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Low-cycle fatigue and monotonic tension tests were performed 
on steel reinforcing bars microalloyed using niobium and vana-
dium and processed by various hot-rolling and post-rolling cooling 
production strategies. The objective was to identify beneficial alloy 
designs and production techniques that deliver cross-diameter 
microstructures at different strength levels with improved fatigue 
properties. Bars were sourced from the United States and China 
to represent a range of alloy designs and production methods 
common in those countries. Parameters considered included the 
microalloying content of vanadium (V) and/or niobium (Nb), 
carbon content (C), overall alloy content (CE), hot-rolling/post-
rolling cooling strategies, microstructures/grain size, stress-strain 
tensile curve shape, hardness, and rib geometry. Ferrite fraction 
and grain size, average cross-section hardness, and bar deforma-
tions were found to be influential on fatigue life. Bar chemistries 
and processing techniques that result in increased ferrite fraction 
and reduced grain size are recommended to improve the low-cycle 
fatigue performance of reinforcing bars.

Keywords: low-cycle fatigue; microalloying (MA); niobium (Nb); rein-
forcing bars.

INTRODUCTION
Even in modern seismically designed structures, seismic 

hazards can lead to extensive damage that can hinder the 
recovery of communities after an earthquake event (Eguchi 
et al. 2012; Zaki 2020). Reinforced concrete structures in 
seismic regions are designed such that reinforcing bars 
dissipate energy from seismic waves through relatively 
large inelastic deformations. In seismically detailed concrete 
structures, adequate confinement of concrete reduces the 
likelihood of concrete degradation during strong earthquake 
motions, whereby ultimate loss of strength often initiates due 
to fracture of longitudinal bars or lateral instability (Zhong 
et al. 2021). Recent studies quantifying the low-cycle (high-
strain) fatigue performance of reinforcing bars in produc-
tion in the United States have shown fatigue lives that can 
be an order of magnitude different from one manufacturing 
process (MP) to another (Ghannoum and Slavin 2016; Slavin 
and Ghannoum 2015; Sokoli et al. 2019). This is despite bars 
satisfying ASTM A706/A706M-16 (2016) specifications for 
the seismic grade of reinforcing bars and being produced at 
an equivalent cost. These findings are prompting a closer 
look at reinforcing bar steel production strategies, with the 
goal of identifying the strategies that achieve improved 
fatigue performance in reinforcing bars, particularly under 
inelastic strain demands. Ultimately, the work aims to guide 
the industry in alloy and processing strategies that improve 
the fatigue life of reinforcing bars without appreciably 
increasing production costs.

A national effort is underway focused on enhancing the 
seismic performance of infrastructure, moving practice 
from targeting the most basic collapse prevention perfor-
mance objective to investigating means to achieve post-
event functional recovery (Sattar et al. 2021). Within the 
functional recovery performance objective, structures would 
be designed not only to survive a seismic event but also to 
sustain limited damage such that they can be returned to 
full operation within a short time frame. Reinforcing bars 
with improved fatigue life can result in delayed bar fractures 
in structures subjected to major earthquakes (Zhong et  al. 
2021), which reduces the likelihood of seismic collapse 
while also improving post-event outcomes, such as damage 
extent and resistance to aftershocks. Therefore, improve-
ments to the fatigue life of reinforcing bars, the primary 
energy dissipation elements in concrete structures, have the 
potential to move closer to the functional recovery objective 
without triggering disruptive changes in construction prac-
tices or additional costs.

While traditional reinforcing bars in the United States 
typically comprise relatively high amounts of carbon and 
manganese (Mn), high concentrations of these elements can 
lead to a loss of ductility, resulting in brittle failures (Slavin 
and Ghannoum 2015). To limit this detrimental effect, the 
chemical composition of the reinforcing bars can be altered 
by decreasing concentrations of deleterious chemicals and 
adding other elements, such as niobium (Nb), that can have 
a beneficial impact on strength and ductility properties. Nb 
is commonly used as an alloying element to improve steel 
performance in a wide range of industries requiring metal-
lurgy that delivers high strength and ductility. In the aviation 
industry, Nb alloys have been used to provide aircraft shells 
with higher temperature capabilities and reduced weight 
(Heisterkamp and Carneiro 2001). Adding relatively small 
amounts of Nb, along with other elements such as vanadium 
(V), also tends to increase the strength of steel, a process 
often referred to as microalloying (MA). When Nb is added 
to steel, it can considerably improve structurally desirable 
properties, with superior strength, ductility, toughness, and 
weldability (Davis 2001). Additionally, it can enhance hard-
enability, which can compensate for strength reductions 
when lower carbon and manganese levels are used (Jansto 
2010). Given the emergence of Nb as a beneficial alloy in 
different industries, attempts by the construction industry are 
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ongoing to implement it effectively in reinforcing bars, with 
particular emphasis on improving bar toughness and fatigue 
life.

RESEARCH SIGNIFICANCE
The effects of different industrial production strategies, 

coupled with Nb chemistries, on the mechanical properties 
of steel reinforcing bars, especially ductility and low-cycle 
fatigue, were investigated. Monotonic tension-test prop-
erties and low-cycle fatigue properties were measured for 
18 different production variations. In addition, bar micro-
structures and fracture-surface analyses were quantified. 
Bars were sourced from within and outside the United States 
to expand the range of test parameters. Bar chemistry and 
microstructural properties influencing fatigue life were 
identified. Recommendations for key alloy, processing, and 
microstructural features to improve the low-cycle fatigue 
performance of reinforcing bars are provided.

BACKGROUND
Low-cycle fatigue performance of reinforcing bars

The phenomenon of weakening of a material as the result 
of repeated load cycles, or material fatigue, can be the cause 
of critical failures or collapses in structures (Sokoli and 
Ghannoum 2016; Sokoli et al. 2020; To and Moehle 2020; 
Zhong et al. 2021). Low-cycle fatigue occurs due to a rela-
tively low number of cycles at relatively large inelastic strain 
demands that are typical under earthquake loading. The 
low-cycle fatigue behavior of reinforcing bars, which are 
used in concrete construction, has been shown to be influ-
enced by several variables, summarized as follows.

Bar buckling was found to increase strain demands and 
concentration in bars and lead to a lower fatigue life than 
bars that do not buckle under inelastic demands (Restrepo-
Posada et al. 1994; Sokoli and Ghannoum 2016; Sokoli et al. 
2020). Strain amplitude was found to have a linear relation 
with the number of cycles to fracture in log space (Brown 
and Kunnath 2004; Sokoli et al. 2020). Bar size was also 
found to influence fatigue life (Brown and Kunnath 2004), 
even when chemistries were not altered.

Ghannoum and Slavin (2016) and Sokoli et al. (2019) 
investigated the fatigue life of Grade 60 (60 ksi [420 MPa]) 
to Grade 100 (100 ksi [690 MPa]) reinforcing steel bars by 
conducting low-cycle fatigue air tests. Bars from several 
mills using the typical U.S. production methods were tested, 
including quenching and tempering (QT) and microalloying 
(MA). Correlations were identified between the fatigue life 
of bars and various bar parameters, including deformation 
patterns, production methods, bar strength, buckling length, 
strain amplitude, and chemical compositions.

Previous research on the effects of bar deformations has 
shown that abrupt changes in the geometrical form of defor-
mations cause stress concentrations on the surface of a bar 
(Jhamb and MacGregor 1974a; Fei and Darwin 1999; Ghan-
noum and Slavin 2016). These concentrations have been 
found to have a pronounced influence on the initiation of 
fatigue cracks (Hanson et al. 1968). Jhamb and MacGregor 
(1974b) showed that the ratio of the radius at the base of a 
rib (r) to the rib height (h) had the most pronounced effect on 

stress concentrations. The value of the stress concentration 
factor decreased with an increase in r/h value. Zheng and 
Abel (1998) observed that bars with transverse ribs normal 
to the bar axis had a lower fatigue life than bars with ribs 
angled to the bar axis. Furthermore, they found that stress 
concentrations increase as the rib spacing approaches zero. 
Burton (1965) conducted fatigue tests on bars in concrete 
beams, which indicated that the maximum stress concentra-
tions and fracture initiation occurred at the junction between 
bar longitudinal and transverse ribs.

However, although bar deformations are known to have a 
significant impact on fatigue life, international reinforcing 
bar specifications, such as ASTM A706/A706M and GB/T 
1499.2-2018 (2018), can differ greatly in rib design/geom-
etry requirements.

Metallurgy of reinforcing bars
The strength, ductility, and fatigue toughness of rein-

forcing bars are primarily derived from the cross-diameter 
final grain/packet size, homogeneity of that grain/packet 
size, and the final microstructural phase volume fraction 
that is produced (Stalheim et al. 2021). Specifically, for a 
given cross-diameter microstructure, strength is driven by 
the average grain/packet size, while ductility is driven by 
the average grain/packet size plus homogeneity (Isasti et al. 
2014a,b). Due to the influence of cross-diameter properties, 
hot-rolling temperatures and post-rolling cooling rates in 
bars of different diameters can influence their fatigue perfor-
mance (Stalheim et al. 2021).

Chemistry design and processing design strategy/capa-
bility (total hot-rolling deformation and temperature 
followed by post-rolling cooling using either air or water) 
determine the final cross-diameter grain/packet size, homo-
geneity of that grain/packet size, and the final microstruc-
tural phase volume fraction. Hot-rolling deformation strat-
egies coupled with the temperature result in the refinement 
and homogeneity of the cross-sectional austenite grain-size 
evolution. The final cooling rate determines the final ferrite 
grain size, microstructural phases, and, in some cases, the 
cross-sectional homogeneity (Enloe et al. 2020; Subrama-
nian 2007).

Stable higher strength properties are metallurgically influ-
enced by finer grain/packet size, good homogeneity, and 
harder microstructural phases. Optimum ductility properties, 
such as elongation, fracture toughness, low-cycle fatigue, 
and formability/bendability, are also metallurgically influ-
enced by finer final grain/packet size and homogeneity but 
with a minimum of harder microstructural phases. Therefore, 
optimizing the aforementioned cross-diameter properties is 
required to achieve the desired combinations of strength and 
ductility properties.

Typical chemistry design for reinforcing bar strengths up 
to 80 ksi (550 MPa) yield strength and processed through hot 
rolling followed by post-rolling cooling in air and/or light 
water cooling consists of carbon in the 0.20 to 0.40 wt. % 
range, manganese in the 1.00 to 1.60 wt. % range, silicon 
in the 0.15 to 0.80 wt. % range, and microalloy additions 
of either V in the 0.020 to 0.050 wt. % range or Nb (colum-
bium) in the 0.010 to 0.025 wt. % range (Zhang et al. 2018). 
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The amounts of carbon, manganese, or silicon used are 
driven by the steel production routes of either basic oxygen 
furnace (BOF) melt or electric arc furnace (EAF) scrap melt. 
BOF melt with low residuals of copper, nickel, chromium, 
and molybdenum tends to use higher levels of manganese 
and silicon, while EAF scrap melt, which contains rela-
tively high residual levels of copper, nickel, chromium, and 
molybdenum, tends to use lower levels of manganese and 
silicon. Carbon equivalent (CE), as measured by the Interna-
tional Institute of Welding (IIW), typically ranges from 0.45 
to 0.60. These chemistry designs plus processing strategies 
result in microstructural phases predominately ferritic with 
various volume fractions of pearlite depending on carbon/
manganese (C/Mn) content and post-rolling cooling rate. 
However, higher overall CE and/or the presence of larger 
than desired austenite grain size prior to transformation, 
depending on post-rolling cooling rate, can result in an 
increase in higher-hardness bainitic microstructural phases, 
which can reduce the ductility performance of the cross- 
sectional microstructure. Thermomechanical controlled 
processing (TMCP) followed by post-rolling water cooling 
has recently been developed and implemented in reinforcing 
bar production. TMCP hot deformation results in controlling 
key per-pass temperatures and deformations using strain- 
induced Nb precipitation to retard the austenite recrystal-
lization evolution, resulting in a finer austenite grain size 
entering the post-rolling water cooling. This hot-rolling 
and post-rolling water cooling results in an improvement 
(finer and more homogeneous) in cross-sectional ferrite/
pearlite grain size, which can achieve strength and improved 
ductility performance. TMCP has typically been used in 
high-strength steel, with optimum ductility performance in 
flat products, and has now been developed and implemented 
into reinforcing bar equipment design. One of the bar batches 
tested in this study was produced using TMCP.

Reinforcing bar producers using quenching and self- 
tempering (QST) post-rolling cooling processing typically 
use carbon, manganese, and silicon only, regardless of the 
steel production melting method, to achieve the desired 
strength levels. Occasionally, V microalloying may be used, 
but it is not typical in this processing design. This process 
results in the formation of a self-tempered martensitic shell 
around a ferrite/pearlite core (Rocha et al. 2016). While this 
cross-sectional microstructure results in the desired strength, 
the ductility can be significantly decreased by the presence 
of the harder microstructural phases versus that of the other 
reinforcing bar metallurgical production routes. Due to this 
potential for reduction in ductility performance, the Chinese 
reinforcing bar standard GB/T 1499.2-2018, developed after 
the devastating 2008 Sichuan earthquake in China, does not 
allow for QST type of cross-sectional metallurgy/micro-
structural phase features to be used.

As can be seen from the various alloy/processing strat-
egies, various levels of cross-sectional grain-size fineness 
and homogeneity can be achieved. Adding post-rolling 
water cooling improves the fineness of the cross-sectional 
grain size, and implementing TMCP hot rolling using Nb 
plus post-rolling water cooling further refines the cross- 
sectional grain size and improves the homogeneity. 

Improved cross-sectional grain-size fineness and homoge-
neity, along with the desired microstructural phases, will 
improve important ductility performance properties of 
fatigue and formability/dependability in reinforcing bars 
used in concrete structural members.

EXPERIMENTAL PROGRAM
The experimental program focused on evaluating produc-

tion strategies and their effect on the low-cycle fatigue 
performance of reinforcing bars and, hence, on their total 
energy dissipation potential. Parameters considered include 
the MA content of V and/or Nb, the hot-rolling/cooling 
strategy implemented in production, and rib geometry. Bars 
were sourced from the United States and China to capture 
a wider range of production methods. The experimental 
design of this study purposely replicates research done 
by Ghannoum and Slavin (2016) and Sokoli et al. (2019) 
to provide direct behavioral comparisons between bars of 
common production in the United States and bars of exper-
imental chemistries (particularly using Nb) and processing 
strategies.

Three test phases were conducted. In the first phase, 16 
production permutations were tested under monotonic 
tension and inelastic cyclic loading. In the second phase, 
No. 5 (5/8 in. [16 mm]) bars of Phase 1 were machined to 
remove their bar deformations and were cycled inelasti-
cally. Phase 2 testing allowed more direct investigation of 
the effects of microstructure on fatigue life by removing the 
effects of bar deformations. In Phase 3, an additional fifth 
batch produced in the United States was investigated, with 
altered chemistry aimed at improving grain refinement and 
fatigue life. Additional details about the testing program and 
results can be found in Gonzalez (2022).

Directly controlled parameters
The parameters that were controlled were: 1) MP strategy; 

2) steel grade or strength; 3) bar size; 4) unbraced or clear 
span of bars; 5) strain protocol; and 6) chemical composition.

Manufacturing process—Low-cycle fatigue tests were 
performed on bars produced from four different MPs. MP 1 
is representative of the current production methods in the 
United States using MA. MPs 2, 3, and 4 are representative 
of production methods in China. MP 1 used an EAF melting 
process with post-rolling air cooling. MP 2 used a BOF 
melting process with post-rolling water cooling. MP 3 used 
a TMCP that consisted of two stages in a series: controlled 
rolling and a subsequent accelerated cooling process. MP 4 
used a BOF melting process with post-rolling air cooling, 
similar to MP 1.

Steel grade or strength—Two different grades of steel 
were tested for MP 1: Grades 60 and 80 ksi (420 and 
550  MPa) bars satisfying ASTM A615/A615M-16 (2016) 
and ASTM A706/A706M-16 were tested. The term “grade” 
is used to refer to the specified yield strength of a reinforcing 
bar in ksi. For MP 2, 3, and 4, steel grades were HRB400 
and HRB500. HRB stands for hot-rolled ribbed bars with 
reinforcing bar yield strengths of 58 ksi and 72 ksi (400 MPa 
and 500 MPa), respectively.
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Bar size—Two common bar sizes used in concrete 
building structures were tested. No. 5 bars having a diam-
eter of 5/8 in. (16 mm) were selected to represent bars typi-
cally used as transverse reinforcement, and No. 8 bars (1 in. 
[25 mm] diameter) were chosen to represent longitudinal 
reinforcement.

Unbraced or clear span of bars—Bars were gripped at 
two clear spans: 4db and 6db (where db is the nominal bar 
diameter) to explore the interactions between bar buckling 
and low-cycle fatigue performance.

Strain protocol—Tests were conducted with a partially 
reversed cyclic loading protocol bound by a compres-
sion strain of –1% and a larger tension strain of +4%. This 
loading protocol is representative of the strains experienced 
in longitudinal bars of concrete frame members sustaining 
large inelastic deformations (Slavin and Ghannoum 2015; 
Sokoli et al. 2019).

Chemical composition—Manufacturer mill reports indi-
cated the percent composition of 11 elements in the steel: 
carbon, Nb, manganese, phosphorus, sulfur, silicon, copper, 
nickel, chromium, molybdenum, and V. When these elements 
were alloyed, focus was primarily placed on the Nb. Nb 
content ranged from 0.002 to 0.024% (based on weight). 
One notable difference is that Chinese bar production limits 
carbon content to 0.25% for HRB400 and HRB500 (GB/T 
1499.2-2018), while ASTM A706/A706M-16 allows more 
carbon, limiting its content to 0.30%.

Non-controlled parameters
Bar deformations, or ribs, varied based on MP and region 

of manufacture but were not controlled directly in the study. 
The surface geometry differed between U.S. production 
(MP 1) and Chinese production due to the applicable spec-
ifications. The ASTM A706/A706M-16 and GB/T 1499.2-
2018 specifications provide dimensions and allowable 
deviations for the spacing of traverse ribs, angle of rib incli-
nations, and rib heights.

MP 1 bars had angled transverse ribs that met a longi-
tudinal rib along the bar axis, as stated in ASTM A706/

A706M-16. The measured rib angle ranged between 45 and 
70 degrees from the longitudinal axis. MPs 2 to 4 bars also 
had angled transverse ribs with angles ranging between 45 
and 70 degrees. MP 1 transverse ribs intersected longitudinal 
ribs without tapering, while the transverse ribs of MPs 2 to 
4 bars gradually terminated before intersecting the longitu-
dinal rib (Fig. 1).

The majority of MP 1 bars had relatively large rib base 
radius (r) to rib height (h) compared to the other bars. As 
seen in Fig. 1, the U.S.-manufactured bars display a soft 
curvature at the base of the deformations, thus yielding 
higher r values. On the other hand, Chinese-manufactured 
bars display a sharper curvature at the base of the deforma-
tions, resulting in relatively lower r values. An exception to 
this was observed from MP 2 batch 02 (m2_02_D400Nb#8). 
It is believed that this batch had a production error.

Indirectly controlled parameters
As a result of attempting to directly control MA chem-

istries and production methods, the microstructural char-
acteristics of bars and their hardness values were affected 
indirectly.

Microstructural properties—Light optical microscopy 
(LOM) was used to analyze microstructural details and inclu-
sions in the bars tested in this study. Bars were prepared and 
polished to a fine, mirror-like finish conforming to ASTM 
F728-81 (2003). To reveal grain boundaries and phases, 
chemical solutions known as etchants were used. Phase 
fraction measurements were performed considering ferrite 
and pearlite. The remainder of the constituents, quantified 
as “others,” consisted of bainite, acicular ferrite, and/or  
martensite-austenite phases. Ferrite grain sizes were 
measured for all bars except bars that had low fractions 
present in their microstructure. The microstructural proper-
ties of Phase 1 bars are summarized in Table 1.

In addition, a microstructural characterization was 
performed on sample bars through a field-emission gun scan-
ning electron microscope (FEG-SEM). Four representative 
samples from each manufacturer were analyzed. Analyses 

Fig. 1—Bar deformation geometries and base radii for: (left) MP 1; and (right) MPs 2 to 4.
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were conducted to identify phase distribution in the various 
alloys as well as associated grain sizes.

At low magnifications, the MP 1 bars displayed mainly 
ferritic and pearlitic microstructure (Fig. 2), in accor-
dance with the measurements from the optical micrograph. 
However, at higher magnifications, the presence of other 
phases, such as martensite-austenite (M/A), phases of 
considerable size were detected (Fig. 2).

Similarly, at low magnifications, MP 2 exhibited mainly 
ferritic and pearlitic microstructure, while at higher magni-
fications, the presence of M/A islands was detected. Both 
MP 3 and MP 4 microstructures were observed to be ferritic 
and pearlitic. At higher magnifications, the presence of M/A 
islands was very scarce for both manufacturers.

The presence of M/A and acicular constituents in MPs 1 
and 2 agrees with the lower yield plateau length detected in 
the monotonic tensile tests (Pang et al. 1981).

The microstructural properties of bars tested in Phase 1 
are shown in Table 1. Overall, higher percentages of ferrite 
fraction were observed in MPs 2 to 4, while MP 1 had the 
lowest ferrite fraction percentage and highest pearlite and 
“Other” fraction percentages.

Hardness—Hardness was measured over the cross section 
for each bar type by performing a Vickers hardness traverse 
test following ASTM E92-17 (2017). The unit of hardness 
derived from the test is known as the Vickers Pyramid 
Number (HV). The higher the HV value, the higher the resis-
tance at the bar surface.

Monotonic tension tests
Monotonic tension tests were conducted to identify the 

material properties of the steel bars and explore correlations 
with fatigue life. The tests were performed conforming to the 

procedures specified in ASTM A370-16 (2016) and ASTM 
E8/E8M-16a (2016). The material properties obtained from 
the stress-strain response include yield strength, tensile 
strength, elastic modulus, yield strain, hardening strain, 
yield plateau length, uniform strain, and fracture strain. 
Hardening strain was defined as the strain at which the stress 
first reaches 1% over yield. The yield plateau length was 
calculated by subtracting the hardening strain from the yield 
strain. Uniform strain was defined as the strain at tensile 
strength and was calculated in accordance with ASTM E8/
E8M-16a. Lastly, the ratio of the tensile strength to yield 

Table 1—Microstructural properties of bars

MP Batch No. Grade Microalloying Bar size Ferrite fraction, % Pearlite fraction, % Other phases, %
Ferrite diameter 

grain size mills (μm)

1

01 80 Nb + V No. 5 51.1 48.2 0 0.31 (8)

01 80 Nb + V No. 8 53 47 0 0.39 (9.9)

02 60 Nb No. 5 23.2 35.5 41.3 —

03 60 Nb No. 5 38.4 48.9 12.7 0.30 (7.7)

03 60 Nb No. 8 35.8 57.2 7 0.41 (10.5)

04 60 Nb No. 5 32.2 32.8 35 —

04 60 Nb No. 8 32.3 31.4 36.3 —

2

01 400 Nb No. 5 55.3 41.1 3.7 0.32 (8.1)

02 400 Nb No. 8 49.4 46 4.5 0.36 (9.2)

03 500 Nb + V No. 5 39.2 60.6 0 0.24 (6)

03 500 Nb + V No. 8 44.6 55.4 0 0.31 (8)

3 01 400 Nb No. 5 59.2 40.8 0 0.28 (7.2)

4

01 400 V No. 5 56.7 43.4 0 0.28 (7.2)

01 400 V No. 8 58.3 41.7 0 0.32 (8.2)

02 500 V No. 5 51.5 48.5 0 0.35 (8.9)

02 500 V No. 8 54.4 45.6 0 0.24 (6.1)

Note: No. 5 bars are 5/8 in. (16 mm) diameter; No. 8 bars are 1 in. (25 mm) diameter.

Fig. 2—FEG-SEM analysis for MP 1.
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strength (T/Y) and the ratio of the fracture strain to uniform 
strain (F/U) were calculated from the monotonic test data.

Low-cycle fatigue tests
Cyclic testing to inelastic strain demands was conducted 

similarly to work by Ghannoum and Slavin (2016) and Sokoli 
et al. (2019). Specimens were cycled until fracture occurred. 
All the specimens selected did not contain bar markings. If 
bar fracture occurred at or near the gripping mechanisms, the 
test was deemed unsuccessful and removed from subsequent 
analysis. All cyclic tests were conducted at a strain rate not 
exceeding 0.0008/s. All tests were conducted so that tension 
strains were imposed first prior to reserving loading direc-
tion. The applied strain was sinusoidal with respect to time. 
At least three successful tests per bar type and test parame-
ters were performed.

The following test sample nomenclature was used for 
cyclic tests.

Example: Cm1_04_A60Nb#5_N10P40_6db
Bar type nomenclature
Type of test: C is cyclic; M is monotonic
Manufacturing process: m1; m2; m3; m4
Batch: 01; 02; 03; 04
ASTM specification: A is A615/A615M; B is A706/

A706M; C is dual A615/A615M and A706/A706M; D is 
HRB

Grade: 60; 80; 400; 500
Primary microalloying: Nb is niobium; NbV is niobium 

and vanadium; V is vanadium
Bar size: No. 5 (5/8 in. [16 mm]); No. 8 (1 in. [25 mm])
Test type nomenclature
Strain protocol: N10P40 (negative 1.0%, positive 4.0% 

strain)
Clear unbraced length: 4db; 6db

Instrumentation
Loads applied to the specimens were recorded from the 

load cell of the testing machine. Strains and deformations of 
the bars were obtained from high-resolution images recorded 
at a rate of several frames per second using a specialized 
vision digital camera. A digital image correlation (DIC) 
system (Sokoli et al. 2014; Ghannoum et al. 2021) dubbed 
the Civil Infrastructure Vision (CIV) system was used to 
track the two-dimensional location of surface targets on the 
bars between subsequent frames. The strain between targets 
at the grip edges was used to control the tests and achieve the 
intended strain range.

PHASE 1 TEST RESULTS
In this section, test results are presented for Phase 1, with 

trends highlighted. Discussions pertaining to test results and 
the effects of test parameters on fatigue results are presented 
in the subsequent section. Phase 2 and 3 results are presented 
subsequently and discussed considering Phase 1 results.

Monotonic tension tests
Three monotonic tension tests were conducted for each 

bar type. The average was calculated for the mechanical 
properties of the specimens. Typical stress-strain curves are 

plotted in Fig. 3 for No. 5 (5/8 in. [16 mm]) bars from each 
manufacturer in Phase 1.

As anticipated, higher-grade bars exhibited lower T/Y 
ratios. Uniform and fracture strains were generally larger for 
MPs 2 to 4 than for MP 1.

MP 1 batch 01 bars were the only batch from the first 
manufacturer that did not have a continuous stress-strain 
curve, as depicted in Fig. 3. Instead, the stress-strain curves 
had a clear yield plateau at approximately 80 ksi (550 MPa). 
Batch 01 also displayed lower T/Y than batches 02 to 04 from 
MP 1. Overall, MP 1 had the lowest yield plateau lengths 
compared to other manufacturers.

