V. 122, NO. 3
MAY 2025

ACI
MATERIALS

J O UR N A L

A JOURNAL OF THE AMERICAN CONCRETE INSTITUTE

Basalt PVA

__”

American Concrete Institute



CONTENTS

ACI| MATERIALS JOURNAL

Editorial Board
Shiho Kawashima, Editor-in-Chief,
Columbia University
Liberato Ferrara,
Polytechnic University of Milan
Raissa Ferron,
The University of Texas at Austin
O. Burkan Isgor,
Oregon State University
Prannoy Suraneni,
University of Miami

Board of Direction

President
Maria Juenger

Vice Presidents
Scott M. Anderson
Matthew R. Sherman

Directors

Michael Ahern
Corina-Maria Aldea
Oscar R. Antommattei
Peter Barlow

Arturo Gaytan Covarrubias
James H. Hanson

Carol Hayek

Werner K. Hellmer

Mary Beth Diesz Hueste
Kimberly Waggle Kramer
Enrique Pasquel
Xiomara Sapoén-Roldan

Past President Board Members
Charles K. Nmai

Antonio Nanni

Michael J. Paul

Executive Vice President
Frederick H. Grubbe

Staff
Publisher
John C. Glumb

Senior Managing Director of Technical
Operations
Michael L. Tholen

Engineers

Will J. Gold
Matthew R. Senecal
Michael L. Tholen
Gregory M. Zeisler

Managing Editor
Lauren E. Mentz

Associate Editor
Kimberly K. Olesky

Editors

Erin N. Azzopardi
Lauren C. Brown
Kaitlyn J. Dobberteen
Tiesha Elam

Angela R. Noelker
Kelli R. Slayden

D

PRINTED WITH
‘\JJ SOYINK|,

ACI Materials Journal/May 2025

May 2025, V. 122, No. 3

A JOURNAL OF THE AMERICAN CONCRETE INSTITUTE
AN INTERNATIONAL TECHNICAL SOCIETY

15

25

37

51

67

79

89

Multiscale Nanofiber-Reinforced Concrete for Enhancing Intrinsic
Tensile Strength, by S. H. Chu

Tensile Properties of Polypropylene and Polyethylene Terephthalate
Fiber Bundles in Outdoor Thermal Environment, by Zihao Shen and
Wenguang Liu

Properties, Durability, and Environmental Analysis of Fiber-Reinforced
Concrete Mixtures, by Ali Farhat, Adel Chahrour, Bilal Hamad, Joseph J.
Assaad, and Alissar Yehya

Fatigue Tension-Softening Constitutive Model of Normal-Strength
Concrete, by Hong Chen, Meng-Di Jia, Rena C. Yu, Jian-Jun Zheng, and
Zhi-Min Wu

Artificial Intelligence Approach for Predicting Compressive Strength
of Geopolymer Concrete, by Muhammad Naveed, Asif Hameed, Ali
Murtaza Rasool, Rashid Hameed, and Danish Mukhtar

Predicting Mortar Behavior through Intrinsic and Rheological Prop-
erties, by Mouhcine Ben Aicha, Ayoub Aziz, Olivier Jalbaud, and Yves
Burtschell

How Does Coarse Aggregate Type Influence Mechanical Proper-
ties of High-Strength Concrete? by Y. El Berdai, Y. Taha, A. M. Safhi,
R. Trauchessec, R. Hakkou, and M. Benzaazoua

Study of Optimized Mechanical Properties in Sustainable Geopolymer
Mortar with Tire Waste, by Rondinele A. R. Ferreira, Cristiane Pires,
Leonardo S. Gratao, and Leila A. C. Motta

ACI Materials Journal
© 2025 American Concrete Institute. All rights reserved.

This material may not be reproduced or copied, in whole or in part, in any form or by any means, including making copies by
any photo process, or by electronic or mechanical device, printed, written, graphic, or oral, or recording for sound or visual
reproduction for use in any knowledge or retrieval system or device, without the written consent of ACI. This material may not
be used by data mining, robots, screen scraping, or similar data gathering and extraction tools such as artificial intelligence
(‘Al") for purposes of developing or training a machine learning or Al model, conducting computer analysis or creating
derivatives of this material, without the written consent of ACI.

American Concrete Institute®, ACI®, Always Advancing®, ACI Structural Journal®, and ACI Materials Journal® are registered
trademarks of American Concrete Institute.

The ACI Materials Journal (ISSN 0889-325x) is published bimonthly by the American Concrete Institute. Publication office:
38800 Country Club Drive, Farmington Hills, MI 48331. Periodicals postage paid at Farmington, MI, and at additional mailing
offices. Subscription rates: $210 per year, payable in advance. POSTMASTER: Send address changes to: AC/ Materials
Journal, 38800 Country Club Drive, Farmington Hills, M| 48331.

Canadian GST: R 1226213149.

Direct correspondence to 38800 Country Club Drive, Farmington Hills, Ml 48331. Telephone: +1.248.848.3700.
Website: http://www.concrete.org.



MEETINGS

JUNE 2025

16-18—Concrete Solutions 9th
International Conference on Concrete

Repair, Durability and Technology, Lisbon,

Portugal, https://concrete-solutions.org

16-18—fib Symposium 2025 — Concrete
Structures: Extend Lifespan, Limit
Impacts, Antibes, France, https://
fibsymposium2025.sciencesconf.org

23-25—3rd International Workshop on
Calcium Sulfoaluminate Cements (CSA
2025), Leeds, UK, https://eps.leeds.ac.uk/
events-39/doc/3rd-international-workshop-
calcium-sulfoaluminate-cements

JUNE-JULY 2025

29-4—Shaping the Fate of Low-Carbon
Cement Science, Ascona, Switzerland,
https://lccs.epfl.ch

30-3—fibCACRCS 2025 — Capacity
Assessment of Corroded Reinforced
Concrete Structures: from Research to
Daily Engineering Evaluation, Lecco,
Italy, https://cacrcs.cte-eventi.com

JULY 2025

3-5—Third International Conference on
Construction Materials and Structures
(ICCMS-2025), Tirupati, India, https://
theconcreteconference.com

7-9—Numerical Modelling Strategies
for Sustainable Concrete Structures
(SSCS2025), Rotterdam, the Netherlands,
https://www.sscs2025.org

14-15—2025 ACPA Safety Summit,
Dallas, TX, www.concretepumpers.com/
content/2025-acpa-safety-summit

14-16—12th International Conference

on Fiber-Reinforced Polymer (FRP)
Composites in Civil Engineering (CICE
2025), Lisbon, Portugal, https://cice2025.org

17-19—Concrete Foundations
Convention (CFACON25), Deadwood,
SD, https://ctfaconcretepros.org/events/
details/?event=573fb936-0078-c4e8-8¢96-
0b4734b1f19b

21-24—BEI-2025 — Bridge Engineering
Institute Conference, Paris, France, https://
beibridge.org/BEI2025.html

24—The Fourth International Conference
of Construction, Infrastructure, and
Materials (ICCIM 2025), West Jakarta,
Indonesia, https://iccim.untar.ac.id

25-27—ACF Workshop on Emerging
Concrete Technologies — 20th Anniversary
of Asian Concrete Federation, Changsha,
China, www.concrete.org/newsandevents/
eventscalendar.aspx?m=CalendarSearchDeta
ils&CurrentID=210882

ACI CONCRETE CONVENTION: FUTURE DATES

2025—Oct. 26-29, Hilton Baltimore & Baltimore Marriott Inner Harbor, Baltimore, MD
2026—Mar. 29-Apr. 1, Hyatt Regency O’Hare Chicago, Rosemont/Chicago, IL
2026—Oct. 11-14, Hilton Atlanta, Atlanta, GA

2027—Mar. 21-24, Caesars Palace Las Vegas, Las Vegas, NV

For additional information, contact:
Event Services, ACI

38800 Country Club Drive
Farmington Hills, MI 48331
Telephone: +1.248.848.3795

email: conventions@concrete.org

ON FRONT COVER: 122-M14, p. 27, Fig. 2—Photos and scanning electron micro-
scope (SEM) images for glass, basalt, polyvinyl alchohol (PVA), and steel fibers

(Al Ghali et al. 2023).

Permission is granted by the American Concrete Institute for libraries and other users registered with the Copyright Clearance
Center (CCC) to photocopy any article contained herein for a fee of $3.00 per copy of the article. Payments should be sent
directly to the Copyright Clearance Center, 21 Congress Street, Salem, MA 01970. ISSN 0889-3241/98 $3.00. Copying done
for other than personal or internal reference use without the express written permission of the American Concrete Institute
is prohibited. Requests for special permission or bulk copying should be addressed to the Managing Editor, AC/ Materials

Journal, American Concrete Institute.

The Institute is not responsible for statements or opinions expressed in its publications. Institute publications are not able to,
nor intend to, supplant individual training, responsibility, or judgment of the user, or the supplier, of the information presented.

Papers appearing in the ACI Materials Journal are reviewed according to the Institute’s Publication Policy by individual

experts in the subject area of the papers.

Contributions to
ACI Materials Journal

The ACI Materials Journal is an open
forum on concrete technology and papers
related to this field are always welcome.
All material submitted for possible publi-
cation must meet the requirements of
the ‘American Concrete Institute Publi-
cation Policy” and “Author Guidelines and
Submission  Procedures”  Prospective
authors should request a copy of the Policy
and Guidelines from ACI or visit ACl’s
website at www.concrete.org prior to
submitting contributions.

Papers reporting research must include
a statement indicating the significance of
the research.

The Institute reserves the right to return,
without review, contributions not meeting
the requirements of the Publication Policy.

All materials conforming to the Policy
requirements will be reviewed for editorial
quality and technical content, and every
effort will be made to put all acceptable
papers into the information channel.
However, potentially good papers may be
returned to authors when it is not possible
to publish them in a reasonable time.

Discussion

All technical material appearing in the
ACI Materials Journal may be discussed.
If the discussion is received within four
months of the paper’s print publication, it
will appear in the issue dated ten months
from this journal’s date. Discussion material
received after specified dates will be
considered individually for publication or
private response. ACI Standards published
in ACI Journals for public comment have
discussion due dates printed with the
Standard. Discussion should be complete
and ready for publication, including finished,
reproducible illustrations. Discussion must
be confined to the scope of the paper and
meet the ACI Publication Policy.

Follow the style of the current issue.
Discussions should not exceed 1800-word
equivalents (illustrations and tables count
as 300 words each). References should be
complete. Do not repeat references cited in
original paper; cite them by original number.
Numbering of additional references, figures,
tables, and equations should follow sequen-
tially from the original manuscript throughout
the discussion. The discusser must indicate
the month, year, volume number, issue
number, authors’ names, and manuscript
number of the original manuscript. Closures
responding to a single discussion should
not exceed 1800-word equivalents in
length, and to multiple discussions, approxi-
mately one half of the combined lengths
of all discussions. Closures are published
together with the discussions.

Discuss the paper, not some new or
outside work on the same subject. Use
references wherever possible instead of
repeating available information.

Discussion offered for publication should
offer some benefit to the general reader.
Discussion which does not meet this
requirement will be returned or referred to
the author for private reply.

Send manuscripts to:
http://mc.manuscriptcentral.com/aci

Send discussions to:
Journals.manuscripts@concrete.org

ACI Materials Journal/May 2025


https://concrete-solutions.org
https://fibsymposium2025.sciencesconf.org
https://fibsymposium2025.sciencesconf.org
https://eps.leeds.ac.uk/events-39/doc/3rd-international-workshop-calcium-sulfoaluminate-cements
https://eps.leeds.ac.uk/events-39/doc/3rd-international-workshop-calcium-sulfoaluminate-cements
https://eps.leeds.ac.uk/events-39/doc/3rd-international-workshop-calcium-sulfoaluminate-cements
https://lccs.epfl.ch
https://cacrcs.cte-eventi.com
https://theconcreteconference.com
https://theconcreteconference.com
https://www.sscs2025.org
http://www.concretepumpers.com/content/2025-acpa-safety-summit
http://www.concretepumpers.com/content/2025-acpa-safety-summit
https://cice2025.org
https://cfaconcretepros.org/events/details/?event=573fb936-0078-c4e8-8e96-0b4734b1f19b
https://cfaconcretepros.org/events/details/?event=573fb936-0078-c4e8-8e96-0b4734b1f19b
https://cfaconcretepros.org/events/details/?event=573fb936-0078-c4e8-8e96-0b4734b1f19b
https://beibridge.org/BEI2025.html
https://beibridge.org/BEI2025.html
https://iccim.untar.ac.id
http://www.concrete.org/newsandevents/eventscalendar.aspx?m=CalendarSearchDetails&CurrentID=210882
http://www.concrete.org/newsandevents/eventscalendar.aspx?m=CalendarSearchDetails&CurrentID=210882
http://www.concrete.org/newsandevents/eventscalendar.aspx?m=CalendarSearchDetails&CurrentID=210882
mailto:mailto:conventions%40concrete.org?subject=

ACI MATERIALS JOURNAL TECHNICAL PAPER

Title No. 122-M12

Multiscale Nanofiber-Reinforced Concrete for Enhancing

Intrinsic Tensile Strength
by S.H. Chu

The weakness of concrete in tension can be mitigated by
developing fiber-reinforced concrete (FRC) to induce pseudo-
ductility. However, enhancing the intrinsic tensile strength of the
matrix in FRC has received little attention. In this regard, nano-
fibers, which can improve the intrinsic tensile properties of the
matrix, were used in conjunction with microfibers to enhance
intrinsic tensile strength. Different volumes of nanofibers (0.0 to
0.6%) and microfibers (0.0 to 2.0%) were tested, and various fresh
and hardened properties were analyzed. Test results show that the
high-range water-reducing admixture dosage increased with both
nanofiber and microfiber volume and that strength increased with
microfiber volume, reaching an optimum point at a certain nano-
fiber dosage. Moreover; incorporating nanofibers and microfibers
to develop multiscale FRC (MSFRC) significantly improved direct
tensile strength and energy absorption. The synergy between nano-
fibers and microfibers was revealed both qualitatively and quanti-
tatively, contributing to the advancement of FRC.

Keywords: fiber-reinforced concrete (FRC); intrinsic; microfiber (MF);
nanofiber (NF); synergy; tensile.

INTRODUCTION

Fiber-reinforced concrete (FRC) can overcome intrinsic
brittleness and improve the tensile performance of conven-
tional plain concrete.! Fibers are indispensable for the
development of FRC.? Boulekbache et al.® reported a 242%
increase in flexural strength after adding hooked steel fibers
with aspect ratios of 65 and 80 at fiber volumes of 0.5%
and 1.0%. Enhancements were observed in compressive
strength,* reinforcing bar bond strength,>® and direct tensile
strength’” of plain and steel FRC (SFRC) at fiber volumes up
to 2.0%. Despite the significant increase in tensile strength
and ductility achieved by developing FRC, the matrix itself
has undergone little alteration. The pseudo-ductility of FRC,
attributed to the fiber-bridging effect at the post-cracking
stage, enables the development of pseudo-ductile cementi-
tious composites (PDCCs).®

However, such PDCCs are still far from perfect, not only
because structural components at the serviceability limit
state rarely approach their ultimate strength limit, let alone
the post-cracking stage, but also because multiple cracks,
though sometimes acceptable in terms of average crack
width, tend to localize, allowing the penetration of water,
air, and hazardous substances.’ Therefore, it is imperative to
develop advanced FRC that exhibits intrinsically high tensile
performance in addition to pseudo-ductility. The novel FRC
is expected to demonstrate exceptional tensile strength
throughout both the elastic and post-cracking stages. !’

ACI Materials Journal/May 2025

Nanofibers (NFs), acting as nanoscale reinforcement, are
considered to impart intrinsically high tensile strength to
FRC. One innovative and promising solution is the incor-
poration of nanoclay (NC) as NFs into the mixture.!""* NC,
sourced from mineral materials, is inorganic, sustainable,
and contributes to fire and corrosion resistance in concrete
more effectively than other types of fibers.!>'® Most impor-
tantly, its cost-effectiveness and compatibility with concrete
are among the highest of all NFs, suggesting a wide range
of applications.'>?® For instance, Hamed et al.!” used NC
at varying dosages of 5.0, 7.5, and 10.0% as partial cement
replacements in concrete mixtures and reported that 7.5%
NC resulted in the highest strength, as evidenced by the
densified matrix observed through scanning electron micros-
copy. In addition, Morsy et al.’ demonstrated that replacing
6% of cement with metakaolin-based NC increased the
compressive strength of mortar by 18%. Overall, NC has
been shown to slightly improve compressive strength by
densifying the matrix and bridging cracks at the nanoscale.
However, a systematic evaluation of the influence of NC on
the direct tensile performance of FRC remains limited.

Microfibers (MFs), specifically steel in this study,
have been widely used in the production of high- and
ultra-high-performance FRC. These MFs can arrest micro-
cracks and slightly increase the first-cracking strength of
concrete under tension.”?! Beyond improving first-cracking
strength, the addition of MFs can sometimes result in
post-cracking strength exceeding first-cracking strength,
thereby inducing strain-hardening behavior and signifi-
cantly increasing energy dissipation.”?? For instance, Wille
et al.?? evaluated various elastic, strain-hardening, and soft-
ening tensile parameters—such as first-cracking strength
and strain, elastic and strain-hardening modulus, composite
strength, and energy dissipation capacity—and observed
improved performance. Overall, incorporating MFs enables
pseudo-ductile behavior through fiber bridging, primarily
at the post-cracking stage. However, the material remains
pseudo-ductile rather than fully ductile.

The co-use of NFs and MFs in developing multiscale FRC
(MSFRC) represents a novel and promising approach to
overcoming these challenges. While NFs and MFs have typi-
cally been used individually, as documented in the literature,
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their combined use remains uncommon, and limited atten-
tion has been given to the potential synergistic effects that
may arise from their integration. First, NFs are hypothe-
sized to reinforce the matrix at the nanoscale and extend the
tensile stress-strain curve in the elastic stage. Second, MFs
are expected to play a critical role in enhancing the tensile
strength of concrete when used alongside NFs, attributable
to the improved fiber bond and pronounced fiber-bridging
effect at both the nanoscale and microscale. Based on these
hypotheses, it is likely that the tensile behavior of both the
matrix and the composite can be significantly enhanced in
MSFRC. However, such investigations have been relatively
scarce. Above all, research aimed at developing intrinsically
high-strength MSFRC and exploring the synergy between
NFs and MFs remains limited. To address this gap, an exper-
imental program was designed to develop MSFRC with
intrinsically high tensile strength and investigate the poten-
tial synergistic effects between NFs and MFs. In this study,
a series of mortar mixtures were prepared with varying NF
and MF volumes, and a range of tests was conducted to
assess the workability and strength of the resulting MSFRC.
Particular emphasis was placed on evaluating the direct
tensile strength of MSFRC.

RESEARCH SIGNIFICANCE

The advantages and disadvantages of the individual and
combined use of NFs and MFs were evaluated, quantifying
their synergistic effects on compressive strength and direct
tensile strength. The novelty and contributions of this study
are as follows: a) the intrinsic tensile strength of the matrix
(as opposed to pseudo-tensile properties) in MSFRC can be
enhanced using mineral NFs; and b) the synergy between
MFs and NFs in MSFRC was identified and quantified.

EXPERIMENTAL PROGRAM
Materials

Type CEM I ordinary portland cement (OPC) of Class
52.5N was used. Microsilica (MS) was incorporated as a
supplementary cementitious material (SCM) to enhance
strength. The specific gravities of OPC and MS were deter-
mined as 3.11 and 2.60, respectively, and their particle-size
distributions are presented in Fig. 1(a).

For mortar production, quartz sand (QS) with a maximum
size of 1.18 mm (0.046 in.) was used. To produce MSFRC,
fibers of different scales were introduced into the plain
matrix. Self-dispersing hydrated magnesium aluminosilicate
with high purity was used as NF (Fig. 1(b)), and its chemical
composition is provided in Table 1. Physically, the NF (in
colloidal form for better dispersion) has an average diameter
of 30 nm (1.18 x 107% in.), a length of 1.5 to 2.0 pm (5.90 to
7.87 x 107 in.), and a specific gravity of 2.29.

Steel MFs are shown in Fig. 1(c). Physically, they have
a diameter of 0.2 mm (0.00787 in.) and a length of 13 mm

Table 1—Chemical composition of NF

(0.512 in.). Mechanically, the MFs have a minimum tensile
strength of 2000 MPa (290 ksi), a Young’s modulus of
210 GPa (30 Msi), and a specific gravity of 7.85.

A third-generation polycarboxylate ether (PCE) high-
range water-reducing admixture (HRWRA), with a solid
content of 20% and a specific gravity of 1.03, was used to
adjust workability.

Mixture design

In this study, a total of 16 mortar mixtures were produced.
The primary variables evaluated were the NF volume and
the MF volume. The NF volume was varied at 0.0, 0.2, 0.4,
and 0.6% of the total mixture volume, while the MF volume
was adjusted to 0.0, 0.5, 1.0, and 2.0%. QS was fixed at 25%
of the total volume to reduce variability in control exper-
iments. Similarly, the water-cementitious materials ratio
(w/cm) was fixed at 0.20. To ensure that workability did not
influence the mechanical properties of the mortar mixtures,
the slump and flow diameter of all mixtures were maintained
within a narrow range by adjusting the HRWRA dosage. The
HRWRA dosage for each mixture was recorded accordingly.

