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� LETTER FROM THE EDITORS-IN-CHIEF
As 2024 begins, we are fortunate to look back at a 

successful 2023 and look forward to an exciting new year. 
First and foremost, we thank all authors for their excellent 
contributions to the ACI Structural Journal and ACI Mate-
rials Journal. In 2017, ACI began a transition in journal 
management by appointing editorial boards. On behalf of the 
editorial boards, we thank the reviewers for their commit-
ment to providing timely, high-quality reviews. We have 
been fortunate to have a great community of reviewers who 
have stepped up to provide these reviews while remaining 
dedicated to the high quality and success of the journals.

It is important to recognize that ACI has a phenomenal 
search engine that members can use to identify resources 
that have appeared in ACI publications (https://www.
concrete.org/publications/internationalconcreteab-
stractsportal.aspx). The ACI journals are a great resource 
for ACI committees, ACI members, and students. Students 
are able to access these resources and more through their 
free membership (https://www.concrete.org/membership/
becomeamember.aspx). This search engine also includes 
a large number of International Partners. ACI has worked 
to inform readers of the contents of the journal when new 
issues of the journal are made available online, and this 
service reaches over 27,000 members. 

The editorial board has worked closely with ACI staff 
to institute new policies and practices for the journal. The 
dual-unit requirement has been eliminated to encourage the 
solicitation and publication of more international papers. 
The board has also permitted papers that are slightly longer, 
moving the word limit from 10,000 to 12,000 words per 
paper. Special issues were introduced in 2019 to provide 
focus on timely topics and emerging areas. Specifically, the 
ACI Materials Journal hosted special issues on pozzolans 
and chlorides in 2019, computational modeling in 2020, 
rheology and additive manufacturing in 2021, and sustain-
ability and resilience in 2023 (https://www.concrete.org/
publications/acistructuraljournal/specialissues.aspx). 

The board and staff have worked diligently to reduce 
the time to publication, reducing the average time from 

submission to publication from 11.2 to 8.0 months for the 
ACI Structural Journal and from 9.0 to 6.7 months for the 
ACI Materials Journal. It can also be noted that from 2014 
to 2022, the impact score increased from 1.22 to 1.83 for the 
ACI Materials Journal and from 1.24 to 1.88 for the ACI 
Structural Journal. 

While it is important to reflect on measures taken and 
their impact, it is also important to look toward the future. 
The editorial board is committed to continual improvement. 
During 2022 and 2023, the editorial team made several 
recommendations that will be implemented in 2024. First, 
the journals will institute associate editors for the first time. 
The associate editors will aid in recruiting high-quality 
manuscripts, providing strategic suggestions to the editorial 
board for journal development, and coordinating the manu-
script review process. Second, ACI articles will be more 
prominently shared through SmartBrief. 

Finally, the inaugural Editors-in-Chief, Robert Frosch 
for the ACI Structural Journal and Jason Weiss for the ACI 
Materials Journal, will complete their terms of appointment 
in 2023 and 2024, respectively. We want to personally thank 
all the authors, reviewers, editorial board members, and 
ACI staff for all their help throughout the last 6+ years. We 
are pleased to announce that Mike Kreger has been named 
Editor-in-Chief of the ACI Structural Journal and Shiho 
Kawashima has been named Editor-in-Chief of the ACI 
Materials Journal.

The ACI journals continue to strive to publish papers on 
high-quality research pertaining to civil engineering mate-
rials and structures. Specifically, ACI focuses on papers that 
impact practice using hypothesis-driven, high-level scien-
tific research.

Sincerely,
Mike Kreger, 
Editor-in-Chief, ACI Structural Journal

Jason Weiss,
Editor-in-Chief, ACI Materials Journal
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Inconsistencies in standards and codes result in confusion, 
increased costs, and do not promote the efficient use of concrete. In 
addition to inconsistencies, the lack of science-based approaches 
and data used for defining criteria in these standards and codes 
can limit the reliability and trust of these requirements. A review 
of industry documents indicates that inconsistencies and lack of 
science-based approaches exist across many documents, both 
throughout the industry and within ACI, relating to the corrosion 
of steel reinforcement embedded in concrete. This paper proposes 
to address five key issues to promote science-based standardization 
of requirements necessary for reinforced concrete systems exposed 
to corrosive conditions. These five issues include the need for: 1) 
standardization of chloride testing methods and requirements; 2) 
standardization of chloride reporting units; 3) standardization of 
terminology for specifying chlorides in cementitious systems; 4) 
standardization of exposure classifications for corrosive condi-
tions; and 5) standardization of allowable chloride limits.

This paper presents current inconsistencies in guide documents 
and codes for each of the items listed previously and then proposes 
an approach to standardize each using either available data and/
or a scientifically based approach. Recommendations for testing, 
reporting, definition of exposure classifications, and allowable 
chloride limits are then proposed. It is hoped that the systematic 
approach used herein will lead to standardization and consistency, 
less confusion, and will promote the efficient use of durable and 
economical concrete.

Keywords: admixed chloride; allowable chloride concentration; corrosion; 
critical chloride concentration; exposure classification; limit state design; 
probability of corrosion.

INTRODUCTION AND BACKGROUND
Chlorides in concrete can result in corrosion of the 

embedded steel reinforcement. Chlorides are introduced into 
the concrete either from the constituent materials or from 
the surrounding environment. Chlorides introduced into 
the concrete from the constituent materials (for example, 
water, cement, and aggregates) are referred to as admixed 
chlorides, Cadmix. Small amounts of admixed chlorides in 
new concrete typically do not result in corrosion activity. 
However, to minimize the risk of reinforcement corrosion 
when the concrete constituent materials contain chlorides, 
many specifying documents, including documents published 
by the American Concrete Institute (ACI), limit the number 
of chlorides that can be present in new concrete. These limits 
are referred to as the allowable chloride limits, Climit, and 
these limits require that Cadmix ≤ Climit.

ACI documents have a long history of publishing Climit 
values. However, the information in different ACI docu-
ments varies significantly, and justifying and defending 

these chloride limits has been challenging. One reason for 
this is because current ACI documents contain no data on 
how allowable chloride limits have been determined. A 
methodology that can justify these values and can provide 
consistent requirements across all ACI documents is needed.

In addition to chlorides being introduced into the concrete 
from the constituent materials, chlorides can also be intro-
duced to the concrete from the environment in which the 
reinforced concrete is constructed. The rate at which these 
chlorides penetrate the concrete and reduce the service life of 
the structure depends on the concentration of the chloride in 
the exposure solution and the transport mechanisms in which 
the chlorides are transported into the concrete. Current ACI 
documents define several exposure conditions for corrosive 
environments. However, several exposure conditions are not 
included in the published exposure conditions and a system-
atic, science-based approach to define these exposure condi-
tions has not yet been developed. In addition to the need for 
a science-based approach to define allowable chlorides in 
concrete, a systematic methodology based on fundamental 
principles of corrosion is needed to standardize corrosion 
exposure conditions for reinforced concrete systems.

In addition to the need for both standardized and consis-
tent Climit values and exposure classifications, it is important 
that other requirements be standardized for consistency. The 
following sections address existing challenges and needs 
associated with: 1) chloride testing; 2) chloride reporting; 3) 
terminology used for specifying chlorides; 4) definition of 
exposure classifications for reinforced concrete (RC) struc-
tures exposed to corrosive conditions; and 5) quantification 
of allowable chloride limits in concrete. Because solutions 
for items 1 through 3 are straightforward, recommendations 
on standardizing consistent requirements for these items are 
proposed in the following sections. Recommended method-
ologies for defining corrosive exposure classifications and 
allowable chloride limits will require a more detailed and 
comprehensive approach and these proposed methodologies 
will be presented in the “Results” section of this paper.

Title No. 121-M01

Chlorides in Concrete: Science-Based Exposure 
Classifications and Allowable Limits
by David Trejo and Gokul Dev Vasudevan

ACI Materials Journal, V. 121, No. 1, January 2024.
MS No. M-2022-133.R5, doi: 10.14359/51739198, received February 20, 2023, and 

reviewed under Institute publication policies. Copyright © 2024, American Concrete 
Institute. All rights reserved, including the making of copies unless permission is 
obtained from the copyright proprietors. Pertinent discussion including author’s 
closure, if any, will be published ten months from this journal’s date if the discussion 
is received within four months of the paper’s print publication.



6 ACI Materials Journal/January 2024

Testing requirements for chlorides in concrete: 
current practice and new recommendations

Test methods used to quantify chlorides are important in 
understanding the potential risk of corrosion. Table 1 shows 
the criteria for chloride testing in several ACI documents. 
Note that both ASTM C1152/C1152M-20 (2020) and ASTM 
C1218/C1218M-20 (2020) are allowed for quantifying chlo-
rides in new concrete in some ACI documents. Also note 
that ACI 222R-19 and ACI 318-19 allow ASTM C1524/
C1524M-20 (2020) to quantify chlorides in new concrete. 
This is generally used when aggregates contain bound chlo-
rides that are not released over the life of the structure.

Trejo et al. (2019) reported that the ratio of the water-soluble 
(ASTM C1218) to acid-soluble (ASTM C1152) chlorides 
(w/a) can vary from 0.08 and 0.77 for systems containing 
ordinary portland cement (OPC) only, OPC and Type C fly 
ash, OPC and Type F fly ash, OPC and slag, and OPC and 
silica fume. The authors reported that the w/a is significantly 
different for these different systems and because of this, both 
water-soluble and acid-soluble testing for Climit quantities 
should not be allowed. The authors also recommended that 
Climit values should be based on ASTM C1218 testing only or 
C1152 testing only, but not both. However, Ahmed and Trejo 
(2023) later reported that water-soluble testing following 
ASTM C1218 is sufficiently conservative to account for 
chlorides that may be released because of carbonation. 
The authors then recommended that only ASTM C1218 be 
required to quantify Cadmix when assessing if Cadmix ≤ Climit. 
Because there is little correlation between water-soluble 
(ASTM C1218) and acid-soluble (ASTM C1152) chloride 
testing and because water-soluble chloride testing has been 

reported to be sufficiently conservative, it is recommended 
that all ACI documents require only ASTM C1218 testing to 
assess chlorides in new concrete, with one exception.

The sole exception to requiring ASTM C1218 testing 
should be when coarse aggregate contains chlorides and 
crushing these coarse aggregates as required in the C1218 
test would release chlorides that would likely never be 
released in service. Under these conditions, ASTM C1524 
should be allowed for quantifying chlorides in the aggregates 
and ASTM C1218 should be required for quantifying chlo-
rides in the other combined constituent materials, excluding 
the coarse aggregates. The Cadmix for this case would be the 
sum of the results from the ASTM C1218 and ASTM C1524 
test methods.

Normalization of chlorides in concrete: current 
reporting and new recommendations

The literature commonly reports chloride concentrations 
as: 1) a percentage by mass of concrete; 2) a percentage by 
mass of cement; and 3) a percentage by mass of cementi-
tious materials. ACI documents refer to chloride concen-
trations as a percentage based on cement or cementitious 
materials mass. However, ACI 201.2R-16 and ACI 329R-14 
require chloride content calculations be determined by mass 
of cement only. ACI 350.5-12 bases the determination of 
chloride concentration based on mass of total cementitious 
materials (OPC and supplementary cementitious materials 
[SCMs]), with no reported limits on how much SCM can be 
used in the calculations. The ACI 222 and 318-19 documents 
also allow the inclusion of SCM content when determining 
the percent chlorides, but limit the amount of SCMs that can 

Table 1—Chloride testing criteria in ACI documents

Document/
guide

Table No. in 
document

Required chloride testing 
description Normalized units Relevant details provided in footnotes

ACI 201.2R-16 Table 9.5.2.1.2

1. Acid soluble  
(ASTM C1152/C1152M)  

2. Water soluble  
(ASTM C1218/C1218M)

% by mass of  
cementitious materials

All chloride contents expressed as percent Cl– by mass of 
cement.

ACI 222-19 Table 4.2.3

1. Acid soluble  
(ASTM C1152/C1152M)  

2. Water soluble  
(ASTM C1218/C1218M)

% by mass of  
cementitious materials

1. Portland cement-based systems only. Total cementitious 
material includes portland cement and SCM; however, for 

determining allowable admixed chloride level, the SCM content 
cannot exceed the portland cement content.  

2. Typically interior concrete protected from moisture, high 
humidity, or both.

ACI 301-20 Table 
4.2.2.6(e)

Maximum water-soluble 
chloride ion (Cl–) content 
in concrete (no test stan-

dard defined)

% by mass of  
cementitious materials

The maximum cementitious materials content used in deter-
mining chloride content shall not exceed two times the mass of 

portland cement.

ACI 318-19 Table 19.3.2.1

Maximum water-soluble 
chloride ion (Cl–) content 
in concrete (no test stan-

dard defined)

% by mass of  
cementitious materials

The mass of supplementary cementitious materials used in 
determining the chloride content shall not exceed the mass of the 

portland cement.

ACI 329R-14 Table 6.2.2.2
Maximum water-soluble 
chloride ion content in 

concrete (ASTM C1218)
% by weight of cement

Water-soluble chloride ion content that is contributed from the 
ingredients including water, aggregates, cementitious materials, 
and admixtures shall be determined on the concrete mixture by 

ASTM C1218 at age between 28 and 42 days.

ACI 350-20 Table 4.3(c)

Maximum water-soluble 
chloride ion content in 

concrete (no test standard 
defined)

% by weight of total 
cementitious materials

Water-soluble chloride ion content that is contributed from the 
ingredients including water, aggregates, cementitious materials, 
and admixtures shall be determined on the concrete mixture by 

ASTM C1218 at age between 28 and 42 days.
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be used in the calculation to no more than the mass of the 
OPC. ACI SPEC-301 limits the SCM content when deter-
mining chloride content to no more than two times the mass 
of the OPC. Table 1 shows a summary of these cases.

Should the normalization of the chloride concentra-
tion be a function of OPC content, OPC+SCM content, or 
OPC+SCM with some SCM limit? Azad and Isgor (2016) 
reported that the addition of SCMs, up to approximately 
50% replacement, can provide similar resistance to chlo-
ride-induced corrosion and therefore suggest limiting the 
amount of SCMs when determining percent chlorides to no 
more than the OPC content. Having different requirements 
for normalizing the chloride content in the ACI documents 
results in confusion. Because data are available from Azad 
and Isgor (2016), it is recommended that calculations for 
determining chlorides in concrete now be based on the mass 
of OPC and SCM, where the SCM content for calculation 
purposes shall not exceed the OPC mass. Updates can be 
made if new information becomes available.

Terminology for specifying Climit values: current 
practice and recommendations

ACI 301, 318, and 350.5 all limit the Climit by specifying 
the “maximum water-soluble chloride-ion (Cl–) content 
in concrete, percent by mass of cementitious materials.” 
ACI 329 has the same text with the exception of requiring 
only by mass of cement. ACI 201.2 simply states that the 
Climit values are “limits to chlorides in newly constructed 
concrete,” and ACI 222 specifies “chloride limit for new 
construction (percent by mass of cementitious material).” 
Although all seem similar, these differences cause confusion 
and consistent standardization across all documents would 
be beneficial.

In addition to standardizing the terminology in ACI docu-
ments, the documents provide no guidance on how many tests 
should be performed to quantify Cadmix (where Cadmix must be 

equal to or less than Climit). Is one test sufficient to quantify 
Cadmix as long as it does not exceed the Climit? Because this 
paper will later introduce a probabilistic approach to define 
Climit values, the authors recommend requiring more than 
one test for quantifying Cadmix. The following text for the 
requirement of Climit is recommended for all ACI documents:

“Maximum mean water-soluble chloride content, percent 
by mass of cementitious materials1,2,3”

with the following footnotes:
1. Testing to be performed on concrete of ages between 

28 and 42 days following ASTM C1218 requirements with a 
minimum of three test samples required;

2. When determining percent by mass of cementitious 
materials, mass of SCM cannot exceed mass of OPC; and

3. Applicable for conventional black reinforcement only.
The importance of requiring a “mean” value will be 

discussed later.

Exposure classifications: current practice and 
needs

Corrosion of steel in concrete is an electrochemical 
process requiring well-defined conditions. Exposure classi-
fication should be dependent on conditions that cause this 
corrosion. However, this is currently not the case. Table 2 
shows the current exposure classifications from six different 
ACI guides, codes, or specifications. In general, these docu-
ments specify environmental exposures as dry, exposed to 
moisture but not external chlorides, and exposed to mois-
ture with external chlorides. Note that ACI 350-20 includes 
a very severe classification, EC3, where concrete is exposed 
to chemicals including gases that cause more corrosion than 
a severe condition. It is important to note herein that corro-
sion of metals requires at least two conditions in addition to 
the presence of the metal: moisture and oxygen. However, 
due to the high pH of concrete pore solution, conventional 
reinforcement is generally protected from corrosion. But if 

Table 2—Exposure classifications reported in ACI documents

Document/guide Category Class Condition Severity

ACI 222-19 and  
ACI 201.2R-16

RC in wet conditions NA NA NA

RC in dry or protected 
conditions NA NA NA

ACI 318-19 and  
ACI 301-20

Corrosion protection of 
reinforcement

C0 Concrete dry or protected from moisture NA

C1 Concrete exposed to moisture but not to an external source of chlorides NA

C2 Concrete exposed to moisture and an external source of chlorides from deicing 
chemicals, salt, brackish water, seawater, or spray from these sources NA

ACI 329R-14 Corrosion protection of 
reinforcement

C0 Concrete dry or protected from moisture NA

C1 Concrete exposed to moisture but not to an external source of chlorides Moderate

C2 Concrete exposed to moisture and an external source of chlorides from deicing 
chemicals, salt, brackish water, seawater, or spray from these sources Severe

ACI 350-20 Corrosion protection of 
metals

EC0 Concrete that will be dry or protected from moisture in service Negligible

EC1 Concrete that will be exposed to moisture but to no more than 500 ppm of chloride 
from external source Moderate

EC2 Concrete that will be exposed to moisture and an external source of chlorides in 
service—from deicing chemicals, salt, seawater, or spray from these sources Severe

EC3 Concrete that will be exposed to chemicals including gases that are more corrosive 
than those described in EC2 Very severe
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admixed chlorides are sufficiently high or if chlorides are 
transported into the concrete and reach a critical concentra-
tion at the steel reinforcement surface, corrosion will initiate 
and propagate.

Therefore, three environmental conditions, not two, will 
influence the corrosion initiation and propagation of the 
conventional steel reinforcement embedded in non-carbon-
ated concrete; these include: 1) the presence of moisture; 2) 
the presence of oxygen (at the cathode); and 3) the amount 
of chlorides present in the new concrete and/or surrounding 
environment. When chlorides are present in the constituent 
materials, the probability of active corrosion increases with 
increasing chloride concentrations. This is why ACI and 
other organizations limit chlorides in new concrete.

When an RC structure is exposed to an environment 
that contains chlorides, the chloride concentration and 
the manner in which the chlorides are transported into the 
concrete can influence the time to corrosion and service life. 
For example, when an RC structure is exposed to a solution 
containing chlorides and the exposure condition includes 
wetting and drying of the concrete (for example, in splash or 
tidal zones), the main mechanism of chloride transport into 
the concrete is through absorption. Alternatively, when RC 
is exposed to a solution containing chloride and the exposure 
is continuous, the main mechanism of chloride transport is 
diffusion (and possibly permeation). In general, the transport 
of chlorides through absorption is much faster than diffu-
sion-only transport. Therefore, the type of chloride exposure 
is important.

In addition, if a structure is exposed to wetting-and-drying 
cycles but is only intermittently exposed to wet cycles 
containing chlorides (for example, application of anti-icers 
or deicers), the number of chloride applications will also 
influence the time to corrosion. So, in addition to the type of 
exposure, the number of chloride applications will also be an 
influencing factor for defining exposure classifications. How 
these will be included in the definition of exposure classifi-
cations is presented later.

Climit values: existing specified limits and needs
In addition to the various chloride testing methods being 

allowed with little correlation between these test methods 
and varying normalization methods for reporting chloride 
concentrations, many of the published Climit values vary 
throughout ACI documents. Table 3 shows the Climit values 
published in the ACI documents. One reason for these vari-
ations in Climit values is the lack of Ccrit data necessary to 
justify these limits. It is important to note that if Climit values 
are published to minimize the probability of corrosion, 
it must be known how much chlorides cause corrosion. 
Chopperla et al. (2022) provided a comprehensive assess-
ment of challenges and inconsistencies associated with ACI 
documents and Climit values. If the amount of chlorides that 
result in active corrosion of steel reinforcement embedded in 
concrete is not defined, how can a justifiable limit on Cadmix 
be defined? Having Ccrit data will allow for a limit state 
design (LSD) approach to define Climit values based on some 
probability in which the admixed chlorides would result in 
active corrosion of the reinforcement. Fortunately, Ccrit data 

are now becoming available, and significantly more data will 
be available in the near future from on-going research. These 
data will provide for more comprehensive, justifiable, and 
defendable Climit values. An LSD approach to define Climit 
values is presented later.

RESEARCH SIGNIFICANCE
Criteria necessary for designing corrosion-resistant RC 

structures varies significantly throughout the concrete 
industry. Standardization and consistency are needed. In 
addition to standardizing testing requirements, reporting 
methods, and terminology used for testing and reporting, 
standardization of exposure conditions and allowable chlo-
rides for new concrete is sorely needed. Unfortunately, 
allowable chloride limits specified by many organizations, 
including ACI, are subjective, deterministic, and lack a 
scientific foundation. A systematic framework that specifies 
Climit values based on Ccrit data and some acceptable risk of 
corrosion (that is, probability of failure, Pf) could lead to 
standardized requirements. However, because Climit values 
are dependent on exposure conditions, exposure classifi-
cations must also be standardized. In this work, exposure 
classifications, based on electrochemical fundamentals, are 
proposed. Following this, a systematic probabilistic frame-
work that specifies Climit values is developed based on LSD 
principles. The benefits offered by this framework include 
providing a systematic and scientific approach to specify 
Climit values, allowing specifiers to modify Climit values when 

Table 3—Climit values specified in ACI documents

Document/
guide Category Class

Acid soluble 
(ASTM 
C1152/

C1152M)*

Water 
soluble 
(ASTM 
C1218/

C1218M)*

ACI  
201.2R-16

RC in dry 
or protected 
conditions

NA 0.20 0.15

RC in wet 
conditions NA 0.10 0.08

ACI 
222-19

RC in dry 
or protected 
conditions

NA 0.30 0.25

RC in wet 
conditions NA 0.20 0.15

ACI 
318-19 and  

ACI 
301-20

Corrosion  
protection of rein-

forcement (C)

C0

NA

1.00

C1 0.30

C2 0.15

ACI  
329R-14

C  
Corrosion 

protection of 
reinforcement

C0

NA

1.00

C1 0.30

C2 0.15

ACI 
350-20

Corrosion protec-
tion of metals

EC0

NA

0.10

EC1 0.10

EC2 0.10

EC3 0.10

*For exact terminology, please refer to Table 1.
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different materials are used, and allowing different Climit 
values for different acceptable risks.

RESULTS AND DISCUSSION
In the earlier sections of this paper, it was noted that 

ACI documents have various requirements for specifying 
and quantifying chlorides in new concrete, and these same 
documents report various Climit values. In addition, the docu-
ments have no standardized exposure classifications, and 
the methodology for defining these exposure classifications 
seems to be subjective and non-scientific. These issues cause 
confusion in our industry and can lead to inefficiencies and 
increased costs for RC systems. The previous sections iden-
tified five issues within the ACI documents and provided 
recommendations for three of these issues: 1) standardiza-
tion of a required testing method for quantifying Cadmix in 
concrete; 2) standardization of the normalization of chloride 
concentrations; and 3) standardization of the terminology 
used to specify Climit values. The two additional issues 
require a more comprehensive discussion and assessment.

The first additional issue includes the development of a 
systematic and science-based approach for defining expo-
sure classes. This approach should be based on electrochem-
ical principles of steel embedded in concrete. The second 
additional issue is the development of a probabilistic, 
risk-based approach to quantifying Climit values; these are 
presented next.

SCIENCE-BASED APPROACH TO DEFINING 
CORROSIVE EXPOSURE CONDITIONS

In general, ACI documents report Climit values for three 
general exposure conditions: 1) dry exposure conditions; 2) 
wet exposure conditions containing no external chlorides; 
and 3) wet exposure conditions containing chlorides. These 
exposure conditions indicate that moisture and chlorides 
are the only contributing factors for corrosion initiation and 
propagation, which is not correct. The basic electrochem-
ical mechanism of steel exposed to moisture includes both 
anodic (Eq. (1)) and cathodic reactions (Eq. (2)), as follows

	 Fe → Fe2+ + 2e–	 (1)

	 O2 + 2H2O + 4e– → 4OH–	 (2)

Note that for this case, only iron, oxygen, and water need 
to be present for corrosion to occur. As already noted, the 
high pH of the pore solution protects the steel reinforcement 
from corrosion except when chlorides are present. Chlorides 
are believed to react with the iron near the anode as follows

	 Fe2+ + 2Cl– → FeCl2	 (3)

The ferrous chloride that is formed in the reaction between 
iron and chlorides is soluble, thereby exposing the reinforce-
ment to continued chlorides and the potential for continued 
corrosion. Although ACI documents imply that only mois-
ture and chlorides are necessary for corrosion, oxygen is also 
required. This should be included in exposure classifications.

In addition to the presence of water and oxygen, it should 
be noted that it is not just the presence of chlorides that 
influence the durability of the RC system. The rate at which 
chlorides are transported into the concrete towards the steel 
reinforcement will significantly influence the time to corro-
sion and severity of the exposure condition. The rate of chlo-
ride transport is dependent on three exposure conditions: the 
concentration of the exposure solution, the mechanism of 
transport of the chlorides into the concrete, and the duration 
or number of chloride exposures.

The concentration of the chlorides in the exposure solu-
tion influences the rate at which chlorides are transported 
into the concrete; higher exposure solution concentrations 
will result in faster ingress. As such, chloride concentration 
should be considered when developing exposure classifi-
cations. In addition to the chloride concentration, it is well 
established that the mechanism of exposure influences the 
transport rate into the concrete: diffusion-only-based chlo-
ride transport (for example, continuous exposure) is signifi-
cantly slower than absorption-based transport (for example, 
cyclic or wetting and drying exposure). Therefore, the 
mechanism of exposure should also be accounted for when  
developing exposure classifications. Lastly, the duration of 
the exposure (or number of exposures) will influence the 
time to corrosion; a structure exposed to a few chloride 
exposures will be much less likely to exhibit corrosion of 
the embedded reinforcement than a structure that is regu-
larly exposed to the same chloride solution. Therefore, the 
availability of oxygen and moisture, the concentration of 
the chloride exposure solution, the mechanism of transport 
into the concrete, and the duration or number of chloride 
exposures for wetting and drying applications are significant 
factors that should be considered when establishing expo-
sure classifications.

If it is assumed there could be two moisture states (moist 
and dry), two oxygen states (present or not present), three 
chloride levels (none to very low, moderate, and high), and 
two exposure types (continuous and cyclic), a full facto-
rial design would require 24 exposure classifications. Also, 
when both oxygen and moisture are present and the chlo-
ride concentration is moderate or high, exposure conditions 
should be further separated for duration of chloride expo-
sure. As duration of anticipated exposure conditions could 
be difficult to quantify for actual structures, the number of 
chloride exposures may be a more definable term and will 
be used herein. Therefore, another two exposure conditions 
should be included, making for a total of 26 potential expo-
sure conditions.

Table 4 shows the factorial design of the 26 exposure 
conditions considering the influencing variables presented. 
Table 4 also shows the potential for corrosion under these 
conditions. Note herein that CS indicates corrosion from 
salts. Corrosion from carbonation (CC) is not addressed in 
this publication. The NA in the table indicates “not appli-
cable” and that these conditions likely would not occur 
under typical exposure conditions. For example, the condi-
tion when there is no moisture present in the concrete or 
surrounding environment and the chloride level is high 
would likely not occur because chlorides are generally 
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associated with being present in an exposure solution and 
thus, the concrete.

From Table 4, it can be seen that there are six exposure 
conditions for RC systems, from an exposure condition that 
would result in very low or no likelihood of corrosion to an 
exposure condition that could result in a very high poten-
tial for corrosion. The authors should note that an attempt 
has been made to distinguish these different exposure clas-
sifications based on likelihood of future corrosion. These 
classifications are based on the authors’ best knowledge, 
and others may recommend a different number of exposure 
classifications. The contribution herein is not the number of 
classifications but the systematic approach that includes the 
fundamental requirements needed for active corrosion in 
generating these classifications.

The condition where the potential for corrosion is none 
or very low, proposed exposure classification CS0, indi-
cates that the basic conditions required for corrosion are not 
present under these exposure conditions. When oxygen and 
moisture are present, the potential for corrosion depends 

on the concentration of chlorides in the exposure solution, 
the exposure type (continuous or cyclic), and the number of 
chloride solution applications. The exposure classification 
increases with increasing exposure severity. Table 5 summa-
rizes the proposed exposure classifications from CS0 to CS5.

LIMIT STATE DESIGN APPROACH TO DEFINING 
Climit VALUES

LSD, also known as load and resistance factor design 
(LRFD), refers to a design method commonly used in struc-
tural engineering. A limit state is a condition state that no 
longer fulfills some relevant criteria. For example, in struc-
tural design, one limit state could be when the load exceeds 
the capacity of the member, thereby resulting in failure of 
the member (this is often referred to as the ultimate limit 
state). For this work, the limit state criteria relate to the state 
of corrosion of the steel reinforcement embedded in the 
concrete. The limit state herein is defined as the corrosion 
initiation of the steel reinforcement, where active corrosion is 
assumed to be failure. This limit state condition is commonly 

Table 4—Factorial design of factors potentially resulting in corrosion

Oxygen Moisture Chloride concentration
Type of moisture and/or  

chloride exposure Potential for corrosion Exposure classification

Not present

Not present

None
Continuous NA NA

Cyclic NA NA

Moderate
Continuous NA NA

Cyclic NA NA

High
Continuous NA NA

Cyclic NA NA

Present

None
Continuous None/very low CS0

Cyclic NA NA

Moderate
Continuous None/very low CS0

Cyclic NA NA

High
Continuous None/very low CS0

Cyclic NA NA

Present

Not present

None
Continuous None/very low C0

Cyclic NA NA

Moderate
Continuous NA NA

Cyclic NA NA

High
Continuous NA NA

Cyclic NA NA

Present

None
Continuous Low CS1

Cyclic Low CS1

Moderate

Continuous Low/moderate CS2

Cyclic-low* Moderate CS3

Cyclic-high† High CS4

High

Continuous Moderate CS3

Cyclic-low* High CS4

Cyclic-high† Very high CS5

*Corresponds to less than or equal to 10 chloride applications per annum.
†Corresponds to more than 10 chloride applications per annum.
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referred to as a serviceability limit state. In general, a limit 
state separates a desired state from the adverse state (failure) 
and a system designed using LSD should resist “failure” 
during its life, with some appropriate level of reliability (or 
probability of failure).

In this paper, the authors use an LSD approach to quan-
tify Climit values for new concrete based on the distribution 
of Cadmix and Ccrit values and an acceptable probability of 
failure (Pf). This approach evaluates the probability of corro-
sion resulting from admixed chlorides, Cadmix, for conven-
tional steel reinforcement embedded in concrete exposed 
to a wet environment containing no chlorides. The proba-
bility of corrosion is determined for various Cadmix distribu-
tions with different mean values. Using these probabilities, 
a value for Climit+wet can then be determined based on some 
acceptable probability of corrosion. Following this, the 
Climit for the exposure condition where moisture and chlo-
rides are present, Climit-wet+cl, can be estimated knowing that  
Climit-wet+cl should be less than Climit-wet. Note herein that 

the authors recommend that Climit-dry be defined as the Ccrit, 
which will result in Climit-wet+cl ≤ Climit-wet ≤ Climit-dry. Current 
specifications use this logic.

To better understand the approach used herein, Fig. 1 
shows some hypothetical scenarios involving the proba-
bility curves of Cadmix and Ccrit. Figure 1(a) shows the case 
in which the probability curves of Cadmix and Ccrit have very 
little overlap. This signifies that there is very low probability 
of active corrosion. Figure 1(b) shows the case where the 
distribution curves exhibit some small overlap. This signi-
fies there is limited, but some probability of active corro-
sion. Figure 1(c) shows the case where the curves exhibit 
significant overlap. The greater the overlap, the higher the 
probability of active corrosion.

The probability of failure, Pf, involving two normal distri-
butions can be determined by first identifying the reliability 
index, β, determined as follows

	​ β  =  ​ 
​μ​ admix​​ − ​μ​ crit​​  ________________  

​√ 
______________

  ​​(​σ​ admix​​)​​​ 2​ + ​​(​σ​ crit​​)​​​ 2​ ​
 ​​	 (4)

Table 5—Summary of proposed exposure classifications

Oxygen Moisture Chloride concentration Type of moisture and/or chloride exposure Potential for corrosion Exposure classification

Not present Present Any (none to high) Continuous None/very low CS0

Present

Not present None None None/very low CS0

Present

None
Continuous Low CS1

Cyclic Low CS1

Moderate

Continuous Low/Moderate CS2

Cyclic-low number of applications* Moderate CS3

Cyclic-high number of applications† High CS4

High

Continuous Moderate CS3

Cyclic-low number of applications* Moderate/high CS4

Cyclic-high number of applications† Very high CS5

*Corresponds to less than or equal to 10 chloride applications per annum.
†Corresponds to more than 10 chloride applications per annum.

Fig. 1—Examples of different probabilities of corrosion based on overlap of Cadmix and Ccrit.
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where µadmix and µcrit are the mean values of Cadmix and Ccrit; 
and σadmix and σcrit are the standard deviations of Cadmix and 
Ccrit, respectively. The σadmix and σcrit values can be defined 
as a percentage of their respective mean values using their 
respective coefficients of variance (CoV) as follows

	 σadmix = CoVadmix × µadmix	 (5)

	 σcrit = CoVcrit × µcrit	 (6)

Note that the CoV is a critical factor in quantifying Pf. 
Figure 2 shows the difference in Pf when two data sets have 
the same mean, but different CoV values. As CoV increases, 
the overlap between Cadmix and Ccrit also increases, resulting 
in a higher probability of active corrosion and failure, Pf.

The equation to determine β (Eq. (4)) is valid only for 
normal distributions and does not hold true if the assump-
tions of normality are violated. Once β is determined, Pf can 
be estimated as follows

	 Pf = Φ(–β)	 (7)

where Φ is the inverse cumulative normal function. To 
implement the LSD principle, the CoV of both the Cadmix and 
Ccrit distributions are required. The Cadmix and Ccrit data and 
distributions and the subsequent analysis to determine the 
CoV and Pf are presented next.

Cadmix and Ccrit data
In this study, Ccrit values were determined using data 

from the critical chloride testing procedure developed by 
Trejo et al. (2021) and reported by Halmen and Adil (2020). 
These data included results from the ASTM C1152 (acid- 
soluble) test method. Because water-soluble chloride testing is 
recommended for the ACI document requirements, the acid- 
soluble chloride results will be converted to water-soluble 
chloride values using the factor shown in Fig. 3 (Vaddey 

et al. 2020). Note that this conversion is only applicable for 
systems containing only OPC (that is, no SCMs).

Distributions of Cadmix and Ccrit

The Pf depends on the CoV of the Cadmix and Ccrit data sets. 
The eventual Climit values determined herein are determined 
from quantifying the admixed chlorides, Cadmix, from a set of 
81 concrete specimens. Ccrit data are obtained from testing 
54 concrete specimens (Halmen and Adil 2020). Using these 
data sets for Cadmix and Ccrit, Climit values can be determined 
for different risk preferences—that is, different Pf values. In 
this analysis, the authors retain the same distribution and CoV 
for Cadmix and then vary the mean values (µadmix) to identify 
an acceptable probability of failure, Pf, to define the Climit for 
concrete exposed to moisture containing no chlorides (that 
is, Climit-wet). To determine the CoV, data sets of both Cadmix 
and Ccrit concentrations are required. The distributions of the 
Cadmix and Ccrit data can be assessed by constructing histo-
grams. Figure 4 shows the distributions of Cadmix and Ccrit. It 

Fig. 2— Example of effect of CoV on Pf.

Fig. 3—Correlation between acid- and water-soluble chlo-
rides for OPC-only systems.
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can be clearly seen that the distribution of Cadmix is skewed 
to the left, indicating that it is a non-normal distribution. 
This was confirmed using the Kolmogorov-Smirnov (KS) 
test. Unlike the Cadmix data, the distribution for Ccrit appears 
normal and this was affirmed using the KS test for normality. 
The CoVcrit is estimated to be 31.3%, as shown in Fig. 4(b).

As noted earlier, the LSD approach is valid only if both 
underlying distributions are normal. CoVadmis cannot be esti-
mated from the data set shown in Fig. 4(a). Therefore, the 
Cadmix data set needs to be transformed to mimic a normal 
distribution using the Box-Cox transformation approach. 
This is presented next.

Normal approximation of data sets
The LSD approach presented is valid only if the under-

lying distributions (that is, Cadmix and Ccrit) are normally 
distributed. Although central limit theorem states that data 
in sufficiently large numbers (that is, greater than 1000) are 
normally distributed, such large data sets are seldom avail-
able. Normality is an important assumption for many statis-
tical parametric tests (including determining the reliability 
index and failure). Therefore, because the Cadmix distribution 
is skewed (that is, not normal), the results obtained from 
Eq.  (4) and hence, Eq. (7) will be inaccurate if these data 
are used as-is.

One technique to transform the non-normal Cadmix distri-
bution to a normal distribution is to use the Box-Cox trans-
formation. This transformation technique involves applying 
a factor, λ, to transform the data so that it mimics a normal 
distribution. The value of λ corresponding to a non-normal 
dataset can be determined using the following equation

	​ y(λ)  = ​
{

​​ 
​y​​ λ​ − 1

 _ λ  ​       λ  ≠  0​  
log (y )       λ = 0

  ​​​ 	 (8)

where y is the data set to be transformed. Based on the factor λ, 
the Box-Cox approach specifies the most appropriate transfor-
mation for the data set. The value of λ can range between –3 
and 3 and each value corresponds to a specific transformation.

Using Eq. (8), λ was determined to be 0.51 for the Cadmix 
dataset. For a λ value of approximately 0.5, a square root 
transformation is recommended. The transformed Cadmix 
dataset is shown in Fig. 5. It can be seen that this new distri-
bution is not skewed. The normality of the transformed 
distribution was assessed using the KS test and the p-value 
associated with the test indicates the transformed distribu-
tion is normal. The CoVadmix is estimated to be 51.7% as 
shown in Fig. 5. Q-Q plots confirmed the normality of the 
transformed data set.

Probability of failure using LSD approach
The LSD approach can be used to calculate the Pf asso-

ciated with a range of mean Cadmix and mean Ccrit values. 
Table 6 shows the Pf values for select mean Ccrit and Cadmix 
values. Note that only a fraction of the Pf data are shown in 
Table 6 and this table can be expanded along both dimen-
sions. As discussed, the ranges of Cadmix and Ccrit are depen-
dent on many factors. Also, to determine Pf in Table 6, a 
CoVadmix value of 51.7% and a CoVcrit value of 31.3% are 
used, as determined earlier. Note that this table is applicable 
for these conditions only. This table can be used in two ways:

Fig. 4—Cadmix and Ccrit distributions for OPC systems.

Fig. 5—Transformed Cadmix distribution for OPC system.
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1. To specify Climit values based on Cadmix and Ccrit values 
and an acceptable Pf; or

2. To determine Pf associated with certain Cadmix and Ccrit 
values.

The authors show additional “step” lines in Table 6 to 
identify the 1, 2, 3, 4, and 5% Pf values. It should be noted 
that this probability of corrosion is the probability of corro-
sion resulting from the admixed chlorides when both mois-
ture and oxygen are available and therefore, the Climit value 
determined is associated with the Climit-wet condition.

The first step line in Table 6 indicates acceptable Climit-wet 
values for a Pf of 1%. From Table 6, for a Ccrit value of 
0.32% by mass of cement (as reported by Halmen and Adil 
[2020]), the mean Climit-wet value must be less than 0.07% to 
not exceed a Pf of 1%. For the same Ccrit value, the mean 
Climit-wet value must be less than 0.128% to not exceed a Pf 
of 5%. To limit the risk of active corrosion within 2.5%, it is 
recommended to specify Climit-wet values to within the shaded 
grey region.

Note that the values of Climit-wet and Ccrit are mean values, 
and these mean values are significantly different than the 
“maximum” values currently required in the ACI docu-
ments. For example, a mean maximum value of 0.10 with 

a CoV of 50% would have an 83rd percentile value of 0.15 
and a maximum value of a bit more than this.

Table 6 can also be used to determine the probability 
of failure associated with different mean Cadmix and mean 
Ccrit values. For example, for a Ccrit value of 0.36% and a 
Cadmix value of 0.10%, the associated probability of failure is 
1.80%. It can be clearly seen from the table that the proba-
bility of failure increases when the mean values of Cadmix and 
Ccrit become closer in proximity to each other.

The probabilities of failure associated with the Climit values 
specified in some of the ACI documents are shown in Fig. 6. 
In this figure, the ACI documents are either marked with 
a “w,” which denotes water-soluble chlorides, or an “a,” 
which denotes acid-soluble chlorides. For dry conditions 
shown in Fig. 6(b), the Pf is associated with the RC structure 
being exposed to moisture at some point during its service 
life. As noted earlier, there is a lack of consensus among 
the ACI documents regarding Climit values; therefore, the Pf 
associated with each value differs. It can be seen in Fig. 6 
that Pf values range between 1.34 and 100% depending on 
the limits specified for RC in wet and dry conditions with 
no external chlorides (but with some intermittent exposure 
to moisture) in the ACI documents. To overcome these 

Table 6—Probability of corrosion corresponding to mean Cadmix and mean Ccrit values

Critical chloride threshold (Ccrit, % by wt. of cementitious materials)
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0.068 0.0152 0.0137 0.0124 0.0113 0.0103 0.0095 0.0088 0.0082 0.0076 0.0071 0.0067

0.07 0.0164 0.0148 0.0134 0.0122 0.0111 0.0102 0.0094 0.0088 0.0082 0.0076 0.0071

0.072 0.0178 0.0160 0.0145 0.0131 0.0120 0.0110 0.0101 0.0094 0.0087 0.0081 0.0076

0.074 0.0193 0.0173 0.0156 0.0142 0.0129 0.0118 0.0109 0.0101 0.0093 0.0087 0.0081

0.076 0.0209 0.0187 0.0168 0.0152 0.0139 0.0127 0.0117 0.0108 0.0100 0.0093 0.0087

0.078 0.0225 0.0202 0.0181 0.0164 0.0149 0.0136 0.0125 0.0115 0.0107 0.0099 0.0092

0.08 0.0243 0.0217 0.0195 0.0176 0.0160 0.0146 0.0134 0.0123 0.0114 0.0106 0.0098
1% Pf line

0.082 0.0262 0.0234 0.0210 0.0189 0.0172 0.0156 0.0143 0.0132 0.0122 0.0113 0.0105

0.084 0.0282 0.0251 0.0225 0.0203 0.0184 0.0168 0.0153 0.0141 0.0130 0.0120 0.0111

0.086 0.0303 0.0270 0.0242 0.0218 0.0197 0.0179 0.0164 0.0150 0.0138 0.0128 0.0118

0.088 0.0325 0.0290 0.0259 0.0233 0.0211 0.0192 0.0175 0.0160 0.0147 0.0136 0.0126

0.09 0.0349 0.0310 0.0278 0.0249 0.0225 0.0205 0.0186 0.0171 0.0157 0.0145 0.0134

0.092 0.0373 0.0332 0.0297 0.0267 0.0241 0.0218 0.0199 0.0182 0.0167 0.0154 0.0142

0.094 0.0399 0.0355 0.0317 0.0285 0.0257 0.0233 0.0212 0.0193 0.0177 0.0163 0.0151

0.096 0.0427 0.0379 0.0339 0.0304 0.0274 0.0248 0.0225 0.0206 0.0189 0.0173 0.0160

0.098 0.0455 0.0404 0.0361 0.0324 0.0292 0.0264 0.0240 0.0219 0.0200 0.0184 0.0170

0.1 0.0485 0.0431 0.0384 0.0345 0.0310 0.0281 0.0255 0.0232 0.0213 0.0195 0.0180

0.102 0.0516 0.0458 0.0409 0.0367 0.0330 0.0298 0.0271 0.0246 0.0225 0.0207 0.0190
2% Pf line

0.104 0.0549 0.0487 0.0435 0.0389 0.0350 0.0317 0.0287 0.0261 0.0239 0.0219 0.0202

0.106 0.0582 0.0517 0.0461 0.0413 0.0372 0.0336 0.0304 0.0277 0.0253 0.0232 0.0213

0.108 0.0618 0.0549 0.0489 0.0438 0.0394 0.0356 0.0322 0.0293 0.0268 0.0245 0.0225

0.11 0.0654 0.0581 0.0518 0.0464 0.0417 0.0377 0.0341 0.0310 0.0283 0.0259 0.0238
2.5% Pf line

0.112 0.0692 0.0615 0.0549 0.0491 0.0442 0.0399 0.0361 0.0328 0.0299 0.0274 0.0251

0.114 0.0731 0.0650 0.0580 0.0519 0.0467 0.0421 0.0381 0.0347 0.0316 0.0289 0.0265

5% Pf line 4% Pf line 3% Pf line
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inconsistencies in the ACI documents, a unified, system-
atic, probabilistic framework is developed to quantify and 
specify chloride limits in concrete. Standardization of expo-
sure classifications, Climit values, testing methods, normaliza-
tion of chloride concentration, and terminology is essential. 
Deem-to-satisfy requirements, such as maximum water- 
cementitious materials ratio, should be developed by appro-
priate committees for these exposure classifications.

Recommendations provided by the authors for Climit limits 
are shown in Table 7. In the first scenario (no oxygen present) 
and the second scenario (no moisture present), a Climit value 
of 0.30% is recommended; this value is slightly lower than 
the Ccrit (0.32%) as determined by Halmen and Adil (2020). 
Although corrosion will generally not occur under these dry 
scenarios, there is a likelihood that these conditions could 
change during the service life of the structure. Therefore, to 
minimize the risk of active corrosion, it is recommended to 
specify a Climit that is slightly lower than the Ccrit. For the 
next two scenarios, where oxygen and moisture are present, 
but no external chlorides are present, a Climit of 0.10% is 

recommended. Note that this corresponds to an approximate 
Pf of 2.5%. Other Pf values could be selected, and discussion 
among ACI committees is needed to identify an acceptable 
Pf. For other scenarios, where oxygen, moisture, and external 
chlorides are present, Climit values are specified based on the 
logic that Climit-wet+cl ≤ Climit-wet ≤ Climit-dry. A summary of this 
work and recommendations are presented in the next section.

SUMMARY AND RECOMMENDATIONS
Current ACI documents provide a wide range of allow-

able chloride limits (Climit) for new concrete. Not only do 
these limits vary, but the exposure classifications, the tests 
required to quantify the chlorides, the normalization of 
chloride contents, and the terminology used in the docu-
ments vary. In addition, no information is provided on the 
number of samples that need to be tested to verify whether 
Cadmix is less than Climit. Because Climit values should be 
based on exposure conditions, ACI documents should stan-
dardize consistent exposure classifications across all docu-
ments. These exposure classifications should be based on 

Fig. 6—Probabilities of failures for Climit specified in some ACI documents (assuming Ccrit of 0.32% and OPC-based systems).

Table 7—Proposed exposure classifications and Climit values for OPC-based systems containing 
conventional reinforcement

Exposure 
classification Reason for exposure classification Some typical conditions

Maximum mean 
water-soluble  

chlorides*,†, Climit

CS0
No O2 RC well below water surface

0.30
No H2O Interior RC that will never have sufficient moisture to result in corrosion

CS1 No chlorides present, but O2 and 
H2O present

RC below freshwater surface but close to surface such that water contains O2; 
RC in fresh water splash zone 0.10

CS2 O2, H2O, and moderate Cl– present, 
slow Cl transport

RC below brackish water surface but close to surface such that water contains 
O2; coastal atmospheric conditions (that is, airborne chlorides) 0.08

CS3 O2, H2O, and moderate to high Cl– 
present, slow to fast Cl– transport

RC in brackish water splash zone; RC below seawater surface but close to 
surface such that water contains O2

0.08

CS4 O2, H2O, and high Cl– present, fast 
Cl transport

RC in seawater splash zone; RC structures exposed to less than 10 applica-
tions of anti-icers or deicers per annum 0.08

CS5 O2, H2O, and high Cl– present, fast 
Cl transport

RC structures exposed to more than 10 applications of anti-icers or deicers 
per annum 0.06

*Denoted in percent by mass of cementitious materials; for calculation of normalized chloride concentration, mass of SCM cannot exceed mass of cement.
†Testing to be performed on concrete of ages between 28 and 42 days as per ASTM C1218, minimum of three samples is required.
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fundamental requirements of the electrochemical process. 
This paper presented standardized exposure classifications 
based on electrochemical fundamentals and identified six 
exposure classifications.

This paper also presented a limit state design (LSD) 
approach to defining Climit values. This approach identi-
fied the risk of corrosion resulting from admixed chlorides 
in concrete exposed to wet conditions containing no chlo-
rides. This paper recommends that the Climit for dry condi-
tions, Climit-dry, not exceed the Ccrit value as the designer or 
builder can seldom ensure that the concrete at some point 
in its service life will not be exposed to moisture. Lastly, 
this paper recommends that Climit-wet+cl be less than Climit-wet. 
Using these three criteria, Climit values are recommended for 
each of the six exposure classifications.

This research also identified other discrepancies in the 
ACI documents, and the authors recommend standardizing 
the method used to quantify chlorides in concrete, standard-
izing the normalization procedure of the chloride concentra-
tion, standardizing the number of samples to be tested, and 
unifying the terminology used to define the Climit values. The 
authors recommend standardizing these throughout all ACI 
documents.

Based on the information presented in this paper, the 
following recommendations are proposed:

1. Standardize exposure classifications throughout all ACI 
documents based on the proposed electrochemistry-based 
criteria;

2. Specify uniform Climit values in all ACI documents 
using the proposed LSD approach;

3. Require that chloride testing in all ACI documents use 
the water-soluble chloride test method (ASTM C1218) when 
chlorides are not present in the coarse aggregate; when chlo-
rides are present in the coarse aggregate, allow the use of 
ASTM C1218 and C1524;

4. Standardize how the chloride concentration is deter-
mined throughout all ACI documents; the chloride content 
should be normalized as a percentage by mass of total 
cementitious materials and for calculation purposes, the 
mass of the supplementary cementitious materials (SCMs) 
in the cementitious materials should not exceed the mass of 
the ordinary portland cement (OPC), and;

5. Use consistent terminology throughout all ACI docu-
ments when referring to maximum allowable chlorides in 
new concrete; the term “maximum mean water-soluble 
chlorides” should be used to specify Climit values.

It is hoped that the systematic and science-based 
approaches used herein to define exposure conditions and 
allowable chloride limits will provide a sound foundation 
for achieving consensus within the ACI documents. As with 
all research, as new data become available, new analyses 
should be performed.
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This research examines the performance of quality-controlled 
recycled concrete aggregates (QRAs) with fly-ash-based cement. 
Compared to concrete made from untreated recycled concrete 
aggregates (URC), quality-controlled recycled aggregate concrete 
(QRC) has superior physical, mechanical, and durability prop-
erties. Except for sorptivity, the physical, mechanical, and dura-
bility properties of QRC are almost identical to those of natural 
aggregate concrete (NC). The compressive strength, splitting 
tensile strength, flexural strength, fracture energy, and modulus of 
elasticity of QRC are higher than those of URC by 18.0%, 16.8%, 
60.0%, 27.17%, and 43.46%, respectively. The abrasion resistance 
of QRC is approximately 60% higher than URC. Scanning electron 
microscope (SEM) image and energy-dispersive X-ray (EDX) anal-
ysis prove that quality control produces denser old interfacial tran-
sition zones (OITZ) with fewer microvoids. The QRA improves not 
only the pore structure but also the weak mortar structure attached 
to the aggregate. There is also a strong correlation between the 
compressive strength and splitting tensile strength, flexural 
strength, fracture energy, and modulus of elasticity of QRC. QRA 
can be used to compute the mixture proportions for concrete 
(certainly up to medium-strength concrete) according to either the 
Indian standard or the international standard. It is challenging to 
improve the sorptivity of recycled concrete aggregates closer to 
NC. In addition, QRC has an initial sorptivity of two times (initial) 
and a final sorptivity of 1.8 times higher than NC, whereas URC 
has an initial sorptivity of 3.5 times (initial) and a final sorptivity of 
2.35 times higher than NC.