Low-cycle fatigue tests
A total of 96 fatigue tests were conducted in the first 

phase of this study. Tests involved pulling the bar speci-
mens to +4.0% strain in tension before reversing loading to 
a compressive strain of –1.0%. During the low-cycle fatigue 
tests, bars experienced varying degrees of strength degrada-
tion, mainly due to buckling and cracking. The number of 
half-cycles to bar fracture is the main performance measure 
used in this study to quantify the fatigue life of bars. Table 2 
shows the average number of half-cycles to fracture for three 
tests per specimen type and test parameters.

The number of half-cycles varied with clear gripping span 
and between MPs. Representative stress-strain responses 
of No. 5 (5/8 in. [16 mm]) bars tested at a 6db clear span 
for each MP are presented in Fig. 4. For the most part, bars 
gripped at 6db experienced more pronounced buckling and 
cyclic strength degradation than the equivalent bars tested at 
4db, resulting in a smaller number of half-cycles to fracture. 
For the most part, bars from MPs 2 to 4 experienced more 
half-cycles to fracture than MP 1 bars. As seen in Fig.  4, 
MP 1 bars typically suffered less cyclic strength degrada-
tion before fracture relative to bars from other processes, 
but they experienced a more brittle fracture. Alternatively, 
bars produced by MPs 2 to 4 usually sustained gradually 
widening fatigue cracks that resulted in more cycles to frac-
ture and greater cyclic strength degradation before fracture 
occurred.

A key difference between Grades 60 and 80 ksi (420 and 
550 MPa) bars is their buckling behavior. At a clear span of 
6db, Grade 80 bars experienced increased buckling defor-
mations due to the higher loads on them. This behavior 
increased strain concentrations in Grade 80 bars compared 
with their Grade 60 counterparts, which reduced the 
Grade 80 bar fatigue life, irrespective of other bar proper-
ties. Previous research (Sokoli et al. 2019) found that Grade 
80 bars tested in low-cycle fatigue at a gripping span of 5db 
showed comparable fatigue performance to Grade 60 bars 
gripped at 6db. At a span of 4db, both grades experienced 
limited buckling, making fatigue-life comparisons between 
grades more appropriate at that clear span.

Fractographic analysis from fatigue samples—A fracto-
graphic analysis was conducted to analyze fracture surface 
details. The following representative samples from each 
MP were studied: m1_03_A60Nb#5, m2_01_D400Nb#5, 
m3_01_D400Nb#5, and m4_01_D400V#5. At low magnifi-
cations, it was possible to identify three areas with distinctive 
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surface properties on the fracture surfaces of MPs 1 and 2 
and two areas for MPs 3 and 4 (Fig. 5). For all samples, 
fatigue cracks would nucleate at the surface and propagate 

during cycling over a fatigue region until final fracture 
occurred. MP 1 bars typically had the smallest fatigue crack 
propagation area (Wang 1996), followed by bars from MP 2, 
then MP 3, and finally MP 4 (Fig. 5). Bars from MPs 1 and 2 
had a final failure that was mainly brittle, as opposed to bars 
from MPs 3 and 4, which had a ductile final failure mode. 
Additional details from fractographic analyses can be found 
in Gonzalez (2022).

PHASE 1 DATA ANALYSES AND DISCUSSIONS
Tensile properties

Several correlations were uncovered between microstruc-
tural and monotonic tensile properties. In this section, red 
data points refer to bars conforming to ASTM standards, 
while blue data points conform to GB/T 1499.2-2018. 
Average hardness across the section of bars showed, as 
would be expected, increasing yield strength. Decreasing 
ferrite grain size showed increasing yield strength (Fig. 6). 
This increasing yield strength with decreasing ferrite grain 
size is due to the use of Nb microalloying to increase bar 
strength through various modifications of the austenite 
conditioning recrystallization behaviors during hot rolling, 
including hot deformation, plus solute Nb. This results 
in a finer final ferrite grain size upon cooling transforma-
tion. In steels without Nb microalloying present, such as 
plain C/Mn or V microalloyed steels, there is only a single 
influence on the austenite conditioning recrystallization 
behavior (hot deformation only), which results only in a 
slightly finer ferrite grain size upon cooling transformation 
(Enloe et al. 2020; López et al. 2018; Samuel et al. 1988). 

Fig. 3—Typical monotonic stress-strain curves for No. 5 bars from each manufacturing process. (Note: 1 ksi = 6.89 MPa.)

Table 2—Average number of half-cycles for 4db 
and 6db clear gripping spans

MP
Batch 
No. Grade Chemistry Bar size

Half-cycles

4db 6db

1

01 80 NbV No. 5 9.37 6.25

01 80 NbV No. 8 14.02 9.75

02 60 Nb No. 5 19.66 9.66

03 60 Nb No. 5 17.61 15.09

03 60 Nb No. 8 27.30 14.64

04 60 Nb No. 5 14.45 11.21

04 60 Nb No. 8 30.62 15.10

2

01 400 Nb No. 5 41.93 28.39

02 400 Nb No. 8 47.69 12.47

03 500 NbV No. 5 22.32 23.88

03 500 NbV No. 8 34.43 17.98

3 01 400 Nb No. 5 30.42 30.48

4

01 400 V No. 5 65.79 25.71

01 400 V No. 8 36.27 25.92

02 500 V No. 5 29.91 17.93

02 500 V No. 8 30.98 19.88

Note: No. 5 bars are 5/8 in. (16 mm) diameter; No. 8 bars are 1 in. (25 mm) diameter.
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This strengthening method is often referred to as the grain-
boundary strengthening method, which strengthens steel 
alloys by changing their average crystallite size (Hall-Petch 
relationship) (Callister 2001). Vanadium does not influence 

final ferrite grain size in structural steels but can contribute 
to strength, which can be enhanced with the addition of Nb 
through post-rolling precipitation-hardening mechanisms 
(Zajac 2005; Gladman 1999).

Fig. 4—Typical cyclic stress-strain curves for No. 5 bars at 6db from each manufacturing process. (Note: 1 ksi = 6.89 MPa.)

Fig. 5—Fractographic analysis for all manufacturing processes and corresponding microstructural properties. (Note: 1 μm = 
0.039 mils.)
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Yield plateau length, uniform strain, and fracture strain 
were found to correlate positively with ferrite fraction. 
Results, therefore, indicate that higher ferrite fraction 
increases bar ductility. Previous studies (Bannister 1998; 
Hall 1970) indicated that the yield plateau length is not 
an intrinsic material property and is dependent on the MP, 
chemical composition, and grain size. Focusing on the yield 
plateau length, inverse correlations are shown with carbon 
content and ferrite grain size in Fig. 7.

Fatigue life
Test data were analyzed to identify correlations between 

test parameters and the fatigue life of bars. It is noted that bar 
m2_02_D400Nb#8 was believed to be an outlier due to odd rib 
geometry values and microstructure based on the production 
method. Data from this batch are tagged in all plots as “outlier.” 
Discussions in this section are centered around data from tests 
conducted at a clear span of 6db. However, the trends discussed 
are similar for both clear spans of 4db and 6db.

Overall, bars conforming to GB/T 1499.2-2018 (MPs 2 to 
4), despite having lower deformation r/h values, generally 
sustained a greater number of half-cycles to fracture than 
ASTM-conforming bars (MP 1). Fatigue cracks were often 
observed to initiate in the MP 1 bars at the interface between 
the transverse and longitudinal ribs. This region is known to 
have high stress concentrations during bar loading (Burton 
1965). MPs 2 to 4 bars, however, had transverse ribs that did 
not intersect the longitudinal ones, which may have contrib-
uted to the improved fatigue life of those bars compared to 
MP 1 bars. Due to differing rib geometries, data analyses 

were conducted separately for MP 1 and other bars, while 
Phase 2 looked at machined samples to remove bar deforma-
tions and their influence on fatigue.

MP 1 bars had the highest carbon content for all batches 
because the ASTM specifications allow higher carbon 
content than the GB/T specifications. This difference may 
also have contributed to the lower MP 1 bar fatigue life. 
However, within each specification, the carbon content was 
relatively constant, which did not allow the study to explore 
the effects of carbon content on fatigue life more directly.

The bars produced by the TMCP production method 
(MP  3) exhibited the highest number of half-cycles to 
fracture overall. This was expected as TMCP can produce 
enhanced grain refinement, which tends to improve fatigue 
life and toughness of steel elements (Du et al. 2021). Bars 
produced using the TMCP MP 3 also contained some of the 
highest amounts of Nb. However, as can be seen in Fig. 8, 
Nb content by itself is not a sufficient indicator of fatigue 
life, as processing conditions play an important role in the 
Nb benefits with respect to fatigue life.

Higher levels of V were used in all cases to increase bar 
strength from 60 to 80 ksi (420 to 550 MPa). This mecha-
nism used to increase yield strength is known as precipita-
tion strengthening (Gladman 1999). However, the resulting 
increase of precipitates can have a deleterious effect on 
low-cycle fatigue life, reducing the number of half-cycles to 
fracture, as seen in Fig. 8. In the figure, total MA content is 
calculated as the sum of V and Nb contents.

Figure 5 summarizes results from fracture surface  
analyses, microstructure analysis, and hardness tests. To 

Fig. 6—Correlations between microstructural properties and yield strength. (Note: 1 ksi = 6.89 MPa; 1 μm = 0.039 mils.)

Fig. 7—Negative correlations between carbon content, ferrite grain size, and yield plateau length. (Note: 1 μm = 0.039 mils.)
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identify trends between the properties summarized in Fig. 5 
and fatigue life, the number of half-cycles to fracture are 
plotted versus ferrite fraction, ferrite grain size, and average 
cross-sectional hardness in Fig. 9.

Fractographic analysis of test specimens showed that MPs 
1 and 2 had a brittle fatigue failure, while MPs 3 and 4 had a 
more ductile failure. In their microstructural images shown 
in Fig. 5, it can be seen that the grain size and corresponding 
microstructural phases differ from one MP to another. For 
MP 1, mainly coarse dark phases, consisting of pearlite and/
or various forms of bainite, are present. Pearlitic and various 
forms of bainitic phases are known to be harder and, hence, 
more brittle. They are characterized by their high strength, 
low fracture resistance, and low ductility, which can 
contribute to brittle fatigue failure. MPs 3 and 4 microstruc-
tures show relatively finer grains and corresponding micro-
structural phases of pearlite, less bainitic phases, and lighter 

microstructural phases of ferrite. Ferrite is a softer and more 
ductile microstructural phase than other larger and harder 
microstructural phases. These microstructural characteris-
tics were found to correlate with the fatigue fracture surfaces 
and fatigue life. More so, a direct relationship between the 
microstructure’s ferrite fraction and the number of half-cy-
cles to fracture was observed (Fig. 9). An increase in ferrite 
fraction exerted a positive influence on the low-cycle fatigue 
life. An inverse relationship was observed between the 
ferrite grain sizes and the fatigue life (Fig. 9). When looking 
at the microstructural images from MP sample bars in Fig. 5, 
the grain sizes are smaller and more refined for MPs 3 and 
4 than for MPs 1 and 2. This refinement, also known as the 
Hall-Petch effect (Callister 2001), has a positive effect on the 
number of half-cycles to fracture the bars can sustain.

For the steels with more conventional MA addi-
tions (all Grade 60 ksi [420 MPa] bars) that do not use a 

Fig. 8—Niobium content and total microalloying content versus half-cycles to fracture.

Fig. 9—Ferrite fraction, ferrite grain size, and average hardness versus half-cycles to fracture.
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precipitation-strengthening mechanism, the ferrite fraction 
was correlated to the average section hardness (Fig. 10). 
A higher ferrite fraction percentage led to lower hardness 
values. To further investigate, average hardness values 
were plotted against half-cycles to failure, and as expected, 
because ferrite grains tend to be softer than other grains, an 
inverse relationship was found (Fig. 9). A decrease in hard-
ness resulted in higher half-cycles to failure.

Several correlations were identified between tensile prop-
erties and fatigue life. Yield strength had an inverse relation-
ship with half-cycles to fracture; as yield strength increased, 
low-cycle fatigue life decreased. This trend was more severe 
at a gripping span of 6db due to increased buckling of higher 
strength bars but was also manifest at a gripping span of 4db. 
Precipitates resulting from V microalloying used to increase 
bar yield strength can have a negative impact on fatigue life.

Referring to the final fracture failure analysis and the 
corresponding monotonic stress-strain curves, a pattern was 
observed with the yield plateau length (Fig. 5). As the yield 
plateau recorded in tension testing increased in strain length, 
larger crack propagation areas were noted in fractographic 
analyses. Yield plateau lengths also exhibited a positive 
correlation with the ferrite fraction. A longer yield plateau 
correlated with a larger ferrite fraction in the microstructure. 
This may explain the brittle and ductile final fracture fail-
ures experienced during low-cycle fatigue testing. The yield 
plateau length was clear on the low-cycle fatigue, as shown 
in Fig. 11. The longer the yield plateau was sustained, the 
greater the number of half-cycles.

Lastly, a direct correlation between the uniform strain and 
low-cycle fatigue life was also observed. The uniform strain 
is a good indicator of a material’s ductility. The greater the 
uniform strain value, the more pronounced the ability of the 
material to change its shape without deforming/necking. In 
this study, bars withstanding a higher number of half-cycles 
also exhibited relatively large uniform strains.

ADDITIONAL TESTS
Phase 2 machined bars

Because the bar deformation geometries differ substan-
tially between production methods and owing to previous 
findings that highlighted the significant effects of bar defor-
mation on fatigue life (Ghannoum and Slavin 2016), No. 5 

(5/8 in. [16 mm]) bars from all four MPs were machined 
to dog-bone coupons per ASTM E606/E606M-19 (2019) to 
remove their surface deformations. By removing bar defor-
mations, it was possible to directly compare the effects of 
chemistry and microstructure on fatigue life. The coupons 
were machined to a diameter of 1/4 in. (6.4 mm) and a clear 
span to the end of the prismatic portion of the coupon of 
1.5 in. (38 mm). This resulted in a clear span of 6db.

As seen in Fig. 12, the same trends are observed between 
fatigue life, hardness, and ferrite fraction in both Phase 2 and 
Phase 1 tests conducted at 6db gripping span. This finding 
demonstrates that lower hardness and higher ferrite fraction 
tend to increase the fatigue life of reinforcing bars, regard-
less of the geometry of their deformations. The machined 
samples had significantly higher fatigue lives than their 
non-machined counterparts. This corroborates prior findings 
that indicated the deleterious effects of bar deformations on 
their fatigue life. Ferrite grain size and fatigue life did not 
appear correlated in Phase 2 testing, possibly owing to the 
limited grain-size range in the coupons. On the other hand, 
positive correlations were found between coupon fatigue 
life, yield plateau length, and uniform strain elongation, as 
was found in Phase 1 tests. Additionally, a clearer negative 
correlation between equivalent carbon content and half- 
cycles to fracture was observed in the coupon tests than in 
tests on non-machined bars (Fig. 12).

Additional MP 1 U.S. bar batch
Adjustments to the chemistry of bars using MP 1 were 

undertaken to explore whether grain refinement translating 
into increasing ferrite content, decreasing grain size, and 
lower hardness could yield improvements in fatigue life. 
An additional Grade 60 batch 05 was produced using MP 1, 
without modifying the hot-rolling or post-rolling cooling, 
but with chemical adjustments to optimize various contri-
butions from key alloying elements toward the final micro-
structural phase and gain-size formation. Differences in 
batch 05 consisted mainly of reducing Mn and balancing 
that reduction in Mn for strength purposes with small Nb 
and V additions. With solute Nb contributing to final ferrite 

Fig. 10—Relationship between ferrite fraction and average 
cross-sectional hardness (Grade 60 ksi [420 MPa] bars).

Fig. 11—Direct relationship between yield plateau length 
and number of half-cycles.
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grain-size refinement and improved microstructural phase 
formation and V contributing post-rolling precipitation 
strengthening, both additions offset the Mn reduction for 
strength. These alloy modifications were roughly cost-neu-
tral on bar production.

As seen in Table 3, at 6db, both No. 5 (5/8 in. [16 mm]) 
and No. 8 (1 in. [25 mm]) bars of batch 05 had the highest 
number of half-cycles of all MP 1 bars. On average, batch 
05 bars exhibited an increase in the number of half-cycles to 
fracture compared to previous Grade 60 batches of 58% for 
No. 5 bars and 30% for No. 8 bars across both clear gripping 
spans. These results indicate that simple cost-neutral changes 
to chemistry optimization for the existing processing condi-
tions can result in substantial improvements in reinforcing 
bar fatigue life.

The trends between hardness, ferrite fraction, and ferrite 
grain size with respect to fatigue life can be seen in Fig. 13 
for all bar batches. As seen in the figure, the additional batch 
data fit well within the overall trends, supporting the observa-
tion that these three microstructure measures are correlated 
with the fatigue life of bars and that realized improvements 
in them in batch 05 followed the same trends toward an 
increased fatigue performance of that batch.

COMPARISON WITH EXISTING  
LOW-CYCLE FATIGUE TESTS

The fatigue life of bars representing current production in 
the United States and recently tested for low-cycle fatigue by 
Sokoli et al. (2019) and those tested in this study, including 
Nb-based chemistries, are compared in this section. The 
mean values of half-cycles to fracture of bars produced 
using various MPs are compared with those obtained 

Fig. 12—Machined coupon fatigue life trends with Phase 1 tests at 6db clear span.

Table 3—Average number of half-cycles for all  
U.S. bars

MP
Batch 
No. Grade Chemistry Bar size

Half-cycles

4db 6db

1

01 80 NbV No. 5 9.37 6.25

01 80 NbV No. 8 14.02 9.75

02 60 Nb No. 5 19.66 9.66

03 60 Nb No. 5 17.61 15.09

03 60 Nb No. 8 27.30 14.64

04 60 Nb No. 5 14.45 11.21

04 60 Nb No. 8 30.62 15.10

05 60 NbV No. 5 23 21.94

05 60 NbV No. 8 37.11 19.83

Note: No. 5 bars are 5/8 in. (16 mm) diameter; No. 8 bars are 1 in. (25 mm) diameter.
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by Sokoli et al. (2019) for bars covering the full range of 
production methods in the United States. The comparison 
is made by providing the percentiles of the number of half- 
cycles to fracture from U.S.-produced bars that correspond 
to the mean values of half-cycles to fracture for each batch of 
this study. Comparisons were made using data with the same 
gripping span, strain amplitude, and steel grade, as presented 
in Table 4. In the table, the percentiles provided indicated 
the percentage of bars in current U.S. production that have 
lower fatigue life than the mean for the bars tested in this 
study. For both gripping spans, MP 1 bars from batches 01 
to 04 produced in the United States exhibited comparable 
performance to current production (between approximately 
the 10th and 50th percentiles). This indicates that the first 
trials using MP 1 in this study did not appreciably improve 
the fatigue performance of the bars. However, for batch 05, 
produced later in the study, fatigue life was generally better 
than approximately 75% of bars in current U.S. production. 
MPs 2 to 4 bars, for the most part, exhibited substantially 
superior fatigue life compared with current U.S. production, 
with percentiles generally exceeding the 75th percentile 
and even higher than the 99th in several cases. This finding 
indicates that methods used in the last MP 1 batch 05 and 
for MPs 2 to 4 bars can significantly improve the fatigue 
life of bars in the United States. Additionally, bar deforma-
tion patterns used in MPs 2 to 4 bar productions may be 

worth pursuing in the United States as an additional low-cost 
method for improving fatigue life.

CONCLUSIONS
Several manufacturing processes (MPs) and chemis-

tries were explored to identify practices that can improve 
the low-cycle fatigue life and ductility of reinforcing bars. 
Correlations between bar properties, such as microstructural 
properties, chemical composition, and bar deformations, 
were explored with respect to fatigue life. Key findings 
include:

1. Yield plateau length, uniform strain, and fracture strain 
were found to correlate positively with ferrite fraction. This 
indicates that ferrite fraction is a key parameter in deter-
mining these tensile properties and enhances ductile bar 
behavior.

2. Furthermore, ferrite fraction, in combination with ferrite 
grain size, was found to have a positive effect on fatigue 
life. These parameters are key to improving the strength and 
fatigue mechanical properties of bars.

3. Conversely, average hardness across a bar cross section 
was found to have a strong negative correlation with fatigue 
life.

4. Bar deformations are found to have deleterious 
effects on the fatigue life of bars. Machined coupons for 
which deformations were removed exhibited substantially 

Fig. 13—Additional U.S. batch 05 results with improved grain refinement (6db clear span). (Note: 1 μm = 0.039 mils.)
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improved fatigue performance compared with their non- 
machined counterparts.

5. Equivalent carbon content followed that of hardness 
and was found to be negatively correlated with the fatigue 
life of bars, particularly for machined bars where deforma-
tions and their effects were removed.

6. Precipitation strengthening generated by microalloying 
(MA) with vanadium (V) to increase bar strength from 60 to 
80 ksi (420 to 550 MPa) is shown to have a deleterious effect 
on the low-cycle fatigue life of reinforcing bars, reducing 
the number of half-cycles to fracture at both 4db and 6db 
clear spans. The presence of V microalloy contributed to an 
increased average hardness while not contributing metallur-
gically to the final ferrite grain size.

7. Bars conforming to GB/T 1499.2-2018 that were 
processed using thermomechanical controlled processing 
(TMCP) with water cooling during rolling, and containing 
the highest amount of niobium (Nb), had the highest number 
of half-cycles to fracture. These bars exhibited fatigue 
performance better than 99% of the bars currently in produc-
tion in the United States and had some of the highest ferrite 
content, smallest grain size, and lowest hardness values. 
This finding indicates that grain refinement through TMCP 

and Nb microalloying can improve fatigue performance 
significantly.

It is recommended that adjustments to reinforcing bar 
production be pursued in the United States to improve 
ductility and fatigue life. This study demonstrated that 
improvement in excess of 50% in the fatigue lives of bars 
can be achieved without increasing the cost of production.

To improve the ductility and low-cycle fatigue perfor-
mance of reinforcing bars, it is recommended to use produc-
tion methods that result in: 1) reduced cross-section hard-
ness; 2) increased ferrite fractions; and 3) decreased ferrite 
grain size. Optimization of the overall alloy design with the 
addition of Nb for an existing hot-rolling and cooling rein-
forcing bar production can help in achieving those goals. 
Adding an optimized overall alloy design with enhance-
ments to thermal control during and post-rolling can further 
enhance the goals of improved ductility and low-cycle 
fatigue performance. It is also recommended to explore 
alternate rib geometries for reinforcing bars that can reduce 
stress concentrations and improve fatigue life. Particularly, 
rib geometries that do not have intersecting transverse and 
longitudinal ribs should be pursued.

FURTHER RESEARCH
Additional tests of Nb-based bars need to be conducted 

to better understand their effects on the low-cycle fatigue 
of reinforcing bars. Further investigation into the effects 
of bar deformation geometry and its effect on fatigue life 
is necessary to establish standard specifications to ensure 
adequate and consistent fatigue life. Likewise, additional 
MPs should be investigated to further understand the rela-
tionship between bar microstructure and low-cycle fatigue 
performance.
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Table 4—Average number of half-cycles and 
percentiles of existing bar production in  
United States

MP Bar

Percentile of half-cycles to fracture 
of U.S. bars corresponding to mean 
values of bars tested in this study

4db 6db

Grade 60 ksi (420 MPa) bars

1 m1_02_B60Nb#5 10th 10th

1 m1_03_A60Nb#5 5th 40th

1 m1_03_C60Nb#8 25th 40th

1 m1_04_A60Nb#5 <5th 15th

1 m1_04_C60Nb#8 55th 40th

1 m1_05_C60NbV#5 15th 80th

1 m1_05_C60NbV#8 90th 75th

2 m2_01_D400Nb#5 >99th >99th

2 m2_01_D400Nb#8 
(outlier) >99th 20th

3 m3_01_D400Nb#5 55th >99th

4 m4_01_D400V#5 >99th >99th

4 m4_01_D400V#8 85th >99th

Grade 80 ksi (550 MPa) bars

1 m1_01_A80NbV#5 10th <5th

1 m1_01_B80NbV#8 60th 10th

2 m2_03_D500NbV#5 >99th 85th

2 m2_03_D500NbV#8 >99th 75th

4 m4_02_D500V#5 >99th 75th

4 m4_02_D500V#8 >99th 80th
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Concrete, a highly energy-intensive material, contributes approxi-
mately 10% of global carbion dioxide (CO2) emissions. To address 
this issue, incorporating industrial residues in concrete produc-
tion has emerged as a viable solution, reducing natural resource 
consumption and lowering the CO2 footprint. Using bauxite resi-
dues in concrete has proven to be an environmentally friendly and 
sustainable approach. In this study, cement mass was partially 
replaced with bauxite residues (at 5%, 10%, 15%, and 20%), with 
variations in residue diameter (300 µm, 600 µm, and 2 mm) and 
in liquid form. The concrete’s workability, air content, density, 
mechanical strength, elasticity, Poisson’s ratio, and porosity were 
assessed with each replacement percentage. The study revealed 
that bauxite residues can effectively replace up to 20% of cement 
in a concrete mixture. Although their use slightly affects the fresh 
properties of concrete, it significantly enhances its mechanical 
properties. With this approach, a sustainable and eco-friendly 
concrete without compromising its performance can be created.

Keywords: bauxite residue; cement; mechanical properties.

INTRODUCTION
The modern world is facing several challenges origi-

nating from the construction industry, which revolve mainly 
around the use of natural resources along with the carbon 
dioxide (CO2) emissions generated during cement produc-
tion. Approximately 5 to 10% of greenhouse gas (GHG) 
emissions are attributed to cement production and that 
percentage is expected to increase to 10 to 15% the coming 
years, or 12 to 15% of the total industrial energy consump-
tion (Hossain et al. 2021). Recent years have seen the emer-
gence of new energy and environmental requirements and 
challenges giving rise to multiple reflections in different 
sectors, and more particularly in the construction industry. 
In this context, the use of industrial by-products to produce 
concretes and mortars appears as an environmental solution 
for their disposal as well as the development of ecolog-
ical and sustainable concretes. One of the environmentally 
hazardous wastes is bauxite residue from the aluminum 
industry. Approximately 4 billion tons of bauxite residue 
is produced each year around the world (Liu et al. 2021). 
However, industrial use of bauxite residue is very limited, 
and its quantity is increasing in storage areas.