Table 2 presents the volume-based concrete mixture design
(VCD) for 1 m? (1.3 yd®) of material.?®* For clarity, each
mixture is labeled in the form of A-B, where A represents the
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Fig. I—Raw materials: (a) particle-size distributions of
OPC and MS; (b) image of nanofibers, and (c) image of
microfibers.

Chemical composition SiO, Al,O4 MgO Fe, O3

CaO KZO PZOS NaZO LOI

Mass, % 55.2 12.2 8.6

2.0 0.68 0.65 0.53 15.66

Note: LOI is loss on ignition.
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Table 2—Volume-based concrete mixture design (VCD)

Mixture proportions

Mixture No. (Vy=Vr) Cement, kg/m? MS, kg/m? Water, kg/m®> | HRWRA, kg/m? QS, kg/m? NF, kg/m? MF, kg/m?
0.0%-0.0% 1276 142 233 64 645 0.0 0
0.0%-0.5% 1275 142 230 67 632 0.0 39
0.0%-1.0% 1274 142 228 69 619 0.0 79
0.0%-2.0% 1273 141 225 72 593 0.0 157
0.2%-0.0% 1269 141 221 77 645 2.8 0
0.2%-0.5% 1268 141 219 80 632 2.8 39
0.2%-1.0% 1267 141 213 86 619 2.8 79
0.2%-2.0% 1266 141 211 89 593 2.8 157
0.4%-0.0% 1263 141 210 90 645 5.6 0
0.4%-0.5% 1262 141 207 93 632 5.6 39
0.4%-1.0% 1260 141 202 99 619 5.6 79
0.4%-2.0% 1258 140 196 106 593 5.6 157
0.6%-0.0% 1256 140 199 103 645 8.4 0
0.6%-0.5% 1254 140 193 109 632 8.4 39
0.6%-1.0% 1252 140 188 115 619 8.4 79
0.6%-2.0% 1252 140 186 118 593 8.4 157

Mixture parameters

Mixture No. (V=Vir) CPV, % wlem MS, % HRWRA, % NF, % MEF, % Type
0.0%-0.0% 75 0.20 10.0 4.5 0.00 0.0 Plain
0.0%-0.5% 75 0.20 10.0 4.7 0.00 0.5 FRC
0.0%-1.0% 75 0.20 10.0 4.9 0.00 1.0 FRC
0.0%-2.0% 75 0.20 10.0 5.1 0.00 2.0 FRC
0.2%-0.0% 75 0.20 10.0 55 0.20 0.0 FRC
0.2%-0.5% 75 0.20 10.0 5.7 0.20 0.5 FRC
0.2%-1.0% 75 0.20 10.0 6.1 0.20 1.0 FRC
0.2%-2.0% 75 0.20 10.0 6.3 0.20 2.0 FRC
0.4%-0.0% 75 0.20 10.0 6.4 0.40 0.0 FRC
0.4%-0.5% 75 0.20 10.0 6.6 0.40 0.5 FRC
0.4%-1.0% 75 0.20 10.0 7.1 0.40 1.0 FRC
0.4%-2.0% 75 0.20 10.0 7.5 0.40 2.0 FRC
0.6%-0.0% 75 0.20 10.0 7.3 0.60 0.0 FRC
0.6%-0.5% 75 0.20 10.0 7.8 0.60 0.5 FRC
0.6%-1.0% 75 0.20 10.0 8.2 0.60 1.0 FRC
0.6%-2.0% 75 0.20 10.0 8.4 0.60 2.0 FRC

Note: 1 kg/m® = 0.0624 1b/ft’.

NF volume (Vyr), and B represents the MF volume (V).
To further illustrate the experimental program, the mixture
parameters are included in the lower section of Table 2,
detailing the cementitious paste volume (CPV), w/cm, and
MS content. The CPV, expressed as a percentage, refers to
the volumetric ratio of cementitious paste relative to the total
mixture volume. CPV is a key factor in concrete mixture
design as it directly correlates with cement content and the
sustainability of the mixture. Table 2 reports the HRWRA
dosage used to maintain consistent workability across all
mixtures and the variations in Vyr and V.

ACI Materials Journal/May 2025

Workability test

The workability of the mortar mixtures was determined
using a mini-slump cone test.?* In the mini-slump flow test,
the slump was measured as the reduction in height of the
fresh mortar after lifting the cone, while the flow diameter
was obtained by averaging four equally spaced diameters of
the mortar patty. Through HRWRA dosage adjustments, the
slump was maintained within a narrow range of 40 to 46 mm
(1.57 to 1.81 in.), while the flow diameter was controlled
within a narrow range of 160 to 200 mm (6.30 to 7.87 in.).
To further evaluate workability and self-leveling ability, the

5



degree of leveling was calculated from the slump and flow
diameter results.?

Specimen preparation

Immediately after the workability tests, the mixture was
remixed and cast into three 40 mm (1.57 in.) carbon steel
cubic molds for compressive strength tests?® and three 100 x
200 mm (3.94 x 7.87 in.) cylinder molds for indirect tensile
tests at a designated curing age of 28 days. Most importantly,
to evaluate direct tensile strength, three dumbbell-shaped
specimens with dimensions of 60 x 15 x 350 mm (2.36 x
0.59 x 13.8 in.) (30 x 15 x 80 mm [1.18 x 0.59 x 3.15 in.]
for the central portion) were cast for each mixture,>?’ as
shown in Fig. 2(a). The dumbbell-shaped mold was modi-
fied to provide a smooth transition between the two ends
and the central prismatic portion to alleviate potential stress
concentrations. In addition, the thickness of the tensile spec-
imen was increased from 12.7 to 15.0 mm (0.5 to 0.6 in.) to
accommodate longer fibers and ensure a more uniform fiber
distribution.?” After demolding the next day, all specimens
were cured in a water tank at 27 + 3°C (81 = 5.4°F).

Compressive strength test and indirect tensile test

In accordance with BS EN 12390-3:2019, compression
tests were conducted using a hydraulic servo-controlled
machine. During testing, the loading rate was maintained
at 0.6 MPa/s (87 psi/s). It is noteworthy that ASTM C39/
C39M-21 specifies a loading rate of 0.25 + 0.05 MPa/s (35 +
7 psi/s). The compressive strength of each mixture was
determined as the average of three specimens cast from the
same batch and tested on the same day. To evaluate indi-
rect tensile strength, splitting tensile tests were performed
on cylindrical specimens in accordance with BS EN 12390-
6:2009. The splitting tensile strength of each mixture was
similarly calculated as the average of three specimens cast
from the same batch and tested on the same day.

Direct tensile test

Referring to the method developed by the authors’ team,’
direct tensile tests were conducted on dumbbell-shaped
specimens, as shown in Fig. 2(b). To mitigate stress concen-
trations, the two ends of the specimens were wrapped with
a thin layer of aluminum plates, and laser calibration was
used periodically throughout the preparation process to
ensure accurate alignment. A tensile load was applied to
both ends of the specimen using a universal testing machine
at a constant loading rate of 0.6 mm/min (0.0236 in./min)
for all specimens. Beyond the ultimate strain, the loading
rate was increased to 3.0 mm/min (0.118 in./min) during the
final stage of testing. The loading process continued until the
complete fracture of the specimen, during which the tensile
strain was recorded.

RESULTS AND DISCUSSION
HRWRA demand and workability
Figure 3 presents photographs of the mortar patties formed
after the mini-slump flow tests. For a clearer illustration, the
HRWRA dosage required to achieve consistent workability
is plotted against Vy at various Vyr values in Fig. 4(a). It
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Fig. 2—(a) Sketch of dumbbell tensile specimen; and
(b) FRC under direct tension test.

is evident that the HRWRA dosage increased with both V)
and Vyr. Notably, the rate of increase in HRWRA dosage for
FRC with Vyr is significantly higher than that for FRC with
Ve For instance, the HRWRA dosage increased from 4.5
to 4.7% when V- increased from 0.0 to 0.5%, whereas it
increased from 4.5 to 6.4% when Vyr increased from 0.0 to
0.4%. This trend is likely attributed to the higher fiber count
per unit volume and the larger specific surface area of NF
compared to MF. From a particle-packing perspective, NF is
more likely to affect nanoparticle packing within the cemen-
titious matrix at the nanoscale, while MF primarily disrupts
the packing of sand particles at the microscale.

As a graphical illustration, Fig. 4(b) and Fig. 5(a) depict
the variation of slump and flow diameter with Vy at various
Vur values. Regarding the slump, the data points in Fig. 4(b)
fluctuated within a narrow range of 40 to 46 mm (1.57 to
1.81 in.). Similarly, for the flow diameter, the data points in
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Fig. 3—Photographs of typical mortar patties formed after mini-slump flow tests.

Fig. 5(a) fluctuated within a range of 160 to 200 mm (6.30 to
7.87 in.). Although both the slump and flow diameter varied
within a narrow range, the degree of leveling, as shown in
Fig. 5(b), exhibited certain notable patterns. The degree
of leveling ranged from 0.713 to 0.845, indicating that the
mixtures experienced no segregation or fiber balling that
could affect flowability.?? Overall, an optimum NF content
appeared to exist for achieving the maximum degree of
leveling, beyond which the degree of leveling decreased.
Generally, the mixture with V), = 0.5% and Vyr = 0.4%
exhibited a slightly higher degree of leveling than both
the plain matrix and the mixture containing the maximum
NF and MF contents in this study. For instance, the incor-
poration of NF in mixtures can result in higher viscosity,
which in turn enhances resistance to the uneven collapse of
the paste microstructure compared to plain mixtures. This
phenomenon explains why NF-containing mixtures tend to
exhibit a higher degree of leveling.?®

Compressive strength and indirect tensile
strength

Figure 6(a) illustrates the relationship between compres-
sive strength and V= at various Vyr values. The figure
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reveals an interesting trend, indicating that an optimum
Vyr—0.4% in this study—exists for achieving the highest
compressive strength at a given V). For instance, at V- =
2.0%, the compressive strength increased slightly from
155.5 to 162.9 MPa (22.6 to 23.6 ksi) as Vyr increased
from 0.0 to 0.4%. However, beyond 0.4% Vyp, the strength
decreased again to 156.3 MPa (22.7 ksi). This phenomenon
can be attributed to the uniform dispersion and effective
nanoscale reinforcement provided by NF at low dosages
(<0.4%). However, at higher dosages (>0.4%), NF parti-
cles may agglomerate, negatively affecting particle packing
and compromising matrix integrity. Moreover, the addition
of NF did not alter the failure mode of specimens under
compression.

In general, the incorporation of MF consistently enhanced
compressive strength across the observed V), values, as
evidenced by the increasing trend of compressive strength
with Vye. In addition, the failure mode under compression
was notably transformed from brittle failure to ductile failure
in the presence of MF, attributed to the fiber-bridging effect.
Although not highly pronounced, the strength enhancement
can largely be attributed to the confining effect provided
by MF.2* A comparison between the individual addition of
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Fig. 4—(a) HRWRA dosage versus Vg, and (b) slump
versus V.

0.5% MF and 0.4% NF revealed their similar effectiveness
in strength enhancement. However, when NF and MF were
used together, the compressive strength increased signifi-
cantly beyond that achieved by the individual addition of
NF or MF, suggesting a synergistic effect between NF and
ME, which will be elaborated in the next section.

Figure 6(b) illustrates the indirect tensile strength. The
overall trend of indirect tensile strength was similar to that
of compressive strength. However, the increase in indi-
rect tensile strength was more pronounced than that of
compressive strength, particularly due to the addition of MF.
Compared to plain mixtures without fibers, the incorpora-
tion of 0.4% NF and 2.0% MEF resulted in less than a 10%
increase in compressive strength. However, the same combi-
nation improved indirect tensile strength by approximately
200%, consistent with findings reported in the literature.?-*°
Additionally, the use of NF enhanced the matrix intrinsi-
cally, leading to an increase in indirect tensile strength of
up to 50%.
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Fig. 5—(a) Flow diameter versus Vg, and (b) degree of
leveling versus V.

Direct tensile strength and ductility

For strain-hardening FRC (also referred to as engineered
cementitious composite [ECC] in certain cases), the post-
cracking strength exceeds the first-cracking strength. At
the peak tensile stress of the stress-strain curve, the direct
tensile strength (ultimate tensile strength) was calculated
using Eq. (1)

i=-£ (1

where f; is the direct tensile strength; F' is the maximum
tensile load; and A is the cross-sectional area of the central
prismatic portion of the specimen. For each mixture, the
direct tensile strengths of three specimens cast from the
same batch and tested at the same curing age were averaged
to obtain the final tensile strength of the mixture.
Graphically, the direct tensile strengths are plotted against
Vnr in Fig. 7(a) to illustrate the influence of NF and MF on
tensile performance. As shown in Fig. 7(a), an optimum
NF content exists for achieving the highest direct tensile
strength. For instance, the direct tensile strength increased
from 5.33 to 6.40 MPa (0.77 to 0.93 ksi) and then to 6.86 MPa
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Fig. 6—Mechanical properties: (a) compressive strength,
and (b) indirect tensile strength.

(0.99 ksi) as Vyp increased from 0.0 to 0.2% and then to
0.4%. However, beyond 0.4% Vyr, the direct tensile strength
decreased to 6.17 MPa (0.89 ksi), resulting in inverted bowl-
shaped curves in Fig. 7(a). This phenomenon can be attributed
to the intrinsic reinforcement effect of NF, which enhances
matrix resistance to tensile loads and bridges nanocracks at
relatively low fiber dosages. However, when V) exceeds a
certain threshold (0.4% in this study), the particle packing
of cementitious materials may be disrupted,’! compromising
matrix quality and strength. This explains why, macroscopi-
cally, the relationship between direct tensile strength and Vyz
exhibits an inverted bowl shape.

A clear trend demonstrating the beneficial effect of MF
on direct tensile strength can be observed in Fig. 7(b). Visu-
ally, the most distinct feature of FRC specimens compared
to plain concrete specimens under direct tension tests was
the change in failure mode from brittle to ductile failure,
accompanied by multiple cracking behavior. The attain-
ment of ductile failure mode and multi-cracking behavior
is particularly significant for the design and construction
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Fig. 7—Direct tensile strength versus: (a) Vg, and (b) V.

of earthquake-resistant concrete structures as well as blast-
and impact-resistant structures. Compared to NF, MF was
more effective in modifying the failure mode and promoting
multiple cracking behavior. This can be largely attributed to
the larger dimensions of MF, which are comparable to the
size of sand or even aggregate particles (if present), whereas
NF, with its smaller dimensions, aligns with the size of
binder particles. Reinforcement at the nanoscale contributes
to intrinsic tensile strength, whereas reinforcement at the
microscale enhances pseudo-ductile tensile performance.
Mechanically, with the increase in V), the direct tensile
strength increased steadily, regardless of Vyp, indicating
that with proper mixture design—considering the loosening
effect of rigid fibers on particle packing*>—the addition
of steel fibers consistently enhances direct tensile strength
through fiber bridging and the confining effect. However,
unlike compressive strength, the combined use of NF and
MF demonstrated greater effectiveness in improving direct
tensile strength. More importantly, the incorporation of
0.4% NF together with 2.0% MF resulted in the largest
increase in direct tensile strength, achieving a peak value of
9.31 MPa (1.35 ksi). This tensile strength level could not be
attained using either NF or MF alone under the prescribed



experimental conditions, suggesting a synergistic effect
between them.

To analyze the effect of the individual and combined use
of NF and MF on direct tensile behavior throughout the
elastic and post-cracking stages, as well as on tensile strain
(ductility), the tensile stress-strain curves are presented in
Fig. 8. In Fig. 8, tensile stress-strain curves are shown for
four representative scenarios: 1) plain mixture; 2) mixture
with only NF; 3) mixture with only MF; and 4) mixture with
the combined use of NF and MF. For each scenario, three
replicated tensile stress-strain curves are provided to ensure
comprehensive data representation. Tensile parameters—
such as first-cracking strength, first-cracking strain, ultimate
strength, ultimate strain up to 80% of ultimate strength in the
descending branch, ultimate strain up to the tensile strength
of the corresponding plain mixture, and energy absorption
up to 80% of ultimate strength in the descending branch—
derived from the tensile stress-strain curves in Fig. 8, are
reported in Table 3. The results indicate that, compared to
the plain mixture without fibers, the individual use of NF
increased tensile strength but did not alter the failure mode
from brittle to ductile failure, suggesting that NF effectively
enhanced the intrinsic tensile strength of the matrix through
extensive and uniform nanoscale reinforcement.

The individual use of MF transformed the failure mode
from brittle failure in the plain mixture to ductile failure
in FRC, significantly enhancing tensile strain capacity and
energy absorption. More importantly, the combined use of
NF and MF further increased tensile strength, tensile strain
capacity, and energy absorption. This improvement can be
attributed to both multiscale reinforcement and the strength-
ening of the matrix, which enhances its intrinsic tensile
strength. The increase in energy absorption—approximately
50 to 60 times higher than that of the plain mixture—
demonstrates its potential for earthquake-resistant and blast-
or impact-resistant concrete structures.

SYNERGY BETWEEN NF AND MF ON
DIRECT TENSILE STRENGTH

The results presented in the previous section indicate a
potential synergy between NF and MF in terms of direct
tensile strength, contributing to the development of MSFRC
with high intrinsic tensile strength. To further explore this
potential synergy, a systematic quantitative evaluation is
presented in the following section. First, it is essential to
determine the individual contributions of NF and MF at
various volume fractions in enhancing direct tensile strength.

Table 3—Direct tensile performance

Although both NF and MF positively influence direct tensile
strength, their effectiveness varies. Specifically, at a given
Vg or Vi, the individual impact of incorporating MF or NF
must be quantified. The individual effects of NF and MF will
be assessed in comparison to their combined effect on direct
tensile strength, providing insight into possible synergistic
interactions between the two fiber types. To achieve this,
the percentage increases in direct tensile strength resulting
from the inclusion of NF and/or MF are tabulated in Table 4.
Table 4 presents the percentage increases in direct tensile
strength due to MF incorporation at a given Vyr (rows 3 to
14) and NF incorporation at a given V. (rows 15 to 26).
The increase in direct tensile strength induced by the same
amount of MF as NF generally showed an increasing trend
with rising Vyr. For instance, the incorporation of 0.5%,
1.0%, and 2.0% MF by volume resulted in 18.9%, 77.1%,
and 106.6% increases in direct tensile strength at Vyp =
0.0%, whereas the corresponding increases at Vyr = 0.2%
were 27.5%, 76.3%, and 130.6%, and at Vyr = 0.4%, they
were 26.6%, 75.4%, and 107.8%, respectively. These results
suggest that MF was generally more effective in enhancing
direct tensile strength at higher Vyr. Conversely, the incor-
poration of NF up to a certain volume fraction at increasing
Vyr also led to larger percentage increases in direct tensile
strength. For example, adding 0.2% NF resulted in increases
0f20.6%, 29.3%, 20.1%, and 34.6% in direct tensile strength
at Vy-=0.0%, 0.5%, 1.0%, and 2.0%, respectively. However,
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Fig. 8—Tensile stress-strain curves for plain mixture,
mixtures with individual use of NF and MF, and mixtures
with combined use of NF and MF.

N(th‘»t;l‘r;;;) First-cracking strength, MPa | First-cracking strain | Ultimate strength, MPa | Ultimate strain® | Ultimate strain | Energy absorption, N-m
0.0%-0.0% 3.01 0.00018 3.01 0.00018 0.00018 0.06
0.0%-2.0% 5.57 0.00019 6.22 0.00603 0.01552 3.16
0.4%-0.0% 4.48 0.00025 4.48 0.00025 0.00025 0.12
0.4%-2.0% 9.18 0.00048 9.31 0.00370 0.02012 3.55

“Ultimate strain up to 80% of ultimate strength at descending branch.

fUltimate strain up to tensile strength of corresponding plain mixture.

Note: Each result was averaged from triplicated results; for plain mixture, assume all strains coincide with failure strain; | MPa = 145 psi; 1 N-m = 0.7376 ft-Ib.
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Table 4—Synergistic effect of NF and MF on direct
tensile strength

Percentage increase in direct tensile strength

Adding Percentage increase, %

0.5% MF at 0.0% NF 18.9

0.5% MF at 0.2% NF 27.5

0.5% MF at 0.4% NF 26.6

0.5% MF at 0.6% NF 253

1.0% MF at 0.0% NF 77.1

1.0% MF at 0.2% NF 76.3

1.0% MF at 0.4% NF 75.4

1.0% MF at 0.6% NF 81.5

2.0% MF at 0.0% NF 106.6

2.0% MF at 0.2% NF 130.6

2.0% MF at 0.4% NF 107.8

2.0% MF at 0.6% NF 127.9

0.2% NF at 0.0% MF 20.6

0.2% NF at 0.5% MF 29.3

0.2% NF at 1.0% MF 20.1

0.2% NF at 2.0% MF 34.6

0.4% NF at 0.0% MF 48.8

0.4% NF at 0.5% MF 58.4

0.4% NF at 1.0% MF 47.5

0.4% NF at 2.0% MF 49.7

0.6% NF at 0.0% MF 13.0

0.6% NF at 0.5% MF 19.0

0.6% NF at 1.0% MF 15.8

0.6% NF at 2.0% MF 24.6

Synergistic effects of NF and MF
Percentage
Mixture No. increase, % Synergistic effect, %

0.2% NF + 0.5% MF 53.8 14.3
0.2% NF + 1.0% MF 112.6 14.9
0.2% NF + 2.0% MF 178.1 50.8
0.4% NF + 0.5% MF 88.4 20.6
0.4% NF + 1.0% MF 161.1 353
0.4% NF + 2.0% MF 209.3 53.9
0.6% NF + 0.5% MF 41.5 9.6
0.6% NF + 1.0% MF 105.0 8.9
0.6% NF +2.0% MF 157.5 37.9

when Vy exceeded 0.4%, a decline in percentage increases
was observed, with values of 13.0%, 19.0%, 15.8%, and
24.6% at V- = 0.0%, 0.5%, 1.0%, and 2.0%, respectively.
These observations indicate that the effectiveness of NF in
enhancing direct tensile strength became more pronounced
in the presence of increasing amounts of MF, regardless
of Vyr. Therefore, it can be concluded that the effective-
ness of NF and MF in enhancing direct tensile strength is
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synergistic, with their combined effect being greater than the
sum of their individual effects.