Keywords: durability; mechanical properties; mechanical treatment; 
performance; physical properties; quality control; recycled concrete aggre-
gate (RA).

INTRODUCTION
The quality of recycled concrete aggregate (RA) affects 

the mechanical and durability properties of recycled aggre-
gate concrete (RC).1 With low-quality RA and increasing 
replacement level, RC performance deteriorates.2,3 Due to 
the degraded quality of RA by the mortar attached to it, its use 
is limited to 25% replacement of natural aggregate (NA) in 
concrete of strength below 35 MPa (5075 psi), as mentioned 
in different international standards.4 In general, the physical 
and mechanical properties of aggregates are critical quality 
parameters when used in civil engineering.5 Because there 
are no specific criteria in the literature regarding RA quality,4  
NA may be considered as a reference. To achieve optimal 
RA performance, its physical and mechanical properties 
may be improved in the same range as specified for NA.

Removal of mortar by mechanical treatment is one of the 
methods to improve the physical and mechanical properties 
of RA.1,6-11 Purushothaman et al.7 considered RA abrasion 

values as a quality criterion for mechanical treatment. By 
using the mechanical treatment method, researchers have 
obtained only crushing and abrasion values that are closer to 
NA. Thus, even RCs with treated RAs have inferior compres-
sive strength and modulus of elasticity (MOE). Moreover, 
this method was extended to 300 drum revolutions with 12 
charges by Pandurangan et al.8 The bond strength of RC is 
observed to be significantly lower than natural aggregate 
concrete (NC), despite its compressive strength being close 
to that of NC. According to the literature, some researchers 
randomly selected 12 charges and 500 drum revolutions 
for the mechanical treatment of RA without specifying any 
criteria.9 The authors achieved only up to a 40% replacement 
of NA with treated RA without varying concrete tensile and 
compressive strength.

Alqarni et al.10 used 150, 300, and 450 drum revolutions 
for eight charges with a diameter of 60 mm (2.36 in.) for 
mechanical treatment and assumed RA grading as a quality 
parameter. Considering this, the authors could not reach the 
target strength of the concrete mixtures at a replacement 
level of more than 33% by RA. In addition, an unreasonable 
quality parameter of reducing the water absorption of RA to 
less than 1% was suggested by Dilbas et al.11 Controlled water 
absorption of RA is crucial to RC’s workability, mechanical 
properties, water-cement ratio (w/c), and durability proper-
ties.12 Meanwhile, international standards specify a 0.5 to 
4% water absorption range for NA.13 Therefore, RA need 
not have a water absorption below 1% to achieve the desired 
strength and durability properties. When RA is mechanically 
treated to lower its water absorption below 1%, its other 
properties, particularly its crushing and impact properties, 
may be severely affected. Additionally, lowering the water 
absorption below 1% by mechanical treatment cannot be 
applied to all types of RA, mainly those containing parent 
aggregates that are relatively weak in impact and crushing.

In another way, lowering the mortar-covered and mortar-
only aggregate parts makes it possible to bring the water 
absorption of RA below 1%. The process will undoubt-
edly reduce the productivity of RA, which will increase 
production costs. To achieve the desired physical, mechan-
ical, and durability properties of an NC, the physical and 
mechanical properties of NA meet some specific criteria set 

Title No. 121-M02

Performance of Quality-Controlled Recycled  
Concrete Aggregates
by Amit Kumar, Gyani Jail Singh, Priyanshu Raj, and Rajesh Kumar

ACI Materials Journal, V. 121, No. 1, January 2024.
MS No. M-2022-260.R4, doi: 10.14359/51740259, received July 1, 2023, and 

reviewed under Institute publication policies. Copyright © 2024, American Concrete 
Institute. All rights reserved, including the making of copies unless permission is 
obtained from the copyright proprietors. Pertinent discussion including author’s 
closure, if any, will be published ten months from this journal’s date if the discussion 
is received within four months of the paper’s print publication.



18 ACI Materials Journal/January 2024

by different national and international standards. Therefore, 
a quality control process must include water absorption, 
specific gravity, crushing values, impact values, abrasion 
values, flakiness index (shape), and elongation index (size) 
as quality parameters. Therefore, Dilbas et al.’s11 approach 
may not be considered a universal quality control method. 
This approach replaced only 60% of the NA with the treated 
RA in the concrete without degrading its properties. Conse-
quently, a random selection of some physical or mechanical 
properties of RA as quality parameters or drum revolutions 
and charges in mechanical treatment results in a limited 
number of other properties within NA’s limits. Thus, the 
inferior quality of RA produces RC with mechanical and 
durability properties lower than NC.

According to some authors, the high water absorption of 
RA significantly impacts the workability, mechanical prop-
erties, w/c, and durability of RC.11,12,14,15 Water absorption 
of more than 3% may be considered high water absorption, 
and up to or below 3% may be considered controlled water 
absorption of RA.4 The water absorption capacity of RA 
changes when exposed to cement paste.16 Despite additional 
water added, the oven-dried RA may never have reached 
the saturated surface-dry (SSD) condition, and the excess 
amount of water may not be completely absorbed by it.15 
As a result, the effective w/c increases in the concrete.12 
The 80% SSD state of RA results in the best compressive 
strengths in the concrete compared to SSD, and then the 
oven-dried condition.15 According to Mefteh et al.,17 RA 
with controlled water absorption and air-dry state produced 
the most effective concrete strength.

Thus, the controlled water absorption of RA is neces-
sary to achieve its highest performance because it reduces 
the total amount of water (which is to be absorbed) by a 
significant extent. According to Poon et al.,18 when recycled 
aggregate is used in a dry state (air-dried) as a replacement 
for NA, the workability of fresh concrete and the compres-
sive strength of hardened concrete are almost unchanged 
compared to NC. Additionally, a two-stage mixing approach 
(TSMA) with partially saturated recycled aggregate is 
recommended to solve the higher water absorption setbacks 
of RA.15 Furthermore, fly-ash-based cement improved RC’s 
physical, mechanical, and durability properties.19,20 Bhasya 
and Bharatkumar21 also investigated the mechanical and 
durability properties of RC made from 100% treated RA. 
However, the authors could not achieve NC-like durability 
or mechanical properties for RC. These properties have been 
improved by increasing the binder content and reducing 
the water-binder ratio (w/b) in the concrete. Therefore, by 
improving RA quality, RC may achieve NC-like properties 
with fly-ash-based cement. The specific objective of the 
current research is as follows.
•	 Identification of the physical and mechanical properties 

of concrete composed of untreated recycled concrete 
aggregate (URC).

•	 Quality control of mechanically treated recycled 
concrete aggregate (TRA).

•	 Developing an RC consisting of TRA (quality- 
controlled) at a 100% replacement level with fly-ash-
based cement.

•	 Determine the performance of concrete composed of 
quality-controlled TRA compared to URC and NC.

RESEARCH SIGNIFICANCE
Despite repeated attempts, most studies have failed to 

obtain either the mixture proportions’ target strength or the 
desired mechanical and durability properties of concrete 
using RAs as effectively as in the case of NA concrete. 
Different national and international standards specify certain 
minimum quality criteria for NAs to estimate the mixture 
proportions of concrete. The present research is intended to 
identify whether the quality control of RA meets the code 
mixture proportions criteria. Furthermore, according to the 
present research, if the physical and mechanical properties of 
RAs are within the range provided by the codes for NA, RC 
will have comparable performance to NA concrete, except 
for sorptivity. Sorptivity is a major concern for RC. Besides 
the microcracks and porosity found in adhered mortar, RC’s 
sorptivity is influenced to a great extent by the chemical 
composition of the adhered mortar. To improve RC’s sorp-
tivity, additional treatments may be required for RA.

RESEARCH METHODOLOGY
Quality control by mechanical treatment

The RA is constructed from concrete cubes cast at different 
but fixed locations (construction sites) and brought to the 
National Institute of Technology Patna’s laboratory in India. 
In a laboratory jaw crusher, concrete cubes are crushed to a 
maximum size of 22 mm (0.78 in.). In this case, the RA is 
referred to as untreated recycled concrete aggregate (URA). 
Crushed samples have a strength of 30 to 55 MPa (4351 
to 7977 psi) and have been aged between 2 and 3 years. 
Mechanical treatment is performed by ball milling (Los 
Angeles) involving different charges and drum revolutions. 
The aggregate is sieved using sieves conforming to Indian 
standards of 4.75 and 20 mm (0.18 and 0.78 in.) after treat-
ment. After mechanical treatment, the characteristics of TRA 
are shown in Table 1 for 28 combinations of charges and 
drum revolutions. The TRAij denotes the aggregate treated 
at a certain combination of charges and drum revolutions at 
5 kg (11 lb) URA feeding, where i (= 0, 3, 5, 7, 9, 10, 11) is 
the number of charges and j (2 ≤ j ≤ 5) denotes the number 
of drum revolutions in hundreds.

A multi-criteria decision-making technique, such as the 
Technique for Order of Preference by Similarity to Ideal 
Solution (TOPSIS) (Fig. 1), is employed to ensure consis-
tency of quality control during mechanical treatment.22 The 
TRAij quality determining factors include water absorption, 
specific gravity, crushing value, impact value, flakiness 
index, elongation index, and machine performance (mortar 
removed) for each combination of charges and drum revolu-
tions (Table 1). Various combinations of charges and drum 
revolutions are examined as alternatives, and TRAij quality- 
determining parameters are considered as responses. A deci-
sion matrix is formed considering alternatives as rows and 
responses as column elements. Each of these properties is 
given a weight (Wj) of 0.20, 0.25, 0.25, 0.15, 0.05, 0.05, and 
0.05, respectively, to assess the mathematical impact of the 
responses on the performance index (PI) of each alternative. 
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After multiplying the normalized decision matrix with the 
assigned weight coefficient, a weighted decision matrix 
is obtained. Then, the most ideal and least ideal solutions 
are found from the weighted normalized matrix for every 
response. The PI—that is, the relative closeness coefficient 
for each alternative—is evaluated based on the most optimal 
and least ideal solution of the responses.

Based on the performance of the responses corresponding 
to each alternative, the multi-criteria decision-making tech-
nique provided ranking to a TRAij, as shown in Fig. 2. The 
PI is strongly correlated with TRAij quality parameters. An 
alternative consisting of a higher PI may represent the most 
effective combination of charges and drum revolutions for 
the mechanical treatment. As coarse aggregates, the ranks 

one, two, and three of TRAij may be assumed to be the most 
effective quality-controlled recycled concrete aggregate 
(QRA). The QRA consisting of ranks one, two, and three is 
abbreviated as QRA1, QRA2, and QRA3 in the following.

Experimental program
In the subsequent paragraphs, the mixture proportions 

composed of NA, URA, QRA1, QRA2, and QRA3 will be 
abbreviated as NC, URC, QRC1, QRC2, and QRC3. The 
particle-size distributions of NA, URA, QRA1, QRA2, and 
QRA3 are shown in Fig. 3(a). Before preparing the concrete, 
the abrasion values (hardness) of NA, URA, QRA1, QRA2, 
and QRA3 are verified (Table 2). The values are 15.4%, 
37.32%, 18.54%, 22.36%, and 20.80%, respectively. 

Table 1—Physical and mechanical properties of recycled concrete aggregate after mechanical treatment, 
and machine performance

TRAij

Physical properties Mechanical properties
Machine 

performance

Specific gravity Water absorption, % Flakiness index, % Elongation index, % Crushing value, % Impact value, % % removed mortar

URA 2.56 4.24 9.92 29.10 31.21 26.51 —

TRA02 2.56 3.10 14.77 21.00 24.62 20.59 14.34

TRA03 2.57 3.03 12.39 30.59 24.49 19.59 14.47

TRA04 2.57 3.13 17.45 25.78 23.34 18.82 17.78

RA05 2.59 2.50 11.75 22.52 22.76 18.28 21.86

TRA32 2.65 3.00 8.39 19.20 24.81 20.47 18.03

TRA33 2.55 3.15 8.34 22.04 21.56 20.41 26.18

TRA34 2.57 2.98 10.47 19.20 21.41 19.52 28.87

TRA35 2.64 2.31 12.25 16.30 21.81 18.63 31.13

TRA52 2.63 2.73 10.86 25.88 23.45 18.49 25.86

TRA53 2.65 1.84 13.45 18.81 20.04 16.67 31.92

TRA54 2.69 1.95 10.44 17.81 20.11 16.01 36.99

TRA55 2.73 1.91 12.28 18.51 20.35 13.22 41.50

TRA72 2.59 2.05 12.18 26.67 22.02 15.56 29.20

TRA73 2.71 2.34 11.45 28.89 19.80 12.64 35.89

TRA74 2.63 1.95 9.68 15.60 19.26 13.89 39.93

TRA75 2.79 1.00 14.25 18.31 18.63 12.05 52.99

TRA92 2.71 2.47 7.50 29.41 21.22 16.28 31.52

TRA93 2.67 2.84 9.24 23.30 21.15 14.20 37.43

TRA94 2.71 1.25 18.09 27.93 19.14 9.80 52.64

TRA95 2.75 1.02 12.89 19.62 17.44 11.42 56.23

TRA102 2.60 2.98 7.03 14.83 20.83 16.67 27.15

TRA103 2.63 3.18 9.05 22.08 21.53 17.09 45.67

TRA104 2.74 1.78 7.31 20.18 19.78 13.66 49.53

TRA105 2.77 1.91 8.33 9.53 17.67 13.36 50.56

TRA112 2.63 2.58 8.28 22.54 23.22 16.76 31.27

TRA113 2.70 2.58 8.73 14.38 20.15 12.77 42.14

TRA114 2.66 2.41 4.18 17.72 19.22 15.42 48.37

TRA115 2.71 1.84 5.47 10.50 17.98 13.69 53.36

Note: TRAij is combination of balls and drum revolutions in mechanical treatment, where i denotes number of balls (i = 0, 3, 5, 7, 9, 10, 11) and j denotes number of revolutions in 
hundreds (2 ≤ j ≤ 5).
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Therefore, QRA1, QRA2, and QRA3 have abrasion values 
under the range specified for NA.23 River sand (as a fine 
aggregate), potable water, a high-range water-reducing 
admixture (HRWRA), and portland pozzolana cement (PPC) 
(Table 3) are used to prepare the mixture proportions.

The mixture proportions for Grade M45 concrete are 
prepared using IS 10262:201924 with a target strength of 
53.25 MPa (7723 psi), a w/c of 0.35, and slump of 75 mm 
(2.95 in.) (Table 4). Several trials are conducted for a slump 
range of 100 to 125 mm (3.94 to 4.92 in.) to determine the 
dose of HRWRA because, most of the time, aggregate in 

Fig. 1—Detailed formulation of statistical tool TOPSIS.

Fig. 2—Performance index of mechanically treated RA.
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a dry state is used during construction. Hence, this study 
focuses on the air-dry state of aggregates during concrete 
preparation, rather than saturated surface dryness. To main-
tain the effective w/c, a water correction is applied for each 
mixture proportion prepared in an SSD condition. According 
to Princigallo,12 Mefteh et al.,17 and Poon et al.,18 RA in 
an air-dry state performs better rather than in SSD state. 
However, to maintain the fresh properties of concrete, the 
present study closely follows the TSMA proposed by Mi 
et al.25 (Fig. 3(b)).

In addition, a motorized rotatory drum is used to produce 
concrete using a TSMA.25 Vibrating tables are used to 
compact samples in molds. Samples are immersed in water 
for 28 days and cured after being removed from the mold 
after 24 hours. For each mixture proportion, sample prepara-
tion is shown in Table 5. For the experiments, 195 samples 
were prepared. The average data from three specimens are 
reported.

Table 2—Physical and mechanical properties of coarse aggregate and physical properties  
of fine aggregate

Physical properties
Natural 

aggregate

Recycled aggregate Fine aggregate (river sand) 
Zone IIIURA QRA1 QRA2 QRA3

Water absorption, % 0.70 4.24 1.02 1.0 1.25 0.4

Specific gravity 2.82 2.56 2.75 2.79 2.71 2.65

Impact value, % 9.44 26.51 11.42 12.05 9.80 —

Crushing value, % 17.21 31.21 17.44 18.63 19.14 —

Abrasion value, % 15.40 37.32 18.54 22.36 20.80 —

Rodded bulk density, kg/m3 (lb/ft3) 1536.00 
(95.89)

1321.33 
(82.48)

1583.33 
(98.84)

1556.00 
(97.14)

1546.32 
(96.53) —

Void content, % 44.53 48.39 42.43 43.52 42.95 —

Flakiness, % 27.20 9.92 12.89 14.25 18.09 —

Elongation, % 41.19 29.1 19.62 18.31 27.93 —

Fineness modulus — — — — — 2

Table 3—Physical properties and strength of PPC

Physical properties and strength Value/unit

Unit weight 1430 kg/m3 
(89.27 lb/ft3)

Specific gravity 2.73

Standard consistency 33%

Initial setting time (IST) 2 hours

Final setting time (FST) 4 hours

Soundness (Le Chatelier) 1 mm (0.0394 in.)

Fineness (air permeability) 385 m2/kg 
(270,682 in.2/lb)

7-day compressive strength 24.66 MPa 
(3576 psi)

28-day compressive strength 35.39 MPa 
(5132 psi)

Fig. 3—(a) Gradation curve of NA, URA, QRA1, QRA2, and QRA3; and (b) flowchart of two-stage mixing approach.
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RESULTS AND DISCUSSION
The following section discusses how QRA1, QRA2, and 

QRA3 perform in concrete. These sections discuss in detail 
the physical, mechanical, and durability properties of NC, 
URC, QRC1, QRC2, and QRC3.

Physical properties
Table 2 shows the physical properties of NA, URA, QRA1, 

QRA2, and QRA3. The rodded bulk density of these aggre-
gates is determined following IS 2386, Part III-1963.36 The 
rodded bulk density of URA is significantly lower than NA 
due to its low specific gravity and high mortar content. In 
contrast to previous studies,22 it is clear from the rodded bulk 
density of QRA1, QRA2, and QRA3 that the mortar attached 
to the aggregates was removed efficiently, and the residual 
mortar compacted over the aggregates (Table 2). The lower 
abrasion value of QRA indicates better mortar removal and 
compaction of residual mortar. Other physical and mechan-
ical properties of QRA1, QRA2, and QRA3 are within 
the range specified for NA (Table 2). These observations 
are consistent with the performance-based quality control 
approach used in this study. The physical properties of all 
mixtures are determined according to ASTM C642-9731 and 
presented in Table 6. The percent water absorption for NC, 
URC, QRC1, QRC2, and QRC3 is 4.30, 7.51, 4.29, 4.69, 
and 4.48%. The water absorption of URC is approximately 
1.75 times higher than that of NC and the quality-controlled 

recycled aggregate concrete (QRC). The QRC samples have 
water absorption closer to NC with insignificant deviation.

NC, URC, QRC1, QRC2, and QRC3 have a percent 
void content of 9.96, 16.13, 11.04, 11.03, and 10.53. The 
bulk density of this concrete is 2304.84, 2161.32, 2311.09, 
2281.35, and 2297.53 kg/m3 (143.88, 134.93, 144.28, 142.42, 
and 143.43 lb/ft3), respectively. The bulk density of QRC1, 
QRC2, and QRC3 is closer to NC; however, the bulk density 
of URC is significantly lower than that of NC. According to 
these observations, URC has approximately 62% higher void 
content than NC. Despite this, QRC has only 6 to 11% more 
voids than NC. A quality control treatment may improve 
void content by 51 to 56% in QRC compared to URC by 
removing weak adhered mortar and refining pore structures 
in RA. In addition, Bhasya and Bharatkumar21 obtained 37% 
lower void content in concrete composed of thermomechan-
ically treated RA than URA. Thus, the quality improvement 
demonstrated in the present study produces significantly 
improved bulk density and reduced void content in concrete.

The ultrasonic pulse velocity (UPV) and dynamic MOE 
are determined following ASTM C597-0937 and IS 516 
(Part 5):2018.33 The UPV values of the NC, URC, QRC1, 
QRC2, and QRC3 mixtures are 5.2, 4.7, 5.1, 5.0, and 5.1 km/s 
(204,724, 185,039, 200,787, 196,850, and 200,787  in./s), 
respectively (Fig. 4(a)). All these mixtures can be classi-
fied as an excellent class as the UPV values of the samples 
are higher than 4.4 km/s (173,228 in./s). Based on the UPV 

Table 4—Mixture proportions of concrete (in SSD condition)

Constituent materials

Weight, kg/m3 (lb/ft3)

NC URC QRC1 QRC2 QRC3

Cement 432.42 (26.99) 432.42 (26.69) 432.42 (26.99) 432.42 (26.99) 432.42 (26.99)

Water 151.35 (9.45) 151.35 (9.45) 151.35 (9.45) 151.35 (9.45) 151.35 (9.45)

Coarse aggregate 1170.02 (73.04) 1062.45 (66.32) 1140.32 (71.18) 1156.91 (72.22) 1123.74 (70.15)

Fine aggregate 693.98 (43.32) 694.18 (43.33) 693.59 (43.29) 693.59 (43.29) 693.59 (43.29)

HRWRA 3.89 (0.24) 3.68 (0.23) 4.32 (0.27) 4.32 (0.27) 4.32 (0.27)

Table 5—Description of specimens and test conducted

Experiments Test method Specimen size, mm (in.) Testing age, days No. of specimens

Compressive strength IS 516 (Part 1/Sec 1):202126 Cube, 150 (5.91) 7, 28, 91 9

Splitting tensile strength ASTM C496/C496M-0427 Cylinder, 150 x 300 (5.91 x 11.81) 28 3

Flexural strength ASTM C78/C78M-1828 Prism, 100 x 100 x 500
(3.94 x 3.94 x 19.68) 28 3

Modulus of elasticity, Poisson’s ratio, 
peak strain ASTM C469-0229 Cylinder, 150 x 300 (5.91 x 11.81) 30 to 32 6

Fracture energy (notched beam) RILEM30 Prism, 100 x 100 x 500
(3.94 x 3.94 x 19.68) 28 3

Water absorption, density ASTM C642-9731 Cube, 100 (3.94) 28 3

Sorptivity ASTM C1585-0432 Disc, 100 x 50 (3.94 x 1.97) 29 to 38 3

UPV IS 516 (Part 5):201833 Cube, 150 (5.91) 28 —

RCPT ASTM C1202-1934 Disc, 100 x 50 (3.94 x 1.97) 28 to 30 3

Drying test Purushothaman et al.7 Cube, 100 (3.94) 28 3

Abrasion test IS 15658:200635 Cube, 70.6 (2.78) 28 to 29 3

Alkalinity test Purushothaman et al.7 — 28 —
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results, these concretes’ dynamic MOE are 59.24, 46.88, 
56.65, 55.60, and 56.13 GPa (8592.04, 6799.37, 8216.39, 
8064.1, and 8140.97 ksi), respectively (Table 7). The URC, 
QRC1, QRC2, and QRC3 samples have dynamic MOE in 
the factions of NC of 0.79, 0.96, 0.94, and 0.95, respectively. 
Thus, the dynamic MOE of QRC1, QRC2, and QRC3 is 
only 4 to 6% less than NC. However, URC has a 21% lower 
dynamic modulus compared to NC.

In summary, the improved quality of RA produces bulk 
density, water absorption, void content, and structural 
integrity in QRC like NC. QRC has comparable dynamic 
moduli to NC, which predicts similar internal compact-
ness, interfacial characteristics, and microcracks. The UPV 
value of URC indicates it is relatively less dense and has 
high porosity, cracks, and voids compared to NC. URC 
has a significantly lower dynamic modulus, indicating low 

internal compactness, inferior interfacial characteristics, and 
higher microcracks than NC.

Compressive strength
The compressive strength test is conducted following 

IS 516 (Part 1/Sec 1):202126 and depicted in Fig. 5. NC, 
URC, QRC1, QRC2, and QRC3 have 28-day compressive 
strengths of 53.27, 45.19, 50.94, 51.53, and 53.35 MPa 
(7726, 6554, 7388, 7473, and 7737 psi), respectively. QRC1 
and QRC2 have marginally lower compressive strengths 
than NC at 28 days. However, QRC3 achieves a target mean 
strength similar to NC. The 28-day compressive strength 
of the URC mixture is 15.14% (approximately 8.06 MPa 
[1169 psi]) lower than the target strength. At 91 days, QRC1 
and QRC2 have compressive strengths similar to NC, and 
QRC3 has approximately 7.0% more than NC. URC has a 

Table 6—Physical properties, pH value, and abrasion resistance of concrete

Mixture 
proportions Bulk density, kg/m3 (lb/ft3)

Water absorption, 
%

Void content, 
%

Drying test, 
% weight loss pH

Abrasion resistance

Volume loss, m3 (ft3) % volume loss

NC 2304.84 (143.88) 4.30 9.96 3.51 12.89 6.07 × 10–6 
(214.3 × 10–6) 1.77

URC 2161.32 (134.93) 7.51 16.13 6.65 12.91 9.15 × 10–6 
(323.13 × 10–6) 3.94

QRC1 2311.09 (144.28) 4.29 11.04 4.40 12.98 7.22 × 10–6 
(254.94 × 10–6) 2.63

QRC2 2281.35 (142.42) 4.69 11.03 3.80 12.87 7.15 × 10–6 
(252.49 × 10–6) 2.53

QRC3 2297.53 (143.43) 4.48 10.53 3.87 12.99 5.65 × 10–6 
(199.52 × 10–6) 1.56

Fig. 4—(a) UPV values; and (b) RCPT values of NC, URC, QRC1, QRC2, and QRC3.

Table 7—Mechanical properties of concrete

Mixture
proportions Modulus of elasticity, MPa Poisson’s ratio

Peak stress (cylinder), 
MPa Peak strain

Dynamic 
modulus, GPa

Fracture energy, 
N/m (lb/in.)

NC 37,673 0.120 42.72 0.0023 59.24 381.33 (2.18)

URC 25,653 0.123 36.38 0.0027 46.88 301.67 (1.72)

QRC1 34,963 0.134 40.67 0.0024 56.65 362.26 (2.07)

QRC2 36,802 0.130 41.60 0.0022 55.60 379.13 (2.16)

QRC3 36,842 0.125 43.56 0.0025 56.13 383.64 (2.19)

Note: 1 MPa = 145 psi; 1 GPa = 145 ksi.
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significantly lower 91-day compressive strength (approxi-
mately 12%) than NC.

Performance-based quality control ensures QRC3 has 
the same compressive strength as NC or the target strength. 
According to Kim,1 bulk density and water absorption of RA 
are major strength-determining parameters. The bulk density 
of QRA1, QRA2, and QRA3 is approximately similar to 
that of NA, with a deviation of less than 3%. However, 
the compressive strength of QRC1 and QRC2 is approxi-
mately 5% lower than that of NC at 28 days due to the rela-
tive quality difference in QRA1, QRA2, and QRA3. On the 
other hand, QRA1, QRA2, and QRA3 absorb 1.02, 1.00, and 
1.25% water, respectively. The water absorption of QRA3 is 
23 to 25% more than that of QRA1 and QRA2. As a result of 
the higher but controlled water absorption in QRA, QRC1, 
QRC2, and QRC3 exhibit the same or higher compressive 
strength as NC at 91 days.

According to Rashid et al.,22 the RA has a higher water- 
retention capacity than the NA, and it was demonstrated by 
Singh et al.38 that the presence of internal moisture improves 
concrete’s 28- and 91-day compressive strengths. A substan-
tial amount of water is retained by QRA3 compared to 
QRA1 or QRA2 based on the water absorption of the 
material. Consequently, a stronger calcium-silicate-hydrate 
(C-S-H) is produced, strengthening the old interfacial tran-
sition zone (OITZ). Additionally, the bulk density of URA is 
significantly lower than that of NA, and water absorption is 
out of the limit set for NA in different national and interna-
tional standards.13 Therefore, the URC could not achieve its 
target strength.

Splitting tensile strength and flexural strength
The splitting tensile test is conducted following ASTM 

C496/C496M-0427 and IS 516 (Part 1),26 and the flexural 
strength (modulus of rupture) test is conducted following 
ASTM C78/C78M-18.28 Figure 6 shows that NC, URC, 
QRC1, QRC2, and QRC3 have average splitting tensile 
strengths of 4.45, 3.75, 4.02, 4.22, and 4.38 MPa (645, 543, 
583, 612, and 635 psi), respectively. QRC1 and QRC2 have 
10% and 5% lower splitting tensile strength than NC. QRC3, 

however, has a splitting tensile strength closer to NC. The 
difference in splitting tensile strength between URC and NC 
is 16%. These splitting tensile strengths are further compared 
with the predicted value using Eq. (1) as per ACI 318-0839 
for NC and Eq. (2) as proposed by Xiao et al.40 for RC, as 
shown in Fig. 6.

	 ft = 0.49 × fc
0.50	 (1)

	 ft = 0.24 × fc
0.65	 (2)

At present, the correlation between compressive strength 
and splitting tensile strength differs from the preceding 
correlations reported in the literature (Fig. 7(a)). It is evident 
from Fig. 7(a) that QRA produces QRC with a higher split-
ting tensile strength than previous studies because of its 
superior quality (Zhou and Chen42). As a result of the excel-
lent angularity maintained in the crushing process, URC has 
slightly higher splitting tensile strength than the previous 
study. It is evident from Fig. 6 that ACI 318-0839 and Xiao 
et al.40 underestimate the splitting tensile strengths of URC, 
QRC1, QRC2, and QRC3 compared to the experimental 
results.

Figure 6 shows NC, URC, QRC1, QRC2, and QRC3 have 
flexural strengths of 6.62, 4.14, 5.82, 6.21, and 6.63 MPa 
(960, 600, 844, 900, and 961 psi), respectively. Even though 
QRC1 and QRC2 have 12.1 and 6.2% lower flexural strength 
than NC, QRC3 has the same flexural strength as NC. The 
URC mixture has a 37.45% lower flexural strength than 
NC. The relation between compressive strength and flexural 
strength given by Xiao et al.40 (Eq. (3)) for RC, and for NC 
as proposed in IS 456:200041 (Eq. (4)), underestimates the 
flexural strength compared to the experimental value for 
NC and QRC (Fig. 6). A strong correlation exists between 
compressive and flexural strength (Fig. 7(b)). Due to the 
poor quality of the URA, the flexural strength of URC is 
lower than predicted by IS 45641 and Xiao et al.40 However, 
the improved QRA quality produces a flexural strength of 
QRC higher than estimated by IS 45641 and Xiao et al.40 
Overall, the improved quality of QRA in terms of surface 

Fig. 5—Compressive strength of NC, URC, QRC1, QRC2, 
and QRC3. (Note: 1 MPa = 145 psi.)

Fig. 6—Splitting tensile strength and flexural strength of NC, 
URC, QRC1, QRC2, and QRC3. (Note: 1 MPa = 145 psi.)
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characteristics (texture), shape (angularity), abrasion values 
(hardness), crushing values (strength), and elastic proper-
ties of aggregates (stiffness) improves the tensile strength or 
fracture toughness of these QRCs.43,44

	 fb = 0.75 ×​​√ 
_

 ​f​ c​​ ​​	 (3)

	 fb = 0.70 ×​​√ 
_

 ​f​ c​​ ​​	 (4)

Modulus of elasticity, Poisson’s ratio, peak strain, 
and peak stress

The MOE and Poisson’s ratio are determined following 
ASTM C469-02.29 Table 7 shows the MOE, Poisson’s ratio, 
peak strain, and peak stress of NC, URC, QRC1, QRC2, 
and QRC3. NC, URC, QRC1, QRC2, and QRC3 have 
MOE of 37,673, 25,653, 34,963, 36,802, and 36,842 MPa 
(5,464,006.7, 3,720,653.1, 5,070,954.42, 5,337,678.82, and 
5,343,480.33 psi), respectively. According to the results, the 
MOE for QRC are comparable to those for NC. Further-
more, URC has a significantly lower MOE than NC and 
differs by 32%. NC, URC, QRC1, QRC2, and QRC3 have 
Poisson’s ratios of 0.120, 0.123, 0.134, 0.130, and 0.125, 

respectively. In this study, the Poisson’s ratios are between 
0.1 and 0.2, similar to those reported for plain concrete.39 
NC, URC, QRC1, QRC2, and QRC3 have peak strains of 
0.0023, 0.0027, 0.0024, 0.0022, and 0.0025, respectively. 
The peak stress of these samples is 42.72, 36.38, 40.67, 41.6, 
and 43.56 MPa (6196, 5276, 5898, 6033, and 6317  psi), 
respectively. The peak stress and corresponding peak strain 
of QRC1, QRC2, and QRC3 agree with NC and the litera-
ture.21 URC has a significantly higher peak strain and lower 
peak stress value.

Furthermore, Fig. 8(a) shows a strong correlation between 
compressive strength and MOE for RC. As a result of the 
low quality of the treated aggregates, most previous studies 
overestimate the MOE of URC and underestimate the MOE 
of RC (Fig. 8(a)).45 RA quality control produces RC with 
equivalent MOE to NC. The MOE of QRC, calculated by 
IS 456,41 an Indian Standard Code for NC, agrees with the 
experiments. According to the relation, the MOE of QRC 
increases with its compressive strength. There is a direct 
correlation between peak strain and the MOE of concrete 
or aggregates. Therefore, peak strains for QRC1, QRC2, 
and QRC3 are similar to NC. Compressive strength and 

Fig. 7—(a) Correlation between compressive strength and splitting tensile strength; and (b) correlation between compressive 
strength and flexural strength of URC, QRC1, QRC2, and QRC3. (Note: 1 MPa = 145 psi.)

Fig. 8—(a) Correlation between compressive strength and MOE; and (b) correlation between compressive strength and frac-
ture energy of URC, QRC1, QRC2, and QRC3. (Note: 1 MPa = 145 psi; 1 N/m = 0.0057 lb/in.)
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peak stress are correlated in concrete. Additionally, QRC1, 
QRC2, and QRC3 have similar Poisson’s ratios to NC based 
on their unit weights and compressive strengths.47

Fracture energy
According to the International Union of Laboratories and 

Experts in Construction Materials, Systems and Structures 
(RILEM),30 fracture energy is determined using a notched 
beam with a U-shaped notch of 8 mm (0.315 in.) width and 
30 mm (1.18 in.) depth. With the universal testing machine, 
a three-point bending test was performed. The loading rate 
remained constant during this test, so the maximum loading 
on a specimen was reached within 30 to 60 seconds. Figure 9 
shows the load-deflection curve of NC, URC, QRC1, QRC2, 
and QRC3 notched beams. Additionally, Table 7 shows 
fracture energies for NC, URC, QRC1, QRC2, and QRC3, 
which are 381.33, 301.67, 362.26, 379.13, and 383.64 N/m 
(2.18, 1.72, 2.07, 2.16, and 2.19 lb/in.), respectively. As a 
result, QRC3 has fracture energy similar to NC. The URC 
has lower fracture energy than the NC by approximately 
21%.

Based on the experimental results of Dilbas and Çakır,46 
the correlation coefficient among compressive strength 
and fracture energy for RC is found to be 0.78 (Fig. 8(b)). 
However, the same correlation coefficient for NC is found to 
be 0.96. Such difference in correlation coefficients might be 
due to the low quality of treated RA. In the present study, the 
correlation coefficient is 0.97 for QRC due to the superior 
quality control of RA. Thus, controlling RA quality signifi-
cantly improved the correlation between compressive and 
fracture energy.

Rapid chloride-ion penetrability testing and 
electrical resistivity

A rapid chloride-ion penetrability test (RCPT) is 
conducted according to ASTM C1202-19.34 NC, URC, 
QRC1, QRC2, and QRC3 have chloride-ion penetrations 
of 458, 1215, 435, 478, and 456 coulombs, respectively 
(Fig. 4(b)). The QRC1, QRC2, and QRC3 mixtures possess 
similar chloride-ion penetrability to NC and are classified 

under the very low permeability class (Table 8). In contrast 
to these mixtures, URC has a medium permeability class. 
Additionally, Table 8 shows the electrical resistivity of NC, 
QRC1, QRC2, and QRC3 higher than 200 Ω∙m (7874.02 
Ω∙in.), which are classified under the very low permeability 
class.34,48 At the same time, the URC has an electrical resis-
tivity of 196.25  Ω∙m (7726.38 Ω∙in.) and falls under the 
medium permeability class. The surface texture shows a 
strong new interfacial transition zone (NITZ) and strength-
ening OITZ in QRA. According to the bulk density, UPV 
values, and dynamic modulus, the QRC1, QRC2, and QRC3 
mixtures are uniform and closely packed. QRC1, QRC2, 
and QRC3 have a denser matrix formation based on their 
compressive strength. Consequently, these properties indi-
cate a reduced pore size and shape and a lowered ingress 
path, indicating improved impermeability.

Sorptivity
The sorptivity of NC, URC, QRC1, QRC2, and QRC3 

is measured according to ASTM C1585-04.32 Figure 10(a) 
shows that NC, URC, QRC1, QRC2, and QRC3 have 
different sorptivity values. The NC, URC, QRC1, QRC2, and 
QRC3 samples have maximum initial absorptions of 0.69, 
2.41, 1.97, 1.38, and 1.73 mm (0.03, 0.09, 0.07, 0.05, and 
0.06 in.), respectively. These samples also have secondary 
absorptions of 1.60, 3.77, 3.37, 3.14, and 2.88 mm (0.06, 
0.15, 0.13, 0.12, and 0.11 in.). The initial and secondary 
absorptions of QRC1, QRC2, and QRC3 are much lower 
than those of URC. A porous interface between old mortar 
and parent aggregate and microcracks in the mortar produces 
high sorptivity in QRC mixtures.49 Controlled quality of 
TRA, especially attached mortar and the OITZ, reduced the 
sorptivity of QRC mixtures more than in previous studies. 
According to this study, QRC has a lower maximum initial 
absorption (1.97 mm [0.07 in.]) than Bhasya and Bharat-
kumar21 (3.50  mm [0.14 in.]). The secondary absorptions 
of these QRCs are also lower than those reported in the 
literature.6

The present research demonstrates that two factors 
govern the QRC’s sorptivity. First, there is the availability 
of mortar-attached, mortar-covered, and mortar-only aggre-
gates in QRA. These aggregate types have high porosity and 
microcracks; therefore, QRC’s sorptivity cannot be reduced 
to NC. Removing the amount of adhered mortar optimally 
improves QRC’s sorptivity (Fig. 10(a)). The second is the 
chemical composition of the mortar that is attached to QRA 
(Fig. 10(b)). According to Liu et al.,50 calcium hydroxide in 
residual mortar may lower the pH in the pore solution. This 
results in the decomposition of C-S-H and their leaching 
into fresh concrete. Concrete may become more porous, 
and its impermeability may decrease. Therefore, some other 
treatment is needed to remove calcium hydroxide present in 
residual mortar to make QRC comparable with NC in terms 
of sorptivity.

Drying test, alkalinity test, and abrasion resistance
A drying test is conducted to determine the weight loss 

of the concrete specimen following Purushothaman et al.7 
For NC, URC, QRC1, QRC2, and QRC3, the weight loss 

Fig. 9—Load-deflection curve of notched beams for frac-
ture energy of NC, URC, QRC1, QRC2, and QRC3. (Note: 
1 kN = 224.81 lb; 1 mm = 0.0394 in.)
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during drying tests is 3.51, 6.65, 4.40, 3.80, and 3.87% 
(Table 6). Thus, URC shows approximately 1.9 times greater 
weight loss in the drying test than NC. QRC1 has weight 
loss approximately 25% higher than NC, whereas QRC2 and 
QRC3 weight losses are only 8 to 10% higher than NC. The 
pH of these concrete samples is measured according to Puru-
shothaman et al.7 and is higher than 12 and lower than 13 
(Table 6), which is well within the acceptable range. In the 
abrasion tests, following IS 15658:2006,35 NC, URC, QRC1, 
QRC2, and QRC3 show volume losses of 1.77%, 3.94%, 
2.63%, 2.53%, and 1.56%, respectively (Table 6). Volume 
loss of URC, QRC1, and QRC2 is approximately 123, 49, 
and 43% greater than NC. Meanwhile, QRC3 showed a 12% 
reduction in volume losses compared to NC. The concrete 
matrix, coarse aggregate quality, and the bond between the 
matrix and aggregate significantly impacted the concrete’s 
abrasion resistance.6,51,52 However, there is a higher PI for 
QRA1 and QRA2 than for QRA3. Compared to QRC1, 
QRC2, and NC, QRC3 has a significantly lower volume 
loss. This may be possible because higher drum revolutions 
may affect the OITZ negatively. However, future studies are 
required.

Microstructures
A microstructure analysis is conducted to observe the 

effect of quality-controlled RA on interfacial transition zone 
(ITZ) modification in concrete. Figure 11(a) shows scanning 
electron microscope (SEM) images of the polished fresh-cut 
surfaces of NC, and Fig. 12 shows URC, QRC1, QRC2, 

and QRC3. Due to the porous nature of the mortar attached 
to URA, the OITZ in URC is highly porous (less dense), 
discontinuous, and has macrovoids (Fig. 12(a)). There is 
poor adhesion between the OITZ and URC. A similar obser-
vation was also made by Dilbas et al.11 Thus, reducing the 
attached mortar optimally produces denser OITZs with 
fewer microvoids (Fig. 12(b) to (d)). Quality control of 
RA improves not only the pore structure but also the weak 
mortar structure attached to the aggregate.11

However, in the OITZ of QRC1, a microcrack and a 
slightly loose structure are clearly visible. The increase of 
400 revolutions to 500 revolutions reduces the strength of 
the OITZ by widening the microcracks, which may further 
widen during shrinkage of cement paste (Fig. 12(b) to (d)). 
The SEM image of NC has similar cracks between the inter-
face of cement paste and NA (Fig. 11(a)). This type of crack 
generally appears in NC due to the plastic shrinkage in the 
concrete matrix. In this way, QRA3 has relatively lower 
material properties than QRA1, despite QRC3 having supe-
rior physical and mechanical properties compared to QRC1. 
As for increasing charges in mechanical treatment, these 
also have some detrimental effects on the OITZ, but they 
are not as severe as increasing the number of drum revolu-
tions. Therefore, QRC2 has some material properties, such 
as compressive strength, that are higher than QRC1.

In QRC, the reduced intensity of Al, S, and Ca is associ-
ated with a reduction in the formation of ettringite (Fig. 13). 
Furthermore, gypsum and brucite are less abundant in the 
ITZ of QRC, which is confirmed by lower Ca, S, and Mg 

Table 8—RCPT results of concrete (ASTM C1202)

Specimen Initial current, mA Resistivity, Ω∙m Total passing charge, coulombs Chloride-ion penetrability level Corrosion protection level

NC 31.7 296.73 458.00 Very low High

URC 48.0 196.25 1215.00 Low Medium

QRC1 35.2 267.52 435.00 Very low High

QRC2 38.6 243.35 478.00 Very low High

QRC3 25.5 368.95 456.00 Very low High

Fig. 10—(a) Sorptivity test results of NC, URC, QRC1, QRC2, and QRC3; and (b) X-ray diffraction (XRD) analysis for 
minerals composition of attached mortar. (Note: 1 mm = 0.0394 in.)
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levels and indicates densified pores.53 Figure 13 illustrates 
that calcium and its oxides, which are responsible for 
concrete strength, are more readily available in QRC than 
in URC. Furthermore, Si-rich C-S-H may be responsible for 

increasing the strength of the OITZ in QRC.54 QRC has a 
lower Ca/Si ratio than URC in the present study. Thus, the 
OITZ is improved by maximum CH use in QRC and the 
formation of Si-rich C-S-H compared to URC. QRC3 has 
superior strength properties due to the higher formation of 
Si-rich C-S-H than QRC1. Thus, QRA quality control indi-
cates a significant transformation of the C-S-H phase that 
significantly contributes to an improved ITZ.54

Finally, quality-controlled RA can produce RC with mate-
rial properties similar to NC (except sorptivity). A high 
percentage of CH particles accounts for high ITZ porosity. 
Therefore, RC’s sorptivity cannot be like NC when RA is 
only mechanically treated to control its quality. In addition, 
varying the mixture proportions can be used in other trials 
to achieve the target strength of a QRC1. The next study 
will examine how charges, drum revolutions, and varying 
feeding mass affect TRA material properties. Overall, the 
present study achieves its objective and is justified.

CONCLUSIONS
This study examines the performance of quality- 

controlled recycled concrete aggregates (QRAs) with 
fly-ash-based cement. The physical and mechanical proper-
ties of recycled concrete aggregate (RA) are determined after 
mechanical treatment with different charges and drum revo-
lutions. Based on its performance index (PI), a ranking for 
each treated recycled concrete aggregate (TRA) is assigned. 
The TRA with the highest three ranks is used to prepare the 
mixture proportions. Based on the experimental observation, 
the following conclusions are drawn.

The present research successfully develops the concrete 
composed of 100% RA with fly-ash-based cement. Quality- 
controlled recycled aggregate concrete (QRC) has physical, 

Fig. 11—(a) SEM images for microstructural examination of NC at ITZ; and (b) EDX analysis for elemental composition of 
NC at ITZ.

Fig. 12—SEM images for microstructural examination of 
URC, QRC1, QRC2, and QRC3 at OITZ.
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mechanical, and durability properties superior to the 
concrete composed of untreated recycled concrete aggre-
gate (URC), and these properties are closer to natural aggre-
gate concrete (NC) (except sorptivity). The compressive 
strength, splitting tensile strength, flexural strength, fracture 
energy, and modulus of elasticity (MOE) of QRC are higher 
than those of URC by 18.0, 16.8, 60.0, 27.17, and 43.46%, 
respectively. The abrasion resistance of a QRC is observed 
to be approximately 60% higher than URC. Scanning elec-
tron microscope (SEM) image and energy-dispersive X-ray 
(EDX) analysis prove that quality control of RA produces 
denser old interfacial transition zones (OITZs) with fewer 
microvoids. The QRA improves not only the pore structure 
but also the weak mortar structure attached to the aggregate.

There is also a strong correlation between the compressive 
strength and splitting tensile strength, flexural strength, frac-
ture energy, and MOE of QRC. The mechanical and dura-
bility properties of QRC are in close agreement with NC, 
standard requirements, and the reported values. Therefore, 
the present research concludes that QRA can be used to 
compute the mixture proportions for concrete (certainly up 
to medium-strength concrete) according to the Indian stan-
dard or the international standard. Therefore, the standard 
mixture proportion procedure of NA can be applied to the 
QRA to achieve the target strength and other mechanical and 

durability properties of recycled aggregate concrete (RC) 
closer to NC (except sorptivity).

At present, QRC has failed to obtain a sorptivity equiv-
alent to NC. Thus, this research also concludes that an RC 
will never have a similar sorptivity to NC until the micro-
structure and chemical composition of the adhered mortar 
are changed. Future studies will consider these factors in 
improving the sorptivity of RC.
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Carbon-based nanomaterials such as graphene oxide sheet- 
reinforced cementitious composites have attracted extensive 
interest owing to their improved post-fire mechanical properties. 
However, the role of graphene in anti-thermal detriment is still 
unclear. In the current study, the mechanical characteristics, pore 
structure, and interface evolution of graphene-toughened cement-
based materials under high temperatures are investigated. Scan-
ning electron microscope analysis showed that graphene implanted 
in the cement matrix had out-of-plane deformation at elevated 
temperature. The deformation caused the evolution of the interface 
between graphene and the cement-based material with respect to 
temperature. Correspondingly, the toughening effect of graphene 
on cement-based materials decreased first and then increased. The 
reinforced domain of graphene switched from mesopores to capil-
lary pores when the temperature was beyond 400°C, contributing 
to the enhanced reinforcement efficiency of the cement mortar. 
The interfacial evolution process with an in-depth analysis based 
on multiple scales would benefit from optimizing the design of 
graphene composites at high temperatures.

Keywords: cementitious materials; elevated temperature; graphene; inter-
face evolution; thermal detriment.

INTRODUCTION
Graphene and its derivatives have attracted extensive 

interest in civil engineering due to their modification of 
cementitious materials and functional application in infra-
structure.1-7 Due to the extraordinary mechanical strength8-10 
and super-high aspect ratio,11,12 a small addition of graphene 
can significantly improve the mechanical properties and 
durability of concrete at room temperature.13-17 These 
nanomaterials can act as seeding sites to accelerate cement 
hydration during the precipitation process. Graphene sheets 
anchored into the cement hydration products form an exten-
sive distributed strengthening network and contribute to a 
defectless microstructure.18-20

It is noted that graphene and its derivatives not only have 
a good toughening effect on cement-based materials at room 
temperature, but also reduce the damage and deterioration 
under high temperatures. Concrete samples with graphene 
oxide (GO) presented better anti-spalling performance 
than neat samples, and the relative residual compressive 
strength of GO-modified specimens was noticeably higher 
than control groups after exposure to 400 and 600°C.21 Chu 
et al.22 pointed out that, at and after high temperatures, the 
concrete samples with graphene sulfonate nanosheets (GSN) 
always presented better mechanical performance than that 
of concrete samples without GSN. The porosity of concrete 
with and without GSN after 1000°C increased by 293 

and 301% more than that of concrete at ambient tempera-
ture. Research was performed to find out the anti-thermal 
mechanism of graphene-reinforced concrete. According to 
Jing et  al.,23 the enhanced thermal propagation and lower 
temperature gradient restrict the development of thermal 
damages. Molecular dynamics simulation discovered that 
rough multilayered GO sheets were helpful in stabilizing the 
calcium silicate hydrate (C-S-H) structure by contributing 
to the good compatibility between C-S-H gel.24 In addi-
tion, chemical alteration was found in graphene-reinforced 
concrete samples with the promotion effect of ordered 
crystal formation.25 Thus, refinement of pore structures, 
regulation of the thermal stress gradient, and crack inhibi-
tion are commonly accepted fire-resistant mechanisms of 
the graphene-reinforced cement matrix. However, a well-
bonded graphene and cement matrix at elevated temperature 
is hardly achieved in experiments. In previous studies, the 
interface evolution between graphene and the cement matrix, 
stemming from different thermal expansion coefficients, is 
usually neglected.22,26 Under spontaneously and thermally 
induced strains, both one- and two-dimensional ripples and 
in-plane rotation in graphene sheets were observed in exper-
iments,26,27 which might result in changes in the interface 
between graphene and the cement matrix.

RESEARCH SIGNIFICANCE
There is still a lack of comprehension of the effect of 

graphene on the thermal resistance of concrete mecha-
nisms. How the interface evolution of graphene and cement 
composites affects the cementitious microstructure and 
macroscopic performance remains to be investigated, which 
is helpful to nano-reinforced high-performance material 
design under high temperatures. Specifically, how does the 
interface evolve between graphene sheets and the cement 
matrix at different temperatures? How does graphene affect 
the pore structure and crack evolution with temperature 
continuously rising? Generally, the restricted thermal dila-
tation and evaporated water (usually evaporated free water, 
physically and part of chemically bound water) caused the 
development of thermal stress and pore pressure from 200 
to 400°C, which plays a significant role in the deterioration 
process of cementitious microstructure.28,29 At 600 to 800°C, 
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most of the hydration products degrade and form a porous 
microstructure.30

The focus of this work is to investigate the role of graphene 
in the post-fire behavior of cement-based materials. For this 
purpose, experiments were performed on cement mortar 
samples at different temperatures.