Bauxite residues can contaminate surrounding soil and 
water, posing risks to human health and the environment, 
including toxic effects on flora and fauna. Storing red 
mud presents significant waste management challenges as 
it requires large areas and strict measures to prevent leaks 
and accidental spills. In concrete, bauxite residues are used 
to partially replace cement, reducing cement consumption, 

which is a major source of CO2 emissions. Several studies 
suggest that bauxite residues chemically react with cement 
components to form hydrated cementitious products, 
enhancing the mechanical properties of the concrete, partic-
ularly at an early age. The alkaline components of bauxite 
residues can be immobilized in the cement matrix, limiting 
their mobility and potential for contamination. Few authors 
found that when properly incorporated into concrete, bauxite 
residues are chemically stabilized, thus it can be stated that 
the presence of red mud in concrete would not make nega-
tive influence on the leaching (Tang et al. 2019).

The source of bauxite and the aluminum extraction 
process significantly influence their chemical and mineral 
composition, as well as their physical characteristics such 
as particle size, pH, and particle type. Each bauxite deposit 
has a unique composition, and processes such as the Bayer, 
Pederson, and combination methods variably alter these 
residues (Liu et al. 2007). These differences directly impact 
the properties of concrete when mixed with bauxite residues 
(Di Mare et al. 2021). For instance, particle size and alka-
linity can affect the mechanical strength and durability of 
concrete. The chemical composition of bauxite residues also 
influences the setting time and porosity of concrete.

Several works have been published on the use of bauxite 
residues in conventional concretes. For example, Sunitha 
and Prakash (2014) investigated the use of washed and 
unwashed bauxite residues in concrete for partial cement 
replacement at grades of 0 to 20% with a 2% range. They 
found that shear strength, compressive strength, and tensile 
strength measured by bending and splitting increased with 
an increasing amount of bauxite residue washed up to 8% 
and unwashed up to 8%; thereafter, a reduction in resis-
tance was observed. Also, water absorption and sorptivity 
were observed to decrease with increasing bauxite residue 
in concrete. The strength, workability, and sorptivity of 
washed bauxite residue concrete were superior to those 
of unwashed residue. Shetty et al. (2014) investigated the 
strength aspects of self-consolidating concrete prepared by 
partially replacing cement with bauxite residues at 1, 2, 3, 
and 4% and, in the same mixture, partial sand replacement 
was carried out with iron ore residues at percentages of 10, 
20, 30, and 40%. Each mixture with bauxite and iron ore 
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residue replacement achieved higher strengths than a control 
concrete. After 28 days of curing, the control blend reached 
a compressive strength, fc′ of 32.8 MPa. The mixture with 
2% bauxite residue and 30% iron ore residue achieved the 
greatest compressive strength and tensile strength, with 
approximately 22% and 26% increase over the control 
concrete, respectively. Raj and Rajab (2018) examined 
the strength of self-consolidating concrete in which port-
land cement was partially replaced with bauxite residue at 
proportions of 1, 2, 3, and 4% in 30 MPa grade concrete. 
Their findings indicated that the incorporation of bauxite 
residue enhanced the compressive strength of each mixture 
compared to the control mixture. At 28 days, the mixture 
with 2% bauxite residue showed a significant increase in 
both compressive and flexural strengths compared to the 
control concrete. Illavarason et al. (2018) replaced the 
cement with residues at proportions of 0, 5, 10, 15, and 20% 
bauxite residues, and a constant amount of hydrated lime 
of 5% in 30 MPa conventional concrete. Compressive and 
tensile strength results demonstrated an increase to 5, 10, and 
15%, then a decrease to 20% with a 10% and 14% increase 
in compressive and tensile strength, respectively. Ye et al. 
(2018) proposed using bauxite residue to partially replace 
fly ash (12.5, 25, and 50%) in self-consolidating concrete. 
The test results revealed that the addition of bauxite residue 
caused a considerable loss of fluidity and that the mechan-
ical strength of the concrete increased with increasing 
bauxite residue content. The samples of 50% bauxite residue 
provided the best results in terms of compressive strength, 
with an increase of 7% compared to the control concrete. 
On the other hand, for the tensile strength, the mixtures of 
25% bauxite residues gave the best results with an increase 
of 5% compared to the control concrete. Bayat et al. (2018) 
replaced slags with bauxite residues at percentages of 0, 10, 
20, 30, and 40% by weight of the slag. The authors found 
that the mixtures containing 10 and 20% bauxite residue 
showed a higher compressive strength at 7 and 28 days than 
the control mixture of portland cement concrete. Thus, it can 
be deduced that a higher content of bauxite residue leads 
to a lower uniaxial compressive strength of the concrete. 
The tensile strength measured by a bending test of all slag 
concrete and bauxite residue specimens was lower than 
that of slag-alone concrete and the control mixture. Most 
recently, Song et al. (2022) found optimal mixture propor-
tions of autoclave aerated concrete with 22.5% of bauxite 
residue replacement of fly ash along with the use of poly-
carboxylic acid.

RESEARCH SIGNIFICANCE
Previous studies have demonstrated the effective use of 

bauxite residues in replacing cement in various types of 
concrete; however, the specific use of bauxite residues from 
the Saguenay–Lac-Saint-Jean (SLSJ) region for concrete 
applications remains unexplored. To date, the SLSJ bauxite 
residues have not been studied with respect to particle size 
and replacement levels up to 20%. This research fills a crit-
ical knowledge gap by providing, for the first time, detailed 
insights into the impact of these residues on concrete perfor-
mance. The study is conducted with the aim of reducing 

GHG emissions and mitigating the environmental impact 
of bauxite residue disposal. Furthermore, when developing 
new types of concrete, it is essential to verify the equations 
predicting the mechanical properties to incorporate the 
parameter representing bauxite residues into the concrete 
formulation that complies with current standards and 
regulations.

With an estimated production of 1 million tons of bauxite 
residue annually in the SLSJ region, it is imperative to 
conduct a localized investigation to assess the perfor-
mance of bauxite residue-based concrete and promote its 
widespread adoption. This study specifically examines the 
effects of partial cement replacement with SLSJ bauxite 
residues on the physico-mechanical behavior of specialized 
concrete (Rio Tinto 2016). Various substitution levels and 
particle sizes were considered to optimize economic bene-
fits and enhance residue reuse. The properties of both fresh 
and hardened concrete were evaluated to ensure a compre-
hensive understanding of the design parameters. Moreover, 
building on existing predictive models, new equations were 
proposed to accurately assess the mechanical properties of 
bauxite residue-based concrete as a function of the substi-
tution rate, ensuring compliance with current standards and 
regulations.

PHYSICOCHEMICAL PROPERTIES OF BAUXITE 
RESIDUES

Bauxite residues’ colors are often gray-white to red, 
depending on the existing amount of iron oxide. The melting 
point, density, and bulk density of bauxite residues are 
between 1100 and 1500°C, 2700 and 3200 kg/m3, and 750 
and 1000 kg/m3, respectively (Anagnostopoulos et al. 2021; 
Atan et al. 2021; Hong et al. 2021; Sun et al. 2021). Bauxite 
tailings have a pH between 10 and 12.5, which is highly 
alkaline. The plasticity index is 17.2 to 30.5 (Panda et al. 
2017; Wang et al. 2021).

The grain size of the bauxite residue is extremely fine. 
Kumar and Kumar (2013) used a laser particle size analyzer 
to determine the particle size distribution of bauxite residue 
and found that its distribution was narrower than the one of 
fly ash used in concrete. The surface area of ​​bauxite residues 
is approximately 12 to 59 m2/g, and the grain diameter is 
between 3 and 75 μm. Consequently, bauxite residues indi-
cate excellent adsorption. For practical uses, the majority of 
studies focused on the particle size and fineness of bauxite 
residue as a substitute for cement powder.

Al2O3, Fe2O3, SiO2, Na2O, CaO, MgO, and K2O are the 
main chemical compounds of the bauxite residue. Table 1 
shows the typical chemical composition of bauxite residue 
from different aluminum manufacturing processes and 
compares it to portland cement. Bauxite residue can also 
be weakly radioactive due to the presence of metals, rare 
earths, and traces of radioactive elements such as uranium 
and thorium (Hong et al. 2021; Milačič et al. 2012; 
Paramguru et al. 2004; Wang et al. 2021). Due to regional 
variations in raw resources, aluminum manufacturing proce-
dures, and technical advances, the chemical composition 
of bauxite residue varies from one production location to 
another. The estimated chemical compositions of bauxite 
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residue generated by Bayer, sintering, and combination 
processes are shown in Table 1 (Liu et al. 2021). Compared 
to the bauxite residue produced by the sintering process, the 
bauxite residue from the Bayer process has a lower content 
of calcium and silicon and a higher concentration of Al, Fe, 
and Na, as shown in Table 1.

EXPERIMENTAL PROCEDURE
To be able to characterize the physical and mechanical 

properties of concretes with different percentages of bauxite 
and bauxite residue diameters, tests in fresh condition and in 
the hardened state are determined for the formulation of the 
control concrete with a grade of 30 MPa and bauxite residue 
formulations.

The mechanical properties are limited to compressive 
strength, tensile strength, modulus of elasticity, Poisson’s 
ratio, and porosity available to water in compliance with 
CSA A23.1 (2019) and CSA A23.2 (2019) standards. The 
slump and air content tests were also carried out to know the 
properties in the fresh state of the concrete. Specimens made 
of 300 µm diameter bauxite residue concrete and control 
mixtures of portland cement concrete were placed and 
cured for 7, 28, 90, and 180 days, while the bauxite residue 

concretes—of diameters 600 µm and 2 mm and liquid red 
mud—were tested at 7 and 28 days only.

Bauxite residues
The bauxite residues used in this study are those produced 

by the Rio Tinto refinery in the SLSJ region, province of 
Quebec, through the Bayer process. The bauxite residues 
were collected as red mud (Fig. 1) dried at 110 ± 5°C in a 
muffle oven for 48 hours. Subsequently, the dried residue 
was crushed and sieved manually to different sizes: 300 µm, 
600 µm, and 2 mm (Fig. 2).

Cement
The portland cement used was manufactured by a Cana-

dian cement plant. It was GUL type (portland-limestone 
cement for general use), characterized by a bulk density of 
3220 kg/m3 and a specific surface of 3275 cm2/g.

Aggregates
A crushed fine aggregate with a specific gravity of 2.56, 

fineness modulus of 2.6, water absorption of 1.01%, and 
maximum size of 5 mm conforming to CSA A23.1-19, 
was used. Similarly, coarse aggregate with a density of  
2.67 g/cm3, maximum size of 20 mm, and water absorption 

Table 1—Chemical composition of portland cement and bauxite residues

Composition Portland cement, %

Bauxite residue

Manufacturing process

Bayer, % Pedersen, % Combination, %

CaO 61 to 70 1 to 9 45 to 49 43.5 to 47

SiO2 20 to 25 4 to 20 22 to 23 20 to 21

Al2O3 3.5 to 7.5 12 to 24 4 to 7 5.5 to 7.5

Fe2O3 1.5 to 6 35 to 65 6 to 10 6 to 7.5

MgO 1.5 to 4 0.2 to 0.3 1.3 to 1.6 —

SO3 0.05 to 3.5 0.60 to 0.8 — —

K2O 0.05 to 1.4 0.04 to 0.05 0.3 to 0.4 0.4 to 0.7

Na2O 0.05 to 0.7 3 to 10 2.5 to 3.5 2.7 to 3

Chloride 0 to 0.1 — — —

Insoluble 0.05 to 1.2 — — —

Fire losses 0.2 to 3 10 to 16 7 to 10 —

Free lime 1.0 — — —

Fig. 1—Bauxite residues used.
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of 1.39% was used. Aggregate particle size curves can be 
seen in Fig. 3.

Additive
The proportion of high-range water-reducing admixture 

(HRWRA) used is 0.55% by weight of binder. The HRWRA 
was used to improve the workability of the concrete and 
reduce segregation. The extra type of air entrainer was used 
in a proportion of 0.85% by weight of binder. Dispersant was 
added at 0.80% by weight binder.

Mixture composition
The design of the mixture was carried out in accordance 

with CSA A23.1-19. The control concrete mixture (only 
portland cement) used in this experimental program aimed 
for a uniaxial compressive strength of 30 MPa at 28 days, 
with a water-cement ratio (w/c) of 0.45 dosed at 370 kg/m3 
and an aggregate ratio of 60% gravel and 40% sand. The 
concrete mixtures based on bauxite residues were made by 
replacing the cement with 5, 10, 15, and 20% of bauxite 
residue for each of the bauxite residue diameters: 300 µm, 
600 µm, 2 mm, and in liquid form (Table 2).

The concrete was mixed in a concrete mixer with a 
capacity of 70 kg. In the first mixing step, the two types of 
aggregates were added separately and mixed for 2 minutes 
with the air-entraining agent and one-third the amount of 
water used. In the second stage, the bauxite residues, cement, 
and dispersant were added separately and mixed for 1 more 

minute. In the last step, two-thirds of the amount of water 
and the HRWRA were added and mixed thoroughly for 
another 5 minutes to obtain a homogeneous mixture. Prior 
to placing the concrete in the molds, the workability of each 
mixture was measured using the slump cone test as well as 
air content and density. The molds were filled with concrete 
in three layers; in each layer, 20 mallet strokes were given. 
Once the mold was filled, the excess concrete was removed, 
and the surface was levelled using a trowel. Twenty-four 
hours after casting, the specimens were removed from the 
mold and cured at 100% humidity. A total of 222 cylindrical 
specimens (75 x 150 mm) were subsequently cast and tested 
to determine compressive strength, tensile strength, modulus 
of elasticity, and Poisson’s ratio at various ages.

For each of the mixtures tested, three specimens were 
tested for each of the tests. The uniaxial compression tests 
were carried out according to the CSA A23.2-19 stan-
dard with a universal testing machine at the University of 
Quebec at Chicoutimi. The specimens were subjected to a 
preload of 0.8 kN and then loaded at a rate of 1.14 kN/s until 
failure. The compressive strength was obtained by taking the 
average of the three specimens. Stress-strain curves for each 
blend were obtained by testing the cylindrical specimens 
under uniaxial compression. The data-acquisition system 
consisted of a 100 mm vertical extensometer cell and a hori-
zontal extensometer mounted on a belt to measure the load 
and corresponding displacements of the specimens.

Fig. 2—Sieve analysis of bauxite residues.

Fig. 3—Particle size distribution curves for aggregates (CSA A23.2-19).
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The tensile strength was measured by the Brazilian tests 
according to CSA A23.2. Three concrete cylinders for each 
mixture were tested by the Brazilian testing machine with a 
preload of 0.8 kN and a load rate of 1.14 kN/s. The tensile 
strength was obtained by taking an average of the three 
samples.

The calculation of the tensile strength is carried out using 
Eq. (1)

	​ ​f​ ct​​  =  ​ 2P _ πld ​​	 (1)

where fct is tensile strength measured by splitting (MPa); P 
is maximum load applied (N); l is length of the specimens 
(mm); and d is specimen diameter (mm).

The water-accessible porosity was measured using the 
water absorption test by immersion at atmospheric pressure. 
After demolding, three specimens of each percentage of 
bauxite residue from the 300 µm series as well as the control 
concrete were kept in a humid room at 20 ± 2°C, with over 
95% relative humidity until 180 days of age. At this point 
of the water-accessible porosity test, the specimens were 
weighed and exposed to drying at a temperature of 110 ± 
5°C for 48 hours. Then the specimens were also weighed 
after drying. The porosity is expressed as a percentage of the 
dry mass of the specimen. Indeed, to obtain the porosity of 
a concrete, it is enough to multiply the water absorption by 
immersion (in %) by the dry specific mass of this concrete, 
expressed in kg/dm3.

EXPERIMENTAL RESULTS AND DISCUSSION
Fresh-state properties

Workability—The workability of all mixtures was 
measured between the 16th and 18th minute after water-
binder contact using a slump cone tester according to CSA 
A23.2. The measured values ​​for the mixtures are shown in 
Fig. 4. According to the developed method of the control 
concrete, the slump value should be between 50 and 110 mm 

(plastic concrete). It can be seen from Fig. 4 that the control 
concrete meets this requirement with a slump of 83 mm. The 
substitution of cement by bauxite residues in the concrete 
reduced the slump, thereby decreasing its workability. A 
similar observation of decrease in workability for identical 
mixtures was mentioned by other researchers (Liu and Poon 
2016). For very-fine-grained mixtures (300 µm), it was 
necessary to increase the water content by 1.5% for each 5% 
of bauxite residue to maintain workability and acceptable 
slump. This need for additional water can be explained by 
the high water absorption by the bauxite residue (Table 2), 
which has been observed by other researchers (Bayat et al. 
2018; Tang et al. 2018). Finally, as can be seen in Fig. 4, the 
slump value respects the prescribed limits with the initial 
dosage, without water modification, for the bauxite residues 
of 600 µm and 2 mm. It can also be seen for the mixtures of 
600 µm and 2 mm that the size of the bauxite residues have 
an influence on the workability of the concrete. For mixtures 
with liquid bauxite residues, the amount of water was fixed 
with the assumption of 40% solid and 60% liquid in liquid 
bauxite residue. However, the decrease in workability of 
concrete with increase of liquid bauxite residues indicates a 
possible high percentage of solids in liquid bauxite residue.

Table 2—Concrete formulation

Bauxite residue 
content Cement, kg

Fine aggregates, 
kg

Coarse aggregates, 
kg

Bauxite residues, 
kg Water, L

Control concrete 0% 370.0 767.5 1151.3 0 166.5

Bauxite residue diameter  
< 300 µm

5% 351.5 766.0 1149.0 18.5 169.0

10% 333.0 764.5 1146.5 37.0 171.5

15% 314.5 762.7 1144.0 55.5 174.0

20% 296.0 761.1 1141.6 74.0 176.5

Bauxite residue diameter  
< 600 µm and < 2 mm

5% 351.5 766.0 1149.0 18.5 166.5

10% 333.0 764.5 1146.5 37.0 166.5

15% 314.5 762.7 1144.0 55.5 166.5

20% 296.0 761.1 1141.6 74.0 166.5

Bauxite residues in liquid 
form

5% 351.5 766.0 1149.0 18.5 161.5

10% 333.0 764.5 1146.5 37.0 156.7

15% 314.5 762.7 1144.0 55.5 152.0

20% 296.0 761.1 1141.6 74.0 147.5

Note: All mixtures included 1.000 L of air-entraining agent, 0.925 L of dispersant, and 0.650 L of HRWRA.

Fig. 4—Effects of bauxite residue on mixture slump.
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Density—The density of concrete was determined 
according to CSA A23.2. The results obtained are shown in 
Fig. 5. It can be seen that the density of the bauxite residue 
concrete is slightly higher than that of the control concrete. 
Otherwise, for the different diameters, it is found that there is 
no apparent effect on the density. According to CSA A23.2, 
the density of standard portland cement concrete typically 
ranges from 2250 to 2350 kg/m3. For the mixtures tested, 
the density of the bauxite residue concrete varies from 2200 
to 2500 kg/m3, which remains similar to conventional port-
land cement concrete. It can also be seen that the mixtures 
with lower density exhibited high workability as compared 
to denser mixtures for all combinations.

Air content—The entrained air content was determined 
according to standard CSA A23.2. Figure 6 shows the results 
obtained for the different proportions and sizes of bauxite 
residue. A slight decrease in the amount of entrained air in 
the range of 3.2 to 7% is observed as the amount of bauxite 
residue increases in the concrete mixture. According to CSA 
A23.2, the entrained air value varies from 5 to 8%, which is 
the case for the control concrete with a value of 6%.

Hardened-state properties
After wet properties were measured, the mixtures were 

cast into cylinders 76.2 mm in diameter by 152.4 mm high, 
in accordance with CSA A23.2 to measure certain proper-
ties in the cured state. All specimens underwent wet curing 
for a period varying from 7 to 180 days before being tested 
by a uniaxial compression or splitting test (Brazilian tests) 
according to CSA A23.2. These tests made it possible to 
measure the compressive strength, tensile strength, stress-
strain behavior, stiffness, and Poisson’s ratio.

Compressive strength—Figure 7 presents the average 
resistance (average of three cylinders) in compression of 
the partially replaced concrete versus various percentages 
of bauxite residues of different diameters. The results indi-
cate that the strength of bauxite residue concrete increases 
with addition of residue content up to 10% and with curing 
time. The enhanced strength of bauxite residue concrete with 
curing regime can be attributed to the formation of calci-
um-silicate-hydrates (C-S-H gel) in the presence of calcium 
and silica. Beyond 10%, further addition of bauxite residue 
content resulted in reduction of strength. The reduction in 
strength of concrete can be attributed to limited pozzolanic 

reaction owing to inadequate water at higher proportions 
of residue replacement (Tang et al. 2018). The effects of 
bauxite residue content on improving compressive strength 
were more pronounced at rates of 5 and 10% for the four 
different diameters, while compressive strength decreased 
as their proportion rose. This observation is analogous to 
studies by Illavarason et al. (2018). The strength of bauxite 
residue concrete for all tested mixtures ranges from 21.4 to 
41.0 MPa after 28 days of curing, which means a decrease 
of 23% and an increase of 45% compared to the control 
concrete, respectively. On the other hand, for the series of 
600 µm, 2 mm, and liquid form, the strength is variable 
according to the content of residue. However, up to 20% 
replacement, the concrete exhibits compressive strength 
similar to the portland cement control concrete, without 
bauxite residue. Figure 8 shows fracture of bauxite residue 
concrete as a function of bauxite residue content. With the 
5 and 10% bauxite residue, the concrete had a lot of fresh 
breaks in the gravel. On the other hand, for 15 and 20%, 
much more tearing of the concrete paste was seen.

Figure 9 shows the curing rate of bauxite residue concrete 
and control concrete between the seventh and 28th days for 
all mixtures. According to CSA A23.3 (2019), conventional 
concrete reaches approximately 80% of its compressive 
strength measured between the seventh and the 28th days. 
In this study, the control concrete, without bauxite residue, 
showed an 84% increase in its compressive strength from 
7 to 28 days. In comparison, bauxite residue concrete has a 
faster rate of curing, of up to 93% of its predicted compres-
sive strength on day 28 after only 7 days. On the other hand, 
there does not seem to be a clear trend of the effect of bauxite 
residue particle size on the rate of curing as observed in Fig. 9.

Table 3 compares the average compressive strengths 
measured with those predicted with Eq. (2) of the compressive 
strength given by the fib Model Code for Concrete Structures 
(2010). The results show that the predicted strength value of 
the bauxite residue concretes as well as the control concrete is 
always higher than the average experimental value measured. 
The difference between the resistances obtained shows that 
there is a certain difference while increasing the contents of 
bauxite residues and the duration of cure.

	 fc(t) = βcc(t) ∙ fc′	 (2)

where

	​ ​β​ cc​​​(t)​  =  exp​{s​[1 − ​​(​ 28 _ t  ​)​​​ 
0.5

​]​}​​	 (3)

Fig. 5—Effects of bauxite residues on mixture density.

Fig. 6—Effects of bauxite residues on air content of mixtures.
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fc′ is the average compressive strength at an age (t) that can 
be estimated by fc(t), according to Eq. (2). βcc(t) is a func-
tion that describes the development of resistance with time 
depending on two parameters, where t depends on the age of 
concrete and s is a coefficient that depends on the class of the 
strength of the cement. The value of s varies between 0.20 
and 0.38, while the cement used in this study has a value of 
s = 0.25.

To accurately predict the compressive strength of bauxite 
residue concretes, the authors defined the relationship 
between the parameter s of Eq. (3) and the bauxite residue 
content from the experimental results. Figure 10 presents 
the value of the optimal coefficient s as a function of the 
bauxite residue content. The results show that the value of s 
decreases with the increase in the amount of bauxite residue 
in the concrete, which means that the curing of the concrete 
is faster with the increase in the content of bauxite residue. 
From Fig. 10, it can be concluded that there is a linear rela-
tion between s and the content of bauxite residues with a 
coefficient of determination R2 = 0.65 defined by Eq.  (4), 
where BR is the bauxite residue content expressed as a 
percent. This relationship is valid for the range of experi-
mental bauxite residue content data.

	 s = 0.17 – 0.14(BR)	 (4)

The maturity equation allows for predicting the gain in 
mechanical strength of concrete over time, which is essential 

for determining when the concrete has reached sufficient 
strength to be loaded. In other words, this equation helps 
estimate the time required for fresh concrete to achieve the 
desired strength, a vital parameter for construction planning 
and timeline optimization.

Tensile strength—The indirect tensile strength was 
determined by the Brazilian test at day 28, according to 
CSA A23.2. Figure 11 shows the tensile strength for the 
300 µm mixtures and the control concrete after 28 days of 
curing. By comparing the tensile strengths measured with 
those measured in compression (Fig. 7(a)), it is possible to 
observe that the tensile strength represents approximately 
10% of the compressive strength. A slight increase in tensile 
strength is observed for the mixtures containing 5 and 10% 
bauxite residue, with an increase of 0.2 and 0.4 MPa, respec-
tively, compared to the control mixture of portland cement 
concrete. For higher bauxite residue contents of 15 and 20%, 
the tensile strength is approximately 0.25 MPa lower than 
that of the cement concrete control mixture.

The results of the direct tensile strength (fct) predicted by 
Eq. (5) (ACI Committee 318 2019) as well as the experi-
mental results obtained for different bauxite residue contents 
are presented in Table 4. The error between the theoretically 
calculated value according to the CSA standard and the 
experimental results is generally low.

	​ ​f​ ct​​  =  0.56 ​√ 
__

 ​​f​ c​​ ′ ​ ​​	 (5)

Fig. 7—Uniaxial compressive strength measured on cylinder for different curing times and for maximum dry particle size of 
bauxite residue of: (a) 300 µm; (b) 600 µm; (c) 2 mm; and (d) as raw liquid.
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Elasticity module—Figure 12 shows the modulus of elas-
ticity on the different specimens during uniaxial compres-
sion tests, after different curing times, and for different 
contents and sizes of bauxite residues used in the mixtures. 

The modulus of elasticity was measured at 7, 28, 90, and 
180 days for the 300 µm series while for the 600 µm, 2 mm, 
and liquid series, the tests were carried out on days 7 and 28. It 
is possible to see that with the increase in the bauxite residue 

Fig. 8—Typical specimen photo after rupture by compression testing for contents of: (a) 5%; (b) 10%; (c) 15%; and (d) 20%.

Fig. 9—Concrete curing rate as function of time.
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content (from 5 to 20%), the elastic modulus of the bauxite 
residue concrete is generally higher than that of the control 
concrete. According to these results, it can be concluded that 
increasing the amount of bauxite residues in the concrete 
has only a negligible effect on the modulus and elasticity 
of the mixtures. In fact, the mixtures of the 300 µm series 
demonstrated a remarkable decrease after 28 days compared 
to the rest of the mixtures, A decrease of approximately 2 
GPa is obtained for all the mixtures of the 300 µm series. 
After that, the modulus increased on average by 4 GPa at 90 
days, followed by a slight decrease after 180 days (refer to 
Fig. 12(a)). Figure 12(b) presents the results of the modulus 

of elasticity of the 600 µm series. It was found that only 
with the 10% of bauxite residues, the modulus of elasticity 
decreased with time. On the other hand, the modulus of elas-
ticity of the mixtures of 5, 15, and 20% had a gain in rigidity 
with time. For the 2 mm series and liquid bauxite tailings, 
the modulus of elasticity increased over time (refer to Fig. 
12(c) and (d)).