To facilitate comparison and demonstrate the synergistic
effect of NF and MF, the percentage increases in direct
tensile strength resulting from the addition of both fibers are
presented in the lower section of Table 4, relative to the direct
tensile strength of the plain matrix. The combined use of NF
and MF in various combinations resulted in a synergistic
effect, as evidenced by the greater percentage increases in
direct tensile strength compared to the sum of the percentage
increases from the individual additions of NF and MF.
For instance, the mixture containing 0.2% NF and 1.0%
MEF exhibited a 112.6% increase in direct tensile strength
compared to the mixture containing 0.0% NF and 0.0% MF.
This increase exceeded the sum of the percentage increase
induced by adding 0.2% NF at 0.0% MF (20.6%) and the
percentage increase induced by adding 1.0% MF at 0.0% NF
(77.1%). Similarly, for the mixture containing 0.4% NF and
2.0% MF, the direct tensile strength was 209.3% higher than
the plain matrix. Notably, this value of 209.3% exceeded the
sum of the percentage increases induced by adding 0.4% NF
at 2.0% MF (48.8%) and 2.0% MF at 0.0% NF (106.6%).
These results confirm the synergistic effect of combining NF
and MF in enhancing direct tensile strength.

The spillover values 0of 112.6% —(20.6% + 77.1%) = 14.9%
and 209.3% — (48.8% + 106.6%) = 53.9% demonstrate the
synergistic effect of NF and MF on direct tensile strength.
To quantify this effect, the additional percentage increases
in direct tensile strength resulting from the combined use
of NF and MF, after subtracting the percentage increases
due to their individual effects, were adopted as a quantita-
tive measure of the synergistic effect.3® Table 4 presents the
calculated values for all mixtures containing both NF and
ME. Overall, for mixtures incorporating NF > 0.2% and
MF > 2.0%, the values of the synergistic effect exceeded
37.9% and reached as high as 53.9%. These values are
significant and highlight the potential for developing high-
tensile-strength MSFRC by leveraging the synergistic effect
between NF and MF. The underlying mechanism behind this
effect will be discussed in the next section.

FURTHER DISCUSSION

Qualitative cost-benefit analysis

Cost-benefit analysis is a valuable tool in materials design,
providing designers and decision-makers with insights to
strike a balance or achieve optimization between investment
and potential benefits. In this study, the negative aspect of
adding NF and MF is that it generally reduces workability,
necessitating the increased use of HRWRA to compensate
for this loss, thereby raising material costs. On the positive
side, the incorporation of NF and MF enhances strength. As
aresult, evaluating the overall benefits of adding NF and MF
is not straightforward. To indirectly assess the cost-benefit
performance, the envelope of direct tensile strength against
HRWRA dosage is depicted in Fig. 9. This analysis empha-
sizes the material cost associated with increased HRWRA
demand. In Fig. 9, the data points along the same black lines
and the same gray lines represent mixtures with the same
Vyr and Vyr, respectively.

1
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From the envelope in Fig. 9, it can be inferred that, at the
same HRWRA dosage, the direct tensile strength increased
significantly with V), as evidenced by the relative positions
of the of the dashed curves representing 0.0%, 0.5%, 1.0%,
and 2.0% MF. Although adding either NF or MF increased
HRWRA demand, mixtures that achieved both high direct
tensile strength and low HRWRA dosage were primarily
those incorporating both NF and MF (with the moisture
content of QS kept constant). The plain matrix, which
required the least HRWRA demand, exhibited relatively
lower direct tensile strength, measuring 68% lower than the
highest direct tensile strength attained in this study. In addi-
tion, the highest direct tensile strength was observed in the
mixture containing 0.4% NF and 2.0% MF. However, the
HRWRA demand for this mixture was 11% lower than that
of the mixture with the highest HRWRA demand, indicating
a promising trend that high direct tensile strength and low
HRWRA demand can be achieved simultaneously.

Another important observation from this study is that the
use of a very small amount of low-cost mineral NFs not only
enhances the intrinsic tensile strength of the matrix but also
improves the overall performance of FRC at a low cost. For
instance, the direct tensile strength of FRC with only 1.0%
MF by volume increased from 5.33 to 6.22 MPa (0.77 to
0.90 ksi) when the MF volume was increased from 1.0 to
2.0%. However, instead of adding an additional 1.0% MF,
incorporating a small volume (0.2%) of low-cost mineral NF
into FRC with 1.0% MF also increased the tensile strength
from 5.33 to 6.40 MPa (0.77 to 0.93 ksi). This suggests that
1.0% MFs can be reduced, while only 0.2% mineral NFs are
needed to achieve a similar direct tensile strength, resulting
in material savings. Notably, this trend was also observed in
indirect tensile strength. In summary, using NFs to reinforce
the matrix and enhance intrinsic tensile strength is cost-
effective and demonstrates promising potential for practical
construction applications.

Mechanisms behind

Considering the aforementioned findings, the mechanisms
behind the synergy between NF and MF merit in-depth
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exploration. The beneficial effects of NF and MF on strength
development can be attributed to the following factors. First,
nanoscale cracks form in the plain matrix when subjected
to tensile loading beyond the elastic stage. The presence
of NF helps arrest these nanoscale cracks and prolong
the elastic stage, thereby enhancing tensile performance.
Second, nanoscale cracks eventually localize into microc-
racks, where NF alone exhibits limited effectiveness. This
transition is marked by the first drop in the tensile stress-
strain curve, at which point the stress is defined as the first-
cracking strength.’

Third, MF played a reinforcing role in strengthening
the nanofiber-reinforced matrix (NFRC) through its fiber-
bridging effect. When a microcrack formed, the stress in the
surrounding matrix dropped to zero, while the stress was
transferred to the adjacent matrix through MFs. If the overall
bond force of MF within the NF-reinforced matrix were
sufficient to enable effective load transfer without sudden
failure, another microcrack would form once the tensile
stress exceeded the strength of the NF-reinforced matrix—a
process known as strain hardening.3* During this process,
both NF and MF contributed to the reinforcement mecha-
nism, operating at the nanoscale and microscale to enhance
the tensile performance of MSFRC. In fact, the effectiveness
of combining other types of NFs and MFs has been reported
in the literature,>3¢ further supporting this mechanism.
Thus, it is recommended that NF be used in conjunction with
MF, and vice versa, to maximize synergistic reinforcement
effects.

An important issue arising from the use of fibers, partic-
ularly the combined use of NF and MF, is particle packing,
as elongated particles are incompatible with spherical
and quasi-spherical particles at different scales within the
mixture. The needle-like particles, being smaller in size but
having a larger aspect ratio, and the rod-like particles, being
larger in size but having a smaller aspect ratio, exert different
influences on particle packing. It is conceived that aggregate
particles, including sand particles, mix with rod-like MFs
or even macrofibers, forming a fiber-aggregate skeleton
(FAS). Meanwhile, the cementitious particles and fillers
combine with needle-like NFs, forming an NFRC, which
fills the voids within the FAS. These two processes involve
the loosening effect of fibers on particle packing, which
must be actively controlled.’” At the nanoscale, an adverse
effect may occur when excessive NF is incorporated, as
evidenced by a drop in both compressive strength and direct
tensile strength at Vyr = 0.6%. At the microscale, when the
geometric mean size ratio of aggregate/sand particles to fiber
diameter falls below a threshold prescribed by the cubic root
of a constant divided by the aspect ratio,*” the packing of the
mixture remains largely unaffected, which is consistent with
the findings of this study.

CONCLUSIONS
Nanofibers (NFs), composed of nanoscale hydrated
magnesium aluminosilicate materials with high corrosion
resistance, reinforce the matrix at the nanoscale, while micro-
fibers (MFs) are widely used in the development of high- or
ultra-high-performance concrete (UHPC)/fiber-reinforced
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concrete (FRC) (UHPFRC). In this study, a total of 16 plain,
FRC, and multiscale FRC (MSFRC) mixtures with varying
Ve and Vyr were produced to develop intrinsically high-
tensile-strength MSFRC and explore the potential synergy
between NF and MF. Workability and mechanical strengths
were consistently evaluated for all mixtures. In addition to
the cost-benefit analysis, both qualitative and quantitative
analyses were conducted to investigate the synergy between
NF and MF. The underlying mechanisms of the observed
synergistic effects were examined from a multiscale perspec-
tive. Based on these findings, the following conclusions
were drawn:

1. The high-range water-reducing admixture (HRWRA)
demand required to maintain consistent workability
increased with both NF volume (Vyr) and MF volume (V)
due to the intensifying fiber entanglement effect. Addition-
ally, a slight increase in compressive strength was observed
with the addition of NF and MF.

2. The individual use of NF up to 0.6% and MF up to
2.0% by volume improved direct tensile strength by 13%
and 107%, respectively. However, when NF and MF were
used together, the direct tensile strength increased by
209%, which was significantly higher than their individual
contributions.

3. Analysis revealed that the effectiveness of NF and MF in
enhancing direct tensile strength became more pronounced
when used in increasing amounts of the other fiber type.
Consequently, the combined use of NF and MF resulted in
significantly greater percentage increases in strength than
the sum of their individual contributions.

4. The synergistic effect of NF and MF on direct tensile
strength, quantified as the additional increase due to their
combined use, reached as high as 53.8%. This beneficial
effect demonstrates great potential and practical value in the
development of intrinsically high-tensile-strength MSFRC.

5. Cost-benefit analysis indicated that the mixture
containing 0.4% NF and 2.0% MF achieved the highest
direct tensile strength. Additionally, the effectiveness of
incorporating a low dosage of NF (for example, 0.2%) into
FRC for enhanced tensile strength was found to be equiva-
lent to doubling the MF volume.

The synergy between NF and MF arises from their ability
to reinforce the matrix simultaneously at both the nanoscale
and microscale. This synergistic effect has the potential to
enhance other performance attributes, including reinforcing
bar bond strength, tensile strength, shear and torsional
strength, crack resistance, and blast and impact resis-
tance. Further research is highly recommended to advance
the development of sustainable MSFRC from a material
perspective and to establish micromechanical models from
a mechanical perspective.
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Tensile Properties of Polypropylene and Polyethylene
Terephthalate Fiber Bundles in Outdoor Thermal

Environment
by Zihao Shen and Wenguang Liu

To constitute an alternative to ordinary fiber-reinforced polymer
in the strengthening of existing structures, the tensile properties
of polypropylene (PP) and polyethylene terephthalate (PET) fiber
bundles in outdoor thermal environments (80 and 105°C) were
investigated. The fiber bundles were carefully removed from a
woven textile, and test specimens with a gauge length of 25 mm
were fabricated. Based on the experiments, a Weibull distribution
model of the tensile strength of the PP and PET fiber bundles was
developed. Test results show that exposure temperature and time
significantly affect the tensile strength, rupture strain, and elastic
modulus of the PP and PET fiber bundles. The strength degrada-
tion of PP and PET fiber bundles is not obvious when exposed
to 80°C. In contrast, when exposed to 105°C, their use requires
consideration of mechanical properties’ degradation. This study
provides exact data for the use of PP and PET fiber bundles in
outdoor thermal environments.

Keywords: high temperature; polyethylene terephthalate (PET); polypro-
pylene (PP); tensile properties.

INTRODUCTION

Polypropylene (PP) and polyethylene terephthalate (PET)
are the most versatile polymers due to a combination of low
cost and good mechanical and physical properties.'? Their
applications have been extended to nearly every aspect of
human daily life, such as PP pipes and PET bottles. Because
of the stable chemical molecular structure of PP and PET,
some harsh environments such as acid or base solutions
have little effect on their mechanical properties,®* reflecting
a strong environmental adaptability and commercial value.
One of the most common applications in the construction
field is to make these polymers into fibers, taking full advan-
tage of their mechanical properties.’ When PP or PET fibers
are added to concrete as an additive, most studies have
reportedly been able to prevent concrete from spalling in
large quantities during fires,®® which creates a network more
permeable than the cement matrix. In addition to adding
short fibers to concrete, the application of long continuous
fibers impregnated with resin can also be used as a reliable
structural material for external strengthening and confining
applications of reinforced concrete (RC) structures.’!!
Several studies have confirmed the feasibility of using large-
rupture-strain fibers to enhance the seismic performance of
RC column members. These measurements undoubtedly
protect people’s safety.

The use of fibers with large rupture strain has already
been further studied and developed in civil engineering as
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an alternative to conventional fibers (for example, carbon
and glass fibers). Although the tensile strength of conven-
tional fibers is much higher than that of PP and PET fibers,
the rupture strain of conventional fibers is generally less
than 3%,'%'* which lacks the capacity to consume energy in
natural disasters. However, it was reported that the tensile
strength of PET fiber bundles was between those of steel
and conventional fiber bundles and that the tensile strength
increased with increasing the strain rate.!> In fact, the elon-
gation of PP fibers is 20 to 25%, whereas that of PET fibers
is within 15%. These desirable properties offer an econom-
ical and ductile solution for structural safety. PP and PET
fibers have a higher rupture strain than conventional fibers,
making the former suitable for use in areas with high
ductility demand. To understand the mechanical behavior
of PP/PET-strengthened RC structures, it is imperative to
investigate the mechanical properties of PP and PET fiber
bundles in outdoor thermal environments, which commonly
occur during service life events.

Therefore, this study is the first investigation of the tensile
properties of PP and PET fiber bundles in outdoor thermal
environments. The variables include exposure temperature
(80 and 105°C) and exposure time (1 and 5 hours). The
effects of such parameters on the major mechanical charac-
teristics of stress-strain curves are investigated—notably, the
tensile strength, rupture strain, elastic modulus, and process
of yielding. Furthermore, a Weibull distribution model of
the tensile strength is constructed based on test data, and the
corresponding constitutive model is proposed.

RESEARCH SIGNIFICANCE

According to the foregoing review, the application of PP
and PET fiber bundles in civil engineering will provide an
economical and ductile seismic reinforcement solution. The
limited literature reported the working properties of PP and
PET fiber bundles, but a better understanding of the tensile
properties at thermal service temperatures is essential. The
authors believe that these large-rupture-strain fiber materials
have great potential in the field of seismic reinforcement.
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EXPERIMENTAL INVESTIGATION

Specimen characteristics

A total of 44 fiber bundles cut from PP and PET woven
textiles were prepared and tested under tensile axial loads.
The PP and PET fabrics were braided with warp and weft
yarns, and there were no significant differences in their
appearance. The PP fabric had a waxy feel to the touch,
whereas the PET fabric felt soft. The specifications of the PP
and PET woven textiles were 230 and 625 g/m’, respectively.

The preparation process for the test specimens was similar
to that adopted by Bai et al.!>!® Continuous fiber bundles
of 1800 mm in length were carefully extracted from the PP
and PET fabrics, and the linear density was calculated by
dividing the weight by the length. The cross-sectional area
of a fiber bundle was determined by dividing the linear
density by the bulk density, which was also the approach
adopted by Bai et al.'>!° In this study, the bulk density was
measured instead of directly using the manufacturer’s data.
The test method to obtain the bulk density is described in the
following section. A small fiber bun with a length of 200 mm
was cut from an 1800 mm long fiber bundle to fabricate the
test specimens. To avoid stress concentration and improve
the stress transfer of the test specimens, aluminum alloy
sheets (10 x 15 x 1 mm) were glued to both ends using epoxy
resin. These sheets were clamped to two square glasses until
the resin was fully cured. The gauge length of each test spec-
imen was 25 mm, which is shown in Fig. 1.

Thermal environment conditions

Test specimens were fabricated in the laboratory and
tested for failure to investigate the tensile properties under
axial loads. The ultimate aim of this study is to evaluate the
tensile properties of PP and PET fiber bundles in outdoor
thermal environments. Considering that high tempera-
tures only last for a few hours per day, this study tested the
tensile properties of PP and PET fiber bundles after being
exposed to high temperatures for a certain period of time.
Two exposure temperatures (80 and 105°C) and two expo-
sure times (1 and 5 hours) were selected as variables. The
reason for choosing 80°C is that the surface temperature

of the material directly exposed to the sun hardly exceeds
80°C,!” which is used to observe the tensile properties of
PP and PET fiber bundles in outdoor thermal environments.
The reference studies reported that the working properties
of PP material decreased when it exceeded 105°C.'® Thus,
the choice of 105°C was used to observe the tensile prop-
erties of fiber bundles at ultimate service temperature. The
choice of 5 hours was made due to a day of high-temperature
sunlight from approximately 11:00 a.m. to 4:00 p.m.,'° while
the choice of 1 hour was made for preliminary observations
of its tensile properties. The high-temperature treatment was
achieved by an oven.

Before the tests, the test specimens were kept under dry
experimental conditions at room temperature (25°C) for
6 hours. Subsequently, the test specimens were placed in an
oven for the specific temperature and time and then taken
out and kept under the same dry experimental conditions for
12 hours up to the test. Finally, all the tests were conducted
at room temperature. Three or more specimens were tested
in parallel under the same working conditions. The main
characteristics and test results of all test specimens are
summarized in Table 1. In the specimen labeling convention
used in the table: 1) the first letter “T” represents a tensile
specimen; 2) the second number represents the thermal treat-
ment temperature in °C; and 3) the third number refers to
the thermal treatment duration in hours. The last number
denotes the fiber type, where 1 implies a PP fiber bundle,
and 2 implies a PET fiber bundle. For example, “T-80-1-1"
refers to a PP fiber bundle exposed to 80°C for 1 hour.

Fig. I—Schematic diagram of fabricating PP and PET fiber
bundles.

Table 1—Main characteristics and test results of PP and PET fiber bundle specimens

No. A, mm? L, mm E;, GPa (SD) E,, GPa (SD) a,, MPa (SD) &, % (SD) f» MPa Number

T-25-0-1 0.141 25 2.94 (0.32) 0.92 (0.39) 164.3 (42.8) 23.03 (0.04) 397

T-25-0-2 0.258 25 9.08 (0.80) 4.54 (0.61) 172.2 (18.2) 14.03 (2.25) 742 4
T-80-1-1 0.141 25 3.25(0.15) 1.21 (0.17) 154.0 (34.9) 21.52(1.92) 355 5
T-80-1-2 0.258 25 7.99 (1.57) 4.63 (0.44) 151.5 (46.4) 13.40 (0.63) 668 5
T-80-5-1 0.141 25 3.70(0.39) 1.11 (0.31) 133.6 (56.3) 31.55(4.39) 421 4
T-80-5-2 0.258 25 6.24 (1.25) 3.64 (0.17) 194.9 (22.5) 18.21 (0.91) 740 4
T-105-1-1 0.141 25 1.36 (0.21) 1.21 (0.11) 139.7 (15.6) 32.81(0.02) 470 4
T-105-1-2 0.258 25 4.11 (0.38) 3.06 (0.09) 63.78 (21.31) 21.00 (0.02) 650 3
T-105-5-1 0.141 25 1.92 (0.12) 0.90 (0.16) 130.7 (37.0) 32.65(2.86) 371 6
T-105-5-2 0.258 25 5.12(1.17) 1.89 (0.37) 96.8 (30.8) 28.24 (3.38) 598 4

Note: 4 is cross-sectional area; M is mass; L is gauge length; E| is initial elastic modulus; £ is second elastic modulus; o, is yield strength; ¢, is rupture strain; f; is tensile strength;
SD is standard deviation.
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Determination of cross-sectional area

The cross-sectional area, 4, of a fiber bundle was deter-
mined using the linear and bulk densities. The test method
for the linear density was described previously, and the
following method for measuring the bulk density is crucial.
Owing to the poor water absorption of the PP and PET fiber
bundles, water molecules could be fully immersed in the gap
between the filaments. Hence, the density-bottle method was
selected as a useful and convenient method to measure the
bulk density, as it only requires calculating the mass of a
density bottle filled with distilled water. To ensure the accu-
racy of the test results, nine samples were tested in parallel,
and both mean values and standard deviations of the linear
and bulk densities of the PP and PET fiber bundles are listed
in Table 2. In the density-bottle method, first, the fiber mass,
my, was weighed on a high-precision electronic weighing
scale (0.001 g), and subsequently, the mass of the density
bottle filled with distilled water, m,, was weighed. Following
this, the fiber sample was gradually placed into the density
bottle. Finally, the density bottle was heated over an alcohol
lamp to remove bubbles from the surface of the filament, and
the density-bottle mass, m;, was weighed after it was kept
standing for >2 hours at room temperature. Figure 2 shows
the process of bulk density determination. The bulk density
of a fiber bundle, p, is calculated using the following formula

Table 2—Measured physical properties of
fiber bundles

Linear density, g/m Bulk density, g/m?