EXPERIMENTAL INVESTIGATION
Materials and mixtures

Portland cement P.O 42.5R meeting the criteria of GB 
175-200731 was adopted. Table 1 and Fig. 1 show the 
mixture proportions of the materials. Figure 2 reveals the 
features of the graphene sheet used in the present study. 
For dispersion, graphene, polycarboxylate ether (PCE), and 
high-range water-reducing admixtures (HRWRAs) were 
first added to water. Sonication (500 W, 30 minutes) was 
used to ensure the uniform dispersion of graphene sheets. 
By using a spectrophotometer, the ultraviolet-visible spec-
troscopy (UV-Vis) absorption spectra of each suspension 
were measured between 200 and 700 nm to comprehend 
the dispersion impact of graphene sheets. According to the 
Beer-Lambert law, greater absorbency corresponds to more 
effective dispersion of graphene sheets in water. The absor-
bance spectra of graphene suspension in water with and 
without dispersants are shown in Fig. 2. There is an absorp-
tion peak of graphene sheet suspension at 260 nm (the line 
in Fig. 2), which represents the particular absorption peak 
of each graphene for all spectra. With the addition of PCE 
and HRWRA, the graphene sheet suspension reaches its 
maximal absorption peak. When the inclusion of HRWRA 
dominates dispersion, graphene suspension absorbency is 
diminished. The minimal absorption of the graphene suspen-
sion’s dispersion effect is indicative of its weak dispersion 
effect. Figure 3(a) presents uniformly dispersed graphene 
sheets with HRWRA after 30 minutes of sonication. The 
aggregations of graphene sheets without PCE and HRWRA 
as the surfactant are shown in Fig. 3(b). After sonication, 

new cementitious composites with a water-cement ratio 
(w/c) of 0.35 were made by mixing the cement and silica 
sand with the prepared solutions in a cement paste mixer. 
After mixing, the material was placed into molds to prepare 
samples with a size of 50 x 50 x 50 mm. The cement mortar 
specimens were removed from the molds after curing in the 
laboratory condition for 1 day and then stored in a moist 
room for 27 days with a relative humidity of 95%. The thick-
ness of graphene is approximately 1.5 nm, with a maximum 
diameter of up to 10 to 15 μm; the atomic force microscope 
(AFM) analysis results are shown in Fig. 3(d). The average 
silica sand particle size is 110 μm.

Heating procedure
The specimens were placed in a furnace and heated at a 

rate of 1°C/min from 25°C to the target temperature (200, 
400, 600, and 800°C). To homogenize the interior tempera-
ture, the target temperature was held constant for 2 hours. 
The specimens were then cooled down naturally in the 

Table 1—Properties of ordinary portland cement

Mixture Cement Water Graphene HRWRA Silica sand

GC00 100 35 — 0.1 120

GC01 100 35 0.1 0.1 120

GC02 100 35 0.2 0.1 120

Fig. 1—Experimental setup and procedures.

Fig. 2—UV-Vis absorbance spectra of graphene sheet 
suspension with polyvinylpyrrolidone (PVP) and HRWRA.
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oven at a moderate cooling rate. The specimens were then 
spontaneously cooled to room temperature in the furnace 
for testing and characterization. A hydraulic press machine 
with a loading rate of 100 kN/min was used to determine 
the residual compressive strength. The peak loads were 
measured, and the compressive strength was calculated as 
the average of three specimens.

Microstructure analysis
To explore the porosity and pore-size distribution of all 

the samples exposed to different temperatures, a mercury 
intrusion porosimetry (MIP) system was used to evaluate 
the pore-structure evolution in cement paste. All the samples 
were first sliced to a size of 10 x 10 x 10 mm. To avoid 
additional hydration, the sample was submerged in ethanol 
for 24 hours. The samples were then removed and put in 
a vacuum-drying oven at 60°C for 48 hours. The pressure 
gradually rose from 0.003 to 0.15 MPa during the test, then 
the penetrometer was taken out of the low-pressure chamber. 
The penetrometer was placed in the high-pressure chamber 
after the weight was measured. Mercury pressure was raised 
to the maximum of 227 MPa. The mercury was driven into 
the pores of the samples when the pressure increased. The 
highest volume of intruded mercury can be used to assess the 
sample’s porosity. After completely preparing the samples 
with grinding and polishing operations, a scanning electron 
microscope (SEM) working at a 5 kV accelerating voltage 
was used to observe microstructural changes of different 
samples at different temperatures.

EXPERIMENTAL RESULTS AND DISCUSSION
Mechanical properties and microstructure 
analysis

As shown in Fig. 4(a) and (c), the presence of graphene 
in cement mortar not only played a significant role in the 
reinforcement effect on cement mortar samples at room 

temperature, but also effectively mitigated the thermal- 
detriment phenomenon under high temperatures. The 
compressive strength of these samples with 0.1 wt. % 
(GC01) and 0.2 wt. % (GC02) graphene improved by 10.7% 
and 24.7%, respectively, compared to neat cement mortar 
(GC00) at 25°C (Fig. 4(a)). This is consistent with the 
observations in the literature.16,32 With increasing tempera-
ture, the compressive performance of GC00, GC01, and 
GC02 presented a similar trend. After 200°C, all samples 
showed better mechanical properties due to the rehydra-
tion of cement particles.29,33 After heating up to 400°C, 
the residual mechanical strength of all samples started to 
decrease. The significant deterioration of mechanical prop-
erties occurred after exposure to 800°C. As shown in Fig. 
4(c), the relative residual compressive strength enhanced 
with a higher content of graphene at 200 to 400°C or 600 
to 800°C. However, the reinforcement effect of graphene 
on the cement matrix showed varied trends with increasing 
temperature. When exposed to 200 and 400°C, graphene-re-
inforced samples had a decreased reinforcement efficiency, 
while GC01 and GC02 presented enhanced reinforcement 
impact when heated up to 600 and 800°C.

Pore-structure evolution
Figures 5 to 7 show the pore-structure evolution at 

different temperatures for all the samples. Before thermal 
treatment, due to the compact action of graphene on the 
microstructure of cement hydration products, GC02 showed 
lower microporosity than GC01 and GC00 (Fig. 5 and 6(a)). 
As the temperature rose, total cumulative intrusion curves  
demonstrated a consistent increasing trend, and the pore 
access domain that was altered by heat seemed to switch 
from mesopores to the outer porosity of C-S-H, which 
corresponded to the inflection point of approximately 500 
to 1100 nm in Fig. 6(c) to (e). The reference attributed these 
phenomena to several factors: 1) recrystallization, which 

Fig. 3—SEM images of graphene sheet morphology and AFM analysis result.
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causes a decrease in the volume of C-S-H30; 2) significant 
changes in the shape of calcium hydroxide crystals34; and 
3) fracturing at the specimen’s edges when heated to 600°C.35 
Interestingly, the cumulative intrusion volume curves of 
GC01 and GC02, larger than 100 nm, remained lower than 
those of the reference samples, which explains why the 
strength of the specimens with graphene was always higher 
than the ones without graphene. The situation with cumula-
tive intrusion volume curves (ranging from 5 to 100 nm) is 
more complex, as depicted in Fig. 6(f) to (j). The specimens 
reinforced with graphene exhibited a reinforcement effect 
similar to that shown in Fig. 4(c). Specifically, at 400°C, 
there was a higher intrusion volume observed between 5 
and 100 nm, followed by a lower intrusion volume than the 
reference when heated beyond 400°C.

More significant information concerning pore-structure 
degradation and the effect of graphene on this process was 
provided by the differential curves. Overall, thermal treat-
ments resulted in damage development and created signif-
icant capillary pore distribution peaks (500 to 1100 nm) in 
all samples. From 25 to 200°C, there was only one distri-
bution peak in each sample (approximately 20 to 100 nm), 
as shown in Fig. 6(f) and (g). When the temperature was 
beyond 400°C, thermal damage generated extra pore volume 
and introduced a new distribution peak for all samples with 
the size class of approximately 0.5 to 1.1 μm. They were 
associated with the decomposition and shrinkage of hydra-
tion products and the development of cracks, as described 
in Zhang et al.30 Beyond 600°C, the recrystallization and 
decomposition of C-S-H25,36 are generally regarded as the 
most important factors causing a porous microstructure and 

the failure of cement composites. As a result of the intro-
duced capillary pores, the compressive strength started 
to decrease, as shown in Fig. 4(a). When the temperature 
continually rose to 800°C, the diameter of capillary pores 
from thermal degradation and thermal damage was up to 1.2 
to 8 μm. At this stage, the dehydration of C-S-H and CH was 
the main reason that contributed to the dramatic increase in 
porosity (from 29 to 39%).

Furthermore, the pore regulation effect of graphene on 
cement mortar at elevated temperature was evident by the 
analysis of the differential curves. From Fig. 6(f) and (g), the 
differential curve peaks strength (from 5 to 100 nm) of GC02 
gradually increased beyond that of the reference group. 
When the temperature increased to 400°C (Fig. 6(h)), the 
differential curves between 30 to 50 nm of both GC01 and 
GC02 stayed at the top of the neat cement mortar curve. This 
indicated that more mesopores were generated in graphene 
groups when exposed to 200 and 400°C. In addition, the 
phenomenon that GC02 possessed a larger peak diameter 
(39 nm) than GC01 (32 nm) also suggested graphene inside 
cement mortar might have a negative impact on the restric-
tion of mesopores, resulting in decreased reinforcement 
efficiency. During this process, the accumulated mesopores 
gradually merged into capillary pores with the appearance 
of another capillary pore distribution peak. The compressive 
strength of all samples started to decrease at this moment, 
as shown in Fig. 4(a). The nanopore regulating function of 
graphene was further diminished following the formation 
of capillary pore distribution peaks, and the distribution 
curves (approximately 100 nm) of all samples overlapped 
when exposed to 800°C. The overlapped pore differential 

Fig. 4—Strength and porosity of cement specimens before and after exposure to different temperatures.
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curves (approximately 100 nm) of all samples illustrated that 
graphene lost control of nanoscale damage.

Although its nanopore regulation effect was continually 
being weakened, graphene showed a significant inhibition 
toward the development of capillary pores (500 to 1100 nm). 
According to Fig. 6(h) to (j), the pore differential curves of 
GC01 and GC02 were kept to the left of the reference group 
curve, even at 800°C. The smaller differential curve peaks 
and diameters hinted that graphene may have a positive 
influence on capillary pore inhibition when the temperature 
was beyond 400°C.

When exposed to elevated temperature, the pore volume 
fraction content of both coarse mesopores and intermediate 
capillary pores gradually increased, while that of thin meso-
pores decreased. However, samples with a higher content of 
graphene presented better mitigation of pore volume evolu-
tion. For temperatures lower than 400°C (Fig. 6(a) to (d)), 
the pore volume fraction of the capillary pore (>100  nm) 
of GC01 and GC02 was always lower than GC00, and 
graphene-toughened samples showed smaller diameters of 
differential peaks than GC00 (Fig. 6(f) to (j)). Notably, when 

heated beyond 400°C, the regulatory effect of graphene 
on mesopores and intermediate capillary pores continually 
weakened, with gradual overlapping of peaks between 5 and 
100 nm. In contrast, the smaller differential peak (between 
1000 and 10,000 nm) diameters of GC01 and GC02 than 
those of the control group suggested that the reinforced 
domain of graphene shifted from mesopores to capillary 
pores. The shift was strongly associated with the interface 
evolution of graphene and the cement matrix.

Interface evolution of graphene and cement matrix
The representative high-resolution SEM images 

containing graphene are shown in Fig. 8 for a better under-
standing of the interface evolution between graphene and 
the matrix with temperature changes. At ambient tempera-
ture, graphene anchored in the cement matrix presented 
stretching morphology (Fig. 8(a)) and played an important 
role in pore-structure regulation, contributing to the 
improved compressive strength of graphene-reinforced 
groups. When it was exposed to elevated temperature, 
because graphene sheets exhibited an in-plane rotation and 

Fig. 5—SEM analysis of specimens before and after exposure to high temperatures: (a) GC00; (b) GC01; and (c) GC02.
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out-of-plane rippling,26,27 some ripples appeared on the 
mixture of graphene sheets and hydration products, as 
shown in Fig. 8(b). According to Bao et al.,27 the thermal 
rippling could reach up to 30 nm. Interestingly, the MIP 

results in Fig. 6(f) to (g) show a similar trend. When heated 
up to 200°C, the mesopore (25 to 50 nm) content of GC02 
increased significantly and had a higher peak intensity than 
GC01 and GC00. Additionally, the addition of graphene 

Fig. 6—(a) to (e) Cumulative intrusion volume curves; and (f) to (j) pore distribution curves before and after exposure to high 
temperatures.
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reinforcement (GC01 with 20% and GC02 with 19%) 
resulted in a greater increase in pore size between 27 and 
50 nm compared to samples without graphene (GC00 with 
11%), as shown in Fig. 7(a) to (b). It is reasonable to attribute 
the additional mesopores in the cement matrix of approxi-
mately 25 to 50 nm to the thermal deformation of graphene. 
Element line scanning also verified the presence of graphene 
ripples in Fig. 8(g), as illustrated in Fig. 9(a).

When heated up to 400°C, the continual thermal defor-
mation (Fig. 8(c) and (d)) further widened the mesopores 
and microcracks around the interface of graphene and 
the cement matrix. It should be noted that the graphene 
(Fig. 8(d)) partially debonded from the cement matrix, intro-
ducing nanoscale cracks and extra mesopores, as mentioned 
earlier. However, as the authors discussed in the section 
“Pore-structure evolution,” due to the accumulation and 
merging of mesopores, the appearance of another capil-
lary pore distribution peak gradually resulted in the dimin-
ishing of the nanopore regulating function of graphene. The 
reinforcement efficiency of graphene-reinforced samples 
presented a decreasing reinforcement trend, as shown in 
Fig. 4(c), which was illustrated in Fig. 9(b). Nevertheless, 
the graphene was still embedded in the hydration product, 
which could still play a role in controlling the development 
of large-scale capillary pore sizes, as shown in Fig. 6(h).

When the temperature increased beyond 600°C, the 
graphene sheets continually debonded from the matrix and 
formed several wrinkle morphologies in Fig. 8(e). Through 
Fig. 8(i), it is found that the ripples are the combination of 
C-S-H and graphene with the high strength of silicon and 
carbon elements. When the cement samples were heated 
to 800°C, most of the hydration products decomposed and 
recrystallized,30,37 forming a porous cement matrix. Interest-
ingly, the embedded graphene in the cement matrix acted as 
a frame that restricted the propagation of pores and cracks, 
as shown in Fig. 8(f), which was illustrated in Fig. 9(c). 
The influence of interface evolution on the microstructure 
was revealed by quantitative analysis. For all the samples, 
the distribution peaks between 10 and 100 nm overlap in 
Fig. 6(j). When the temperature was raised to 600 to 800°C, 
graphene gradually fell off from the cement-based matrix, 
which gradually weakened the control effect of graphene on 
nanopores. However, because graphene was not completely 
stripped from the matrix, the groups with graphene still had 
smaller pore-size distributions at the stage of 0.4 to 10 μm 
compared with GC00. Therefore, the graphene at 600 and 
800°C showed a better reinforcement effect in cement 
mortar.

In summary, when all samples were exposed to elevated 
temperature, due to the out-of-plane deformation of 

Fig. 7—Pore volume fraction of specimens at ambient temperature (25°C) and after exposure to 200, 400, 600, and 800°C.
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graphene, the interface of graphene and cement gradually 
departed and introduced damage inside the cement matrix. 
The pore volume fraction content of coarse mesopores 
and intermediate capillary pores inside graphene groups 
grew progressively, whereas thin mesopores decreased and 
resulted in the decreased graphene reinforcement efficiency 
from 200 to 400°C. The enlarged mesopores of graphene 
groups compared with the reference group before 400°C 
is one of the keys that reduced the graphene reinforcement 
effect on cement mortar (Fig. 9(a) and (b)). With increasing 

temperature, the graphene sheets gradually debonded from 
the matrix and formed several wrinkle morphologies, as 
shown in Fig. 8(e). However, according to the SEM analysis 
(Fig. 8(f)), graphene sheets still presented an anti-damage 
effect and showed a superior mitigation effect on capillary 
pore volume evolution (from 500 to 1100 nm), as shown in 
Fig. 6(h) to (j). Beyond 400°C, the superior capillary pore 
volume (from 500 to 1100 nm) inhibition effect contrib-
uted to better post-fire mechanical strength properties of the 
graphene groups (Fig. 9(b) and (c)). In other words, when 

Fig. 8—(a) to (f) SEM micrographs of interface between graphene and cement matrix before and after exposure to high 
temperatures; and (g) to (i) energy-dispersive X-ray spectroscopy (EDS) results.

Fig. 9—Schematic diagram of interface development of graphene and cement matrix at different temperatures.
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graphene was heated over 400°C, its regulating impact on 
mesopore and intermediate capillary pores gradually weak-
ened, with progressive overlapping of peaks between 5 and 
100 nm. GC01 and GC02 had lower differential peak sizes 
(within 1000 to 10,000 nm) than the control group, showing 
that the reinforced domain of graphene switched from meso-
pores to capillary pores. The change was strongly linked to 
the development of the graphene-cement matrix contact.

CONCLUSIONS
The mechanical properties, phase composition, and 

pore-structure evolution of graphene-toughened cement-
based materials under high temperatures were investigated. 
The main findings are listed as follows:

1. The experimental results show that the incorporation 
of graphene can effectively improve the high-temperature 
performance of cement-based materials, and the toughening 
effect of cement-based materials presents two distinct stages.

2. Graphene embedded in a cement matrix undergoes 
out-of-plane deformation under the effect of temperature. 
This deformation led to the continuous evolution of the 
interface between graphene and the cement-based material, 
which affected the evolution of the cement-based micro-
structure, finally resulting in the change in the macroscopic 
toughening effect.

3. After exposure to 200°C, ripples could be observed 
at the interface between graphene and hydration products, 
which contrasted with the tightly bound interface between 
graphene and hydration products at room temperature. 
Mercury intrusion porosimetry (MIP) results indicated the 
thin mesopores gradually transformed into middle meso-
pores when the temperature was heated to 200 and 400°C. 
Further deterioration of the interface was observed with 
elevated temperature because of the graphene deformation 
up to 400°C.

4. After the samples were exposed to 600°C, cracks and 
pores were introduced at the interface due to thermally 
mismatched graphene and the cement matrix, resulting in a 
complete loss of the control of nanopores. Mechanical and 
MIP experiments show that the development of capillary 
pores is controlled in graphene-reinforced samples at this 
stage, revealing the restriction on the capillary development 
of graphene.

AUTHOR BIOS
Zhenyu Zhang was a Research Assistant in the School of Civil Engineering 
at Xi’an University of Architecture and Technology, Xi’an, Shaanxi, China. 
He is currently a PhD Student in the School of Civil and Environmental 
Engineering at Nanyang Technological University, Singapore. He received 
his BS from Hunan Agricultural University, Changsha, Hunan, China, in 
2018 and his MS from Xi’an University of Architecture and Technology in 
2022. His research interests include the performance of advanced green 
construction materials and functional building materials.

Yao Yao is Chair Professor of the School of Civil Engineering at Xi’an 
University of Architecture and Technology. He received his BS from Tongji 
University, Shanghai, China, in 1999; his MS from Nanyang Technological 
University in 2002; and his PhD from Northwestern University, Evanston, 
IL, in 2008. His research interests include the mechanical properties of 
advanced materials and the reliability of structures under extreme load.

Hu Liu is an Associate Professor in the School of Chemistry and Chem-
ical Engineering at Xi’an University of Architecture and Technology. He 
received his BS from Lanzhou University, Lanzhou, Gansu, China, in 2010; 

his MS from Xinjiang University, Ürümqi, Xinjiang, China, in 2013; and his 
PhD from Harbin Institute of Technology, Harbin, Heilongjiang, China, in 
2019. His research interests include advanced functional building materials 
and functional precious metal nanomaterials.

Dong Zhang is an Associate Professor in the Department of Civil and 
Environmental Engineering at Fuzhou University, Fuzhou, Fujian, China. 
He received his BS and MS from Central South University, Changsha, 
Hunan, China, in 2008 and 2011, and his PhD from Nanyang Technological 
University in 2020. His research interests include ultra-high-performance 
concrete (UHPC) and advanced functional building materials.

Yan Zhuge is a Professor in the Department of Structural Engineering at 
the University of South Australia, Adelaide, SA, Australia. She received 
her BEng (Hons) in civil engineering and her master’s in structural engi-
neering from Beijing, China, and her PhD in structural engineering from 
Queensland University of Technology (QUT), Brisbane, QLD, Australia. 
Her research interests include green concrete materials, fiber composite 
structures, and seismic retrofitting of masonry structures.

ACKNOWLEDGMENTS
The authors would like to acknowledge the financial support from the 

National Natural Science Foundation of China (No. 11772257), Natural 
Science Foundation of Shaanxi Province (No. 2020JM-103 and 2021JM-
356), and Fundamental Research Funds for the Central Universities 
(No. G2019KY05212). The authors declare that they have no conflict of 
interest.

REFERENCES
1. Zhao, L.; Guo, X.; Song, L.; Song, Y.; Dai, G.; and Liu, J., “An 

Intensive Review on the Role of Graphene Oxide in Cement-Based Mate-
rials,” Construction and Building Materials, V. 241, Apr. 2020, Article 
No. 117939. doi: 10.1016/j.conbuildmat.2019.117939

2. Lin, Y., and Du, H., “Graphene Reinforced Cement Composites: A 
Review,” Construction and Building Materials, V. 265, Dec. 2020, Article 
No. 120312. doi: 10.1016/j.conbuildmat.2020.120312

3. Mohan, V. B.; Lau, K.-T.; Hui, D.; and Bhattacharyya, D., “Graphene-
Based Materials and Their Composites: A Review on Production, Applica-
tions and Product Limitations,” Composites Part B: Engineering, V. 142, 
June 2018, pp. 200-220. doi: 10.1016/j.compositesb.2018.01.013

4. Krystek, M.; Ciesielski, A.; and Samorì, P., “Graphene‐Based Cemen-
titious Composites: Toward Next‐Generation Construction Technolo-
gies,” Advanced Functional Materials, V. 31, No. 27, July 2021, Article 
No. 2101887. doi: 10.1002/adfm.202101887

5. Yao, Y.; Zhang, Z.; Liu, H.; Zhuge, Y.; and Zhang, D., “A New In-Situ 
Growth Strategy to Achieve High Performance Graphene-Based Cement 
Material,” Construction and Building Materials, V. 335, June 2022, Article 
No. 127451. doi: 10.1016/j.conbuildmat.2022.127451

6. Lu, D.; Ma, L.-P.; Zhong, J.; Tong, J.; Liu, Z.; Ren, W.; and Cheng, 
H.-M., “Growing Nanocrystalline Graphene on Aggregates for Conductive 
and Strong Smart Cement Composites,” ACS Nano, V. 17, No. 4, Feb. 2023, 
pp. 3587-3597. doi: 10.1021/acsnano.2c10141

7. Lu, D.; Huo, Y.; Jiang, Z.; and Zhong, J., “Carbon Nanotube Polymer 
Nanocomposites Coated Aggregate Enabled Highly Conductive Concrete 
for Structural Health Monitoring,” Carbon, V. 206, Mar. 2023, pp. 340-350. 
doi: 10.1016/j.carbon.2023.02.043

8. Zhu, Y.; Murali, S.; Cai, W.; Li, X.; Suk, J. W.; Potts, J. R.; and Ruoff, 
R. S., “Graphene and Graphene Oxide: Synthesis, Properties, and Applica-
tions,” Advanced Materials, V. 22, No. 35, Sept. 2010, pp. 3906-3924. doi: 
10.1002/adma.201001068

9. Geim, A. K., “Graphene: Status and Prospects,” Science, V. 324, 
No. 5934, June 2009, pp. 1530-1534. doi: 10.1126/science.1158877

10. Kinloch, I. A.; Suhr, J.; Lou, J.; Young, R. J.; and Ajayan, P. M., 
“Composites with Carbon Nanotubes and Graphene: An Outlook,” Science, 
V. 362, No. 6414, Nov. 2018, pp. 547-553. doi: 10.1126/science.aat7439

11. Lin, C.; Wei, W.; and Hu, Y. H., “Catalytic Behavior of Graphene 
Oxide for Cement Hydration Process,” Journal of Physics and Chemistry 
of Solids, V. 89, Feb. 2016, pp. 128-133. doi: 10.1016/j.jpcs.2015.11.002

12. Zhao, L.; Guo, X.; Liu, Y.; Zhao, Y.; Chen, Z.; Zhang, Y.; Guo, L.; 
Shu, X.; and Liu, J., “Hydration Kinetics, Pore Structure, 3D Network 
Calcium Silicate Hydrate, and Mechanical Behavior of Graphene Oxide 
Reinforced Cement Composites,” Construction and Building Materials, 
V. 190, Nov. 2018, pp. 150-163.

13. Nasibulin, A. G.; Koltsova, T.; Nasibulina, L. I.; Anoshkin, I. V.; 
Semencha, A.; Tolochko, O. V.; and Kauppinen, E. I., “A Novel Approach 
to Composite Preparation by Direct Synthesis of Carbon Nanomaterial 
on Matrix or Filler Particles,” Acta Materialia, V. 61, No. 6, Apr. 2013, 
pp. 1862-1871. doi: 10.1016/j.actamat.2012.12.007



40 ACI Materials Journal/January 2024

14. Lin, J.; Shamsaei, E.; de Souza, F. B.; Sagoe-Crentsil, K.; and Duan, 
W. H., “Dispersion of Graphene Oxide–Silica Nanohybrids in Alkaline 
Environment for Improving Ordinary Portland Cement Composites,” 
Cement and Concrete Composites, V. 106, Feb. 2020, Article No. 103488.

15. Shang, Y.; Zhang, D.; Yang, C.; Liu, Y.; and Liu, Y., “Effect of 
Graphene Oxide on the Rheological Properties of Cement Pastes,” 
Construction and Building Materials, V. 96, Oct. 2015, pp. 20-28. doi: 
10.1016/j.conbuildmat.2015.07.181

16. Long, W.-J.; Wei, J.-J.; Xing, F.; and Khayat, K. H., “Enhanced 
Dynamic Mechanical Properties of Cement Paste Modified with 
Graphene Oxide Nanosheets and Its Reinforcing Mechanism,” Cement 
and Concrete Composites, V. 93, Oct. 2018, pp. 127-139. doi: 10.1016/j.
cemconcomp.2018.07.001

17. Saafi, M.; Tang, L.; Fung, J.; Rahman, M.; and Liggat, J., “Enhanced 
Properties of Graphene/Fly Ash Geopolymeric Composite Cement,” 
Cement and Concrete Research, V. 67, Jan. 2015, pp. 292-299. doi: 
10.1016/j.cemconres.2014.08.011

18. Shamsaei, E.; de Souza, F. B.; Yao, X.; Benhelal, E.; Akbari, A.; and 
Duan, W., “Graphene-Based Nanosheets for Stronger and More Durable 
Concrete: A Review,” Construction and Building Materials, V. 183, Sept. 
2018, pp. 642-660.

19. Li, G.; Yuan, J. B.; Zhang, Y. H.; Zhang, N.; and Liew, K. M., 
“Microstructure and Mechanical Performance of Graphene Reinforced 
Cementitious Composites,” Composites Part A: Applied Science and 
Manufacturing, V. 114, Nov. 2018, pp. 188-195.

20. Qureshi, T. S., and Panesar, D. K., “Nano Reinforced Cement Paste 
Composite with Functionalized Graphene and Pristine Graphene Nano-
platelets,” Composites Part B: Engineering, V. 197, Sept. 2020, Article 
No. 108063. doi: 10.1016/j.compositesb.2020.108063

21. Mohammed, A.; Sanjayan, J. G.; Nazari, A.; and Al-Saadi, N. T. K., 
“Effects of Graphene Oxide in Enhancing the Performance of Concrete 
Exposed to High-Temperature,” Australian Journal of Civil Engineering, 
V. 15, No. 1, 2017, pp. 61-71. doi: 10.1080/14488353.2017.1372849

22. Chu, H.-Y.; Jiang, J.-Y.; Sun, W.; and Zhang, M., “Effects of 
Graphene Sulfonate Nanosheets on Mechanical and Thermal Properties 
of Sacrificial Concrete during High Temperature Exposure,” Cement and 
Concrete Composites, V. 82, Sept. 2017, pp. 252-264. doi: 10.1016/j.
cemconcomp.2017.06.007

23. Jing, G.; Ye, Z.; Wu, J.; Wang, S.; Cheng, X.; Strokova, V.; and 
Nelyubova, V., “Introducing Reduced Graphene Oxide to Enhance the 
Thermal Properties of Cement Composites,” Cement and Concrete 
Composites, V. 109, May 2020, Article No. 103559. doi: 10.1016/j.
cemconcomp.2020.103559

24. Lu, L.; Zhang, Y.; and Yin, B., “Structure Evolution of the Interface 
between Graphene Oxide-Reinforced Calcium Silicate Hydrate Gel Particles 
Exposed to High Temperature,” Computational Materials Science, V. 173, 
Feb. 2020, Article No. 109440. doi: 10.1016/j.commatsci.2019.109440

25. Li, G., and Zhang, L. W., “Microstructure and Phase Transforma-
tion of Graphene-Cement Composites under High Temperature,” Compos-
ites Part B: Engineering, V. 166, June 2019, pp. 86-94. doi: 10.1016/j.
compositesb.2018.11.127

26. Gao, W., and Huang, R., “Thermomechanics of Monolayer Graphene: 
Rippling, Thermal Expansion and Elasticity,” Journal of the Mechanics 
and Physics of Solids, V. 66, May 2014, pp. 42-58. doi: 10.1016/j.
jmps.2014.01.011

27. Bao, W.; Miao, F.; Chen, Z.; Zhang, H.; Jang, W.; Dames, C.; and 
Lau, C. N., “Controlled Ripple Texturing of Suspended Graphene and 
Ultrathin Graphite Membranes,” Nature Nanotechnology, V. 4, No. 9, 
Sept. 2009, pp. 562-566. doi: 10.1038/nnano.2009.191

28. Zhang, D.; Dasari, A.; and Tan, K. H., “On the Mechanism of 
Prevention of Explosive Spalling in Ultra-High Performance Concrete 
with Polymer Fibers,” Cement and Concrete Research, V. 113, Nov. 2018, 
pp. 169-177. doi: 10.1016/j.cemconres.2018.08.012

29. Zhang, D.; Tan, K. H.; Dasari, A.; and Weng, Y., “Effect of Natural 
Fibers on Thermal Spalling Resistance of Ultra-High Performance 
Concrete,” Cement and Concrete Composites, V. 109, May 2020, Article 
No. 103512. doi: 10.1016/j.cemconcomp.2020.103512

30. Zhang, Q.; Ye, G.; and Koenders, E., “Investigation of the Struc-
ture of Heated Portland Cement Paste by Using Various Techniques,” 
Construction and Building Materials, V. 38, Jan. 2013, pp. 1040-1050. doi: 
10.1016/j.conbuildmat.2012.09.071

31. GB 175-2007, “Common Portland Cement,” General Administration 
of Quality Supervision, Inspection and Quarantine of the People’s Republic 
of China, Beijing, China, 2007.

32. Lu, Z.; Hanif, A.; Sun, G.; Liang, R.; Parthasarathy, P.; and Li, Z., 
“Highly Dispersed Graphene Oxide Electrodeposited Carbon Fiber Rein-
forced Cement-Based Materials with Enhanced Mechanical Properties,” 
Cement and Concrete Composites, V. 87, Mar. 2018, pp. 220-228. doi: 
10.1016/j.cemconcomp.2018.01.006

33. Sikora, P.; Abd Elrahman, M.; Chung, S.-Y.; Cendrowski, K.; 
Mijowska, E.; and Stephan, D., “Mechanical and Microstructural Proper-
ties of Cement Pastes Containing Carbon Nanotubes and Carbon Nano-
tube-Silica Core-Shell Structures, Exposed to Elevated Temperature,” 
Cement and Concrete Composites, V. 95, Jan. 2019, pp. 193-204.

34. Handoo, S. K.; Agarwal, S.; and Agarwal, S. K., “Physicochemical, 
Mineralogical, and Morphological Characteristics of Concrete Exposed 
to Elevated Temperatures,” Cement and Concrete Research, V. 32, No. 7, 
July 2002, pp. 1009-1018. doi: 10.1016/S0008-8846(01)00736-0

35. Kim, K. Y.; Yun, T. S.; and Park, K. P., “Evaluation of Pore Struc-
tures and Cracking in Cement Paste Exposed to Elevated Temperatures by 
X-Ray Computed Tomography,” Cement and Concrete Research, V. 50, 
Aug. 2013, pp. 34-40. doi: 10.1016/j.cemconres.2013.03.020

36. Jia, Z.; Chen, C.; Shi, J.; Zhang, Y.; Sun, Z.; and Zhang, P., “The 
Microstructural Change of C-S-H at Elevated Temperature in Portland 
Cement/GGBFS Blended System,” Cement and Concrete Research, V. 123, 
Sept. 2019, Article No. 105773. doi: 10.1016/j.cemconres.2019.05.018

37. Alonso, C., and Fernandez, L., “Dehydration and Rehydration 
Processes of Cement Paste Exposed to High Temperature Environments,” 
Journal of Materials Science, V. 39, No. 9, May 2004, pp. 3015-3024. doi: 
10.1023/B:JMSC.0000025827.65956.18



41ACI Materials Journal/January 2024

ACI MATERIALS JOURNAL� TECHNICAL PAPER

The penetration of chloride ions causes degradation of reinforcing 
bars, which directly affects the service life of the element. In this 
study, four different alternatives for the construction of a reinforced 
concrete (RC) caisson parapet beam are investigated: conventional 
RC, the addition of a corrosion inhibitor to concrete, and the use 
of glass fiber-reinforced bars (GFRP) and galvanized steel instead 
of steel bars. The durability of the RC element under marine envi-
ronment was studied based on measurements performed both 
in-place and in well-controlled laboratory conditions on specimens 
prepared in the laboratory, as well as specimens taken from the 
actual structural element.

It was concluded that the exposure of fresh concrete to seawater 
splash has no effect on mechanical properties. In addition, galva-
nized rods were found to be a less effective protection strategy 
compared to the other alternatives studied. GFRP bars, however, 
provide better protection than the other tested alternatives, 
although chloride ion penetration in these bars was found to be 
more accelerated in an alkaline environment compared to a chlo-
ride environment.

In contrast to the prevailing approach, which considers plain 
concrete and according to which the electrical resistance of the 
concrete decreases because of chloride penetration, this study found 
that electrical resistance in the reinforced element is increased due 
to an increase in the amount of corrosion products formed between 
steel and concrete if no cracks occur.

Furthermore, it was found that the potential measured using 
the half-cell method in all the alternatives slowly increased with 
time, as well as the corrosion risk in the three alternatives with 
reinforcing steel. The remaining question is whether this change of 
potential is a direct characteristic of the corrosion risk. Therefore, 
more research in this direction is needed.

Keywords: corrosion; durability; galvanized steel; glass fiber-reinforced 
bars (GFRP) bars; inhibitor; marine structures.

INTRODUCTION
A significant section of the world’s population lives in a 

marine environment. Accordingly, the infrastructure serving 
this population is exposed to marine environmental condi-
tions.1 These environmental conditions contain chemicals 
that can damage the concrete or initiate corrosion of rein-
forcing bars.2 Indeed, corrosion of steel-reinforced concrete 
(RC) is one of the major deterioration mechanisms causing 
economic and social losses.3 RC structures start deteri-
orating mainly because of chloride-induced corrosion, 
sulfate-induced corrosion, and carbonation.4 Furthermore, 
the concrete itself will be vulnerable if exposed to seawater 
and will be in conditions of wetting and drying with an 
aqueous solution containing mainly dissolved sodium chlo-
ride and magnesium sulfate. On average, seawater contains 

approximately 35 g/L (0.291 lb/gal.) of dissolved salts.5 
However, this is variable and depends on specific geographic 
locations. The concentrations of major ions (Cl−, Na+, SO4

2–, 
Mg2+, K+, and Ca2+) in the Eastern Mediterranean are 21,200, 
11,800, 2950, 1403, 463, and 423 mg/L (0.176, 0.098, 0.024, 
0.012, 0.0038, and 0.0035 lb/gal.), respectively.6 The effects 
of harmful elements in the seawater and sediments, both in 
and around the sea, on the properties of the concrete must 
be taken into account.7 The chemical reactions of seawater 
with concrete are mainly due to attack by magnesium 
sulfate (MgSO4). The mode of this attack is crystallization. 
Potassium and magnesium sulfates (K2SO4 and MgSO4) 
present in saltwater can cause sulfate attack in concrete due 
to the possibility of their reaction with calcium hydroxide 
(Ca(OH)2), which is present in the hardened cement paste 
formed by the hydration of cement minerals, mainly dical-
cium silicate (C2S) and tricalcium silicate (C3S).

The simplest way to reduce the risk of corrosion is to 
ensure an adequate cover depth of at least 40 mm (1.576 in.) 
and that the concrete itself will be impermeable to harmful 
substances.8 To prevent the decay of concrete under this 
cover layer, it is proposed to improve the concrete mixture 
by adding pozzolanic mineral components. Pozzolanic addi-
tives are used in a dual role: the first as micro fillers and 
the second as a bonding material.9,10 Despite the reduction 
of pores and diffusion coefficient, pozzolanic materials do 
not affect the corrosion process itself. Therefore, as soon as 
chlorides contact the reinforcing bars, corrosion develops.11

There are additional corrosion protection measures 
that are not limited to the use of membrane-type coatings 
applied to the concrete surface, such as painting of concrete, 
impregnation of concrete with materials intended to reduce 
its permeability, addition of corrosion inhibitors to concrete, 
use of corrosion-resisting materials (for example, stainless 
steels) as replacement for conventional steel reinforcement, 
cathodic protection of the reinforcement, and application 
of hot-dip galvanizing coatings to the reinforcement itself. 
Of these methods, the use of coated steel reinforcement has 
been widely accepted as an economical and convenient tool 
for providing corrosion protection in many types of concrete 
construction. For example, bar zinc coating provides not 
only simple barrier protection, but also additional cathodic 
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protection in which the coating acts as a sacrificial anode in 
cases where the underlying steel is exposed.

In ordinary concrete, uncoated steel bar depassivates 
once the pH level drops below ~11.5, though in chloride- 
contaminated concrete, this depassivation occurs at higher 
pH levels. In contrast, zinc-coated steel in concrete remains 
passivated to pH levels of approximately 9.5, thereby 
offering substantial protection against the effects of carbon-
ation of concrete. In concrete with very high chloride levels, 
the life of the zinc coating may be somewhat reduced due 
to early depassivation of the zinc. In these circumstances, 
however, although the longevity of the galvanized coating 
may be reduced, the overall life of the reinforcement would 
still be somewhat longer than that of conventional steel 
in equivalent concrete and exposure conditions due to the 
inherently higher chloride tolerance of the zinc coating. 
Therefore, even zinc coatings do not guarantee long-term 
durability in a marine environment.

Some researchers suggest using corrosion inhibitors to 
improve the protection of the reinforcement bars. By defi-
nition, a corrosion inhibitor is basically any chemical that 
lowers the rate of corrosion formation. The presence of the 
inhibitor should be in an appropriate concentration, without 
significantly altering the concrete properties and mechan-
ical properties of the steel. Due to their low cost and simple 
application method (addition to the concrete mixture or 
spraying over the surface of the element), corrosion inhibi-
tors may be a good alternative to the classical protection and 
repair method.12 A mixed inhibitor that consisted of amines 
and alkanolamines versus a zinc oxide-only inhibitor were 
examined in the work13; it was found that both functioned 
almost identically. In both cases (1 to 3% by weight inhibitor 
of the cement weight under exposure conditions of direct 
12 volts voltage at medium of 5% NaCl), cracks were formed 
in the reinforced concrete already after 175 days. Based on 
these results, it can be estimated that galvanic coating can 
be equivalent to the mixed inhibitor which further encour-
ages their use. Migratory corrosion inhibitors prevent 
steel corrosion by creating a thin layer of barrier film that 
protects the bar surface through an adsorption mechanism. 
Alkanolamines and their salts are used as organic inhibitors 
in concrete. The effectiveness of corrosion inhibitors varies 
according to the number of chlorides in the pore water. If 
concentration of chlorides is high, the inhibitory function 
decreases. This means that the chloride concentration will 
indicate the duration of the inhibitor service.14

Another anti-corrosion option is to avoid using steel bars 
and replacing them with glass fiber-reinforced polymer 
(GFRP) bars.15 Beyond the high cost problems compared to 
conventional construction in carbon steel, the main obstacle 
in using GFRP bars is because it is considered a new mate-
rial in civil engineering and, consequently, insufficient data 
on its performance for long-term exposures.16 A few studies 
conducted in this field have shown impairment of long-term 
mechanical properties. Depending on the type of GFRP rein-
forcement, the strength of the bars may decrease two to three 
times in the long term defined between 50 and 120 years.17 
This decrease is explained by an alkaline reaction that 

can occur due to a combination of temperature effect and 
the constant tensile strength of fibers and matrix.18,19 Most 
studies try to examine the elements in the short term and 
reflect the results on the long term. However, there may also 
be a scenario according to which an initial damage caused to 
the concrete due to the mistakes in primary design, execu-
tion, and maintenance (such as improper curing) in the short 
term is maintained for an extended period so that, in fact, the 
initial damage becomes the most severe.20

The current study deals with durability of reinforced 
concrete elements under marine environmental conditions 
and includes both measurements performed in-place and in 
well-controlled laboratory conditions on specimens prepared 
in the laboratory, as well as specimens taken from the actual 
structural element. The use of several alternatives (adding 
migrating corrosion inhibitor21 and replacing conventional 
steel reinforcing bars with those made of galvanized steel 
and GFRP) is examined to shed light on their effectiveness.

RESEARCH SCOPE
This study investigates the effectiveness of four alterna-

tives of construction of a marine structure (caisson parapet 
beam) under seawater attack. These alternatives include 
concrete with and without corrosion inhibitor, and different 
types of reinforcement (conventional steel, galvanized steel, 
and GFRP). The results of the in-place investigation are 
analyzed and compared to those obtained in the laboratory. 
The alternatives are:

a) Reference concrete with a cover thickness of 75 mm 
(2.955 in.) and conventional steel reinforcement—the alter-
native that meets the current standard requirements for dura-
bility of reinforced concrete elements in the splash zone.

b) Concrete containing corrosion inhibitor, concrete cover 
thickness of 40 mm (1.576 in.), and conventional steel 
reinforcement.

c) Concrete without corrosion inhibitor, concrete cover 
thickness of 40 mm (1.576 in.), and galvanized reinforce-
ment steel.

d) Concrete without corrosion inhibitor, concrete cover 
thickness of 40 mm (1.576 in.), and GFRP reinforcing bars.

RESEARCH SIGNIFICANCE
Conventional concrete construction in a marine environ-

ment shows often unsatisfactory performance. The research 
goal is to examine different alternatives to conventional 
construction of RC concrete caisson parapet beam exposed 
to seawater attack.

This study describes the results of studying the acceler-
ated degradation process in RC elements exposed to marine 
environments in laboratory conditions and compares it with 
a case study in field conditions. Several standard methods 
for studying durability of RC under seawater attack exist, 
but comparing their results is not trivial and can lead to 
inconsistency. In this study, to create similarity in corrosive 
conditions causing degradation of the reinforced concrete in 
the laboratory and in-place, the climatic parameters under 
natural environmental conditions on site were thoroughly 
measured.
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CONCRETE MIXTURE DESIGN, CASTING,  
AND CURING

Two concrete mixture designs are described hereafter. The 
laboratory samples were prepared from the same concrete 
mixer (batch) from which the caisson parapet beam was 
cast in the field. A mixture marked ‘N’ was a concrete 
mixture without a corrosion inhibitor. The mixture marked 
with ‘I’ included a corrosion inhibitor. The fresh concrete 
was taken from the mixer on the day of the caisson parapet 
casting. Compressive, splitting, flexural, pullout (bond), and 
embedded reinforcement bar tension tests were performed at 
ages of 7, 28, and 90 days for the two mixtures. All speci-
mens were demolded after 24 hours and kept in two different 
curing conditions. Half of the specimens were immersed 
in water and the others in the 3.5 wt% NaCl solution. The 
specimens cured in the salt solution for 28 days made of 
the mixture without and with a corrosion inhibitor were 
marked ‘NS’ and ‘IS’, respectively. After this period, all 
samples were kept in the air under temperature (T) = 21 ± 
2°C (69.8 ± 3.6°F) and relative humidity (RH) = 65 ± 5%, 
until the age of 90 days. After being air-cured, the specimens 
were cured in the same type of wet conditions (immersed 
in water and the salt solution) for 24 hours before the 
mechanical tests (compressive, bond, and splitting strength) 
to achieve identical humidity conditions in all samples. 
CEM  III 42.5N cement and migrating corrosion inhibitor 
based on amines and alkanolamines were used in this work. 
The concrete mixture compositions are shown in Table 1. 
The water-cement ratio (w/c) and water-binder ratio (w/b) 
have a direct correlation with the density and porosity of 
cement paste at the onset of hydration. The mechanical char-
acteristics of concrete are directly influenced by these ratios. 
A decrease in these ratios leads to stronger, more resilient, 
and more sustainable concrete. Concrete with lower water 
content results in insufficient water for complete hydration, 
resulting in an increase in compressive strength as w/c or w/b 
decreases.22 This is the reason why in this study, the authors 
chose to work in combination with CEM III 42.5N type 
cement and another addition of fly ash.

Specimen types
The dimensions of the samples were made based on the 

requirements of the EN 12390-1 standard. Standard concrete 
cubes of 100 x 100 x 100 mm (3.94 x 3.94 x 3.94 in.) were 
used for measuring the compressive strength. Concrete cubes 
for measuring the splitting tensile strength were 70 x 70 x 
70 mm (2.755 x 2.755 x 2.755 in.), and concrete prisms with 
dimensions 280 x 70 x 70 mm (11.023 x 2.755 x 2.755 in.) 

were tested for flexural strength. Pullout and tensile strength 
tests were performed on conventional carbon steel and 
12  mm (0.472 in.) GFRP bars embedded in the center of 
70 x 70 x 70 mm (2.755 x 2.755 x 2.755 in.) concrete cubes 
(Fig. 1). The bar in the pullout test was embedded 40 mm 
(1.5748 in.) inside the concrete cube on one side only. In 
the tensile strength test, the concrete cube was located in the 
center, while the bar extended from both ends by 150 mm 
(5.90551  in.). Three samples were taken from the beam 
in the field. The dimensions of the cylinders were 74 mm 
(2.913 in.) diameter and 100 mm (3.937 in.) in height.

Exposure conditions
Site exposure—For the in-place studies of concrete dura-

bility, the caisson parapet beam built in 2019 in the Bay 
Port of Haifa (35°02’N, 32°82’E), in the Eastern Mediter-
ranean, was selected (Fig. 2). During the authors’ observa-
tions, the average annual temperature was 20.5°C (68.9°F) 
and the average annual precipitation was 24.41 mm 
(0.961  in.) (Fig. 2(b)). The average wind speed measured 
was 3.9 m/s (153.543 in./s) and the maximum wind value 
was 4.9 m/s (192.913 in./s) and was directed north or north-
west. The height of the measured waves ranged from 0.5 
to 1.6 m (19.685 to 62.992 in.), mainly from W (258.75 
to 281.25  degrees) to WNW (281.25 to 303.75 degrees). 
Approximately 70% of the annual waves come from these 
directions. These conditions are considered as representing 
mild to moderate exposure.

Laboratory exposure—After 28 days of water curing, the 
specimens for pullout and tension tests were fully submerged 
in a 3.5% NaCl solution in individual containers. The speci-
mens were subjected to wetting and drying cycles to sustain 
initiation and propagation corrosion. Both the wetting and 
drying cycles were carried out at 21 ± 2°C (69.8 ± 3.6°F) 
and controlled RH 65 ± 5%. All samples were exposed for 
monthly wetting-and-drying cycles (in total, there were 16 
complete cycles of wetting and drying).

Corrosion measurement methods
To examine the development of corrosion at the site, a 

measuring area of 2 x 1 m (78.74 x 39.37 in.) was marked for 
each part of the caisson parapet beam. Each area was divided 
into a grid of 20 x 20 cm (7.874 x 7.874 in.) that matches 
the spacing of the reinforcement bars. The test is performed 
according to ASTM C876 for Cu/CuSO4 (CSE) half-cell.23

Electrical resistance was measured by an Ohm meter 
device, with the negative pole connected directly to the rein-
forcing rod in the concrete and the positive pole connected 

Table 1—Concrete compositions

Sample

Content, kg/m3

Maximum 
aggregate 
size, mm w/c w/b

Air 
content, %

Unit 
weight, 
kg/m3

Slump, 
mmC W F S I

Aggregates*

Fine Coarse

N 322 141 81 3 — 1034 804 14 0.43 0.34 1.1 2387 119

I 396 166 99 4 1 740 991 14 0.41 0.33 1.9 2397 115

*Type of aggregates—coarse: dolomite rock, fine: quartz.

Note: C is cement; W is water; F is fly ash; S is superplasticizer; I is corrosion inhibitor; w/c is water-cement ratio; w/b is water-binder ratio; N and I is concrete mixtures without 
and with corrosion inhibitor, respectively; 1 kg/m3 = 1.685555 lb/yd3; 1 mm = 0.0394 in.
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to a damp sponge (Fig. 3(a)). Measurements were made in 
six points along a 1 m (39.37 in.) rod embedded in concrete. 
In addition, on each day of the experiment, measurements 
were also made in concrete without metal rods to analyze the 
change in the properties of the concrete. The average results 
are shown in Fig. 3(b).

RESULTS AND DISCUSSION
Compressive, splitting, and flexural strength

Concrete is vulnerable to attack when exposed to seawater, 
especially when there are cycles of wetting and drying in 

an aqueous solution containing dissolved sodium chloride 
and magnesium sulfate. As mentioned earlier, these harmful 
substances exist not only in the seawater but also in rain-
water and even in soils and sediments.24 Information about 
the influence of marine environments on concrete properties 
is contradictory. For example, a negative effect of approxi-
mately 6% on the compressive strength of the concrete due 
to curing in seawater was reported.25 In contrast, no effect 
at all was observed elsewhere.26 For this reason, in the first 
stage, the effect of the marine environment on the speci-
mens through their curing in the saltwater was studied. All 

Fig. 1—(a) Pullout; and (b) tensile testing schemes. (Note: 1 mm = 0.0394 in.)

Fig. 2—(a) Observation area and its coordinates; (b) dependence of precipitation and temperature versus time in field condi-
tions; and (c) cross section of parapet beam constructed above caisson. (Note: 1 mm = 0.0394 in.; (°C × 9/5) + 32 = °F.)
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specimens were tested at 7, 28, and 90 days after casting for 
compressive, splitting, and bending strength. Control speci-
mens were exposed to standard curing without the presence 
of saltwater. By comparing the test results of specimens with 
different curing conditions, a similar trend was observed for 
each of the examined days and no significant differences 
were observed in any of the strengths tested (Fig. 4).

To compare the laboratory compressive strength to that 
in the field conditions, cylinders were drilled and extracted 
from the caisson parapet 2 years after the day of casting. 
The obtained compressive strength was 43.5 ± 5.0 MPa 
(6309.142 ± 725.189 psi)—that is, significantly lower than 
that obtained in the laboratory conditions (71.5 ± 0.5 MPa 
[10,370.2 ± 72.5189 psi]). This significant difference prob-
ably occurs due to the poor curing conditions in the large 
elements in-place compared to the well-controlled curing of 
the small samples in the lab.27 It is necessary to note the 
difference in the dimensions of laboratory samples compared 
to samples taken from the field, but according to the previous 
studies, the effect of the dimensions of the samples tested in 
this experiment was very small compared to the effect of 
curing.28,29

Corrosion tests—impact on mechanical 
performance

On-site measurements—The half-cell potential is also 
known as open circuit potential and measures the differ-
ence of electrochemical potential versus reference electrode 
at each measurement point so that potential maps can be 
obtained. Analysis of results is based on the following values 
introduced in ASTM C876-1523 and Kendall et al.30: a) if 

potentials over an area are higher than −0.20 V CSE, there 
is a greater than 90% probability that no reinforcing steel 
corrosion is occurring in that area at the time of measure-
ment; b) if potentials over an area are in the range of −0.20 
to −0.35 V CSE, corrosion activity of the reinforcing steel in 
that area is uncertain; and finally, c) if potentials over an area 
are smaller than −0.35 V CSE, there is a greater than 90% 
probability that reinforcing steel corrosion is occurring in 
that area at the time of measurement. Regarding galvanized 
steel—at a direct connection of the steel to the zinc coating, 
these values can be more negative than ~135 to 150 milli-
volts.31 In the authors’ experiment, the stainless electrode 
was directly connected to the steel rod by welding. That is 
why the more suitable potential value for analysis would be 
that of black steel.