Table 5 presents the modulus of elasticity calculated 
according to CSA A23.2 by Eq. (6) (in MPa). The results 
show that the value of the predicted elastic modulus is 
always lower than the measured experimental value. The 
error between the obtained elastic modulus values ​​shows 
that there are some errors while increasing the bauxite 
residue contents and the curing time.

	​ ​E​ c​​  =  4500 ​√ 
__

 ​​f​ c​​ ′ ​ ​​	 (6)

To minimize the error of the modulus of elasticity of the 
bauxite residue concrete, Eq. (7) was developed based on the 
experimental results of the compressive strength and corre-
sponding modulus of elasticity. For each of the specimens 
tested for all mixtures and at all curing ages, while dividing 
the value of the modulus of elasticity by the square root of 
the compressive strength, an average value of 5200 (fc′ in 
MPa) was obtained.

	​ ​E​ c​​  =  5200​√ 
__

 ​​f​ c​​ ′ ​ ​​	 (7)

Typically, engineers use the compressive strength 
measured uniaxially on a cylinder and increased by a power 

Table 3—Average compressive strength experimentally measured and predicted by fib Model Code for 
Concrete Structures 2010

Compressive strength (RB < 300 µm) 0% 5% 10% 15% 20%

7 days Experimental, MPa 24.4 26.6 29.6 24.1 23.4

28 days

Prediction, MPa 31.2 34.1 38.0 30.9 30.1

Experimental, MPa 28.8 31.6 33.7 27.5 26.1

Error, % 7.7 7.3 11.3 11.0 13.3

90 days

Prediction, MPa 32.2 35.3 37.6 30.7 29.2

Experimental, MPa 30.9 33.6 37.3 29.2 28.8

Error, % 4.1 4.8 0.8 4.9 1.4

180 days

Prediction, MPa 33.6 36.9 39.3 32.0 30.5

Experimental, MPa 31.5 33.8 38.3 30.5 29.7

Error, % 6.3 8.4 2.5 4.7 2.6

Fig. 10—Value of parameter s as function of bauxite residue 
content on day 7.

Fig. 11—Tensile strength on day 28 (RB < 300 µm).

Table 4—Average tensile strength measured 
experimentally and predicted by Eq. (5)

Tensile strength (RB 
< 300 µm) Prediction, MPa

Experimental, 
MPa Error, %

0% 2.85 3.03 5.94

5% 3.02 3.25 7.07

10% 3.10 3.40 8.82

15% 2.78 2.84 2.11

20% 2.71 2.79 2.86
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of 1/2 to estimate the modulus of elasticity of concrete. 
Figure 13 shows the relationship between the modulus of 
elasticity and the square root of the compressive strength. 
The results reveal that the mixtures tested in this study are 
generally stiffer than the normal predictions anticipated by 
the ACI 363 standard model (Eq. (8)) and the CSA A23.3 
standard model given by Eq. (6). However, due to the low 

range of compressive strengths tested (fc′ varying between 
21 and 41 MPa at 28 days), it is difficult to establish a rela-
tionship between the bauxite residue content, the compres-
sive strength and the modulus of elasticity. Nevertheless, the 
distribution obtained is similar to that observed on conven-
tional portland cement concretes (Paultre 2017).

Fig. 12—Modulus of elasticity measured on cylinder at different curing times for maximum dry bauxite residue particle size of: 
(a) 300 μm; (b) 600 μm; (c) 2 mm; and (d) for bauxite residue liquid.

Table 5—Mean elastic modulus determined experimentally and predicted by Eq. (6)

Elasticity module Ec (RB < 300 µm) 0% 5% 10% 15% 20%

7 days

Prediction, MPa 23.2 23.9 24.8 23.1 22.9

Experimental, MPa 25.7 28.2 32.5 29.1 31.0

Error, % 9.73 15.25 23.69 20.62 26.13

28 days

Prediction, MPa 24.6 25.5 26.1 24.2 23.8

Experimental, MPa 28.6 26.0 30.5 26.4 28.8

Error, % 13.99 1.92 14.43 8.33 17.36

90 days

Prediction, MPa 25.2 26.0 27.0 24.7 24.6

Experimental, MPa 29.1 30.4 34.9 27.3 32.4

Error, % 13.40 14.47 22.64 9.52 24.07

180 days

Prediction, MPa 25.4 26.1 27.3 25.1 24.9

Experimental, MPa 28.5 29.2 31.0 26.6 29.2

Error, % 10.88 10.62 11.94 5.64 14.73
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	​ ​E​ c​​  =  ​(3300​√ 
__

 ​​f​ c​​ ′ ​ ​ + 6900)​ ​​(​ 
​γ​ c​​ _ 2300 ​)​​​ 

1.5
​​	 (8)

where Ec is the modulus of elasticity (MPa); fc′ is compres-
sive strength (MPa); and γc is density (kg/m3).

Poisson’s ratio—The Poisson’s ratio is estimated at an 
average value of 0.20 according to the fib Model Code for 
Concrete Structures 2010 and CSA A23.2. According to the 
results of this study, the bauxite residue content had a few 
effects on the Poisson’s ratio. The various Poisson’s ratios 
of the mixtures experimentally determined for each of the 
300  µm bauxite residue grades presented in Fig. 14 show 
that the values ​​for all the mixtures are between 0.17 and 
0.18, which is equal to or less than the value determined for 
the control concrete of 0.18.

Porosity—The variation in porosity with bauxite residue 
content is shown in Fig. 15. The results show that the porosity 
of the control concrete is approximately 9.5%. On the other 
hand, the addition of bauxite residues makes it possible to 
reduce the porosity between 7.5 and 9%.

CONCLUSIONS
In this paper, the influence of the percentage and the diam-

eter of bauxite residue on the fresh and hardened properties 
of concrete have all been presented. Therefore, the following 
conclusions can be drawn:

1. The addition of bauxite residues in concrete has a slightly 
negative impact on the workability and the air content owing 
to high water absorption by the bauxite residue.

2. Bauxite residue concretes exhibited quick compressive 
strength gain in early age compared to control concrete.

3. Grain size and bauxite residue content affect concrete 
strength. The optimum value of bauxite residues in concrete 
is 10% of the cement amount. Limited pozzolanic reaction 

owing to inadequate water at higher proportions of residue 
replacement caused reduction in strength of concrete.

4. The tensile strengths were similar to those of conven-
tional concretes. A mixture of 5% and 10% bauxite residues 
gave good tensile strengths.

5. Bauxite residues can be used effectively as a replace-
ment material up to 20% of the cement amount, which 
allows a large use of waste.
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The modeling of concrete constitutive relationships in cyclic 
compression has attracted a lot of research attention. In this study, 
a normalized envelope stress-strain curve made for concrete in 
uniaxial compression is mathematically derived. The compression 
loops are formulated using a bilinear unloading path followed by 
a linear reloading path based on thorough observations and cali-
brations of available experimental data. The proposed normalized 
model is calibrated against a set of experimental cyclic stress-
strain data. This model is shown to yield robust results by proving it 
successful in capturing five other independent experimental cyclic 
stress-strain curves. This proposed model may prove valuable for 
the implementation and analysis of members subjected to cyclic 
loading in numerical finite element analysis.

Keywords: compression loading; cyclic loops; envelope curve; stress-
strain curve.

INTRODUCTION
The response of concrete to cyclic loading is character-

ized by several phenomena, including stiffness degradation, 
strength reduction, and energy dissipation. These behavior 
indicators are influenced by numerous factors, such as 
the loading history, loading frequency, stress amplitude, 
and concrete composition. Thus, understanding the cyclic 
behavior of concrete subjected to compression loads is a 
critical topic in the field of constitutive modeling.

Even though conducting experimental testing can provide 
tangible results for investigating the nonlinear behavior 
of reinforced concrete (RC) structures, several factors can 
directly influence the accuracy of the testing, such as spec-
imen sizes, shapes, loading, and boundary conditions. As a 
result, developing a model that can accurately predict the 
response of concrete structures subjected to cyclic loading 
has become an attractive research subject. Accurate modeling 
of concrete under cyclic loads enables engineers to predict 
the lifespan and maintenance needs of structures more accu-
rately. This is particularly important in regions susceptible 
to seismic activity, where structures are regularly exposed 
to cyclic loading. Concrete exhibits a gradual loss of stiff-
ness under repeated loading, which can be attributed to the 
formation and propagation of microcracks within the mate-
rial.1-5 The cyclic loading leads to a reduction in compressive 
strength due to cumulative damage.6-9 Additionally, concrete 
dissipates energy through hysteresis during cyclic loading, 
which is a crucial factor in assessing its damping capacity.10

Furthermore, the development of an analytical model that 
comprehensively captures the features of the cyclic behavior 
of concrete becomes essential in enhancing the understanding 
of how structures respond to repeated loading. Several 

models have been developed to simulate the behavior of 
concrete under cyclic compression. These include empirical 
models, analytical models, and advanced numerical methods 
such as finite element analysis (FEA). Empirical models are 
based on experimental data and provide simplified equa-
tions to predict concrete behavior under cyclic loads.11-17 
Analytical approaches often involve constitutive models 
that describe the stress-strain relationship of concrete under 
cyclic loads.18-21 FEA has become a powerful tool in simu-
lating the complex behavior of concrete structures under 
cyclic loading, enabling detailed analysis of stress distribu-
tion and crack propagation.22-25 The following are examples 
of available modeling studies in the literature in more detail.

Yankelevsky and Reinhardt13 developed a one- 
dimensional empirical model for the cyclic compressive 
behavior of concrete. To predict the linear branch of the 
unloading and reloading paths, a set of focal points was 
determined. According to the authors, a complete cyclic loop 
can be constructed graphically for any starting point on the 
envelope curve without the need for any calculations. The 
results of the model showed good agreement with various 
experimental data.

An analytical model was established by Sima et al.18 to 
simulate the hysteretic behavior of concrete subjected to 
cyclic loading in both compression and tension directions. To 
capture the degradation of concrete under increasing loads in 
compression and tension, two independent damage parame-
ters were developed. In the case of cyclic compression, an 
exponential equation was developed to define the envelope 
stress-strain curve based on parameters from monotonic 
tests. Unloading followed an exponential curve with varying 
characteristics due to damage accumulation, while reloading 
was linear. The results of the proposed model showed good 
agreement with available experimental data on concrete 
with different strengths and cyclic histories.

Aslani and Jowkarmeimandi21 further developed a consti-
tutive model for the cyclic response of concrete. This model 
was based on experimental observations and previous 
analytical studies. In their approach, they used a power-type 
equation to model the nonlinear curve of the unloading path, 
while the reloading was modeled as linear with the consid-
eration of stiffness degradation. Their model demonstrated 
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the capability to simulate the cyclic response of concrete 
members with both normal and high strength. Validation of 
the model resulted in a suitable agreement with the experi-
mental data.

A numerical model was established by Varma et al.24 to 
simulate the response of carbon fiber-reinforced polymer 
(CFRP)-confined concrete elements subject to monotonic 
and cyclic loadings. This research study developed a numer-
ical model to simulate the monotonic and cyclic behavior 
of CFRP-confined RC columns. Tests showed that the 
monotonic stress-strain curves serve as envelopes for cyclic 
loading curves. The monotonic stress-strain curve has three 
branches: a linear first branch governed by concrete and 
reinforcement, a nonlinear third branch governed by CFRP 
confinement, and a second branch ensuring continuity, 
affected by all three components. The model predicts stress-
strain responses for any loading path and accurately simu-
lates the degradation in load capacity and stiffness observed 
during unloading/reloading cycles based on nonlinear rela-
tionships between stress and strain.

This paper aims to develop an analytical modeling 
approach that addresses the complexities of concrete 
behavior under cyclic compression using a simple yet very 
accurate representation. This is made possible by approxi-
mating the unloading path with a bilinear curve that accu-
rately depicts the inflection point. Furthermore, the envelope 
curve is composed of a combination of straight lines and a 
parabola characterized by controlling stress-strain boundary 
conditions. The analytical model is shown to predict the 
cyclic response of concrete under compression loading and 
the envelope curve very accurately and efficiently.

RESEARCH SIGNIFICANCE
The need for a simplified model to accurately predict 

the cyclic response of concrete subjected to compression 
loading is crucial. Thus, this research study presents an 
uncomplicated mathematical model that successfully proj-
ects the normalized envelope backbone stress-strain curve 
and cyclic loops for unconfined concrete. The model was 

calibrated and verified against a set of independent experi-
mental data, resulting in an excellent matching. The ability 
of the proposed model to capture cyclic response and enve-
lope curves presents an opportunity to simulate the response 
of structures subjected to cyclic loading and its implementa-
tion in numerical FEA.

DESCRIPTION OF FUNDAMENTAL  
MODEL DEVELOPMENT

Envelope curve
For plain concrete in cyclic compression loading, the 

envelope curve is divided into two regions: the pre-peak 
and post-peak regions. The pre-peak region is divided into 
two curves. The first is a linear curve terminating at a stress 
of 0.45fc′. This line represents the elastic secant modulus 
according to ACI 318-19.26 The second curve is a parabola 
defined by three stress-strain boundary conditions—namely, 
the strain corresponding to 0.45fc′, the strain corresponding 
to fc′(εc′), and the slope of zero of this curve, which is 
located at the strain corresponding to fc′(εc′). The post-
peak region that defines the softening response is simpli-
fied as two descending linear curves. The first line occurs 
between the compressive strain value εc′ and the strain value 
corresponding to 2.5εc′. The other line occurs between the 
compressive strain value of 2.5εc′ and the compressive strain 
value of 4.5εc′. To maintain a versatile model, the strains 
are normalized by εc′, while the stresses are normalized by 
fc′. Another important observation that was drawn from the 
experimental data indicates that an inflection point for every 
compressive cycle is seen to have a locus falling along a 
line that starts at a normalized stress of 0.4, corresponding 
to a normalized strain of zero, and linearly descending to 
a normalized stress of zero, corresponding to a normalized 
strain of 2.50, as shown in Fig. 1. This observation simplifies 
the modeling of the unloading path to a bilinear curve.

Cyclic loops
In this study, a normalized envelope stress-strain model 

of concrete in compression is initially derived, as described 

Fig. 1—Unloading and reloading slopes intersection points for cyclic compression loading using experimental data from Tani-
gawa and Uchida.27
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in the previous “Envelope curve” section. On the other 
hand, the unloading compression cyclic paths are observed 
to gradually degrade such that they all meet at a common 
pivot point. Furthermore, the reloading compression cyclic 
paths intersect at another common pivot point (refer to 
Fig. 1). It is further observed that unloading inflection points 
exist on all compression loops aligned along a strain-depen-
dent declining line. This observation leads to the hypothesis 
that these compression loops assume a bilinear unloading 
path followed by a linear reloading path. These paths are 
identifiable through the envelope departure point, the inflec-
tion point, and the residual point on the strain axis for the 
unloading curve, as well as the same residual point, back to 
the envelope departure point for the reloading line.

MODEL CALIBRATION
The present model was calibrated using normalized vari-

ables from data reported by Tanigawa and Uchida.27 The 
specimen size, specimen type, and test setup are listed in 
Table 1.

Envelope curve
Equations (1) to (5) can be used to determine the envelope 

curve as follows:
For the elastic range of the envelope curve, where the 

normalized strain is 0.00 ≤ (εc/εc′) ≤ (5.0/19), the corre-
sponding normalized stress can be found using the following 
equation

	​​  ​σ​ c​​ ____ ​fc ′ ​
 ​  = 1.71​ ​ε​ c​​ _____ ​εc ′ ​ ​​	 (1)

where

	​ ​εc ′ ​  =  1.71 ​ 
​fc ′ ​ ____ ​E​ c​​ ​​	 (2)

where σc is the compressive stress at different levels of 
loading; εc is the compressive strain at different levels of 
loading; Ec is the elastic modulus of the concrete; fc′ is the 
unconfined compressive strength of the concrete; and εc′ is 
the strain corresponding to fc′.

The second curve is part of the pre-peak response, where 
the normalized strain is (5.0/19) ≤ (εc/εc′) ≤ 1.00, and the 

corresponding normalized values of stress can be computed 
using Eq. (3).

	​​  ​σ​ c​​ ____ ​fc ′​
 ​  =  ​a​ 0​​ + ​a​ 1​​​ 

​ε​ c​​ _____ ​εc ′​
 ​ + ​a​ 2​​​​(​ ​ε​ c​​ _____ ​εc ′​

 ​)​​​ 2​  ​	 (3)

By applying the following boundary conditions

	​​  ​σ​ c​​ ____ ​fc ′ ​
 ​ =  0.45; ​ ​ε​ c​​ _____ ​εc ′ ​ ​  =  ​ 5 _ 19 ​​

	​​  ​σ​ c​​ ____ ​fc ′ ​
 ​  = 1.00;  ​ ​ε​ c​​ _____ ​εc ′ ​ ​  =  1.00​

	​​  ​ε​ c​​ _____ ​εc ′ ​ ​  =  1.00​; slope = 0.00

Equation (3) results in

	​​  ​σ​ c​​ ____ ​fc ′ ​
 ​  = ​a​ 0​​ + ​a​ 1​​​(​ 5 _ 19 ​)​ + ​a​ 2​​​​(​ 5 _ 19 ​)​​​ 2​​

	​​  ​σ​ c​​ __ ​​f​ c​​ ′ ​
 ​​ = α0 + α1(1) + α2(1)2

	​​ 
d​ ​σ​ c​​ ____ ​fc ′ ​

 ​
 _______ 

d​ ​ε​ c​​ _____ ​εc ′ ​ ​
 ​ ​ = α1 + 2α2(1) = 0

The foregoing equations are arranged in a matrix form to 
compute the unknown coefficients, as follows.

	​ ​

⎡

 ⎢ 
⎣
​
1
​ 

​ 5 _ 19 ​
​ 

​​(​ 5 _ 19 ​)​​​ 
2
​
​  

1
​ 

1
​ 

1
​ 

0

​ 

1

​ 

2

  ​

⎤

 ⎥ 
⎦
​​{​

​a​ 0​​
​ ​a​ 1​​​ 

​a​ 2​​
​}​  =  ​{​

0.45
​ 1​ 

0
  ​}​ ​	 (4)

Solving the matrix system in Eq. (4)

	 α0 = –0.0130102, α1 = 2.02602041, and α2 = –1.0130102

Substituting the foregoing coefficients in Eq. (3)

	​​  ​σ​ c​​ ____ ​fc ′ ​
 ​ =  −0.013 + 2.026​ ​ε​ c​​ _____ ​εc ′ ​ ​ − 1.013​​(​ ​ε​ c​​ _____ ​εc ′ ​ ​)​​​ 

2
​  ​	 (5)

To find the post-peak part of the envelope curve, Eq. (6) 
and (7) were developed.

For 1.00 ≤ (εc/εc′) ≤ 2.50, the boundary conditions are as 
follows:

At a normalized strain of εc/εc′ = 1.00, the corresponding 
stress value is σc/fc′ = 1.00. 

At a normalized strain of εc/εc′ = 2.50, the corresponding 
stress value is σc/fc′ = 0.38.

The value of (σc/fc′) = 0.38 is extracted from the stress-
strain curve used for calibration. After applying the two 
boundary conditions, the normalized stress-strain line can 
be recovered by Eq. (6).

Table 1—Specimen sizes and test setup of 
experimental data used for validation

Experimental 
study

Sample 
shape

Height, 
mm (in.)

Diameter 
or width, 
mm (in.)

Length, 
mm 
(in.) Loading type

Tanigawa 
and Uchida27 Cube 150 (6) 150 (6) 150 (6)

Uniaxial 
compression 

loading

Bahn and 
Hsu14 Cylinder 150 (6) 75 (3) NA

Uniaxial 
compression 

loading

Xu et al.29 Prism 300 (12) 150 (6) 150 (6)
Uniaxial 

compression 
loading
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	​​  ​σ​ c​​ ____ ​fc ′ ​
 ​ =  −0.413​ ​ε​ c​​ _____ ​εc ′ ​ ​ + 1.413​	 (6)

For 2.5 ≤ (εc/εc′) ≤ 4.50, the boundary conditions are as 
follows:

At a normalized strain of εc/εc′ = 2.50, the corresponding 
stress value is σc/fc′ = 0.38.

At a normalized strain of εc/εc′ = 4.50, the corresponding 
stress value is σc/fc′ = 0.00.

After applying the boundary conditions, the normalized 
stress-strain line can be recovered by Eq. (7).

	​​  ​σ​ c​​ ____ ​fc ′ ​
 ​ =  −0.19​ ​ε​ c​​ _____ ​εc ′ ​ ​ + 0.855​	 (7)

Cyclic loops
The current model is based on careful experimental obser-

vations from available data. Based on these observations, the 
following assumptions were made:

1. The coordinate of the normalized pivot point at which 
all the unloading paths intersect if extended linearly is at 
(–0.35, –1.50).

2. The coordinate of the normalized pivot point at which 
all the reloading paths intersect if extended linearly is at 
(–0.35, –0.80).

3. The inflection point on the unloading path is assumed to 
lie along a diagonal line between the points (0.00, 0.40) and 
(2.50, 0.00), as shown in Fig. 1.

Unloading path
The slope of any unloading path can be calculated using 

Eq. (8)

	​ ​S​ u​​  =  ​ 
​y​ e​​ + 1.5

 _ ​x​ e​​ + 0.35 ​​	 (8)

where ye and xe are the normalized y and x departure point 
coordinates on the envelope curve; and Su is the slope of the 
unloading path.

Reloading path
The slope of any reloading path can be calculated using 

Eq. (9)

	​ ​S​ R​​  =  ​ 
​y​ e​​ + 0.80

 _ ​x​ e​​ + 0.35 ​​	 (9)

where SR is the slope of the reloading path.
To locate the coordinate of the x-intercept of any reloading 

path, Eq. (10) can be used.

	​ ​x​ int​​  =  ​   −0.35​S​ R​​ + 0.80  ________________ ​S​ R​​  ​  ​	 (10)

Inflection and x-residual points
The inflection points can be determined by the intersec-

tion of the unloading line and the descending inflection 
line, defined in the third assumption in the previous “Cyclic 
loops” section, leading to Eq. (11) and (12)

	​ ​x​ i​​  =  ​ 0.35​S​ u​​ − 1.90  _____________ −0.16 − ​S​ u​​  ​  ​	 (11)

	 yi = –0.16xi + 0.40	 (12)

where yi and xi are the normalized y and x inflection point 
coordinates on the unloading path.

To locate the coordinate of the residual point for any loop 
using the reloading path (normalized x-intercept), Eq. (13) 
can be applied.

	​ ​x​ res​​  =  ​   −0.35​S​ R​​ + 0.80  ________________ ​S​ R​​  ​  ​	 (13)

After developing all the necessary equations, the model 
was calibrated against the original experimental data from 
Tanigawa and Uchida27 to verify its accuracy. The results 
recovered from this calibration, along with the experimental 
curve, are presented in Fig. 2. Further blind validation was 
conducted to assess the applicability of the present model 
using other experiments, as explained in the next section.

MODEL VERIFICATION
The data used for the verification examples are retrieved 

from several research studies, including Sinha et al.,11 
Okamoto et al.,28 Tanigawa and Uchida,27 Bahn and Hsu,14 
and Xu et al.29 tests data of concrete subjected to compres-
sive cyclic loading. It is important to mention that the test 
data of Sinha et al.11 and Okamoto et al.28 were adapted 
from Aslani and Jowkarmeimandi21 because the original 
two papers were written in Japanese with no translation 
available to the authors. On the other hand, the test param-
eters for the studies by Tanigawa and Uchida,27 Bahn and 
Hsu,14 and Xu et al.29 are listed in Table 1. A spreadsheet 
was used to formulate the present cyclic compression model. 
The comparison results between the present model and the 
original experimental data demonstrate a very good agree-
ment, leading to the conclusion that the developed model 
effectively represents the behavior of plain concrete under 
compression cyclic loads. It is evident that the validation in 
Fig. 3 compares generally very well against experimental 
data for the envelope curve and cyclic loops. The minor 
discrepancies are to be expected for a simplified model with 
a limited number of parameters to tune. Figure 4 reflects an 
excellent agreement, while Fig. 5 shows very good agree-
ment with experimental data curves. The envelope curve in 
Fig. 6 overestimates the experimental backbone curve, while 
the opposite is true in Fig. 7. Nevertheless, both verifica-
tion curves reflect excellent correspondence with the cyclic 
test loops. Thus, the model can serve as a valuable tool for 
predicting the complex stress-strain response of concrete 
members under repeated loading and can be adapted for 
other numerical research work.

CONCLUSIONS
The present model proposed for cyclic compression 

loading considers the fundamental understanding of 
concrete damage response, which is reflected in the stiff-
ness and strength degradation from carefully observing 
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the experimental data. The envelope curve for the cyclic 
compression loading is simulated using normalized stress-
strain values from key points in a linear function, followed 
by a parabolic curve in the pre-peak region. These points 
are normalized stress-strain sets at (0, 0) to (5/19, 0.45) 
(for the linear portion) and (5/19, 0.45) to (1.0, 1.0) (for 
the parabolic portion). The post-peak region is defined by 
two linear descending lines from (1.0, 1.0) to (2.5, 0.38) 
and (2.5, 0.38) to (4.5, 0). The experimental test data are 

used to extract a phenomenological cyclic model, which was 
characterized by two pivot points at which all the unloading 
lines and reloading lines met. Furthermore, the locus of the 
inflection points is characterized by a descending line that 
can be used to extract the coordinates of these inflection 
points for different loading cycles. The bilinear unloading 
function terminates at the residual points, which are deter-
mined by the intersection of the reloading lines between the 
envelope departure points and the reloading pivot point. The 

Fig. 2—Model calibration with experimental data from Tanigawa and Uchida.27

Fig. 3—Cyclic compression experimental data from Sinha et al.11 versus proposed model.

Fig. 4—Cyclic compression experimental data from Okamoto et al.28 versus proposed model.
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compression cyclic loading model was able to capture the 
complex behavior of concrete when blindly verified on five 
other experimental data sets. This model is expected to be 
a valuable tool for numerical finite element analysis (FEA) 
due to its simplicity and versatility.
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Corrosion of carbon-steel reinforcement in marine environments is 
a significant problem, prompting the use of materials with higher 
corrosion resistance, such as stainless steel. Despite stainless steel’s 
superior durability, especially in aggressive environments such as 
marine structures, it remains vulnerable to localized pitting corro-
sion, which can be more detrimental than the corrosion observed in 
carbon steel. The scientific challenge addressed in this study is the 
lack of extensive research on the degradation of mechanical prop-
erties in corroded stainless-steel reinforcing bar. The novelty of 
this research lies in its focus on ferritic stainless-steel reinforcing 
bar (SS410L) and the detailed quantification of the relationship 
between corrosion-induced mass loss and mechanical strength 
deterioration. An experimental investigation was conducted to 
assess the impact of different corrosion levels (5, 10, and 20% mass 
loss) induced using an accelerated impressed-current technique. 
Tensile tests on both uncorroded and corroded samples provided 
insights into the reduction of yield load, ultimate load, and elonga-
tion. The results revealed that for mass loss percentages of 3.73%, 
10.72%, and 23.76%, there was a corresponding reduction in yield 
load of 6.21%, 29.09%, and 46.56%; ultimate load reductions were 
3.43%, 23.91%, and 42.69%; and elongation decreased by 19.45%, 
31.28%, and 41.52%, respectively. This study also proposes regres-
sion models to predict mechanical property degradation and estab-
lishes a relationship between percentage mass loss and cross- 
sectional area loss, highlighting the severe effect of pitting corro-
sion on mechanical properties based on experimental results.