Materials Mean SD Mean SD
PP 0.12 1.06 x 1073 878 x 103 1.44%
PET 0.35 1.29 x 10* 1345 x 10° 5.49%

- m
pfmﬁ-mz—mg (1)

Testing procedure

All specimens were tested under displacement control
using a universal testing machine, which is shown in Fig. 3.
The system had a maximum loading capacity of 50 kN with
a wide test speed range from 0.001 to 500 mm/min. Owing
to the small cross-sectional areas of the fiber bundles, their
failure forces were very small, and the selected test machine
was sufficient to conduct this test. All test specimens were
loaded at a displacement rate of 2 mm/min. Ou and Zhu?’
demonstrated that the stiffness of a fiber bundle is much
lower than that of the beam of a test machine, and the
displacement of the beam can replace that of the fiber bundle
during tensile axial loading. Therefore, in this study, consid-
ering the aforementioned conditions, the displacement of a
fiber bundle was recorded using that of the beam. The stress
and strain values were calculated from the cross-sectional
area, A, and the gauge length (25 mm).

EXPERIMENTAL RESULTS

Failure modes

Figures 4 and 5 show the typical characteristics of the
failure modes and scanning electron microscopy (SEM)
micrographs of PP and PET fiber bundle specimens under
a quasi-static load. From left to right, the failure speci-
mens are in order those untreated and exposed to 80°C for
1 hour, 80°C for 5 hours, 105°C for 1 hour, and 105°C for
5 hours (Fig. 4); the experimental phenomena of loading
to failure of PP and PET fiber bundles are essentially the
same and can be described as follows. First, each filament is
elongated during the initial loading. No filament breaking
was observed at this stage, so the loading environment was
quiet. Second, after the loading has continued for some time,

Fig. 2—Bulk density determination process of PP and PET

fiber bundles: (a) density-bottle mass, (b) fiber bundle mass,
and (c) removing bubbles.

Fig. 3—Universal testing machine for quasi-static tensile
test.

Fig. 4—Failure modes of fiber bundles exposed to high temperatures for different exposure times: (a) PP fiber bundle; and

(b) PET fiber bundle.
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(a) Untreated

80°C5h

105°C5h
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Fig. 5—SEM micrographs of typical failure modes of fiber bundles exposed to high temperatures for different exposure times:

(a) PP fiber bundle; and (b) PET fiber bundle.

Fig. 6—Cracks and voids in rupture surface: (a) PP fiber bundle; and (b) PET fiber bundle.

some of the defective filaments break off one by one. There
was a cracking sound as the filaments broke. The time for
the development of inherent defects in each filament under
quasi-static loading is sufficient, and a defect-containing and
low-strength filament is expected to break first in the final
state. The force originally borne by it is distributed over the
other fibers, causing a stress mutation. It should be noted
that the fiber bundle specimens were not destroyed imme-
diately after the initial breaking of some filaments. Finally,
the remaining filaments are unable to sustain the increasing
load, resulting in stress reduction. The test was subsequently
terminated. It can be seen from the tested fiber bundle spec-
imen that there are still some PP and PET filaments with few
defects that are not broken, and the figure of the PET fiber
bundle specimens is the most obvious (Fig. 4(b)). This may
be due to the fact that the bearing load of the PET fiber bundle
is much higher than that of the PP fiber bundle and that the
bearing load of the fiber bundle specimen decreases rapidly
after a fraction of the PET filament is broken. Unbroken
filaments give rise to plastic deformations such that after
testing, the unbroken filament cannot remain in its initial
collimated state. In addition, a partial melting of PET fiber

18

bundles was observed at 105°C; however, this phenomenon
did not occur at 80°C. The melting temperature of PP fiber
was in the range of 145 to 180°C,?! but the melting prog-
ress was not observed in the test. Typical SEM micrographs
of PP and PET fiber bundle specimens were used to further
explain the failure modes under different thermal conditions.
Figure 5 shows that the PP and PET fiber bundles failed with
a disordered rupture surface. The similarity of the failure
modes of the fiber bundle specimens at different thermal
conditions may be explained by their internal defects (for
example, tiny cracks and voids), as shown in Fig. 6. The
internal defects are located randomly along the direction
of the filament, resulting in a disordered rupture surface.
However, all filaments in the high-temperature treatment are
uniformly heated, and the initial defects may expand but not
disappear due to the local inhomogeneous deformation of
the filaments. The failure modes of PP and PET fiber bundles
under different thermal conditions are still determined by the
random distribution of internal defects. This evidence shows
that the failure modes are essentially the same for all fiber
bundles at room temperature and exposed to high tempera-
tures for a period of time (below 105°C).
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Stress-strain relationship

Figures 7 and 8 show the experimental stress-strain rela-
tionships of the PP and PET fiber bundles. The stress-strain
relationships of the specimens tested parallel were close to
each other, demonstrating the accuracy of the test results.
Note that a fiber bundle may experience slip failure accom-
panied by an abrupt loss of strength. Consequently, imper-
fect test data were excluded from this study.

The stress-strain curves of the fiber bundles are different
from the curves of the mild steel with a long yield plateau, as
shown in Fig. 9. Because the fiber bundles have no obvious
inflection point in stress-strain curves, in this study, the yield
point of the fiber bundle was obtained by the point when

ACI Materials Journal/May 2025

the fiber produced a plastic strain of 0.002 under tensile
axial loads, as shown in Fig. 9(b). The definition of a yield
point originates from metallic materials and is taken from a
critical state point on the stress-strain curve that marks the
transition from elasticity to plasticity. In general, for stress-
strain curves with a distinct turning point, the turning point
is the yield point; whereas, for stress-strain curves without
a distinct turning point, the yield point is usually taken to
be the moment when a small amount of plastic deformation
occurs. The value of 0.002 is obtained by a great deal of
engineering experience; therefore, this method is reliable.?
The stress-strain relationships of the PP and PET tensile
specimens exhibited a three-stage elastic hardening-softening
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Fig. 9—Method to determine yield point: (a) with long yield
plateau; and (b) without obvious inflection curves.

behavior: 1) an elastic stage showing a linear stress-strain
relationship with an initial slope equal to the initial elastic
modulus, E}; 2) a strain-hardening stage from the yield point
(0,, &) with a slope equaling the second elastic modulus,
E,; and 3) a strain-softening stage from the stress maximum
point (f;, &;) with a declining curve.

The stress-strain curves of the PP and PET fiber bundles
show some similarities and differences. During the initial
elastic stage, the stress-strain relationships of the PP and
PET fiber bundles exhibited high linear correlations, which
remained constant after exposure to high temperatures. At
this stage, the tiny cracks and voids inside the PP and PET
fibers were unable to expand due to limited external forces.
This characteristic remains unchanged, whether at 80 or
105°C, meaning that the integrity of PP and PET fiber bundles
exposed to high temperatures is not affected. In the strain-hard-
ening stage, the values of the second elastic modulus became
scattered, and the linear correlation was reduced. Because
the strain at the point of the maximum stress is generally
considered to be a constant value under the same conditions,
the scatter of the second elastic modulus directly affects the
scatter of the strength. Such a scatter may be attributed to the
damage evolution of the internal defects (for example, crack
expansion), which was quantified by probabilistic models in
studies. The probabilistic models are mainly classified as the
Weibull model adopted by Bai et al.'>!¢ and Out et al.'? and
the Bayesian model adopted by Pournamazian Najafabadi
et al.”> However, the initial elastic modulus and the second
elastic modulus for the PP fiber bundles was smaller than that
for the PET fiber bundles. This is because the molecular chain
of PET consists of high-rigid benzene rings, which increase
the forces between the molecules.?* As observed in the failure
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mode, both PP and PET filaments began to fail when the
external load approached the maximum load point. The post-
peak strain-softening behavior of the fiber bundle depends on
the behavior of the remaining filaments. With a fiber bundle
model, Bai et al.' reproduced the failure process of the fiber
bundle and concluded the same. The post-peak behavior of
some specimens of PP and PET fiber bundles shows a large
amount of deformation up to final failure. This is due to
premature failure of a few filaments in the fiber bundle due to
internal defects caused by exposure to high temperatures. The
remaining filaments continue to deform and bear the load, as
they have not yet reached the failure strain. This will increase
the dispersion of the tensile strength of the fiber bundle spec-
imen, which can be quantified with a statistical model.

Major mechanical parameters

For further quantification of the mechanical behavior of
the fiber bundle specimens, Table 1 summarizes the values
of major experimental characteristics of the mechanical
parameters (E), E», oy, &, and f,). Considering most studies
confirm that the tensile strength of a fiber bundle conforms to
a Weibull distribution, !¢ £, listed in Table 1 are calculated
based on the Weibull distribution equation, as will be speci-
fied in the “Weibull analysis of tensile strength” section.

ANALYSIS AND DISCUSSION

Temperature effect on mechanical properties

Figure 10(a) shows the effects of the exposure tempera-
ture and exposure time on the tensile strengths of the PP and
PET fiber bundles. Specifically, when exposed to 80°C for
1 hour, the tensile strengths of the PP and PET fiber bundles
decreased by 10.6% and 9.97%, respectively, whereas they
correspondingly increased by 6% and decreased by 0.27% on
increasing the exposure time to 5 hours. These results showed
that the tensile strengths of PP and PET fiber decreased when
exposed to 80°C for 1 hour and then increased with the
increase of exposure time (1 to 5 hours). Because both PP
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and PET are crystalline polymers, the change in the tensile
strength is most likely related to changes in crystallinity. It
has been reported that the crystallinity of PP treated in hot air
is significantly affected by increasing temperature; the crys-
tallinity of PP increases when the temperature rises from 25
to 100°C and then decreases with increasing temperature,?
whereas the crystallinity of PET increases with increasing
temperature.® As the orientation of the molecules in the
crystal region increases, the size and content of cracks and
voids in the fiber increase, and eventually, some of the
macromolecules break down. In addition to crystallinity,
the mechanical properties of polymers are also related to
the size of crystalline particles.?” The increase in the tensile
strength with increasing exposure time is probably related to
the refinement of the crystalline particles.

When exposed to 105°C for 1 hour, the tensile strengths
of the PP and PET fiber bundles increased by 18.4% and
decreased by 12.4%, respectively, whereas they correspond-
ingly decreased by 6.5% and 19.4% on increasing the expo-
sure time to 5 hours. Similar to before, the change in the
tensile strength can be attributed to changes in crystallinity
when exposed to 105°C for 1 hour. At 105°C (exposure time
of 1 hour), the decrease in the crystallinity of PP leads to
the increase in strength, whereas the increase in the crys-
tallinity of PET leads to the decrease in strength.?2® With
increasing exposure time (1 to 5 hours), the tensile strength
of the PP and PET fiber bundles decreased compared to the
1-hour exposure time. The abnormal trend can be explained
by the observed partial melting when PET fiber bundles
were exposed to 105°C for 5 hours, although the melting
temperature of PET was reported to be 248°C in the refer-
ence study.?® The melting temperature of PP was lower than
that of PET, in the range of 145 to 180°C.2! A partial melting
of the PP fiber bundle was not observed in the thermal treat-
ment, possibly due to the thin thickness of the selected PP
fabric used.

The relationships between the rupture strain and the expo-
sure temperature are illustrated in Fig. 10(b), and the average
values are listed in Table 1. The rupture strains of the PP and
PET fiber bundles tended to increase with the increase in the
exposure temperature from 25 to 105°C, except for a slight
decrease when exposed to 80°C for 1 hour. As the exposure
temperature increased, the orientation of macromolecular
chains increased, and the elongation of fibers increased
gradually. However, a thermomechanical analysis for PP
showed a turning point of approximately 80°C concerning
the expansion and shrinkage of the molecular chain.'® The
slight decrease in the rupture strain when exposed to 80°C
for 1 hour can be attributed to the change of molecular chain.
The rupture strain of the PP fiber bundle increased from
23.03 to 32.65% with an increase in the exposure tempera-
ture from 25 to 105°C, whereas that of the PET fiber bundle
increased from 14.03 to 28.24%.

The change rules of the initial and second elastic moduli
of the PP and PET fiber bundle specimens exposed to high
temperatures are plotted in Fig. 10(c) and (d), respectively,
and the average values are listed in Table 1. The initial
elastic modulus of the PP fiber bundle increased when
exposed to 80°C and decreased when exposed to 105°C,
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whereas the corresponding second elastic modulus slightly
changed when exposed to high temperatures for a period.
In contrast, those of the PET fiber bundle decreased with
increasing exposure temperature, except for a slight increase
in the second elastic modulus when exposed to 80°C for
1 hour. As before, the orientation of macromolecular chains
increased with increasing exposure temperature, and the
elastic modulus of the polymer tended to decrease. The
increase in the initial elastic modulus of the PP fiber bundle
was probably related to the change of molecular chain when
exposed to 80°C for 1 hour.'

Yield process for fiber bundles

Observations from the stress-strain curves of PP and PET
fiber bundle specimens showed that the yield processes
are within different strain ranges. The range of yield strain
for both grew with the increase in exposure temperature.
Specifically, the strains of the PP fiber bundle specimens in
yield corresponded to a range of 0.03597 to 0.07989 for the
exposure temperature of 25°C, 0.0362 to 0.06285 for the
exposure temperature of 80°C (exposure time of 1 hour),
0.0298 to 0.07343 for the exposure temperature of 80°C
(exposure time of 5 hours), 0.04013 to 0.09732 for the
exposure temperature of 105°C (exposure time of 1 hour),
and 0.04584 to 0.10611 for the exposure temperature of
105°C (exposure time of 5 hours). For comparison, the yield
of the PET fiber bundle specimens was within the strain
range 0.01783 to 0.02846 for the exposure temperature of
25°C, 0.01081 to 0.02879 for the exposure temperature of
80°C (exposure time of 1 hour), 0.01821 to 0.03433 for the
exposure temperature of 80°C (exposure time of 5 hours),
0.01721 to 0.03122 for the exposure temperature of 105°C
(exposure time of 1 hour), and 0.01614 to 0.04148 for the
exposure temperature of 105°C (exposure time of 5 hours).
All these values of PET fiber bundles are much lower than
those of PP ones.

The average values of the yield strength for the PP and
PET fiber bundles are listed in Table 1. Based on these
values, the yield strengths of PP and PET fiber bundles
decreased under exposure to high temperatures, except for
T-80-5-2 and T-105-5-2. The effect of high temperatures
on the axial yield strengths of these materials is compared.
Results from the PP and PET fiber bundle specimens show
that high temperatures affected load degeneration at approxi-
mately 20.5% and 43.8% of the yield strengths, respectively.
The yield strength of the PET fiber bundle is more sensitive
to high temperatures than that of the PP fiber bundle.

Weibull analysis of tensile strength

According to the literature,'>!3!® a Weibull probability
distribution provides sufficiently accurate tensile strengths
for fiber bundles. Therefore, a Weibull distribution model
was considered to be sufficiently accurate in describing
the dispersion of the tensile strengths of PP and PET fiber
bundles exposed to high temperatures for a period. The
cumulative probability density function is expressed as

Fo) = 1-exp|-(&)"] )
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Table 3—Weibull parameters of tensile strengths of PP and PET fiber bundle specimens after exposure to

high temperatures

Materials Exposure temperature, °C Exposure time, hours Scale parameter oy, MPa Shape parameter m R?
25 — 397 11.0 0.93
1 355 20.8 0.85
80
PP 5 421 46.7 0.85
1 470 6.5 0.99
105
5 371 7.2 0.92
25 — 742 21.7 0.90
1 668 8.8 0.94
80
PET 5 740 10.0 0.89
1 650 8.7 0.99
105
5 598 12.0 0.91

where F is the cumulative probability of the failure of a PP
or PET fiber bundle at applied tensile stress o; and g, and m
are the Weibull scale and shape parameters, respectively. m
represents the degree of data dispersion, and a small m value
implies a high dispersion of the tensile strength. At the stress
level, o, the failure probability, F, can be expressed as

F= N1 3)

where N is the total number of filaments in a fiber bundle;
and 7 is the number of fibers broken at or below a certain
stress level. Substituting Eq. (3) into Eq. (2) yields

el )] b W

Equation (5) is obtained by taking double natural loga-
rithms of both sides of Eq. (4).

ln[—ln<l - 1)] — mino — ming, )

Assuming X;=Incand ¥; = In [—ln(l —ﬁ)], Eq. (5)

can be rewritten as
Y, = mX; — mlng, (6)

The previous equation realizes a linear regression of
a Weibull distribution. In this specific case, X; and Y; are
calculated from experimental data, and based on them, linear
fitting is performed. According to the equation obtained by
the linear fitting, parameters m and ¢, can be calculated
under various thermal conditions, and the results for this
study are summarized in Table 3.

In Table 3, the values of R? are between 0.85 and 0.99,
reflecting that the tensile strengths of the PP and PET fiber
bundles conform to a Weibull distribution. Shape parameter
m of the PP fiber bundle increased when exposed to 80°C,
whereas it decreased when exposed to 105°C compared to
that at room temperature. By contrast, the shape parameter
m of the PET fiber bundle decreased as the temperature
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increased. According to the statistical data, the tensile
strength of the PP fiber bundle exposed to 80°C was stable,
whereas the strength stability was not guaranteed at higher
temperatures. The tensile strength of the PET fiber bundle
was discrete at temperatures of 80°C and higher.

CONSTITUTIVE MODEL OF FIBER BUNDLES

The constitutive model can not only evaluate the stress-
strain behavior of fiber bundle materials but also provide
theoretical support for the design of novel composite mate-
rials. A proper fiber bundle constitutive model can be used
to explain some experimental phenomena that cannot be
observed. For example, experimental observations cannot
explain the failure mechanism of fiber-reinforced concrete,
whether the initial crack in concrete originates in the inter-
facial transition zone between the cement mortar and coarse
aggregate or in the interfacial transition zone between the
cement mortar and fiber. A more intuitive application is that
by Bai et al.,'> who adopted a bilinear stress-strain model to
reproduce the failure process of the PET fiber bundle.

In this study, the corresponding constitutive models
considering the scatter of tensile strength are proposed
according to the stress-strain behaviors of PP and PET fiber
bundles after exposure to high temperatures. As described in
the previous sections, the stress and strain values presented a
high linear correlation until the inflection point; they subse-
quently still presented a linear correlation in each high-
temperature working condition. However, the second linear
correlation was reduced between different parallel speci-
mens. Thus, based on the observed behaviors of specimens,
a bilinear stress-strain model is adopted in this study. The
slope of the second part is represented by the Weibull distri-
bution. The stress-strain model is given with the Weibull
parameters as follows

g =
o,
Ee, 0<e< E
1
E100[ ln<1 N‘li‘l)] *EIO'y o, oy
Eg, Oy <8_Fl>’ E Sesé

(7
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Fig. 11—Comparison of stress-strain curves of PP and PET fiber bundles at room temperature obtained from proposed model

and tests.

Given the strain ¢ at the range of 0 to ¢, the stress values
can be predicted using Eq. (7). For other model parameters
under different working conditions, refer to Tables 1 and 3.
Assuming /(N + 1) = 0.5, the comparisons of predicted and
test stress-strain curves of PP and PET fiber bundles at room
temperature are presented in Fig. 11. It can be seen from the
figure that the prediction curves are in good agreement with
the test results.

CONCLUSIONS

Quasi-static tests were conducted to investigate the
tensile properties of polypropylene (PP) and polyethylene
terephthalate (PET) fiber bundles exposed to high tempera-
tures for different exposure times. Furthermore, the statis-
tical distribution of the tensile strength of a fiber bundle was
precisely quantified by a two-parameter Weibull analysis.
The following key conclusions were drawn:

1. The PP and PET fiber bundles at room temperature
and when exposed to high temperatures (80 and 105°C)
for different exposure times (1 and 5 hours) show a bilinear
stress-strain relationship. In the initial elastic stage, the
stress-strain relationships of the PP and PET fiber bundles
present a high linear correlation until the inflection point,
which remains constant even when exposed to high tempera-
tures. In the subsequent hardening stage, the experimental
data became scattered, and the linear correlation was
reduced.

2. Exposure temperature and time significantly affect the
tensile strength, rupture strain, and elastic modulus of the PP
and PET fiber bundles. PP and PET fibers are safe for use at
service temperatures up to 80°C, while at 105°C, consider-
ation of mechanical properties degradation is required.

3. In the comparison between PP and PET fiber bundles,
the PP fiber bundle exhibited a wider range of yield strain,
and the high temperatures extended the range of yield strain.
Also, high temperatures affected load degeneration of PP
and PET fiber bundles at approximately 20.5 and 43.8% of
the yield strengths.

4. The tensile strengths of the PP and PET fiber bundles at
room temperature and exposed to high temperatures (80 and
105°C) for different exposure times (1 and 5 hours) conform
to a Weibull distribution. Thus, a Weibull distribution model
is developed to describe the tensile strength of PP and PET
fiber bundles.
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The findings of this research will help the construction
industry develop and market new hybrid fiber-reinforced
polymer (FRP) members with high specific strength and
deformability. The manufacturing process for producing
new hybrid FRP members and the relevant working perfor-
mance require further research.
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This investigation attempted to analyze the environmental impact of
fibers, including their effect on the cost and durability of concrete
mixtures, especially given the variety of fibers that are available in
the market. Five types of fibers (polypropylene [PP], glass, basalt,
polyvinyl alcohol [PVA], and steel) possessing different aspect
ratios were considered in this study. The concrete mechanical
properties—including the resistance to sorptivity, heat, and freez-
ing-and-thawing cycles—were evaluated. Test results showed that
the best environmental/cost/durability indicator was achieved for
concrete prepared with 0.25% PVA or PP fibers by volume. This
indicator gradually degraded with the use of basalt, glass, and steel
fibers because of higher cost and greenhouse gas emissions gener-
ated during the fiber manufacturing. The use of PVA fibers signifi-
cantly enhanced the resistance to heat and freezing-and-thawing
cycles, while the least-performing concrete contained basalt fibers
with relatively reduced flexural properties and increased sorptivity.