Measurements were performed every 6 months after 140 
days from the casting of the elements (Fig. 5(a) to (d)). The 
measurements presented in Fig. 5(d) were made to determine 
the reference areas that describe the concrete conditions on 
the day of the measurement, because the element is exposed 
to the environment in which the conditions change in time. 
Over time, the electric potential in these reference areas has 
risen to more positive values. This may indicate increasing 
probability of corrosion in the areas containing steel because 
of penetration and accumulation of chlorides.

A calculation of the areas suspected of corrosion with 
different probability is shown in Fig. 6 for each time point. 
In this figure, “a” refers to the control RC, “b” refers to the 
RC containing corrosion inhibitor, and “c” refers to concrete 
reinforced with galvanized reinforcement steel, while “d” is 
not shown because corrosion cannot occur in GFRP rods.

Fig. 3—Testing electrical resistance of concrete: (a) scheme of measuring electrical resistance on reinforced concrete sample 
with and without corrosion; (b) results of electrical resistance measurements at 140, 320, and 500 days after casting of concrete 
alone versus electrical resistance of concrete with reference steel, inhibitor, and galvanized steel; and (c) typical image of crack 
formation after 500 days in all types of areas in field measurement.
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The measurement after 140 days from casting showed 
that, for the control RC section, 10.6% of the area suspected 
of corrosion process with a probability of 90% was already 
observed—mainly in places where cracks appeared. More-
over, in this control section, the rest of the surface showed 
a 50% corrosion probability. For the section made of RC 
containing corrosion inhibitor, the 90% corrosion proba-
bility area was like that in the control RC. However, unlike 
the control section, 59.7% of the RC containing corrosion 
inhibitor section indicated only 10% probability of corro-
sion. Figure 6 shows that after 140 days, 60.6% of the 
area of concrete reinforced with galvanized reinforcement 
steel indicated 90% probability of corrosion. This was the 
section with the highest corrosion potential at this time. In 
the section with GFRP reinforcing bars, the measurements 
showed uniform values of half-cell potential, between −300 
and −350 mV. The authors would like to mention that the 
difference of ±50 mV in the maps of half-cell potential is 
small and indicates a measurement error.

In the measurements conducted after 320 days in the 
reference section, 48.5% of the measurement area showed a 
90% probability of corrosion, and 51.5% had a 50% corro-
sion probability. These results demonstrate a relatively high 
corrosion risk in the reference section. As mentioned previ-
ously, the focal points of corrosion were the long cracks that 
appeared in the element, and this contributed to the larger 
distribution of corrosion in the reference section compared 
with the area measured at the age of 140 days. In the section 
made of RC containing corrosion inhibitor, only 9% of the 
area had a 90% probability of corrosion and 56.7% of the 

area had a 10% probability of corrosion. Also in this area, 
the high-corrosion-probability locations were the places 
with cracks. In the section with galvanized steel, 16.7% of 
the area had a 90% corrosion probability, while 83.3% of the 
area showed a 50% corrosion risk. As in the previous cases, 
the cracks in this section triggered the spreading of higher 
corrosion potential area.

For the measurements carried out after 500 days in the 
reference section, a reduction was observed in the 90% 
corrosion probability area, which decreased to 15.2%. This 
phenomenon can be linked to the filling effect that occurs 
in the concrete by corrosion products. At the same time, the 
area with a 50% corrosion probability increased up to 84.8%. 
In the section containing corrosion inhibitor, the 90% corro-
sion risk area dropped down to zero from 9% (compared 
with the measurements at 320 days). The reduction in the 
high-corrosion-potential area can be explained by the filling 
effect mentioned previously. At the same time, an increase in 
the 50% corrosion probability area (up to 60.6%), accompa-
nied by some decrease in the 10% corrosion risk area. This 
trend seems to be a result of the inhibitor fading effect: it is 
known that while the migrating inhibitors can be effective in 
extending the service life of the structure, they can gradually 
degrade or fade over time. The area with galvanized bars 
showed a 90% corrosion potential before the corrosion prob-
ability decreased to 50%, and here, the phenomenon can be 
attributed to filling by corrosion products. For the measure-
ments in concrete containing GFRP reinforcing bars, the 
half-cell potential was more or less uniformly distributed 
over the experimental section at ±50 mV.

Fig. 4—(a) Compressive; (b) splitting; and (c) flexural strength test results. ‘N’ is concrete mixture without corrosion inhibitor; 
‘I’ includes corrosion inhibitor. ‘N’ + salt solution or ‘I’ + salt solution, marked ‘NS’ or ‘IS’, respectively. Values are expressed 
as mean ± STD, n = 3 specimens. (Note: 1 MPa = 145 psi.)
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Another parameter that can help in estimating corrosion 
potential is the electrical resistance of the concrete. As can 
be seen in Fig. 3(a), the formation of an oxide layer increases 
the electrical resistance of the sample; however, penetration 
of chloride ions decreases the electrical resistance, which 
confirms the findings of the work.32 This is contrary to the 
prevailing view that corrosion in reinforced concrete and 
electrical resistance of concrete have an inverse relation-
ship—that is, the lower the electrical resistance of concrete, 
the higher the corrosion rate of a steel reinforcing bar. It is 
worth mentioning that it was also found in the work that 
concrete resistance affected not only the corrosion rate but 
also the corrosion potential.32

Figure 3(b) shows the electrical resistance measurements 
of the concrete alone versus the electrical resistance of the 
concrete together with the steel reinforcing bars, with inhib-
itor, and concrete with galvanized steel bars. As can be seen, 
the electrical resistance of the concrete alone decreases 
over time during the exposure to environmental conditions 
(please refer to the concrete resistance results on day 140 
compared to day 320 and 500).

In the measurements taken 140 days after casting, an 
insignificant difference in the resistance was observed 
between the experimental areas. After 320 days, the concrete 
containing the reference reinforcement steel, inhibitor, and 
galvanized steel showed an increase in electrical resistance 
compared to the concrete alone; this is probably due to the 
formation of a dense oxide layer. This trend disappears in 
the measurements taken after 500 days. It can be explained 
by the chloride permeability of the concrete sample and the 
destruction of this layer. Cracks were also observed on site 
(Fig. 3(c)), which apparently allowed corrosion products to 
be released and prevented oxide layers from forming.

These results support the hypothesis that the formation of 
a dense oxide layer on steel bars insulates the steel and thus 
prevents the development of corrosion. This phenomenon 
has been described by Renpu,33 who concluded that corro-
sion products form a cover film on a metal surface acting 
as passivating film because it can prevent electrochemical 
corrosion from continuous generation.

Fig. 5—Site (200 x 100 cm) mapping of half-cell potential measurement results in mV (color bar on right side of figure): (a) 
reference concrete with concrete cover thickness of 75 mm and conventional steel reinforcement; (b) concrete containing corro-
sion inhibitor, cover thickness of 40 mm, and conventional steel reinforcement; (c) concrete without corrosion inhibitor, cover 
thickness of 40 mm, and galvanized reinforcement steel; and (d) concrete without corrosion inhibitor, cover thickness of 40 mm, 
and GFRP reinforcement bars. (Note: 1 cm= 0.394 in; 1 mm = 0.0394 in.)
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Laboratory tests
Impact of corrosion on bond strength—To examine 

the performance of specimens of the four aforementioned 
construction methods, the bond strength between steel 
bars and concrete was tested by a pullout test at several 
time points. Galvanized and GFRP bars showed no differ-
ence throughout the period examined. However, refer-
ence steel bars and bars located in specimens of concrete 
with corrosion inhibitor showed a steady increase in bond 
strength. Comparing the measurement performed on day 
140 compared to day 500, the bond strength of the reference 
steel bars and those located at corrosion inhibitor concrete 
increased by 43% and 69%, respectively (Fig. 7). This 
increase can be explained by the formation of radial stresses 
of corrosion products (Fig. 8) and the development of higher 
friction between the steel bar and concrete in the early 
stages of corrosion formation to a stage where the stresses 
will overcome the tensile strength of the concrete and then 
cracks will form (Fig. 8). According to Coccia et al.,34 the 
amount of corrosion products that will cause cracks is 0.5 
to 0.6% of the bar weight. It should be noted that in this 
study the calculation of the loss the bar weight was based 
on Faraday’s law only. However, there is evidence that this 
calculation requires consideration of a coefficient of adjust-
ment that considers the porosity of the material.35 More-
over, zinc in concrete undergoes passivation when the pH 
in concrete ranges from 8 to 12.5. The corrosion products 
formed are relatively insoluble in pH in these mediums and 
form a protective layer on the reinforcing steel.36 To create 
stress, it is necessary to fill a gap of 10 to 30 µm (0.00039 
to 0.00118 in.) that exists between the surface of the bar 
and the concrete.37 According to the results of the pullout 
test, no increase in the bond strength was observed, which 
means that the galvanization showed protection during this 
period. A similar distinction was reported in Cheng et al.38 
However, unlike the current study, a steady decrease in the 
bond strength of the bar without galvanizing was observed. 

This is probably due to the samples that were examined at a 
later stage with higher amounts of corrosion.

Effect of corrosion on tensile strength of steel and 
GFRP reinforcing bars

Tensile tests were performed to examine the influence of 
marine environmental conditions combined with wetting 
and drying. Unlike other specimen types, GFRP bar samples 
were tested with a steel anchor installed at their ends where 
the bars in the other types (reference concrete; concrete with 
inhibitor and concrete reinforced by galvanized steel) went 
straight into the testing machine grips. All samples were 
tested at several time points to failure under uniaxial tensile 
loading at a rate of 500 N/min (112.4045 lbf/min) (Fig. 9). 
Comparing the specimens, it seems that the longer the expo-
sure time, the lower are both the corresponding bar elonga-
tion and the tensile strength. At day 500, the tensile strength 
was decreased as follows: for the control bars—34%, for 
the bars in concrete with corrosion inhibitor and galva-
nized bars—32%, and for the GFRP bars—only 10%. It is 
important to note that the maximum scatter was observed in 
the GFRP bars where the standard deviation was 18.85 kN 
(4237.648 lbf), while in the other types of the standard devi-
ation was approximately 2.75 kN (618.224  lbf). Similar 
results can be seen in previous studies that have shown a 
decrease in strength as a function of weight loss of the bars 
due to corrosion. When carbon steel bars lose approximately 
12% of their weight, the capacity decreases by 30%.39 
Another study reported that a decrease of 30% in strength 
involved a decrease in the cross-sectional area by 30%—a 
similar percentage.40 Additionally, a strength decrease of 
approximately 13% was observed for galvanized bars that 
were exposed to a 5% salt solution for 100 days.41 This work 
reported that this decrease was reflected in the separations of 
the zinc layer on the surface of galvanized steel reinforcing 
bars, which was also observed in the current study during 
the preparation of the samples for the laboratory experiment 

Fig. 6—Amount of corrosion suspect area according to Fig. 5: (a) reference concrete with concrete cover thickness of 75 mm 
and conventional steel reinforcement; (b) concrete containing corrosion inhibitor, cover thickness of 40 mm, and conventional 
steel reinforcement; and (c) concrete without corrosion inhibitor, cover thickness of 40 mm, and galvanized reinforcement steel. 
(Note: 1 mm = 0.0394 in.)
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and experiments in the field. In addition to the delamination 
of the zinc layer, an increase in corrosion can also occur due 
to zinc dilution, occurring as a result of selective corrosion 
in zinc-deficient areas, which was observed in the present 

study. Zinc is indeed an anode to steel, so it oxidizes if it is 
galvanized to steel. Beyond that, the zinc layer is selectively 
removed by corrosion of the steel—a process that can occur 
upon contact with NaCl solution. The impermeability of the 

Fig. 7—Maximum load in bond strength test versus concrete age. (Note: 1 N= 0.224 lbf.)

Fig. 8—Crack formation in field versus laboratory conditions and reinforcing bars after 500 days from pullout test.



50 ACI Materials Journal/January 2024

galvanic coating layer maintains a high electrical potential 
(more noble). As soon as a crack is formed in another area of 
the sample and the electric potential there decreases, an elec-
tron flow is created, which in turn increases the formation 
of corrosion products even in the seemingly opaque place.41

A study examining GFRP bars under an environmental 
condition of 60°C (140°F) and the presence of seawater, 
found that the bar’s tensile strength decreased by 25% 
after approximately 140 days.42 Other studies showed that 
though the alkaline reaction in the GFRP bar with a solution 
of distilled water containing 0.16% Ca(OH)2, 1% Na(OH), 
and 1.4% K(OH) by weight, pH = 13, and 60°C (140°F) has 
insignificant effect on tensile strength, the properties of the 
bar-to-concrete interface were affected.16,17 As of the time of 
writing this paper, there is no known evidence of a chem-
ical change that can affect the strength of GFRP bars.43 The 
degradation of GFRP bars is a complicated process asso-
ciated with many accelerated factors, such as the presence 
of alkaline ions, humidity, and temperature.17 Unlike other 
studies, which indicate that the degradation (observed by 
a decrease in tensile strength of GFRP bars by 20 to 25%) 
takes between 100 and 200 years,17 the results of the present 
study present a decrease of 10% already after 500 days of 
exposure.

The electrical resistance of concrete is closely related to 
the level of moisture within the concrete and the number of 
ions present in the mixture in pore water.44 For this reason, 
electrical resistance can also serve an indicator of degra-
dation of the GFRP bars similar to carbon steel bars as 
described earlier (refer to black bars at Fig. 3(b)).

Considering the alternative based on the addition of a 
corrosion inhibitor to concrete, it is worth asking the ques-
tion of how long the corrosion inhibitor may remain at a 
sufficient concentration for the optimal protection of the steel 
reinforcing bars. Moreover, is there any removal or rinsing 
of the inhibitor due to the process of wetting and drying? 
As mentioned earlier, based on the field measurements, at 
approximately 320 days after casting, the concrete with the 
inhibitor shows a tendency similar to the reference concrete. 
Based on the current observations, it can be concluded that 
the concentration of the inhibitor in the vicinity of the rod 
no longer provides protection. The results of testing the 
tensile strength of the steel bars show that the decrease in 
strength is proportional to the loss of their cross-sectional 
area. Thus, it can be concluded that in case of wetting 
and drying, a process of rinsing and removal of the active 
substance (inhibitor) occurs and prevents achievement of 
optimal protection of the steel. This explains an almost iden-
tical degradation obtained for the bars embedded in concrete 
without corrosion inhibitor. It is known that after corrosion 
initiation, with increasing NaCl concentration, the inhibitor 
cannot stop the corrosion but prevents an increase in the 
corrosion rate as long as the concentration of the inhibitor 
is sufficient.12 In addition, it is known that inhibitor concen-
trations of 0.1% and 1% cannot prevent corrosion initiation 
in steel reinforcing bars, so using a 1:1 ratio between the 
maximum chloride content and the mass of inhibitor by 
cement weight is recommended.12 This was not taken into 
account in the present study, and therefore, an immediate 

corrosion initiation and effect on tensile behavior can be 
seen.

SEM and EDS analysis
For a deeper understanding of the reason for the degra-

dation of GFRP bars, scanning electron microscope (SEM) 
observations and energy-dispersive X-ray spectroscopy 
(EDS) analysis were performed on cross sections of three 
GFRP bars that were under three different conditions: 
GFRP bar without concrete cover exposed to NaCl solu-
tion (only exposed to air), GFRP bar without concrete cover 
not exposed to NaCl solution, and GFRP bar with concrete 
cover exposed to NaCl solution. Representative images that 
were taken at random locations within the epoxy matrix 
are shown in Fig. 10. Attention has been given to the areas 
around the edges, because degradation is possible due to a 
chemical attack that begins with a GFRP-concrete interface 
in the vicinity of a saline solution. SEM analysis showed 
no sign of deterioration in the GFRP bars. The glass fibers 
were intact without loss of cross-sectional area or dissolu-
tion. Similarly, the fibers were surrounded by an undamaged 
epoxy. Comparable results have been shown in previous 
work.45

EDS was performed at several selected locations of the 
three bar types described earlier with a focus on the bar 
perimeter to detect chemical changes. It can be seen from 
the results that the bar without cover and without direct 
exposure to salt, as expected, showed no presence of internal 
chlorides. In contrast, in the bars that have been exposed 
to chlorides, a presence of chlorides was observed (which 
decreases with the distance from the bar perimeter). An alka-
line environment increases the permeability into the matrix 
compared to an alkali-free environment, as can be seen from 
the results of the two bars that were exposed to chlorides 
(Fig. 10). As was demonstrated in other studies,19,42 an alka-
line environment reduces the tensile strength of GFRP bars. 
Thus, it can be concluded that there is a chemical reaction 
that can also affect the permeability of chlorides, which ulti-
mately creates a synergy effect resulting in the reinforcing 
bar deterioration.

Crack formation
Figure 8 shows that in the field conditions, cracks were 

observed in all four experimental alternatives studied. 
However, in the laboratory conditions, only the specimens 
with galvanized steel were cracked. This phenomenon can 
be explained by the fact that in field conditions, the main 
cracking is due to shrinkage. In the case of a large volume 
element, the shrinkage is more pronounced and leads to 
increased cracking regardless of the presence of corrosion. 
Figures 5(c) and 6 show that for galvanized steel, most of the 
area has a high probability of corrosion since the 140th day. 
This observation strengthens the conclusion that the galva-
nized steel samples in the laboratory are cracked following 
the formation of corrosion products. Potentiodynamic polar-
ization curves, also known as Tafel curves, depict the correla-
tion between the polarization current density and electrode 
potential. It comprises both the cathode polarization curve 
and the anode polarization curve and shows that the corrosion 



51ACI Materials Journal/January 2024

rate of zinc is higher than carbon steel in pH = 12 solution, 
but lower in 3.5% NaCl solution.38 It is known that the pH 
in concrete is more basic than 12 and therefore is expected 

to have a better protection performance by zinc, which was 
not actually obtained. This result can be explained, as noted 
earlier in the section “Effect of corrosion on tensile strength 

Fig. 9—Tensile tests of steel and GFRP reinforcing bars after: (a) and (d) 140 days; (b) and (e) 320 days; (c) and (f) and 
500 days. GFRP results are shown in graph separately because of different scale. (Note: 1 kN = 224.8 lbf).

Fig. 10—SEM scans and EDS analysis performed on cross sections of three GFRP roads under different conditions: naked bar, 
exposed to NaCl solution (top line); naked bar, not exposed to NaCl solution (middle line); and reinforcing bar embedded in 
concrete, exposed to NaCl solution (bottom line). Measurement points located at distances of 75 to 150 µm and 170 to 230 µm 
from surface are marked as red dots. (Note: 1 µm = 3.93701 × 10–5 in.; full-color PDF can be accessed at www.concrete.org.)
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of steel and GFRP reinforcing bars,” by the fact that certain 
bar areas were exposed to the environment due to insufficient 
zinc coverage. Thus, bar galvanizing resulted in an adverse 
effect. It is known that the rate of zinc decomposition and 
its solubility in the porous water of concrete determines 
the rate of formation of corrosion products and therefore, 
also the time required for cracking the concrete. Corrosion 
products have larger volumes than the metals from which 
they are formed.36 This volume expansion is responsible for 
cracking of concrete. Today, it is not clear how zinc corro-
sion products are formed and dispersed in concrete under 
different conditions. This lack of clarity is because corrosion 
products of steel that are not extremely soluble in concrete 
tend to remain in the metal-concrete interface. The corrosion 
products of zinc are more soluble and therefore may disperse 
farther from the interface.46 In this study, despite the solu-
bility of zinc, only one type of the samples (that containing 
galvanized steel) cracked after 500 days of wetting and 
drying cycles in seawater. This may indicate that due to an 
alkaline environment, the reaction products have formed in 
such a way that the concrete cover and protection of the steel 
is damaged; the steel rusts and the corrosion products create 
strong radial stresses that lead to cracking of the element.36,47 
This hypothesis conflicts with the results of bond strength. 
If the cracking occurred due to corrosion products, the bond 
strength measured before cracking was expected to increase. 
However, the bond strength did not change. An explanation 
for this could be that the adhesion force was measured over 
time frames that failed to capture the onset of cracking, as it 
occurred at high speed once the zinc layer had fully reacted.

CONCLUSIONS
In this study, four alternatives for construction of rein-

forced concrete elements exposed to marine environments 
were examined: using conventional reinforced concrete 
(RC) with thick concrete cover (75 mm), the addition of a 
corrosion inhibitor to concrete, and using glass fiber-rein-
forced polymer (GFRP) and galvanized steel instead of steel 
bars. This was made by monitoring a caisson parapet beam 
made of reinforced concrete exposed to seawater attack 
during 500 days after casting, in both natural environmental 
conditions (in the Mediterranean Sea) and in laboratory- 
simulated chloride attack. Wetting and drying cycles were 
applied in the lab to speed up the processes of degradation. 
Furthermore, the effect of concrete curing on its mechanical 
properties was examined. Degradation processes, including 
crack formation, in the field and laboratory conditions 
were compared. Based on the results of this study, it can be 
concluded:
•	 Saltwater curing did not show a negative effect on the 

strength and mechanical properties of the concrete. 
Thus, exposing young-age concrete to splash seawater 
is not expected to affect its mechanical properties.

•	 As expected, cracking accelerates corrosion.
•	 Galvanized steel bars under chloride attack do not 

provide adequate protection of reinforced concrete 
from corrosion: after 140 days of exposure on site, 
60.6% of the selected area of concrete reinforced with 
galvanized reinforcement steel showed the highest 

corrosion potential (90% probability of corrosion); this 
result was also confirmed by observation of cracking in 
both field and laboratory conditions. At the same time, 
reinforcing by galvanized steel shows no change in the 
bond strength despite the corrosion process observed in 
the bars themselves. This can be explained by the fact 
that the oxide layer is dissolved in the pore water and 
released easily outside the concrete.

•	 In contrast to the prevailing approach (which considers 
the plain concrete, according to which the electrical 
resistance of the concrete decreases because of chloride 
penetration), this study found that electrical resistance 
in the reinforced concrete element increases due to an 
increase in the amount of corrosion products formed 
between steel and concrete, as long as cracking does not 
occur.

•	 Under chloride attack, tensile strength in the following 
types of reuinforcing bars embedded in concrete 
(the bars made of conventional and galvanized steel 
embedded in the reference concrete, and the bars made 
of conventional steel embedded in concrete containing 
corrosion inhibitor) decreased by approximately 30% 
already after 500 days, while the strength of GFRP 
bars decreased by approximately 10%. This means that 
GFRP bars yield significantly better protection than the 
other alternatives tested.

•	 It was also found that chloride ion permeability is more 
accelerated in the GFRP bars embedded in concrete 
compared to the bars exposed directly to the chloride 
environment. It is possible that an alkaline environment 
chemically damages the bar components, resulting in a 
decrease in the tensile strength. On the other hand, the 
bond strength was not affected.

•	 Under marine conditions, the bars embedded in concrete 
containing the corrosion inhibitor accelerated the rate of 
corrosion formation, especially at the first year of obser-
vation in place.

•	 At the same time, the electric potential measured using 
the half-cell method in all the alternatives (including in 
concrete containing GFRP bars) slowly increased over 
time (becoming more positive), as well as the corrosion 
risk in the three alternatives with reinforcing steel. The 
remaining question is whether this change of potential 
could be a direct characteristic of the corrosion risk. 
Therefore, more research in this direction is needed.
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Engineered cementitious composites (ECCs) have excellent tough-
ness and crack-control abilities compared to other cement-based 
materials, which can be used in underground and hydraulic engi-
neering. Nevertheless, excellent impermeability and workability 
and low drying shrinkage are also required. Two groups of ECC 
mixture proportions with high fly ash-cement (FA/c) and water- 
cement ratios (w/c) were chosen as baselines, and silica fume 
(SF) and a shrinkage-reducing agent (SRA) were introduced to 
improve the impermeability, workability, and mechanical behav-
iors. The workability laboratory evaluation indexes of ECC were 
also discussed. ECC mixture proportions with excellent workability 
(pumpability and sprayability), high toughness (ultimate tensile 
strain ɛtp over 3.5%), good impermeability (permeability coeffi-
cient K = 1.713 × 10–11 m/s), and low drying shrinkage (drying 
shrinkage strain ɛst = 603.6 × 10–6) were finally obtained. Then, 
flexural and shear tests were carried out for the material flexural/
shear strength and toughness evaluations, giving the characteristic 
material properties for the final ECC mixture proportions.

Keywords: engineered cementitious composite (ECC); high-volume fly 
ash; impermeability; low drying shrinkage; toughness; workability.

INTRODUCTION
The importance of controlling crack width has gained 

much attention in underground and hydraulic engineering. 
Normal concrete (NC) behaves brittlely, with poor crack- 
control abilities due to its low toughness, of which the ulti-
mate tensile strain is only approximately 0.01% and the rele-
vant NC local crack width may exceed 0.6 mm.1,2 Due to the 
low toughness and poor crack-control abilities, underground 
tunnel lining deterioration, spalling of concrete debris, and 
water leakages may occur, especially when the tunnel is 
exposed to an aggressive environment.3,4 Nevertheless, for 
hydraulic structures, including dams, spillways, and sluices, 
concrete cracking may also induce structural damage.5,6 To 
solve these problems, engineered cementitious composites 
(ECCs) could be introduced, which exhibit strain-hardening 
behavior under uniaxial tensile loading conditions. The 
tensile strain capacity of ECC ranges from 3 to 7%, which 
is 300 to 700 times that of NC.7 More importantly, the high 
tensile ductility of ECC is achieved by forming multiple 
tight microcracks instead of large localized cracks,5,7 and 
the crack width is typically less than 80 μm, even when the 
tensile strain is up to 5%.8 Also, the cement industry accounts 
for 5 to 8% of worldwide CO2 emissions, and approximately 
0.94  tons of CO2 are released into the atmosphere while 
manufacturing 1 ton of cement.9,10 Industrial by-product 
fly ash (FA) can replace a large portion of cement in ECC 
to enhance tensile ductility9 and also offers environmental 

advantages compared to processing cement, such as reducing 
the energy investment and CO2 release.11 Aggregates with 
sizes larger than average fiber spacing can cause poor fiber 
dispersion, which leads to a reduction in the number of 
effective fibers at the failure crack, resulting in a decrease in 
tensile strength. As the particle size of FA is less than 10 μm, 
which is much smaller than average fiber spacing, adding 
FA can improve fiber dispersion homogeneity in the fresh 
state and also improve ECC tensile ductility.12 Moreover, it 
was pointed out by Şahmaran and Li13 that for high-volume 
FA ECC, the crack width may be reduced to 10 to 30 µm, 
sometimes even lower than 10 µm—much smaller than the 
80 μm discussed earlier8—which is beneficial to the struc-
tural durability, too.

Based on its excellent mechanical properties and advan-
tages in reducing CO2 emissions, high-volume FA ECC has 
been extensively investigated for repairing waterproofing 
structures, such as bridges,14 dams,15 and tunnels.16 When 
a large amount of ECC needs to be applied in new building 
structures, the pumpability and sprayability are required. 
However, few research studies have given a detailed discus-
sion on ECC workability, and little attention has been paid 
regarding the proper laboratory evaluation indexes for ECC. 
In addition, for ECC used in underground and hydraulic 
engineering, high impermeability is also required, which 
is of crucial importance to the material durability.17 Never-
theless, to obtain ECC that exhibits desirable pseudo- 
strain-hardening behavior and improved elastic modulus, 
only a small amount of fine sand is allowed to be applied 
in the matrix to control fracture toughness.18 As a result of 
this requirement, a high drying shrinkage strain may develop 
during setting and hardening of the composite,19 which is 
not expected in underground and hydraulic engineering 
as it may induce lining cracks, cavities in tunnel linings, 
and water leakage. Based on the previous discussions, the 
impermeability, workability, drying shrinkage strain, and 
mechanical properties for high-volume FA ECC, as well as 
proper workability laboratory evaluation indexes, should 
be comprehensively evaluated before being used in under-
ground and hydraulic engineering.

Generally, the permeability coefficient K is required to be 
less than 2.610 × 10–11 m/s for underground and hydraulic 
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applications.20 The impermeability is mainly related to its 
fiber content21 and porosity.22 The fiber content of ECC is 
typically close to or less than 2% by volume, which indi-
cates that the effect of fiber content is small. The porosity 
of cement-based materials is usually related to the particle 
size of coarse aggregates,23 mineral admixtures,24,25 and 
the water-cement ratio (w/c).22,26,27 Regardless of coarse 
aggregates, the effects of aggregate on porosity should not 
be considered for ECC. Therefore, mineral admixtures and 
w/c should be considered. According to existing research—
for example, the test done by Ding et al.28—the optimal 
ECC mixture proportions29 with a low w/c (0.57) could 
not satisfy the workability requirements, including pumpa-
bility and sprayability, which could not be easily improved. 
Although a high w/c might lead to poor impermeability, it 
could be improved by adding the by-product of the ferrosil-
icon industry, silica fume (SF), and other additional agents. 
Moreover, as the particle size of FA is less than 10 μm, it 
can be used as the filler to improve pore distributions and 
reduce porosity,24 thereby reducing permeability. As there 
is no coarse aggregate in ECC, shrinkage-reducing agents 
(SRAs) should be introduced to reduce drying shrinkage by 
reducing the surface tension of concrete’s fluid, resulting in 
a significant reduction of the magnitude of capillary stresses 
and shrinkage strains that occur when concrete loses mois-
ture.30 Adding SRAs could not only obtain a material with a 
low drying shrinkage strain, but also reduce the quantity of 
detrimental pores (pore diameter d > 200 nm) and increase 
the number of innocuous pores (pore diameter d < 20 nm), 
which is beneficial to the denseness of the inner paste struc-
ture and can improve the resistance to chemical attack and 
the durability of cement-based materials.31

Based on the previous discussions, high-volume FA 
ECC mixture proportions with high w/c should be adopted 
as the baselines to conduct empirical research rather than 
those with low w/c, and SF and SRA needed to be intro-
duced. The influences of w/c, FA, SF, and SRA to the ECC 
material properties should be carefully investigated, giving 
the optimum ECC mixture proportions for underground 
and hydraulic engineering to have excellent mechanical 
behavior, the required workability, high impermeability, and 
low drying shrinkage strain. Also, the proper workability 
laboratory evaluation indexes that can be used to indirectly 
predict the quality of spraying need to be given. Moreover, 
the toughness evaluation and material characteristic parame-
ters calibration should be carried out for the final optimized 
ECC.

RESEARCH SIGNIFICANCE
ECC has excellent toughness and crack-control abilities 

compared to other cement-based materials, which could be 
used in underground and hydraulic engineering to prevent 
tunnel lining deterioration, spalling of concrete debris, water 
leakages, and so on. Industrial by-product FA can be intro-
duced to ECC to replace a large amount of cement, which 
can not only benefit the environment but also could enhance 
its tensile ductility. When a large amount of ECC needs to 
be applied in underground and hydraulic engineering, the 
pumpability and sprayability of ECC are required. Specifi-
cally, the significance of this investigation lies in optimizing 
a high fly ash-cement mass ratio (FA/c) and high w/c ECC 
mixture proportions with good workability (pumpability and 
sprayability) and impermeability and low drying shrinkage 
for underground and hydraulic engineering, and establishing 
proper workability laboratory evaluation indexes for ECC 
that can be used to indirectly predict the quality of spraying.

EXPERIMENTAL DESIGN
ECC mixture proportions design

To obtain ECC mixture proportions with excellent 
mechanical properties, impermeability, and workability, two 
ECC mixture proportions with high FA/c (1.72, 4.44) and 
w/c (1.03, 1.55)29 were chosen as the baselines, which were 
named E-1.0 and E-2.0, respectively, in Table 1, of which the 
ultimate tensile strain ɛtp is over 3%. SF, with its high content 
of glass-phase silicon dioxide (SiO2), consists of very small 
spherical particles that could be added to ECC mixture 
proportions to solve the problem of the early-strength reduc-
tion that results from adding high-volume FA due to its slow 
pozzolanic reactivity.21 Adding SF aids pumping by reducing 
torque viscosity while also providing enhanced sprayability 
by maintaining an appropriate level of flow resistance so that 
the balance between fluidity and cohesion of fresh cement-
based materials can be obtained for better pumpability and 
sprayability.32 The suggested SF-cement mass ratio (SF/c) 
was in the range of 8 to 20%32; therefore, three SF/c—10%, 
15%, and 20%—were investigated. As suggested by Gao 
et al.,19 when the SRA-cement mass ratio (SRA/c) was 9%, 
the drying shrinkage strain of ECC might meet the require-
ments of NC in engineering. The 9% SRA/c was chosen to 
improve the ECC’s anti-drying-shrinkage ability. The inves-
tigated ECC mixture proportions are listed in Table 1.

Table 1—Investigated ECC mixture proportions (mass ratios to cement)

No. Cement FA (Class F) Water Sand HRWRA PVA fiber SF SRA

E-1

E-1.0 1 1.72 1.03 0.7 0.006 0.055 0 0

E-1.1 1 1.72 1.03 0.7 0.006 0.055 0.10 0.09

E-1.2 1 1.72 1.03 0.7 0.006 0.055 0.15 0.09

E-1.3 1 1.72 1.03 0.7 0.006 0.055 0.20 0.09

E-2

E-2.0 1 4.44 1.55 1.11 0.024 0.111 0.10 0.09

E-2.1 1 4.44 1.55 1.11 0.024 0.111 0.15 0.09

E-2.2 1 4.44 1.55 1.11 0.024 0.111 0.20 0.09
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Raw materials
Materials used to prepare ECC mixtures include P.O 42.5 

portland cement, SF, FA (Class F), quartz sand with the 
particle size ranging from 0.2 to 0.4 mm, water, high-range 
water-reducing admixture (HRWRA), polyvinyl alcohol 
(PVA) fibers, and SRA (I). Detailed information of the mate-
rials is listed in Tables 2 to 6.

Experimental research
The workability, impermeability, mechanical properties, 

and drying shrinkage tests were conducted based on the 
ECC mixture proportions mentioned in Table 1. All speci-
mens were stored for 24 hours at room temperature before 
demolding, then cured in a standard curing room with a 
temperature of 20 ± 2°C and a humidity of 95% for 28 days.

Workability investigation—The workability of fresh 
cement-based materials, including pumpability and spray-
ability, is related to the material fluidity and cohesion. 
Generally, pumpable materials require high fluidity and 
low cohesion, and the slump (SL) is usually used to eval-
uate the fluidity of cement-based materials, which needs to 
be controlled in the range of 140 to 200 mm.33,34 The slump 
flow (St) and funnel flow time (t) of the pumpable concrete 
are used as the laboratory evaluation indexes for cohesion 
evaluation, of which St should be in the range of 400 to 
600 mm, and the required range of t is 4 to 10 seconds.35 The 
sprayability additionally requires that, once a fresh cement-
based material is sprayed onto the surface of the substrate, it 
should be viscous enough to stay adhered to the substrate and 
remain cohesive without composite ingredient segregation.36 
The SL of freshly sprayable materials should be controlled in 
the range of 100 to 200 mm.35 Meanwhile, the sprayability 
decreases with the increase in fluidity and increases with 
cohesion, indicating that a sprayable ECC needs to main-
tain a balance between fluidity and cohesion.37 To achieve 
a balance between fluidity and cohesion, the ratio of slump 
to slump flow (SL/St) of fresh ECC with good workability 
is approximately 0.45.38 The workability requirements for 

fresh ECC with good pumpability and sprayability are given 
in Table 7.

The slump, slump flow, and funnel flow tests were carried 
out for all of the fresh ECC listed in Table 1,35,39 and the data 
were compared with the requirements in Table 7. For the 
slump and slump flow tests, the fresh ECC was evenly placed 
into the slump barrel in three installments and vibrated with a 
vibrator. The slump barrel was lifted steadily, and the lifting 
process was controlled in 3 to 7 seconds. When the ECC 
no longer slumped or the slump time reached 30  seconds, 
the vertical distance between the slump barrel and the top 
surface of ECC was measured and reported as the ECC SL 
in mm, and the test was completed in 150 seconds. When 
the fresh ECC no longer slumped or the slump time reached 
50 seconds, the two corresponding diameters of the flowed 
fresh ECC were measured in two orthogonal directions. The 
St in mm of ECC is the average value of the two diame-
ters, and the test was completed in 4 minutes. For the funnel 
flow test, the slump barrel was inverted on the bracket and 
the sealing cover was closed. The fresh ECC was put into 
the slump barrel and vibrated with a vibrator until it was 
uniformly distributed. Then, the sealing cover was opened, 
and a timer was used to measure the time interval between 
opening the sealing cover and ECC emptying from the slump 
barrel. The funnel flow test operation was taken twice, and 
the average value of the measured time intervals was the 
funnel flow time (t) in seconds.

Impermeability—Cylindrical ECC specimens sized 
Φ175 x 150 x Φ185 mm were made and cured for 27 days 
to conduct the ECC impermeability tests according to GB/T 
50082-2009.40 The specimens were sealed with paraffin and 
kept standing for 1 day before impermeability tests, where 

Table 2—Physical properties of P.O 42.5  
portland cement

Physical 
properties

Loss on ignition 
(LOI), %

Specific surface, 
m2/kg Specific gravity

P.O 42.5 
portland cement 1.38 368 3.15

Table 3—Chemical properties of P.O 42.5  
portland cement

  Mineral composition SiO2 Fe2O3 Al2O3 CaO MgO SO3

  Mass percent, % 20.8 3.6 4.62 61.61 2.12 2.71

Table 4—Material properties of cement

Compressive strength, MPa Bending strength, MPa

Curing time 3 days 28 days 3 days 28 days

Specified value ≥17.0 ≥42.5 ≥3.5 ≥6.5

Actual value 18.9 45.3 4.2 7.8

Table 5—Material properties of FA (Class F) and SF

Material properties FA (Class F) SF

Amount retained on 45 μm sieve, % 8.10 —

Specific gravity 2.51 2.24

LOI, % 4.22 1.98

Moisture content, % 0.80 0.40

Water required, percent of control, % 90.00 121.00

Mass fraction of SiO2, % 55.08 94.00

Mass fraction of Al2O3, % 28.40 0.60

Mass fraction of Fe2O3, % 4.54 0.90

Table 6—Material parameters of PVA fiber

Tensile 
strength, 

MPa

Elastic 
modulus, 

GPa
Length, 

mm
Diameter, 

μm
Density, 
g/cm3

Elongation, 
%

1620 42.8 12 39 1.3 7

Table 7—Workability requirements for pumpable 
and sprayable fresh ECC

Evaluations Fluidity Cohesion

Indexes SL, mm St, mm t, seconds SL/St

Required range 140 to 200 400 to 600 4 to 10 0.450
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the specimens were fixed onto the concrete permeability 
apparatus.

The water pressurizing process of the concrete permeability 
apparatus took no more than 5 minutes, and the timing was 
started as soon as the proposed water pressure was reached. 
The water pressure was controlled at 1.2 ± 0.5 MPa within 
24 hours, and the tested specimens were removed and then 
split in half lengthwise to determine the water penetration 
height. The average penetration height of water Dm was taken 
from 10 equidistant spots along each face of the split spec-
imen, and K (m/s) could be calculated according to Eq. (1)

	​ K = a​D​ m​ 2 ​/2TH​	 (1)

where Dm is the average penetration height of water, m; H is 
the water pressure, where 1 MPa is expressed as a height of 
102 m, m; T is the constant pressure time, seconds; and a is 
the water absorption rate, which is generally taken as 0.03. K 
is required to be less than 2.610 × 10–11 m/s for underground 
and hydraulic applications.20

Mechanical properties—Cubic specimens sized 100 mm 
were used for uniaxial compression tests. The compression 
tests were performed on a 1000 kN-capacity servo-hydraulic 
universal testing system with controlled monotonic loading, 
with a speed of 0.15 mm/min for obtaining the compres-
sive strength (fc). The 330 mm long x 60 mm wide x 15 mm 
thick dumbbell-shaped specimens were used in the uniaxial 
tensile tests, shown in Fig. 1, and the tests were carried out 
on the electro-servo universal testing machine to obtain the 
tensile strain (ɛt) and tensile stress (σt). Monotonic loading 
and displacement control with a speed of 0.15 mm/min were 
used in the uniaxial tensile tests.

Drying shrinkage tests—Specimens of 100 x 100 x 
510 mm and a horizontal length comparator with a 540 mm 
survey scaled distance and 0.001 mm resolution were 
used for drying shrinkage tests.40 The shrinkage tests were 
performed at a room temperature of 20 ± 2°C and relative 
humidity of 60 ± 5%. The length of the specimens during the 
curing time was measured, and the drying shrinkage strain 
ɛst could be calculated based on Eq. (2)

	 ɛst = (L0 – Lt)/Lb	 (2)

where L0 is the length of the specimen at the beginning, mm; 
Lt is the length of the specimen after 28 days, mm; and Lb 
is 540 mm. The resolution of ɛst should be 1.0 × 10–6. The 
28-day drying shrinkage strain ɛst of cement-based materials 
used in underground and hydraulic practical engineering 
should be lower than 800 × 10–6.41

ECC MIXTURE PROPORTIONS OPTIMIZATION 
BASED ON TEST RESULTS

General test results
Based on the workability, impermeability, and drying 

shrinkage requirements listed in the “Experimental research” 
section, the empirical results are evaluated in Table 8.

Test results discussion and analysis
Mechanical properties—According to Table 8, the fc 

were all over 30 MPa, of which the fc of E-2.2 achieved 
43.67 MPa. The tensile stress-strain curves of each group are 
shown in Fig. 2, and it could be observed clearly that each 
group had obvious strain hardening, and the ultimate tensile 
strain was in the range of 3.25 to 4.12%.

The mechanical properties of the E-1 and E-2 series were 
all good, but the workability and impermeability of the spec-
imens were quite different from each other, which are of 
crucial importance when a large amount of ECC is applied 
in underground and hydraulic engineering. Therefore, the 
effects of adding SF to ECC workability and impermeability 
need to be further discussed.

Workability—The relationship between SF content and 
workability evaluation indexes (slump, slump flow, flow 
time, and the SL/St) of the E-1 and E-2 series is shown in 
Fig. 3.

Fig. 1—Dumbbell specimens for ECC direct tension tests 
(mm).

Table 8—Test results of ECC performance evaluation indexes

No.

Workability (pumpability and sprayability) Mechanical properties Impermeability Drying shrinkage

SL, mm St, mm t, seconds SL/St fc, MPa ɛtp, % σtp, MPa K × 10–11, m/s ɛst × 10–6

E-1.0 218 608 3.41 0.361 34.23 3.73 3.25 3.189 1021.3

E-1.1 197þ 543þ 4.23þ 0.363 37.85 3.45 3.46 2.358þ 945.2

E-1.2 188þ 436þ 5.38þ 0.432þ 38.42 3.16 3.78 1.912þ 739.1þ

E-1.3 183þ 387 5.46þ 0.473þ 38.63 2.98 4.11 1.657þ 811.4

E-2.0 188þ 458þ 5.33þ 0.410 36.90 4.41 3.48 2.227þ 835.6

E-2.1 178þ 425þ 5.48þ 0.418þ 41.18 4.02 3.92 1.902þ 846.5

E-2.2 174þ 412þ 5.73þ 0.423þ 43.67 3.80 4.12 1.713þ 603.6þ

Note: þ stands for test results satisfy requirements;  stands for test results do not satisfy requirements.
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It can be seen from Fig. 3 that the SL decreased gradually 
with the increase in SF content, indicating that the fluidity 
decreased as the amount of SF increased. However, the St 
decreased and the t increased as SF was added, indicating 
that the cohesion increased with the increase in SF. For the 
E-1 series, the SL of E-1.0 was 218 mm, which exceeded 
the upper limit of SL (200 mm) according to Table 7. The St 
of E-1.3 is only 387 mm, which cannot satisfy the required 
lower limit 400 mm. The SL, St, and t of groups E-1.1 and 
E-1.2 were in the required ranges. In addition, the SL/St of 
E-1.2 was 0.432, which was closer to 0.450. For the E-2 
series, the SL, St, and t were all within the required range. In 
addition, the SL/St of E-2.2 was 0.423, which was the closest 
to the suggested 0.450. The use of SF can effectively improve 
both the pumpability and sprayability of high-w/c ECC. The 
extremely fine SF particles can improve sprayability in a 
pozzolanic admixture by maintaining proper cohesion and 

increasing the thickness of sprayed cement-based materials, 
minimizing the rebound degree.37 At the same time, fine 
SF can help form a lubricating layer on the surface of the 
mixture, resulting in reduced pumping resistance, which has 
a positive effect on pumpability.

Impermeability—The average permeability height H and 
the K of each group are listed in Table 9. It can be observed  
that as more SF was added, lower H and K values were 
achieved. The SF hydrated with the cement, which improved 
the microstructure uniformity and reduced the ECC’s 
porosity by forming additional calcium silicate hydrate 
(C-S-H).32 Also, adding SF might increase the density of the 
cement matrix. For the E-2 series, the impermeability was 
better than that of the E-1 series under the same SF mass 
ratio—even their w/c were close to each other—because 
FA mass ratios were higher for the E-2 series, and plenty of 
C-S-H was produced through pozzolanic reactions, making 

Fig. 2—Tensile stress-strain curves.

Fig. 3—Relationships between SF content and workability evaluation indexes.
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the cement matrix denser and the pores finer. Meanwhile, 
the pozzolanic reaction takes some of the free water in the 
system, which indirectly reduces the porosity.42

Box plots were used to analyze the dispersion of each 
group’s H, as shown in Fig. 4. It was found that the median 
and average values of H of E-1 were nearly located at the 
middle of the box plot. The H distributions of E-1.2 and 
E-1.3 were closer to normal distributions compared with 
E-1.1. However, for E-1.3, there was an exceptional datum, 
and the H was higher, indicating poor impermeability. 
Although E-1.2 also has an exceptional datum, it was with 
a lower H, indicating good impermeability. It can be seen 
from Fig.  4(b) that the H distribution of E-2.2 was closer 
to the normal distributions compared with E-2.0 and E-2.1. 
The median and average values of H for E-2.2 were nearly 
located at the middle of the box plot.

To further explore the influence of SF on ECC imperme-
ability, the porosity of the E-1 and E-2 series was analyzed, 
and the relationship between SF content and porosity was 
obtained accordingly. Scanning electron microscopy (SEM) 
was used to investigate the porosity of the E-1 and E-2 series. 
The 3 x 3 x 1 mm specimens for SEM were obtained from 
the compressive strength tests and coated with gold using a 
coating machine to progress the characteristics of electricity 
transmission. The SEM images were taken at 1000 magnifi-
cation levels to observe the porosity of ECC and are shown 
in Fig. 5. Based on the image processing software used, 
microscopic parameters such as the area and the number of 
pores were extracted. The porosity was obtained by dividing 
the area of the pores by the total area. The ECC porosity and 
pore density of each group are listed in Table 10.

It can be seen from Table 10 that the ECC porosity and 
pore density decreased with the increase in SF content. 
The higher the SF/c used, the lower the porosity and pore 
density. It is well known that the durability of cement-based 
materials largely depends on the possibility of penetration of 
hazardous ions into the material with water as the medium.17 
Therefore, combined with the aforementioned test results, 
adding SF might also improve ECC durability.

ECC mixture proportions optimization
Based on Table 8 and the discussion of the test results, 

E-1.2 and E-2.2 satisfy the workability evaluation indexes 
for underground and hydraulic engineering, of which the SL 
is in the range of 140 to 200 mm to ensure proper fluidity, 
the St is in the range of 400 to 600 mm, the t should be in the 
range of 4 to 10 seconds to ensure cohesion, and the SL/St is 
generally approximately 0.45 to ensure the balance between 
fluidity and cohesion. Also, for E-1.2 and E-2.2, the ulti-
mate tensile strain ɛtp was greater than 3%, K was lower than 
2.610 × 10–11 m/s, and drying shrinkage strain ɛst was lower 
than 800 × 10–6.

To optimize the final ECC mixture proportions, spray 
tests were carried out on E-1.2 and E-2.2. During the spray 
tests, fresh ECC was sprayed with air pressure of 100 psi 
(0.69  MPa). The distance between the spray gun and 
concrete surface was approximately 0.2 to 0.5 m, and the 
spray thickness was 20 mm. The mass of ECC attached to 
the concrete surface (m1) and the mass of the rebound ECC 
(m2) were obtained. The value of m2/(m1 + m2) was calcu-
lated as the rebound rate. It can be seen in Fig. 6 that both 
E-1.2 and E-2.2 could be pumped and sprayed, which further 

Table 9—Average H and K of each group

Series No. H, m K × 10–11, m/s

E-1

E-1.0 148.9 3.189

E-1.1 128.9 2.358

E-1.2 116.1 1.912

E-1.3 108.1 1.657

E-2

E-2.0 125.3 2.227

E-2.1 115.8 1.902

E-2.2 109.9 1.713

Fig. 4—Box plots for relationships between SF content and H.

Table 10—Porosity and pore density test results

Series No. Pore density, psc./μm2 Porosity, %

E-1

E-1.0 0.017 15.43

E-1.1 0.013 12.76

E-1.2 0.011 9.31

E-1.3 0.009 7.16

E-2

E-2.0 0.012 12.01

E-2.1 0.009 8.99

E-2.2 0.007 6.98

Note: psc is pore space.
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demonstrated the reliability of the workability evaluation 
indexes. However, the rebound rate of E-2.2 was 7.89% 
lower than that of E-1.2 (18.92%), indicating that E-2.2 had 
better workability.

In addition, a radar chart of all the issues regarding ECC 
material properties discussed is given in Fig. 7, which indi-
cates that the mechanical properties, impermeability, and 
anti-drying-shrinkage ability of E-2.2 were better than those 
of E-1.2. Therefore, the E-2.2 ECC mixture proportions 
(F/c  = 4.44, SF/c = 0.20, SRA/c = 9%, and fiber volume 
content Vf = 2%) having excellent workability (pumpability 
and sprayability), high toughness (the ultimate tensile strain 
ɛtp is greater than 3.5%), high tensile ductility achieved by 
forming multiple tight microcracks instead of localized 
large cracks (as shown in Fig. 8), good impermeability 
(K = 1.713 × 10–11 m/s < 2.610 × 10–11 m/s), and low drying 

shrinkage strain (ɛst = 603.6 × 10–6 < 800 × 10–6) were the 
final optimized ECC mixture proportions.

TOUGHNESS EVALUATION AND 
CHARACTERISTIC PARAMETERS CALIBRATION 

OF OPTIMIZED ECC
Toughness evaluation

Though the toughness evaluation of ECC could be carried 
out using the uniaxial tensile test, this method was compli-
cated and time-consuming—advanced equipment was 
required and improper operation may have a great impact 
on test results. The operations of the four-point bending test 
were easy to conduct and are more widely used to evaluate 
the toughness of ECC. In addition, in tunnel engineering, 
direct shear failure caused by creep slip and dislocation of 
active faults will lead to tunnel lining cracking and even 
collapse of the whole structure, which seriously endangers 

Fig. 5—SEM images of E-1 and E-2 series.

Fig. 6—Spray tests of: (left) E-1.2; and (right) E-2.2.
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the safety of the tunnel structure.43 Thus, shear toughness is 
also a key parameter of ECC when used in underground and 
hydraulic engineering. Therefore, the toughness of the opti-
mized ECC (E-2.2) was evaluated by combining the four-
point bending test and the shear test.

Four-point bending tests were carried out according to 
ASTM C1609/C1609M-06,39 and the flexural toughness 
was evaluated by the flexural toughness index (Im) proposed 
by Naaman and Reinhardt.44 The method stated in ASTM 
C1018 can only determine the toughness indexes I5, I10, and 
I20. However, Said and Razak45 pointed out that toughness 
indexes I5, I10, I20, I30, I40, I50, I60, and I70 for ECC may be 
evaluated because of the high ductility and high deflection. 
Thus, according to the four-point bending test, the load- 
deflection relationship of E-2.2 shown in Fig. 9 and Im and 
IMOR can be calculated as follows

	​ ​I​ m​​ = ​∫​ 0​ 
​ m+1 _ 2 ​

​P(δ)dδ/​∫​ 0​ 
δ
 ​P(δ)dδ = ​S​ OACD​​/​S​ OAB​​​	 (3)

	​​ I​ MOR​​ = ​∫​ 0​ 
​δ​ MOR​​

​P(δ)dδ/​∫​ 0​ 
δ
 ​P(δ)dδ = ​S​ OACEF​​/​S​ OAB​​​	 (4)

where δ is the deflection of midspan at the first crack; the 
values of m were taken as 5, 10, 20, 30, 40, 50, 60, and 70, 

respectively; and δMOR is the midspan deflection at ultimate 
load.