Keywords: accelerated corrosion; corrosion; experimentation; mechanical 
properties; stainless-steel reinforcing bar; tensile test.

INTRODUCTION
Reinforced concrete structures stand as pillars in the 

construction industry, valued for their durability, acces-
sibility, and robustness. However, a significant challenge 
faced by steel-reinforced concrete is the corrosion induced 
by carbon dioxide and chloride ions upon contact with 
the steel reinforcing bar’s surface. Particularly in coastal 
regions, chloride ions infiltrate the reinforcing bar surface, 
compromising its passive layer and inciting corrosion at a 
much-accelerated rate.1 This corrosion process leads to the 
generation of voluminous corrosion products, culminating in 
heightened internal pressure within the concrete, resulting in 
cracks and spalling.2 The presence of these corrosion prod-
ucts affects concrete in diverse ways, such as diminishing 
the bond strength between the reinforcing bar and concrete, 
reducing the reinforcing bar’s diameter, and instigating 
cracks in the concrete, thereby decreasing its cross-sectional 
stiffness and the capacity of the members.3 Addressing this 
issue has prompted the development of several methods to 
impede corrosive agents from accessing the reinforcing bar 

surface. These methods encompass the use of epoxy-coated 
reinforcing bars, galvanized coatings, enamel coatings, and 
inhibitors, and decreasing the permeability of concrete by 
using novel materials such as polypropylene fibers, alkali- 
activated concrete (AAC), fly ash, and ground-granulated 
blast-furnace slag (GGBS), among others.4-9 While these 
approaches effectively delay corrosion, it is critical to note 
that once the protective layer incurs damage from mechan-
ical actions, the corrosion of these reinforcing bars can esca-
late faster than that of unprotected ones.10 The focus of these 
reinforcing bar coating methods primarily revolves around 
altering the reinforcing bar’s surrounding environment 
rather than augmenting the reinforcing bar’s inherent corro-
sion resistance. Considering this perspective, stainless-steel 
alloys, renowned for their significantly superior corrosion- 
resistant properties compared to conventional carbon rein-
forcing bars, emerge as a promising alternative. Although 
the use of stainless-steel reinforcing bar is not novel and 
has been within the purview of engineers for a considerable 
time, its adoption has been limited by cost considerations. 
While the cost of stainless-steel alloys notably exceeds that 
of carbon steel—approximately four to nine times higher—
factoring in life-cycle costs encompassing structure, mainte-
nance, and retrofitting expenses could potentially lead to a 
total cost reduction of approximately 20 to 25%.11,12 Hence, 
stainless steel presents itself as a cost-effective solution, 
especially for structures designed for extended service life 
(75 to 100 years) and those exposed to harsh marine envi-
ronments.13 The pursuit of cost-effective materials has led to 
the embrace of more budget-friendly stainless-steel grades, 
notably ferritic stainless steel, distinguished by diminished 
chromium and nickel content. However, this economical 
option comes with reduced corrosion resistance compared 
to its counterparts. Corrosion resistance significantly relies 
on chromium, nickel, and molybdenum content, where 
higher content correlates with heightened corrosion resis-
tance.14,15 In aggressive settings such as high temperatures 
and acidic and marine environments, stainless steel may 
corrode in the long run, necessitating an examination of the 
impact of corrosion on the mechanical properties of ferritic  
stainless-steel reinforcing bar.
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The corrosion of a reinforcing bar significantly diminishes 
the diameter and ductility of the material, consequently 
leading to a notable reduction in the load-bearing capacity 
of both the reinforcing bar and the reinforced member.3,16-18 
The fundamental contrast in the corrosion behavior of carbon 
and stainless steel lies in carbon steel exhibiting uniform to 
localized corrosion within concrete, while stainless steel 
tends to experience severe pitting corrosion. Various studies 
have investigated the impact of corrosion on carbon-steel 
reinforcing bar, reporting a considerable decrease in rein-
forcing bar diameter, which significantly affects its strength, 
along with observed accelerated degradation in ductility.19-22 
In stainless steel, the effect of corrosion-induced diam-
eter reduction is anticipated to be more severe due to the 
pronounced pitting corrosion, exacerbating the decline in 
strength and ductility compared to carbon steel. Managing 
the reduction in the cross-sectional area of a stainless-steel 
reinforcing bar presents a more intricate challenge due to 
the irregular and nonuniform shapes and sizes of corrosion 
pits along its length, a characteristic notably pronounced 
in stainless steel, where pitting is both severe and consid-
erably more irregular than in carbon steel. Several param-
eters such as mass loss percentage, average cross-section 
area loss percentage, and maximum cross-section area loss 
percentage have been proposed to quantify the degree of 
corrosion. It has been noted that the minimum cross-section 
area loss better aligns with the performance degradation 
resulting from corrosion.23 Recent studies have employed 
three-dimensional (3-D) scanners to precisely measure 
cross-sectional variations along the length of the reinforcing 
bar more accurately.23-26 Using these parameters, regres-
sion models have been proposed to correlate degradation in 
mechanical properties—such as yield load, ultimate load, 
and elongation percentage—with corrosion degree (mass 
loss percentage, maximum cross-section loss percentage, 
and average cross-section loss percentage).14,16,24,27-31

In this study, accelerated corrosion was induced using 
the impressed-current technique to corrode the reinforcing 
bar, which is used by various researchers to corrode 
samples within a considerable duration.14,32-35 Research has 
demonstrated that accelerated corrosion methods are an 
effective approach for investigating the relationship between 
mass loss and the deterioration of tensile strength.26,36 Three 
different levels of corrosion, characterized by mass losses 
of 5, 10, and 20%, were targeted for each diameter rein-
forcing bar. The duration for which the current was supplied 
was calculated based on Faraday’s law.24,28,34,35 Following 
the corrosion process, the reinforcing bars were thoroughly 
cleaned to determine the mass loss. Tensile tests were subse-
quently conducted on the corroded reinforcing bars to obtain 
data on yield load, ultimate load, and elongation percent-
ages. Using the acquired experimental data, regression 

models were developed to predict yield load, ultimate load, 
and elongation based on different mass loss percentages. 
Additionally, a regression model predicting the maximum 
reduction in cross section for a given mass loss was also 
provided.

RESEARCH SIGNIFICANCE
Reinforcing bar corrosion causes a reduction in the 

diameter of the reinforcement, thereby decreasing the 
load-carrying capacity of reinforced members and poten-
tially leading to failure under service loads. Assessing this 
reduction in diameter is crucial, and using easily measurable 
field variables such as mass loss is essential. While previous 
studies have primarily focused on carbon-steel reinforcing 
bars, there is growing interest in stainless steel due to its 
superior strength and higher resistance to chloride corrosion. 
However, given the uncertainties surrounding corrosion, 
stainless-steel reinforcing bars, especially low-cost vari-
ants such as 410L with lower chromium content, may still 
corrode in severe environments. Additionally, the tendency 
of stainless steel to experience pitting corrosion suggests 
that the reduction in diameter due to corrosion will be more 
pronounced compared to carbon-steel reinforcing bars for a 
given mass loss. This study aims to investigate the mechan-
ical degradation in 410L stainless-steel reinforcing bars due 
to corrosion and establish correlations with mass loss, a 
parameter easily measured in the field.

EXPERIMENTAL PROGRAM
To investigate mechanical degradation due to the corrosion 

of ferritic stainless-steel (410L grade) reinforcing bars with 
diameters of 8, 10, 12, and 16 mm, three distinct corrosion 
levels were induced. The general chemical composition of 
the ferritic stainless steel used is provided in Table 1, along-
side the chemical composition of conventional carbon steel 
for comparison. After the corrosion process, the samples 
were chemically cleaned, and the mass loss was measured 
using the galvanometric method. Subsequently, the corroded 
reinforcing bar samples were subjected to tensile tests to 
obtain load-deflection curves.

Accelerated corrosion test
To initiate corrosion, an electrochemical cell setup was 

prepared, consisting of a reinforcing bar sample as the 
anode and a galvanized wire mesh as the cathode (refer to 
Fig. 1); 3.5% salt (NaCl) solution served as the electrolyte, 
contained within a polyvinyl chloride (PVC) pipe. For 12 
and 16 mm diameter reinforcing bars, 2 m length was used, 
while 8 and 10 mm diameter reinforcing bars used a 1.5 m 
length. The 2 m reinforcing bar was connected as the anode 
to the positive side of a direct current (DC) power source, 
and simultaneously, a galvanized iron mesh surrounding 

Table 1—Chemical composition of ferritic stainless-steel and conventional carbon-steel  
reinforcing bars, %

Type Grade C (max) Cr (max) Ni (max) Mn (max) Si (max) P (max) S (max) N (max)

Ferritic EN 1.4003 0.03 10.5 to 12.6 0.3 to 1 1.5 1.0 0.03 0.015 0.03

Carbon Fe 500SD 0.25 — — — — 0.04 0.04 —
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the reinforcing bar served as the cathode, connected to 
the negative side of the DC power source. Maintaining a 
constant current density of 500 μA/cm2, three distinct corro-
sion levels were targeted, aiming for 5, 10, and 20% mass 
loss. The duration of the current application was estimated 
based on Faraday’s law.34,35 Samples of each diameter were 
connected in series, starting from those targeting 20% mass 
loss to those aiming for 5% mass loss (as depicted in Fig. 2), 
to maintain a consistent current throughout the circuit. 
Once the calculated duration for a specific mass loss was 
achieved, the corresponding sample was disconnected from 
the circuit. Post-removal, the reinforcing bar underwent 
sectioning into four samples (three samples for 12 to 16 mm 
and 8 to 10 mm, respectively) and underwent cleaning 
using a chemical method following the guidelines of ASTM 
G1-90(1999)e1.37 The mass loss (mass percentage) for each 
500 mm segment, cut from the initial 2 and 1.5 m corroded 
reinforcing bar samples, is detailed in Table 2. Accelerated 
corrosion testing is a commonly used technique for assessing 
chloride-induced corrosion; however, it is essential to recog-
nize the differences between this approach and actual field 
conditions. Specifically, artificially corroded reinforcing bar 
typically exhibits more uniform corrosion along its length 
than naturally corroded reinforcing bar. A comparative  
analysis of naturally and artificially corroded reinforcing bars 
is presented in the studies by Ou et al.38 and Papadopoulos 
et al.39 Furthermore, the differences between corroded bare 
reinforcing bar and corroded reinforcing bar embedded in 
concrete are addressed in the work referenced by Du et al.40 
This acknowledgment highlights the limitations of the accel-
erated corrosion testing method employed in this study and 
the need for further exploration of real-world conditions.

Tensile test
Tensile tests were conducted on 500 reinforcing bar 

samples using a universal testing machine with a 1000 kN 
capacity and automatic hydraulic grips (Fig. 3). A constant 
deflection rate of 2 mm/min was monotonically applied, 
maintaining a parallel length of 250 mm for each sample.24 
A gauge length of five times the diameter (5d) was demar-
cated along the reinforcing bar’s length to assess elongation 
(ε %) at fracture. The load-displacement curve derived from 
the tensile test was used for subsequent analyses to obtain 
the ultimate load (Fu) and yield load (Fy).

RESULTS AND DISCUSSION
To delineate the stress-strain curve of corroded stain-

less-steel reinforcing bar, the placement of an extensom-
eter on the reinforcing bar’s gauge length, precisely at the 
minimum cross-section area along the parallel length, was 
crucial. However, due to the random nature of pitting in 
terms of shape, size, and depth along the length, the exact 
location of the minimum cross-section area was initially 
unknown. Consequently, the load-deflection curve derived 
from the tensile tests proved instrumental in determining the 
yield load and ultimate load. Given the absence of a well- 
defined yield point in stainless steel, the yield load was iden-
tified, as illustrated in Fig. 4. Initial data in the load-deflection 
curve were disregarded due to initial slips, and subsequent 
analysis involved fitting trend lines for the load-deflection 
data. One trend line considered data up to 50% of the ulti-
mate load, while another encompassed the relatively linear 
data after the yield region of the load-deflection curve up to 
the ultimate load. The resulting equations from these trend 
lines were then solved to obtain the yield load (Fy). Figure 5 
shows the load-deflection curve of corroded reinforcing bar; 
it can be clearly observed that the shape of the curve remains 
the same. Hence, the method discussed previously can effec-
tively capture the yield load degradation (Fyc/Fyo) ratio for 
corroded reinforcing bars in the regression model developed. 
A similar approach was used in the bilinear idealization of 
the stress-strain curve of stainless-steel reinforcing bars.41,42 
The calculated yield and ultimate loads for different samples 
are presented in Table 2, alongside the observed degree of 
corrosion (nML %). The average load-deflection curves for 

Fig. 1—Samples prepared for corrosion.

Fig. 2—Electrochemical cell connected in series.
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Table 2—Experimental data

Specimen No. Sample ID Mass loss, % Fy Fu Elongation (εu), %

1 080001 0 30.68 33.01 22.12

2 080002 0 31.01 32.80 23.07

3 080003 0 31.03 32.75 22.75

4 080501 6.8 25.74 27.9 14.90

5 080502 6.66 25.9 27.6 17.50

6 080503 6.5 24.96 27.3 15.62

7 081001 12.05 22.89 24.1 16.75

8 081002 10.55 21.43 23.3 14.75

9 081003 11.41 20.86 23 12.5

10 082001 24.25 17.52 18.95 10.55

11 082002 22.14 Grip fail Grip fail Grip fail

12 082003 25.00 16.66 19.1 11.72

13 100001 0 52.55 55.2 24.22

14 100002 0 50.64 52.5 24.44

15 100003 0 52.12 54.1 23.86

16 100501 7.26 40.36 43.86 17.95

17 100502 6.04 41.58 44.9 18.02

18 100503 5.89 41.05 45.36 —

19 101001 9.25 45.45 48.9 17.22

20 101002 9.34 41.58 44.9 18.02

21 101003 10.24 Grip fail Grip fail Grip fail

22 102001 19.40 33.31 36 14.8

23 102002 17.81 28.37 32.9 14.02

24 102003 18.36 30.34 36.1 14.6

25 120001 0 57.11 60 26.44

26 120002 0 56.22 60.4 26.73

27 120003 0 56.54 59.4 25.93

28 120004 0 57.6 61.2 26.93

29 120501 4.11 50.5 55.3 21.26

30 120502 3.88 58.59 61 22.8

31 120503 3.22 51.72 56.2 22.83

32 120504 3.96 56.38 60.4 19.76

33 121001 11.54 48.07 52.7 14.36

34 121002 16.07 47.57 50.3 17.81

35 121003 11.50 46.23 49.9 21.96

36 121004 9.74 49.65 54.3 17.11

37 122001 21.22 36.53 41.2 14.68

38 122002 19.57 34.117 39.1 15.55

39 122003 26.94 28.15 33 14.30

40 122004 22.07 36.42 40.6 15.33

41 160001 0 177.28 186.4 17.65

42 160002 0 176.96 186 17.58

43 160003 0 175.52 183.5 17.25

44 160501 2.72 165 179.3 12.125
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different diameter reinforcing bars subjected to various 
target corrosion levels (5, 10, and 20%) are shown in Fig. 
5(a) to (d). It can be observed that there is no change in the 
shape of the load-deflection curve, but there is a reduction 
in the yield zone as the target mass loss increases. While 
minimum cross-section loss offers a more precise quantifi-
cation, its measurement complexity, requiring instruments 
such as 3-D scanners, prompted consideration of mass loss as 
a simpler alternative that can be easily measured in the field. 
Consequently, regression models predicting yield load, ulti-
mate load, and elongation percentage were presented based 
on mass loss (nML %). Previous studies by several authors 
demonstrated a linear variation between ultimate load, yield 
load, and corrosion degree and linear and exponential varia-
tion for elongation percentage.14,21,24,27-29,34

A notable distinction between the studies of Wu et al.14 
and other authors14,21,24,27-29 lies in the materials used, with 
other authors using carbon-steel reinforcement and Wu 
et al. investigating duplex stainless steel to study mechan-
ical degradation due to corrosion. The key difference in their 

corrosion behavior lies in stainless steel exhibiting a higher 
reduction in area for a given mass loss due to its relatively 
predominant pitting corrosion.14 Although the corrosion 
rates differ between duplex and ferritic stainless steel, both 
suffer from similar types of pitting corrosion (Fig. 6). Hence, 
the maximum cross-section loss (nAL %) was calculated 
based on the experimental ultimate load ratio using the equa-
tion provided by Wu et al.14 (Eq. (1) and (2)). Linear regres-
sion was employed to establish the relationship between 
the degradation of mechanical properties and an increase in 
mass loss

	​ ​ ​F​ uc​​ _ ​F​ uo​​ ​  =  1 − 0.0188​n​ AL​​​	 (1)

	​ ​n​ AL​​​(%)​  =  ​ ​A​ 0​​ − ​A​ min​​ _ ​A​ 0​​  ​ × 100​	 (2)

where Fuc is the ultimate load after corrosion; Fuo is the 
ultimate load before corrosion; Amin is the minimum cross- 
section area after corrosion; and A0 is the initial cross- 
section area.

Specimen No. Sample ID Mass loss, % Fy Fu Elongation (εu), %

45 160502 3.54 166.88 180.6 15

46 160503 4.14 167.34 177.2 14.11

47 160504 4.30 151.25 178.1 14.31

48 161001 9.40 156.72 166.4 11.21

49 161002 9.16 154.49 165.7 13.21

50 161003 9.76 149.46 163.1 10.21

51 161004 10.72 153.69 164.2 14.37

52 162001 21.63 110.04 120 12.4

53 162002 23.50 88.63 111.7 9.65

54 162003 24.94 100.02 106 12.71

55 162004 21.05 112.48 121 13.11

Note: For Sample ID, first two digits represent diameter, following two digits represent target corrosion level, and last two digits denote sample number (example: 120501 signifies 
sample with 12 mm diameter, subjected to 5% target mass loss, and labeled as sample number 01).

Table 2 (cont.)—Experimental data

Fig. 3—Tensile test on reinforcing bar.
Fig. 4—Yield load idealization from load-deflection curve.
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Linear regression was employed to establish the relation-
ship between the degradation of mechanical properties and 
the increase in mass loss. To quantify the degree of corrosion 
in this study, mass loss (nML) was considered as an indepen-
dent parameter (Eq. (3)), while ultimate load, yield load, and 
elongation percentage were taken as dependent parameters. 
Linear fit, as shown in Fig. 7(a), (b), and (d), was used for 
ultimate load, yield load, and maximum cross-section area 
loss, and exponential fit, as shown in Fig. 7(c), was used for 
elongation percentage24

	​ ​n​ mass​​​(%)​  =  ​ ​m​ 0​​ − m _ ​m​ 0​​  ​ × 100​	 (3)

where m0 is the initial mass; and m is the measured mass 
after corrosion.

Visual observation
Figure 6 illustrates the ferritic stainless-steel reinforcing 

bar after corrosion, revealing noticeable pitting corrosion. 
Each image showcases the reinforcing bar before and after 
corrosion, subjected to target mass losses of 5, 10, and 20%, 
arranged from bottom to top in Fig. 6 to represent the vari-
ability in pit formation that can be visually observed. For 
the reinforcing bar subjected to a 5% mass loss, pits were 
less dense, primarily occurring near the ribs, and their 
shape could be approximated as circular. As the mass loss 
increased to 10%, the density of pits intensified, and some 

pits became interconnected. Subsequently, for a 20% mass 
loss, the pit density further increased, with a higher number 
of interconnected pits forming larger-diameter pits. With the 
increase in mass loss, pit density intensified, and there is a 
tendency for pits to become wider and connect rather than 
get deeper and perforate the reinforcing bar. This suggests 
that the effect of stress concentration is more pronounced at 
lower mass loss when the diameter of the pit is smaller. At 
higher mass loss, pits connect, and their effective diameter 
increases. A study conducted by Cerit et al.43 found that the 
stress concentration effect is proportional to the diameter- 
to-depth ratio of pits, reducing when the diameter of pits 
increased for a given diameter-to-depth ratio. As mass loss 
increases, pits become interconnected, the diameter of pits 
increases, and, consequently, the stress concentration effects 
on mechanical properties tend to decrease.

Degradation in mechanical properties
Table 2 presents the calculated mass loss for various 

samples, along with the corresponding yield load, ultimate 
load, and elongation percentage at fracture obtained in this 
study. Samples that failed inside the grips were excluded 
from the analysis and were not reported. Equations (4) to (6) 
predict mechanical degradation after corrosion, and Eq. (7) 
predicts the maximum cross-section area loss (nAL %) based 
on mass loss (nML %). Results obtained from tensile testing 
exhibit scatter, which is expected due to the severe pitting 

Fig. 5—Experimental load-deflection curve different diameters: (a) 8 mm; (b) 10 mm; (c) 12 mm; and (d) 16 mm.
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of the reinforcing bar, resulting in varying shapes, sizes, and 
depths of pits in stainless-steel reinforcing bar. Therefore, a 
95% prediction band is presented alongside the fitted curve, 
indicating that almost all data fall within this band. This 
band should be considered in practice due to the scattering 
in experimental data and uncertainties arising from severe 
pitting in stainless steel. Replicating the effects of severe 
pitting on mechanical properties is challenging, and this 
prediction band accounts for such uncertainties.

	​ ​ ​F​ uc​​ _ ​F​ uo​​ ​  =  1 − 0.017​n​ ML​​​	 (4)

	​ ​ 
​F​ yc​​ _ ​F​ yo​​ ​  =  1 − 0.0187​n​ ML​​​	 (5)

	​ ​ ​ε​ uc​​ _ ​ε​ uo​​ ​  =  0.55 − 0.45​e​​ −0.138​n​ ML​​​​	 (6)

	 nAL = 0.125 + 1.4nML	 (7)

where Fyc is the yield load after corrosion; Fyo is the yield 
load before corrosion; εuc is the elongation percentage 
after corrosion; and εuo is the elongation percentage before 
corrosion.

Figure 7 illustrates a decrease in yield load, ultimate load, 
and elongation with an increase in mass loss. The decrease 
in yield load was higher than the ultimate load, possibly 
attributed to nonuniform pitting along the reinforcing bar 
that might affect the material before reaching the yield zone. 
This effect diminished at higher loads. The study also notes 
that the shape, size, density, and depth of pits have a more 
substantial impact on yield load and elongation than on 
ultimate load, consistent with previous research.26,29,40 The 
decrease in elongation was even higher than the yield and 
ultimate loads with an increase in mass loss, indicating a 
more significant reduction in ductility than strength.6,14,24,30,44 
Figure 7(c) displays a pronounced decrease in elongation 
during initial mass loss, likely due to smaller pits resulting 
in higher stress concentration. This effect diminished as the 
size of pits increased and became interconnected at a higher 
mass loss, aligning with the visual observations discussed 
earlier.

Figure 7(d) demonstrates that the reduction in cross 
section is higher than the mass loss. Data are more scattered 
at moderate (10 to 15% mass loss) corrosion levels, but at 
lower and higher mass loss, the reduction in cross section 
closely relates to mass loss percentage.

Several authors have investigated the effect of corro-
sion and induced mass loss on the mechanical behavior 

Fig. 6—Reinforcing bar before and after being subjected to target 5, 10, and 20% mass loss (bottom to top): (a) 8 mm; 
(b) 10 mm; (c) 12 mm; and (d) 16 mm.
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of reinforcing bar, proposing models using data-fitting 
methods. These proposed equations can be generalized as 
linear equations (Eq. (8)), where Y represents the degrading 
parameter ratio (Fuc/Fuo and Fyc/Fyo), m represents the degra-
dation constant, X is the mass loss percentage (nML %), and C 
is a constant (C = 1). Table 3 shows the degradation constant 
(m) obtained by various authors. The basic difference in this 
experiment is the material used; this study used ferritic stain-
less steel, while other studies used carbon-steel reinforce-
ment. Stainless-steel reinforcing bar exhibits severe pitting 
corrosion, while carbon steel suffers relatively uniform to 
localized corrosion. It is observed that the degradation 
constant (m) proposed by Tang et al.24 and Moreno et al.27 is 
lower than observed in this study. The m value for yield load 
proposed by Lee and Cho28 closely aligns with the results of 
this study, but the m value for ultimate load is higher than 
that proposed by Lee and Cho.28

Figures 8(a) and (b) show the ultimate load degradation 
ratio and yield load degradation ratio predicted by other 
studies along with the current study. Figure 8(c) displays 

the elongation degradation ratio predicted by the current 
study compared with other studies. The models proposed by 
Lee and Cho28 and Sheng and Xia29 overpredict the degra-
dation elongation ratio for mass loss up to approximately 
20% while underpredicting for mass loss above 20%. The 
model proposed by Tang et al.24 more closely aligns with the 
proposed model for mass loss up to approximately 5% while 
underpredicting the degradation elongation ratio for higher 
mass loss. This suggests that the loss in ductility is quite 
severe and nearly the same as carbon steel for initial mass 
loss, but for higher mass loss, the ductility loss in stainless 
steel is lower than in conventional carbon steel.

Fig. 7—Relationship between: (a) ultimate load degradation ratio versus mass loss percentage; (b) yield load degradation 
ratio versus mass loss percentage; (c) elongation degradation ratio versus mass loss percentage; and (d) maximum area loss 
versus mass loss percentage.

Table 3—Results comparison

Author Yield load Ultimate load

This study 0.0187 0.017

Lee and Cho28 0.0198 0.0157

Tang et al.24 0.017 0.017

Moreno et al.27 0.0144 0.0134
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	 Y = C – mX	 (8)

It is important to highlight that, in this study, the reduc-
tion in elongation capacity was particularly severe across 
the tested samples. For average mass loss percentages of 
3.73%, 6.53%, 10.73%, and 23.76%, the corresponding 
reductions in elongation were 19.45%, 27.46%, 31.28%, 
and 41.52%, respectively. Significant reductions in yield 
and ultimate loads were observed in samples with mass loss 
greater than 3.73%. Specifically, the yield load decreased 
by 6.21%, 19.10%, 29.09%, and 46.56%, while the ultimate 
load dropped by 3.43%, 16.55%, 23.91%, and 42.69% for 
the respective mass loss levels.

