACI Materials Journal/September 2025
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Fig. 15—Heat flow and cumulative heat (upper right corner) of mortar mixtures at 48 hours.

have identified the need to optimize and sometimes exceed
this limit for their cement to perform satisfactorily when
combined with high-calcium oxide FA or certain chemical
admixtures (Niemuth 2012). XRF analysis showed the SO;
content of the under-sulfated cement to be only 0.5% lower
than the control cement. While this does not appear to be
drastically lower, and is also within the specification, it was
enough to create an under-sulfated system.

Calorimetry results revealed that the under-sulfated
combinations created an earlier and higher initial heat flow
peak; however, cumulative heat was lower than that of

ACI Materials Journal/September 2025

combinations with the control cement. Previous research
(Roberts and Taylor 2007) indicates that the addition of
gypsum can remedy the reduced heat experienced with an
under-sulfated cement; this was confirmed by laboratory
testing of mortar mixtures and through isothermal and adia-
batic calorimetry. Lack of strength development, shown
in Table 10, indicates a roughly 50% reduction in 1-day
strength for mixtures that include cement U, except for the
mixture with 1% gypsum addition. This can be attributed to
the lower cumulative heat generated by these mixtures.
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To help confirm the physical properties of rapid slump
loss and delayed setting observed in the field, a mini-mortar
mixture similar to the concrete mixture was created, and the
slump and time of setting tests were performed in the labo-
ratory. These tests reflected what was initially seen in the
field and show that an SMS can be used to identify a chem-
ical imbalance of a concrete mixture transported by a ready

leads to delayed setting and reduced early strength, which
was seen in the field and confirmed in the laboratory. The use
of a polycarboxylate admixture instead of LS can remedy
the slump issue but does not completely cure the delayed

Table 10—Mortar mixture cube strengths

C-LS-FA-M, | U-LS-FA-M, | U-LS-FA-G-M, | U-PC-FA-M,
mixed concrete truck. The lack of slump increase with water Age psi (MPa) psi (MPa) psi (MPa) psi (MPa)
additions for the under-sulfated cement combinations is most lday | 530(3.65) | 210(1.45) 500 (3.45) 210 (1.45)
likely due to uncontrolled aluminate hydration, rapid disso-

. yduefou .O d . . 4 on, rap d S.SO 3 days | 1250 (8.62) 1100 (7.58) 1400 (9.65) 1290 (8.89)
Iution of SO; combined with aluminates to form ettringite,
or a combination of both. Lack of SO; in the system also 7days | 1590 (10.96) | 1660 (11.45) | 1830 (12.62) | 1780 (12.27)
28 days | 2840 (19.58) | 2620 (10.06) | 2910 (20.06) | 3050 (21.03)
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Fig. 16—Heat flow and cumulative heat (upper right corner) of mortar mixtures with gypsum addition at 48 hours.
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setting issue in this instance. The proper addition of gypsum
corrects both the slump and setting issues.

CONCLUSIONS AND FURTHER RESEARCH

This study highlights the critical role of sulfate content
in portland cement, especially when combined with
high-calcium fly ash (FA) and specific admixtures. The find-
ings demonstrate how real-time monitoring tools, like the
on-board slump-monitoring system (SMS), can effectively
identify and mitigate issues caused by chemical imbalances
in concrete mixtures. The research confirms that adjusting
sulfate levels through gypsum addition can address problems
of rapid stiffening and delayed setting. However, further
investigation is needed to refine the detection of chemical
imbalances in concrete and optimize sulfate adjustment
methods. The following points summarize key conclusions
and suggest areas for additional research.

* Incompatibility of materials within a concrete mixture
can be identified in the field by an SMS installed on a
ready mixed concrete truck. A chemical imbalance such
as this may be present when a mixture experiences rapid
slump loss and a lower-than-expected slump response
to additional water.

*  Chemical imbalances identified in the field can be
reproduced in the laboratory, on a small scale, as long
as material samples are available.

e Low-SOj; cement can be remedied with the addition of
gypsum.

*  More research is needed to refine the process of iden-
tifying and quantifying crystalline phases present in
hydrated paste samples containing various cementi-
tious materials and chemical admixtures. This process
was conducted for this research; however, results were
somewhat inconclusive and did not provide a quanti-
fiable basis for linking hydration product formation
with mortar heat of hydration, setting time, or strength
development.

ACI Materials Journal/September 2025

*  More research is also needed to determine a laboratory
gypsum addition method that more closely mimics the
process used for commercial cement production.
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