NC of the same fc as E-2.2 was set as the control group 
named C-1, and the shear tests were carried out according 
to CECS 13-2009.46 The shear test load-deflection curves 
of E-2.2 and C-1 are shown in Fig. 10. According to Deng 
et  al.,47 the shear toughness before peak load (Tp) and the 
shear toughness after peak load (Rp,k) can be calculated as 
follows

	 Tp = Ωp/2bh2	 (5)

	 Rp,k = Ωp,k/2bhδp,kfp	 (6)

where Ωp is the area under the load-deflection curve before 
the peak load; b and h are the width and height, respectively, 
of the shear specimen; δk is defined as K times δp; δp is the 
deflection corresponding to peak load; K is taken as 1.2, 
1.5, and 2.0, respectively47; Ωp,k is the area under the load- 
deflection curve from δp to δk; and fp is the shear strength.

Fig. 7—Radar chart for PVA-ECC test results (E-1.2 and 
E-2.2).

Fig. 8—ECC multiple tight microcracks of E-2.2 direct 
tension test specimen.

Fig. 9—Four-point bending test load-deflection curve 
(E-2.2).

Fig. 10—Shear test load-deflection curves for E-2.2 and C-1.
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The test results of the bending and shear tests are given in 
Table 11.

Said and Razak45 pointed out that ECC having toughness 
indexes Im > m and IMOR > 2δMOR/(δ – 1) can be termed as 
strain-hardening-type materials. It can be seen from Table 11 
that with the increase of the m, the difference between the Im 
and m increased. Meanwhile, IMOR was 110.9, which was far 
greater than 2δMOR/(δ – 1) = 78.0, indicating that the tough-
ness of the material increases with the increase in deforma-
tion. The Tp and Rp,k reflect the shear toughness of ECC; the 
larger the values, the greater the shear toughness.47 The Tp of 
ECC was 3.672%, which was approximately 15 times that of 
C-1 (Tp = 0.269), and the maximum residual shear toughness 
of E-2.2 (Rp,1.2 = 0.93) was approximately 12 times that of 
C-1 (Rp,1.5 = 0.08).

Combined with the ultimate tensile strain obtained from 
the uniaxial tensile test in this paper, the complete tough-
ness evaluation of E-2.2 was finally obtained, as shown in 
Table 12.

Material characteristic parameters
Also, according to the previous test results, the material 

characteristic parameters of E-2.2 are given in Table  13, 
including the density ρ, elastic modulus E0, uniaxial compres-
sion peak stress σcp and its corresponding strain εcp, uniaxial 
compression ultimate stress σcu, ultimate compression strain 
εcu, uniaxial tensile yield stress σt0 and its yield strain εt0, 
ultimate tensile strength σtp and its corresponding strain εtp, 
as well as the tensile failure stress σtu and the failure strain 
εtu; these provide a basis for its engineering application and 
numerical simulation. A comparison of the mechanical prop-
erties of E-2.2 and the traditional cement-based material C-1 
used in underground and hydraulic engineering is given in 
Fig. 11, where the fc was the same. It could be intuitively 
found that the radar chart of E-2.2 was fuller than that of 
C-1, indicating that ECC (E-2.2) had excellent mechanical 

properties compared with the NC (C-1), especially for 
toughness.

CONCLUSIONS
To meet the requirements of underground hydraulic struc-

tures, an engineered cementitious composite (ECC) mixture 
ratio with a high water-cement ratio (w/c) and high fly ash 
(FA) content was adopted, and silica fume (SF) and shrinkage- 
reducing agent (SRA) were added to improve the ECC’s 
performance. The conclusions of this study are summarized 
as follows:

1. High-FA ECC mixture proportions were adapted in 
this study. FA not only replaced a large portion of cement 
in ECC without sacrificing its mechanical properties and 
tensile ductility but also offered environmental advantages 
in processing cement.

Table 11—Test results of four-point bending and 
shear tests

Test
Toughness evaluation 

index

Test result

E-2.2 C-1

Four-point 
bending test

I5 5.1 —

I10 10.5 —

I20 22.4 —

I30 35.1 —

I40 49.7 —

I50 67.8 —

I60 78.9 —

I70 91.3 —

IMOR 110.9 —

2δMOR/(δ – 1) 78.0 —

Shear test

Tp 3.048% 0.269

Rp,1.2 0.93 0.17

Rp,1.5 0.82 0.08

Rp,2.0 0.37 —

Table 12—Toughness evaluation indexes for E-2.2

Test
Toughness evaluation 

index Test result

Uniaxial compression tests εcp 0.416%

Uniaxial tensile tests εtp 3.80%

Four-point bending test

I5 5.1

I10 10.5

I20 22.4

I30 35.1

I40 49.7

I50 67.8

I60 78.9

I70 91.3

IMOR 110.9

Shear test

Tp 3.048%

Rp,1.2 0.93

Rp,1.5 0.82

Rp,2.0 0.37

Table 13—Material characteristic parameters  
for E-2.2

Characteristic parameter Value

E0, MPa 22.60

σcp, MPa 43.67

εcp, % 0.416

σcu, MPa 7.95

εcu, % 3.91

σt0, MPa 3.53

εt0, % 0.016

σtp, MPa 4.12

εtp, % 3.80

σtu, MPa 1.02

εtu, % 4.50

Density, kg/m3 1950
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2. The workability evaluation indexes of fresh ECC were 
obtained, of which the slump SL was in the range of 140 
to 200 mm to ensure proper fluidity; the slump flow St was 
in the range of 400 to 600 mm; and funnel flow time t was 
4 to 10 seconds to ensure cohesion; and the ratio of slump 
to slump flow (SL/St) was generally approximately 0.45 to 
ensure the balance between fluidity and cohesion.

3. An ECC mixture proportion (E-2.2), with excellent 
workability (pumpability and sprayability), high tough-
ness (the ultimate tensile strain εtp is greater than 3.5%), 
good impermeability (permeability coefficient K = 1.713 × 
10–11  m/s < 2.610 × 10–11 m/s), and low drying shrinkage 
strain (drying shrinkage strain ɛst = 603.6 × 10–6 < 686.5 × 
10–6) was the result of the final optimization.

4. The use of SF can effectively improve both pumpa-
bility and sprayability of high-w/c ECC. The SL decreased 
gradually with the increase of SF content, indicating that the 
fluidity decreases gradually. However, the St decreased and 
the t increased, indicating that the cohesion increases.

5. The more SF added, the lower the K value that could be 
achieved. Adding SF could increase the density of the cement 
matrix. The ECC porosity and pore density decreased with 
the increase of SF content.

6. Combined with the four-point bending test and shear 
test, the complete toughness evaluation for E-2.2 was estab-
lished; the material characteristic parameters of E-2.2 are 
given in Table 13, which can be directly applied to future 
engineering.
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This research focuses on developing a mixture design for high-
strength geopolymer concrete (HSGPC) complying with the high-
strength concrete criteria mentioned in Indian standards. This study 
focuses on optimizing the content of alkaline activators and binders 
proportionately. The compressive strength of different proportions of 
geopolymer mortar was carried out meticulously to determine the 
optimal proportions of solution-binder (S/B) and sodium silicate- 
sodium hydroxide (SS/SH) ratios. The aforementioned ratios were 
optimized using the Technique for Order of Preference by Simi-
larity to Ideal Solution  (TOPSIS) analysis for further calculation. 
The mixture proportions for Grades M70, M80, M90, and M100 
were determined and verified through experimental validation. To 
assess the suggested mixture design, a slump test was conducted to 
quantify the workability, subsequently followed by the evaluation 
of compressive strength after 24 hours, 7 days, and 28 days. After 
achieving the desired workability, promising compressive strength 
was observed as 76, 89, 93, and 104 MPa at 28 days. Finally, the 
mechanism of strength increment was investigated using various 
characterization techniques, such as X-ray diffraction (XRD) 
and scanning electron microscopy (SEM) equipped with energy- 
dispersive spectroscopy (EDS). The SEM/EDS analysis of the 
HSGPC proves the dense microstructures of different gel forma-
tions. The proposed mixture design procedure falls under the target 
strength-based method category. It has successfully yielded a strength 
of 104 MPa for ground-granulated blast-furnace slag (GGBS)-based 
geopolymer concrete incorporating coarse and fine aggregates.

Keywords: ambient curing; high-strength geopolymer concrete (HSGPC); 
microstructural study; mixture design procedure.

INTRODUCTION
Interest in achieving sustainable development has grown 

over the past few decades. Infrastructural development has 
garnered much attention concerning its need and associated 
environmental impact. Concrete, a highly chosen material 
for construction, shared major concerns due to the presence 
of cement. Using geopolymer concrete (GPC) in construc-
tion reduces the carbon footprint as the cement is primarily 
responsible for the CO2 emissions while manufacturing.1 
Research on replacing cement when producing concrete has 
grown since the 1970s. A 100% cement replacement was 
made possible due to the emergence of GPC, where cement 
was completely replaced with aluminosilicate material with 
alkaline activators. The development in research on GPC has 
rendered a distinguished identity to GPC rather than being 
an option for cement-based concrete.2-4

GPC is produced by mixing cementitious materials and 
alkaline activators in the presence of water.5 The presence of 
silicates and aluminates governs the compatibility of cementi-
tious material. Fly ash (FA), an industrial by-product, contains 
silicates and aluminates and was used initially to produce GPC 
in the presence of sodium hydroxide (SH) and sodium silicate 

(SS). The research highlighted the need for temperature 
curing for FA-based GPC. The existence of CaO in ground- 
granulated blast-furnace slag (GGBS) (also known as slag 
cement) allowed GPC to be cured in ambient curing.1,6 By 
eliminating the requirement of temperature curing, GGBS-
based GPC changed the way research on GPC was done.

After mixing the ingredients of GPC, polymerization starts 
with the OH hydroxyl groups dissolving Si-O-Si (siloxo) and 
Al-O-Si (sialate) bonds in an alkaline solution. Dissolution 
is followed by the coagulation-condensation stage, during 
which the dissolved ionic species interact with one another 
and alkali cations (Na or K), and silica monomers react with 
other monomers, culminating in the development of three- 
dimensional (3-D) polymeric networks.7-9 The reaction 
is often amorphous to a semi-crystalline geopolymer 
comprising a 3-D alkali aluminosilicate network.10 Precur-
sors with a high calcium content generate calcium alumino-
silicate hydrate (C-A-S-H) gels during the polymerization 
process, while those with lower calcium levels form sodium 
aluminosilicate hydrate (N-A-S-H) gels.11,12 There has been 
much study in the area of GPC employing supplementary 
cementitious materials (SCMs) such as metakaolin,11-13 
FA,14-16 and GGBS.17-19 Several experts have recently 
concentrated on using waste products in geopolymer prod-
ucts, including marble sludge, rice husk ash, glass powder, 
and copper mine tailings recycled successfully as precursor 
powders or aggregates in the production of polymer binders, 
mortars, and concretes.20-24 These waste-based polymer 
concretes demonstrated significant sustainability and 
environmental benefits in addition to having mechanical 
strengths, durability, and microstructural qualities compa-
rable to or better than those of standard cementitious mate-
rials. It was particularly the case when ambient temperature 
curing was considered.11,25

Many factors must be considered when designing a GPC 
for standard compressive strength.26 Factors that govern the 
mixture design of GPC are the source and the composition of 
aluminosilicate and the concentration of alkaline activators. 
The quality of water and the method of curing play an important 
role. Therefore, while manufacturing a GPC, the essential 
factors—such as the SS/SH ratio, solution-binder ratio (S/B), the 
molarity of the SH, time and curing temperature, water content, 
and the influence of calcium and other contaminants—were 
taken into account for experimental investigations by various 
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researchers.1,27-30 The present study attempts to incorporate the 
aforementioned parameters and converge the GPC mixture 
design procedure with the standard guidelines mentioned in IS 
10262:201931 for high-strength concrete.

Research basis
The stature of designing a mixture for producing concrete 

of desired characteristics is rated very high. Mixture design 
reduces the trials, and hence the required resources. Various 
code provisions are available for designing ordinary portland 
cement (OPC)-based concrete. A systematic approach for 
designing a specific grade of GPC is yet to be established for 
the cast-in-place applications, as GPC falls under a special 
concrete category as cementless concrete. The research to 
date showcased the approach for designing the mixture 
for GPC under the following categories: a) target strength-
based method; b) ratio-based method; c) performance-based 
method; d) factorial-based method; and e) hit-trial method.32

Generally, the target strength-based method is commonly 
employed for designing OPC-based concrete mixtures. 
Table 1 presents the reported efforts to create GPC through 
adherence to cement-based concrete’s conventional mixture 
design process. The aforementioned methodologies 

employed in the mixture design process have produced GPC 
with a compressive strength of up to 92 MPa after 28 days.42 
However, it has been reported that when using GGBS in 
manufacturing GPC, the maximum compressive strength 
achieved was 85 MPa at 28 days.17 The primary objective of 
this research is to establish an aggregate-based high-strength 
geopolymer concrete (HSGPC) mixture design procedure by 
a target strength-based method. The primary material used is 
GGBS, and the curing process can be carried out at ambient 
conditions. Incorporating FA and silica fume (SF) as supple-
mentary materials is intended to mitigate the reactivity of 
GGBS. Furthermore, the subsequent section examines the 
significance of the ratio of alkaline solution to binders, the 
molarity of NaOH, and the silicates-to-hydroxide ratio.

Governing parameters for mixture design of GPC
The fundamental components of the GPC mixture design 

process include the molarity of sodium hydroxide, the 
Na2SiO3/NaOH ratio, and the S/B. It was reported that as 
the molecular weight percentage of SH (molarity of NaOH) 
increases in the alkaline solution, the compressive strength 
of GPC increases.36 The molar concentration of SH exhibits 
a range of values between 8 and 16, as documented in the 

Table 1—Different mixture design approaches for GPC

Source material

CA used, 
mm

Sand
Admix-

ture

Concrete inside
28-day

compressive 
strength, 

MPa Authors10 20 s/b SS/SH Molarity of SH Method Curing

FA and GGBS     0.4 to 0.8 1.5 14 ACI Ambient 66.23 Reddy et al.6

FA, GGBS, and 
HPA — —  — 0.55 2.5 12 PPM 90°C for 7 days 80.4 Ng and Foster33

FA and OPC  —   0.76 2.5 16 IS 60°C for 72 hours 63 Ferdous et al.34

FA    — 0.5 1, 1.5, 2 10, 12, 14 ACI 60°C for 24 hours 35 Montes et al.35

FA    — 0.35 1 13 IS 60°C for 24 hours 37.2 Patankar et al.36

FA     0.4 to 0.8 1.5 1 ACI 60°C for 24 hours 54 Pavithra et al.37

FA   MS — 0.38 to 0.80 2.5, 3.5 16 IS 60°C for 24 hours 33 Anuradha et al.38

MK    — 0.31 to 0.76 1.03 to 
6.34 — Statistical 

analysis Ambient 66 Lahoti et al.39

Slag and FA    — — — — Taguchi Ambient 85 Chen et al.17

High-calcium 
FA     0.45 to 0.60 1 5, 10, 15 ACI Ambient 36 Phoo-ngernkham 

et al.40

GGBS     0.3 to 0.7 1 to 5 12 ACI Air, water, and oven 52 Serag Faried 
et al.41

FA    — 0.24 to 0.57 2.7 to 
11 11.5 to 15.5 Taguchi 80°C for 24 hours 92.86 Luan et al.42

GGBS, FA, SF, 
and MK  —   0.35 to 0.55 1.5 to 

2.5 10 to 14 Taguchi Ambient 61.15 Hadi et al.43

FA and GGBS    — 0.5 2.25 14 IS Ambient 30 Bhogayata 
et al.44

FA, GGBS, 
and SF     0.35 to 0.45 2 to 3 10 to 14 IS and 

Taguchi Ambient 36 Dave et al.45

FA, GGBS, 
and SF     0.35 to 0.45 2 to 3 10 to 14 IS and 

Taguchi Ambient 44.75 Dave and 
Bhogayata46

FA and cement 14, 10 mm   0.76 2.3 16 IS 60°C for 72 hours 65 Ferdous et al.34

Note: CA is coarse aggregate; HPA is kaolinite high-performance ash; PPM is particle packing model; MK is metakaolin; IS is IS 10262:2009; ACI is ACI 211.1-91; MS is manufactured sand.
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literature and presented in Table 1. Additionally, an increased 
molar concentration in terms of the molarity of SH leads to 
increased viscosity of the alkaline solution, consequently 
causing the concrete to become more brittle.36 Hence, opti-
mizing the SH solution concentration is essential in the alka-
line solution.

The alkaline solution includes a blend of SS and SH. It is 
reported that the SS/SH executed in the previously published 
literature is between 1 and 5, as shown in Table 1. It was 
noted that the geopolymerization process, gel formation, 
and viscosity of the alkaline solution could be affected 
by the SS/SH in the alkaline solution.47 The compressive 
strength of GPC decreases as the SS/SH increases, and the 
decreased SS/SH yields similar results. It was also noted 
that the lower proportion of SH for the higher SS/SH and the 
lower percentage of SS for the lower SS/SH influenced the 
compressive strength of GPC.48 Therefore, it is essential to 
prioritize the optimization of the SS/SH to attain the desired 
compressive strength of GPC.

The s/b exhibits a range of values from 0.2 to 1.0, as tabu-
lated in Table 1. As the S/B decreases, the alkaline solu-
tion can not mix thoroughly with the dry concrete mixture. 
Conversely, the higher s/b generates high liquidized content 
in the concrete mixture, resulting in poor gel formation. Ulti-
mately, the compressive strength of GPC decreases in both 
cases. Moreover, efforts have been undertaken to streamline 
the mixture design process of GPC by establishing a correla-
tion between the S/B and the water-cementitious materials ratio 
(w/cm) of cement-based concrete according to the code provi-
sions.6,31,36,38,49-51 Hence, it is necessary to optimize the quanti-
ties of alkaline solutions and the molarity of the SH by prelimi-
nary investigation for the desired compressive strength of GPC.

RESEARCH SIGNIFICANCE
The maximum 28-day compressive strength was reported 

to be 92 MPa and 86 MPa for FA-based GPC42 and GGBS-
based GPC, respectively.17 This paper aims to develop a 
mixture design methodology for HSGPC (M100) in line with 
the provisions of IS 10262:201931 by incorporating coarse and 
fine aggregates. The design approach aligns with the studies 
on mixture design procedures.32 However, emphasis has been 
given to the determination of optimized SS/SH and S/B in 
addition to the molarity of NaOH. A comprehensive mixture 
design approach (with an example) has been detailed metic-
ulously and supported with results of workability, compres-
sive strength, and microstructural properties such as X-ray 
diffraction (XRD), scanning electron microscopy (SEM), and 
energy-dispersive spectroscopy (EDS) of HSGPC.

MATERIALS USED
The primary binding materials were GGBS, FA, and SF. 

Alkaline activators such as SH and SS were used to react with 

binders. The oxide composition of these binders is given in 
Table 2. Table 3 represents the physical properties of all the 
ingredients used in HSGPC. Sand obtained from the bed of the 
Nareshwar River (near Surat, Gujarat, India) was used as a fine 
aggregate conforming to Zone II. Aggregate with the size of 
10 mm was used, and the grain-size distribution of coarse and 
fine aggregates is depicted in Fig. 1. The upper and lower limits 
for both sizes of aggregate have been fixed as per the guidelines 
mentioned in IS 383:201652 to achieve the maximum possible 
packing density. Approximately 98% pure SH flakes were used 
to initiate the polymerization process. The highly viscous and 
concentrated SS made GPC cohesive and provided additional 
silica content for forming Si-O-Al bonds.

Instead of ordinary potable water, a combination of alka-
line activators was used while mixing. Therefore, when the 
solution is added to a dry concrete mixture, it inhibits the 
workability of GPC as it is inherently highly viscous. To 
avoid this problem, a naphthalene-based high-range water- 
reducing admixture (HRWRA) was used.6,53 However, the 
water quantity available in alkaline activators is less than the 

Table 2—Chemical properties of binders

Particulars CaO SiO2 Al2O3 Fe2O3 MgO Na2O K2O SO3 TiO2

GGBS 38.09 32.19 8.59 2.80 5.50 0.26 0.40 8.89 1.30

FA 1.72 60.41 12.71 14.10 0.59 0.17 1.46 2.65 2.78

SF 1.60 90.00 0.40 0.40 0.00 0.50 2.20 0.40 0.00

Table 3—Different properties of all materials  
of HSGPC

Material Specific gravity Different properties

Water 1.00 Normal potable water

HRWRA 1.08 Naphthalene-based HRWRA

FA 2.20 Fineness = 380 m2/kg

SF 2.20 Fineness = 340 m2/kg

NaOH 2.30 98% purity, industrial-grade

Na2SiO3 2.40 16.7% Na2O, 34.40% SiO2, and 
48.9% H2O

River sand 2.66 Fineness modulus = 2.8, Zone II sand

Coarse 
aggregate 2.75 Angular particles,  

fineness modulus = 6.15

GGBS 2.90 Fineness = 450 m2/kg

Fig. 1—Particle-size distribution of coarse and fine aggregates.
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amount required in code provisions. To mitigate this issue, 
surplus water was added after removing the solid content 
of the alkaline activators. In addition, saturated surface-dry 
condition (SSD) aggregates were used to eliminate the water 
absorption effect of fine and coarse aggregates.

PROPOSED HSGPC MIXTURE DESIGN PROCEDURE
As discussed earlier, this research study aims to develop 

a mixture design procedure for HSGPC by channeling IS 
10262:201931 as a target strength-based method. The binders 
react with alkaline activators such as SH and SS solutions. 
Laboratory testing of cast samples using a mixture ratio 
found by the absolute volume method validated the proposed 
mixture design. The mortar samples were cast to determine 
the optimization of the SS/SH, S/B, and molarity of SH. 
A thorough description is given in Step 4. The complete 
description of the procedure of the HSGPC mixture is 
described as follows. Figure 2 depicts the detailed flowchart 
of the mixture design calculation of HSGPC.

Step 1: Target average compressive strength at 
28 days

A higher target mean compressive strength fck′ must be 
used in the concrete mixture proportions to ensure the test 

results do not fall below the characteristic strength. Equa-
tions (1) and (2) provide the safety factor above a given suit-
able range of compressive strength.

	 fck′ = fck + 1.65S	 (1)

or

	 fck′ = fck + X	 (2)

whichever is higher, where fck′ is the 28-day target average 
compressive strength; fck′ is the 28-day characteristic 
compressive strength; S is the standard deviation; and X is a 
factor based on the grade of concrete.

Step 2: Approximate air content
The approximate air content entrapped in hardened 

concrete is adopted from Table 6 of IS 10262:2019.31

Step 3: Selection of water-cement ratio (w/c) and 
HRWRA content

Numerous parameters, including maximum particle size, 
particle shape, and aggregate gradation, determine the quan-
tity of water needed to achieve a workable matrix. Moreover, 

Fig. 2—Mixture design procedure for HSGPC according to IS 10262:2019.
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binder content, chemical admixture, and the type of pozzo-
lanic materials also affect the water demand for concrete. 
The water content of high-strength concrete without chem-
ical admixtures is as per Table 7 of IS 10262:2019. The 
water content specified here is for a 50 mm slump. The 
requisition of the quantity of water content can be increased 
or decreased by approximately 3% for every increment or 
decrement of the 25 mm slump, or it can be calculated exper-
imentally.31 The aggregate particle size significantly affects 
the water demand, as per Table 8 of IS 10262:2019.31

Moreover, the compatibility of the HRWRA was examined 
by trial and error to fix the dosage and percentage reduction 
of the water by adding the HRWRA, according to Annex G 
(IS 10262:2019) and IS 9103:1999.31,54 For this experimental 
investigation, a naphthalene-based HRWRA was used to 
reduce water content, and it was observed that adding 1% of 
HRWRA can reduce water by up to 30% with an adequate 
dosage and achieve better workability and cohesiveness.

Step 4: Fixing quantity of alkaline solution and 
extra water

As described earlier, 16 M NaOH solution was prepared 
by dissolving NaOH flakes in distilled water 1 day before 
casting. Later, the SS was added to the SH solution and 
mixed thoroughly. The quantity of water required in the SH 
solution was decided based on the solid content required to 
prepare a 16 M solution. For instance, to prepare a 16 M 
solution, 39% of solid NaOH content is needed; thus, the 
water quantity should be 61% of the total solution content. 
The SS used for this experimental work has 50.72% solid 
content; the rest was 49.28% water. Therefore, the extra 
water was calculated by subtracting the water presence in an 
alkaline solution. The required water content was deduced 
from the total water content as tabulated in Table 7 of IS 
10262:2019.31

CALCULATION OF SS/SH AND S/B
Sixteen different proportions of mortar were prepared so 

that the quantities of GGBS, water, and sand remained the 
same. Only the quantity of the SS, SH, and the combination 
of SS and SH differed. The purpose of this division was to 
vary the SS/SH while keeping the S/B constant. The quanti-
ties of GGBS, sand, and water remained consistent across all 
16 mixtures. The specific quantities used for each mixture 
are provided in Table 4. For each combination, mortar cubes 
were prepared and subjected to ambient curing. Compres-
sive strength tests were conducted on these cubes after 7 
and 28 days. Table 4 represents mortar cube compressive 
strength for these optimizations.

TOPSIS ANALYSIS
The Technique for Order of Preference by Similarity to 

Ideal Solution (TOPSIS) is a convenient and applicable 
approach for evaluating and prioritizing options using 
distance metrics. Hwang and Yoon introduced TOPSIS 
specifically to address decision-making challenges involving 
multiple attributes or criteria. It is a method commonly used 
in the field of multi-criteria/multi-attribute decision-making 
(MCDM/MADM). Initially, each parameter weight must be 
defined by the entropy method.55 Afterward, the calculation 
should be followed by the following equations. Ultimately, 
it is based on the principle that the optimized value is closer 
than the positive ideal solution value and far away from the 
negative ideal solution value. The following steps need to be 
followed for the detailed explanation of TOPSIS analysis.

Step 1: Generate the evaluation matrix (M) comprising 
alternatives (P) and criteria (q). As per Eq. (3), calculate the 
M based on the Xij for each criterion and alternatives.

	 M = (Xij)p×q	 (3)

Table 4—Details of geopolymer mortar and compressive strength, MPa

Sample details Designation

GGBS Na2SiO3 NaOH Sand Water Compressive strength, MPa

g 7 days 28 days

S/B = 0.35, SS/SH = 1.5 A 200 42.0 28.0 600 30 21.70 42.20

S/B = 0.35, SS/SH = 2 B 200 46.7 23.3 600 30 31.30 44.30

S/B = 0.35, SS/SH = 2.5 C 200 50.0 20.0 600 30 26.50 48.10

S/B = 0.35, SS/SH = 3 D 200 52.5 17.5 600 30 45.10 55.30

S/B = 0.4, SS/SH = 1.5 E 200 48.0 32.0 600 30 59.60 84.80

S/B = 0.4, SS/SH = 2 F 200 53.3 26.7 600 30 59.50 93.20

S/B = 0.4, SS/SH = 2.5 G 200 57.2 22.8 600 30 71.30 99.80

S/B = 0.4, SS/SH = 3 H 200 60.0 20.0 600 30 65.20 75.80

S/B = 0.45, SS/SH = 1.5 I 200 54.0 36.0 600 30 61.20 91.20

S/B = 0.45, SS/SH = 2 J 200 60.0 30.0 600 30 58.20 85.30

S/B = 0.45, SS/SH = 2.5 K 200 64.3 25.7 600 30 62.20 85.70

S/B = 0.45, SS/SH = 3 L 200 67.5 22.5 600 30 55.30 79.20

S/B = 0.5, SS/SH = 1.5 M 200 60.0 40.0 600 30 58.50 81.20

S/B = 0.5, SS/SH = 2 N 200 66.7 33.3 600 30 47.00 82.40

S/B = 0.5, SS/SH = 2.5 O 200 71.5 28.5 600 30 42.20 76.30

S/B = 0.5, SS/SH = 3 P 200 75.0 25.0 600 30 47.60 78.80



72 ACI Materials Journal/January 2024

Step 2: Prepare a normalized matrix Rij according to 
Eq. (4).

	​ ​​[R]​​ ij​​  =   ​[​ 
​X​ ij​​ _ 

​√ 
_

 ​∑ i=1​ p  ​​​X​ ij​ 2​ ​
 ​]​ ​; i = 1, 2, … … …, p;  

	 j = 1, 2, … …, q	 (4)

Step 3: Equation (5) represents the multiplication of the 
normalized matrix [R]ij with the weight found by the entropy 
method, resulting in the weighted normalized matrix [D]ij.

	 [D]ij = [R]ij × Wj	 (5)

Step 4: Equations (6) and (7) represent the positive [V+] 
and negative [V–] ideal solutions that were determined to 
identify the ideal solution among all the parameters.

	​ ​[​V​​ +​]​  =  ​{​(​∑ i​ Max ​​​ 
​V​ ij​​ _ j ∈  J ​)​, ​(​∑ i​ Min ​​​ 

​V​ ij​​ _ j ∈  J ​)​,   

                                     i =  1,  2,  3,  …… … … ,  p}​​	 (6) 
	 V+ = V1

+, V2
+, V3

+, … … … …, Vp
+

	​ ​[​V​​ −​]​  =  ​{​(​∑ i​ Min ​​​ 
​V​ ij​​ _ j  ∈  J ​)​, ​(​∑ i​ Max ​​​ 

​V​ ij​​ _ j  ∈ J ​)​,   

                                     i  =  1,  2,  3,  …… … … ,  p}​​	 (7) 
	 V– = V1

–, V2
–, V3

–, … … … …, Vp
–

Step 5: After the calculation of V+ and V–, the positive 
and negative separation matrixes (Si

+ and Si
–) are obtained 

according to Eq. (8) and (9), respectively.

	​ ​​S​ i​​​​ +​  = ​​{​ ∑ 
J=1

​ 
M

 ​​​​(​V​ ij​​ − ​​V​ j​​​​ +​)​​​ 2​}​​​ 
0.5

​​	 (8)

	​ ​​S​ i​​​​ −​  = ​​{​ ∑ 
J=1

​ 
M

 ​​​​(​V​ ij​​ − ​​V​ j​​​​ −​)​​​ 2​}​​​ 
0.5

​​	 (9)

Step 6: The relative closeness coefficient (Pi) was 
prepared by Eq. (10) to identify the ideal solution according 
to TOPSIS analysis.

	 Pi =​  ​  ​​S​ i​​​​ −​ _ ​​S​ i​​​​ +​ + ​​S​ i​​​​ −​ ​​	 (10)

Table 4 represents the compressive strength of geopolymer 
mortar at 7 and 28 days. The calculation was carried out by 
Eq. (3) to (10), and the relative closeness coefficient was deter-
mined as per Table 5. The relative closeness coefficient of 
Sample G was noted to be closer than that of other mortar frac-
tions. Hence, the optimal ratios of s/b = 0.4 and SS/SH = 2.5 
were optimized, respectively, according to the TOPSIS analysis.

Volume of coarse aggregate per unit volume of 
total aggregate

The volume of coarse aggregate has been taken as the value 
described in Table 10 of IS 10262:2019.31 The coarse aggre-
gate content has to be selected according to the type of fine 
aggregate.

Step 5: Aggregate
The absolute volume method has been used to deter-

mine the combined aggregate content.31 V and SG are the 
volume and specific gravity of concrete, respectively. The 
total aggregate volume is denoted as Vta, and the volume and 
specific gravity of GGBS are denoted as VGGBS and SGGGBS. 
Volume and specific gravity of NaOH and Na2SiO3 are 
denoted as VNH and SGNH, and VSS and SGSS, respectively.

	 Volume of concrete (V) = Vta + VNH + VSS + VGGBS + Vea

where

	​ ​V​ NH​​  =  ​ ​W​ NH​​ _ S​G​ NH​​ ​​ ; ​​V​ SS​​  =  ​ ​W​ SS​​ _ S​G​ SS​​ ​​ ; ​​V​ GGBS​​  =  ​ ​W​ GGBS​​ _ S​G​ GGBS​​ ​​

For 10 mm nominal-sized aggregates, 1% entrapped air is 
considered as per IS 10262:2019.31 For 1 m3 of concrete, the 
following calculation can be derived.

1 – 0.01 = Vta + VNH + VSS + VGGBS + VFA + VSF + VHRWRA + Vwater

0.99 = Vta + VNH + VSS + VGGBS + VFA + VSF + VHRWRA + Vwater

Vta = 0.99 − (VNH + VSS + VGGBS + VFA + VSF + VHRWRA + Vwater)
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Final mixture proportions of HSGPC
The mixture proportions of the HSGPC calculated by the 

aforementioned method are tabulated in Table 6.

Table 5—Relative closeness coefficient (Pi) from 
positive [Si

+] and negative [Si
–] ideal solutions

Sample Si
+ Si

– Si
+ + Si

– Pi Rank

A 0.103 0.015 0.118 0.127544 16

B 0.085 0.023 0.108 0.213132 15

C 0.087 0.030 0.117 0.257605 14

D 0.058 0.059 0.117 0.501315 12

E 0.049 0.073 0.121 0.598653 9

F 0.036 0.076 0.112 0.678368 5

G 0.019 0.098 0.117 0.835335 1

H 0.027 0.088 0.115 0.766434 2

I 0.046 0.077 0.124 0.625136 7

J 0.038 0.071 0.110 0.651032 6

K 0.026 0.081 0.107 0.755134 3

L 0.035 0.076 0.111 0.686851 4

M 0.050 0.070 0.120 0.584885 10

N 0.052 0.056 0.107 0.518196 11

O 0.055 0.053 0.107 0.490060 13

P 0.045 0.067 0.113 0.598827 8
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EXPERIMENTAL METHODOLOGY
Preparation of HSGPC

The freshly mixed HSGPC was filled into the prescribed 
molds in different layers with 25 numbers of blows using a 
tamping rod by the guidelines provided in IS 3558-1983.56 
Following appropriate compaction procedures, a table vibrator 
was employed for 1.5 minutes to evacuate the air content pres-
ence in the freshly mixed concrete. A cube measuring 150 x 
150 x 150 mm was used to assess the compressive strength 
of the concrete. All the specimens were stored in the labora-
tory following the casting process and maintained a consis-
tent ambient temperature for 24 hours. After approximately 
24  hours, the concrete specimens were removed from the 
molds and stored under ambient temperature until testing.

Fresh concrete test
The slump test was performed as per IS 1199-195957 to 

evaluate the workability of HSGPC. The freshly mixed 
concrete was filled in the slump cone apparatus in three 
different layers with 25 blows by a tamping rod on each 
layer. Afterward, the slump cone mold was slowly lifted, 
allowing the fresh mixture to fall downward. The difference 
in height between the settled concrete and the initial height 
of the slump cone indicated the slump value of the concrete 
in millimeters.

Hardened concrete tests
The compressive strength test was incorporated in accor-

dance with IS 516-195958 by a 3000 kN compression testing 
machine with a 5.2 kN/s loading rate until the failure of the 
specimen. The average results of the three specimens were 
considered to evaluate the compressive strength.

Microstructural analysis
SEM/EDS—The granular particles were approximately 

1 x 1 x 1 cm, and were extracted from the tested concrete 
samples at 28 days. The hydration stoppage method was 
employed to remove the capillary pore water. The dry 
concrete samples were given to analyze SEM images for the 
microstructure behavior of the HSGPC. The elemental struc-
tures of HSGPC samples were evaluated with EDS combined 
with SEM analysis. Concrete samples were extracted from 
the inner core of the tested cube and crushed into a fine 
powder, passing through a 75 μm sieve. The hydration stop-
page method was employed to dry the powder sample. The 
INCA software detected EDS data from the concrete sample.

XRD-Rietveld analysis—The mineral compositions of 
the HSGPC samples were analyzed with an XRD device. 
Prepared powdered samples of 3 to 4 g were placed on 
the platform of the instrument for scanning at a rate of 
0.02 degrees per second for 2θ of 5 to 65 degrees. The CuKa 
anode was used with the radiation of the XRD. To detect 
the presence of minerals in the tested concrete samples, 
Match! 3.0 software was employed.

The XRD-Rietveld analysis was carried out to investigate 
the quantitive analysis of the XRD spectrum. It overcomes 
various limitations associated with the conventional quanti-
tive analysis of XRD spectra.59,60 This approach demonstrates 
notable advantages in addressing quantitative challenges 

within complex multi-phase compounds.61,62 The Rietveld 
method is a unique technique for analyzing samples, which 
involves determining crystal structure and comprehensively 
analyzing a powder diffraction pattern. Hence, the depend-
ability of quantitative analysis is based on the authenticity 
of XRD data. If the mineral formation falls in the crystal-
line structure, it becomes possible to compute the theoret-
ical intensity at every 2θ by employing the crystal structure 
parameters in conjunction with the peak shape parameters.63

RESULTS AND DISCUSSION
A compressive strength test was carried out on the cube 

samples cast by the four mixture designs mentioned in 
Table 6. A concrete pan mixer was used for concrete casting 
work. After casting, the samples were cured at ambient 
temperature until the compressive strength test was carried 
out, after 24 hours, 7 days, and 28 days. From the stand-
point of workability, sufficient workability was observed in 
all four mixture designs. At the same time, the compressive 
strength of all four trial batches offered above-par results.

Workability and compressive strength
The workability of the freshly mixed concrete was 

determined by the slump cone test, as per the guidelines 
mentioned in IS 1199-1959.57 The workability was measured 
after properly mixing all the concrete ingredients and after 
a certain period. The findings revealed that the Grade M70 
concrete exhibited higher flowability than Grades M80, 
M90, and M100. Additionally, when the slump cone was 
removed, the concrete slump collapsed. It was attributed to 
a higher w/cm, resulting in a higher alkaline solution than 
other concrete mixtures. Moreover, the inclusion of spher-
ical fine aggregate particles played a role in enhancing the 
fluidity of the concrete mixture. The performance of high-
er-grade concrete, specifically M80, M90, and M100 (as 
shown in Fig. 3), noticed a significant flow drop as the w/c 
decreased and the binder content increased. The decrement 
in the workability is attributed to the presence of angular 
particles of GGBS, which enhance the internal shear forces. 
The incorporation of a plasticizer was found to enhance the 
longevity of flowability by condensing the binder particles.

The compressive strength of the concrete was conducted 
at 7 and 28 days, as shown in Fig. 3. At 7 days, the average 

Table 6—Mixture proportions of HSGPC

Ingredients

Quantities, kg/m3

M70 M80 M90 M100

GGBS 402.00 460.00 495.00 535.00

FA 76.00 86.00 93.00 101.00

SF 25.00 29.00 31.00 34.00

NaOH 58.00 66.00 71.00 77.00

Na2SiO3 144.00 165.00 177.00 191.00

Fine aggregate 815.00 772.00 747.00 722.00

Coarse aggregate 973.00 955.00 941.00 923.00

Extra water 53.00 37.00 28.00 17.00

HRWRA 5.03 5.75 6.19 6.70



74 ACI Materials Journal/January 2024

compressive strength values were recorded as 56.8, 68.1, 
73.2, and 80.5 MPa. Furthermore, all concrete grades 
surpassed the target compressive strength at 28 days. It was 
noticed that as the concrete grade increased, the percentage 
enhancement in compressive strength also increased. The 
highest percentage increment of 77% was observed for 
Grade M100 concrete at 104.3 MPa. It was attributed to 
the combined effect of GGBS, FA, and SF enhancing the 
compressive strength of HSGPC. Including GGBS leads to 
various gels, such as calcium silicate hydrate (C-S-H) and 
N-A-S-H, which FA produces.

Moreover, it has been observed that the inclusion of C-S-H 
in the GPC results in enhanced mechanical strength.46 An 
additional benefit of incorporating GGBS is hardening the 
freshly mixed concrete in the ambient atmosphere. The 
calcium present in GGBS exhibits a significant exothermic 
reaction upon contact with water molecules, facilitating the 
initiation of a polymerization process that would otherwise 
necessitate elevated temperatures. Furthermore, including 
SF as an additional binder enhances the particle packing in 
the concrete matrix at the microscale, primarily owing to its 
reduced particle size. Importantly, the smaller particles of SF 
can react at a faster rate with an alkaline solution, resulting in 
the formation of a fine gel. This gel contributes to developing 
a less porous hardened matrix, ultimately leading to improved 
compressive strength.

XRD-Rietveld analysis
The results of XRD spectrum patterns for the HSGPC 

samples are depicted in Fig. 4. The International Centre for 
Diffraction Data (ICDD) was used to detect all the minerals 
with the pair distribution functions (PDFs) from the XRD 
spectrum, such as quartz, ettringite, gypsum, calcite, zeolite, 
C-S-H, and C-A-S-H. Figure 4 shows that the highest peak 
intensity of the gypsum is between 25 and 30 degrees and 
35 and 40 degrees, indicating the stipulated percentage of 
gypsum present in the concrete samples. The C-A-S-H gel is 
detected along with the gypsum intensity peak at 36 degrees. 
The multiple-peak intensity of quartz can be found at 21, 27, 
39, 50, and 60 degrees. In addition, ettringite and C-S-H gel 
can be found as a noncrystalline structure between 20 and 

30 degrees, which was attributed to the stipulated percentage 
of calcium in the chemical composition of GGBS. Previ-
ously published literature also claimed the structure of the 
C-S-H gel is noncrystalline in the given range. Moreover, 
the mineral identified as N-A-S-H (zeolite) can be found 
between 25 and 35 degrees, revealing the presence of the 
N-A-S-H gel.6,64 Additionally, the minor peaks observed 
between 30 and 49 degrees specify the existence of C-S-H 
and C-A-S-H gels in HSGPC samples.

Table 7 represents the XRD-Rietveld analysis of the 
tested HSGPC concrete samples. Results indicate that the 
percentage of gypsum content decreases as the concrete 
grade increases. The percentage sharing of ettringite and 
calcite is approximately the same. It was attributed to the 
same percentage of binders contributing to all the concrete 
samples. Moreover, the percentages of the C-S-H, C-A-S-H, 
and N-A-S-H are significantly improved with the increase 
in concrete grade. It was ascribed to the percentage sharing 
of the binders and solutions significantly improving as the 
grade of concrete increased. Moreover, the enhancement in 
the compressive strength of the concrete mixture depends on 
the quantities of these gel formations.

SEM/EDS analysis
The SEM analysis of HSGPC concrete samples is illus-

trated in Fig. 5. A nonuniform, heterogeneous aluminosilicate 
gel matrix containing unreacted binder particles was observed 
during the microstructural observation of Grade M70 concrete. 
However, a few unreacted/partially reacted binder spheres 
remained somewhat detached from the aluminosilicate gel 
paste due to the coated plasticizer during mixing, and the same 
was observed during analysis.65 Additionally, these unreacted 
binder spheres exhibit composite properties. The interface 
between these composites and the geopolymer matrix is a weak 
point, affecting the overall strength of GPC.66 Figure 5(c) illus-
trates the M70 concrete sample, which appears to be weaker 
than the rest of the concrete samples. Additionally, both M70 
(Fig. 5(c)) and M80 (Fig. 5(b)) GPC exhibited a few air voids. 
SEM analysis also revealed that the formatted gel diffused 
around unreacted binder particles and firmly attached them to 
the hardened matrix (Fig. 5(e)). Furthermore, the gel was found 

Fig. 3—Results of: (a) workability in terms of slump; and (b) compressive strength of HSGPC.
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to fill the internal spaces, resulting in the production of a semi- 
homogeneous but highly compacted dense microstructure 
mostly noticed for GPC of Grades M90 (Fig. 5(e)) and M100 
(Fig. 5(f)).

It was observed that as the concrete grade of HSGPC 
increases, the dissolution of Na and Ca also increases, as 
depicted in Fig. 6 and Table 8. According to previously 
published literature, the presence of a stipulated percentage 
of aluminum (Al), silica (Si), sodium (Na), and calcium (Ca) 
demonstrated the formation of hydrate and carbohydrate 
content in the geopolymerization process. It results in the 
formation of C-S-H, C-A-S-H, and N-A-S-H gels during 
the exothermic process.6,67,68 The reduction in mechanical 
strength qualities associated with an increase in GPC might 
result from an increase in the number of soluble silicates in 
the mixture because excess silicate binder polymerization 
reduces the mechanical strength.69

Moreover, it was noted that as the grade of the HSGPC 
increases, the combined formation of Ca/Si, Ca/(Si + Al), 
and Na/(Si + Al) gels increases. Additionally, the Ca/Si and 
Ca/(Si + Al) ratios decreased while the Na/(Si + Al) ratio 
increased. It might reduce the development of C-S-H and 

C-A-S-H gel products, lowering the compressive strength. 
Calcium has limited solubility in alkaline solutions, precip-
itating as calcium hydroxide, which may have resulted in a 
drop in the Ca/Si and Ca/(Si + Al) ratios.6,70

CONCLUSIONS
In the present research work, a simplistic mixture design 

process is proposed. The consideration of the specific gravity 
of the ingredients for calculating the mixture proportions 
is the differentiating element from most of the published 
literature. The uniqueness of the methodology adopted for 
the high-strength geopolymer concrete (HSGPC) mixture 
design lies in its fusion with the guidelines provided by the 
Indian Standard IS 10262:2019. The developed mixture 
of HSGPC was experimentally assessed for workability, 
compressive strength, and microstructural properties. The 
following conclusions are drawn from the experimental and 
analytical studies.
•	 The optimal proportions of solution-binder (s/b) and 

sodium silicate-to-sodium hydroxide (SS/SH) ratios 
are 0.4 and 2.5, respectively. The optimization was 
based on compressive strength results, followed by the 

Fig. 4—XRD spectra of HSGPC. (Note: Q is quartz, E is ettringite, C-S-H is calcium silicate hydrate gel, G is gypsum, C-A-S-H 
is calcium aluminosilicate hydrate gel, Z is zeolite, and C is calcite.)

Table 7—XRD-Rietveld analysis for HSGPC

Mineral name Source (PDF)

M70 M80 M90 M100

I/Ic wt. % I/Ic wt. % I/Ic wt. % I/Ic wt. %

Quartz 01-079-1910 2.74 3.6 2.86 1.4 2.86 2.8 2.9 1.4

Ettringite 01-072-0646 1.54 24.5 1.54 27.3 1.54 25.1 1.56 22.2

Gypsum 01-074-1905 1.81 25.4 1.81 13.9 1.81 12.7 1.85 15.7

Calcite 01-083-1762 2.74 3.6 2.82 4.4 2.82 5 4.5 3.2

Sodium aluminosilicate hydrate (N-A-S-H, zeolite) 01-002-0417 2.42 11.2 0.8 10.9 0.8 12.1 11.3 16.1

Calcium silicate hydrate (C-S-H) 01-033-0306 0.81 3.5 0.82 7.5 1.81 11.2 2.1 18.8

Calcium aluminosilicate hydrate (C-A-S-H) 01-020-0452 0.56 28.2 0.56 34.6 1.41 31.1 1.56 22.6

Note: I/Ic is reference intensity ratio (c is corundum); M70 stops at 35th iteration: R = 40.05% (P = 39, E = 20.57%, R/E = 1.94, P = 34, and EPS = 1.0); M80 stops at 29th iteration: 
R = 42.97% (P = 39, E = 21.48%, R/E = 2.00, P = 34, and EPS = 1.0); M90 stops at 38th iteration: R = 44.26% (P = 39, E = 21.89%, R/E = 2.02, P = 34, and EPS = 1.0); M100 
stops at 27th iteration: R = 48.88% (P = 39, E = 23.67%, R/E = 2.07, P = 34, and EPS = 1.0); R is reliability index; P is modification of intensity; E is extinction correction; EPS is 
empirical potential structure.
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Technique for Order of Preference by Similarity to Ideal 
Solution (TOPSIS) analysis.

•	 The promising workability and compressive strength 
were achieved using optimized s/b and SS/SH and chan-
neling IS 10262:2019 for manufacturing HSGPC for 
the target strength-based method, representing its suit-
ability for the cast-in-place work.

•	 The microstructural investigation revealed that due to 
the geopolymerization process, the dense microstructure 
is created as the grade of concrete increases. In addition, 
scanning electron microscopy (SEM)/energy-dispersive 
spectroscopy (EDS) and X-ray diffraction (XRD)-Rietveld 
analysis concluded that the enhancement of compressive 
strength could be correlated with the percentage share of 

each chemical composition determined by the XRD- 
Rietveld and EDS analyses of the HSGPC samples. It 
reveals that as the grade of the HSGPC increases, the 
combined effects of different gel formations, such as 
calcium silicate hydrate (C-S-H), calcium aluminosilicate 
hydrate (C-A-S-H), and sodium aluminosilicate hydrate 
(N-A-S-H), also increase in both analyses.
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Polymer concrete (PC) sewer pipelines are subjected to corrosive 
environments during their operation time. The aim of this study is 
to investigate the effect of sulfuric acid on the mechanical charac-
teristics of PC. In this context, specimens were submerged in 5 and 
15% sulfuric acid solutions (named SP5 and SP15, respectively) up 
to 180 days and then subjected to monotonic and cyclic compres-
sive and tensile loadings. Results demonstrated that the specimens 
that were immersed in 15 vol% of sulfuric acid (MC15 and MT15) 
had the greatest losses in compressive and tensile strength, which 
were 33% and 21% (70 and 8 MPa), respectively, compared to the 
control specimens. Peak strain, compressive strength, and energy 
absporption capacity (EA) for MC15 are approximately 1.6, 2, and 
1.7 times higher than corresponding values for normal concrete. 
Corroded PC specimens still have a substantially higher strength 
and energy absorption capacity than cement-based concrete. Based 
on the obtained results, stress-strain relationships were proposed 
for SP5 and SP15 in compression and tension.

Keywords: acidic environment; constitutive equation; energy dissipa-
tion; monotonic and cyclic tests; unsaturated polyester polymer concrete 
(UPPC).

INTRODUCTION
Polymer concrete (PC) is a high-performance material 

that has a widespread application in the construction of 
sewer pipelines, precast members, and highway surfaces. 
It has a number of benefits over normal concrete (NC), 
including high mechanical strength, fast curing, low perme-
ability, durability, and chemical attack resistance.1-12 PC is 
a composite formed of fillers, catalysts, accelerators, fine 
and coarse aggregates, and resins as the binding agents. 
Various types of polymers have been used in the fabri-
cation of PC, such as unsaturated polyester, epoxy, and  
acrylic.1,9-11,13-15 Unsaturated polyester resin provides bene-
fits in terms of short curing time, high strength, and compar-
atively low prices. Despite its benefits, PC has some disad-
vantages, one of which is its limited workability because of 
its high viscosity. Its workability can be improved by adding 
monomers such as methyl methacrylate.16,17

Several studies have been conducted to evaluate the 
mechanical characteristics of PC.14,15,18-28 The results indi-
cate that PC demonstrates better mechanical properties than 
ordinary cement-based concrete. However, the strength and 
durability of the PC may be affected by subjection to severe 
environments such as wastewater and acid rain. Several 
researches have been performed to study the effect of corro-
sive environments on the mechanical characteristics of 
different types of PC. Ribeiro et al.29 stated that the bending 
strength and mass of epoxy PC are slightly decreased by 

immersion in sulfuric acid and chloride sodium solutions for 
various periods from 1 to 84 days. Gorninski et al.22 exam-
ined the chemical resistance of polymeric mortar compos-
ites using isophthalic polyester and orthophthalic polyester. 
The compositions of orthophthalic polyester PC with the 
lowest concentrations of fly ash showed the lowest flexural 
resistance to chemical agents. Reis5,21 evaluated the mechan-
ical characteristics of epoxy PC subjected to eight different 
corrosive agents. The results showed that higher flexural and 
compressive strength reductions were observed in mortars 
submitted in formic acid, and they were 85% and 55%, 
respectively. Dębska and Lichołai19 studied the effect of five 
different aggressive media on epoxy mortars modified with 
polyethylene terephthalate glycolyzates. It was reported that, 
unlike ordinary cement mortars, the mentioned composites 
showed excellent chemical corrosion resistance. Addition-
ally, none of the specimens exhibited any penetration or 
cracking. Rahman et al.30 assessed the loss in mass and 
compressive strength of the portland cement mortar, epoxy 
resin-based polymer cement mortar, and polymer mortar 
specimens after immersion in different corrosive agents. 
Results indicated that polymer mortar demonstrated the 
least decrease in compressive strength (28% after immer-
sion in an acid solution for 200 days) and mass loss (7% for 
200 days in sulfuric acid) compared to the two other mortars. 
The relative mass loss and compressive strength decreased 
as the epoxy content increased. Moodi et al.31 evaluated 
the strength and durability of polymer and latex-modified 
concretes. Results demonstrated that in PC, a remarkable 
improvement was achieved by using 20% polyester resin, 
and no reduction was observed in flexural strength after 
50 cycles of freezing and thawing, while it was decreased 
by approximately 20% in latex-modified mortar.31 Ghassemi 
and Toufigh32 investigated the environmental effects on the 
mechanical properties of epoxy polymer concrete (EPC) 
and ordinary cement-based concrete (OCC), which were 
exposed to four chemical solutions with pH values of 2.5, 
7, and 12.5, and artificial seawater for 12 months. The acidic 
solution was the most destructive environment for OCC 
and PC, and high epoxy resin content demonstrated the best 
compressive strength after 1 year of immersion in the acidic 
solution, and it was reduced by 22%.
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Most of the previous studies were focused on the effects 
of corrosive environments on EPC, and minor studies have 
been conducted to investigate the mechanical properties of  
unsaturated polyester polymer concrete (UPPC). On the 
other hand, the existing studies on UPPC are limited to its 
compressive and flexural tests, while its other mechanical 
characteristics (especially direct tensile strength, energy 
absorption ratio, and stiffness degradation due to cyclic 
loading) were not investigated. Moreover, no stress-strain 
equation has been proposed for acid-immersed UPPC, neither 
for compression nor for tension. In this regard, the current 
study focuses on the impact of 5 and 15 vol% sulfuric acids 
on the compressive strength of UPPC for various periods 
of time. Then monotonic and cyclic tests were performed 
on UPPC specimens that were subjected to 5 and 15 vol% 
sulfuric acid for 180 days (in the following sections, these 
specimens are named SP5 and SP15, respectively). The 
results of SP5 and SP15 were compared with the results of 
control PC and cement-based concrete in terms of maximum 
tensile and compressive strength, elastic modulus, energy 
absorption ratio, stiffness degradation, and stress-strain 
curves. Also, based on the results of cyclic and monotonic 
compressive and tensile testing, stress-strain equations are 
proposed for UPPC materials that are submerged in sulfuric 
acid solution.