Comparing these findings to previous studies, Du et al.40 
reported a 14 and 15% reduction in yield and ultimate loads 
at a 10% mass loss in carbon-steel reinforcing bars. In 
contrast, the present study on stainless-steel reinforcing bar 
shows more severe reductions of 19.1% in yield load and 
29.09% in ultimate load at just a 6.53% mass loss. Apostol-
opoulos et al.21 observed a 31.4% reduction in yield strength 
and a 22.9% reduction in ultimate strength at a 13.55% mass 
loss for carbon-steel reinforcing bars exposed to salt spray. 
Additionally, Andisheh et al.26 reported a 31% reduction in 
elongation for reinforcing bars with a 10% mass loss, while 
Du et al.45 reported a 29% reduction in elongation at the 
same level of mass loss percentage for carbon-steel rein-
forcing bar.

CONCLUSIONS
This study examined the impact of corrosion on the 

mechanical properties of ferritic stainless-steel reinforcing 
bar. The key observations and findings are summarized as 
follows:

1. Ferritic stainless-steel reinforcing bar exhibited pitting 
corrosion, which initiated at the interface of the reinforcing 
bar ribs and the body. As the mass loss increased, pit density 
rose, and larger pits began to interconnect rather than deepen 
further.

2. Corrosion-induced mass loss led to significant reduc-
tions in mechanical properties. Ferritic stainless steel 
showed a more pronounced reduction in both yield and ulti-
mate loads than carbon steel, with degradation being more 
severe as mass loss increased.

3. The reduction in elongation was notably more severe 
than that in yield and ultimate loads. At lower mass loss 
(~5%), the reduction in percentage elongation was compa-
rable with carbon steel; however, it became much more 
pronounced than carbon steel with an increase in mass loss 
levels.

4. Elongation at fracture for stainless steel can experi-
ence a significant reduction, even at relatively low mass loss 
percentages.

The findings of this study on the corrosion-induced 
behavior of ferritic stainless-steel reinforcing bar, along 
with the developed predictive models for mechanical prop-
erties, offer valuable insights. Future research could extend 

Fig. 8—Prediction model proposed by various authors: (a) ultimate load degradation ratio versus mass loss percentage; 
(b) yield load degradation ratio versus mass loss percentage; and (c) elongation degradation ratio versus mass loss percentage.
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these findings by exploring the impact of factors such as the 
shape, size, and density of corrosion on reinforcing bar’s 
mechanical behavior. Additionally, investigating reinforcing 
bar behavior when embedded in concrete, where localized 
corrosion is common, would provide more realistic insights. 
Exploring more realistic corrosion methods, such as salt 
spray or alternate wetting-and-drying cycles, could enhance 
the applicability of the study’s conclusions. Correlating 
accelerated corrosion methods with realistic scenarios 
would contribute to a comprehensive understanding, leading 
to robust predictive models for varied environmental 
conditions.
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Pourbacks and overlays are commonly used in bridge elements 
and repairs, as it is crucial to corrosion protection that the bond 
between grout and concrete in these regions is carefully constructed. 
The integrity of the bond is crucial to ensure a barrier against 
water, chloride ions, moisture, and contaminants; bond failure can 
compromise the durability of concrete structures’ long-term perfor-
mance. This study examines the influence of surface preparation 
methods on the bond durability and chloride permeability between 
concrete substrate and grouts, including both non-shrink cemen-
titious and epoxy grouts. A microstructural analysis of scanning 
electron microscopic (SEM) images was conducted to characterize 
the porosity of specimen interfaces. Pulloff testing was performed 
to quantify tensile strength. Results show that a water-blasted 
surface preparation technique improved the tensile bond strength 
for cementitious grout interfaces and reduced porosity at the inter-
face. In contrast, epoxy grout interfaces were less affected by 
surface preparation. The study establishes a relationship between 
chloride ion permeability, porosity, and bond strength. The findings 
highlight the importance of surface preparation in ensuring the 
durability of concrete-grout interfaces.

Keywords: cementitious grout; chloride ion; epoxy grout; surface prepara-
tion; tensile bond strength.

INTRODUCTION
In concrete composite systems, concrete-to-concrete 

or concrete-to-grout interfaces are common in both new 
construction and in the repair and strengthening of existing 
structures. The addition of fresh concrete or grout as an 
overlay to a hardened concrete substrate is frequent in the 
repair and maintenance of existing concrete structures.

Repair procedures involving secondary pours include the 
removal of any distressed concrete substrate layer, prepara-
tion of the surface of the concrete substrate is prepared to 
ensure a strong bond between the substrate and the secondary 
material, and, finally, the application of the bonded concrete 
or grout overlay (Espeche and León 2011). This study 
evaluates the effects of concrete substrate surface prepa-
ration techniques on bond performance and permeability. 
This work was conducted in the context of post-tensioned 
(PT) bridge structures. However, the results herein can be 
applied to concrete repair applications, PT pocket details for 
monostrand, and other pourback scenarios.

BACKGROUND
The nature of the interface bond between a concrete 

substrate and overlay has been investigated by several 
researchers (Babaei and Hawkins 1990; Bissonnette et al. 
2012; Courard et al. 2011; De la Varga and Graybeal 2015; 

Momayez et al. 2005; Santos et al. 2012; Silfwerbrand 2003). 
Identified variables that influence the bond strength include 
the concrete substrate preparation technique, application of 
bonding agents, mechanical properties of the substrate and 
overlay, roughness of the interface, and method of testing 
used to evaluate the bond strength (Bentz et al. 2018; Kay 
and Beushausen 2018; Momayez et al. 2005). The surface 
roughness of the concrete substrate is one key parameter. 
Bond strength increases with concrete substrate roughness 
(Bentz et al. 2018; Bissonnette et al. 2012). The substrate 
interface roughness can influence the pourback material 
bond strength significantly. Reasons for substrate rough-
ening are the eradication of delaminated concrete without 
introducing microcracks and exposing the aggregate at the 
surface to promote stronger interlock between the substrate 
and the overlay (Silfwerbrand 2009). Sand-blasted and 
water-jetted/blasted are often considered the best surface 
preparation techniques for achieving a suitable interface 
(Júlio et al. 2004).

Another variable is moisture availability at the concrete 
substrate surface before the casting of the overlay (De la 
Varga et al. 2015; Kay and Beushausen 2018). While there 
is disagreement over the effect of the saturation condition 
of the concrete substrate surface before casting the overlay 
(Kay and Beushausen 2018), several researchers recom-
mend a saturated surface-dry (SSD) condition, which is the 
application of moisture before pouring the overlay (De la 
Varga et al. 2015, 2017). The practice of pre-moistening 
concrete substrate surface to attain an SSD condition has 
become widespread in the construction industries (Bisson-
nette et al. 2012).

Of particular consideration of the researchers is the integ-
rity of PT systems’ pourbacks. Protecting PT anchorages is 
critical for the long-term durability of PT structures. Hence, 
the strands under tensile force are protected, increasing the 
structure’s life span. The PT anchorage comprises three 
layers, which shield the strands from corrosion (Tatum and 
Brenkus 2021): a permanent grout, a plastic cap, and a pour-
back material.

The typical PT pourback detail requires a secondary pour 
against a vertical face; the orientation of this pour lends itself 
to unequal distribution of the mixture. Surface preparation 
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is often not explicitly considered; as a result, the bond and 
interface in these critical details may be less than optimal. 
Further complicating the integrity of this critical region, 
anchorages may be located in locations in a bridge structure 
of reduced accessibility, making their inspection and repair 
difficult. Researchers argue that failures attributed to both 
physical and chemical deficiencies in grout allow chloride 
ions and water, which act as corrosion agents, to penetrate 
regions where grout quality is compromised, including areas 
surrounding PT tendons (Hartt 2018; Miller et al. 2017).

Chloride ion penetration and contamination are proven 
initiators of PT tendon deterioration. Liao (2017) highlighted 
that even in the absence of external sources, defects such 
as voids and improper grouting methods result in pockets 
of moisture, allowing chloride ions to concentrate locally 
and initiate corrosion. Similarly, Whitmore et al. (2014) 
confirmed that chloride contamination leads to accelerated 
corrosion of PT tendons. Chloride ions may exist in the 
original mixture before casting a concrete structure from the 
external environment. Instances of considerable corrosion in 
jetty substructures have occurred due to chloride contamina-
tion in marine environments (Liam et al. 1992).

This study evaluates the effects of concrete substrate 
surface preparation techniques on bond performance and 
permeability. This work was conducted in the context of 
PT bridge structures. However, the results herein can be 
applied to concrete repair applications, PT pocket details for 
monostrand, and other pourback scenarios. The surface of 
the concrete substrate was prepared according to the current 
practice of the selected state departments of transportation 
(DOTs) (FDOT 2019; ODOT 2019). The bond strength 
between the concrete substrate and the grout was assessed 
by the direct tensile strength test, also known as the pulloff 
bond strength test, ASTM C1583/C1583M-20 (2020). To 
describe the ion permeability along the interfaces, chloride 
profiling was conducted to measure the chloride ion diffusion 
by ASTM C1152/C1152M-20 (2020) and ASTM C1556-22 
(2022). Additionally, porosity was evaluated through scan-
ning electron microscopy (SEM) images in the grout mate-
rials along the concrete-grout interface and correlated to 
bond strength.

RESEARCH SIGNIFICANCE
This study investigates the traditional practices associ-

ated with pourback and overlay placements, considering 
the regularly specified constitutive materials and the types 
of surface preparations. It recommends improvements to 

construction and testing approaches to enhance overall 
structural durability.

EXPERIMENTAL INVESTIGATION
Material properties

A concrete mixture conforming to the Ohio DOT QC2 
specification (ODOT 2019) was used for the concrete 
substrate. The concrete used in this study was designed with 
a slump of 4 in. (102 mm), a 28-day design compressive 
strength of 6831 psi (47 MPa), a minimum cementitious 
content of 520 lb (236 kg), and incorporated a well-graded 
aggregate. The concrete mixture (Table 1) comprised of 
the following materials: sand; coarse limestone aggregate 
(following ASTM C33/C33M-24 [2024]), with no more 
than 3.8% passing a No. 200 sieve); fine limestone aggre-
gate (natural sand, per ASTM C33/C33M); Type 1L cement 
(complying with ASTM C595/C595M-24 [2024]); and slag 
cement (according to ASTM C989/C989M-24 [2024]). It is 
essential to note that the inclusion of slag cement contrib-
utes to the reduction of permeability, enhancing the long-
term durability of concrete. A non-shrink cementitious 
grout was considered for this study, with a manufacturer- 
specified 28-day compressive strength of 9000 psi (63 MPa). 
Following the manufacturer’s recommendations, the grout 
was mixed with a minimum amount of water to provide the 
desired workability. The grout required a water-to-solid ratio 
(w/s) of 0.16, which is 9 lb (4.08 kg) of water per 55 lb (25 kg) 
bag. However, the tested compressive strength conducted 
per ASTM C579-23 (2023) was 7305 psi (50.4  MPa) 
(Table 2), which is lower than expected. Also used was a 
three-component modified epoxy-resin-based grout with a 
manufacturer-specified strength of 16,000 psi (110 MPa). 
Compression testing of the prepared materials presented 
11,473 psi (79 MPa) (Table 3). These variations may be due 
to differences in curing conditions, mixing procedures, or 

Table 1—Concrete mixture

Material Weight, lb Weight, kg

Sand 2660 1207

Coarse limestone aggregate 2720 1234

Fine limestone aggregate 540 245

Type 1L cement 895 406

Slag cement 410 186

Water 378 172

Table 2—4 x 8 in. (102 x 203 mm) concrete cylinder 
compressive strength test results

Age Specimen
Ultimate compressive 

stress, psi (MPa)
Average fc', 
psi (MPa)

Standard 
deviation

28 
days

1 6528 (45)

6831 (47) 621.27072 7546 (52)

3 6420 (44)

Table 3—2 x 2 in. (50 x 50 mm) grout cubes’ 
compressive strength test results

Age Specimen
Ultimate compressive 

stress, psi (MPa)
Average fc', 
psi (MPa)

Standard 
deviation

Epoxy grout

28 
days

1 12,199 (84)

11,473 (79) 667.00552 10,887 (75)

3 11,334 (78)

Cementitious grout

28 
days

1 8656 (60)

7305 (50) 1221.5062 6279 (43)

3 6979 (48)
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environmental factors during testing. The tested materials, 
however, displayed acceptable performance for the intended 
purpose of this study, and the measured strengths were used 
in the analysis.

Experimental groups
The concrete substrate surface was prepared by consid-

ering wet sand-blasted and water-blasted (Fig. 1), both at a 
3300 psi (23 MPa) nozzle pressure and no surface prepara-
tion method, as given in Table 4.

A prepared concrete surface was achieved using a commer-
cial 3300 psi (23 MPa) rated washer pressure and a 15-degree 
spray nozzle 4 in. (102 mm) from the concrete surface. 
Figure 2 illustrates the concrete surface conditions after rough-
ening, corresponding to Concrete Surface Profiles (CSP) 6 to 
7 as classified by the International Concrete Repair Institute 
(ICRI) under ICRI 310.2R (2013). The water-blasted tech-
nique was achieved at 0.004  in.2/s (2.58 mm2/s) by striking 
the surface with only water to expose the coarse aggregate. 
Subsequently, the wet sand-blasted procedure had a rate of 
0.02 in.2/s (12.9 mm2/s) to expose the coarse aggregate using 
fine-graded play sand and water.

Concrete-grout specimen preparation
A concrete slab with dimensions 54 x 39 x 5 in. (1372 x 

991 x 127 mm) was used as the substrate for the direct 

tensile strength pulloff tests. The area of interest had a thick-
ness of 3 in. (76 mm) of the concrete substrate and 2 in. 
(50 mm) thickness of the grout (overlay). The concrete slab 
was covered with burlap and plastic and cured for 28 days at 
a standard laboratory temperature of 68°F (20°C) and a rela-
tive humidity of 50%. Before casting the grout, the surface 
preparation was performed. The substrate was ponded with 
water for 48 hours and then prepared in SSD condition. The 
surface was clean from dirt and dust. A 2 in. (50 mm) thick 
grout overlay was cast over the prepared exposed concrete 
slab surface, creating an interface between the concrete 
substrate and the grout material. No vibration was neces-
sary throughout the grout casting because both materials  
demonstrated self-consolidation properties.

TEST METHODS
Bond strength by pulloff testing

The bond strength assessment was conducted on the 
concrete grout slab in accordance with ASTM C1583/
C1583M. Tests were performed when the concrete substrate 
and grout overlay were 90 and 60 days of age, respectively. 
The slabs were designed such that the coring rig could be 
directly mounted to the face of the slab to eliminate differen-
tial movement between the test site and the coring rig. The 
slabs were also sufficiently large enough that the concrete 
mass could dampen vibrations during coring and not 

Fig. 1—Surface preparation methods: (a) wet-sand blasting; and (b) water blasting.

Table 4—Experimental groups

Pourback material

Surface preparation procedure

Wet sand-blasted (SB) with 3000 psi 
(21 MPa) nozzle

Water-blasted (WB) with a 3000 psi 
(21 MPa) nozzle No preparation (N)

Cementitious grout (CG) CGSB CGWB CGN

Epoxy grout (EG) EGSB EGWB EGN
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transmit to the test sites. Specimens were cast and tested in 
the horizontal orientation. Troughs in the concrete for each 
pourback were constructed by blocking out the forms with 
wood framing and plastic tarps during concrete casting. The 
test locations were cored through the grout and penetrated 
the concrete by approximately 0.5 in. (13 mm) (Fig. 3(a)). 
For each test, a 2 in. (50 mm) diameter steel disc was glued 
to the cored locations. The specimens were dried for 7 days 
before attaching test dollies. The surface of each pulloff test 
site was cleaned with acetone and compressed air immedi-
ately before gluing test dollies with epoxy gel. The epoxy 
was allowed to cure for 24 hours before pulloff testing. A 
tensile load was applied using an adhesion tester, and the 
failure modes were recorded. As required by ASTM C1583/
C1583M, at least three valid tests were completed, with 
results documented for each failure mode. Figure 4 presents 
the types of tensile failures encountered.

Chloride ion permeability testing
The presence of chloride ions is a primary cause of rein-

forcing steel corrosion. The chloride ions penetrate concrete 
through diffusion, capillary absorption, and hydrostatic pres-
sure mechanisms; however, the principal mechanism is diffu-
sion through pore fluid (Mutitu and Wachira 2014). Various 
tests are accessible for direct and indirect assessment of chlo-
ride ion penetration into concrete. These include the Rapid 
Chloride Penetration Test (RCPT) (ASTM C1202-22e1 
2022), chloride diffusion tests (ASTM C1556), resistivity 
measurements, absorption tests, and electrical migration 
tests, among others. The chloride diffusion test method is 
considered for this study because it is meant to produce a 
property known as the apparent diffusion coefficient. This 
property illustrates the resistance faced by chloride ions as 
they penetrate concrete principally by diffusion rather than 
capillary transport. This method required approximately 
60 days to complete. Chloride ion permeability was deter-
mined with concrete cylinder specimens of 6 x 12 in. (152 x 

Fig. 2—Surface of prepared specimens: (a) wet-sand-blasted; and (b) water-blasted.

Fig. 3—Pulloff testing: (a) coring; and (b) testing.
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305 mm) with one half filled with concrete and the other 
half grout (Fig. 4(a)). It is important to note that the concrete 
substrate was 120 days old, and the grout overlay was 90 
days old at the testing time. While a 4 x 8 in. (102 x 203 
mm) cylinder specimen is specified for conducting this test 
per ASTM C1556, a 6 x 12 in. (152 x 305 mm) cylinder was 
used instead to ensure enough material could be milled at 
the interface site to perform the test. This test specimen was 
constructed by casting the substrate material in a half-cyl-
inder mold followed by the same curing and surface prepa-
ration regimes described previously. When casting the pour-
back, the half cylinder was placed into a new 6 x 12 in. (152 x 
305 mm) cylinder mold, and the void space was filled with 
grout. Specimens were prepared by cutting a 3 in. (72 mm) 
thick slice to expose the surfaces of the concrete and grout 
material to salt water. Prior trials (data not presented here) 
using an interface specimen constructed of a 4 x 8 in. (102 x 
203 mm) cylinder mold allowed for only 1 to 2 g (0.035 to 
0.071 oz) of material to be milled along the interface for 
each 0.08 in. (2 mm) of depth, requiring the use of many test 
samples and potential increases in errors. Using a test spec-
imen developed from a 6 in. (152 mm) diameter cylinder 
allowed much more material to be ground from a single test 
sample. The samples were exposed to a lime water bath for 
48 hours prior to saltwater exposure. Per ASTM C1556, the 
saltwater used was a mixture of deionized water and tech-
nical-grade sodium chloride at a concentration of 165 g/L 
(5.82 oz/gal.); no other compounds were present in the solu-
tion. The specimens were immersed in the salt solution for 
35 days. Profile grinding was performed using a milling 
machine with a 5/16 in. (7.9 mm) diameter concrete coring 
bit to obtain powdered samples (Fig. 5(d)). Eight-layer 
thicknesses were ground in 0.04 in. (1 mm) increments in 
each constitutive material and along the concrete-grout inter-
face for each surface preparation technique. Initial chloride 
concentration was determined using specimens not exposed 
to the salt solution. The profile milling was performed to 
gather samples for chloride profiling, acid dissolution, deter-
mination equivalence point, and to obtain chloride content at 
several depths by titration with silver nitrate using an auto 
titrator per ASTM C1152/C1152M (Fig. 5(b)). A nonlinear 
regression analysis was run on the data to determine the 
diffusion coefficient.

Sampling and microstructural analysis
Three cored sample specimens that measured 2 in. 

(50 mm) diameter were extracted and prepared for micro-
structural analysis. These samples were extracted so that 
the concrete-grout interface was exposed. At the time of 
sampling, the concrete substrate was 150 days old, and the 
grout overlay was 120 days old. The selection of these ages 
intentionally captured the stabilized microstructure of the 
concrete and the grout. The ages of the microstructural spec-
imens represent a mature period with well-developed hydra-
tion products, granting an accurate assessment of its long-
term porosity characteristics. Removing any water particles 
in the cored specimens before the preparation (particularly 
during epoxy impregnation) is essential because water parti-
cles can interfere with the polymerization of the stabilizing 
epoxy (Kjellsen et al. 2003; Struble and Stutzman 1989). The 
specimens were immersed in isopropanol for 48 hours after 
coring and then dried in an oven at 122°F (50°C). Before 
performing polishing and grading, the specimens were 
impregnated with a low-viscosity (LV) resin because stabi-
lizing and keeping the pore structure is essential (Struble 
and Stutzman 1989; Stutzman and Clifton 1999). Sequen-
tial grinding, lapping, and polishing with progressively finer 
abrasion were performed to obtain a flat-polished surface for 
imaging (Fig. 6). The quality of the polished surfaces was 
examined using an optical microscope in a reflected light 
mode.

After preparing the sample, the microstructure of the final 
polished specimens was examined using SEM. Images were 
collected using a backscattered electron detector. Imaging 
was accomplished under a low vacuum detector (LVD) 
at 20 kV and a 0.39 in. (10 mm) working distance. Each 
map had an area of 24 tiles with a magnification of 3000×, 
stitched together to form a large backscatter electron (BSE) 
map with a total area of 216 fields. Each tile set has an area 
of 0.005 in.2 (3.54 mm2). Large BSE maps were collected 
using microanalysis software. For each specimen, nine maps 
were collected from random areas to ensure the analysis was 
representative of the sample.

Porosity profiles were obtained from the images by 
extracting successive 10 µm wide bands (Diamond and 
Huang 2001; Elsharief et al. 2003) (Fig. 7(c)) in both the 
concrete and grout. Segmentation was performed on the 
obtained original large BSE map for the quantification of 
porosity (Beyene et al. 2017; Igarashi et al. 2005; Lange 

Fig. 4—Interface bond failure modes: (a) interface failure; (b) failure in concrete substrate; and (c) failure in overlay/grout.
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et al. 1994; Zhao and Darwin 1992). The segmentation of 
the pores from the collected BSE images was performed 
using ImageJ software, which has an automatic thresholding 
technique that differentiates between the pore spaces and the 
solid phases based on greyscale intensity. The threshold was 
adjusted manually, as required, to ensure accurate pore iden-
tification, specifically in areas where the greyscale contrast 
was less distinct. Porosity fractions were calculated by 
measuring the percentage of pore area relative to the total 
mapped area for each band, with an average value obtained 
from the nine randomly collected maps. This process 
allowed for an accurate representation of the porosity distri-
bution. Errors in porosity calculation were minimized by 

collecting multiple maps. An example of the large BSE map 
with a typical 10 µm wide bands and segmentation process 
is presented in Fig. 7(d).

RESULTS AND DISCUSSION
Pulloff tests

Figure 8 shows the bond strength results, representing the 
mean values obtained from the epoxy and cementitious grout 
interface specimens used for this study. These results were 
obtained from 90 days of concrete substrate and 60  days 
of old grout. All observed failure types were interface 
failures. Results presented by the epoxy grout specimens’ 
pulloff strength values were more significant than those of 

Fig. 5—Ion permeability testing: (a) half concrete cylinder mold; (b) determining acid-soluble chloride content; (c) sliced 
samples; and (d) milling sample.

Fig. 6—Polished samples: (a) concrete-cementitious grout; and (b) concrete-epoxy grout.
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the cementitious grout specimens; all the epoxy grout test 
samples within the no-preparation and water-blasted groups 
did not fail at 580.2 psi (4 MPa), which is the capacity of 
the test equipment (Fig. 9(a)). The epoxy grout wet sand-
blasted interface test specimens failed at an average strength 
of 287.5 psi (1.98 MPa) with an interface failure mode 
(Fig. 9(b)). On the contrary, the cementitious grout inter-
face specimens exhibited significantly lower bond strength 
values. The average for the no-preparation specimens was 
43.6 psi (0.3 MPa); wet sand-blasted presented 75.2 psi 
(0.52 MPa), and water-blasted 150.4 psi (1.04 MPa) pulloff 
strength values. The types of bond failure modes observed 
in the cementitious grout interface specimens predominantly 
occurred at the concrete grout interface (Fig. 10). The mean 
values from the epoxy and cementitious grout interface 

specimens displayed a more significant scatter, as indicated 
by the standard deviations in the figure.

The experimental results clearly show that the type of 
surface preparation technique does not result in higher tensile 
bond strength for the epoxy grout interface specimens, as both 
the no-preparation and water-blasted surfaces presented the 
same bond strength. For the epoxy grout interface specimens, 
it is suspected that during the surface preparation, the moisture 
did not penetrate the surface of the concrete substrate in the 
no-preparation and water-blasted interfaces. Because epoxy is 
water-insoluble, it is possible that this produced deeper epoxy 
penetration in the no-preparation and water-blasted test speci-
mens and higher tensile strength.

For the cementitious grout interface specimens, the results 
presented are evident that the type of surface preparation 
technique influences the bond strength. The water-blasted 
interface specimens presented a higher bond strength for 
the cementitious grout group. Results are in agreement with 
Silfwerbrand (2009); high-pressure water blasting is effi-
cient on concrete surfaces, does not damage concrete, and 
improves the working environment.

All the bond strength values from the cementitious grout 
interface specimens were lower than the minimum pull-off 
strength value of 175 psi (1.2 MPa) specified by some states’ 
DOTs (FDOT 2019; ODOT 2019) with failure mode at the 
interface.

Influence of surface preparation
Composite specimens with a concrete substrate and grout 

overlay exhibit a significant increase in bond strength when 
the interface surface is prepared using the water-blasted 
preparation technique. This observation is valid for only the 
concrete-cementitious interface specimens, revealing that 
the type of surface preparation technique controls the bond 
strength for these specimens.

Chloride profiling
The depth of absorptivity measurements was determined 

from chloride profiling per ASTM C1556, with chloride 

Fig. 7—SEM imaging: (a) and (b) large BSE map; (c) 
example 10 µm wide band; (d) location along the interface 
of 10 µm wide bands; and (e) example segmentation process.

Fig. 8—Pulloff bond strength tests: influence of surface 
preparation.
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contents at each depth determined by ASTM C1152/C1152M. 
Profiles were measured after test samples (Fig. 5(c)) were 
exposed to saltwater for 35 days. Least-squares regression 
was then used to determine the material’s apparent diffu-
sion, Da, and to predict the concentration of chloride ions 
at the surface of test samples. Results for each experimental 
group are presented in Table 5. The data points show the 
minimum average of each sample at an average depth from 
the exposed surfaces. The table presents each constitutive 
material’s initial chloride content, Ci, before exposure to salt 
water. Cs is the estimated chloride content of the material at 
its exposed face. Figure 11 presents the apparent diffusion 

coefficient and Da for each constitutive material and inter-
face area.