Keywords: durability; effect of heat; fibers; life-cycle assessment (LCA);
mechanical properties.

INTRODUCTION

The use of fiber-reinforced concrete (FRC) mixtures has
remarkably increased in the construction industry, especially
because of their superior load-carrying and post-cracking
capacities (Matar and Assaad 2019; Séylev and Ozturan
2014). Fibers incorporated in concrete delay the formation
and propagation of cracks, making them particularly bene-
ficial for members subjected to fatigue and cyclic loadings
(Ramezanianpour et al. 2013; Abou Rachied et al. 2023).

The existence of different fibers in the market often
creates confusion among civil engineers when selecting the
proper type for a given application (Hannawi et al. 2016).
ASTM CI1116/C1116M-10a (2010) outlines four types
of fibers, including steel, alkali-resistant glass, synthetic
(that is, polypropylene [PP], polymeric, or polyester), and
natural. MPC 17-342 (Ghadban et al. 2017) reported that
the lack of comparative data and guidance for proper fiber
selection often led to reduced durability and an unbalanced
cost-to-performance ratio. Generally, it is understood that
the type of fibers, along with their concentration and geom-
etry, have a direct impact on the concrete mechanical proper-
ties and durability, such as water absorption and resistance to
fire and freezing-and-thawing cycles (Jamshaid and Mishra
2016; Jabbour et al. 2022).

Velayutham and Cheah (2014) reported that the FRC
strength (compressive and flexural) gradually increased at
higher steel fiber volume rates up to 3%. Li et al. (2021)
showed that the steel FRC mass loss reduced by 15 to 30%
after 25 freezing-and-thawing cycles, while the relative
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dynamic elastic modulus increased by 5 to 15%. Beigi et al.
(2013) found that the PP fibers slightly reduced the FRC
compressive strength, contrarily to the glass fibers, which
led to higher compressive and tensile strengths. Ramesh and
Eswari (2021) noticed a compression ductile behavior for
basalt FRC specimens, with the modulus of rupture increased
by 13% to 57% when the fibers were added at 0.5% to 1.5%,
respectively. The optimum dosage was 0.15%, at which the
improvement in tensile strength reached 23%. Regardless of
the fiber type (PP, steel, carbon, or glass), Ali et al. (2021)
concluded that the durability of concrete containing 0.5%
carbon or PP fibers was better than the glass or steel FRC
mixtures. Polyvinyl alcohol (PVA) fibers are commonly
used in engineered cementitious composite (ECC) applica-
tions requiring high strain-hardening and ductility perfor-
mances (Li et al. 2001). Such fibers have shown superior
properties due to increased chemical and frictional bonds
with the cement paste, albeit their use in FRC mixtures is
still relatively limited.

Thermal gradients induced by elevated temperatures can
deteriorate the hardened cement matrix, leading to internal
cracking and reduced mechanical properties (Bezerra et al.
2019). Arioz (2009) reported a slight reduction in the
concrete strengths at 400°C, while signs of surface cracking
started showing at temperatures above 600°C. Drzymata
et al. (2017) reported that the compressive strength of
PP-type FRC increased slightly at 300°C but experienced
a significant reduction at 600°C. This trend did not apply to
the tensile and flexural strengths, which gradually dropped
at higher temperatures. Wu et al. (2020) showed that high-
tensile-strength fibers (such as steel) could prevent the
growth of microcracks by creating a barrier when the
concrete is heated and cooled. In contrast, low-melting-point
fibers (such as PP) could offer pathways for water vapor to
escape at elevated temperatures, thus reducing the gradient
effects and internal pore pressure. Varghese et al. (2023)
evaluated the effect of 12 mm fibers (basalt, carbon, glass,
PP, and PVA) on the strength of concrete exposed to elevated
temperatures for different time intervals. Regardless of the
fiber type, such additions improved the concrete plastic
deformation without rapid failure, increased energy absorp-
tion, and reduced the post-fire damage.
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Table 1—Physical properties and cost of different fibers (Al Ghali et al. 2023)

Fibers per m?
Density, Tensile strength, | Length (L), | Diameter (D), Aspect | Thermal degradation | at 0.25% rate, Average cost,

Fiber type kg/m? MPa mm mm ratio (L/D) temperature, °C millions €/kg
PP-42 910 600 to 730 38 0.9 42 300 to 350 0.01 10.55
PP-270 910 570 to 660 19 0.07 270 300 to 350 3.4 14.07
Glass 2700 1700 12 0.013 920 300 to 500 157 8.74
Basalt 2670 2900 to 3100 12 0.017 700 350 to 500 92 15.73
PVA 1300 1600 8 0.037 210 230 to 250 29.1 8.00
Steel 7850 1100 to 1600 30 1 30 600 to 800 0.01 1.76

Unlike durability, the life cycle and environmental impacts
of FRC mixtures incorporating various types of fibers are
not yet fully understood (Song et al. 2009). In fact, the rapid
advancements in the construction industry have accelerated
the depletion of natural resources, contributing directly to
hazardous emissions and climate change (Wernet et al. 2016;
Akbar and Liew 2021). In 2022, the International Energy
Agency (IEA) estimated that up to 13% of global green-
house gas emissions are attributed to the embodied carbon
in construction materials (IEA 2023).

Although some studies have reported on the environ-
mental aspect of specific fibers, the results are derived from
different studies that employed varying methods and base-
lines for comparison. Consequently, no single study has
normalized these methods and provided a comprehensive
comparison of different fibers in terms of environmental
impact, performance, and cost. This lack of standardized
comparison further complicates the understanding of FRC
performance and highlights the need for more uniform and
holistic research in this area. For instance, Van den Heede
et al. (2018) reported that PVA fibers had a higher environ-
mental impact than cement, reaching approximately 130%,
230%, and 220% in ozone depletion, human toxicity, and
freshwater ecotoxicity, respectively. The effect of PVA fibers
on climate change was estimated to be 3.4 times higher
than that of PP fibers (Van den Heede et al. 2018). Basalt
fibers are assumed to be green and safe (Zhang et al. 2021)
because they are derived from natural sources. These fibers
are created from the melting of rocks derived from volcanic
origin, with diameters ranging between 13 and 20 pm
(Ozkan and Demir 2020).

RESEARCH SIGNIFICANCE

This paper is part of a comprehensive work undertaken
at the American University of Beirut (AUB) to evaluate
the environmental impact of fibers, including their effect
on the cost and durability of FRC mixtures (Al Ghali et al.
2023). Two monofilament PP fibers, along with glass, basalt,
PVA, and steel fibers, were tested. Investigated properties
include compressive strength, tensile strength, flexural
strength, modulus of elasticity, sorptivity, and resistance to
moderate heat and freezing-and-thawing cycles. The signif-
icance of this work stems from civil engineers’ interest in
acquiring more knowledge on FRC properties and life-cycle
assessment (LCA), thus offering solutions for optimized
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durability-to-cost-to-environmental impact for the building
and construction industry.

EXPERIMENTAL PROCEDURE
Materials

As already noted, this paper is the continuation of a
previous work undertaken by Al Ghali et al. (2023), where
the description of materials used is detailed. In brief, a Type I
portland cement conforming to ASTM C150/C150M, natural
siliceous sand, and two types of limestone coarse aggregates
were used. The high-range water-reducer (HRWR) complied
with ASTM C494/C494M and had a solid content and
specific gravity of 42% and 1.22, respectively. The manufac-
turer’s recommended dosage varies between 0.25 and 2% of
the cement mass; increased additions are expected to delay
the setting times.

The fibers’ physical properties and cost are summarized
in Table 1 (Al Ghali et al. 2023). Two types of monofila-
ment PP fibers are considered (Tuladhar and Yin 2019), with
their melting points and degradation temperatures hovering
at approximately 170 to 190°C and 300 to 350°C, respec-
tively. Those PP fibers had different length-to-diameter
(L-to-D) sizes of 38 x 0.9 mm and 19 x 0.07 mm, which
resulted in an aspect ratio (L/D) of 42 and 270, respectively
(referred to as PP-42 and PP-270, respectively). The scan-
ning electron microscope (SEM) images reflect their surface
morphology, which comprised smooth-texture single-strand
fibers (Fig. 1).

The glass and basalt fiber filaments (Fig. 2) are produced
from molten glassy or crushed basaltrocks. Many researchers,
such as Jamshaid and Mishra (2016), Dopko (2018), and Ali
et al. (2021), found that FRC made with basalt fibers exhib-
ited improved strength and durability properties compared
to other mixtures prepared with glass fibers. The average
tensile strengths for glass and basalt fibers are 1700 and
3000 MPa, respectively, while their L-to-D sizes are 12 x
0.013 mm and 12 x 0.017 mm, respectively (Table 1). The
PVA fibers are produced by polymerizing the vinyl acetate
polymers and then treating the resulting monofilaments with
alkaline catalysts (Li et al. 2001). This type of fiber degrades
at approximately 230 to 250°C; their length, diameter, and
tensile strength are 8 mm, 0.037 mm, and 1600 MPa, respec-
tively. The SEM images for the glass, basalt, and PVA fibers
reflect their smooth texture (Fig. 2).

Hooked-end steel fibers with tensile strength values
ranging between 1100 and 1600 MPa were used (Fig. 2).
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Fig. I—Photos and SEM images for PP-42 and PP-270 fibers (Al Ghali et al. 2023).
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Fig. 2—Photos and SEM images for glass, basalt, PVA, and steel fibers (Al Ghali et al. 2023).

The deformed hooked ends would improve anchorage and
friction with the hardened cement mortar (Hamad and Abou
Haidar 2011; Marcos-Meson et al. 2020). The length and
diameter of the steel fibers are 30 and 1 mm, respectively.
The SEM images reveal the presence of very light irregular-
ities and potholes on their top surfaces, which could improve
the bond properties with the cement matrix (Hwang et al.
2015; Frazdo et al. 2016).

Concrete proportions and batching

The concrete used in this work contained 400 kg/m?
cement and 200 L of water (that is, a water-cement ratio
[w/c] of 0.5), while the natural sand, fine aggregate, and
coarse aggregate were 702, 611, and 407 kg/m?, respectively.
The expected 28-day characteristic compressive strength
was approximately 40 + 2.5 MPa. The HRWR dosage was
adjusted in the control mixture (that is, fiber-free) at 0.25%
of the cement mass to secure a slump of 200 + 20 mm.

The volume of various fibers used was 0.25%, except
for the steel fibers, which were tested at 0.25 and 0.5%.
The HRWR demand (Table 2) remarkably increased with
fiber additions to attain the targeted workability due to
increased internal friction and fiber clumping (Khayat et al.
2003; Assaad and Khayat 2006). The steel fibers required
the least HRWR demand, given their nonabsorbent nature
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and increased relative density. The glass and basalt fibers
required 1.5% HRWR, compared to 1% and 1.25% for the
PP-42 and PP-270 fibers, respectively. Larger fiber volumes
would increase the HRWR demand beyond the manufactur-
er’s recommendations, which could detrimentally affect the
stability of the concrete mixture.

The procedure used for concrete mixing consisted of
homogenizing the aggregates with the fibers and half the
mixing water for approximately 1 minute. After securing
proper fiber dispersion, cement was added with the
remaining water, followed by HRWR, and the concrete was
mixed for 2 minutes. After a resting period of half a minute,
the concrete mixing resumed for 1 additional minute.

Testing procedures

The compressive strength (f.') of concrete specimens,
splitting tensile strength (f;), and modulus of elasticity (£)
were measured as per ASTM C39/C39M-18 (2018), ASTM
C496/C496M-17 (2017), and ASTM C469/C469M-22
(2022), respectively, using 100 x 200 mm cylinders. The
flexural strength (f;) was determined by third-point bending
using 75 x 100 mm cross-sectional beams having 400 mm
length, as per ASTM C78/C78M-18 (2018). Linear variable
differential transducers (LVDTs) were used to measure the
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Table 2—HRWR demand and mechanical properties for mixtures under ambient temperature or after being

exposed to moderate heat of 230 = 10°C

HRWR, % Ambient temperature After heat exposure

Fiber type of cement 1., MPa f» MPa E, GPa f» MPa J,, mm 1., MPa 1,» MPa J,, mm
Control 0.25 43.6 2.75 29.8 5.06 0.29 27.9 4.83 0.212
PP-42 1 49.2 3.29 30.9 11.08 0.86 31.4 5.96 0.59
PP-270 1.25 40.1 3.18 29.9 10.14 0.76 25.2 5.12 0.44
Glass 1.5 42 3.69 31.9 9.97 0.71 28 591 0.47
Basalt 1.5 48.5 3.57 30.1 10.51 0.66 30.1 6.11 0.59
PVA 1 432 3.41 29 8.75 0.74 353 7.07 0.66
Steel (0.25%) 0.75 47.5 3.04 313 8.35 0.7 28 5.23 0.47
Steel (0.5%) 1.5 51.9 3.41 36.7 10.43 0.84 33.4 6.04 0.56

midspan deflection (J,). All specimens were cured in water
for 7 and 28 days.

The behavior of FRC mixtures at moderate heat was
assessed by compression (100 x 200 mm cylinders) and
flexure (75 x 100 x 400 mm beams) testing. Initially, the
28-day hardened specimens were removed from the water
curing tanks and kept for 5 days at ambient temperature
with 50 + 10% relative humidity. The specimens were then
placed for a period of 120 minutes in an electric oven whose
temperature was already preset at 230 + 10°C. It is important
to note that the specimens were not oven-dried prior to heat
exposure to maintain the risk of spalling and assess the
fiber-bridging effect for the different FRC mixtures (Arioz
2009; Ramezanianpour et al. 2013). Earlier studies showed
that higher temperatures would cause the fibers to thermally
decompose and lose their bridging effect, causing the degra-
dation of concrete strength to be attributed to other mecha-
nisms, such as the decomposition of calcium-silicate-hydrate
(C-S-H) compounds, the transformation of the aggregate
skeleton, and cracking of interfacial transition zones (Drzy-
mata et al. 2017). After heating was completed, the speci-
mens were left to cool down for 7 days at ambient tempera-
ture. Averages of two to three responses were considered.

The effect of repeated freezing-and-thawing cycles on
strength degradation was determined as per ASTM C666-97
(1997). At the age of 28 days, the 75 x 100 x 400 mm prisms
were placed in a chamber where temperature varied from 4
to —18°C for approximately 3.5 hours and then back again to
produce 36 cycles every week. This process was continued
for 2 additional weeks, making a total of 72 and 108 cycles.
The degradation level due to freezing and thawing after each
set of cycles was determined using the fundamental trans-
verse frequency, as per ASTM C215-19 (2019). A so-called
relative dynamic modulus of elasticity (P.) was measured,
as expressed in Eq. (1), where n and n, are the fundamental
transverse frequency after 0 and c¢ cycles, respectively.
Higher P, values mean fewer cracks and voids created in the
concrete sample and, thus, better durability and resistance
against freezing-and-thawing cycles.

n2
P. (%) = ~5 % 100 0

28

The rate of water absorption, or sorptivity, was deter-
mined using concrete discs 100 mm in diameter and 75 mm
in height, following ASTM C1585-20 (2020). The sides of
the discs were sealed with epoxy resins to prevent evapo-
ration, while the exposed surface was immersed in a 1 mm
bed of water. The concrete mass was measured every hour
for 6 hours and then daily for 7 days. The absorption index
(I, mm) was determined as given in Eq. (2), whereby the
initial rate of water absorption (%, mm/h®%) is the slope
calculated from the linear regression of / versus the square
root of time for values up to 6 hours. Similarly, the secondary
rate of water absorption (W,, mm/h%%) is the slope calcu-
lated from the linear regression of / versus the square root
of time for values between 1 and 7 days. Averages of two
to three responses were considered for the freezing-and-
thawing cycles and sorptivity measurements. The / values
are expressed as follows

[ (mm) =

Change of mass at given time (g)

2 ~ g )
Exposed surface area (mm?) x Density of water (mm3 2)

MECHANICAL PROPERTIES AND DURABILITY

The 28-day mechanical properties—including f.', f;, E,
f,» and 0, (maximum beam deflection)—determined under
ambient temperature or after exposure to moderate heat are
summarized in Table 2. The coefficient of variation (COV)
was computed as the ratio between the mean values divided
by the standard deviation, multiplied by 100. Hence, the
maximum COV for f./, E, and f,, determined under ambient
temperature, was 6.6%, 10.2%, and 9%, respectively,
reflecting acceptable repeatability. The COV reached 10%
and 13.5% for f.' and f,, respectively, when the specimens
were exposed to heat. It is to be noted that the air content
and unit weight of the tested concrete mixtures varied within
2.6 +0.4% and 2320 + 35 kg/m?, respectively.

The wvariation of any given mechanical property
(A(Property), %) due to fiber additions was normalized with
respect to the corresponding control concrete as indicated in

Eq. (3)
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Figure 3 plots the f." and A(f.") responses determined
under ambient temperature for various mixtures and shows
the responses obtained after exposing the specimens to heat
(which will be discussed later). Similar plots are given in
Fig. 4 for the f, responses.

Properties under ambient temperature

In general, the effect of fibers incorporated at a 0.25% rate
on f." and E is relatively limited; the resulting A(f.") and A(E)
varied between —8% and 12% and between —3% and 7%,
respectively. Similar trends are often reported in the litera-
ture, reflecting the marginal effect of fibers incorporated at
moderate rates on the cement matrix porosity and interfa-
cial transition zones of normal-strength concrete mixtures
(Mastali and Dalvand 2017; Yuan and Jia 2021). However,
as shown in Fig. 3, the incorporation of 0.5% steel fibers
seems efficient for strengthening the concrete skeleton in
compression, which increased the £’ and E responses (that is,
the A(f.") and A(E) reached 19.7% and 23.2%, respectively).
This can be attributed to the high-density nature of this kind
of fiber, including its hooked-end shape, which enhances the
capacity to control the propagation of cracks during loading
(Hamad and Abou Haidar 2011). It is to be noted that a rela-
tively weak relationship with a correlation coefficient (R?)
of 0.4 can be established between /. and E responses for all
tested mixtures, given as: £ (GPa) = 0.369(f.", MPa) + 14.33.

Regardless of the fiber type, the tensile-related properties
(f, and f;) improved for FRC mixtures (Fig. 4), which can be
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Fig. 4—Variations in f, responses for mixtures cured in
ambient temperature or after exposure to heat of 230+ 10°C.

mainly attributed to the fiber-bridging effect, which increases
the resistance to tensile stresses and restrains the propaga-
tion of cracks (Hannawi et al. 2016). As shown in Fig. 4,
the improvement in f,. determined for specimens cured and
tested under ambient temperature was particularly signifi-
cant, with A(f;) varying between 65 and 118%, reflecting the
relevance of fibers for beams tested under flexure. Hence, the
f, increased from 5.06 MPa for the control mixture to 9.97,
10.51, and 11.08 MPa for mixtures incorporating 0.25%
of glass, basalt, and PP-42 fibers, respectively. During the
splitting tensile testing, such values varied from 2.75 MPa
for the control mixture to 3.69, 3.57, and 3.29 MPa, respec-
tively. The f. and £, responses for FRC containing PVA fibers
were 8.75 and 3.41 MPa, respectively. Because of the higher
bridging effect, the tensile-related properties improved when
the steel fibers dosage increased from 0.25 to 0.5%; the
resulting £, increased from 8.35 to 10.43 MPa, and f; varied
from 3.04 to 3.41 MPa. A good relationship with R? of 0.85
can be established between f, and f; responses determined
for specimens cured and tested under ambient temperature,
expressed as follows: f. (MPa) = —10.8(f,, MPa)?> + 74.6(f,,
MPa) — 118.3.

The improvement in f, responses due to fiber additions was
accompanied by a remarkable increase in maximum beam
deflection (J,) recorded at failure (Table 2). For example, J,
varied from 0.29 mm for the control mixture to 0.66, 0.74,
and 0.86 mm for mixtures containing basalt, PVA, or PP-42
fibers, respectively; the resulting A(d,) was 126%, 155%,
and 196%, respectively. Such an increase is normally associ-
ated with the fiber-bridging effect, which limits the cracking
and propagation of fissures, transmitting the stresses to the
surrounding concrete and leading to improved ductility and
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higher energy transfer before beam failure (Ridha et al.
2020). Figure 5 plots the relationships between f, and 4,
measurements for all tested beams, whether under ambient
temperature or after being exposed to heat; the resulting R?
values were 0.81 and 0.75, respectively.