RESEARCH SIGNIFICANCE
As there have been few studies on the effects of corrosive 

environments on UPPC, the purpose of this research is to 
investigate the effect of acidic environments on the mechan-
ical characteristics of UPPC. This study is distinctive as it 
conducted compressive and direct tensile testing on UPPC 
specimens that have been submerged in sulfuric acid while 
being subjected to monotonic and cyclic loadings. More-
over, novel compressive, tensile, unloading, and reloading 
constitutive equations are proposed for corrosive UPPC. The 
stress-strain equations presented in the current study provide 
the opportunity for numerical simulations of corroded UPPC 
in future investigations.

MATERIALS AND SPECIMEN PREPARATION
UPPC was produced using fine and coarse aggregates with 

maximum diameters of 4.75 and 9.5 mm, respectively. The 
fine and coarse aggregates comprise 14 and 60% of the total 
UPPC weight, respectively. The fineness modulus of the 
fine aggregate is 3.42. The grading of the aggregates used 
in this experiment is presented in Fig. A1 in the Appendix* 
and compared with the thresholds of ASTM C3333 and 
DIN  1045-234 standards to ensure that the aggregates are 
well graded.

The resin used in this research was unsaturated ortho-
phthalic polyester, the properties of which are presented 
in Table A1. To prepare UPPC, fine and coarse aggregates 
were heated up to 150°C to remove the moisture, and the 
dust was removed by a collector. Gravel, sand, calcium 

*The Appendix is available at www.concrete.org/publications in PDF format, 
appended to the online version of the published paper. It is also available in hard copy 
from ACI headquarters for a fee equal to the cost of reproduction plus handling at the 
time of the request.

carbonate, and resin were added at 60, 14, 15.5, and 10.3% 
of total UPPC weight, respectively. At the end of the mixing 
process, methyl ethyl ketone peroxide as an initiator (0.16%) 
and cobalt octoate as an accelerator (0.04%) were automat-
ically added to the mixture to activate the curing process. 
After the vibration and mixing processes, the fresh mixtures 
were placed into the molds. The specimens were removed 
from molds after 2 hours and cured at room temperature for 
28 days. Table A2 summarizes the composition of the UPPC 
mixture. The mentioned mixture design has been used in 
the construction of PC pipes of sanitary sewage networks 
in cities or factories. The target design compressive strength 
of this concrete is based on the strength needed when the 
pipe is under significant jack pressure when using microtun-
neling construction methods; due to that, this mixture design 
is constant during pipe manufacturing.

An acidic solution was prepared by adding 5 and 15% of 
sulfuric acid (H3SO4) to distilled water. The pH values for 5 
and 15% sulfuric acid solutions are 2 and 1.5, respectively. 
These values were constantly monitored and controlled. 
These percentages of sulfuric acid were considered as corro-
sive environments in accordance with ASTM C267-0135 
specifications and past studies, in which the concentration of 
sulfuric acid solutions in studies varied in the range of 5 to 
15%.20,29,30,36 Moreover, the pH level of the strongest acidic 
environment in the previous studies was approximately 2. 
The pH values for 5 and 15% sulfuric acid solutions are 2 
and 1.5, respectively, and they provide a pH of less than 2, 
similar to the previous studies.21,32 Different test specimens 
were immersed in the acidic solution at different time inter-
vals, which are discussed in the following section.

EXPERIMENTAL INVESTIGATION
This study was conducted in three phases. First, the 

compressive strength of UPPC was studied by performing 
uniaxial compressive tests to investigate the effect of sulfuric 
acid during different immersion times. Then, monotonic and 
cyclic testing were performed for both compressive and 
tensile loadings, and the results of the average stress-strain 
curves were compared with control specimens. Finally, 
empirical relationships were proposed for envelope curves, 
monotonic curves, and unloading and reloading paths for 
tension and compression for SP5 and SP15 specimens.

Uniaxial compressive tests
Forty-five 100 x 100 x 100 mm UPPC cubic specimens 

were fabricated and cured for 28 days. Then they were 
exposed to 5 and 15% (UC5 and UC15) sulfuric acid solu-
tions for 7, 28, 56, 84, and 180 days to study the effect of 
the immersion period with different acid concentrations on 
the compressive strength of UPPC according to the ASTM 
C267-0135 specifications. In every test duration, three UC5 
and three UC15 specimens were tested, and the average 
compressive strengths of UC5 and UC15 were compared to 
the average compressive strengths of three specimens cured 
at room temperature outside of the acid solution. The rate of 
loading was 400 N/s (refer to Fig. 1(a)).
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Monotonic and cyclic compressive tests
Nine cylindrical specimens were used for the monotonic 

compressive tests, and the same number of specimens were 
considered for cyclic compressive tests. The dimensions of 
the specimens were Ø60 x 120 mm, and they were fabricated 
according to DIN 51290-337 specifications (Fig. 1(b)). More 
details about the number of specimens and their environ-
mental conditions and curing time are presented in Table 1.

After 24 hours, all specimens were demolded and cured 
for 28 days before being exposed to the acidic solution for 
180 days. Two vertical PFL-30 strain gauges were glued 
to the specimens to measure the average vertical deforma-
tion during the monotonic and cyclic loading (Fig. 1(b)). In 
the monotonic compressive tests, the rates of displacement 
loading were 0.02 mm/s. For the cyclic compressive test, the 
reloading and unloading rate was 5 kN/s, and the maximum 
acted force increased by 25 kN in each cycle.

Monotonic and cyclic tensile tests
Using nine dumbbell-shaped UPPC specimens, the effect 

of 5 and 15% sulfuric acid on the tensile strength of UPPC 
specimens was examined (Fig. 1(c) and Fig. A2), which 

were subjected to the direct monotonic tensile tests. The 
same number of specimens were implemented to perform 
the cyclic tensile tests. Table 1 provides more detailed infor-
mation about the number of specimens, their environmental 
conditions, and curing time. Dumbbell-shaped specimens 
were fabricated and tested according to DIN 51290-337 
specifications. Figure A2(a) displays the dimensions of the 
specimens. Two steel plates with threaded holes were placed 
on the top and bottom of specimens. Two eye bolts were 
fastened to the plates, and the specimens were connected 
to the universal tester by hinges. The hinges can reduce 
the eccentricity and prevent the transmission of bending 
moment. The universal tester stretched the bolts, and then 
the tensile load was acted on the specimens by the eye bolts 
(Fig. 1(c)). The tensile monotonic load rate was 0.01 mm/s, 
and two vertical strain gauges (PFL-60) were attached to 
the middle of the dumbbell-shaped specimens. The loading 
and unloading rate of cyclic tensile tests was 1 kN/s, and the 
amplitude of each cycle increased by 5 kN compared to the 
previous step. Both cyclic and monotonic tensile tests were 
carried out using a universal testing machine with a 600 kN 

Fig. 1—Uniaxial compressive specimens, monotonic and cyclic compressive test setup, and tensile test setup.

Table 1—Number of tests and specimens

Tests Environmental condition Abbreviation Number Dimensions, mm Curing time, days

Monotonic 
compressive

5% sulfuric acid MC5 3

Ø60 x 120 18015% sulfuric acid MC15 3

Control specimens MC 3

Cyclic compressive

5% sulfuric acid CC5 3

Ø60 x 120 18015% sulfuric acid CC15 3

Control specimens CC 3

Monotonic tensile

5% sulfuric acid MT5 3

Dumbbell-shaped 18015% sulfuric acid MT15 3

Control specimens MT 3

Cyclic tensile

5% sulfuric acid CT5 3

Dumbbell-shaped 18015% sulfuric acid CT15 3

Control specimens CT 3
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loading capacity, and a data logger system was implemented 
to record the strain data (refer to Fig. 1(c)).

RESULTS AND DISCUSSION
Uniaxial compressive test results

Cubic UPPC specimens were immersed in 5 and 15% 
(UC5 and UC15) sulfuric acid solutions for 7, 28, 56, 84, 
and 180  days. The effect of the exposure period on the 
compressive strength of UPPC is demonstrated in Fig. 2(a). 
Results indicate that the average compressive strength of 
control specimens increases approximately 18% from 104 to 
123 MPa during the 180 days of curing. Moreover, after 180 
days of immersion, the compressive strengths of UC5 and 
UC15 are reduced by roughly 18% and 19%, respectively, 
compared to their initial strength. The average compressive 
strengths of UC5 and UC15 are reduced by 34% and 39% 
of the average compressive strength of control specimens, 
respectively. For a better understanding of the durability of 
UPPC in the acid environment, one ordinary cement-based 
concrete cube was also placed in 5% sulfuric acid solution to 
measure its compressive strength after immersion in sulfuric 
acid. But the cement-based concrete specimen was destroyed 
after 14 days. It was discovered that even though the UPPC 
specimens’ compressive strength dropped to 75 MPa, UP5 
and UP15 specimens demonstrated the perfect performance 
in terms of compressive strength in the corrosive environ-
ment in comparison to NC.

Monotonic compressive tests results
Three specimens were subjected to the 5% sulfuric acid 

(MC5), and three were immersed in 15% sulfuric acid solu-
tion (MC15) for 180 days. Their stress-strain curves under 
monotonic compressive loading and average curves are 
depicted in Fig. A3. The results were compared with the 
average monotonic compressive curves of control spec-
imens (MC), which were cured for 180 days (Fig.  2(b)). 
The maximum average compressive stress of MC, MC5, 
and MC15 specimens were approximately 104, 84, and 
70 MPa, respectively. This means that the monotonic 
compressive strength decreased up to 33% after being 
exposed to sulfuric acid. The average ultimate strain of the 
MC specimens was 5.4 × 10–3 mm/mm, while the average 
maximum strain of MC5 and MC15 reduced to 4.71 × 10–3 
and 4.5 × 10–3 mm/mm, respectively (refer to Table A3). In 
all compressive  tests, the specimens failed suddenly at the 
maximum stress, so it was impossible to depict the softening 
part of the monotonic stress-strain curves.

The results of the monotonic compressive tests of UPPC 
were compared with the results of previous compressive 
tests of NC38-41 and high-strength concrete (HSC)42-47 in 
Fig. 3 and 4. The average peak strains for MC, MC5, and 
MC15 were higher than 100%, 74%, and 66% of the average 
maximum strain of the mentioned HSC curves, respectively, 
whereas their maximum strength of HSC was 100 MPa. 
Also, the maximum strains of MC, MC5, and MC15 were 
observed to be 2.4, 2.11, and 2.05 times greater than the 

Fig. 2—(a) Uniaxial compressive strength-exposure time; and (b) average monotonic compressive stress-strain curves.

Fig. 3—Compressive stress-strain curves of: (a) NC versus UPPC; and (b) HSC versus UPPC.
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average peak strain of the mentioned NC test results. The 
compressive strength of MC15 underwent a more significant 
decrease than other specimens. But the compressive strength 
of MC15 is still two times higher than the average NC 
compressive strength. The higher ultimate strain of UPPC 
indicates that it can bear more deformations than HSC and 
NC. Furthermore, compared to NC, it has a larger fracture 
energy because of its higher strength and ultimate strain.

The energy absorption capacity (EA), also known as the 
strain-energy density, is the amount of energy absorbed 
by the specimen per unit volume and is defined as the area 
under the stress-strain (σ-ε) curve up to failure strain27,48 as

	 EA = ∫σ ∙ dε	 (1)

The average EAs of the MC, MC5, and MC15 specimens 
were calculated and compared with those of NC and HSC 
in Fig. 4. The computed EAs for the MC, MC5, and MC15 
specimens were 1.56, 1.18, and 0.96 times higher than the 
average EAs of the six HSC results, respectively. Therefore, 
although there were more decreases in maximum stress 
and strain of the MC15 specimens, they displayed approx-
imately equal EA compared to the HSC. Also, EAs for the 
MC, MC5, and MC15 specimens were 3.11, 2.46, and 1.87 
times higher than the average EAs of the four mentioned NC, 

respectively. Thus, the areas under the compressive stress-
strain curve for the MC, MC5, and MC15 specimens are 
greater than those for NC, and more energy was absorbed by 
the UPPC elements.

The elastic modulus (E) was obtained analytically from 
the stress-strain curve according to ASTM C469-0249 as

	​ E  =  ​  ​σ​ 2​​ − ​σ​ 1​​ ___________ ​ε​ 2​​ − 0.005% ​​	 (2)

where σ1 is the stress corresponding to the strain of 0.005%; 
σ2 is the stress corresponding to 40% of the peak stress; 
and ε2 is the strain at the stress level of σ2. The average E 
obtained for UPPC was approximately 21,000 MPa for the 
average monotonic compressive results. The average elastic 
modulus of MC5 specimens was similar to the control speci-
mens, while it was decreased to 18,000 MPa for MC15 spec-
imens. The value for HSC, which has compressive strength 
equal to that of the UPPC employed in the current investiga-
tion (100 MPa), was 40,000 MPa. ACI 363R-1050 proposed 
the following equation to calculate the elastic modulus of 
HSC based on compressive strength

	​ ​E​ c​​  =  14,495 + 2176 ​( ​f​ c​   ​́)​​ 0.5​​	 (3)

According to Eq. (3), the elastic modulus of UPPC 
cannot be estimated by the empirical equations provided by 
ACI 363R-10 for HSC, and comprehensive studies must be 
done to propose a realistic relationship between the compres-
sive strength and elastic modulus of different types of PC.

Cyclic compressive test results
The stress-strain curves of cyclic compressive loading are 

presented in Fig. A4, and the average envelope curves of 
CC, CC5, and CC15 are calculated and compared in Fig. 5. 
The average maximum compressive strength for CC speci-
mens is approximately 100.17 MPa, while exposure of the 
UPPC specimens to the acidic environments decreased the 
maximum strength of CC5 and CC15 to 80 and 65 MPa, 
respectively. The average and standard deviation of the 
maximum strength, maximum strain, and elastic modulus of 
cyclic compressive tests were obtained as demonstrated in 
Table A4. Moreover, the average envelope curves of cyclic 
compressive tests are compared with the average curves of 

Fig. 4—Comparison of EA of UPPC with results of previous studies: (a) NC; and (b) HSC.

Fig. 5—Comparison of average envelope stress-strain 
curves of CC, CC5, and CC15.
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monotonic compressive tests for control specimens SP5 and 
SP15, as shown in Fig. A5. It is obvious that the monotonic 
loading curve is tracked with the envelope curve in all three 
conditions. Despite minor variations, the maximum strength 
at the peak point is nearly similar in the monotonic and 
cyclic loading conditions.

Because the UPPC specimens stay elastic and energy 
dissipation is not visible during the first cycles, the unloading 
path is almost asymptotic to the reloading path. Crack prop-
agation and damage formation cause considerable degrada-
tion in stress and elastic stiffness in the final step of cyclic 
loading, and the unloading curves turn into concave paths. 
The reloading branch is a convex curve with a decreasing 
slope until it reaches zero stress. The accumulated residual 
axial strain of concrete after being unloaded (ɛun) to zero 
stress is referred to as the plastic strain ɛpl. The plastic 
strain increases by enhancement of the loading cycles. The 
reloading strain ɛre is related to the ɛpl, too. The relation-
ship between ɛun and ɛpl, as well as the ɛpl – ɛre function, 
are required to be determined to describe the unloading and 
reloading parts of cyclic loops. Thus, the best-fitted para-
bolic equations are defined to describe ɛpl as a function of ɛun 
as well as the relationship between ɛpl and ɛre by regression 
analysis on data obtained from cyclic compressive tests. The 
R2 for ɛpl – ɛun and ɛpl – ɛre equations are more than 0.94, and 
they match the experimental results well, which can also be 
observed in Fig. A6.

In cyclic tests, the elastic stiffness degradation (ESD) was 
used to evaluate specimen damage. ESD (Eq. (4)) is the 
slope of a straight line drawn between the unloading and 
plastic strain points of each cycle, divided by the elastic 
modulus (E0) of the envelope curve. The plastic strain point, 
according to this definition, is where the cyclic curve meets 
the strain axis after complete unloading.

	​ ES ​D​ i​​  =  ​ 
​E​ un​l​ i​​​​ _ ​E​ 0​​  ​​	 (4)

In Eq. (4), ESDi is the elastic stiffness degradation in the 
i-th cycle; ​​E​ un​l​ i​​​​​ is the slope between the unloading point 
and plastic strain point of the i-th cycle, and is called the 
unloading modulus; and E0 is the modulus of elasticity of 
undamaged material.

The results of average ESD for CC, CC5, and CC15 speci-
mens are shown in Fig. 6. It can be seen that the rate of degra-
dation is increased in CC5 and CC15 and is approximately 
0.72 in their final cycles, while it is 0.81 for CC specimens. 
Moreover, a sharp drop in the stiffness of the CC15 specimen 
is observed in the final step of cyclic loading, while for CC 
and CC5 specimens, this reduction is smoother, which indi-
cates that in CC15, microcracks fall into macrocracks more 
rapidly. The value of ESD for NC and steel fiber-reinforced 
concrete reached 20%, according to Xu et al.51 This indicates 
that the crack propagation was negligible for UPPC prior to 
the last cycle, and the majority of damage occurred during 
the final cycle.

Monotonic tensile test results
All the specimens presented in Table 1 for the monotonic 

tensile test (MT) were tested after 180 days, and MT5 and 
MT15 specimens were immersed in 5 and 15% sulfuric acid 
solutions, respectively. The average monotonic stress-strain 
curves are shown in Fig. 7(a). For control specimens, the 
average ultimate tensile strength and strain were 10.48 MPa 
and 484 × 10–6 mm/mm, respectively. The acid environment 
decreased the average monotonic strength of MT5 and MT15 
by approximately 18% and 21%, respectively, compared to 
the MT specimens (refer to Table A5). Tensile test results for 
MT, MT5, and MT15 were compared with those for NC,52-54 
as shown in Fig. 7(b). It was observed that the maximum 
average stresses for MT, MT5, and MT15 were 3.5, 2.9, 
and 2.73 times the maximum average stresses of the three 
mentioned results for NC. Although M15 specimens were 
exposed to 15% sulfuric acid for 180 days, they had much 
higher tensile strength compared to the NC. This is consid-
ered an essential feature of PC that UPPC specimens can 
bear much more stress and provide more deformability than 
NC while they are in an acidic environment.

The EA parameters were also calculated for MT, MT5, 
and MT15, and they were compared with tensile test results 
for NC, as shown in Fig. 7(c). The EA parameters for MT, 
MT5, and MT15 were 2.9, 2.3, and 2.1 times higher than the 
average EA for NC. This result indicates that the UPPC was 
able to absorb more energy than NC during tension loading. 
The specimens submerged in sulfuric acid still absorbed 
a significant amount of energy due to their high tensile 
strength and failure strain rather than the NC, which allowed 
the UPPC components to withstand a significant amount of 
deformations without significant damage.

ACI 363R-10 suggested several equations that described 
the relationship between the tensile strength and compres-
sive strength of HSC, and one of them is stated as Eq. 
(5). The average maximum compressive strengths of MC, 
MC5, and MC15 specimens were approximately 104, 84, 
and 70  MPa, respectively, and according to Eq. (5), their 
corresponding tensile strengths are 5.96, 5.2, and 4.65 MPa, 
respectively. Based on the results of teh current study, the 
maximum average tensile strengths of MT, MT5, and MT15 
were approximately 10.48, 8.6, and 8.3 MPa, respectively. 

Fig. 6—Stiffness degradation ratio for cyclic loading.
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The results of the tests indicate that the ACI code recom-
mendations for cement concrete are not applicable for PC, 
and it is necessary to construct appropriate relationships to 
describe the relationship between the tensile strength and 
compressive strength of UPPC more accurately in future 
studies.

	​ ​f​ t​​  =  0.32 ​​f​ c​   ​́​​ 0.63​​	 (5)

Cyclic tensile test results
The test results of specimens subjected to cyclic tensile 

tests (as introduced in Table 1) are shown Fig. A7. The enve-
lope curves were depicted for each cyclic response, and the 
average results of each environmental condition are shown 
in Fig 8. The average maximum tensile strength for CT 
specimens is approximately 10.8 MPa, while the average 
maximum strength of CT5 and CT15 diminished by 20% 
and 31%, respectively, due to the exposure of UPPC spec-
imens to the acidic environment. The average and stan-
dard deviation of the maximum strength, maximum strain, 
and elastic modulus of cyclic tensile tests are obtained as  
demonstrated in Fig. A7.

The dumbbell-shaped specimens suddenly failed at the 
maximum load, and no significant cracking or crashing was 
detected during the test before the last phase. Moreover, 
results of ESD for CT, CT5, and CT15 specimens indicate 
that the slopes of unloading curves did not fluctuate during 
the loading and no significant degradation occurred during 
the cyclic tensile tests. Also, as the number of loading cycles 

increases, it can be seen that the unloading and reloading 
curves are linear and parallel. To characterize the unloading 
and reloading parts of cyclic loops, it is necessary to under-
stand the relationship between the unloading strain ɛun and 
plastic strain ɛpl, as well as between plastic strain ɛpl and 
reloading strain ɛre. Thus, using data from cyclic tensile tests 
and regression analyses, linear equations for the unloading 
strain ɛun as a function of plastic strain ɛpl, and the relation-
ship between plastic strain ɛpl and reloading strain ɛre are 
obtained. Results are displayed in Fig. A8.

Fig. 7—Comparison of: (a) monotonic tensile test results; (b) tensile strengths of UPPC with NC; and (c) energy absorption 
capacity of UPPC and NC.

Fig. 8—Comparison of average envelope stress-strain 
curves of CT, CT5, and CT15.
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Due to the perfect bonding between the resin matrix and 
aggregates, there was no detectable crack prior to the failing 
of specimens, and no wide hysteresis loops were recorded. 
The average envelope curves of CT, CT5, and CT15 spec-
imens are compared with the average monotonic tensile 
curve for MT, MT5, and MT15 specimens in Fig. A9. It is 
clear that in all three cases, the stress-strain curves of the 
monotonic loading are similar to the envelope curves. More-
over, the maximum strength is nearly equal under the two 
loading conditions, despite minor variations, which are due 
to some inevitable test measurement errors and PC’s hetero-
geneous structure.51,55

Constitutive equation
In this section of the study, stress-strain equations are 

proposed for monotonic and cyclic responses and unloading 
and reloading curves obtained from the compressive and 
tensile tests. As the monotonic and envelope curves are 
consistent with each other for both compression and tension 
loadings, the proposed relationships are based on the mono-
tonic curves.

The main variables for all tests results are stress (σ), 
strain (ε), initial elastic modulus (E0), and the secant elastic 
modulus of the maximum peak point (Ep). The proposed 
equations have been provided in dimensionless form, 
allowing them to be compared with the experimental results 
and those of other studies. In this regard, the stress and strain 
parameters were normalized as

	​ s  =  ​ σ _ ​σ​ m​​ ​ , e  =  ​ ε _ ​ε​ m​​ ​​	 (6)

where σm and εm are the maximum stress and strain, 
respectively.

For compressive loading, numerous studies have 
proposed constitutive relations for both NC43,56-59 and 
HSC.38,39,42,45,60-63 According to the monotonic compressive 
and tensile test results, the stress-strain relationships consist 
of one concave ascending part, which their elastic modulus 
(the slope of the curves) diminishes by increasing the strain. 
Thus, the proposed equation must be a function of E0 and Ep. 
Moreover, it was discovered that the concave rising curve 
of the average monotonic and envelope curves could be 
described by a fractional function in which the stress ratio 
is dependent on the strain ratio (s = f(e)). According to the 
experimental data, the tangent modulus is the maximum at 
the beginning of the diagram, which decreases to zero at the 
maximum stress. This leads to considering the bell-shaped 
curve as the general shape of the stress-strain curve. The 
bell-shaped curve can be described according to Eq. (7)

	​ ​e​​ B​ s + (C )s − (A )e  =  0   ​	 (7)

A, B, and C are constant coefficients given by boundary 
conditions. According to Fig. A10, the boundary conditions 
can be determined as the following relations

​​{​
s(1)   =  1

​ s(0)   =  0​​                ​
{

​
​s ′ ​(0)   =  ​ ​E​ 0​​ _ ​E​ p​​ ​  =  k

​  
​s ′ ​(1)   =  0

  ​​                  ​E​ p​​  =  ​ ​σ​ max​​ _ ​ε​ max​​ ​​	 (8)

Because the diagram in Fig. A10 is shown as a stress-strain 
ratio, the derivative function generated from this diagram 
(sꞌ(e)) displays the ratio of tangential elastic modulus to the 
secant elastic modulus of the maximum peak point (E(e)/
Ep). Equation (9) is obtained by applying the mentioned 
boundary conditions to Eq. (7). As a result, the stress-strain 
function of PC in an acidic environment was characterized 
by using the mathematical relationships, taking into account 
the boundary conditions. Equation (10) was derived by using 
the similar methods that combined statistical methods with 
mathematical equations.64

	​ s  =  ​  k × e ____________  (k − 1 )  + ​(e)​​ k​ ​ ; k  =  ​  ​E​ 0​​ _ ​E​ 0​​ − ​E​ p​​ ​​	 (9)

	​ s  =  ​ 
(e)
 _____________________  

1 + ​(e)​​ ​(​ 
​E​ p​​ ___ ​E​ 0​​ ​)​​ − ​(e)​​ 2​(​ ​E​ 0​​ ___ ​E​ p​​ ​)​−1​

 ​​	 (10)

The comparison between Eq. (9) and (10) and the experi-
mental results is shown in Fig. 9. Moreover, the root-mean-
square error (RMSE), correlation coefficient, and R2 between 
the experimental stress-strain curves and empirical results 
(Eq.  (9)) were calculated and compared in Table A7. To 
validate the accuracy of Eq. (9) and (10), the experimental 
stress-strain results of other studies conducted for PC were 
compared with Eq. (9) and (10).2,24,65 Therefore, the obtained 
Ep and E0 from their experimental tests were calculated and 
stress-strain curves were depicted according to Eq. (9) (refer 
to Fig. A11). It is clear that the proposed equations not only 
describe the compressive stress-strain equation of PC in an 
acidic environment in this study, but are also suitable for 
describing the compressive stress-strain of other PC mate-
rials with different strengths and elastic moduli.

The monotonic tensile curves for MT, MT5, and MT15 
are the ascending curves with decreasing secant modulus 
similar to the compressive curves. Therefore, elastic 
modulus and secant modulus would be the main parameters 
for describing the stress-strain curves. Several studies have 
been conducted to express the tensile curves of NC.52,53,66 
The monotonic tensile curves are semi-linear curves whose 
slopes decrease with increasing strain. Therefore, it is 
assumed that a power function with a power value close to 
1 can describe the monotonic tensile curves. Based on the 
elastic modulus and secant modulus of MT5 and MT15 and 
using statistical methods, Eq. (11) is proposed to describe 
the tensile responses of UPPC specimens immersed in an 
acidic environment.

	​ s  =  ​​(e)​​​ 1/n​; n  =  ​ ​E​ 0​​ _ ​E​ p​​ ​​	 (11)

In Fig.  10, the proposed stress-strain relationship is 
compared with the experimental results of the UPPC 
specimens. Moreover, the RMSE, correlation coefficient, 
and R2 between the experimental stress-strain curves, and 
empirical results (Eq. (11)) were calculated and compared 
in Table  A7. The predicted curves agreed well with the 
experimental data, indicating that the proposed constitutive 
relations presented in Eq. (11) can accurately describe the 
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Fig. 9—Average monotonic compressive curve versus proposed equations: (a) MC15; (b) MC5; and (c) MC.

Fig. 10—Average monotonic tensile curve versus proposed equations: (a) MT15; (b) MT5; and (c) MT.
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tensile behavior of UPPC specimens immersed in acidic 
environments.

To describe the stress-strain relationships of unloading 
and reloading parts of cyclic compressive curves for 
CC5 and CC15 tests, the previous proposed equations for 
unloading and reloading paths for cement-based concrete 
were studied.67 It was noticed that the power-law equation 
is proper to describe unloading and reloading parts of the 
cyclic compressive curve, and unloading stress and strain, 
plastic strain reloading stress and strain, and elastic modulus 
are the main variables in defining these equations. By modi-
fying the proposed equation by Bahn and Hsu67 and using 
ɛun-ɛpl and ɛpl-ɛre relationships (as mentioned in Fig. A6), Eq. 
(12) and (13) are proposed

	​ ​σ​ c​​  =  ​(​σ​ p​​ + ​(​σ​ cu​​ − ​σ​ p​​)​ ​​(​ 
​ε​ c​​ − ​ε​ p​​ _ ​ε​ cu​​ − ​ε​ p​​ ​)​​​ 

​E​ 0​​/​E​ p​​

​)​​	 (12)

	​ ​σ​ c​​  =  ​(​σ​ p​​ + ​(​σ​ re​​ − ​σ​ p​​)​ ​​(​ 
​ε​ c​​ − ​ε​ p​​ _ ​ε​ re​​ − ​ε​ p​​ ​)​​​ 

​E​ p​​/​E​ 0​​

​)​​	 (13)

where εcu and σcu indicate the strain and stress at the starting 
point of unloading on the skeleton curve; εp and σp are the 
strain and stress of the end point of the unloading path; and 
εre and σre are the strain and stress at the final point of the 
reloading path on the skeleton curve. Figure A12 displays 
the comparison between the unloading curves of a CC15 test 
with Eq. (12), and Fig. A13 describes the reloading part of a 
CC5 test and obtained curve from Eq. (13). In these figures, 
the unloading and reloading curves are depicted separately 
for a test specimen. It is quite clear that Eq. (12) and (13) 
agreed well with the experimental results, and they are 
appropriate to describe the unloading and reloading paths.

For the cyclic tensile tests, the results of unloading and 
reloading curves for CT5 and CT15 demonstrate that the 
unloading and reloading path are linear. By using ɛun-ɛpl and 
ɛpl-ɛre relationships (as mentioned in Fig. A8), linear Eq. (14) 
and (15) are defined

	​ ​σ​ T​​  =  ​(​σ​ p​​ + ​(​σ​ un​​ − ​σ​ p​​)​​(​ 
​ε​ T​​ − ​ε​ p​​ _ ​ε​ un​​ − ​ε​ p​​ ​)​)​​	 (14)

	​ ​σ​ T​​  =  ​(​σ​ p​​ + ​(​σ​ re​​ − ​σ​ p​​)​​(​ 
​ε​ T​​ − ​ε​ p​​ _ ​ε​ re​​ − ​ε​ p​​ ​)​)​​	 (15)

The comparison between the empirical unloading and 
reloading equations with experimental tensile cyclic results, 
as demonstrated in Fig. A14 and A15, indicate that the 
proposed linear equations (Eq. (14) and (15)) are traced well 
in the test results, and they are appropriate to describe the 
cyclic response of UPPC in tension.

Failure mechanism
The combination of the unsaturated polyester resin with 

the peroxide formed a chemical bond consisting of many 
long-branched ring chains that developed during the curing 
time. These connected hexagonal nets of benzene rings 
encircle the aggregates and provide the firm connection 
between the sand and gravel. The fillers also filled the tiny 

gaps during the linkage of the aggregates. This branched 
chain that surrounds the aggregates is a hydrophobic gel, 
and it can hardly be dissolved by water solutions. There-
fore, they protect the aggregates against the corrosive envi-
ronment, and only the aggregates or fillers that are on the 
surface of the specimens may deteriorate in sulfuric acid. 
Thus, not only does unsaturated polyester resin provide the 
firm bonding between the aggregates, but it also acts as a 
protector and prevents corrosion of the aggregates in harsh 
environments. PC’s performance is directly related to the 
resin content. Increasing the resin concentration in polymer 
concrete can lead to a strong anti-acidic behavior, making 
the PC specimens more resistant in acidic environments.36

After being exposed to sulfuric acid, the surface color of 
UPPC specimens changed to a pale gray. Due to the imper-
meable surface of the PC, no evident crack formed on the 
surface of the specimens during the immersion period. While 
the resin of the PC surface protects the specimens against 
the formation of porosity, shallow porous surfaces formed 
because of the damage to the aggregates on the surface of 
specimens. However, the depth of the acid penetration was 
limited to less than 1 cm (refer to Fig. 1 and A16).

Figure 11 demonstrates general failure mechanisms 
observed in different specimens. In both tensile and compres-
sive tests, the failure plane occurred at both the resin matrix 
and aggregates due to the excellent bonding provided by the 
resin. The failure of all compressive specimens (except the 
specimens immersed in 15% sulfuric acid) occurred with 
sudden rupture and loud sound. In the case of the compres-
sive tests of the specimens immersed in 15% sulfuric acid, 
spalling of the PC around the surfaces was observed before 
the complete failure of samples (refer to Fig. A17). Then the 
specimens collapsed slowly, without any significant sound. 
In all compressive specimens, the crack originated from the 
middle of the specimen and then developed to the top and 
bottom of the points where loading was applied. The failure 
planes were vertical, and their angles ranged between 90 and 
60 degrees (Fig. 11, A17, and A18). The shear cones formed 
at the end of the loading.

In all tensile tests, the failure planes were horizontal, and 
they were perpendicular to the loading axes in the necking 
section of the specimens (Fig. 11 and A19). Due to the cohe-
sion between the aggregate and resin and the high tensile 
strength of resin, breaking of coarse aggregates was detected 
in the failure plane.

Limitations of study and recommendations for 
future studies

There were a number of limitations in conducting this 
study. Due to the high price of cyclic tensile and compres-
sive tests, which includes the cost of strain gauges, the cost 
of making specimens, and the cost of conducting tests, the 
number of tests performed was limited. Due to the limited 
capacity of the universal testing device (600 kN), the dimen-
sions of the compressive test specimens were limited, while 
still having to satisfy the DIN  51290-3 standard require-
ments. It is proposed that the effect of different corrosive 
environments, including acidic, alkaline, and salty environ-
ments, on the strength of UPPC materials be investigated in 
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further studies. It is also required to investigate the effect of 
various environmental conditions such as different tempera-
ture and pressure conditions and long-term loading on the 
strength of UPPC specimens.

CONCLUSIONS
This study aims to investigate the long-term effects of 

sulfuric acid environments on the durability and the mechan-
ical properties of unsaturated polyester polymer concrete 
(UPPC). Therefore, specimens were fabricated and cured 
for 28 days, immersed in 5 and 15% sulfuric acid, and then 
monotonic and cyclic tests were done to depict the average 
tensile and compressive stress-strain curves for immersed 
polymer concrete (PC). The following conclusions can be 
drawn from the results of this investigation:
•	 The average compressive strength of control specimens 

increased approximately 18%, from 104 to 123  MPa, 
during the 180 days of curing, while the average 
compressive strength of UC5 and UC15 were reduced 
up to 34 and 39%. UC15 still demonstrated adequate 
strength compared to the normal concrete (NC) and 
high-strength concrete (HSC).

•	 The results of monotonic compressive tests  
demonstrated that the average maximum strength of 

UPPC decreased from 104 to 84 MPa and 70 MPa for 
MC5 and MC15 specimens, respectively. While MC15 
demonstrated more strength and strain degradation, as 
expected, its peak strain, compressive strength, and 
energy absorption capacity (EA) are approximately 
1.67, 2, and 1.7 times higher than NC.

•	 Elastic stiffness degradation was approximately 0.72 for 
both CC5 and CC15 in their final cycles, while it is 0.81 
for CC specimens. The rate of elastic stiffness degrada-
tion (ESD) increased for CC15 compared to the CC and 
CC5 specimens. ESD is reported to be approximately 
0.2 for cement-based concrete, and it demonstrates that 
the failure of the UPPC occurred abruptly during the 
final cycles of loading.

•	 The results of direct monotonic tensile tests showed that 
the acidic environment decreased the average monotonic 
strength of MT5 and MT15 by 18% and 21%, respec-
tively, compared to the MT specimens. However, the 
maximum strength and EA of MT15 is approximately 
2.73 and 2.1 times higher than that of NC, respectively. 
The UPPC was able to demonstrate better performance 
in the cases of absorbed energy and strength compared 
to the NC.

Fig. 11—Failure modes of: (a) cubic specimens in compression; (b) cylindrical specimens in compression; and (c) dumbbell- 
shaped specimens in tension.
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•	 Empirical equations were proposed to describe the 
average monotonic and envelope curves for SP5 and 
SP15 specimens and compared with the experimental 
stress-strain relationship. The proposed equation agreed 
well with the test results and the models are applicable 
for predicting the monotonic and cyclic behavior of 
UPPC in an acidic environment.

•	 Fracture of the gravels was observed in final failure 
modes, and the failure plane crossed throughout the 
coarse aggregates. In compressive tests, the failure 
plane was cone-shaped, while it was horizontal in 
tensile loading. The failure occurred with the sudden 
destruction of specimens with a load sound both in 
compressive and tensile tests, except in the compressive 
test of specimens that were immersed in 15% sulfuric 
acid for 180 days.

•	 Sulfuric acid altered the color of UPPC to pale gray. No 
apparent cracks formed in specimens due to the acidic 
environment, only some shallow holes formed on the 
surface of the UPPC specimens, and the acid solution 
permeated the specimens only less than 1 cm.
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The objective of the present study is to assess the flexural residual 
strengths of lightweight aggregate concrete (LWAC) reinforced 
with micro-steel fibers. Further, the material class of such concrete 
was examined through comparison with the fiber-reinforced 
concrete classification specified in the provisions of fib 2010. Four-
teen beam specimens were classified into L (21 MPa [3.05 ksi]) and 
H (40 MPa [5.80 ksi]) groups according to the design compres-
sive strength of LWAC. The volume fraction of micro-steel fibers 
varied from 0 to 1.5% at a spacing of 0.25% in each beam group. 
From the beam test results under the three-point loading condition, 
flexural stress-crack mouth opening displacement (CMOD) curves 
were measured and then discussed as a function of the fiber rein-
forcing index (βf). The flexural residual strengths corresponding 
to four different CMOD values (0.5, 1.5, 2.5, and 3.5 mm [0.02, 
0.06, 0.1, and 0.14 in.]) were compared with previous empirical 
equations and fib 2010 classification. The various analyses of the 
measured results indicate that βf can be regarded as a critical 
factor in directly determining the magnitude of flexural residual 
strengths and assessing material classification. The proposed 
refined equations improve the accuracy in predicting the flexural 
residual strengths of concrete beams with different densities and 
reinforced with different types of steel fibers. Consequently, micro-
steel fibers are a promising partial replacement for conventional 
steel reinforcing bars to enhance the ductility of LWAC elements.

Keywords: crack mouth opening displacement (CMOD); fiber reinforcing 
index; lightweight aggregate concrete (LWAC); residual strength.

INTRODUCTION
With the global movement toward sustainable activities 

in the concrete industry, artificial lightweight aggregates 
(LWAs) have continued to gain interest since the 2000s to 
manage the conservation of natural resources and deple-
tion of natural aggregates. Although artificial LWAs are 
recognized as a sustainable construction material, they typi-
cally exhibit lower strength and stiffness than conventional 
natural aggregates.1-3 Because of the inferior properties of 
LWAs, lightweight aggregate concrete (LWAC) exhibits 
lower crack and tensile resistances and more brittle failure 
than normalweight concrete (NWC) at the same compressive 
strength.4,5 Moreover, the crack propagations in LWAC typi-
cally penetrate aggregate particles, significantly reducing 
the aggregate interlock resistance along the crack planes.6 
Thus, different crack opening displacement and fracture 
responses between LWAC and NWC are expected at the 
same compressive strength.

The use of fibers is widely known7-10 as one of the most 
effective approaches to improve the crack resistance, tensile 
strength, and ductility of concrete. Steel fibers have been 

widely applied to structural and nonstructural elements 
because they have superior reinforcing effects and excellent 
interaction with the cement matrix. They also exhibit stability 
with nonmetallic (synthetic and natural) fibers despite the 
several disadvantages of synthetic fibers (for example, 
poor dispersion in concrete and loss of workability of fresh 
concrete) compared with natural fibers.7,11 Thus, several 
studies10-18 have been conducted to examine the effect of 
steel fibers on enhancing the crack resistance and ductility of 
LWAC. However, the efficiency of steel fiber reinforcement 
was mostly verified in NWC. From a comprehensive review 
of previous studies on fiber-reinforced LWAC, Hassanpour 
et al.11 pointed out that the use of steel fibers in single or 
hybrid forms is a reliable solution to resolve the high brit-
tleness and low mechanical properties of LWAC. Balendran 
et al.12 revealed that the effect of steel fibers on the increase 
in flexural strength and toughness index was more notable 
for LWAC than for NWC at the same compressive strength. 
The ductility of fiber-reinforced LWAC is mostly assessed 
by the flexural toughness index calculated in the load-deflec-
tion curve of beams in accordance with ASTM C1018-97.19 
However, the RILEM standard20 and fib 2010 model21 specify 
that flexural residual tensile strength must be used to eval-
uate the gradual loss of strength and minimum post-cracking 
performance of steel fiber-reinforced concrete (SFRC). The 
evaluation determines whether steel fibers can be used as 
a substitute for conventional reinforcement at the ultimate 
limit state. Because the flexural residual strength is deter-
mined from the tensile stress-crack mouth opening displace-
ment (CMOD) curve measured in the beams subjected to 
three-point bending, the approach for estimating the rela-
tionship between the flexural toughness index and flexural 
residual tensile strength of SFRC remains vague. Moreover, 
further test data must be compiled to examine the effect of 
steel fibers on the flexural residual strength of LWAC. This 
is because the crack resistance of SFRC depends on several 
factors. These include the cement matrix characteristics, 
interfacial strength between the cement matrix and aggre-
gates, and aggregate strength. Numerous fiber parameters 
such as dimension, shape, elastic modulus, tensile strength, 
bonding and chemical compatibility with the cement matrix, 
and fiber dosage also influence the SFRC crack resistance.
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The present study aims to assess the flexural residual 
tensile strengths of high-strength LWAC reinforced with 
copper-coated micro-steel fibers. The main test parame-
ters were the compressive strength of concrete and volume 
fraction of the fibers. Three-point bending tests of beams 
were conducted in accordance with RILEM recommenda-
tions. The residual strengths corresponding to four different 
CMOD values (0.5, 1.5, 2.5, and 3.5 mm [0.02, 0.06, 0.1, and 
0.14 in.]) were determined and compared with the results 
of empirical prediction equations,22-24 which were formu-
lated from regression analysis using the test data compiled 
from steel fiber-reinforced NWC beam specimens. In addi-
tion, refined equations were proposed to assess the flexural 
residual strengths of concrete beams rationally, considering 
different beam densities and various types of steel fiber rein-
forcements. The measured flexural residual strengths were 
analyzed as a function of fiber reinforcing index to assess the 
class and hardening/softening responses of fiber-reinforced 
concrete (FRC) beams directly in accordance with the mate-
rial classification specified in fib 2010.21

RESEARCH SIGNIFICANCE
While the flexural ductility of FRC has been mostly exam-

ined by using toughness indexes obtained from the load- 
deflection curves of beams, very few investigations are avail-
able to understand the flexural residual strength and crack 
opening resistance of fiber-reinforced LWAC. The present 
study provides valuable data on the flexural tensile stress-
CMOD relationship of high-strength LWAC reinforced with 
micro-steel fibers at different volume fractions. The effect 
of concrete unit weight on the flexural residual strengths 
is assessed from the comparisons with previous prediction 
equations formulated through the regression analysis using 

test data compiled from NWC beams reinforced with the 
conventional macro-steel fibers and FRC material classifi-
cation specified in fib 2010. This study found that the micro-
steel fibers are more effective in enhancing the flexural 
residual strengths of LWAC than the conventional macro-
steel fibers. Overall, the present discussion indicated that 
the micro-steel fibers are promising as a partial replacement 
of the conventional steel reinforcing bars for enhancing the 
ductility of concrete elements.

EXPERIMENTAL DETAILS
Specimens

Twelve LWAC mixtures reinforced with copper-coated 
micro-steel fibers were prepared, as listed in Table 1. Two 
unreinforced LWAC mixtures were also prepared as control 
specimens. The concrete mixtures were classified into 
L-group and H-group according to their design compres-
sive strengths—that is, 21 and 40 MPa (3.05 and 5.80 ksi), 
respectively. For each group, the volume fraction (Vf) of 
steel fibers varied from 0 to 1.5% at an interval of 0.25%. 
Hooked-end steel fibers were primarily added to the LWAC 
mixtures designed at a Vf value not exceeding 0.75%. In 
contrast, in the other mixtures, 0.75% hooked-end fibers and 
0.25 to 0.75% straight fibers with no additional treatment 
were used to minimize the rapid workability loss of concrete 
due to the clumping of undispersed fibers. The specimens 
are identified by referring to the test parameters. Thus, the 
first letter and second figure indicate the group and volume 
fraction of fibers, respectively. For example, L-0.25 indi-
cates an LWAC mixture with a design compressive strength 
of 21 MPa (3.05 ksi) and reinforced with 0.25% Vf micro-
steel fibers.

Table 1—Details of test specimens and summary of test results

No. Group Specimen

Details of micro-steel fiber

fc′, 
MPa

ρc,  
kg/m3

fL, 
MPa

fL/ 
​​√ 

__
 ​​f​ c​​ ′ ​ ​​

fr, 
MPa

fr/ 
​​√ 

__
 ​​f​ c​​ ′ ​ ​​

fr,1, 
MPa

fr,2, 
MPa

fr,3, 
MPa

fr,4, 
MPa

fr,3/ 
fr,1Type Vf, %

Lf, 
mm Sf βf

1

L

L-0 None — — — — 20.9 1212 1.32 — 1.32 0.29 — — — — —

2 L-0.25

Hooked-end

0.25 30 100 1.08 21.1 1228 1.44 0.31 3.08 0.67 2.32 2.93 2.93 2.61 1.26

3 L-0.5 0.5 30 100 2.01 24.4 1254 1.30 0.26 3.35 0.68 2.47 3.18 3.13 3.03 1.27

4 L-0.75 0.75 30 100 3.02 24.3 1268 1.96 0.40 4.94 1.00 4.59 4.72 4.28 3.81 0.93

5 L-1.0
Hooked-end 

+ straight

0.75+0.25 30+13 100+65 3.58 25.6 1288 1.71 0.34 5.31 1.05 4.38 5.16 4.69 4.08 1.07

6 L-1.25 0.75+0.5 30+13 100+65 4.32 24.4 1315 1.79 0.54 6.42 1.30 6.14 5.95 5.39 4.72 0.88

7 L-1.5 0.75+0.75 30+13 100+65 4.87 25.5 1332 2 0.26 7.80 1.54 7.06 7.67 7.32 6.41 1.04

8

H

H-0 None — — — — 45.2 1468 1.59 — 1.59 0.24 — — — — —

9 H-0.25

Hooked-end

0.25 30 100 0.73 46.8 1481 1.84 0.23 5.31 0.78 3.10 4.25 3.82 3.51 1.23

10 H-0.5 0.5 30 100 1.41 49.7 1515 1.99 0.34 6.23 0.88 3.92 4.76 4.78 4.42 1.22

11 H-0.75 0.75 30 100 2.06 52.5 1540 2.35 0.27 6.12 0.84 4.96 5.99 5.75 5.30 1.16

12 H-1.0
Hooked-end 

+ straight

0.75+0.25 30+13 100+65 2.43 55.7 1593 3.07 0.41 8.71 1.17 7.89 8.50 7.26 5.92 0.92

13 H-1.25 0.75+0.5 30+13 100+65 2.86 55.9 1591 3.10 0.54 9.02 1.21 8.80 8.71 8.00 6.62 0.91

14 H-1.5 0.75+0.75 30+13 100+65 3.16 60.4 1645 3.17 0.41 9.63 1.24 8.40 9.30 9.42 8.98 1.12

Note: Vf, Lf, Sf, and βf are volume fraction, length, aspect ratio and reinforcing index of fibers, respectively; fc′, ρc, fL, and fr are measured compressive strength, density, limit 
strength of proportionality, and flexural strength, respectively, of concrete; and fr,i (i = 1, 2, 3, and 4) is flexural residual strength measured in flexural tensile stress-CMOD curve. 
1 kg/m3 = 0.062 lb/ft3; 1 mm = 0.039 in.; 1 MPa = 145 psi.
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Lee et al.25 introduced a fiber reinforcing index (βf) to 
consider the effect of numerous fiber parameters compre-
hensively. These parameters include the dimension, shape, 
dosage, and bonding capacity as well as the chemical 
compatibility with the cement matrix with respect to the 
toughness and tensile resistance of concrete, as identified in 
the following

	​ ​β​ f​​  =  ​∑ 
i=1

​ 
n
 ​​g​ i​​ ​V​ f,i​​ ​S​ f,i​ 0.1​​ ​√ 

____
 ​τ​ i​​ / ​​f​ c​​ ′ ​ ​​	 (1)

where i is the type of fiber used in each concrete mixture; g 
and Sf are the snubbing factor and aspect ratio of discontin-
uous fibers, respectively; τ is the interfacial bond strength of 
the fiber with the cement matrix; and fc′ is the compressive 
strength of concrete. The g value of the micro-steel fibers 
differs from that of the macro-steel fibers because of the 
interlocking friction between the discontinuous fibers and 
aggregates or cement matrix. However, no investigations 
assessing the dispersion and orientation of micro-steel fibers 
within cement matrixes with different workability have been 
found. Thus, this study assumes that the g value is 2.9 for 
all types of steel fibers according to the micromechanical 
models of Li et al.26 From the properties of the micro-steel 
fibers summarized in Table 2, the βf values determined for 
the L-group and H-group specimens are 1.08 to 4.87 and 
0.73 to 3.16, respectively.

Materials
The copper-coated steel wires were cold-worked into 

straight or hooked-end fibers. The nominal diameter and 
length of the hooked-end fibers were 0.3 and 30 mm (0.012 
and 1.18 in.), respectively, resulting in an aspect ratio of 100; 

the corresponding dimensions of the straight fibers were 0.2 
and 13 mm (0.0079 and 0.51 in.), respectively, yielding 
an aspect ratio of 65. Note that fibers with a diameter not 
exceeding 0.3 mm (0.012 in.) are commonly classified as 
microfibers. From the results of the direct pullout tests of 
the fibers, the calculated bond strengths of the hooked-end 
and straight fibers within the cement matrix were 18.7 and 
8.6 MPa (2.71 and 1.25 ksi), respectively.