The diffusion coefficient assesses how swiftly ions can 
diffuse through a material. A lower diffusion coefficient 
implies that ions will take longer to diffuse through the 
material, which is associated with more excellent durability. 
Initial chloride concentrations, Ci, vary between 0.0030% 
by sample weight for epoxy grout and 0.0457% by sample 
weight for cementitious sand-blasted interface specimens. 
The initial chloride content of the concrete design mixture is 
0.19% by weight of cement; this is greater than the recom-
mended limit specified by ACI 222.2R-01 (ACI Committee 
222 2001) for prestressed concrete construction (0.08%) but 

Fig. 9—Post-test of epoxy core samples after pulloff testing, showing fracture surface: (a) no failure observed; and (b) inter-
face failure.

Fig. 10—Post-test of cementitious core samples after pulloff testing, showing fracture surface: (a) pulloff testing; and (b) inter-
face failures.
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less than that specified for ordinary reinforced concrete in 
severe exposure (0.20%). It is essential to state that though 
the measured initial chloride content of the concrete is 
outside of recommendations for PT concrete, this study 
pursued the characterization of chloride ion diffusion, which 
is negligibly impacted by the increased chloride ion pres-
ence as the diffusion model considered by ASTM C1556 
does not generally consider chloride ion binding.

The surface chloride contents, Cs, ranged from 0.4401 
to 1.6794% by sample weight for the test specimens and 
agree with values reported by Song et al. (2008) and Burris 
and Riding (2014). Ion contents at the surface were high; 
these are expected because the surfaces were the exposure 
faces. The epoxy grout group with its interface specimens 
presented the lowest Ci (0.4401 to 0.4483%), suggesting a 
low chance of chloride concentration throughout the sample.

The concrete material presented a calculated diffusion 
coefficient of 8.4 × 10–9 in.2/s (5.4 × 10–12 m2/s). The epoxy 
and cementitious grouts presented diffusion coefficients of 
5.1 × 10–11 in.2/s (3.3 × 10–14 m2/s) and 2.2 × 10–9 in.2/s (1.4 × 
10–12 m2/s). The diffusion coefficients of all the interface 
specimens but for cementitious grout, no surface preparation 
specimens (CGN) were determined to be between concrete 
and grout. These results were expected as the chloride 
profiling technique for the interface region required milling 
approximately 0.08 in. (2 mm) for grouts and concrete mate-
rial on either side of the interface. Epoxy grout water-blasted 
(EGWB) and no-preparation interface specimens (EGN) 
had diffusion coefficients closer to concrete, whereas sand-
blasted (EGSB) presented a lower value. For the cementi-
tious grout interface specimens, the wet sand (CGSB) and 
water-blasted (CGWB) techniques had diffusion coefficients 
less than those of epoxy grout counterparts, possibly due to 
the increasing matrix of cement hydration products along the 
interface during curing. However, cementitious grout with 
no preparation presented a diffusion coefficient greater than 
constitutive materials and the other interface specimens. 
This indicates that the cementitious grout specimens with no 
surface preparation (CGN) are more susceptible to chloride 
ion intrusion than either of the constitutive materials and 
could serve as a fast track for chloride ions to initiate corro-
sion of the PT anchorage, possibly due to localized increased 
porosity at the interface and a lack of mechanical interlock 

between materials. The material interface between concrete 
and grout should have a predicted diffusion coefficient that 
is less than that of concrete to mitigate the risks of premature 
corrosion of the anchorage.

Time required to initiate corrosion
To present how the apparent diffusion coefficients relate 

to the durability of a concrete structure, the time required to 
initiate corrosion of mild steel reinforcement was modeled 
with Life-365 service life-prediction model software based 
on chloride profiling measurements and calculated diffu-
sion coefficients. This concrete life cycle assessment model 
was developed by a consortium including the American 
Concrete Institute (ACI) and was released in August 2001. 
For this analysis, the apparent diffusion coefficient for each 
constitutive material and the interface specimens was input, 
considering a 12 x 12 in. (305 x 305 mm) square column 
with a cross-sectional area of 144 in.² (92,903 mm²) and 
a 2 in. (50  mm) clear concrete cover. The chloride expo-
sure scenario was based on conditions of an urban highway 
bridge in Columbus, OH.

The model predicted that the concrete, with a relatively 
higher apparent diffusion coefficient, would have the 
shortest time required for corrosion initiation. It presented 
the lowest predicted time of 38 years. In contrast, the cemen-
titious grout, reflecting a low apparent diffusion coefficient 
and a high resistance to chloride ingress, predicted 127 years 
required for corrosion initiation. The epoxy grout demon-
strated significant chloride penetration resistance, with an 
estimated time to corrosion initiation of 156 years (Fig. 12)

Table 5—Chloride profiling results

Material
Initial chloride content Ci, 

% sample weight
Calculated surface chloride content 

Cs, % sample weight
Apparent diffusion 
coefficient Da, m2/s

Concrete 0.0442 0.7308 5.412 × 10–12

Epoxy grout 0.0030 0.4401 3.280 × 10–14

Cementitious grout 0.0306 0.7219 1.397 × 10–12

Interface

Sand-blasted epoxy grout 0.0457 0.4483 4.073 × 10–12

Epoxy grout with no preparation 0.0439 0.4401 5.156 × 10–12

Water-blasted epoxy grout 0.0447 0.4401 5.341 × 10–12

Sand-blasted cementitious grout 0.0365 1.6794 1.957 × 10–12

Cementitious grout with no preparation 0.0420 0.6522 5.544 × 10–12

Water-blasted cementitious grout 0.0386 0.5202 4.118 × 10–12

Fig. 11—Apparent diffusion coefficients.
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For the interface specimens, the epoxy grout sand-blasted 
interface specimen presented the most significant time 
to corrosion initiation at 70 years among the epoxy grout 
interface groups. The epoxy grout with no surface prepara-
tion was predicted to resist corrosion for 55 years, with the 
water-blasted surface preparation at 54 years (Fig. 12). Simi-
larly, the cementitious grout sand-blasted interface specimen 
presented 78 years of prediction before corrosion initiation. 
The water-blasted interface predicted 41 years, and the 
no-surface preparation showed 32 years (Fig. 12)

Microstructural analysis
The microstructural analysis presented corresponds to the 

grout segment of the interface. The concrete-grout interface 
was analyzed on 6 in. (152.4 mm) diameter cylinder spec-
imens. The cylinder specimens were chosen because they 
were moist-cured. The interface between the substrate and 
the grout is generally seen as a line bisecting these mate-
rials during imaging. Therefore, the interface region is eval-
uated in 10 um wide bands extending from the interface into 
the grout. The grout material was evaluated at a distance 
extending 100 µm from the interface, like what was reported 
by De La Varga et al. (2018). The SEM images of the cemen-
titious grout interface specimens presented a dense micro-
structure of the grout particles at the interface, specifically 
for wet sand-blasted and water-blasted surface preparation 
techniques. This contributed to minimizing an interfacial 
zone in the vicinity of the exposed aggregate surface, gener-
ally known as the “wall effect” (Diamond and Huang 2001; 
Scrivener et al. 2004). The dense microstructure of the grout 
contributed to reduced porosity in the grout.

The total porosity distribution of the grout is measured as 
a function of the distance from the concrete surface. When 
quantifying the amount of porosity in the grout interfaces, it 
is observed that the type of surface preparation influences the 
total porosity. The results of the image analysis are presented 
in Fig. 13 and 14, where sudden increases in the porosity 
fraction were identified in the no-surface preparation tech-
nique for both grout materials.

In most cases, porosity at each strip linearly decreased 
with increasing distance from the material interface for the 
cementitious interface specimens. Several observations can 
be presented from these results. The cementitious grout 
specimen without surface preparation presented significant 
porosity values within the analyzed 100 µm wide band. 
The porosity fraction was 42% (0 to 10 µm) closer to the 
concrete surface. The porosity values gradually decreased, 

moving away from the concrete interface to a value of 22% 
at 100 µm from the interface. Higher capillary pores likely 
cause the significant porosity measurements recorded in the 
cementitious no-surface preparation specimen. The cemen-
titious water-blasted interface specimens presented porosity 
values ranging from approximately 4 to 12%, and the wet 
sand-blasted presented values ranging from approximately 
9 to 15%. These results are mainly due to the improved 
interfaces between the concrete and the grout. According to 
previous studies (Branch et al. 2018; Elsharief et al. 2003; 
Wu et al. 2016; Xie et al. 2015), the porosities in the inter-
facial transition zone (ITZ) depend on the distance from the 
interface range from approximately 5 to 32%.

For epoxy grout interface specimens, it is acknowledged 
that it is challenging to differentiate the pores and the epoxy 
grout in the BSE images because their gray values are 
virtually the same (Liu et al. 2019). The results presented 
in Fig. 14 show that the epoxy grout can permeate into the 
substrate and fill the pores. Due to the filling effect, the 
porosity at the interfacial zone for the epoxy grout inter-
face specimens could be reduced. When contrasting epoxy 
grout outcomes with cementitious grout, a notable decrease 
in porosity values was observed. Additionally, the method 
of surface preparation exerts an influence on the recorded 
porosity measurements. The porosity measurement at the 
region of 0 to 10 µm away from the interface into the grout 
of the epoxy grout was reduced to approximately 83% for 
the no-surface preparation. The wet sand-blasted presented 
a reduced porosity measurement of approximately 30%, 
and the water-blasted, approximately 60%. A possible 

Fig. 12—Predicted time to initiate corrosion.

Fig. 13—Overall porosity distribution in cementitious grout.

Fig. 14—Overall porosity distribution in epoxy grout.
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explanation for the epoxy grout porosity measurement is the 
formation of polymer films that reduce porosity at the inter-
face region, as confirmed by Anagnostopoulos et al. (2016).

After carefully examining the bond performance at 
the interface by direct tensile pulloff testing and chloride  
penetration by the diffusion method, there was sufficient 
data to evaluate the relationship between bond strength and 
chloride permeability. The surface preparation techniques 
likely substantially influence interfacial mechanical strength 
and chloride ion permeability. Results indicated that types of 
surface preparation presented significant differences in the 
bond strength and, to an extent, chloride ion permeability. 
Results were plotted in a graph with the x-axis as the bond 
strength and the y-axis as the apparent diffusion coefficient 
(Fig. 15). Generally, a well-performing interface should 
meet the minimum strength of 175 psi (1.2 MPa) (ODOT 
2019) and have a lower apparent diffusion coefficient than 
concrete. Diffusion coefficients less than concrete indicate 
that the expected chloride ion intrusion along the interface 
would not exceed the concrete’s and that the interface is not 
a fast-track for ion penetration.

Additionally, data from BSE and bond strength was used 
to evaluate the relationship between bond strength and 
average porosity (Fig. 16). The results present a correlation 
between the cementitious and epoxy grout interface spec-
imens, emphasizing the influence of surface preparation 
techniques on porosity and bond strength. For cementitious 
grout, deficiencies in particle packing were observed in 
SEM images, potentially due to non-optimal sand and filler 
gradation. Surface preparation, particularly wet sand and 
water-blasted, improved porosity and bond strength. Water 
movement from the cementitious grout into concrete was 
identified as a potential cause for reduced grout hydration 
and mechanical weakness at the interface. In this case, the 
interface may develop a plane for mechanical weakness 
(Tatum and Brenkus 2021). In contrast, epoxy grout inter-
faces exhibited low porosity, with water-blasted surfaces 
having the least porosity. The epoxy grout’s low viscosity 

allowed it to fill voids on the concrete surface. SEM images 
of epoxy grout interface specimens showed minimal defects 
and bond strength values exceeded specified minimums.

SUMMARY AND CONCLUSIONS
Based on the experimental results, the following conclu-

sions are drawn:
•	 The interface zone between the concrete substrate and 

grout overlay is a region of weaker tensile strength.
•	 Surface preparation matters: water-blasted preparation 

of the concrete before grouting significantly improved 
the bond strength of cementitious grout but not epoxy 
grout.

•	 Reduced porosity at the interface is critical to the dura-
bility of the structure: water-blasted resulted in less 
porosity at the grout interface, contributing to a stronger 
bond for cementitious grout.

•	 Epoxy grout excels in reduced permeability: as a bulk 
material, epoxy grout showed greater resistance to chlo-
ride ion penetration compared to cementitious grout. 
However, the cementitious grout interface specimens 
demonstrated superior performance compared to the 
epoxy grout interface counterparts.

Fig. 15—Relation between apparent diffusion and pulloff strength.

Fig. 16—Relation between porosity and pulloff strength.
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•	 Bond strength and permeability are linked: stronger 
bond strength in cementitious grout was associated with 
lower chloride ion permeability.
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Chloride threshold values for steel reinforcing bars in reinforced 
concrete under the effect of varying temperatures and extended 
long-term conditions in hot climate are investigated. This inves-
tigation covers a gap in the current codes, including ACI 318, 
where the effect of temperature on the chloride threshold is not 
addressed. A total of 96 concrete specimens reinforced with carbon 
steel reinforcing bars sourced from two manufacturers were cast 
with different chloride contents and exposed to four temperatures 
of 20, 35, 50, and 65°C (68, 95, 122, and 149°F) for a period of 
more than 2 years. The chloride threshold values were determined 
based on corrosion potential, corrosion rate, and mass loss at the 
end of the exposure period. The results of the three techniques 
showed a consistent trend of significant dependency of the chloride 
threshold value on temperature. The average water-soluble chlo-
ride threshold values based on mass loss were found to be 0.77%, 
0.72%, 0.47%, and 0.12% by weight of cement for temperatures 
of 20, 35, 50, and 65°C (68, 95, 122, and 149°F), respectively. 
These findings are significant as they showed a dramatic drop in 
the chloride threshold values at high temperature. This research 
highlights the need for reassessment of ACI Code limits consid-
ering hot climate.

Keywords: chloride threshold (CT) value; corrosion potential; corro-
sion rate; mass loss; microstructure; steel reinforcing bars, sustainability; 
temperature.

INTRODUCTION
The detrimental effect of chloride-induced corrosion on the 

durability of reinforced concrete (RC) structures is one of the 
major sustainability issues worldwide. Several governments 
around the world spend huge funds on maintaining infrastruc-
ture that has deteriorated due to reinforcing bar corrosion. In 
the Arabian Gulf region, the rate of concrete deterioration is as 
much as five times that in Europe.1 The main cause of concrete 
deterioration in the Arabian Gulf region is chloride-induced 
reinforcement corrosion, as indicated by many researchers.1-5 
This deterioration is associated with the presence of chloride 
in quantities large enough to initiate and propagate corrosion 
under the harsh climatic conditions of high ambient tempera-
ture and high seasonal humidity.

Standards prescribe strict limits on the allowed chloride 
content in concrete from ingredients. For example, the Euro-
pean Standard EN 2066 limits the total allowed chloride 
in RC to 0.4% by weight of cement. The ACI  318 Code7 
limits the maximum allowed water-soluble chloride ions in 
RC members to 0.15% by weight of cement if the member 
is exposed to an external source of chlorides, or to 0.3% if 
the member is not exposed to external chlorides. The chlo-
ride ions attack the protective oxide film that forms on the 
steel reinforcing bars due to the highly alkaline environ-
ment of pore solution in concrete. If oxygen and moisture 

are also available, the corrosion process will progress. 
The risk of corrosion increases as the chloride content in 
concrete increases. Reinforcement corrosion can only start 
once the chloride content at the steel surface has reached 
a certain threshold value.8 In the literature, the amount of 
chloride needed to initiate steel corrosion is often referred 
to as critical chloride content or chloride threshold value. 
In this paper, the term “chloride threshold (CT) value” will 
be used. Schiessl and Raupach9 defined CT value as the 
content of chloride at the steel depth that is necessary to 
sustain local passive film breakdown, and hence initiate the 
corrosion process.

Many factors affect the corrosion initiation and the rate 
of corrosion after the corrosion starts in RC structures. In  
tropical-climate regions, RC structures are more prone to 
corrosion due to the combined effect of high temperature and 
seasonal humidity. In hot climates, the ambient temperature 
in the shade often exceeds 40°C (104°F), and the tempera-
ture of concrete may increase by more than 20°C (68°F) 
under direct sun.10,11 The effect of temperature on the corro-
sion rate of reinforcing bars embedded in concrete, mortar, or 
pore solution is extensively investigated in the literature.12-21 
Different studies showed different results on the effect of 
temperature due to the complexity of the corrosion process. 
Some studies found that the increase in temperature results 
in a continuous increase in the corrosion rate of actively 
corroded reinforcing bars.14-18 Other studies reported that 
the increase in temperature to a specific value in the range 
of 40 to 45°C (104 to 113°F) increases the corrosion rate, 
and the trend is reversed.19-21 The decrease in corrosion rate 
with the increase in temperature after a certain temperature, 
as reported by the last three studies, may be attributed to 
the reduction in internal humidity that accompanies higher 
temperatures.19-21 López et al.12 found that the increase in 
temperature increases the corrosion rate with the availability 
of moisture and decreases the corrosion rate in dry concrete.

In-depth studies on the effect of temperature on the CT 
value are very limited and contradictory. Hussain et al.22 
studied the effect of two temperatures using only one tech-
nique for determining the CT values. They found that an 
increase in temperature from 20 to 70°C (68 to 158°F) caused 
a dramatic reduction in CT values. Matsumura et al.23 studied 
the effect of temperature on corrosion in RC specimens under 
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high temperature of 65 and 90°C (149 and 194°F) to simulate 
nuclear RC structures exposed to elevated temperature. They 
found that an increase in temperature from 65 to 90°C (149 
and 194°F) caused an increase in the CT value, which is incon-
sistent with that reported by Hussain et al.22 Another study 
using stainless steel reinforcing bars rather than carbon steel 
found a significant reduction in the CT when the temperature 
increased from 20 to 60°C (68 to 140°F).24

The effect of a tropical climate with high temperature and 
humidity on the CT value of carbon steel reinforcing bars 
in concrete is the focus of a comprehensive multi-phase 
investigations by the authors. The current phase covered the 
influence of temperature on CT values due to chlorides from 
concrete ingredients. Two types of carbon steel reinforcing 
bars were cast in concrete with varying amounts of admixed 
chloride and later subjected to four levels of temperature 
for a period of more than 2 years. Short-term results of this 
investigation were reported by the authors in a previous 
publication.25 The current paper presents long-term results 
and discussion of the effect of temperature on CT values. 
The corrosion potential and corrosion rate for the specimens 
were measured regularly during the extended long-term 
exposure period. The specimens were broken at the end of 
the exposure period to visually observe the condition of the 
reinforcing bars and the extent of corrosion and calculate 
their mass loss. The effects of temperature with respect to 
microstructure, elemental composition, mass loss, and nano-
technology under extended long-term conditions are also 
reported in this paper.

RESEARCH SIGNIFICANCE
Deterioration of RC structures in the Arabian Gulf region 

due to corrosion is an alarming issue. The ACI 318 Code, 
which is the basis of several local building codes in the region, 
provides limits to the water-soluble chlorides in concrete 
coming from the ingredients. The Code does not specifically 
address the coupled effect of high temperature and humidity 

prevalent in tropical-climate regions where the temperature of 
RC members exposed directly to the sun may exceed 60°C 
(140°F). This investigation showed the significant effect of 
high temperature on the CT value of steel reinforcing bars 
embedded in concrete. The maximum allowable limits of 
chlorides in concrete from ingredients in current building 
codes are shown to underestimate the risk of corrosion under 
such temperatures. This research highlights the need for reas-
sessment of code limits considering hot climates.

EXPERIMENTAL PROGRAM
Materials, casting, curing, and temperature 
treatment

Carbon steel reinforcing bars collected from two different 
manufacturers were used, designated as Source A and Source 
B. The microstructure of steel reinforcing bars from Source A 
consisted of pearlite-ferrite at the core and tempered marten-
site at the rim. The reinforcing bars from Source B were 
alloy steel produced by the normal heating of rolls without 
quenching and tempering treatment. Copper wires were 
wound around grooves made at the ends of the steel reinforcing 
bars and were coated with epoxy resin for proper electrical 
connection, as shown in Fig. 1. Ordinary portland cement was 
used to cast concrete specimens of 200 x 200 x 55 mm (8.0 x 
8.0 x 2.2 in.) dimensions as per the mixture proportions given 
in Table 1. Chloride ions were introduced to the concrete by 
solving pre-calculated amounts of pure NaCl in the mixing 
water, emulating the chloride ions that exist in concrete ingre-
dients. Plain concrete specimens were cast from the same 
concrete mixtures used to cast the RC specimens to measure 
the actual chloride ions in the hardened concrete speci-
mens. Two types of chloride were analyzed: water-soluble 
and acid-soluble chlorides. Samples were prepared for both 
types of chloride as per ASTM C1218/C1218M26 for water- 
soluble chloride and ASTM C1152/C1152M27 for acid- 
soluble chloride.

After demolding, the specimens were moist-cured for 
28  days and then exposed to four different temperatures 
(20, 35, 50, and 65°C [68, 95, 122, and 149°F]) in environ-
mental chambers for approximately 2 years. These tempera-
tures were chosen considering the typical temperature range 
in tropical climates. In the first 6 months of the exposure 
period, relative humidity (RH) was kept constant at 80%, 
which is in the range of optimum RH for corrosion.28 After 
that, the specimens were subjected to wetting-and-drying 
cycles for the remaining exposure period to simulate the 
fluctuation of humidity in hot weather regions. Each wetting-
and-drying cycle was 2 weeks dry and 2 weeks wet. The RH 
in the chambers was maintained below 30% for the dry-half 
cycle and approximately 80% for the wet-half cycle. The 
measurements of corrosion potential and corrosion rate were 
taken periodically every week in the first 3 months and every 
2 weeks in the next 3 months using a corrosion meter device. 
Then, during the period of wetting-and-drying cycles, Fig. 1—Carbon steel reinforcing bars glued to copper wires 

for electrical connection.

Table 1—Mixture proportions for material used in casting concrete specimens

Materials Cement Aggregate Crushed sand White sand Water NaCl

Proportions, kg/m3 350 1040 210 490 175 Variable
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measurements of corrosion potential and corrosion rate were 
taken at the end of the wet-half cycles. Table 2 summarizes 
the test parameters investigated, where two duplicate RC 
specimens were used in this study for each parameter, giving 
a total of 96 specimens. The corrosion potential and corro-
sion rate measurements for any duplicate specimens were 
mostly close to each other. The measurement was repeated 
if one reading was far from the other for accuracy and repro-
ducibility. Details of the experimental procedure and tech-
niques used are given in Alhozaimy et al.25

Specimen break-up and characterization of 
corrosion products

At the end of the exposure period, specimens were split 
to inspect the condition of the reinforcing bars and check 
the extent of corrosion. Samples of some reinforcing bars 
and corrosion products were collected for microstructural 
analysis. The steel reinforcing bars were then subjected to 
a cleaning procedure according to ASTM G129 to calculate 
their gravimetric mass loss according to Eq. (1)

	​ Mass loss ​(%)​  =  ​ ​W​ 1​​ − ​W​ 2​​ _ ​W​ 1​​  ​ × 100​	 (1)

where W1 is the original weight of the steel reinforcing bar 
before casting; and W2 is the weight of the reinforcing bar 
after removing the corrosion products.

A scanning electron microscope (SEM) was used to 
study the morphology of corrosion products. In addition 
to morphological analysis, energy-dispersive X-ray spec-
troscopy (EDX) was used in conjunction with the SEM to 
conduct a compositional analysis of the corrosion products. 
For phase analysis, a dispersive micro-Raman spectroscope 
was employed. To excite the samples, a diode green laser 
with a 532 nm wavelength was used. The laser power of 
0.15 mW was employed to illuminate the surface to prevent 
the oxide phases from transforming into other phases by 
localized heating. The areas of interest of the specimens were 
observed using an optical microscope at 50× magnification.

RESULTS AND DISCUSSION
Chloride content

The average results of acid-soluble and water-soluble 
chlorides for the hardened concrete specimens with varying 
chloride contents are given in Table 3. Every measurement 
in this table is an average of four chloride measurements of 
four powder samples taken separately from plain concrete 
specimens. The standard deviation for all added-chloride 
contents is included in Table 3. The source of chlorides in 
the zero-added-chloride specimens was the chloride ions 
existing in the concrete ingredients. This was confirmed by 
measuring the chlorides in each ingredient separately and 
summing the total amount of chlorides. The total chlorides 

when converted to a percentage value by the weight of 
cement was approximately 0.1%. This is the same value 
obtained from measuring the acid-soluble chloride of hard-
ened concrete for zero-added-chloride specimens as reported 
in Table 3. The correlation between the water-soluble and 
acid-soluble chlorides is shown in Fig. 2. It is clear from 
Fig. 2 that there is a strong linear relationship between the 
water-soluble (free) chloride and the acid-soluble (total) 
chloride in the form of Eq. (2)

	 y = ax	 (2)

where y is the water-soluble chloride as percent by weight 
of cement; x is the acid-soluble chloride as percent by 
weight of cement; and a = 0.85; R2 = 0.99 from regression  
analysis. This ratio of water-soluble chloride to acid-soluble 
chloride is almost identical to the a-value of 0.86 reported 
by Mohammed and Hamada30 for concrete specimens with 
ordinary portland cement after long exposure to seawater.

Corrosion potential
Measurements of corrosion potential during the whole 

period of exposure showed that corrosion potential had high 
variations with time at the early age of specimens. These 
variations diminished with time, and corrosion potential 
finally stabilized after a few months. Figure 3 shows the 

Table 2—Parameters investigated in this study

Parameter
Temperature,  

°C (°F)
Added chlorides, 
% cement weight

Reinforcing bar 
sources

Variables 20, 35, 50, 65  
(68, 95, 122, 149)

0, 0.15, 0.3, 0.6, 
0.9, 1.2

Source A,  
Source B

Table 3—Water-soluble and acid-soluble chlorides 
for hardened concrete samples

Added Cl, % 
weight of cement

Water-soluble Cl, % 
weight of cement

Acid-soluble Cl, % 
weight of cement

Average value Std Dev. Average value Std Dev.

0.00 0.07 0.017 0.10 0.008

0.15 0.20 0.013 0.25 0.030

0.30 0.33 0.021 0.40 0.015

0.60 0.58 0.024 0.69 0.010

0.90 0.83 0.010 0.97 0.010

1.20 1.12 0.048 1.28 0.022

Note: Std Dev. is standard deviation.

Fig. 2—Water-soluble (free) chloride versus acid-soluble 
(total) chloride.



68 ACI Materials Journal/January 2025

variation of corrosion potential with time for specimens of 
Source A exposed to the temperature of 20°C (68°F), which 
can be considered as a typical behavior for all investigated 
specimens. In Fig. 3, every point is an average of corrosion 
potential measurements taken for two duplicate specimens. 
The measurements of corrosion potential with time for all 
chloride contents and temperatures are presented as bar 
charts in Fig. 4 for reinforcing bars of Source A, which pres-
ents a summary of the results at a glance. Similar results 
were also recorded for reinforcing bars of Source B but not 
included in the paper due to length limitation. In Fig. 4, the 
readings of corrosion potential were averaged at periods of 

6  months to show the stabilization of corrosion potential 
with time. Every column in this figure represents the average 
of corrosion potential measurements taken within periods of 
6 months. In the first 6-month period, the first 3 months were 
excluded due to the high variation of corrosion potential at 
the early age of specimens. During the initial exposure, the 
passive layer, which is essential for protecting the steel from 
corrosion, had not yet fully developed or stabilized. This, 
in addition to evolving concrete microstructure, led to fluc-
tuations in the corrosion potential at early age as the layer 
undergoes changes in thickness, composition, and effec-
tiveness. Similar behavior was also observed in previous 

Fig. 3—Variations of corrosion potential with time for specimens exposed to temperature of 20°C (68°F) (Source A).