Effect of moderate heat on hardened properties

Exposing the concrete cylinders to moderate heat of 230 +
10°C led to reduced f;' responses for the different fibers
used (Fig. 3); for example, the value decreased from 43.6
to 27.9 MPa (f.23'/fi230' = 1.56) for the control mixture and
from 48.5 to 30.1 MPa (f.23'/f230' = 1.61) for the basalt FRC
mixture. This can be attributed to a number of concurrent
physical and chemical changes, such as the decomposition
of the ettringite between 50 and 110°C and the loss of water
that vaporizes from the macropores when the temperature
exceeds 100°C. This causes a loss in concrete weight accom-
panied by pressure build-up and thermal expansion within
the skeleton, leading to the formation of fissures and, eventu-
ally, explosive spalling. Explosive spalling is often assumed
to occur at high temperatures; however, many researchers
have observed it at early heat stages (that is, at approxi-
mately 200°C), mostly depending on the initial moisture
state, heating rate, and material’s tensile strength (Arioz
2009; Akca and Ozyurt 2018). Typically, when the tempera-
ture reaches approximately 350°C, the calcium hydroxide in
the cement begins to dehydrate, while the aggregate phase
starts decomposing at 700°C, generating significant strength
reduction (Paul et al. 2020).

Signs of explosive spalling were observed on the exte-
rior surfaces of specimens (whether cylinders or beams)
containing glass and basalt fibers, reflecting that the concrete
was not able to dissipate the pressure build-up during
heating. In contrast, FRC mixtures prepared with PP (PP-42
and PP-270), PVA, and steel fibers exhibited limited signs of
explosive spalling. The mechanism that prevented spalling
in PP-type FRC can be attributed to the creation of micro-
channels in the concrete mass after reaching the melting point
(170 to 190°C), thus allowing the water vapor to evacuate
and release the pore pressure. The FRC specimens prepared
with PVA or steel fibers combated spalling either because of
their relatively stable nature against moderate heat of 230°C
or because of their hooked-end shape, which enhanced the
bridging effect within the concrete skeleton (Tiberti et al.
2015; Issa and Assaad 2015).

With the exception of the PVA-type FRC mixture, the
A(f.") values determined under ambient temperature are
pretty similar to those obtained after exposing the specimens
to moderate heat (Fig. 3). This physically reflects that the PP,
glass, basalt, and steel fibers have marginal influence on the
concrete compressive strength, whether tested under ambient
or elevated temperatures. In contrast, the A(f.") significantly
varied from —1% to +26.5% for the PVA-based mixture, and
the resulting f.»3'/f.230" ratio of 1.22 was the lowest among
all other FRC and control mixtures (Fig. 3). This suggests
that PVA fibers appear to maintain efficiency at moderate
heat exposure of 230°C and efficiently contribute to mini-
mizing the loss in strength; similar trends were obtained
for the flexure testing, as will be discussed later. Magalhaes
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Fig. 5—Relationships between f. and 6, for beams tested
under ambient temperature or after being exposed to heat
of 230 £ 10°C.

et al. (2013) reported that although melting of PVA fibers
starts at approximately 220°C, the thermal analysis showed
that complete mass loss does not occur before 600°C. Liu
and Tan (2018) studied the effect of elevated temperature
on residual properties of PVA-based cementitious compos-
ites and found that the melting of fibers might have created
a network that was much more permeable than the plain
matrix and reduced the likelihood of spalling.

The effect of exposing the concrete beams to heat
curtailed the strength properties, leading to reduced f,
responses (Fig. 4). As explained earlier, this can be related
to a combination of physical and chemical changes asso-
ciated with weight loss, thermal shrinkage, and micro-
cracking in the interfacial transition zones that could
deteriorate the hardened properties. Nevertheless, it is inter-
esting to note that the control mixture exhibited the lowest
Jr23/fr230 ratio of 1.05; that is, the corresponding £, varied from
5.06 to 4.83 MPa when testing under ambient or moderate
temperature, respectively. The /. remarkably dropped for the
other FRC mixtures; for example, it varied from 11.08 to
5.96 MPa for the PP-42 mixture and from 10.51 to 6.11 MPa
for the basalt mixture (the corresponding f,13/f;230 ratios are
1.86 and 1.72, respectively). This can be attributed to the
nature of the flexural strength test, in which the presence
of fibers plays a determinant role in limiting the propaga-
tion of cracks in the tensile zone (Wang et al. 2019; Jabbour
etal. 2022). The relatively increased f,,3/f,230 values recorded
for FRC mixtures reflect the significant loss in the fiber-
bridging effect due to moderate heat exposure. Hence, the
A(f;) significantly varied from 119 to 23.4% for the PP-42
mixture and from 108 to 26.5% for the basalt mixture. The
A(f;) determined under moderate heat increased from 8.3%
to 25% for the FRC containing 0.25% or 0.5% steel fibers,
respectively, reflecting the importance of increasing the steel
fibers content to enhance the bridging effect and mitigate the
drop in strength.

As with £/, the lowest f23/f,230 ratio of 1.24 among other
FRC mixtures corresponded to the mixture containing PVA
fibers, corroborating their proper efficiency at moderate heat
exposure of 230°C to minimize the loss in strength. The
resulting A(f;) varied from 73% to 46.4% when testing under
ambient or moderate temperature conditions, respectively.

ACI Materials Journal/May 2025



Table 3—Resistance to freezing-and-thawing cycles and sorptivity measurements

Resistance to freezing and thawing Sorptivity, mm/hr®?
no, Hz n3e, Hz ny, Hz n10s, Hz Pee, % Py, % Peios, % W; W
Control 1553 1264.5 ND ND 66.3 ND ND 0.619 0.309
PP-42 1775 954 ND ND 28.9 ND ND 0.341 0.189
PP-270 1708.5 1420 910 754.5 69.1 28.4 19.5 0.331 0.207
Glass 1730.5 1353.5 780 ND 61.2 203 ND 0.933 0.325
Basalt 1775 1598 495 ND 81.1 7.8 ND 0.882 0.306
PVA 1753 1398 843 743.5 63.6 23.1 18 0.424 0.279
Steel (0.25%) 1642 1131.5 ND ND 47.5 ND ND 0.638 0.346
Steel (0.5%) 1708.5 821 ND ND 23.1 ND ND — —
Note: ND means that the specimen collapsed after the specified number of freezing-and-thawing cycles.
Pourfalah (2018) concluded that after exposure to tempera- 100 O After 36 cycles
tures beyond 150°C (that is, near the melting point of
. m After 72 cycles
PVA fibers), the failure mode of dog-bone-shaped samples 80
used for direct tensile assessment changed from rupture to ] O After 108 cycles
pullout, which changed the behavior from deflection hard- 60 4 }
ening to deflection softening. N
a.)
. . . . 40 -+
Effect of fibers on freezing-and-thawing resistance
Table 3 summarizes the » (fundamental transverse
frequency) and corresponding P, (relative dynamic modulus 20 1
of elasticity) responses determined after subjecting the 1 i
various concrete specimens to 0, 36, 72, and 108 freezing- 0 T T T ' ' ' T '
Control PP-42 PP-270 Glass Basalt PVA  Steel Steel

and-thawing cycles. It also reports the sorptivity measure-
ments (W; and Wy).

The variations in P, responses after 36, 72, and 108 cycles
are plotted in Fig. 6. Generally speaking, the incorporation
of medium-to-high-aspect-ratio fibers (that is, PP-270, glass,
basalt, and PVA) seems to marginally affect the concrete
resistance against freezing and thawing after 36 cycles; the
resulting P, varied within 70 + 10% compared to the control
mixture, which yielded a value of 66.3%. Most researchers
agree that fibers can improve frost resistance due to the
reduced development of microcracks under freezing-and-
thawing cycles and the increased number of closed pores that
can relieve the water pressure upon freezing in the cement
matrix (Paul et al. 2020; Li et al. 2021). Yet, the frost resis-
tance remarkably degraded with the use of PP-42 and steel
fibers possessing low aspect ratios of 42 and 30, respectively.
Hence, the P. dropped to 28.9% for the mixture containing
PP-42 fibers and to 47.5% and 23.1% for mixtures prepared
with 0.25% or 0.5% steel fibers, respectively. This may be
attributed to the long fiber shapes (that is, low aspect ratio),
which reduce the resistance against microcrack formations,
causing damage to the cement matrix. The control and FRC
mixtures containing PP-42 or steel fibers completely broke
after 72 cycles, reflecting their vulnerability against frost
attack.

As shown in Fig. 6, the FRC mixtures prepared using the
medium-to-high aspect ratio fibers did not fully degrade after
72 cycles, while only those containing PP-270 and PVA fibers
resisted frost up to 108 cycles. Hence, the P, values reached
28.4 and 19.5% after 72 and 108 cycles, respectively, for
the FRC made using PP-270, while those values were 23.1
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Fig. 6—Variations in P, responses determined after 36, 72,
and 108 freezing-and-thawing cycles.

and 18% for the PVA fiber mixture. Such results agree pretty
well with others reported in the literature, confirming the
benefits of PP and PVA fibers for the durability of concrete
exposed to frost conditions. For example, Ma et al. (2018)
studied the frost resistance of concrete containing PP fibers
and showed that such additions positively contributed to
the reduction of frost damage to the cement matrix. Nam
et al. (2016) proved the benefits of PVA and PP fibers to
the durability of concrete subjected to freezing-and-thawing
cycles, albeit the PVA fibers were more efficient because of
enhanced adhesion and better tensile properties than the PP.
Li et al. (2021) reported that the mass loss is not a relevant
index for frost damage evaluation of FRC mixtures; rather,
the P, measurements could be much more informative.

Effect on sorptivity

As expected, the absorption index (/) varied linearly
over time, reflecting that water absorption increases at a
constant rate with R?> values larger than 0.97. The W; and
W responses are computed as the slope of the straight lines
fitted between the square root of time and / measurements.
Figure 7 plots the W; and W, responses for the various
tested mixtures. As shown, the W; remarkably decreased
from 0.619 to 0.424 mm/h®? for the control and PVA-based
concrete, respectively. This was also the case with the incor-
poration of PP fibers, which reduced the #; measurements to
0.341 and 0.331 mm/h®3 for mixtures containing PP-42 and
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Fig. 7—Variations in W; and Wy responses for various tested
mixtures.

PP-270 fibers, respectively. This reveals that the PP and PVA
fibers are beneficial in attenuating the level of water absorp-
tion during the first 6 hours of immersion in water. Many
researchers attributed this behavior to the fiber-bridging
effect, which reduces the development of cracks and the
material’s proneness toward water absorption by capillarity
(Paul et al. 2020). Nevertheless, mixtures prepared using
glass or basalt fibers exhibited relatively higher W; values
that reached 0.933 and 0.882 mm/h®>, respectively. It is
worth noting that for longer-duration testing times (from 1
to 7 days), the influence of fibers seems to become marginal,
reflecting that sorptivity becomes more affected by the level
of porosity and compacity of the matrix. Hence, the resulting
W, values remained pretty close to the control value (within
0.309 + 0 .1 mm/h%%).

COST AND ENVIRONMENTAL IMPACT ANALYSIS

Traditionally, the cost and performance aspects have been
decisively adopted for developing concrete mixtures. Yet,
nowadays, the environmental impact of material production
and embodied carbon emissions have become additional
concerns, especially with the pledges to decrease Global
Warming Potential and mitigate climate change (UNFCCC
2015). In this study, the cost analysis for the different FRC
mixtures is performed, followed by an LCA and environ-
mental impact analysis, followed by an overall holistic
analysis taking into consideration cost, environment, and
performance.

Cost of control and FRC mixtures

Table 1 summarizes the average market prices provided by
different suppliers for the various considered fibers. While
the control mixture is estimated to cost 70 euros (€)/m?, the
basalt FRC mixture had the highest cost of 175 €/m?, followed
by the mixture containing steel (0.5%) fibers, glass, and then
steel (with 0.25%) with a cost of 140, 129, and 104.5 €/m>,
respectively. The PP fibers mixtures had the lowest cost of 94
and 102 €/m?, mostly because of the relatively cheap cost of
the PP, including its relatively lower density, which reduces
the amount used in the concrete mixture. In summary, the
increase in cost due to fiber additions ranged between 34%
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Table 4—LCI to produce 1 kg of PP, glass, basalt,
PVA, and steel fibers

Type of Quantity/1 kg
fibers Input material/energy of fibers Reference
Polypropylene granules 1 kg
Water 22.78 kg
Akbar and Liew
pp Lubricating oil 0.01585 kg (2021)
Heat
(industrial furnace) 0.6MJ
Nylon 6 granules 0.28 kg
Silica sand 0.37 kg
Clay 0.464 kg
Akbar and Liew
Glass Limestone 0.351 kg (2021)
Electricity mixture 1.61 kW-h
Process steam from 145 MJ
natural gas
Basalt Basalt 1 kg Jamshaid and
Heat and electricity 8 MJ Mishra (2016)
PVA granules 1 kg
PVA Water 22.78 Van den Heede
etal. (2018)
Heat 0.6 MJ
(industrial furnace) ’
ecoinvent database
Steel Steel fibers 1 kg (Wernet et al. 2016)

(that is, the PP-42 fiber mixture) and 150% (that is, the basalt
fiber mixture) compared to the control mixture.

Environmental cost

LCA is a useful technique for estimating the environ-
mental emissions generated from any given production
process (Song et al. 2009). The study herein considered a
cradle-to-gate cycle analysis, which included the extraction
and production phases. The functional unit is taken as
one cubic meter for each FRC containing a specified fiber
volume, cement, aggregates, and HRWR. The information
related to the materials flow and energy consumption of the
production cycles is gathered in a life-cycle inventory (LCI),
as shown in Table 4.

To produce PP fibers, the raw PP granules are melted
using an industrial furnace and then transformed into fibers
using the wet-spinning method (Akbar and Liew 2021),
consuming 0.6 MJ of energy. For glass fibers, different raw
materials (including clay, limestone, silica sand, and boric
acid) are melted into monofilament fibers at an energy of
14.5 MJ (Akbar and Liew 2021). Basalt fibers are manu-
factured using basalt rocks that are crushed and melted at
extremely high temperatures of 1450 to 1500°C, then passed
into bushings to produce the monofilament fibers. For PVA
fibers, ethers or vinyl esters are polymerized with vinyl
acetate to form PVA granules, which are then melted and
turned into fibers (Van den Heede et al. 2018). The data for
the production of steel fibers is collected from the ecoinvent
databases (Wernet et al. 2016). As inferred from Table 5, the
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Table 5—Normalized values of mechanical properties, cost, environmental impact, and durability-to-cost-

to-environmental indicator (/,,)

J* S I (fesolfeas)* | (Frazolfras)* P6* (1/wy* Cost* ECI* Indicator /,

Control 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
PP-42 1.13 1.20 2.19 1.00 0.56 0.44 1.82 1.34 1.04 1.00
PP-270 0.92 1.16 2.00 0.98 0.53 1.04 1.87 1.46 1.04 0.97
Glass 0.96 1.34 1.97 1.04 0.62 0.92 0.66 1.84 1.09 0.73
Basalt 1.11 1.30 2.08 0.97 0.61 1.22 0.70 2.50 1.05 0.64
PVA 0.99 1.24 1.73 1.28 0.85 0.96 1.46 1.37 1.06 1.00
Steel (0.25%) 1.09 1.11 1.65 0.92 0.66 0.72 0.97 1.49 1.04 0.80
Steel (0.5%) 1.19 1.24 2.06 1.01 0.61 0.35 — 2.00 1.08 0.70

Table 6—Environmental impacts for studied categories calculated using openLCA and ECI estimated for

all FRC mixtures

Environmental impacts

Global Warming Potential, Ozone depletion, Acidification of soil and
kg COs-eq kg CFC-11-eq water, kg SO,-eq Eutrophication, kg PO, eq ECL €
Control 366.465 1.9 x107° 0.897 0.1035 22.84
PP-42 373.291 1.9x107° 0.929 0.151 23.73
PP-270 373.805 1.9 x10° 0.931 0.151 23.77
Glass 392.187 1.9 x 107 1.05 0.116 24.86
Basalt 383.633 1.9x107° 0.984 0.1035 24.05
PVA 385.429 1.9x 107 1.008 0.1035 24.24
Steel (0.25%) 382.329 1.9 x 107 0.916 0.1035 23.71
Steel (0.5%) 398.705 1.9x107° 0.950 0.116 24.78

main inputs for the environmental impact are the materials
used and the energy consumed during production.

The environmental impacts are calculated for different
environmental impact categories using openLCA software
and based on ecoinvent databases (Wernet et al. 2016). The
calculated impacts are transferred into a common unit: the
Environmental Cost Indicator (ECI). The ECI is a monetary
amount (in euros) that is equivalent to the cost of repairing
the environmental damage caused throughout the life cycle
of the studied product (Wernet et al. 2016). The studied envi-
ronmental categories include the Global Warming Poten-
tial, ozone depletion, acidification of soil and water, and
eutrophication, and their ECI values are 0.05 €/kg CO,-eq,
30 €/kg CFC-11-eq, 4 €/kg SO,-eq, and 9 €/kg PO,-eq,
respectively (Wernet et al. 2016). The ECI factors are used
to transform the environmental impact obtained for each
category into a common unit, which is a monetary cost in
euros. For the category of Global Warming Potential, to
remediate the damage to the environment caused by 1 kg of
CO,-eq emissions, a cost of €0.05 is needed.

The environmental impacts for the various tested mixtures
at different categories are presented in Table 6, along with
the overall ECI (in euros), which represents the cost needed
to repair the environmental damage caused by producing
each mixture. Clearly, the most significant environmental
impact is in the global warming category. This is due to the
cement production, which emits large amounts of carbon
and thus contributes, on average, to more than 92% of the
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total environmental impact of the mixtures, as inferred from
the detailed LCA reports obtained in this study. Although
the impacts on the ozone depletion category are minimal
(Table 6), this category was considered because its ECI
factor is relatively high (600 times that of Global Warming
Potential). Moreover, the estimated impacts on acidification
of soil and water and on eutrophication are not negligible, as
those categories have ECI factors that are 80 and 180 times
higher than that of global warming, respectively. The mixture
that has the highest overall environmental impact, indicated
by the highest ECI, is the FRC with glass fibers, followed
by the FRC with steel (0.5%), and then the FRC with PVA.
However, the increase in the environmental impact resulting
from adding fibers is less than 10% compared to the control
mixture.

Durability-to-cost-to-environmental impact
indicator (I,)

A durability-to-cost-to-environmental impact indicator
(1,) is defined as the sum of the normalized performance
obtained from the experimental work divided by the normal-
ized cost and ECI values (refer to Eq. (4)). The asterisk (*)
indicates that the values are normalized with respect to the
control mixture. The values in the numerator correspond
to the mechanical properties whose increase is beneficial;
these include the compressive, splitting tensile, and flexural
strengths, the concrete’s ability to maintain compressive
and flexural strengths at elevated temperatures, resistance to
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freezing and thawing, and the inverse of sorptivity (because
the I; values are desired to be low). The values in the denom-
inator correspond to those whose increase is not beneficial
to the overall evaluation, including the purchasing cost and
environmental impact.

I, =
ﬂzs/* +ﬁ* +./l;'* + (ﬂzzol/fézz/)* + (ﬁz]o/ﬁﬂ)* + PC3(’* * (VLV)
X Cost' + ECI*

Qo

“)

The normalized values are listed in Table 5 (with the best
values for each property shown in bold). The seven terms
in the numerator, which are related to the performance, are
considered to be of equal importance; thus, they are each
given a weighting factor of 1/7. The two terms in the denom-
inator represent the cost and the environmental impact and
are given a weighting factor of 1/2. Values of /, greater than
or equal to 1.00 indicate that the overall enhancement in
performance justifies the increase in cost and environmental
impacts that result from fiber additions.

Except for FRC mixtures containing PP-42 and PVA
fibers, the 7, values are less than 1.00 (Table 5). This means
that the incorporation of PP-270, glass, basalt, and steel
fibers does not significantly enhance the concrete durability
to justify the additional costs of the fibers. As indicated
previously, the environmental impact of adding fibers is
not substantial because the main contributor is the cement,
which was the same in all mixtures. The increase in ECI
varies between 4 and 9%, with limited effect on /,. However,
the purchasing cost of the fibers appears to considerably
affect 7,; for example, the cost of FRC with basalt fibers
is 2.5 times higher than the control mixture, which signifi-
cantly reduced 7, to 0.64 (although this mixture showed the
highest resistance to freezing and thawing, with a normal-
ized P3¢ value of 1.22, and enhancement in flexural strength
of 108%). The highest 7, corresponds to FRC prepared with
PP-42 or PVA fibers with a value of 1.00, indicating that the
enhancement in durability is just enough to justify the addi-
tional fiber costs (which are 34% and 37% higher than the
control, respectively). The second highest 7, is for the FRC
containing PP-270 fibers with a value of 0.97, pretty close to
1.00. This mixture has the highest normalized inverse of the
sorptivity indicator and increased resistance to freezing-and-
thawing cycles, which is beneficial for durability.

When taking all factors into consideration, the best FRC
mixtures are those containing PP-42 and PVA fibers. In the
case of PP-42, the increased [, value can be attributed to
higher compressive and flexural strengths and a low normal-
ized cost and environmental impact. For PVA, the increased
1, value is due to improved resistance to heat and sorptivity,
in addition to the fibers’ relatively low cost and environ-
mental impact. In other words, even though PP-42 and PVA
mixtures have the same [, value, their “winning” points
are different. When the FRC is expected to be exposed to
elevated temperature or freezing-and-thawing cycles, PVA
fibers should be selected. In contrast, the PP-42 fibers are
recommended because of their reduced cost and concrete
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enhancement in flexural strength (119% better than the
control) and resistance to water absorption (82% better than
the control).