Ordinary portland cement (OPC) conforming to ASTM 
C150/C150M Type I27 was used as a main cementitious 
material for all the concrete mixtures. The artificially 
expanded clay granules satisfying the requirements for struc-
tural LWAs specified in ASTM C330/C330M28 were used 
for lightweight coarse and fine aggregates, as summarized 
in Table 3. Coarse particles with a maximum size (da) of 8 
mm (0.31 in.) and bulk density of 420 kg/m3 (26.22 lb/ft3) 
were used in the L-group mixtures, whereas coarse particles 
with da = 13 mm (0.51 in.) and bulk density of 880 kg/m3 
(54.92 lb/ft3) were used for the H-group specimens. In addi-
tion, expanded glass particles with da = 1.0 mm (0.039 in.) 
were incorporated into lightweight fine aggregates to 
achieve the standard grading curves specified in ASTM C33/
C33M.29

The LWA features a spherical shape with a slightly smooth 
surface texture. The artificial expansion of wet molded clay 
at a temperature of approximately 1300°C (2372°F) allowed 
the formation of porous core structures (Fig. 1(a) to (c)), 
causing high water absorption as well as low strength and 
stiffness. The expanded glass particles exhibited more- 
porous structures than the lightweight fine granules 
(Fig. 1(d)). Thus, the specific gravity of the expanded glass 
particles was approximately 47% lower than that of the 

Table 2—Properties of micro-steel fibers

Type

Physical properties Mechanical properties

Dimensions and shapesρf, g/cm3 Lf, mm df, mm Sf Ff, MPa Ef, MPa τ, MPa

Hooked-end

7.85

30 0.3 100

2650 206,000

18.7

Straight 13 0.2 65 8.6

Note: ρc, df, Ff, Ef, and τ are density, diameter, tensile strength, elastic modulus, and bond stress of fibers, respectively. 1 g/cm3 = 62.43 lb/ft3; 1 mm = 0.039 in.; 1 MPa = 145 psi.

Table 3—Physical properties of artificial lightweight aggregates

Classification Maximum size, mm Bulk density, kg/m3 Specific gravity, kg/m3 Water absorption, % Fineness modulus

Coarse aggregate Expanded clay 
granule

8 420 780 20.0 7.21

13 880 1750 12.2 7.40

Fine aggregate

Expanded glass 
particle 1.0 340 820 21.2 1.65

Expanded clay 
granule 4.75 770 1550 15.5 3.04

Note: 1 kg/m3 = 0.0624 lb/ft3; 1 mm = 0.039 in.
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lightweight fine granules. The particle distribution of the 
lightweight fine aggregates used is plotted in Fig. 2. The 
standard grading curves recommended in ASTM C33 are 
also presented in the same figure. The lightweight fine gran-
ules exhibited discontinuous grading with no particle inter-
ference because the particles less than 1.25 mm (0.05 in.) in 
size were virtually undetected. This is because the expanded 
glass particles were incorporated into lightweight fine gran-
ules with a volumetric ratio of 60% with respect to the total 
volume of fine aggregates to achieve continuous grading.

Casting, curing, and testing
All the aggregates were thoroughly watered to simulate a 

damp state and subsequently air-dried for another 24 hours 
in an outdoor shade to achieve a saturated surface-dry state. 
The moisture content in the aggregates was measured prior 

Fig. 1—Shape and SEM images of LWAs.

Fig. 2—Particle distribution curves of lightweight fine 
aggregates. (Note: 1 mm = 0.039 in.)
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to mixing and subsequently taken into account to compen-
sate for the net unit water content of each mixture propor-
tion to avoid the segregation or excessive bleeding of 
fresh concrete. The aggregates were mixed with OPC in a 
0.35 m3 (12.36 ft3) capacity mixer pan for 1 minute and then 
wet-mixed for another minute.

The initial slump and air content of fresh concrete were 
recorded in accordance with the testing procedures specified 
in ASTM C143/C143M30 and ASTM C231,31 respectively. 
Cylindrical specimens with a diameter and height of 100 
and 200 mm (3.94 and 7.87 in.), respectively, were cast to 
measure the compressive strength and density of concrete. 
Beam specimens with a square section of 150 mm (5.91 in.) 
on each side and a length of 550 mm (21.65 in.) were also 
prepared to measure the flexural stress-CMOD curve. All 
specimens were cured at room temperature until they were 
tested at a specified age. The specimens were demolded at an 
age of 2 days after casting.

The compressive strength and density of air-dried 
concrete were recorded at the age of 28 days in accordance 
with the ASTM C39/39M32 and C138/C138M33 procedures, 
respectively. The flexural stress-CMOD curves of beams 
are obtained from the three-point bending tests according to 
RILEM TC 162-TDF,20 as presented in Fig. 3. The beam spec-
imens were notched at midspan by wet sawing, producing a 
single notch 5 mm (0.20 in.) wide and 25 mm (0.98 in.) deep, 
3 days before conducting the bending tests. The beam spec-
imens were simply supported by the steel rollers installed 
at a center-to-center distance of 500 mm (19.69 in.). Both 
end supports allow horizontal movements, minimizing any 
restraining forces due to the friction between the steel roller 
and specimens. Loading was applied at a displacement 
rate of 0.2 mm/min (0.0078 in./min). The applied load was 
recorded using a load cell fixed to the head of the testing 
machine. The deflection at midspan was measured using two 
5 mm (0.20 in.) capacity linear variable differential trans-
ducers (LVDTs). The notch-opening mouth displacement 
was recorded using a 5 mm (0.20 in.) capacity clip gauge. 
Instead of using the overall section depth (h), the flexural 

stress was calculated from the moment at midspan using the 
hsp measured from the tip of the notch to the top surface of 
the section. To classify the post-cracking strength of FRC, 
the fib 2010 model21 considers the flexural residual strength 
values based on the assumption of linear-elastic behavior. 
For serviceability specifications and ultimate conditions, 
CMOD values of 0.5, 1.5, 2.5, and 3.5 mm (0.02, 0.06, 0.1, 
and 0.14 in.) were selected from the model, thereby identi-
fying the corresponding flexural residual strengths of fr,1, fr,2, 
fr,3, and fr,4, respectively.

TEST RESULTS AND DISCUSSION
Crack propagation and failure characteristics

The typical crack propagation and failure characteristics of 
beams L-0.5, L-1.0, H-0.5, and H-1.0 at ultimate failure are 
shown in Fig. 4. The first flexural crack generally occurred 
at the tip of the notch and rapidly propagated toward the 
extreme layer in compression. Additional flexural or diag-
onal cracks were not observed in all the beams until their ulti-
mate failure. Thus, all the beams were primarily governed by 
the flexural crack that occurred at the tip of the notch, exhib-
iting no crack distribution, regardless of the volume of steel 
fibers added to the present beams. The flexural cracks mostly 
passed through the lightweight coarse aggregate particles, 
thereby forming a relatively smooth failure plane. This indi-
cates that the crack propagation in LWAC is more dependent 
on the strength of lightweight aggregates than that of the 
cement matrix. The effect of fiber content on crack penetra-
tion through the aggregate particles is negligible because the 
bridging action of fibers typically begins with the develop-
ment of cracks. The figure also reveals the satisfactory distri-
bution of steel fibers in the beams. No undispersed clumping 
of fibers was observed along the failure plane, even for spec-
imens with Vf values exceeding 1.0%. With the increase in 
CMOD, the steel fibers gradually fractured or were pulled 
out from the cement matrix. Thus, no bridging action of steel 
fibers was expected across the crack at the ultimate failure 
of the beams.

Fig. 3—Three-point bending tests for flexural stress-CMOD curve. (Note: 1 mm = 0.039 in.)
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Flexural tensile stress-CMOD curve
The flexural tensile stress-CMOD curves derived for each 

beam specimen are shown in Fig. 5. Table 1 also summa-
rizes the test results, including the limit strength (fL) of 
proportionality, flexural strength (fr), and flexural residual 

strengths (fr,i). The value of fL was determined based on a 
CMOD value of 0.05 mm (0.002 in.) in accordance with 
EN 14651.34 Because all the FRC beams reached their fr 
value after CMOD exceeded 0.05 mm (0.002 in.), the flex-
ural stress corresponding to the CMOD value of 0.05 mm 
(0.002 in.) was selected as fL for such beams. All fiber- 
reinforced beams exhibited satisfactory CMOD perfor-
mance, which is typically observed among fiber-reinforced 
NWC beams.22 No crack opening displacement was observed 
until the first flexural crack occurred; thereafter, the CMOD 
increased rapidly. Fiber-reinforced LWAC beams exhibited 
very different propagation of CMOD from the counterpart 
unreinforced beams. The unreinforced beams immediately 
failed with the occurrence of the flexural crack at the tip of 
the notch. Hence, CMOD was measured with very small 
propagation for the unreinforced specimens, indicating that 
no flexural residual strengths could be calculated for such 
beams. Meanwhile, all the reinforced beams exhibited a hard-
ening response after the occurrence of the flexural crack. No 
pulling out of fibers was observed for all the beams until the 
CMOD value reached 1.5 to 2.0 mm (0.06 to 0.08 in.). The 
fL and fr values obtained for the H-group beams were higher 
than those for the L-group beams because the increase in 
fc′ commonly led to the improvement of tensile resistance. 
Meanwhile, lower fL/​​√ 

__
 ​​f​ c​​ ′ ​ ​​ values are obtained for H-group 

beams with Vf ≤ 0.75%, beyond which an inverse trend was 
observed, when compared with L-group beams. The normal-
ized flexural strength (fr/​​√ 

__
 ​​f​ c​​ ′ ​ ​​) increased with Vf varying from 

0.29 to 1.54 for the L-group beams and from 0.24 to 1.24 for 
the H-group beams. The flexural strength recommended by 
ACI 318-1935 is 0.465​​√ 

__
 ​​f​ c​​ ′ ​ ​​ for fiber-less LWAC. The flexural 

strengths of the unreinforced LWAC beams are lower than 
those predicted by the ACI 318-19 equation. This might be 
attributed to the fact that the stress concentration around the 
notch that previously formed at the critical section induced 

Fig. 4—Crack propagation around aggregate particles at failure plane.

Fig. 5—Flexural tensile stress-CMOD relationship of 
beams. (Note: 1 MPa = 145 psi; 1 mm = 0.039 in.)
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early crack formation at the tip of the notch, thus reducing 
the flexural strength of the beams.

The addition of micro-steel fibers significantly increased 
the fL and fr values of the beams. The increase rates obtained 
for beams L-0.25 and H-0.25 were 131% and 225%, respec-
tively, compared with the fr/​​√ 

__
 ​​f​ c​​ ′ ​ ​​ value for unreinforced 

beams. In addition, all the beams reinforced with micro-steel 
fibers exhibited a typical hardening response after reaching 
fL; they exhibited a gradual increase in flexural stress with 
CMOD. The effect of steel fiber content on the flexural 
tensile stress-CMOD curves was minimal up to Vf = 0.5%. 
The beams with Vf = 0.5% exhibited flexural tensile stress-
CMOD curves that are considerably similar to those with 
Vf = 0.25%; this tendency was not significantly affected by 
fc′. Additionally, beam specimens with Vf ≥ 1.0% mostly 
exhibited a gradual decrease in flexural stress when the 
CMOD values exceeded 1 to 1.5 mm (0.039 to 0.06 in.). 
Nevertheless, a hardening response was observed beyond 
the CMOD value corresponding to the proportionality limit. 
However, beam H-1.5 displayed a more ductile response 
than the other beams with Vf  ≥ 1.0%. The micro-steel fibers 
under extremely high flexural tensile stress could be frac-
tured or pulled out from the crack plane. Thus, a gradual 
decrease in flexural stress occurred with the increase in the 
CMOD of beams with Vf ≥ 1.0%. This resulted in lower flex-
ural residual strengths in beams where the CMOD value was 
3.5 mm (0.14 in.) than in beams whose CMOD was 1.5 mm 
(0.06 in.).

The present flexural tensile stress-CMOD curves are 
compared with the curves compiled from the previous NWC 
beams36 reinforced with conventional macro-steel fibers that 
are 35 mm (1.38 in.) in length and with hooked ends (Fig. 6). 
The effect of the type of steel fibers on the slope at the 
ascending branch of the curves up to fL is insignificant. As a 
result, considerably similar fL values are obtained in both the 
NWC and LWAC beams at the same Vf. The previous NWC 
beams displayed a hardening response beyond the CMOD 

value of up to 0.6 to 0.9 mm (0.024 to 0.035 in.), corre-
sponding to fL. They also exhibited a higher fr value than the 
present LWAC beams at the same Vf. Meanwhile, a more 
distinct gradual decrease in flexural stresses was observed 
after the peak stress of the previous NWC beams. This differs 
from the plastic flow tendency observed among the LWAC 
beams. This implies that micro-steel fibers are more favor-
able than conventional macro-steel fibers in restraining the 
crack opening because the former has better dispersion in the 
cement matrix than the latter. Consequently, higher residual 
strength values—that is, fr,2, fr,3, and fr,4—are expected for 
the micro-SFRC than for the macro-SFRC at the same Vf.

Flexural residual strengths
Table 1 summarizes the measured values in each beam 

specimen. The values of fr,i increased in proportion to βf. 
All beams yielded by approaching the values of fr,2 and 
fr,3 regardless of βf, indicating that these values are higher 
than those of fr,1 and fr,4. For the beams with βf less than 2.0 
(Vf ≤ 0.5% for the L-group and Vf ≤ 0.75% for the H-group), 
the obtained fr,1 values were lower than the other identified 
residual strengths of the beams with βf exceeding 2.0; fr,4 
was lower than fr,1. The H-group beams commonly exhibited 
higher fr,i values than the L-group beams with the same Vf 
because of the increase in flexural strength with fc′. Addition-
ally, the fr,4 values in all the fiber-reinforced beams exceeded 
1 MPa (0.145 ksi), and fr,1 exceeded 1.5 MPa (0.218 ksi). 
Thus, the minimum Vf of micro-steel fibers must be limited 
to 0.25% for LWAC with the design compressive strength 
not exceeding 40 MPa (5.80 ksi) to achieve the minimum 
residual strengths recommended in RILEM TC 162-TDF.20

Each flexural residual strength (fr,i) normalized by fL as a 
function of βf is presented in Fig. 7. All the fiber-reinforced 
beams yielded fr,i values higher than fL values because a 
rapid drop in flexural stress was not observed even after 
the peak stress was attained. The values of fr,i/fL tended to 
increase with βf, although beams H-1.0 and H-1.25 exhibited 

Fig. 6—Comparisons of flexural tensile stress-CMOD relationship between present LWAC beams and previous NWC beams 
reinforced with conventional macro-steel fibers. (Note: 1 MPa = 145 psi; 1 mm = 0.039 in.)
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lower fr,4/fL values than beam H-0.75 because of the gradual 
decrease in flexural stress after reaching the peak. Conse-
quently, βf can be considered a critical factor in determining 
the magnitude of the flexural residual strengths of FRC 
beams, as presented in the best-fit line of the test data shown 
in Fig. 7.

COMPARISONS WITH PREDICTION MODELS
Venkateshwaran et al.22 and Carrillo et al.23 proposed 

empirical equations derived by regression analysis using 
test data mainly obtained from NWC beams reinforced with 
conventional macro-steel fibers. Gondokusumo et al.24 also 
proposed empirical equations introducing the reduction 
factor to account for the reduced tensile resistance of LWAC. 
Table 4 summarizes these equations for directly determining 
fr,i. The ratios (γs) of predicted flexural residual strengths to 
experimental results with respect to the variation of βf are 
shown in Fig. 8. The mean (γs,m) and standard deviation (γs,s) 
of the ratios are also given in the figure. The empirical equa-
tions derived by Venkateshwaran et al. exhibited a relatively 
large scatter in predicting the fr,i values of the present beams. 
An overestimation of the strengths is obtained for beams 
with βf ≤ 3.6; this overestimation is independent of fc′. The 
γs,m values determined from the equation of Venkateshwaran 
et al. are 1.30, 1.33, 1.37, and 1.43 for fr,1, fr,2, fr,3, and fr,4, 
respectively; the corresponding values of γs,s are 0.43, 0.37, 

0.38, and 0.36, respectively. The predictions obtained using 
the equation from Carrillo et al. are similar to those esti-
mated using the equation of Venkateshwaran et al. because 
both equations have been formulated using virtually the 
same data sets. The γs,m values determined using the equa-
tion from Carrillo et al. are 1.19, 1.14, 1.13, and 1.16 for 
fr,1, fr,2, fr,3, and fr,4, respectively; the corresponding values 
of γs,s are 0.40, 0.33, 0.32, and 0.30, respectively. Although 
the equation from Carrillo et al. yields lower γs,m values than 
those computed by the equation from Venkateshwaran et al., 
a wide scatter is still observed. The equation from Gondo-
kusumo et al. considerably underestimated fr,i, although a 
reduction factor for LWAC was introduced. The underes-
timation is more notable for the L-group beams than for 
the H-group beams. The values of γs,m determined by the 
equation from Gondokusumo et al. are 0.42, 0.34, 0.34, and 
0.34 for fr,1, fr,2, fr,3, and fr,4, respectively; the corresponding 
values of γs,s are 0.16, 0.13, 0.13, and 0.13, respectively.

Proposed refined equations
Previous empirical equations commonly considered the 

volume fraction and aspect ratio of fibers, number of hooked 
ends in the fibers, and compressive strength of concrete 
in formulating fr,i (Table 1). In addition, the equations are 
inconsistent in assessing the fr,i values of LWAC beams 
reinforced with micro-steel fibers. This study implemented 

Fig. 7—Normalized flexural residual strengths as function of βf.

Table 4—Summary of previous equations for flexural residual strengths

Researcher Equations Schematic generalization of flexural stress-CMOD relationships of FRC

Venkateshwaran 
et al.22

​​f​ r,i​​  =  ​(1 + ​L​ f​​ / 100)​​ 0.5​​{​A​ 1​​ ​​(​​f​ c​​ ′ ​)​​​ 0.5​ + ​B​ 1​​ (​V​ f​​ ​S​ f​​ )  + ​C​ 1​​ ​N​​ 2​}​​
For i = 1, 2, 3, and 4, A1 = 0.32, 0.353, 0.3, and 0.284; 
B1 = 6.214, 7.337, 7.629, and 7.018; C1 = 0.034, 0.3, 

0.373, and 0.343, respectively.

*For present fiber-reinforced beams, fL was determined at CMOD value of 
0.05 mm (0.002 in.) in accordance with EN 14651.

Carrillo  
et al.23

​​f​ r,i​​  =  ​ 1 _ ​A​ 2​​ ​​(​V​ f​​ ​S​ f​​ + ​N​​ 3​)​ ⋅ ​√ 
____

 ​F​ f​​ ​​f​ c​​ ′ ​ ​​
For i = 1, 2, 3, and 4, A2 = 2000, 1800, 1900, and 2100, 

respectively.

Gondokusumo 
et al.24

​​f​ r,i​​  =  ​​(​​f​ c​​ ′ ​)​​​ ​A​ 3​​​ ​​(​V​ f​​ ​S​ f​​)​​​ ​B​ 3​​​ ​​{0 . 4 + (0.6 ​ρ​ c​​ / 2200)}​​​ ​C​ 3​​​​
For i = 1, 2, 3, and 4, A3 = 0.6, 0.645, 0.636, and 0.613; 
B3 = 0.558, 0.507, 0.507, and 0.492; C3 = 4.78, 5.944, 

5.944, and 6.185, respectively.

Note: N is number of hooked ends in steel fiber.
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nonlinear regression analysis using the test data, database 
established by Carrillo et al., and test data used by Gondoku-
sumo et al. The main parameter ranges in the data sets using 
the present regression analysis are as follows. For fc′, ρc, Vf, 
βf, and Sf, the ranges are 21.3 to 89.7 MPa (3.09 to 13.01 ksi), 
1398 to 2397 kg/m3 (87.27 to 149.64 lb/ft3), 0.24 to 1.5%, 
0.38 to 4.40, and 44 to 100, respectively. The present study 
considers fc′, βf, ρc, and the type of steel fiber as the primary 
influencing factors in establishing the fundamental model 
for fr,i. Each parameter was combined and tuned repeat-
edly through trial and error using a statistical program until 

a relatively high correlation coefficient (R2) was obtained. 
Based on the regression analysis, fr,i can be expressed in the 
following form (Fig. 9)

	​ ​f​ r,i​​  =  ​​f​ c​​ ′ ​0.75​[​a​ 1​​ ln​{​​(​ 
​ρ​ c​​ _ ​ρ​ 0​​ ​)​​​ 

1.2
​ ​​β​ f​​​​ 1.8​}​ + ​b​ 1​​]​​	 (2)

for i = 1, 2, 3, and 4, a1 = 0.114, 0.118, 0.105, and 0.093, 
respectively; and b1 = 0.22, 0.25, 0.24, and 0.22, respec-
tively; where ρ0 = 2300 kg/m3 (143.58 lb/ft3) is the reference 
value for concrete density. In comparing the test data, the 

Fig. 8—Comparisons between experimental flexural residual strengths and predictions.
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proposed refined equations yield γs,m values of 1.03, 1.02, 
1.01, and 1.01 as well as γs,s values of 0.33, 0.25, 0.24, and 
0.25 for fr,1, fr,2, fr,3, and fr,4, respectively. Hence, the refined 
equation permits a simpler application and higher accu-
racy in predicting the flexural residual strengths of concrete 
beams with different densities and reinforced with different 
types of steel fibers.

DESIGN CLASSIFICATION OF fib 2010
For the structural application of FRC, fib 201021 catego-

rizes the flexural residual strength of FRC beams obtained 
by three-point loading into five classes. It considers the 
ratios of the characteristic fr,1 values (representing service-
ability) to the characteristic fr,3 values (representing the ulti-
mate condition). The FRC beams tested are classified using 
the measured flexural residual strengths in accordance with 
fib 2010 (Fig. 10). In the same figure, the fr,1 value is written 

in front of the class name of each beam specimen. The beam 
specimens can be classified as a function of βf. The beams 
with βf not exceeding 2.0 (Vf  ≤ 0.75% for the present beams) 
commonly belong to class d and exhibit fr,1 values less than 
5 MPa (0.73 ksi); the other beams mainly belong to class c. 
For the beams in class c, fr,1 varies from 4.4 to 7.0 MPa (0.64 
to 1.02 ksi) for the L-group and from 7.9 to 8.8 MPa (1.14 
to 1.28 ksi) for the H-group. This indicates that higher steel 
fiber contents can yield higher fr,1 values, which may result 
in lower fr,3/fr,1 values. The foregoing may be attributed to 
the fact that steel fibers with high flexural stresses across 
the crack plane tend to fracture and pullout, resulting in a 
decrease in the transferring stresses caused by the bridging 
effect of fibers. Additionally, slightly higher fr,3/fr,1 values 
are typically obtained for the L-group beams than for the 
H-group beams at the same βf level. This implies that the 
decrease in flexural stress after reaching the peak strength 

Fig. 9—Refined models for flexural residual strengths.

Fig. 10—Classification of measured flexural residual strengths in accordance with fib 2010.
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tends to be more distinct with the increase in fc′ at the same 
βf level.

As recommended by fib 2010, conventional reinforcing 
bars can be fully or partially replaced by fiber reinforcement 
at the ultimate limit state if fr,1/fL > 0.4 and fr,3/fr,1 > 0.5. As 
indicated in Fig. 10, fr,3/fr,1 values exceeding 0.9 are obtained 
for all the fiber-reinforced beams. Moreover, fr,1/fL values 
are in ranges 1.61 to 3.53 and 1.69 to 2.65 for the L-group 
and H-group beams, respectively. This leads to the conclu-
sion that micro-steel fibers are a potential partial replace-
ment for conventional steel reinforcing bars for enhancing 
the ductility of concrete elements regardless of the type of 
concrete.

CONCLUSIONS
The present study examined the flexural residual strengths 

of lightweight aggregate concrete (LWAC) beams reinforced 
with micro-steel fibers. The experimental flexural strengths 
were also compared with the predictions of previous design 
equations and material classifications specified in fib 2010 for 
fiber-reinforced concrete (FRC). Fourteen beam specimens 
were classified according to the compressive strength (fc′) of 
concrete: L-groups (design strength: 21 MPa [3.05 ksi]) and 
H-groups (design strength: 40 MPa [5.80 ksi]). The volume 
fraction (Vf) of micro-steel fibers varied from 0 to 1.5% in 
each beam group. The flexural residual strengths were iden-
tified as fr,1, fr,2, fr,3, and fr,1 with respect to the crack mouth 
opening displacement (CMOD) values of 0.5, 1.5, 2.5, and 
3.5 mm (0.02, 0.06, 0.1, and 0.14 in.), respectively; then, 
they were discussed as a function of the fiber reinforcing 
index (βf).

On the other hand, further explorations are required for 
reliable application of fiber-reinforced LWAC with different 
classes of toughness: 1) the determination of the optimal 
volume fraction of micro-steel fibers for LWAC with 
different compressive strengths and toughness capacities; 
2) the effect of other types of fibers combined with micro-
steel fibers on the flexural stress-CMOD relationship; 3) 
the effect of micro-steel fibers on the inelastic response of 
LWAC with different compressive strengths; 4) numerical 
modeling and analysis to simulate and predict the response 
of LWAC elements with micro-steel fibers under various 
loading conditions; 5) various design equations for mechan-
ical properties of LWAC reinforced with different types and 
volume fractions of fibers; and 6) assessment of the envi-
ronmental impact of using micro-steel fibers in LWAC and 
comparisons with conventional reinforcing steel bars and 
other reinforcing materials.

Based on the experimental program and relevant compar-
isons, the following conclusions are drawn:

1. All the beams are primarily governed by the flexural 
crack that occurs at the tip of the notch and passes through 
the lightweight aggregate particles.

2. The effect of steel fiber content on the flexural tensile 
stress-CMOD curves is minimal up to Vf = 0.5%, showing a 
typical hardening response.

3. The effect of the type of steel fibers on the slope at 
the ascending branch of the curves up to fL is insignificant. 
However, a more distinct gradual decrease in flexural stress 

is observed after reaching the peak stress of the previous 
normalweight concrete (NWC) beams reinforced using 
conventional macro-steel fibers. Hence, higher residual 
strengths of fr,2, fr,3, and fr,4 are expected for micro-steel-FRC 
(SFRC) than for macro-SFRC at the same Vf.

4. All fiber-reinforced beams possess fr,4 and fr,1 values 
exceeding 1 and 1.5 MPa (0.145 and 0.218 ksi), respectively. 
Thus, the minimum Vf of micro-steel fibers must be limited 
to 0.25% to achieve the minimum residual strengths recom-
mended in RILEM TC 162-TDF.

5. The empirical equations derived by Venkateshwaran 
et  al. and Carrillo et al. tend to overestimate the fr,i value 
of the LWAC beams reinforced with micro-steel fibers. The 
equation by Gondokusumo et al. considerably underesti-
mates fr,i. These equations exhibit a relatively large inaccu-
racy in predicting fr,i of LWAC beams reinforced with micro-
steel fibers.

6. The refined equations proposed as functions of fc′, βf, 
and ρc reasonably assess the flexural residual strengths of 
concrete beams with different densities and reinforced with 
different types of steel fibers.

7. The comparison of results with the fib 2010 recom-
mendations indicates that micro-steel fibers are a promising 
partial replacement for conventional steel reinforcing bars 
for enhancing the ductility of concrete elements regardless 
of the type of concrete.
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NOTATION
da	 =	 maximum size of aggregates
df	 =	 diameter of fibers
Ef	 =	 elastic modulus of fibers
Ff	 =	 tensile strength of fibers
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fc′	 =	 measured compressive strength of concrete
fL	 =	 limit strength of proportionality under flexure
fr	 =	 flexural strength of concrete
fr,i	 =	 (i = 1, 2, 3, and 4) flexural residual strength
g	 =	 snubbing factor of discontinuous fibers
h	 =	 overall section depth
hsp	 =	 depth measured from tip of notch to top surface of section
i	 =	 type of fiber used in concrete
Lf	 =	 length of fibers
Sf	 =	 aspect ratio of fibers
Vf	 =	 volume fraction of fibers
βf	 =	 fiber reinforcing index
γs	 =	 ratios of predicted flexural residual strengths to experimental 

results
γs,m	 =	 mean of γs
γs,s	 =	 standard deviation of γs
ρ0	 =	 reference value for concrete density (=2300 kg/m3 [143.58 lb/ft3])
ρc	 =	 density of concrete
ρf	 =	 density of fibers
τ	 =	 interfacial bond strength of fiber with cement matrix
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Ultra-high-performance concrete (UHPC) is a cementitious 
concrete material known for its sustained post-cracking tensile 
performance. Various specimen geometries and different test 
approaches have been used to establish the tensile characteristics 
of UHPC. Intending to standardize a direct tension test method, 
this paper independently evaluates a procedure developed by the 
Federal Highway Administration (FHWA), which has been adopted 
into AASHTO T 397. To verify the reliability and repeatability of the 
test method, 216 tensile specimens were cast from three different 
UHPC types with fiber-volume fractions of 1, 2, and 3% and tested 
at six laboratories. The measured responses were characterized 
for different phases of the tensile behavior and analyzed to under-
stand the scatter in the test data. It was found that testing can be 
executed with a 60 to 70% success rate with carefully prepared 
samples and some modifications to the proposed test method. The 
test results show an increase in both the tensile strength and multi-
cracking phase with an increase in fiber-volume fraction, but the 
crack straining phase depends primarily on the type of UHPC. 
Using the test data, average and characteristic tensile responses 
were established, which are intended, respectively, for analysis and 
design purposes.

Keywords: AASHTO T 397; direct tensile test; fiber volume; multi-
cracking; tensile behavior; ultra-high-performance concrete (UHPC).

INTRODUCTION
Ultra-high-performance concrete (UHPC) is a concrete 

material comprising purposefully graded fine particles and 
includes fibers in the composition. UHPC is a cementitious 
composite that can attain high strength, desired durability, 
ductility, and toughness.1-5 The addition of fibers provides 
tensile ductility and improved fracture energy to UHPC.6-11 
Determining the material’s mechanical properties is funda-
mental for designing and analyzing structural members with 
that material. Previous studies show that UHPC exhibits 
better mechanical characteristics than conventional and 
fiber-reinforced concretes.1,2,12,13 The tensile characteristic 
of UHPC is an essential but challenging property to deter-
mine and quantify in the laboratory, as with any cementi-
tious material.

According to Wille et al.,14 the tensile response of UHPC 
can be divided into three phases: elastic, strain hardening, 
and crack-based softening. Simple tests such as bending 
and wedge splitting require high computational work to 
back-calculate the tensile response and identify these three 
phases.11,15-17 In contrast, direct tensile tests without much 
computational effort can provide the tensile response 
comprising of elastic, strain-hardening, and softening phases. 

However, direct tensile tests are difficult to perform as the 
crack formation unevenly distributes stresses across the test 
sample’s cross section, producing an unstable response. 
Several aspects affect the direct tensile tests, and important 
factors include specimen shape and boundary conditions of 
the specimen at the gripping.14,18 From the literature, spec-
imen shapes used for direct tensile tests can be classified into 
dog-bone shapes, notched prisms, and unnotched prisms.

Unnotched tests allow capturing the initial elastic response 
and strain-hardening response, but they are highly sensitive 
to the support conditions.19 In comparison, notched tests 
capture softening responses and do not allow the develop-
ment of multiple cracking.20 In the past, a variety of dog-bone 
specimens were tested to capture the tensile response8,19-26 
(examples are shown in Fig. 1(a) and (b)). Furthermore, 
a test developed by the Federal Highway Administration 
(FHWA)6 also successfully captured the response, which 
uses prisms with a 2 x 2 in. (50.8 x 50.8 mm) cross section 
with enhanced end regions by attaching thin aluminum 
plates. The ease of preparation of samples due to the square 
cross section along the length makes this test method 
appealing. Another important aspect of direct tensile testing 
is the type of boundary condition used. Different gripping 
systems have been used, including fixed-end27 (shown in 
Fig. 1(a)), pinned-end8 (shown in Fig. 1(b)), and glued-end 
systems14,20,28 (shown in Fig. 1(c)). Pinned-end systems 
allow for easy specimen alignment and uniform stress 
before cracking but do not allow even crack opening due 
to the possible rotation at the end after the initial cracking, 
resulting in inaccurate post-cracking behavior.8,21 Glued-end 
systems with the specimen’s top and bottom ends glued onto 
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Fig. 1—Schematic view of direct tensile test setups of: 
(a) dog-bone unit with fixed ends27; (b) dog-bone unit with 
pinned ends8; and (c) notched specimens with glued ends.20
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the loading frame frequently have local stress development 
at the adhered surfaces, resulting in a nonuniform transfer 
of stresses leading to premature failure.19,20,23,24 Fixed-end 
gripping systems prevent the rotation and avoid the  
development of local stresses but cannot avert possible acci-
dental eccentricity in the system starting from the initial 
phase of testing.4,24-26 However, the fixed-end gripping 
system provides accurate average post-cracking behavior, 
which is an essential part of the tensile response of UHPC.

The cracking of the specimens and the associated resis-
tance due to fibers bridging the cracks form the basis for the 
post-cracking tensile response of UHPC. Previously, studies 
successfully used several optical techniques to investigate 
the formation and propagation of the cracks and study the 
influence of fibers in fiber-reinforced concrete and UHPC 
specimens.27,29-31 An optical measurement system is one 
of the optical techniques previously used for this inves-
tigation.27,32 This system tracks the movement of light- 
emitting diodes (LEDs) attached to the surface of the spec-
imen, providing valuable information about the behavior of 
the cracked UHPC test units.

RESEARCH SIGNIFICANCE
Despite a wide variety of tests, specimen geometries, and 

test approaches used, no standard direct tension test method 
has been established that defines the specimen geometry, 
support conditions, and a standard analysis to characterize 
the tensile behavior of UHPC. The main objective of the 
study reported herein is to independently evaluate the reli-
ability and repeatability of a tensile test method developed 
by FHWA,5 which has been adopted into AASHTO T 397.33

AASHTO T 397 TENSILE TEST METHOD
This direct tensile test method uses a 2 x 2 x 17 in. 

(50.8 x 50.8 x 431.8 mm) UHPC specimen, four tapered 
aluminum plates per specimen, and a set of four linear vari-
able displacement transducers (LVDTs). Aluminum plates 
are tapered to allow the transition of tensile stresses into the 
gauged region to force the crack formation in this region. 
Once the test specimen is cast and cured, plates are attached 

on both sides at each end using a thin layer of high-strength, 
high-stiffness epoxy.

The tensile testing machine should have wide enough 
grips to accommodate the specimens with a 2.4 x 2 in. 
(60.96 x 50.8 mm) cross section. Specimens are gripped with 
sufficient pressure to avoid slippage within the grip during 
the test. Wedge- and flat-grip test setups are two gripping 
systems suggested for this test procedure. A grip pressure 
of 5.8 ksi (40 MPa) was initially suggested for side-loading 
hydraulic wedge grips. Flat grips are manually pressed 
onto the test specimen through torquing of bolts (a detailed 
description is reported in AASHTO T 39733). A schematic 
representation of the tension test setup is shown in Fig. 2(a) 
and (b). Displacements of the test specimen with the appli-
cation of tensile loads are captured using the LVDT setup. 
The testing protocol suggests the application of an initial 
axial compression load under displacement control until 
the stress in the cross section reaches 1 ksi (7 MPa), which 
is to verify accurate application of the load and capture of 
the data. Then, the tensile load is applied in displacement 
control such that the specimen is subjected to a stress of 
1.5 ± 0.5 ksi/min (10 ± 3 MPa/min) in the elastic phase of 
the testing, and once the required displacement rate is set, 
the test will continue at that rate until the end. A displace-
ment rate of approximately 0.006 in./min (0.15 mm/min) 
was found reasonable to generate the required stress rate.33 
The test may be completed once the load is decreased to less 
than 50% of the peak load.

An expected uniaxial tensile response of UHPC33 is shown 
in Fig. 2(c), which includes multiple phases. The elastic 
phase initiates from the start of the loading until the inter-
section of a strain offset (0.02% offset) to the initial elastic 
stress-strain response and the captured stress-strain response 
in the inelastic region corresponding to the first cracking 
strain (єt,cr) of the UHPC matrix. The multi-cracking phase 
starts at the onset of the first cracking of the UHPC matrix, 
followed by continuous cracking within the gauged region. 
In this phase, specimens carry near-constant or increasing 
stress without any cracks widening, with fibers bridging the 
cracks until peak stress is reached. During the crack straining 

Fig. 2—Schematic representation of AASHTO T 397: (a) tension test setup; (b) specimen cross section (A-A); and (c) expected 
tensile stress-strain response of UHPC specimen.33
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phase, the crack opening is observed, and this phase depends 
on the fiber elastic straining and fiber-matrix interface 
debonding. This phase ends when the capacity of strain hard-
ening is reached (until localization strain єt,loc). In the next 
phase, softening develops due to the continued widening 
of an individual crack. During this phase, fibers experience 
multiple failure modes34 (that is, fracture, debonding, and 
pullout) at the crack in this localization phase.

MATERIALS AND METHODS
To evaluate the AASHTO T 397 test method, commer-

cially available UHPC from three different suppliers in the 
United States, identified as UHPC A, UHPC B, and UHPC 
C, were chosen. The fiber-volume fraction is an additional 
variable included in the evaluation. High-strength straight 
steel-wire fibers with a length of 0.5 in. (12.7 mm) and 
diameter of 0.008 in. (0.203 mm), as typically used, were 
incorporated in all three UHPCs. However, three different 
fiber-volume fractions—3%, 1%, and 2%—were used with 
UHPC A, UHPC B, and UHPC C test samples, respectively. 
A total of 216 tension samples with dimensions of 17 in. 
(431.8 mm) long and 2 x 2 in. (50.8 x 50.8 mm) square cross 
sections were cast from three UHPC types, as detailed in 
Table 1. For each UHPC type, three batches of 24 tensile 
samples, 12 cubes (2 in. [50.8 mm]), and 12 cylinders (3 x 
6 in. [76.2 x 152.4  mm]) were cast, yielding 72 tension 
test samples.

All samples were cast, and aluminum plates were affixed 
by the authors at Iowa State University (ISU), but they were 
tested in batches at six different laboratories to evaluate the 
repeatability and reliability of the test method. This paper 
identifies testing laboratories as TL1 through TL6. Each 
laboratory was asked to test three sets containing 10 speci-
mens from UHPC A, UHPC B, and UHPC C. Two additional 
specimens per UHPC type were also made available for each 
laboratory to conduct trial tests and make them familiar with 
the testing procedure. Individual UHPC specimens made 
from UHPC A, UHPC B, and UHPC C were identified as 
A#, B#, and C# (# is range from 11 to 82), respectively. The 
specimens cast from the same batches were tested simulta-
neously at two different laboratories when possible.

Compressive tests
Compressive strengths of UHPC were obtained by testing 

2 in. (50.8 mm) cubes and 3 x 6 in. (76.2 x 152.4 mm) cylin-
ders at the age of 14, 28, 60, and 72 days at ISU. Twelve 
cubes and 12 cylinders were cast with each set of tensile 
samples; of these, three cubes and three cylinders were 

tested at each respective age. All the cubes and cylinders 
were tested according to ASTM C109/C109M-20b35 and 
ASTM C1856/C1856M-17,36 respectively.

Direct tensile testing
All the specimens were cured at ambient temperature for 

at least 60 days. Close to the shipping date, all the specimens 
were taken out from curing and were prepared for testing. 
Specimen preparation is one of the initial aspects of the 
AASHTO T 397 tensile test procedure. The plate face and 
specimen face were roughened with a sanding belt, a thin 
layer of epoxy was applied on both faces, and the plates were 
then affixed to the specimen using C-clamps. The finished 
and test-ready specimen is shown in Fig. 3(a).

Elongation in the specimen was measured on all four sides 
using an LVDT setup. This extensometer setup was mounted 
along the sample’s gauge lines (shown in Fig. 2(a)) on the 
tension specimen. The specimen was centered within the 
extensometer setup, as shown in Fig. 3(b).

The prepared test specimen and the extensometer setup 
were aligned vertically between the testing machine's 
wedge grips. Five of the six laboratories chosen for testing 
used conventional hydraulic wedge grips, and a new type 
of flat-plate gripping system was used for the tests at TL6. 
The specimen was gripped along the grip lengths as seen 
in Fig. 3(c) with a gripping pressure in the range of 2.17 to 
3.62 ksi (15 to 25 MPa), which is lower than recommended 
for side-loading hydraulic wedge grips. A reduced gripping 
pressure was justified to minimize a localized tension failure 
developing adjacent to the aluminum plates, as observed 
during the trial tests by ISU and two other testing laborato-
ries. The lower gripping pressure was sufficient to prevent 
slippage of the test unit at the grips.

The full tensile test setup with hydraulic wedge grips is 
shown in Fig. 3(c). As part of investigating the reliability of 
the direct tension test method, specimens were tested using 
different machines to check the dependency of the machine 
type on the test outcome. This effort included laboratories 
with machine types (MTS and Suzhou) and different load 
capacities (200, 110, and 22 kip [890, 489,  and 98 kN]). 
The experimental data from the LVDTs, axial load, and 

Table 1—Summary of UHPC specimens produced

Specimen 
type Dimensions, in. (mm)

Number of specimens

UHPC A UHPC B UHPC C

Tensile 17 x 2 x 2  
(431.8 x 50.8 x 50.8) 72 72 72

Cylinders 3 (diameter) x 6  
(76.2 x 152.4) 36 36 36

Cubes 2 x 2 x 2  
(50.8 x 50.8 x 50.8) 36 36 36 Fig. 3—(a) Test-ready specimen; (b) specimen with LVDT 

extensometer; and (c) setup in uniaxial test machine.
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machine crosshead displacement were collected using an 
external data acquisition system. Specimens were tested at 
a displacement rate of 0.006 in./min (0.15 mm/min) in labs 
TL1 through TL5, and a displacement rate of 0.02 in./min 
(0.51 mm/min) was used in TL6, which corresponded to a 
loading rate of 1.3 ksi/min (9 MPa/min), which is within the 
loading protocol as per AASHTO T 397.33

EXPERIMENTAL RESULTS
Experimental test results of the specimens tested under 

compression and tension are reported and discussed in 
this section.

Compression test results
Compression test results from the cube and cylinder 

testing, along with the conversion factors (CFs), are 
reported in Table 2. The CF was obtained by dividing the 
3 in. (76.2 mm) cylinder compressive strength by the corre-
sponding 2 in. (50.8 mm) cube compressive strength. Failure 
in all the specimens due to compression is by split cracking 
and minor spalling of UHPC. Typical explosive failures that 
occur with high-strength concretes were not witnessed due 
to the presence of fibers. Variation in compressive strengths 
obtained from cubes and cylinders as a function of age is 
shown in Fig. 4(a). At least 80% of the maximum strength 

was attained within 14 days from casting for all mixtures. 
After 28 days, the increase in strength was not substantial 
compared to the early-age strength increase. Change in 
strength is reduced with the age of UHPC.

The influence of fiber volume on compressive strengths 
was not significant because the test program used different 
UHPC types with varying fiber volumes. However, the rela-
tion between cube and cylinder compressive strengths was 
examined as a function of fiber volume and age. The vari-
ation in compressive strengths with varying fiber volume 
at 28 days is shown in Fig. 4(b). Compressive strengths 
obtained from cubes are comparable to cylinders for UHPC 
A and UHPC C mixtures. In contrast, compressive strengths 
from cylinders are higher for specimens with lower fiber 
volume—that is, UHPC B.

It was interesting to note that the CF remained consistent 
for each UHPC regardless of age. Consequently, the CF 
in obtaining 3 in. (76.2 mm) cylinder strength from 2 in. 
(50.8 mm) cube strength varied from one UHPC to another. 
In contrast, Graybeal,37 from his set of tests, proposed a CF 
of 0.96. All the CFs are reported in Table 3. Changes in CFs 
can be attributed to the use of different UHPCs. The packing 
density of concrete varies with UHPC types, leading to 
strength variation in smaller-volume cubes than cylinders.

Table 2—Mean compressive strengths obtained from three UHPC mixtures and conversion factors (CF is 
cylinder strength/cube strength)

Age 14 days 28 days 60 days 72 days

fc ± standard deviation,  
ksi (MPa)

fc ± standard deviation,  
ksi (MPa)

fc ± standard deviation,  
ksi (MPa)

fc ± standard deviation,  
ksi (MPa)

UHPC B

Cube 16.37 ± 0.78 (112.9 ± 5.4) 17.55 ± 0.51 (121 ± 3.5) 18.26 ± 0.77 (125.9 ± 5.3) 18.44 ± 0.65 (127.1 ± 4.5)

Cylinder 18.12 ± 0.72 (124.9 ± 5) 19.9 ± 0.52 (137.2 ± 4) 21.02 ± 0.63 (144.9 ± 4.3) 21.31 ± 0.64 (146.9 ± 4.4)

CF 1.11 1.13 1.15 1.16

UHPC C

Cube 17.57 ± 0.67 (121.1 ± 4.6) 18.04 ± 0.52 (124.4 ± 3.6) 18.44 ± 0.66 (127.1 ± 4.5) 18.47 ± 0.61 (127.3 ± 4.2)

Cylinder 17.74 ± 0.86 (122.3 ± 5.9) 18.67 ± 0.49 (128.7 ± 3.4) 19.16 ± 0.6 (132.1 ± 4.1) 19.38 ± 0.72 (133.6 ± 4.96)

CF 1.01 1.03 1.04 1.05

UHPC A

Cube 17.4 ±1.2 (119.9 ± 8.3) 19.3 ± 0.78 (133 ± 5.4) 19.67 ± 0.81 (135.6 ± 5.6) 20.08 ± 1.05 (138.4 ± 7.2)

Cylinder 17.8 ± 0.68 (122.7 ± 4.7) 19.23 ± 0.81 (132.6 ± 5.6) 19.69 ± 1.07 (135.7 ± 7.4) 19.86 ± 1.04 (136.9 ± 7.17)

CF 1.02 0.99 1 0.98

Fig. 4—(a) Average compressive strengths; and (b) compressive strengths of specimens with fiber volume (28-day strengths).
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Tension test results
Tensile test data from different laboratories were obtained 

and analyzed and are presented in this section. The quality of 
data depends on whether the localized cracks develop within 
or outside the gauged region. When a crack localizes in a 
test within the gauged region, the test satisfactorily captures 
the full response of the test specimen. For successful tests, 
different phases of the tensile response including elastic, 
multi-cracking, crack straining, and crack localization 
were identified.

Any test response that showed strength below 70% of the 
average strength obtained from the same UHPC batch was 
considered unsuccessful, as this could be due to poor fiber 
distribution and/or specimen imperfection, forcing the crack 
to develop earlier than typical specimens. The testing was 
carried out successfully by the laboratory staff or students 
with minimal instructions at each laboratory. Laborato-
ries TL1 and TL2 used 200 kip (890 kN) capacity uniaxial 
machines, and laboratories TL3, TL4, and TL5 used 110 kip 
(489 kN) capacity uniaxial machines to test the tensile spec-
imens. All these laboratories used a hydraulic wedge grip-
ping system for the tests. TL6 used a low-capacity 22 kip 
(98  kN) test machine with manual flat grips. Laboratories 
with high-capacity machines (that is, 200 kip [890 kN] 
capacity) appear to show a relatively lower success rate when 
testing lower-strength tension specimens (that is, UHPC B). 
The use of lower-capacity machines (110 and 22 kip [489 
and 98 kN]) with adjusted grip pressures produced a close 
to 70% success rate for the proposed test procedure. Both 
the gripping systems, hydraulic wedge grips (used in TL3, 
TL4, and TL5), and manual flat grips (used in TL6) showed 
similar success rates. Table 4 summarizes the success rate of 
tested specimens for each test lab.

Typical tensile responses—This section discusses the 
types of tensile responses and failures obtained for the test 
samples. Figure 5 shows three different responses along with 
the corresponding failed units. In Fig. 5(a), the failure of 
the specimen was initiated by debonding of the plates with 

the application of relatively high gripping pressure and the 
development of localized cracks occurring close to the grip-
ping region. This unfavorable response could also be due to 
a possible defect in specimen preparation. In such cases, the 
responses of the specimens are not useful beyond the forma-
tion of the first crack. The response in Fig. 5(c) has a useful 
response until the end of the multi-cracking phase. This spec-
imen failed due to crack localization occurring just outside 
the gauged region (shown in Fig. 5(d)). LVDTs capture the 
response only between the gauged zone, and if the crack is 
localized outside the gauged region, the complete response 
would not be captured. These responses are good until the 
onset of localized crack. The measured peak strengths from 
these types of specimen failures can be used to get the tensile 
capacity of the specimens. The response shown in Fig. 5(e) 
is similar to the ideal response shown in Fig. 2(c), in which 
all the phases are captured. For this specimen, the crack 
was localized within the gauged region (shown in Fig. 5(f)), 
producing a successful test. All the successful tests reported 
in Table 4 have similar responses.

Tensile response characterization—As denoted in Fig. 5 
and 6, the multi-cracking phase starts at strain єt,cr. Figure 
5 depicts the responses of UHPC A, while Fig. 6(a) and (b) 
represent UHPC B and UHPC C samples. Strain є2 marks 
the end of a multi-cracking phase and the start of the crack 
straining phase, whereas strain єt,loc marks the end of the 
crack straining phase and the onset of crack localization. 
єm-cr represents the multi-cracking strain, and єcr-st is the 
crack straining value. Both tensile strength and єm-cr increase 
with fiber-volume fraction due to an increase in resistance 
from a larger number of fibers crossing the localized crack. 
A smaller crack straining phase was identified for UHPC C 
(2% fibers) responses than the responses obtained for UHPC 
A (3% fibers) and UHPC B (1% fibers) samples. The crack 
straining phase appears to depend on the fiber-matrix inter-
action, which varies with the type of UHPC used, irrespec-
tive of fiber volumes.

Effect of fiber volume—Typical stress-strain responses of 
the UHPC specimens at different fiber-volume fractions are 
shown in Fig. 7(a), and the corresponding responses up to 
0.005 strain are shown in Fig. 7(b). All the specimens have 
an elastic phase until the first cracking load, followed by 
the expected multiple cracking, crack straining, and crack 
localization phases. Furthermore, a linear increase in tensile 
strength with an increase in fiber-volume fraction is seen in 
Fig. 8. A percentage increase in strengths with an increase 
in fiber volume is shown in Table 5. A higher number of 
microcracks were identified at a higher volume fraction 

Table 3—Conversion factors to obtain compressive 
strength of cylinders from compressive strength 
of cubes

Fiber volume, % CF

UHPC B 1 1.14

UHPC C 2 1.03

UHPC A 3 1

Graybeal37 2 0.96

Table 4—Success rates of testing procedure across different labs

Specimens

Total samples tested (No. of samples failed within gauge)

Success 
rate, %

Lab 1, 200 kip 
(890 kN) machine

Lab 2, 200 kip 
(890 kN) machine

Lab 3, 110 kip 
(489 kN) machine

Lab 4, 110 kip 
(489 kN) machine

Lab 5, 110 kip 
(489 kN) machine

Lab 6, 22 kip  
(98 kN) machine

UHPC A 10 (5) 10 (3) 10 (7) 10 (8) 10 (6) 10 (7) 60

UHPC B 10 (2) 10 (2) 10 (8) 10 (6) 10 (7) 10 (6) 52

UHPC C 10 (4) 10 (5) 10 (7) 10 (6) 10 (9) 10 (8) 65

Success rate, % 36.6 33.3 73.3 66.6 73.3 70 59
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of fibers. The test results show that the testing proce-
dure captured satisfactory tensile responses using varied 
fiber-volume fractions.

To confirm the fiber representation, a randomly chosen 
tension sample from each UHPC was cut at or adjacent to 
the localized crack and smoothened (refer to Fig. 9), and the 
number of fibers at the section was quantified. Fibers were 
counted by a combination of visual inspection and image 
processing software. The number of fibers across UHPC A, 
UHPC B, and UHPC C specimens were found to be 1453, 
485, and 846, respectively, representing 464 fibers per 1% 
fiber volume on average. Fiber quantities in UHPC A and 
UHPC B specimens were closer to or higher than the average 
fiber count. In contrast, fiber quantity in the UHPC C spec-
imen was somewhat lower than the average value. The effect 
on fiber distribution and the small crack straining phase may 
also be attributed to the presence of small aggregates in the 
UHPC C specimen (Fig. 6(b)).