Fig. 4—Corrosion potential versus time at different temperatures and chloride contents (Source A).



69ACI Materials Journal/January 2025

studies.20,31,32 As shown in Fig. 4, the corrosion potential at 
the same chloride content and temperature stabilized over 
the long term, with the average values of corrosion poten-
tial after 2 years being largely unchanged from those after 6 
months. It can also be seen from Fig. 4 that corrosion poten-
tial increases negatively with the increase in chloride content 
and temperature. Specimens exposed to higher temperatures 
always had higher corrosion potential than those with lower 
temperatures at the same level of chloride content. It is 
worth mentioning that an increase in temperature makes the 
potential to shift more negative, even at 0% Cl, as per the 
Nernst equation (Eq. (3))

	​ E  =  ​E​​ 0​ − ​ RT _ nF ​ ln Q​	 (3)

where E0 is standard redox potential; T is the temperature in 
kelvin; R is the universal gas constant; and F is Faraday’s 
constant. Thus, an increase in temperature will decrease cell 
potential. Similar results for the negative increase in poten-
tial with the increase in temperature were reported in recent 
studies.18,33 The results also clearly show no adverse effect due 
to the change in the environment from constant RH of 80% to 
the more aggressive wetting-and-drying condition in this case. 
It should be mentioned here that the limited effect of cyclic 
wetting-and-drying treatment can be related to the fact that 
specimens were not exposed to an external source of chloride 
and to the availability of sufficient moisture and oxygen under 
the constant RH of 80%.

Corrosion rate
The behavior of corrosion rate with time was similar to 

that of corrosion potential. At the early age of specimens, 
the corrosion rate had high variations, then stabilized after 
a few months. Figure 5 shows this behavior for specimens 
exposed to the temperature of 20°C (68°F) of Source A. In 
Fig. 5, every point is an average of corrosion rate measure-
ments taken for two duplicate specimens. To show the stabi-
lization of the corrosion rate over the long-term period, its 
variations with time for the coupled effect of all chloride 
contents and all four temperature conditions are presented as 

column charts in Fig. 6. Both reinforcing bar sources exhib-
ited a similar trend, so the corrosion rate measurements for 
only reinforcing bars of Source A are presented in Fig. 6. As 
shown in Fig. 6, corrosion rates increase with the increase 
in chloride content and temperature. At chloride contents 
less than 0.90% and low temperatures of 20 and 35°C (68 
and 95°F), the corrosion rate is negligible, which confirms 
that the pre-existing small amount of chlorides in fresh 
concrete did not affect the formation of the passive layer, as 
will be discussed in the “Microstructural analysis” section. 
The increase in corrosion rate is significant at temperatures 
of 50°C (122°F) for high chloride contents compared to 
temperatures of 20 and 35°C (68 and 95°F). This increase 
in corrosion rate becomes very noticeable for specimens 
exposed to a temperature of 65°C (149°F) at all added chlo-
ride contents. The significant increase in corrosion rate with 
the increase in temperature, especially at 65°C (149°F), can 
be attributed to the increase in free chloride contents in pore 
water and the increase in the mobility of chloride ions at 
high temperature. It is theoretically known that the increase 
in temperature can activate a chemical reaction according to 
the Arrhenius law, shown in Eq. (4)

	​ k  =  A ∙ exp​(− ​ ΔE _ RT ​)​​ 	 (4)

where k is the rate constant; T is the temperature; ΔE is the 
activation energy; R is the gas constant; and A is the frequency 
factor (constant). The corrosion process is an electrochem-
ical reaction, so the increase in temperature can accelerate 
the transfer rate of ions between the cathode and anode, thus 
increasing the corrosion rate. The chloride concentration at 
which there is a clear jump in corrosion rate is temperature- 
dependent, indicating the increased Arrhenius law activation 
energy of corrosion reaction at the points 0.9% for tempera-
tures of 20 and 35°C (68 and 95°F), 0.6% for 50°C (122°F), 
and 0.15% for 65°C (149°F).

Fig. 5—Variations of corrosion rate with time for specimens exposed to temperature of 20°C (68°F) (Source A).
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Visual inspection and mass loss measurements
During the exposure period, the specimens were moni-

tored periodically and visually inspected for any cracks on 
the concrete surface. Corrosion cracks along the reinforcing 
bars were observed on the surface of specimens with high 
chloride contents (0.6, 0.9, and 1.2% Cl) exposed to the 
temperature of 65°C (149°F) for both sources of reinforcing 
bars. First-appeared cracks were observed on specimens with 
1.2% Cl after 6 months of exposure. Cracks on specimens 
with 0.9% and 0.6% Cl were first observed after 12 months 
and 18 months, respectively. At the end of the exposure 
period, specimens with chloride contents of 0.9 and 1.2% 
Cl exposed to the temperature of 65°C (149°F) were already 
split under the expansive pressure of the corrosion products. 
Figure 7 shows pictures of some cracked specimens at the 
end of the exposure period. No cracks were observed for all 
other specimens exposed to temperatures lower than 65°C 
(149°F) regardless of the chloride content.

At the end of the exposure period, all specimens were 
broken to extract and inspect the steel reinforcing bars. All 
reinforcing bars exposed to the temperature of 65°C (149°F) 
were corroded except those with zero-added chloride. Rein-
forcing bars with high chloride contents in this category were 
severely corroded. Signs of corrosion also appeared on rein-
forcing bars with high chloride contents exposed to the lower 
temperatures. Figures 8 and 9 present photos of the extracted 
reinforcing bars exposed to the different levels of chlorides 
and various temperatures for Sources A and B, respectively. 
It can be seen from the figures that the rusting of rein-
forcing bars increases with the increase in chloride content 

and temperature. The mass losses for these reinforcing bars 
were calculated after cleaning according to ASTM G1.29 The 
values of mass loss for both reinforcing bar sources at the 
four investigated temperatures (20, 35, 50, and 65°C [68, 95, 
122, and 149°F]) are presented as a column chart in Fig. 10. 
Every column in this chart is an average of two values for 
two reinforcing bars extracted from two duplicate concrete 
specimens. The two values are generally very close to each 
other, as shown by the error bars representing the range. The 
results of mass loss for the two reinforcing bar sources show 
a similar trend, as can be observed from Fig. 10 and agree 
with the visual observations in Fig. 8 and 9. These mass loss 
measurements carried out at the end of the experimentation 
strongly substantiate the results of half-cell potential and 
corrosion rate measurements.

Microstructural analysis
Morphologies and EDX analysis of corrosion products—

The morphologies of corrosion products deposited on the 
surface of reinforcing bars were examined using SEM at 
different chloride concentrations and temperature condi-
tions. The results showed that the morphologies of the film 
formed on the steel surface are similar at 20 and 35°C (68 
and 95°F) exposure in concrete with chloride concentrations 
ranging from 0.15 to 0.6%. No trace of rust was observed 
on the surfaces of the reinforcing bars exposed to these 
temperatures at this range of chloride concentrations (0.15 
to 0.6%). Due to space limitation, only the results of Source 
A are incorporated and discussed. The morphologies of the 
passive film on exposed steel reinforcing bars at a chloride 

Fig. 6—Corrosion rate versus time at different temperatures and chloride contents (Source A).
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Fig. 7—Pictures of cracked specimens exposed to temperature of 65°C (149°F) at end of exposure period.

Fig. 8—Photos of reinforcing bars exposed to different temperatures and chloride contents (Source A).
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Fig. 9—Photos of reinforcing bars exposed to different temperatures and chloride contents (Source B).

Fig. 10—Mass loss of reinforcing bars as percentages to original mass for both Sources A and B at different temperatures.
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concentration of 0.6% are presented in Fig. 11 for tempera-
tures of 20 and 35°C (68 and 95°F). These results suggest that 
the nature of the film formed on the steel surface probably 
remained unchanged at these temperatures and low chlo-
ride contents (0.15 to 0.6%). To probe it further, the EDX 
analyses were performed for the film formed on the exposed 
steel reinforcing bars under the previously described condi-
tions. The analysis results are recorded in Table 4.

It is pertinent to mention here that though the EDX  
analysis does not provide very accurate results, it certainly 
gives an idea about the approximate elements present in the 
tested materials. Interestingly, despite adding chloride content 
in concrete, chloride ions were unable to reach the steel surface 
exposed to temperatures of 20 and 35°C (68 and 95°F) (no 
chloride was detected on the surface; refer to Table 4) during 
the test period. It is reported that the natural passive film 
formed on the steel surface in chloride-free alkaline concrete 
pore solution is composed of maghemite (λ-Fe2O3) and magne-
tite (Fe3O4).34,35 Theoretically, the iron and oxygen contents in 
these types of film are 70% and 30% (λ-Fe2O3), and 72% and 
28% (Fe3O4), respectively. The data recorded in Table 4 are 
approximately in this range for oxygen and iron, indicating 
that chloride addition in concrete at these tested temperatures 
(20 and 35°C [68 and 95°F]) had no deteriorating effects on the 
natural passive film developed on the steel reinforcing bars’ 
surface. In addition to these phases, CaCO3 was also detected, 
indicating that portlandite from the concrete was also depos-
ited on the reinforcing bars’ surface. Interestingly, Ca content 
was considerably reduced with an increase in temperature 
from 20 to 35°C (68 and 95°F). It is known that the co- 
deposition of alkaline portlandite with phases of passive film 
strengthens its protective properties. To confirm it further, 
a small sample cut from the retrieved reinforcing bar from 
concrete blended with 0.6% chloride kept at 35°C (95°C) was 
subjected to phase analysis using X-ray diffraction (XRD). 
The results did not yield any peak, probably due to the very 
thin layer of film, which was below the limit of XRD sensi-
tivity. The Raman spectroscopy, however, yielded the peaks 
of Raman shift, as shown in Fig. 12. The analyzed results indi-
cate that the major peaks of maghemite (λ-Fe2O3) with some 
peaks of calcium carbonate are formed on the surface of the 
reinforcing bar.

These findings corroborate the results of SEM and EDX 
analysis recorded in Fig. 11 and Table 4, indicating the 
formation of an identical thin layer of maghemite with port-
landite, which resisted the attack of chloride on the surface 
of reinforcing bars embedded in concrete.

Effect of higher temperature on morphology of corrosion 
products—Specimens with 1.2% of chloride content kept at 
50 and 65°C (122 and 149°F) exhibited a thick crust of rust 
on the surface of exposed reinforcing bars. SEM and EDX 
analyses of corrosion products formed under the previous 
test conditions for the steel reinforcing bars of Source A 
were conducted. The microphotographs of corrosion prod-
ucts formed on the surface of reinforcing bars embedded 
in concrete with 1.2% chloride at 50°C (122°F) and with 
different concentrations of chloride kept at 65°C (149°F) are 
shown in Fig. 13 and 14. Because the addition of chloride 
below 1.2% at 50°C (122°F) did not exhibit visible rust, the 
detailed studies were performed only at 1.2% addition of 
chloride for 50°C (122°F) specimens and for the other sets 
of reinforcing bars embedded in 65°C (149°F) specimens 
with different concentrations of chloride. For comparison 
purposes, the magnification of images for all samples was 
fixed at 5000×.

Microphotographs shown in the previous figures exhibit 
different features with variations in chloride concentrations. 
It appears that different types of phases are formed in the 
layer of rust. The shapes of corrosion products deposited 
in the rust layer are considerably bigger in specimens with 
1.2% chloride exposed to 65°C (149°F) than those noted for 
50°C (122°F) specimens (Fig. 13 and 14(d)). EDX analysis 
of the rust was performed, and results are summarized in 
Table 5. It is seen from the data recorded in the table that 
element Ca, which probably came due to the co-deposition 

Table 4—Elemental analysis of film formed on 
steel reinforcing bars of Source A at 20 and 35°C 
with chloride contents of 0.15 and 0.60%

Temperature

Chloride, %

0.15 0.60

Fe O Ca Fe O Ca

20°C (68°F) 71.6 27.3 1.1 73.2 26.4 0.4

35°C (95°F) 73.1 25.4 1.5 70.8 28.6 0.6

Fig. 11—Morphology of film formed on surface of steel reinforcing bars of Source A at 0.60% Cl exposed to: (a) 20°C (68°F); 
and (b) 35°C (95°F).
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of portlandite in the rust layer, is detected in rust of 50°C 
(122°F) specimens (1.2% chloride) and in corrosion products 
formed in lower chloride concentrations (0.15 and 0.30%) of 
65°C (149°F) specimens. However, it was not detected at 
higher chloride concentrations of 65°C (149°F) specimens. 
These facts suggest that elevated temperature and chloride 
content in concrete discouraged portlandite from getting 
adsorbed on the steel surface. Further, chloride content in 
rust is noted to increase with the rise in the addition of chlo-
ride in concrete (Table 5).

In view of very distinct differences in morphologies of rusts 
of 50 and 65°C (122 and 149°F) specimens with 1.2% chlo-
ride, it was considered important to identify the phases present 
in these two types of rusts. Raman spectra of the previous 
stated two types of rusts were collected and are shown in 
Fig. 15 and 16. Multiple phases of rust formed on the surface 
of both reinforcing bars are detected. Distinct peaks of hema-
tite and a very strong peak of magnetite are detected in this 
rust. In the case of 65°C (149°F) with 1.20% chloride, the 
peaks of hematite disappeared. Very distinct peaks of lepido-
crocite (λ-FeOOH), akageneite (β-FeOOH), magnetite, and a 

strong peak of quartz (1291.77 cm–1) are detected. In this case, 
the absence of the akageneite phase of rust at 50°C (122°F) 
but its appearance in the rust formed at the higher tempera-
ture of 65°C (149°F) is a conspicuous observation and needs 
special attention. The akageneite form of rust is formed in the 
presence of higher contents of chloride in corroding media, 
and its formation is facilitated in the presence of certain 
cations and anions and decreased pH values.36 The formation 
of this phase of rust may be attributed to increased diffusion 
of chloride in the pore solution, which was catalyzed by an 
increase in temperature from 50 to 65°C (122 to 149°F). It is 
interesting to note that though 1.2% chloride was present at 
50°C (122°F) as well as at lower temperatures, the akageneite 
phase of rust was detected only when the temperature was 
increased to 65°C (149°F). This indicates that the diffusion of 
chloride at the corroding interface is predominantly controlled 
by temperature and not chloride concentration.

Corrosion initiation
Corrosion potential and corrosion current of steel rein-

forcing bars embedded in concrete are good indicators 

Fig. 12—Raman spectra of passive film formed on surface of steel reinforcing bars of Source A at 0.60% Cl and 35°C (95°F).

Fig. 13—Morphology of corrosion products formed on surface of steel reinforcing bars of Source A at 1.2% Cl and 50°C (122°F).
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for corrosion initiation. In ASTM C876,37 the probability 
of corrosion is more than 10% if the corrosion potential 
of the reinforcing bar is negatively greater than 200 mV 
versus copper sulfate electrode (CSE). If the corrosion 
potential of the reinforcing bar is negatively greater than 

350 mV versus CSE, then the probability of corrosion is 
more than 90%. For corrosion rate, the steel reinforcing 
bars can be classified as passive if the corrosion rate is less 
than 0.1 µA/cm2; the range values of 0.1 to 0.2  µA/cm2  
can be considered the transition zone between active and 

Fig. 14—Morphology of corrosion products formed on surface of steel reinforcing bars of Source A exposed to 65°C (149°F) 
at: (a) 0.30% Cl; (b) 0.60% Cl; (c) 0.90% Cl; and (d) 1.20% Cl.

Table 5—Elemental analysis of film formed on steel reinforcing bars exposed to 50 and 65°C with different 
chloride contents

Temperature

Chloride, %

0.15 0.30 0.60 0.90 1.20

50°C (122°F) — — — — Fe = 14.96 O = 51.92 
Si = 7.66 Ca = 25.46

65°C (149°F) Fe = 16.99 O = 51.08 
Si = 5.80 Ca = 26.13

Fe = 11.28 O = 51.54 
Si = 10.92 Ca = 26.26

Fe = 48.38 O = 50.94 
Cl = 0.68

Fe = 55.06 O = 44.14 
Cl = 0.80

Fe = 54.45 O = 44.54 
Cl = 1.01

Fig. 15—Raman spectra of rust formed on steel reinforcing bars of Source A at 1.2% Cl and 50°C (122°F).
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passive corrosion.38 The value of 0.1 µA/cm2 is widely 
accepted in the literature to distinguish the corrosion activity 
zone from the passivity zone.39-43 Mass loss can also be used 
to verify the depassivation of reinforcing bars embedded in 
concrete if they are exposed to an aggressive environment 
for long enough to allow the appearance of corrosion signs 
and the formation of corrosion products. The amount of 
mass loss of uncorroded reinforcing bars due to the oxidizing 
material used in cleaning reinforcing bars can be used as a 
criterion to identify the corrosion activity zone. This value of 
mass loss, which is called processing loss, varies according 
to the cleaning procedure adopted for removing corrosion 
dust from the reinforcing bars.

CT values based on corrosion potential—In this study, 
the criterion of 10% probability of corrosion adopted by 
ASTM C876 is used to establish the CT values for the steel 
reinforcing bars exposed to the four investigated tempera-
tures (20, 35, 50, and 65°C [68, 95, 122, and 149°F]). The 
average corrosion potential values of the reinforcing bars 
of Sources A and B are plotted against the water-soluble 

chloride to predict the CT values for the four investigated 
temperatures, as shown in Fig. 17. It can be seen from this 
figure that the CT values are almost comparable for both 
sources of reinforcing bars at all investigated temperatures. 
Based on the adopted value of –200 mV CSE (the 10% prob-
ability of corrosion in ASTM C876), CT values, expressed 
as water-soluble chlorides, are determined and listed in 
Table 6 for both reinforcing bar sources.

CT values based on corrosion rate—The corrosion rate value 
of 0.1 µA/cm2 is adopted in this paper to consider the corrosion 
initiation of carbon steel reinforcing bars embedded in concrete, 
as discussed earlier. The average corrosion rate values of steel 
reinforcing bars of Sources A and B are plotted against the 
water-soluble chloride to predict the CT values for the four inves-
tigated temperatures, as shown in Fig. 18. Similar to the results 
of corrosion potential, the figure shows that the CT values are 
approximately comparable for both sources of reinforcing bars at 
all investigated temperatures. The obtained CT values expressed 
as water-soluble chlorides are listed in Table 6 for both sources 
of reinforcing bars. The acid-soluble (commonly referred to as 

Fig. 16—Raman spectra of rust formed on steel reinforcing bars of Source A at 1.2% Cl and 65°C (149°F).

Fig. 17—Determination of CT values based on corrosion potential for different exposure temperatures.
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total) CT values can be obtained from the water-soluble values 
using Eq. (2). The acid-soluble CT values of 1.22 and 1.24% 
by weight of cement for Sources A and B, respectively, at the 
normal temperature of 20°C (68°F) are similar to the total CT 
value of 1.24% obtained by Alonso et al.40 and that of 1.10% 
by weight of cement obtained by Manera et al.41 considering 
the same criterion of 0.1 µA/cm2 used to distinguish the active 
corrosion region from the passive region.

CT values based on mass loss—The concept for deter-
mining the CT values based on the measurements of mass 
loss of corroded reinforcing bars and processing loss of 
uncorroded reinforcing bars is adopted from previous 
research.44-46 To get a standard value for mass loss that can 
be considered as a criterion to distinguish passive steel rein-
forcing bars from corroded ones in this study, the cleaning 
procedure for removing corrosion products was applied to 
16 uncorroded samples (the samples with zero added Cl in 
this study). The mean processing loss was 0.163% with a 
standard deviation of 0.026, and 0.158% with a standard 
deviation of 0.033 for reinforcing bar samples of Sources A 
and B, respectively. For simplicity, the overall average mass 
processing loss plus two times the standard deviation of all 
samples (0.16 + 0.06%) was chosen as a transition value 

between the uncorroded and corroded reinforcing bars for 
the purpose of determining the CT values of the reinforcing 
bars in this study. The criterion of using the mean processing 
loss plus twice the standard deviation was adopted based 
on the work of Thomas.45 The mass loss values of all rein-
forcing bars are plotted against the water-soluble chloride to 
predict the CT values for the four investigated temperatures 
as shown in Fig. 19. Due to the high mass loss of reinforcing 
bars exposed to 65°C (149°F) at high added chlorides (0.6, 
0.9, and 1.2%), only those with low chlorides (0, 0.15, and 
0.3%) were considered to determine the CT values so that 
the scale on the vertical axis would be appropriate. It can be 
seen from this figure that there are two trends for the varia-
tion of mass loss with the variation of chloride content. First, 
the increase in chloride content does not affect the mass loss 
up to specified values of chloride content. Then, the increase 
in chloride content increases the mass loss of reinforcing 
bars in a linear trend. The abscissa of the intersection point 
between this trend line and the horizontal border line of 
the adopted mass loss transition value can be considered 
as the CT value for depassivation of steel reinforcing bars. 
The obtained CT values by this method at all investigated 
temperatures expressed as water-soluble chlorides are listed 

Table 6—Water-soluble CT values based on corrosion potential, corrosion rate, and mass loss at  
different temperatures

Exposure temperature

Water-soluble CT values, % cement weight

Corrosion potential Corrosion rate Mass loss

Source A Source B Source A Source B Source A Source B

20°C (68°F) 0.74 0.87 1.04 1.05 0.79 0.76

35°C (95°F) 0.78 0.81 0.96 1.00 0.72 0.73

50°C (122°F) 0.51 0.48 0.67 0.64 0.46 0.49

65°C (149°F) 0.14 0.13 0.18 0.18 0.11 0.12

Fig. 18—Determination of CT values based on corrosion rate for different exposure temperatures.
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in Table 6 for both reinforcing bar sources. The acid-soluble 
CT values obtained in the current study for 20°C (68°F) lay 
in between the two values of 0.70% and 0.96% by weight of 
cement found by Thomas45 and Treadaway et al.,44 respec-
tively, under similar conditions, which validate the findings 
of this research.

The values obtained in Table 6 for the two reinforcing 
bar sources at the different examined temperatures are veri-
fied by the visual inspection of reinforcing bars presented 
in Fig. 8 and 9. For temperatures of 20 and 35°C (68 and 
95°F), it can be seen from the photos of the reinforcing bars 
that there are no signs of corrosion for reinforcing bars with 
added chlorides up to 0.6% (0.58% water-soluble Cl). Clear 
signs of corrosion are seen on reinforcing bars with added 
chlorides of 0.9% (0.83% water-soluble Cl) and 1.2% for 
both reinforcing bars sources. This indicates that the CT 
value is in the range of 0.6 to 0.9%, which conforms to 
the values reported in Table 6. For a temperature of 50°C 
(122°F), signs of corrosion can be seen for reinforcing bars 
with added chlorides of 0.6% and higher for both reinforcing 
bar sources. On the other hand, no signs of corrosion for rein-
forcing bars with added chlorides of 0.3% (0.33% water-sol-
uble Cl) and lower were observed. This indicates that the 
water-soluble CT value for 50°C (122°F) is in the range of 
0.30 to 0.6%, which is consistent with the values reported in 
Table 6. The photos of the reinforcing bars exposed to 65°C 
(149°F) show signs of corrosion for added chloride of 0.15% 
(0.20% water-soluble Cl) and higher Cl contents. The only 
reinforcing bars that do not exhibit corrosion are those with 
zero added chloride, which indicates that the water-soluble 
CT value at this temperature should be in the range of 0.0 to 
0.20% by weight of cement.

It is obvious from Table 6 that for every different method 
used to determine the CT values, the results are similar for 
both sources of steel reinforcing bars (A and B) at the same 
investigated temperature. It should be noted that the avail-
able literature data investigating the effect of metallurgy of 
steel reinforcement on the corrosion initiation in alkaline 
environments are limited, and the output results are contra-
dictory, as reported by RILEM TC 262-SCI.47 Nair and 
Pillai48 found a slight difference in the CT values for coupon 
specimens cut from a tempered martensite periphery and a 
ferrite-pearlite core of a quenched and tempered steel rein-
forcing bar, which were immersed in simulated pore solu-
tions (pH ≈ 13) with various chloride contents. The average 
CT values for the ferrite-pearlite specimens were slightly 
lesser (by approximately 10 to 15%) than for the tempered 
martensite specimens.

In this study, the effect of the metallurgy on the corrosion 
initiation was not significant. Therefore, the average CT 
values from both sources (A and B) are used in Fig. 20 to 
summarize the effect of temperature on the CT values. As 
shown in this figure, the CT values obtained by the corro-
sion potential are relatively lower than those obtained by 
the corrosion rate method, which is consistent with what 
was found by Xu et al.49 for normal temperature. The CT 
values obtained by mass loss are the lowest. In general, the 
CT values decrease with the increase in temperature regard-
less of the method used. The increase in temperature from 
20 to 65°C (68 to 149°F) causes a significant reduction in 
the CT value by approximately 80%, which is consistent 
with the results presented by Hussain et al.22 The CT values 
obtained by the three methods at 65°C (149°F) have a partic-
ular significance because they are below the limits specified 

Fig. 19—Determination of CT values based on mass loss for different exposure temperatures.
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in most local and international codes, such as ACI 3187 and 
SBC 30450 for RC members, even those not exposed to an 
external source of chloride. This condition is very critical for 
RC structures in hot climate regions exposed to direct sun.

CONCLUSIONS
The effect of a tropical climate with high temperature and 

humidity on the chloride threshold (CT) value of carbon steel 
reinforcing bars in concrete was investigated. The following 
conclusions can be made based on the results reported in 
this paper:
•	 The CT value for corrosion of steel reinforcing bars in 

concrete displayed significant temperature dependency. 
The CT values obtained from corrosion potential, corro-
sion rate, and mass loss showed a consistent trend of 
lower values at higher temperatures.

•	 At temperatures of 50 and 65°C (122 and 149°F), 
a dramatic drop in CT values was observed from the 
results of the three measurement techniques, with the 
CT value at 65°C falling below the boundary limits 
specified in codes such as ACI 318 and SBC 304.

•	 Based on the results of mass loss, the average CT values, 
expressed as water-soluble chloride, are 0.77% at 20°C 
(68°F), 0.72% at 35°C (95°F), 0.47% at 50°C (122°F), 
and 0.12% at 65°C (149°F) by weight of cement.

The findings of this study highlight the need to reassess 
current code limits considering hot climates. It is recom-
mended to investigate the effect of temperature on the CT 
value of steel reinforcement in concrete considering the use 
of supplementary cementitious materials, external sources of 
chloride, and different water-cementitious materials ratios.
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