CONCLUDING REMARKS

Unlike durability, the life cycle and environmental
impacts of fiber-reinforced concrete (FRC) incorporating
various types of fibers are not yet fully understood. In fact,
no single study has normalized the assessment methods and
provided a comprehensive comparison of different fibers
in terms of environmental impact, performance, and cost.
In this context, the research reported in this paper sought
to assess the effect of different fibers (polypropylene [PP],
glass, basalt, polyvinyl alcohol [PVA], and steel) on the
concrete mechanical properties, along with their impact on
concrete costs and environmental emissions.

Based on the foregoing, test results showed that the
tensile-related properties (f, and f;) increased with fiber addi-
tions due to a higher bridging effect. The improvement in
flexural strength was accompanied by a remarkable increase
in the beam’s deflection, reflecting better ductility. Signs of
explosive spalling were observed on the exterior surfaces of
glass- and basalt-type FRC specimens exposed to moderate
heat of 230 = 10°C. In contrast, mixtures containing PP,
PVA, and steel fibers exhibited limited signs of explosive
spalling. The best resistance to heat was achieved for PVA
fibers, as reflected by the minimized strength loss.

The resistance to frost remarkably degraded with the use
of fibers possessing low aspect ratios (PP-42 and steel). The
FRC prepared using the medium-to-high-aspect-ratio fibers
did not fully degrade after 72 cycles, with the best perfor-
mance achieved with PP-270 and PVA fibers. Unlike the
glass, basalt, and steel fibers, the use of PP and PVA fibers is
beneficial to reducing the concrete’s proneness toward water
absorption by capillarity. The influence of fibers becomes
marginal for longer test durations (that is, from 1 to 7 days),
reflecting that sorptivity becomes more affected by the
porosity and compacity of the matrix.

The increase in concrete cost due to fiber additions ranged
between 34 and 150%, with basalt fibers being the most
expensive and PP-42 fibers the cheapest. The increase in the
environmental impact varied from 4 to 9%, with glass fibers
having the largest impact. When accounting for the concrete
durability, cost, and environmental impact, the PP-42 and
PVA fibers were found to be the most effective, with a
durability-to-cost-to-environmental impact indicator of
1.0. This indicator dropped to 0.64 and 0.73 for mixtures
containing basalt and glass fibers, respectively.
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The fatigue tension-softening constitutive model of concrete is
a crucial material property for the nonlinear analysis of fatigue
crack propagation processes. However, existing models are derived
and calibrated based on concrete with a single strength grade,
which limits their applicability. To address this issue, this study
develops a fatigue tension-softening constitutive model applicable
to normal-strength grade concrete. First, based on the fracture
test results of three-point bending (TPB) beams, the relationship
between the external work and the energy consumed for fatigue
crack propagation is established using the principle of energy
conservation. The second-order derivative of this relationship is
then used to determine the cohesive stress under fatigue loading.
1t is found that the cohesive stress decreases with the increase in
both fatigue crack opening displacement and the number of fatigue
cycles. For a given fatigue load level, the higher the tensile strength
of the concrete, the slower the degradation rate of cohesive stress.
Subsequently, by introducing the number of fatigue cycles, crack
opening displacement, and tensile strength as key parameters, the
fatigue tension-softening constitutive model for normal-strength
concrete is formulated. Finally, the model is validated by using it to
predict the fatigue crack propagation length, fatigue life, and stress
intensity factor at the fatigue failure of TPB beams and comparing
these predictions with experimental results. The model proposed in
this study provides essential parameters for evaluating the fatigue
fracture performance of concrete.

Keywords: compressive strength grade; crack propagation; fatigue frac-
ture; tension-softening constitutive model.

INTRODUCTION

Concrete structures such as bridge decks, airport runways,
pavements, and offshore structures are subjected to fatigue
loading during their service life. This loading can lead to
the initiation and propagation of fatigue cracks, ultimately
resulting in the fatigue failure of the structures. Accurately
predicting the fatigue crack propagation process is crit-
ical to implementing appropriate strengthening measures.
According to the fictitious crack model,' quantifying the
degradation of cohesive stress under fatigue loading, also
referred to as the tension-softening constitutive model,
is a crucial input for such predictions. Consequently, the
modeling of the fatigue constitutive model of concrete has
garnered significant attention, and extensive research has
been conducted in this area.

Currently, research on the fatigue tension-softening consti-
tutive model of concrete can be broadly categorized into two
main areas. The first category focuses on the quantitative anal-
ysis of the unloading-reloading characteristics of cohesive
stress under cyclic loading. Reinhardt et al.? and Yankelevsky
and Reinhardt® proposed the relationship between the
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cohesive stress and the crack opening displacement (COD)
(o-w) of concrete under cycle loading and reported that
the degradation of cohesive stress was influenced by the
COD and the number of cycles. Gylltoft* proposed a theo-
retical model to characterize the tensile failure of concrete
subjected to cyclic loading and demonstrated that fatigue
failure occurs when all the energy consumed in the fracture
process zone (FPZ) by unloading-reloading cycles is equal
to the fracture energy of concrete under monotonic loading.
Based on the aforementioned studies, Hordijk> presented a
continuous o-w relationship for predicting the fatigue crack
propagation in four-point bending beams and introduced the
envelope curve, the unloading curve, the gap in the enve-
lope curve, and the reloading curve to describe the degrada-
tion of cohesive stress. Subsequently, Hordijk® and Zhang
et al.”® found that the cohesive stress varies linearly with
the logarithm of the number of fatigue cycles and presented
a fatigue o-w relationship of concrete by considering the
unloading-reloading hysteresis. In the frame of dimension-
less stress-deformation coordinates, Zhang et al.’ proposed a
model to describe the hysteretic behaviors of concrete under
cyclic tension and tension-compression loading according to
the crack closing-opening mechanism. As uniaxial fatigue
tension tests have some eccentricity in the testing process,
three-point bending (TPB) tests on concrete beams under
fatigue loading were conducted by Toumi and Bascoul'”
to determine the fatigue o-w relationship with the fracture
energy and tensile strength of concrete and the unloading
and reloading hysteresis loop. By considering the unload-
ing-reloading hysteresis and the cohesive stress degradation,
Horii et al.!! proposed an analytical fatigue o-w relation-
ship for predicting the fatigue crack propagation process
of concrete under low-cycle fatigue loading. However, the
proposed relationship ignores the effect of the unloading
process and is not suitable for high-cycle fatigue crack prop-
agation. By considering the difference between unloading
and reloading paths, Yang et al.'> presented a fatigue o-w
relationship to characterize the irreversible damage process
in the FPZ and simulated the propagation of mode I and
mixed-mode fatigue cracks. With the assumption that the
unloading and reloading paths were linear, Xu and Yuan'>'4
presented a fatigue o-w relationship suitable for mixed-mode
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fracture, in which the extended finite element method was
combined to simulate the mixed-mode fatigue crack prop-
agation in single-edge notched beams. Toyama et al.'
proposed a constitutive model by considering the degra-
dation of traction stress caused by cyclic loading, and the
finite element method was combined to simulate the fatigue
crack growth in concrete. With the energy-based method, a
fatigue o-w relationship of concrete was reported by Skar et
al.,'® which could characterize the fatigue fracture behavior
of concrete with a hinge model. By considering the stiffness
degradation and the irreversible displacement accumulation,
Xi and Yang'” proposed a new cyclic cohesive zone model
of concrete for low-cycle fatigue, and the predicted fatigue
life was in reasonable agreement with experimental results.
Subsequently, Lima and Bittencourt'® presented a low-cycle
cohesive fatigue model of concrete by considering the size
dependence and simulated the crack propagation in TPB
beam specimens with different sizes. Kumar and Ray!
proposed a fatigue crack propagation rate law of concrete
under fatigue loads by considering the influence of size,
loading frequency, and stress amplitude. It was found that
the fatigue life and the critical fatigue crack length increase
with the increase of specimen size and loading frequency
but decrease with the increase of stress amplitude. Baktheer
et al.?% introduced a phase-field cohesive zone method to
simulate the fatigue crack propagation in concrete, which
contributes to the unified modeling of high-cycle fatigue
and low-cycle fatigue of concrete. Although these studies
can effectively capture the fatigue fracture mechanism of
concrete and provide reasonable predictions of fatigue crack
propagation length and fatigue life, the determination and
application of these tension-softening constitutive models
are complex and time-consuming. This is particularly true
when considering the hysteretic behavior of concrete under
high-cycle fatigue. As a result, there is a strong demand
for the development of a simpler fatigue tension-softening
constitutive model for concrete. This need has spurred the
emergence and advancement of the second category of
research, which focuses solely on the degradation of cohe-
sive stress corresponding to the fatigue peak load.
Specifically, by assuming that the cohesive stress only
exists during loading, Simon and Chandra Kishen?! proposed
a fatigue o-w relationship of concrete by considering the
interfacial fracture energy between the cement mortar and
coarse aggregates. Based on the energy equivalence, Zhang
et al.?»? derived a fatigue -w relationship for the polymer
cement mortar-concrete interface and found that the degrada-
tion rate of the cohesive stress increases with the increase of
fatigue COD and number of fatigue cycles. Jia et al.>* tested
notched TPB beams of C30 concrete under static loading,
fatigue loading, and fatigue-static loading and proposed a
o-w relationship of concrete under fatigue loading from the
view of energy for simulating mode I fatigue crack propa-
gation. Although these models offer the advantage of ease
of application, the empirical coefficients within them are
highly dependent on the material properties of the concrete.
For instance, the constitutive model proposed by Jia et al.*
becomes invalid for concrete with compressive strength
grades other than C30. From the perspective of evaluating
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the fatigue fracture performance of concrete, there is an
urgent need to develop a fatigue tension-softening consti-
tutive model that can be applied to concrete with varying
compressive strength grades.

The purpose of this paper is to propose a fatigue tension-
softening constitutive model applicable to normal-strength
concrete (with compressive strength not exceeding 50 MPa
[7.25 ksi]). First, based on the fatigue fracture test results of
TPB beams designed with concrete compressive strengths of
C20, C30, and C40, a fatigue tension-softening constitutive
model for normal-strength concrete is derived and formulated.
Second, the proposed model is integrated with an initial frac-
ture toughness-based crack propagation criterion to simulate
the mode I fatigue crack propagation process in concrete with
different compressive strength grades. Finally, the predicted
crack propagation length, fatigue life, and stress intensity
factor (SIF) at fatigue failure are compared with experimental
results to validate the effectiveness of the proposed fatigue
tension-softening constitutive model.

RESEARCH SIGNIFICANCE

From the previous literature review, it is evident that for
fatigue tension-softening constitutive models considering
the evolution of cohesive stress under unloading-reloading
cycles, accurately determining the mathematical form of the
o-w relationship is complex and challenging. This is partic-
ularly true when accounting for the fact that the degradation
of cohesive stress in high-cycle fatigue does not reach the
envelope curve of the o-w relationships. For constitutive
models focused on cohesive stress degradation under fatigue
peak load, the fitted empirical coefficients are dependent
on the material properties of concrete. However, to the best
of the authors’ knowledge, a universal constitutive model
applicable to concrete with different compressive strengths
has not yet been reported. Therefore, this study aims to
investigate and develop a fatigue tension-softening consti-
tutive relationship for concrete that features a simple math-
ematical expression and broad applicability. Based on the
proposed model, it is anticipated that the nonlinear fatigue
crack propagation and fatigue life of concrete structures can
be predicted with reasonable accuracy. This would enable
timely implementation of appropriate strengthening and
repair measures, ultimately contributing to a reduction in
the maintenance costs of concrete structures over their life
cycle.

EXPERIMENTAL PROGRAM

Concrete materials and specimens

According to the authors’ previous investigation,?
concrete with designed compressive strength grades of C20,
C30, and C40 was used to study its fatigue fracture proper-
ties. The mixture proportions of the concrete are detailed in
Table 1, where the cementitious material consists of ordi-
nary portland cement with a 28-day compressive strength
of 42.5 MPa (6.16 kpsi). The fine aggregate is natural river
sand, and the coarse aggregate is crushed limestone with
particle sizes ranging from 5 to 10 mm (0.20 to 0.39 in.). The
measured compressive strength (f;,), tensile strength (f)),
elastic modulus (£), and Poisson’s ratio (v) of the concrete

5
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Table 1—Mixture proportions of concrete, kg/m?

Table 2—Mechanical properties of concrete

Strength River | Lime- Water- Strength
grade Cement sand stone | Water | Fly ash | binder ratio grade feus MPa fi» MPa E, GPa %
C20 216 715 1167 210 92 0.68 C20 29.71+£235 | 259+0.13 | 28.63+1.63 | 0.23+0.02
C30 327 657 1204 195 — 0.60 C30 3834+£2.06 | 3.16+0.28 | 3532+1.51 | 0.24+0.01
C40 446 593 1102 214 — 0.48 C40 49.12+1.86 | 3.74+0.34 | 3849+1.92 | 0.24+0.02
Note: 1 kg/m® = 1.6855 Ib/yd>. Note: 1 MPa = 145 psi; 1 GPa = 145 ksi.
l P
H=150
| T
A L=600 9
< »
L=700

(a) Measurement of CMOD and ¢

Fig. 2—Fatigue test setup.

for each designed strength grade are listed in Table 2. The
geometry of the TPB beam specimen is illustrated in Fig. 1,
where the span (L), height (H), width (B), and initial crack
length (ay) of the beams are 600, 150, 80, and 45 mm (23.64,
5.91, 3.15, and 1.70 in.), respectively.

Test setup

The fracture tests were conducted in three steps. First,
nine TPB beams, comprising three different concrete
compressive strength grades (three specimens per group),
were tested under static loading to obtain the necessary
parameters for conducting the fatigue tests. Second, 45 TPB
beams with the same three compressive strength grades were
tested under fatigue loading. For each strength grade, three
load levels (0.7, 0.8, and 0.9) were selected, with five speci-
mens tested at each load level. Finally, 210 TPB beams were
initially subjected to fatigue loading until specific fatigue
cycles were reached, followed by static loading until spec-
imen failure. This procedure is referred to as fatigue-static
testing. All fracture tests were performed using a closed-loop
electro-hydraulic testing machine with a capacity of 250 kN
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(b) Measurement of COD

(56,180 1bf), as illustrated in Fig. 2. An external load sensor
with a capacity of 30 kN (6741.6 1bf) was used to record the
load (P). The crack mouth opening displacement (CMOD)
was measured using a clip gauge fixed at the crack mouth
with a pair of knife edges. Simultaneously, the midspan
deflection () of the beam was recorded using a clip gauge
positioned at the loading point, as shown in Fig. 2(a). To
determine the initial cracking load, two strain gauges (10 x
2 mm [0.394 x 0.0788 in.]) were symmetrically installed 5
mm (0.197 in.) away from the crack tip on both lateral sides
of the TPB beam to monitor strain variations. To measure
the COD, five clip gauges were installed along the ligament
at equal intervals of 20 mm (0.788 in.) from the crack tip
to the top of the beam, as depicted in Fig. 2(b). All data
were collected using a data acquisition system operating at
a frequency of 20 Hz. Further details regarding the materials
and fracture tests can be found in the original literature.?’
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Fig. 3—Bilinear softening curve.

Table 3—Parameters of bilinear curves

Strength
grade f» MPa G N/m | wy, mm oy, MPa Wy, MM
C20 2.59 128.94 0.18 0.86 0.040
C30 3.16 131.61 0.15 1.05 0.033
C40 3.74 135.42 0.13 1.25 0.029

Note: 1 MPa = 145 psi; 1 N/m = 0.205 bf/yd; 1 mm = 0.0394 in.

STATIC TENSION-SOFTENING
CONSTITUTIVE MODEL

The static tension-softening constitutive model of concrete,
including linear, bilinear, and exponential curves,'>?%?” has
been extensively studied. Among these, the bilinear curve
has been widely adopted in practical engineering to predict
crack propagation in concrete under static loading due to
its simplicity and accuracy. Based on Petersson’s investi-
gation,?® the bilinear model, as illustrated in Fig. 3, can be
expressed as follows

_f
o =% (1)
. = O.;Gf 2
366G )
’ Ji

where G, and f; represent the fracture energy and tensile
strength of concrete, respectively; o, and w denote the cohe-
sive stress and COD at the turning point of the curve; and
wy is the critical COD. Based on the authors’ previous test
results,” the parameters o,, w,, and w, for concrete with
different compressive strength grades were determined and
are listed in Table 3.
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Fig. 5—Energy distribution.

FATIGUE TENSION-SOFTENING
CONSTITUTIVE MODEL
Derivation process of fatigue tension-softening
constitutive model

First, it should be clarified that this investigation is
conducted at the macroscale. The effects of microstructure
and aggregate bridging of concrete at the mesoscale on
fatigue crack propagation are quantified through the degra-
dation of cohesive stress. The core idea behind the deriva-
tion of the fatigue tension-softening constitutive model is
energy conservation. Specifically, because the notched TPB
beams tested in the aforementioned experiments have a rela-
tively large span-depth ratio, the influence of shear force on
energy dissipation is negligible. The mechanical behavior of
the concrete outside the FPZ is approximately linear elastic
during the fatigue crack propagation process. Therefore, it is
assumed that the energy consumed by crack propagation is
equal to the external work, and the energy dissipated outside
the FPZ is ignored. Based on this quantitative relationship,
the cohesive stress under fatigue loading is formulated as
follows.

Figure 4 illustrates the schematic load versus deflection
(P-0) curve of a TPB beam subjected to N fatigue cycles
followed by static loading. The area under the static P-J
curve represents the external work £,.. After N fatigue cycles,
the distribution of the energy required for crack propagation
under static loading is shown in Fig. 5, where E\(w) denotes
the required energy within the FPZ, and E; represents the

ACI Materials Journal/May 2025



Fig. 6—Schematic fatigue crack propagation.

required energy in the undamaged zone, which can be calcu-
lated based on the fracture energy. According to the principle
of energy conservation, Ey(w) can be expressed as

Ex(w) = E. - E; 4)

After N fatigue cycles, the fatigue crack propagation length
is illustrated in Fig. 6. To simplify the theoretical derivation,
the continuous fatigue crack propagation process is divided
into N increments, with each increment corresponding to
one fatigue cycle. The crack propagation length after i (1 <
i < N) fatigue cycles is denoted as Aag;. By considering the
energy consumed under static loading for each increment,
the residual energy Ex(w) can be formulated and expressed
as

EN(w) = B[§“e(N,w)dy + B [fe(N—1,w)dy + - - - +B
Ay e(1,0)dy (5)

where e(i,w) is the required energy for the crack-propagating
unit area under static loading, and can be calculated by

e(i,w) = [Wo(i,w)dw (6)
where w; is the COD after 7 fatigue cycles; wy is the critical
COD:; o(N, w) is the static cohesive stress after N fatigue
cycles; and w is the COD under static loading.

In previous investigations, it was verified that the assump-
tion of a linearly distributed COD along the ligament has a
negligible influence on the prediction of the fracture prop-
erties of concrete.® Therefore, based on this assumption, the
relationship between Aay and the crack tip opening displace-
ment wy can be derived as

dy = —(Aay/wy)dw (7)

Substituting Eq. (7) into Eq. (5) yields

wvENW) _ g,
% = fw;(l,ﬂ)e(]v’w)der

Aay

[l = dadha) (N — 1 y)deo + -+ 4‘“(17%)6(1 o)dow  (8)

wa(l — Aas/Aay)
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Defining the parameter 7y as

_ WNEN(W)
Iv = "Bray 9)
Substituting Eq. (9) into Eq. (8) and taking the second-
order derivative of Eq. (8) yields

c:WTg— a(Nw)+<1—— [N Wy 1—2—2)]—
(=22 o[22
(17%’;)0[1\]71,%,1(1 ﬁg;)] -

(A )ofun (28] a0

It should be noted that, theoretically, the fatigue cycle-
related COD would be discontinuous. However, it is
assumed here that the COD evolves continuously to enable
the second-order derivation of this equation. Additionally,
the crack tip after i fatigue cycles serves as the starting point
for the i + 1 fatigue cycles. This implies that the cohesive
stress must be continuous at this location, leading to the rela-
tionship given by

. Ag;
O'[N—l+ 1,WN<1 _A—a'N>

Aa,)] (11)

Substituting Eq. (11) into Eq. (10), the cohesive stress of
concrete after experiencing N fatigue cycles and with a COD
of w, denoted as o(/N, w), can be obtained by

-

d*Ty
dwg (12)

o(N,w) =

Procedure for determining model

According to the theoretical derivation process outlined
previously, the determination of the cohesive stress of
concrete under fatigue loading can be conducted as follows:

1. Based on the static-fatigue fracture test results obtained
by Chen et al.,?® the four key parameters wy, Ex(w), B, and
Aay for concrete with different compressive strength grades
can be determined;

2. Substituting these four parameters into Eq. (9), the
quantitative mathematical relationship between Ty and wy
can be fitted; and

3. Substituting the fitted equation from step (2) into
Eq. (12), the cohesive stress of concrete under fatigue
loading can finally be determined.