The average representative strain values from the 
successful tests at three fiber volumes are shown in Table 6. 
An increase in єm-cr with fiber volume is consistent across all 
the labs. The change in єcr-st is consistent across all the labs 
and depends on the UHPC type.

Variation within lab—This section examines the variation 
of stress-strain responses reported by the same laboratory. As 
previously noted, three sets of specimens at three different 
fiber-volume fractions from three different laboratories are 
reported. Stress-strain responses of all the 10 samples from 
UHPC A, UHPC B, and UHPC C sets that were tested at 
TL1, TL3, and TL4 are shown in Fig. 10(a), (c), and (e), and 

Fig. 6—Stress-strain response of one UHPC specimen from 
set of: (a) UHPC B; and (b) UHPC C.

Fig. 7—(a) Stress-strain response of UHPC at different fiber 
volumes; and (b) initial stress-strain response up to strain 
of 0.005.

Fig. 8—Average tensile strengths at different fiber-volume 
fractions.Fig. 5—(a, b) Stress-strain response of Specimen A31 with 

failure due to debonding of plates and picture of the failed 
specimen; (c, d) stress-strain response of Specimen A26 with 
crack localized outside gauged region and picture of failed 
specimen; and (e, f) stress-strain response of Specimen A41 
with crack localized within gauged region and picture of 
failed specimen.
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corresponding specimens with localized cracks are shown 
in Fig. 10(b), (d), and (f), respectively. Considering the five 
tests from the UHPC A set (A12, A17, A18, A20, and A21) in 
TL1 that were successful, though the first cracking stress is 
similar, there were big load variations after the first cracking 
stress during the multi-cracking phase in A17, A18, and 
A21. These variations can be attributed to the sensitivity of 
the high-capacity (200 kip [890 kN]) machine used. Similar 
tensile strengths and responses from the specimens within 
the lab were observed in TL3 and TL4. Slight variations in 
these responses were due to each specimen’s fiber distribu-
tion. Refer to Appendix A* for the remaining responses from 
all the labs. Using this test procedure, repeatable tensile 
responses (successful tests) from the same set of samples 
were obtained.

Variation across labs—In this section, variation of tensile 
stress-strain responses of successful tests across different 
laboratories was examined. Each lab captured typical stress-
strain responses for several samples, although variations 
across the labs were observed. The responses of specimens 
tested at different laboratories are shown in Fig. 11. Similar 
shaded plots in Fig. 11 represent specimen responses from 
the same UHPC batch. The variations in the responses 
within the same lab can be attributed to the fiber distribution 
in each specimen. Issues with the data acquisition frequency 
and sensitivity of a high-capacity test machine in lab TL1 
resulted in large load drops and noise in the responses. 
Similar load drops were not observed in TL2 that tested 
specimens from the same UHPC batches and used identical 
capacity machines. Tests from these two labs showed a lower 
success rate than other labs. Two specimen responses of the 
UHPC A set showed a higher capacity and faster drop in load 
compared to other responses influencing the load drop in 
the average response, resulting in a smaller multi-cracking 
phase compared to the UHPC A set from TL4. Because of 
this, average responses obtained by averaging the data from 
all the specimens cannot be taken directly in the analysis, 
and a different approach is required to obtain a true average 
response. The approach to getting the average response was 
detailed in the previous research5 and discussed later in this 

*The Appendix is available at www.concrete.org/publications in PDF format, 
appended to the online version of the published paper. It is also available in hard copy 
from ACI headquarters for a fee equal to the cost of reproduction plus handling at the 
time of the request.

paper. Responses from labs TL5 and TL6 were similar, and 
slight variations that were observed could be due to the type 
of machines and the gripping system used. Specimen A79 
from the lab TL6 was cracked within the gauge length but 
has shown a strength (1080 psi [7.4 MPa]) below 30% of the 
average strength (1780 psi [12.3 MPa]) from the remaining 
specimens of the same lab. This specimen response was 
treated as an unsuccessful test.

The average tensile responses across all the laborato-
ries at each fiber-volume fraction are shown in Fig. 12. All 
responses from each fiber-volume fraction can be seen to lie 
within the sum and difference of the total average response 
and 1.5 times the standard deviation—similar to the test 
responses obtained from previous studies by FHWA.6 This 
shows that the test results from the tensile test procedure are 
fairly accurate between the laboratories and are consistent at 
different fiber-volume fractions.

Quantifying UHPC tension characteristics—Tensile 
responses of all the specimens from each set across all labs 
are shown, along with average response and two theoretical 
responses in Fig. 13. Similar to the concept proposed by 
Graybeal and Baby,5 the generated responses for each set of 
specimens include average and characteristic responses. The 
average response is appropriate when predicting the response 
of UHPC members, while the characteristic response is meant 
for use in design conservatively. Both responses include an 
initial elastic-plastic region followed by a softening to a 
strain of 0.01. For the average response, the elastic part was 
obtained using the average modulus of elasticity, and the 
stress plateau is from the average cracking strength of that 
specimen set. The average cracking strength is the average 
of stresses corresponding to the strains 0.002, 0.0017, and 
0.0015 for UHPC A, UHPC C, and UHPC B, respectively, 
which are always within the multi-cracking phase in all the 

Table 5—Average maximum tensile stress at different fiber-volume fractions

Fiber volume, 
%

Average maximum tensile stress, psi (MPa) [% increase in strength compared to 1% fiber specimens]

Lab 1 Lab 2 Lab 3 Lab 4 Lab 5 Lab 6

1 1130.3, 7.79 970.6, 6.69 987.2, 6.8 1108.3, 7.64 1146.11, 7.9 1085.8, 7.5

2 1537.2 (10.6) [36] 1366.4 (9.4) [40.8] 1457.5 (10.1) [47.6] 1468.8 (10.1) [32.5] 1463.8 (10.1) [27.7] 1443.1 (9.9) [32.9]

3 1988.6 (13.7) [76] 1843.2 (12.7) [89.9] 1830.8 (12.6) [85.4] 1811.6 (12.5) [63.5] 1829.1 (12.6) [59.6] 1817.3 (12.5) [67.4]

Fig. 9—Examination of fiber distribution.

Table 6—Average representative strains at different fiber-volume fractions

Fiber volume, % єt,cr (standard deviation) є2 (standard deviation) єm-cr (standard deviation) єt,loc (standard deviation) єcr-st (standard deviation)

3 0.0004 (0.002) 0.00294 (0.0008) 0.00258 (0.0007) 0.00431 (0.001) 0.00137 (0.0005)

2 0.00038 (0.00019) 0.00216 (0.00072) 0.00178 (0.00067) 0.00291 (0.00082) 0.00075 (0.00026)

1 0.00048 (0.00032) 0.00206 (0.00058) 0.00158 (0.00043) 0.00397 (0.00094) 0.00191 (0.000564)
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specimens and depend on the fiber volumes. The softening 
portion of the response was determined by fitting a polyno-
mial equation to the obtained average response up to a strain 
of 0.01. For the characteristic response, average values were 
lowered by a value of t-student coefficient times the standard 
deviation.6 Required coefficients depend on the number of 
successful tests available for each set of specimens. Char-
acteristic response provides a response above which 95% 
of the responses of the test units from that set should fall. 
Average and characteristic responses provide designers 
with critical information in developing UHPC structural 
design specifications.

Based on the responses obtained from tensile testing of 
UHPC specimens, equations to establish average and char-
acteristic responses were developed. The initial three points 
of the average and characteristic responses comprising 
the elastic-plastic part of the response were obtained, as 
described in the previous section. The stress at the strain 
of 0.01 is also the average value from all the responses at 
that strain.

Equations (1) and (2) provide the crack localization 
portion joining the third and fourth points for the average 
and characteristic responses

	 floc,i = ftexp[0.16(ft – ft1)(єt – єxi)]	 (1)

	 flocc,i = ftcexp[0.16(ft – ft1)(єtc – єxci)]	 (2)

where floc,i is the localized crack stress at a strain of єxi (єxi > 
єt); ft is the average tensile strength; ft1 is the average stress 

at the strain of 0.01; єt is the average strain at the initiation 
of crack localization; flocc,i is the localized crack stress at a 
strain of єxci (єxci > єtc); ftc is the characteristic tensile strength 
= ft-(aS); єtc is the average characteristic strain at the initia-
tion of crack localization = єt–(aS); a is the t-student coeffi-
cient; and S is standard deviation.

The equations developed provided satisfactory compli-
ance with the obtained responses from different specimens. 
A comparison is shown in Fig. 14.

The design and characteristic responses may be estab-
lished for any UHPC with a suitable volume of fibers using 
the approach described previously. However, the key values 
needed to establish the average and characteristic responses 
should be obtained from a sufficient set of successful tests. 
As per the study, the minimum number of successful tests 
should be in the range of 15 to 20.

DISCUSSION
Identifying the labs capable of conducting these tests was 

challenging because of the large grip sizes required to accom-
modate specimens of a width of 2.4 in. (60.96 mm). Through 
investigation, it was discovered early that the proposed grip 
pressures were higher, and the lower grip pressures recom-
mended in this paper were sufficient not to allow any slip 
during the tests. There was also an indication that machine 
capacity matters from the test results obtained with different- 
capacity machines. The study did not investigate the care 
needed to cast and prepare samples.

Different phases in the tensile behavior: elastic, multi-
cracking, crack-straining, and crack localization, can be 

Fig. 10—Uniaxial tensile responses and failed specimens of: (a, b) UHPC A specimens from TL1; (c, d) UHPC B specimens 
from TL3; and (e, f) UHPC C specimens from TL4.
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Fig. 11—Tensile stress-strain responses of successful tests from labs: (a1) to (a3) TL1; (b1) to (b3) TL2; (c1) to (c3) TL3; (d1) 
to (d3) TL4; (e1) to (e3) TL5; and (f1) to (f3) TL6. (Number of successful tests is shown on top right of each plot.)
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captured from successful tests. The phases of the tension 
responses were identified by visual inspection, and testing of 
an additional specimen (of the UHPC A set) was conducted 
by incorporating a non-contact optical method with LEDs. 
This system was used to capture the crack formation and 
propagation with more detailed information. The specimen 
was identified as UHPC A1, and LEDs were attached to the 
specimen at 1 in. (25.4 mm) intervals along two vertical lines 
that were 0.5 in. (12.7 mm) on either side of the centerline on 
the front face, as shown in Fig. 15(a). LEDs on the left of the 
centerline were identified as L1, L2,..., L5, and LEDs on the 
right were identified as R1, R2,…., R5. The strains between 

a pair of LEDs were determined as L1-2 from LEDs L1 and 
L2 and R1-2 from LEDs R1 and R2…and so on, with respect 
to their initial position. A high-definition camera that tracks 
kinetic and kinematic motion in real time was used to track 
the movement of all LEDs during testing. Data received from 
this measurement technique was used to capture the vari-
ation in microcracking along the length and onset of local 
crack information more precisely. Three LVDTs and the 
reference points were hot glued to the specimen at the gauge 
lines on the remaining three sides of the specimen, as shown 
in Fig. 15(b). Strains from the LVDT data were calculated 
as displacements measured divided by their gauge length of 

Fig. 12—Tensile stress-strain responses of specimens with different fiber volumes.

Fig. 13—Stress-strain response of UHPC specimens showing design curves from each set.

Fig. 14—Comparison of specimen responses with different fiber volumes from empirical equations and: (a1, a2, a3) average 
responses; and (b1, b2, b3) characteristic responses.
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4  in. (101.6 mm). Tensile stress-strain response, including 
the different phases, obtained for the specimen from LED 
and LVDT data is shown in Fig. 15(c). To further analyze the 
response, LED data were examined.

Testing of the specimen UHPC A1 was considered 
successful as the localized crack was formed within the 
gauged region (Fig. 16(c)). LED strains at 1 in. (25.4 mm) 
intervals with the application of load are shown in Fig. 16(a). 
Variations in these strains along the specimens are attributed 
to the formation and propagation of microcracks. In this 
specimen, the local crack was observed to be developed 
between LED pairs L2-R2 and L3-R3. The microcrack strain 
was taken as an average of strains L1-2, L3-4, L4-5, R1-2, R3-4, 
and R4-5. Using this strain, the total accumulated micro-
crack width along the gauge length was calculated as the 
average micro strain multiplied by the gauge length. The 
total deformation of the specimen within the gauged region 
was calculated by averaging the displacements measured 
between LED pairs L1, L5, and R1, R5. Local crack width 
was calculated by subtracting the accumulated microcrack 
widths from the total deformation.

The tensile load data and variation of local and microc-
rack widths with the time of the UHPC A1 specimen are 
shown in Fig. 16(b). For the UHPC A1 specimen, the start 
of the multi-cracking phase observed in the load response 
coincides with the initiation of accumulated microcrack 
width measured from LED data. A continuous increase in 

microcrack widths was observed during this response phase. 
Initiation of local crack and stabilization of microcracking 
(accumulated) attributed to the crack straining phase. This 
phase follows with a drop in microcracking (accumulated) 
width and a continuous increase in local crack width, coin-
ciding with a drop in the load resembling crack localiza-
tion. This method identifies different phases of the tensile 
response from the microcrack and local crack developments 
and matches the phases characterized by visual inspection of 
the load response.

CONCLUSIONS
This paper evaluated the reliability and repeatability of 

a direct tensile test procedure developed by the Federal 
Highway Administration (FHWA) which has been adopted 
by the American Association of State Highway and Trans-
portation Officials (AASHTO). For this evaluation, three 
sets of tensile specimens manufactured from three different 
ultra-high-performance concretes (UHPCs) and varying 
steel-fiber volumes (that is, 1, 2, and 3%) were tested at six 
laboratories. All test samples were prepared by the authors 
of this paper. The tests were deemed successful when spec-
imens developed localized cracks within the gauged region. 
The compressive strengths of the UHPCs were also evalu-
ated. The conclusions drawn from the study are presented 
as follows.

Fig. 15—Photographs of test setup showing: (a) front side of specimen with LEDs; (b) back side of specimens with LVDTs; and 
(c) LVDT and LED stress-strain responses of UHPC A1.

Fig. 16—UHPC A1 specimen: (a) LED strains at 1 in. (25.4 mm) intervals with stress; (b) load, accumulated microcrack width, 
and local crack width variation with time; and (c) failed specimen.
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1. The influence of fiber volume on UHPC compressive 
strengths was not significant. Conversion factors (CFs) to 
obtain 3 in. (76.2 mm) cylinder compressive strengths from 
2 in. (50.8 mm) cube compressive strengths were indepen-
dent of the age of the concrete but varied among different 
UHPCs and different fiber volumes in the range of 0.98 to 
1.16. With carefully prepared test specimens, the AASHTO 
T 397 test method developed by the FHWA can be used for 
establishing the direct tension response of UHPC with steel 
fibers in the 1 to 3% range with a success rate of 60 to 70%.

2. The boundaries of different phases of UHPC tension 
response were satisfactorily identified through visual obser-
vations of the measured responses. It is shown that the 
localized crack begins to develop at the onset of the crack 
straining phase.

3. When the sample size of the successful tests exceeds 30, 
the test method captured the multiple phases of the UHPC 
tensile response within 1.5 times the standard deviation.

4. The tensile strength of UHPC is directly proportional 
to the fiber volume. As the fiber volume was increased, the 
multi-cracking phase was also extended regardless of the 
UHPC used.

5. The crack straining phase was found to depend on the 
UHPC type and not on fiber volume.

6. The average and characteristic responses of UHPC 
tensile behavior can be established using the equations 
presented in this paper with minimum successful tests of 15.

RECOMMENDATIONS
Based on the experimental investigation presented herein, 

presented as follows are recommendations to increase 
the chances of conducting successful direct tension tests 
described in AASHTO T 397.

1. Higher-capacity uniaxial machines often resulted in a 
lower success rate, presumably due to the strength of speci-
mens being small. The use of test machines with a capacity 
not exceeding 110 kip (489 kN) is recommended.

2. Securing aluminum plates to the ends of the specimens 
is a critical step for producing successful tests. Rough-
ening and applying epoxy on both the plate and specimen 
surfaces is suggested to adequately secure the plates to the 
test specimens.

3. The originally proposed gripping pressure of 5.8 ksi 
(40 MPa) was found to be unnecessarily high, resulting in 
crack development near the ends of the grips. A reduced 
gripping pressure of 2.17 to 3.62 ksi (15 to 24.9 MPa) 
(depending on machine capability) is recommended. Even 
a lower gripping pressure may be appropriate, as long as the 
test can be conducted without experiencing any slippage of 
the specimens.

4. Use of C-clamps across the tapered portions of the 
aluminum plates help minimize crack development outside 
the gauged region, increasing the test success rate.

5. With the aforementioned recommendations, a test 
success rate of 50% may be assumed in deciding the number 
of test samples. Conservatively, testing a minimum of six 
specimens is recommended to achieve a minimum of three 
successful tests.
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Several incidents of early deterioration of structures have been 
reported in literature; such incidents have a negative impact. 
Insufficiencies in the durability design may result from a possible 
absence of explicit guidelines in design codes and standards that 
establish a standardized language for building design, construc-
tion, and operation. Most design codes and standards, while 
providing a robust framework for structural capacity and service-
ability, do not address durability design to a desirable degree. 
This study examines and critically reviews the durability design in 
three international codes: the American, British, and Eurocodes. 
The study revealed that the European and British standards have 
comparatively more precise and comprehensive durability provi-
sions, whereas the American code has a larger scope for develop-
ment. The study introduces a proposal for the improvement of dura-
bility design provisions in codes to provide beneficial examples that 
can assist in the update of upcoming editions of these codes.

Keywords: ACI 318 Code; durability provisions; durability requirements; 
exposure conditions; international design codes.

INTRODUCTION
Durability refers to the ability of a structure to perform 

as per the designed features during its lifetime in a specific 
environment. Durability issues in reinforced concrete (RC) 
construction are a worldwide concern because they harm 
economic progress, natural resources, and human safety 
(Beushausen et al. 2021). As a result, efforts have been 
carried out in most design codes and standards to include 
requirements for providing robust and durable RC structures.

The ACI 318 Code is the most widely used and adopted 
code for the design of concrete structures (Hooton 2019). 
It specifies requirements for safe, serviceable, and cost- 
effective constructions (Suprenant 2019). However, as 
concluded in this study, the code’s durability design provi-
sions for concrete structures are not comprehensive or well 
understood. This study aims to assess durability design 
provisions and compare the ACI 318 Code with other 
international design codes and standards to recognize their 
strategy and implementation of durability design and lead to 
establishing proposals and recommendations to contribute to 
the successful international practice of the American code.

RESEARCH SIGNIFICANCE
This study examines the areas that need to be improved 

in the ACI Code and other international design codes 
through a critical review of the durability provisions of 
these documents. It proposes additional durability-related 
terminology and additional detailed exposure conditions to 
mitigate misinterpretation and ensure correct input for the 

designation of durability requirement values and service life 
modeling to achieve adequate and comprehensive durability 
design rather than structural design. The outcomes of this 
study can benefit and help improve the code if implemented.

DURABILITY PROVISIONS DEVELOPMENT 
IN INTERNATIONAL DESIGN CODES AND 

STANDARDS
Durability development in ACI 318 Code

Since its original publication in 1910, the ACI 318 Code 
has evolved tremendously (Ghosh 2016a). Design criteria 
and constraints on concrete strength and durability in the 
code are constantly evaluated and revised. Yehia et al. 
(2013) summarized the change in the code during the period 
1999 to 2011 and showed the criteria of newer codes are 
generally more conservative than those of previous codes. 
Although the 2011 Code (ACI Committee 318 2011) covers 
additional exposure circumstances than the 1999 code, there 
are no notable differences between the two versions. Adding 
to that, since 1989, durability requirements have been 
included in addition to desired compressive strength when 
proportioning concrete mixtures. In 2008, an addendum was 
introduced that allowed the ASTM C1012 specification to 
evaluate the sulfate resistance of concrete mixtures using 
different cementitious materials listed in Table 4.3.1 (ACI 
Committee 318 2008), which defines the maximum expan-
sion due to sulfate exposure if different cementitious mate-
rials specified in the code are employed.

Following that, ACI 318-11 went into further changes 
seen in ACI 318-14. Ghosh (2016b) highlights the signif-
icant changes between these two consecutive published 
codes as follows:

1. Table 4.2.1 of ACI 318-11—Exposure Categories and 
Classes is changed to Table 19.3.1.1. This table has under-
gone a lot of revisions: The “Severity” column was removed 
from the table; the exposure classes F1, F2, and F3 condi-
tions were modified; “Limited exposure to water” replaced 
“occasional exposure to moisture; “Frequent exposure to 
water” substituted “continuous contact with moisture”; 
and Exposure Classes P0 and P1 (P for Permeability) were 
renamed W0 and W1 (W for Water Contact).
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2. Table 4.3.1 of ACI 318-11—Concrete Requirements 
by Exposure Class is changed to Table 19.3.2.1 as follows: 
For Exposure Classes F1 and F3, the maximum water- 
cementitious materials ratio (w/cm) and the minimum 
compressive strength criteria changed. The cementitious 
material types that are authorized in concrete assigned to 
Exposure Classes S1, S2, and S3 were altered.

3. New commentary for Section 19.3.3.2 specifies that 
the air content standards of ACI 318 apply to new concrete 
samples taken at the point of discharge from a mixer or a 
transportation unit when it arrives on site. If the licensed 
design expert specifies that a different location is accepted, 
the construction documents must include the necessary 
provisions. 

The technical work for ACI 318-19 was completed by 
ACI Committee 318 (2019). The pervasive use of color to 
highlight distinct areas of the document and improve the 
readability of figures is one of the most noticeable changes 
to the Code and Commentary. Moehle (2019), the Chair 
of the ACI Committee 318 during the 2019 Code cycle, 
summarizes the provisions modified by including regula-
tions for the use of shotcrete in addition to including new 
rules to prevent alkali-silica reaction (ASR). When this 
type of exposure is discovered, the licensed design profes-
sional (LDP) is responsible for investigating the best course 
of action for aggregates that are vulnerable to ASR. The 
Code prohibits the use of aggregate that is prone to alkali- 
carbonate reaction.

In 2022, ACI Committee 318 voted to maintain 
ACI  318-19. The references in both the Code (mentioned 
in Chapter 3) and the Commentary (listed after the Appen-
dixes) were examined and updated as part of the reapproval 
process; the document has been renamed ACI 318-19(22). 
Technical changes are not permitted when a document 
is reapproved. As a result, any reference modifications 
that would have resulted in a technical change have been 
postponed until the next scheduled Code revision in 2025. 
ACI 318-19 and ACI 318-19(22) are identical requirements, 
except for reference alterations.

Durability development in British standards
The British Standard BS 8500-1 outlines concrete spec-

ifications and provides direction to designers (BSI 8500-
1:2015+A2:2019 2019). It details the concrete quality that 
should be specified for various exposure classes, as well as 
the expected working life and minimum cover to normal 
reinforcement. It also covers materials, testing methods, and 
procedures that are not covered by BS EN 206.

As BS 8500-1 clarified, the primary goal of the amendment 
is to broaden the scope of cementitious materials covered. 
Natural pozzolana, natural calcined pozzolana, high- 
reactivity natural calcined pozzolana as an addition, portland 
pozzolana and pozzolanic cements, and a range of ternary 
cements with up to 20% limestone fines are now available. 
In addition, the choice to employ durability modeling or an 
equal durability process has been explained.

Durability specifications have a prescriptive approach. 
Kessy et al. (2015) stated that among the five options 

provided for the specifier for specifying concrete mixtures 
in BS 8500-1, the first two and last categories are referred 
to as performance approaches, but closer inspection reveals 
that they are prescriptive with maximum water-cement 
ratio (w/c), minimum cement content, and strength class 
requirements. They also discussed that BS 8500-1 allows 
for multiple binder types to be used depending on the 
exposure class. The maximum w/c and minimum cement 
content have been adjusted to suit the planned service life 
of 50 and 100 years, respectively, Tables A.4 and A.5 of BS 
8500-1 contain cover depth criteria for several degradation 
methods, which are not included in EN 206-1. Nonetheless, 
the defined metrics (other than the cover) cannot be quanti-
fied and so cannot be considered performance-based in the 
strictest sense.

Durability development in Eurocode
The Eurocodes are aimed at developing and operating 

the internal market for building products and engineering 
services by resolving discrepancies that restrict their free 
movement within the Community (European Commission 
2016). They are now in the maintenance and evolution 
stages to keep up with the range of new technologies, mate-
rials, and societal needs.

EN 206-1 has seen very few changes since its initial publi-
cation in 2000, with most updates consisting of language 
corrections, clarifications, and updated references to new 
European standards. Kansara (2012) concluded that the 
European code requires that structural protection must be 
determined by considering the structure’s intended use, 
design working life, maintenance program, and actions, 
as well as the potential significance of direct and indirect 
actions, environmental conditions, and consequential effects 
(for example, deformations due to creep and shrinkage). Steel 
reinforcement corrosion protection is thought to be depen-
dent on the density, quality, and thickness of the concrete 
cover, as well as cracking. The maximum w/c and minimum 
cement content are controlled, and the cover density and 
quality may be tied to a minimum concrete strength class.

A new durability design idea, analogous to the concept of 
strength classes, has been proposed to overcome the discrep-
ancies of the present European prescriptive method by Von 
Greve-Dierfeld and Gehlen (2016a,b,c), who introduced and 
built on a system of exposure materials resistance classes 
for durability design. Design charts showing values for the 
minimal concrete cover as a function of material resistance 
and exposure class are produced using a partial safety factor 
format.

In the next version of EN 1992-1, the idea of exposure 
resistance classes (ERCs) is introduced. Performance verifi-
cation in the future is expected to be based on either deemed-
to-satisfy criteria, as it is today, or performance testing and 
the ERC idea. Geiker et al. (2021) stated that the proposed 
ERC approach will promote transparency in concrete perfor-
mance classification and facilitate the unification of concrete 
standards across Europe.
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INVESTIGATION FINDINGS FOR ACI 318 
DURABILITY DESIGN PROVISIONS 

SHORTCOMINGS
The study identified several areas where the ACI 318 

Code needs to be improved—either important durability 
components need to be included or expansion to the current 
provision to cover other critical durability issues, as follows:

1. Durability-related terminology; several definitions 
need to be added, and the existing definitions should be 
harmonized among other ACI publications. For example, in 
ACI 318-19(22), ACI 350-20, and ACI 201.1R-08, the term 
“service life” is not defined yet referenced in the comments. 
In contrast, the ACI 365.1R and ACI 562 definition is 
provided.

2. The limited criteria for exposure conditions should be 
extended to incorporate more categories and classes.

3. In contrast to the examined documents, the ACI 318 
Code does not specify service life classifications.

4. The ACI 318-19(22) Code does not refer to durability 
planning, and the code does not address any requirement for 
future maintenance or repair of structures.

5. The code does not address the project’s key stake-
holders’ contribution to the durability design, unlike the 
British and Eurocode.

6. There is no guidance for complex, specialized struc-
tures, or service environments with a mix of chemical and 
mechanical demands.

7. The Code has no provisions for particularly severe 
exposures, such as chemical contact, high temperatures, 
temporary freezing and thawing during construction, abra-
sive conditions, or any unique durability issues relevant to 
the structure.

8. The Code does not address aesthetics such as the 
final surface finish, this should be specified in the project 
documents.

9. The ACI 318 approach to durability is limited to 
prescriptive criteria for concrete materials and concrete 
cover based on environmental exposure conditions. Minimal 
provisions allowed for a performance approach for types and 
quantities of supplementary cementitious material (SCM) to 
resist sulfate attack.

10. ACI 318-19(22) allows for the use of stainless steel 
and other corrosive resistance reinforcement, however, no 
guidance for the cases where they should be employed.

11. ASR and carbonation are very detrimental factors for 
concrete structures, yet ASR is mentioned minimally and 
carbonation is not considered in the ACI 318 Code.

12. The Code relates the minimum compressive strength 
amount with the durability requirements. These are not 
necessarily related elements.

13. Freezing and thawing and sulfate attack provisions are 
fragmented and dispersed throughout the code.

14. The corrosion resistance of the reinforcement does not 
align with the ACI 318 durability standards for a specific 
concrete cover.

COMPARISON AND CRITICAL REVIEW FOR 
DURABILITY PROVISIONS IN INTERNATIONAL 

DESIGN CODES AND STANDARDS
Exposure conditions

As exposure classes are the first step in the durability 
design process and service life modeling, they should be 
clear, simple, comprehensive, and easy to interpret. The 
exposure conditions examined in this study are established 
to develop a prescriptive durability design approach rather 
than performance-based methods. Even though some of 
the Eurocode and British standard exposure classes might 
be indirectly applicable to performance-based approaches 
for today’s modern structures, these approaches need 
more detailed input; thereby, they should be improved and 
combined with supplementary guidelines for a detailed and 
accurate assigning of exposure conditions.

Figure 1 illustrates the overall classification of exposure 
conditions in the international design codes; ACI 318-19(22) 
is the least comprehensive and limited in providing exam-
ples of different environmental conditions.

Freezing and thawing (F&T) is the first exposure cate-
gory mentioned in the ACI 318 code. It is one of the most 
typical physical deteriorations of concrete in cold condi-
tions, which causes major damage and cracks in concrete 
structures (Fig.  2). Even though the F&T exposure condi-
tion is comprehensive in the ACI 318, BS 8500-1, and EC2 
design codes (refer to Table 1), clarification of specific terms 

Fig. 1—Comparison of exposure categories and classes in international codes and standards.
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is required. According to ACI 318-19(22), limited expo-
sure to water falls under the F1 category. However, it can 
be challenging to determine whether this limited exposure 
causes water saturation; hence, designers consider F2 expo-
sure as a safe option. This issue should be addressed to avoid 
such confusion, and a testing method or modeling should be 
provided. In EC2 and BS 8500-1, classes need to clarify the 
definition of “moderate” for XF1 and XF2, as some coun-
tries considered it as lower than the critical degree of satu-
ration and adopted the XD3 exposure class. A clear crite-
rion should be provided to avoid confusion among countries 
adopting this standard.

The second exposure category in the American code is 
sulfate attack. It is a decomposition mechanism in which 
sulfate ions attack the elements of cement paste and result 
in cracking, spalling, and expansion of concrete (Fig. 3). In 
ACI 318-19(22) and Eurocode, multiple factors need to be 
considered for the exposure to sulfates. This includes: 1) 
adding the source of sulfates due to industrial and/or agricul-
tural effects; 2) considering the frequency of water exposure 
(static or dynamic), as this affects the chemical reaction and 
ion diffusion and physical attack due to salt crystallization; 3) 
specifying the type of cation associated with sulfates as these 

have different rates, mechanisms, and effects on concrete 
deterioration. In ascending order, the deteriorating effect of 
the cations is calcium, sodium/potassium, and magnesium; 
and 4) the combined effect of chloride and sulfates, studies 
showed that chloride will limit sulfate ingress (Al-Haddad 
et al. 2023). The British standard considered all the afore-
mentioned factors for the durability design against sulfate 
attack. Refer to Table 2 for a comparison of sulfate attack 
exposure classes in the codes.

Water exposure is the third exposure category that 
is mentioned in the American code but not in EC2 and 
British standards. The critical impact of water is the  
alkali-silica reaction. This phenomenon, which is mostly 
seen in pavements, bridges, walls, dams and hydraulic struc-
tures, barriers, and nuclear/power plant structures, is very 
detrimental to structures (Fig. 4). The studied codes did 
not mention the exposure category for this environmental 
condition apart from the requirement of moisture, this could 
be explained by the factors that need to combine to begin 
the reaction, alkali is mostly from the materials making up 
the concrete whereas moisture is from the environment. 
Thereby, the Eurocode related it as a cause of the chemical 

Fig. 2—Buildings damaged due to F&T effect (Paul 2014).

Table 1—F&T exposure conditions comparison in studied codes

ACI 318-19(22) BS 8500-1 EN 1992-1-1

Class/design Description of 
environment Class/design Description of 

environment Class/design Description of 
environment

F0 Concrete not exposed to 
F&T cycles XF1

Moderate water satura-
tion without a deicing 

agent
XF1

Moderate water satura-
tion without a deicing 

agent

F1
Concrete exposed to 

F&T cycles with limited 
exposure to water

XF2 Moderate water satura-
tion with deicing agent XF2 Moderate water satura-

tion with deicing agent

F2

Concrete exposed 
to F&T cycles with 
frequent exposure to 

water

XF3
High water saturation 

without
deicing agent

XF3
High water saturation 

without
deicing agent

F3

Concrete exposed 
to F&T cycles with 
frequent exposure 

to water and deicing 
chemicals

XF4
High water saturation 
with a deicing agent or 

seawater
XF4

High water saturation 
with a deicing agent or 

seawater
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attack, whereas the British standard assigned the responsi-
bility of avoiding it to the supplier.

The fourth and last exposure category mentioned in 
ACI 318-19(22) is reinforcement corrosion. In contrast with 
the EC2 and BS which are well-defined, the American stan-
dard is very simple and does not do justice to informed dura-
bility design as it does not cover all the possible factors that 
induce corrosion (Table 3). This approach does not cover 
corrosion due to carbonation or chloride from different 
sources, or by water and other factors such as F&T. Addi-
tionally, steel corrosion might be a secondary deteriora-
tion after cracks or spalling resulting from other durability 
limiting factors such as sulfate attack and F&T. Moreover, 
chloride sources might come from the concrete constitu-
ents that have to be controlled. All these mentioned factors 
must be accounted for to avoid steel corrosion and provide 
a durable design.

Eurocode and the British standard begin with categorizing 
corrosion of steel reinforcement into no corrosion category, 
X0. The British code is detailed about that, whereas EC2 
can expand its application on reinforced structures not only 
indoor but also outdoor structures in arid dry areas.

Exposure class XC1 includes two scenarios that relate 
to the carbonation mechanism and corrosion induced by 
carbonation. XC1 (wet) exposures can be neglected and 
XC1 (dry) is the same as X0 conditions; thereby, this cate-
gory needs to be revised as it has no relevant function to be 
applied.

Despite the adequate details for XC classes in EC2 and BS 
8500-1, another exposure class should be added to include 
areas with high CO2 concentrations such as tunnels, car 
parking, and industrial areas. This will assist designers in 
including the CO2 levels with the relative humidity amounts 
in their design for durability.

Another exposure category related to corrosion is the case 
when it is induced by chlorides from sources other than 
seawater, including deicing water, chloride in swimming 
pools, and industrial water, and for cyclic wet and dry. The 
latter case designated by XD3 needs to be handled carefully 
by the design practitioner as it is hard to quantify, particu-
larly for nonstandard situations. Moreover, a consideration 
for the note from the revision of the Norwegian Annex to 
EN 206-1 recommends that exposure to XD3 in interior 
parking garages may be more severe than exposure to XD3 
on a highway structure (SIST-TP CEN/TR 15868 2018,). 
This is because of the action of salt slurry precipitation 
accompanied by wetting and drying on the slab surfaces of 
indoor parking garages, as well as the resulting increase in 
surface salt concentrations over time. This effect requires 
further analysis and quantification before it can be consid-
ered in the establishment of revised deicing salt exposure 
classifications.

Fig. 3—Structure affected by sulfate attack (Suryakanta 
2015).

Table 2—Sulfate attack exposure conditions comparison in studied codes

ACI 318-19(22) BS 8500-1 EN 1992-1-1

Exposure category Class/design Exposure category Class/design Exposure category Class/design

Water-soluble sulfate SO4, 
in soil % by mass

 (S classes)
S0, S1, S2, S3

Chemical attack by 
aggressive ground 

(XA classes)
XA1, XA2, XA3

Chemical attack by 
aggressive ground 

(XA classes)
XA1, XA2, XA3

Dissolved sulfate SO4 
dissolved in water, ppm  

(S classes)
S0, S1, S2, S3

Chemical attack 
from seawater  
(XAS class)

XAS

Fig. 4—Du Vallon-Charest highway interchange viaduct, 
Québec, QC, Canada, was recently demolished because of 
alkali-silica reaction (Fernandes and Broekmans 2013).
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For structures exposed to marine environments, corro-
sion might be initiated from the presence of chlorides either 
dissolved in water or airborne. Chen and Leung (2015) 
explained that the passive coating on the steel surface is 
damaged when corrosion-inducing substances (such as chlo-
rides) reach a threshold concentration on the steel surface 
and reinforcement corrosion begins, such as the corrosion in 
the Cape Town bridge (Fig. 5).

The exposure class for chloride ingress is XS1; particularly 
more details should be given to the term “airborne” as there 
are multiple factors that affect such ingress. This includes 
the distance of the structure from the sea, ambient relative 
humidity, topographical situations, and wind features such 
as its speed, direction, frequency, and the formation of fog 
and mist. Considering the South African experience, they 
recognized that within 30 km from the sea and a combina-
tion of sufficient relative humidity and onshore wind, chlo-
ride ingress was initiated, contrasting other countries that 
have less chloride ingress due to low humidity.

Although corrosion induced by carbonation is widely 
variable, the American standard did not include it as an 
exposure condition. This limited concern might be related to 
the higher cover depth assigned by ACI 318 than the other 
studies ones, or due to the use of SCM or limestone addi-
tions to cement. This justification can be reasonable if the 
code is locally used; however, the ACI 318 code is widely 
used around the world and should include such exposures 
that are critical to the service life of structures.

Other critical factors that are not mentioned in the Amer-
ican, British, and Eurocode are the effect of strong and 
dangerous chemicals, temperature, solar radiation, and 
biological agents. Other exposures that can be considered 
nonstandard include global warming, running water expo-
sure, and seasonal changes in humidity. The studied codes 
and standards are globally used; therefore, comprehensive, 
clear, reasonably detailed exposure categories should be 
provided based on experiences, studies, and approaches for 
each one so that the code practitioners can choose the proper 
first input to the durability design and exposure class, and 
provide safe and economic structural design.

Requirements for concrete durability in 
international codes and standards

Durability requirements in the studied codes are based on 
the limitation of fluid penetration by limiting the maximum 
w/c together with the employment of SCM. Because veri-
fying w/c value on-site using test methods is challenging 
and can not be accurate, the codes relate this value to the 
strength of concrete as it is easier to test. Relating dura-
bility to a minimum required value of strength of concrete 
condition needs to be revised, as the durability of concrete 
does not necessarily depend on strength; a concrete mixture 
with 50 MPa strength does not indicate more durability than 
35  MPa strength. It may be advisable to forego the addi-
tional unwanted strength of 15 MPa in favor of enhanced 
durability obtained by using SCM.

Moreover, ACI 318-19(22) needs to revise its requirement 
about the air-entrained limit to resist F&T. It recommends 
that if the member is not critically saturated, proper spacing 
of entrained air bubbles is not necessary; nevertheless, it is 
not always easy to guarantee that all concrete constructions 
will not become critically saturated. Thereby, air entrainment 
should always be applied as it is inexpensive insurance.

The British standard has detailed clear limits for durability 
requirements for exposure conditions. However, for w/c 
values assigned for F&T exposure, despite the use of SCMs 
that can provide a ratio as low as 0.35, the w/c values in 
BS 8500-1 are higher compared to ACI 318-19(22); the stan-
dard states that it will not always be achievable throughout 
the United Kingdom. Precast, pre-tensioned concrete units 
with a strength class of C40/50 or higher and cement having 
less than 25% fly ash or 46% slag cement have proven to be 
durable.

For sulfate attack requirements in ACI 318-19(22), the 
code offers performance options for the type and quan-
tity of cementitious materials that will enhance the use of 
high-end proven methods to produce durable concrete. On 
the other hand, the code limits the maximum value of w/c up 
to 0.5, which does not reflect the benefit gained from using 
SCMs. It would be better if the code permitted higher w/c 
values for S1 and S2, which would result in more econom-
ical and workable concrete. Comparing the requirements 
in the American code given for exposure classes S2 and S3 
option1, for the latter class, the code permits the use of SCM. 

Table 3—Reinforcement corrosion exposure conditions comparison in studied codes

ACI 318-19(22) BS 8500-1 EN 1992-1-1

Exposure category Class/design Exposure category Class/design Exposure category Class/design

Corrosion 
(C classes) C0, C1, C2 No risk of corrosion or 

attack X0 No risk of corrosion 
or attack X0

Corrosion induced by 
carbonation (XC classes)

XC1, XC2, XC3, and
XC4 (XC3/4)

Corrosion induced by 
carbonation  
(XC classes)

XC1, XC2, XC3, 
XC4

Corrosion induced by 
chlorides other than from 

seawater (XD classes)
XD1, XD2, XD

Corrosion induced by 
chlorides other than 

from seawater  
(XD classes)

XD1, XD2, XD

Corrosion induced by 
chlorides from seawater 

(XS classes)
XS1, XS2, XS3

Corrosion induced 
by chlorides from 

seawater (XS classes)
XS1, XS2, XS3
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Nonetheless, the effect of these materials is not reflected 
in w/c and compressive strength. The expected outcome 
from adding SCM is to achieve lower w/c, which is not the 
case herein. A revision or at least an explanation should be 
provided to clarify this concern.

The ACI 318 Code related the concrete cover requirements 
to the type of reinforcement and casting method. There are 
other factors that the code should include for providing 
quality and economical concrete cover. The reinforce-
ment’s corrosion resistance for a particular concrete cover 
does not meet the ACI 318 durability standards. Exposure 
conditions must be unified and clearer for the certified engi-
neer between Chapters 19 and 20. The Code did not relate 
reinforcement details with the concrete cover, and there are 
multiple chapters in the code that detail the requirements for 
different types of materials, but there are no cross references 
that a credentialed design professional might use to see them 
as a system.

The code recommends higher cover values for severe expo-
sure conditions or fire. Yet this will increase the distance for 
the hazardous materials to reach the steel, reinforcement will 
be less effective, and cracking risk due to tensile stresses, 
temperature, and shrinkage will increase.

More factors affect concrete permeability that 
ACI 318-19(22) and BS 8500-1 do not mention and must 
be included, such as cement properties—for the same w/c, 
coarse cement particles will produce more porosity in the 
cement paste. Curing of concrete also has a vital role in the 
total porosity; a proper curing—preferably wet curing rather 
than steam curing—will contribute to reducing the pores.

DISCUSSION
Building codes evolve with time and technological 

advancements; to achieve long-term performance and 
sustainable structures, the three factors of strength, service-
ability, and durability should be successfully harmonized 
and integrated (Fig. 6).

The study showed that the design codes share some simi-
larities and variations; this is acceptable due to differences in 
their emphasis areas, application areas, and the type of docu-
ment itself. However, some areas need to be improved, and 
specifications are dominantly prescriptive, with a mixture 
of other performance specifications. BS 8500-1 is the most 

detailed and comprehensive of these codes and standards, 
followed by EC2 and, finally, ACI 318-19(22).

For exposure conditions, ACI 318-19(22) should be 
comprehensive as it does not contain all elements that 
induce sulfate attack and steel corrosion, leaving the design 
practitioner with the struggle to decide which requirements 
to assign for exposures that are not listed in the code. For the 
British and Eurocode, while they provide detailed exposure 
conditions, some exposure classes need to be more precise, 
such as XC1, XD3, and XS1, as addressed in the previous 
critical review.

The three studied codes require and relate a minimum value 
for concrete strength for the durability requirements; never-
theless, strength and durability are not necessarily related, so 
this requirement should be modified. The other requirements 
for w/c, air-entrained, minimum cement content, and SCM 
are acceptable; nevertheless, due to the variety of available 
materials, geographical restrictions, available resources, and 
technology, no unified values can be assigned for all codes. 
These codes, however, may allow for further performance 
standards in addition to prescriptive specifications (hybrid 
approach); this approach will optimize the best approaches 
to achieving durable concrete.

Based on the comparison results and the critical review, 
additional exposure categories and classes can be added to 
the currently provided exposure categories in the ACI 318 
code; for F&T, F3 classes can be subdivided into F3a and 
F3b to address the surface final finish of the structural 
members. For steel corrosion, additional detailed categories 
that include carbonation-induced corrosion and chloride- 
induced carbonation from sources of seawater and other than 
seawater can be included. The following tables (Tables 4 to 
7) depict a proposal for the exposure categories and classes 
that can be adopted in the coming development of the 
ACI 318 Code.

Fig. 5—Corrosion-induced damage on Cape Town concrete 
bridge exposed to airborne chlorides (Alexander and 
Beushausen 2019).

Fig. 6—Successful harmonization of strength, serviceability, 
and durability design must be considered in structural 
design process to achieve sustainable design.
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The simplest enhancement that can be accomplished to 
the ACI 318 Code and also among other ACI documents is 
standardizing durability and service life prediction terminol-
ogies and concepts, using Table 8 as a starting point. This 
helps with communication outside the institute, a greater 
understanding of concepts within ACI, and harmonizing 
ACI’s knowledge base and avoiding misinterpretation of 
these durability-related terms.

FURTHER RESEARCH
To enable the proposed exposure classes to be used in 

the durability design process, further research for compre-
hensive testing and/or modeling is required to designate the 
durability design requirements such as w/c, strength, and 
concrete cover.

Further research into a method of testing or modeling 
for the degree of water saturation in structural members to 
assign appropriate exposure classes F1 and F2.

CONCLUSIONS
Overall, the authors can conclude that the durability design 

requirements and recommendations in the ACI 318-19(22) 
design code are not comprehensive and do not encompass 
extended situations, such as the exposure conditions which 
did not address several critical exposure classes. The code 
provisions are fragmented among the code chapters as 
found for steel reinforcement corrosion. The code’s dura-
bility provisions are too simple and insufficient to provide 
a new structure design that can withstand the aggressive 
environment for the desired long lifespan. This is a major 
concern for code practitioners—when compared to other 

Table 4—Proposed exposure classes for carbonation-induced corrosion

Exposure class Severity Condition Example

C-C1 Low Wet, rarely dry
Reinforced and prestressed concrete surfaces permanently submerged 

in non-aggressive water/permanently in contact with soil not containing 
chloride.

C-C2 Moderate Moderate humidity External reinforced and prestressed concrete surfaces sheltered from or 
exposed to direct rain.

C-C3 Major Cyclic wet and dry Reinforced and prestressed concrete surfaces subject to high humidity, 
repeated wetting, and drying.

C-C4 Severe High concentration Reinforced and prestressed concrete surfaces inside tunnels, car parking, 
and industrial areas

Table 5—Proposed exposure classes for chloride-induced corrosion apart from seawater

Exposure class Severity Condition Example

C-D1 Low Moderate humidity
Concrete surfaces exposed to airborne chlorides. Reinforced and prestressed 

concrete wall and structure supports more than 10 m horizontally from 
carriageway. Bridge deck soffits more than 5 m vertically above carriageway.

C-D2 Moderate Wet, rarely dry
Parts of structures exposed to occasional or slight chloride conditions. Rein-
forced and prestressed concrete surfaces immersed in water containing chlo-
rides. Buried highway structures more than 1 m below adjacent carriageway.

C-D3 Major Cyclic wet and dry

Reinforced and prestressed concrete walls and structural supports within 
10 m of carriageway. Bridge parapet edge beams. Buried highway structures 
less than 1 m below carriageway level. Reinforced pavements and car park 

slabs.

C-D4 Severe Cyclic wet and dry Reinforced and prestressed concrete slabs inside parking garages.

Table 6—Proposed exposure classes for chloride-induced corrosion from seawater

Exposure class Severity Condition Example

C-S1a* To be locally 
specified

Exposed to airborne salt but not in direct contact with 
the seawater

External reinforced and prestressed concrete 
surfaces in coastal areas.

C-S1b* To be locally 
specified

Exposed to airborne salt but not in direct contact with 
the seawater

External reinforced and prestressed concrete 
surfaces in coastal areas.

C-S2 Moderate Permanently submerged
Reinforced and prestressed concrete surfaces 

completely submerged or remaining saturated—for 
example, concrete below the mid-tide level

C-S3 Severe Tidal, splash, and spray zones
Reinforced and prestressed concrete surfaces in the 

upper tidal zones and the splash and spray zone, 
including exposed soffits above seawater

*CS1a and CS1b are assigned based on distance of structure from sea; ambient relative humidity; topographical situations; wind features such as speed, direction, and frequency; 
and formation of salt-laden fog and mist.
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Table 7—Proposed exposure classes for F&T

Exposure class Severity Condition Example

F1 Low
Concrete is exposed to F&T conditions, but very 

low probability of concrete being near saturation at 
the time of exposure

Vertical surfaces above level of snow accumulation or hori-
zontal elevated floors in areas protected from direct exposure 

to moisture.

F2 Moderate

Concrete exposed to F&T conditions, with high 
probability of concrete being near saturation 
at time of exposure, but no deicing chemical 

exposure

Vertical surfaces above level of snow accumulation or hori-
zontal elevated floors in areas protected from direct exposure 

to moisture.

F3 Major
Concrete exposed to F&T conditions, with high 
probability of concrete being near saturation at 

time of exposure, with deicing chemical exposure

Vertical surfaces below level of snow accumulation; with 
sufficient moisture exposure to allow concrete to be near 
saturation before freezing; retaining walls with one side 
exposed to moisture; and slabs-on-ground that are not 

protected

F4a Severe Concrete exposed to F&T conditions as well as 
deicing chemicals—hand-finished surfaces

Vertical surfaces that may have deicing-chemical-contam-
inated snow piled against them; sidewalks or pavements 
that receive deicing chemicals; and concrete that receives 
frequent exposure to seawater as well as F&T conditions.

F4b Severe Concrete exposed to F&T conditions as well as 
deicing chemicals on machine-finished surfaces

Vertical surfaces that may have deicing-chemical-contam-
inated snow piled against them; sidewalks or pavements 
that receive deicing chemicals; and concrete that receives 
frequent exposure to seawater as well as F&T conditions.

Table 8—Summary of relevant durability design and service life terms

Term Definition Reference document

Alkali content of concrete Value calculated from mixture proportions and determined alkali contents of each of the constitu-
ents and used for verifying that the alkali content of concrete does not exceed the specified limit BS 8500-1

Cement or combination 
content

Mass of cement or combination contained in a cubic meter of fresh, fully compacted concrete, 
expressed in kg/m3 BS 8500-1

Combination Restricted range of portland cement and additions which, having been combined in the concrete 
mixer, count fully towards the cement content and w/c in concrete BS 8500-1

Design service (or 
working) life

(Design working life)—Assumed period for which a structure or part of it is to be used for its 
intended purpose with anticipated maintenance but without major repair necessary EC2

Hydraulic gradient The difference in the hydrostatic head of water on opposite sides of a concrete element, in meters, 
divided by the section thickness, in meters BS 8500-1

Licensed design 
professional

By the statutory requirements of professional licensing laws of the state or jurisdiction in which the 
project is to be constructed, and who is in responsible charge of the structural design ACI 318

Limit state A state beyond which a structure or component no longer satisfies the design performance require-
ments states beyond which the structure no longer fulfills the relevant design criteria EC2

Maintenance
Set of activities performed during the working life of the structure to enable it to fulfill the require-

ments for reliability combination of all technical and associated administrative actions during a 
component’s service life (to retain it in a state in which it can perform its required functions)

EC2

Minimum cover Depth of cover to reinforcement assumed for durability design BS 8500-1

Reliability
The ability of a structure or a structural member to fulfill the specified requirements, including the 

design working life, for which it has been designed. Reliability is usually expressed in probabilistic 
terms

EC2

Repair Activities performed to preserve or to restore the function of a structure that falls outside the defini-
tion of maintenance EC2

Resistance
The capacity of a member or component, or a cross section of a member or component of a struc-
ture, to withstand actions without mechanical failure—for example, bending resistance, buckling 

resistance, tension resistance
EC2

Serviceability
Serviceability refers to the ability of the structural system or structural member to provide appro-

priate performance and functionality under the actions affecting the system. Serviceability require-
ments address issues such as deflections and cracking, among others

ACI 318 Commentary

Serviceability limit states States that correspond to conditions beyond which specified service requirements for a structure or 
structural member are no longer met EC2

Ultimate limit state State associated with collapse or with other similar forms of structural failure EC2
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international codes, the code does not provide appropriate 
direction for durable structural design.

The Eurocode and British standard BS 8500-1 durability 
design provisions are well-defined and comprehensive; 
however, some areas need to be quantified and clarified and 
other areas need to be extended as discussed, particularly, in 
exposure category classifications.

Performance-based specifications should be included in 
all the reviewed design codes and a hybrid design approach 
(performance and prescriptive) should be enabled to benefit 
from the advantages of durability design.
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