Specifically, Fig. 7 illustrates the experimentally deter-
mined Ty and wy for concrete with different compressive
strength grades, where “C20-0.9” denotes the TPB beam
with a designed concrete compressive strength grade of
C20 and a fatigue load level S of 0.9. Considering the phys-
ical meaning of these two parameters, the following two
boundary conditions should be satisfied when fitting the
quantitative relationship between 7Ty and wy:
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Fig. 7—Relationship between Ty and wx. (Note: I N =0.225
bf: I mm = 0.0394 in.)

1. when wy =0, Ty = 0; and
2
=
WN
After extensive attempts, the following Eq. (13), which
satisfies the two aforementioned conditions, was used to fit
the quantitative relationship between Ty and wy

2. when wy =0,

Ty = bywa[1 + by exp(—b3wy)] (13)

where b;, by, and b; are empirical coefficients. Figure 7
presents the fitted curves based on nonlinear regression
analysis. The values of these three coefficients for concrete
with different compressive strength grades are listed in
Table 4, along with the coefficients of determination 7. It can
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be observed that all » are greater than 0.90, indicating a good
fit. By substituting the fitting equations into Eq. (12), the
cohesive stress of concrete under fatigue loading, o(N,w),
can finally be determined.

To facilitate the final modeling of the constitutive model,
o(N, w) is normalized by o,(w), where o,(w) is the cohesive
stress of concrete under static loading. Figure 8 depicts the
relationship between a(NV, w)/a(w) and wy/w, under different
fatigue load levels. When wy is equal to or smaller than the
crack tip opening displacement after the first loading cycle
wi, o(N, w) is equal to the cohesive stress of concrete under
static loading—that is, o(N, w) = g,(w). Obviously, the values
of w; for load levels of 0.7 and 0.8 are close but smaller
compared with that for a load level of 0.9. The reason for
this is that before the peak load P,,,, the closer the load is
to the peak load, the larger the nonlinear deformation of the
concrete beam is. In addition, o(N, w)/o(w) decreases with
an increase in wy/wy and S. When wy/wy is 0.04 and S is
0.9, 0.8, and 0.7, o(N, w)/os(w) decreases by 6.6%, 8.9%,
and 11.2% for C20 concrete, respectively. Likewise, for a
given Sat 0.9, 0.8, and 0.7, a(N, w)/o(w) decreases by 7.1%,
10.4%, and 11.5% for C30 concrete and 8.7%, 13.0%, and
16.1% for C40 concrete, respectively. This can be explained
as follows. The lower the fatigue load level is, more fatigue
cycles are required to reach the same opening displacement
for the fatigue crack. For a given COD, more loading cycles
are needed to overcome the bridging resistance along the
crack surface caused by lower fatigue loading, and more
severe degradation of cohesive stress is induced, which is
consistent with the conclusions reported by Zhang et al.?

The relationship between o(N, w)/o(w) and N under
different fatigue load levels is shown in Fig. 9. For a given
compressive strength of concrete, a(N, w)/o(w) decreases
with the increase of N. When N is 10 and S is 0.9, 0.8, and
0.7, o(N, w)/a(w) decreases by 10.9%, 4.8%, and 2.1% for
C20 concrete, respectively. Likewise, for a given S at 0.9,
0.8, and 0.7, o(N, w)/o(w) decreases by 8.6%, 3.1%, and
1.9% for C30 concrete and 6.4%, 2.7%, and 1.5% for C40
concrete, respectively. The cohesive stress decreases as the
fatigue load level decreases. The reason for this is that under
a lower fatigue load level, more fatigue cycles are needed
to reach the same value of N and more severe stress degra-
dation is induced by the cyclic opening and closing of the
fictitious crack surface.
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The relationship between o(N, w)/a(w) and N for concrete
with different compressive strengths is shown in Fig. 10.
When Nis 10 and S'is 0.9, o(N, w)/o,(w) decreases to 89.1%,
91.4%, and 93.6% for C20, C30, and C40 concrete, respec-
tively. Likewise, for C20, C30, and C40 concrete, o(N, w)/
oy(w) decreases to 95.2%, 96.9%, and 97.3% for a given S
at 0.8 and 97.9%, 98.1%, and 98.5% for a given S at 0.7,
respectively. For a given fatigue load level, a higher tensile
strength of concrete results in a slower decrease of the
normalized cohesive stress.

Based on the results presented in Fig. 8 to 10, regression
analysis was performed to fit the mathematical expression of
the fatigue tension-softening constitutive model of concrete.
By taking the fatigue cycle (V) and COD (w) as the key
parameters, numerous attempts were made to determine the
mathematical form of the constitutive model. Balancing the
model’s accuracy and simplicity, the constitutive model was
finally formulated as

N)
%Eiigl = 1~ [log(N)1(0.02 + 1.58 35 — 0.04f,35-log (N) )

(14)

It should be highlighted that in the model, the tensile
strength of concrete f; is also introduced to quantify the influ-
ence of concrete compressive strength grade on the degrada-
tion of cohesive stress. Figure 11 illustrates the comparison
of the predicted (N, w)/o(w) using Eq. (14) with the exper-
imental results. The predicted o(N, w)/o,(w) agrees well with
the experimental results with a coefficient of determination
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Fig. 11—Comparison of 6(N,w)/cs(W) between predictions
and experimental results.

of 0.90, indicating that the proposed model can capture
the degradation of the cohesive stress for normal-strength
concrete.

Through the analysis mentioned earlier, when the tensile
strength (f;) and fracture energy (Gy) of concrete are deter-
mined in advance, the cohesive stress of concrete under
static loading, o,(w), can be calculated using Eq. (1) to (3).
Subsequently, by substituting a,(w), f;, and wy into Eq. (14),
the fatigue tension-softening constitutive model of concrete
can be finalized. In practical engineering applications, when
the fatigue cycles (N) and COD are known and input into the
proposed constitutive model, the cohesive stress a(N, w) can
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Fig. 12—Flowchart of numerical computation.

be determined. This cohesive stress can then be introduced
into the FPZ of concrete to describe its quasi-brittle prop-
erties, thereby quantifying the nonlinear crack propagation
process in concrete structures.

NUMERICAL VALIDATION

To verify the proposed fatigue tension-softening consti-
tutive model, it is combined with an initial fracture
toughness-based crack propagation criterion®® to predict the
fatigue crack propagation process of the TPB beams. The
predicted results are then compared with the experimental
results. According to the initial fracture toughness-based
crack propagation criterion, the fatigue crack propagation is
evaluated as follows:

1. When Kf - Kf{ < K",
propagate;

2.When K/ — K7 =K/",
state; and

3. When K/ — K7 > K", the fatigue crack propagates.

the fatigue crack does not

the fatigue crack is in the critical
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Adjust the fatigue cycles
and N=N+1. When i=2,
N=N.;+AN; (=1, 2, ..., i-1).
Calculate K7 and K7 .

No

Yes

Fatigue crack propagates. Delete
the FEM, AN~=N,, and i=i+1.

End

where K7 is the SIF caused by the applied fatigue load; K7 is
the SIF generated by the cohesive stress in the FPZ; and K}"
is the initial fracture toughness of concrete. This criterion
has the advantage of reflecting the resistance of concrete to
cracking and is unaffected by the stress singularity at the
crack tip.

Figure 12 shows the flowchart of the numerical calcula-
tion procedure for the fatigue crack propagation process,
which is elaborated in detail as follows:

1. Input the required geometric and material parame-
ters, including the span (L), depth (H), thickness (B), initial
crack length (ao), tensile strength (f;), elastic modulus (£),
Poisson’s ratio (v), initial fracture toughness (K;/*), frac-
ture energy (G)), fatigue peak load (F,,.), and the proposed
fatigue tension-softening constitutive model.

2. Establish the finite element model of the TPB beam
and set the incremental fatigue crack length Ah. For the first
crack propagation step (i = 1), Aa; = Ah. For i > 2, Aa; =
Aa; | + Ah. The fatigue cycle at the i-th crack propagation
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Table 5—Parameters adopted in humerical simulation

Strength grade N f,» MPa E, GPa v K}, MPa-m'? G;, N/m Faes KN
0.9 3.46
C20 0.8 2.59 28.63 0.23 0.45 128.94 3.07
0.7 2.69
0.9 4.46
C30 0.8 3.16 35.32 0.24 0.58 131.61 3.96
0.7 3.47
0.9 4.82
C40 0.8 3.74 38.49 0.24 0.64 135.42 4.29
0.7 3.75

Note: 1 MPa = 145 psi; 1 GPa = 145 kpsi; 1 MPa-‘m"? = 138.62 psi-yd"?; 1 N/m = 0.205 bf/yd; 1 kN = 224.72 bf.

Fig. 13—Mode-I fatigue fracture for specimen C20-0.9.

step is denoted by N;. When i = 1, N; =1, and when i > 2,
N;=N; 1 +AN;(j=1,2,...,i-1), where N, is the total number
of fatigue cycles after the j-th step, and AN, is the number of
fatigue cycles at the j-th crack propagation step. Compute
K IPand K ]J.

3. According to the given crack propagation criterion,
the calculation procedure is divided into the following two
cases:

(a) If K — K7 > K/, the fatigue crack initiates and
propagates, AN; =0, and i =i + 1; and

(b) If K — K < K/™, the fatigue crack does not propa-
gate and the fatigue cycles should be increased. When i =1,
N;=N;+1.Wheni>2,N,=Nyu; +AN; j =1, 2, ..., i-1).
Based on the update fatigue cycles, recompute K/ and K.
Repeat this step until the crack propagation condition is
satisfied. Then the fatigue cycles at the i-th crack propaga-
tion step are determined, AN;=N,,and i =i+ 1;

4. Repeat steps (2) and (3). When the fatigue crack prop-
agation length exceeds the threshold, the program is termi-
nated. The numerical results, including the fatigue crack
propagation length, the fatigue life, and the SIF at the fatigue
failure of the beams, are then outputted.

In the authors’ previous investigation,”> mode I fatigue
fracture tests of TPB beams were conducted using concrete
with different compressive strength grades (C20, C30, and
C40) and under different load levels (0.7, 0.8, and 0.9). The
TPB beams had a span of 600 mm (23.64 in.), a depth of
150 mm (5.91 in.), a thickness of 80 mm (3.15 in.), and
an initial crack length-to-depth ratio of 0.30. The material

5
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Fig. 14—Fatigue crack propagation process in specimen
C20-0.9.

properties for concrete with different compressive strength
grades, as well as the fatigue peak loads P,,, at different
load levels, are presented in Table 5. Figure 13 shows the
experimentally observed fatigue failure form of the TPB
beam with a concrete strength grade of C20 and an applied
load level of 0.9, denoted as C20-0.9. Based on the provided
geometric and material parameters, the fatigue crack prop-
agation process of these TPB beams was simulated using
the numerical procedure described earlier. The simulated
fatigue crack propagation process for specimen C20-0.9 is
illustrated in Fig. 14. It should be noted that in the numer-
ical calculations, the increment of the fatigue crack length
Ah was set to 2 mm (0.08 in.). This value was chosen based
on a pre-conducted sensitivity analysis, which indicated that
using this increment achieves a balance between compu-
tational accuracy and efficiency. Additionally, it should be
clarified that both microcracking at the mesoscale and the
reduction of stiffness at the macroscale can be attributed to
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the degradation of cohesive stress under fatigue loading.
Therefore, in the numerical model, the mechanical behavior
of concrete outside the FPZ is assumed to be linear elastic.

Figure 15 presents a comparison of the predicted normal-
ized Aay/Aas-N/N; curves with the experimental results for
concrete with different strength grades, where Aa, denotes
the crack propagation length at fatigue failure. It can be
observed that all predicted Aay/Aas-N/N; curves fall within
the scatter band of the experimental results, indicating good
agreement between the predicted and experimental data. The
values of fatigue life (V)), crack propagation length at fatigue
failure (Aay), and SIF at fatigue failure (Kj) obtained from
the numerical simulation and the experiments are listed in
Table 6. The error between the predicted results and the exper-
imental values, as well as the mean absolute percentage error
(MAPE) between the predicted results and the experimental
results, are also provided. Figure 16 shows the comparison
of fatigue life. It can be observed that all predicted fatigue
life values fall within the scatter band of the experimental
results. The significant discrepancy between the predicted
fatigue life and the mean values of the experimental results
can be explained from the following two aspects: 1) Due to
the inherent inhomogeneity of concrete, the material proper-
ties of each specimen within a group may vary slightly. This
variability leads to significant scatter in the measured fatigue
life.?? When only five TPB specimens are included in each
group, the sample size is insufficient to obtain a statistically
significant mean fatigue life; and 2) In the numerical model,
deterministic material parameters of concrete are used to
simulate the fatigue crack propagation process. As a result,
only a unique fatigue life value can be obtained, which
may not fully capture the variability observed in experi-
mental results. Figures 17 and 18 show the comparison of
Aayand Ky, respectively. For both parameters, the error and
MAPE are less than 10% and 0.05. The predicted results
demonstrate good agreement with the experimental results.
Through these quantitative comparisons, the effectiveness
of the proposed fatigue tension-softening constitutive model
in simulating the fatigue fracture process of concrete with
different strength grades is verified. Based on the predicted
results, the fatigue fracture behavior of normal-strength
concrete structures can be effectively assessed, enabling the
implementation of appropriate strengthening measures to
enhance structural service performance.

Although the general degradation law of cohesive stress
under fatigue loading has been identified and formulated
based on the test results of 264 TPB beams, and its effec-
tiveness in predicting the fatigue crack propagation process
has been verified, its accuracy and versatility require further
investigation. Specifically, the experimental results used
in this study included only five specimens for each group.
Due to the significant scatter inherent in fatigue test results,
the accuracy of the model may be affected. To address
this, more fatigue fracture tests on concrete with different
compressive strength grades should be conducted to expand
the data set and further refine the model. Furthermore, given
the complexity of fatigue loading conditions and service
environments encountered by concrete structures in prac-
tical engineering applications, it is essential to employ the
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Fig. 15—Aan/Aa-N/N¢ curves.

proposed model to predict the fatigue crack propagation
process under diverse environmental conditions (including
freezing-and-thawing cycles and wetting-and-drying cycles)
and various loading parameters (including different stress
amplitudes and frequencies), as well as to investigate the
crack propagation behavior at the structural scale. Concur-
rently, systematic experimental investigations should be
conducted to comprehensively characterize the fatigue frac-
ture properties. Finally, through quantitative comparison
between the predicted and experimental results, the robust-
ness and applicability of the proposed model across different
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Table 6—Numerical and experimental results under fatigue loading

Strength Ny Aay, mm Kj; MPa-m'?
grade N Num. Exp. Error, % MAPE Num. Exp. Error, % | MAPE Num. Exp. | Error, % | MAPE
145 —41.38 40.97 -3.83 1.52 -3.29
42 102.38 36.91 6.75 1.39 5.76
0.9 85 28 203.57 0.90 39.40 38.95 1.15 0.04 1.47 1.45 1.38 0.04
59 44.06 40.09 -1.72 1.49 —-1.34
196 -56.63 41.85 —5.85 1.56 -5.77
775 172.77 43.95 3.48 1.46 3.42
671 215.05 42.95 5.89 1.44 4.86
C20
0.8 2114 597 254.10 1.29 45.48 44.52 2.15 0.03 1.51 1.49 1.34 0.03
2172 -2.67 48.13 -5.51 1.58 —4.43
2059 2.67 45.68 —0.44 1.52 -0.66
3896 268.87 48.81 5.27 1.45 7.59
6856 109.61 49.90 2.97 1.49 4.70
0.7 14,371 1.04 51.38 0.03 1.56 0.04
20,619 -30.30 52.52 -2.17 1.61 -3.11
15,757 -8.80 51.04 0.67 1.54 1.30
311 -64.31 37.33 -2.89 1.80 -0.56
472 —76.48 39.72 -8.74 1.91 —6.28
0.9 111 269 -58.74 0.47 36.25 36.27 -0.06 0.04 1.79 1.76 1.70 0.04
108 2.78 35.32 2.63 1.72 4.07
164 -32.32 33.99 6.65 1.67 7.19
3761 75.03 42.15 0.43 1.80 0
10,904 -39.63 44.93 -5.79 1.93 -6.74
C30 0.8 6583 3393 94.02 0.85 42.33 40.74 3.90 0.03 1.80 1.74 3.45 0.03
3717 77.11 41.95 0.91 1.79 0.56
2776 137.14 39.93 6.01 1.70 5.88
11,366 222.41 50.43 -4.56 1.96 -6.12
97,376 —62.37 48.07 0.12 1.83 0.55
0.7 36,045 20,310 80.43 0.91 48.13 46.26 4.04 0.03 1.84 1.75 5.14 0.04
47,200 —22.36 47.97 0.33 1.83 0.55
22,006 66.52 45.89 4.88 1.73 6.36
107 294.39 33.38 291 1.78 2.25
1211 —65.15 38.03 —9.68 1.98 -8.08
0.9 422 339 24.48 0.89 34.35 34.26 0.26 0.04 1.82 1.82 0 0.03
961 —56.09 33.07 3.87 1.77 2.82
450 -6.22 35.14 -2.24 1.85 -1.62
10,779 -17.02 43.16 —5.40 1.99 -5.53
3151 183.88 37.41 9.14 1.74 8.05
C40 0.8 8945 8577 4.29 0.81 40.83 41.15 —0.78 0.04 1.88 1.90 -1.05 0.04
5325 67.98 40.50 0.81 1.87 0.53
3893 129.77 39.27 3.97 1.82 3.30
44,580 53.85 43.61 5.21 1.76 6.25
116,779 —41.27 48.50 —5.40 2.00 —6.50
0.7 68,588 154,668 —55.66 0.76 45.88 47.02 —2.43 0.03 1.87 1.93 -3.11 0.04
23,147 196.31 45.08 1.77 1.83 2.19
51,914 32.12 46.81 -1.99 1.92 -2.60

Note: I mm = 0.0394 in.; | MPa-m'? = 138.62 psi-yd">.
48 ACI Materials Journal/May 2025



1.0

25

O C20 experimental data
O C30 experimental data®
A C40 experimental data®
0.9 1 000 ccee> A @ (20 numerical data
® C30 numerical data
A C40 numerical data
“2 0.8 1 0D @20 A0
0.7 1 0 O CE @DADA
O . 6 T T T T
1 2 3 4 5 6
log(Vp
Fig. 16—Comparison of Ny.
1.0 :
O C20 experimental data®
O C30 experimental data®
A C40 experimental data®’
0.9 + asea NJC @A\l im]m] m  C20 numerical data
® C30 numerical data
A  C40 numerical data
“ 0.8 1 A rANeDNTED O
0.7 1 Vagate oY Ajue: ful
0.6 T T
30 40 50 60

Aa; (mm)

Fig. 17—Comparison of Aay.

conditions can be further verified, thereby facilitating its
implementation in practical engineering scenarios.

CONCLUSIONS

Due to the lack of systematic and comprehensive studies
on the fatigue tension-softening constitutive relationship
of concrete, especially concerning the impact of concrete
strength variations, the precise prediction of nonlinear
fatigue crack propagation in concrete structures remains a
significant challenge. This limitation consequently hinders
the reliable assessment of structural fatigue performance.
To address this research gap, a detailed investigation on
the fatigue tension-softening constitutive model of normal-
strength concrete was undertaken. The conclusions drawn
are presented as follows:

1. The strength grade of concrete is a critical parameter
influencing the degradation law of cohesive stress and
should be carefully considered when formulating the fatigue
tension-softening constitutive model. The results indicate
that, under the same load levels and fatigue cycles, the higher
the strength grade of concrete is, the slower the degradation
of normalized cohesive stress is.

2. A fatigue tension-softening constitutive model for
normal-strength concrete is proposed. From the perspective
of energy conservation, a quantitative relationship between
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the external work and the energy consumed by crack prop-
agation in concrete is established, which is used to derive
the degradation law of cohesive stress. By incorporating the
influence of concrete strength grade, the fatigue tension-
softening constitutive model is mathematically formulated.

3. When the fracture energy and tensile strength of
normal-strength concrete are predetermined, the fatigue
tension-softening constitutive model can be established by
using these two parameters to determine the key variables
within the model. Subsequently, this model can be employed
to predict the nonlinear fatigue crack propagation in normal-
strength concrete when combined with the stress intensity
factor (SIF)-based fatigue crack propagation criterion. This
approach provides a valuable reference for evaluating the
fatigue performance of concrete structures.
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NOTATION

ap = initial crack length of TPB beam

B = height of TPB beam

by, by,

b = empirical coefficients

E = elastic modulus

E. = residual energy

Ex(w) = residual energy in FPZ

E. = energy in undamaged zone of beam along ligament

e(N,w) = unit residual energy of crack after N fatigue cycles
Fhe = fatigue peak load

Seu = compressive strength
i = tensile strength
Gy = fracture energy
H = width of TPB beam
Ky = stress intensity factor at fatigue failure
K7 = stress intensity factor caused by applied load
K = initial fracture toughness
7 = stress intensity factor caused by cohesive stress
L = length of TPB beam
Lo = span of TPB beam
N = number of fatigue cycles
Ny = fatigue life
P = applied load
P, = initial cracking load
S = fatigue load level
Ty = ratio of wyEx(w) to BAay
w = fatigue crack opening displacement
Wy = crack tip opening displacement after N fatigue cycles
Wy = crack opening displacement at turning point of bilinear model
wo = critical crack opening displacement
v = Poisson’s ratio
Aa; = crack propagation length at fatigue failure
Aay = crack propagation length after NV fatigue cycles
Ah = increment of fatigue crack length
0 = displacement at loading point

o(N,w) = cohesive stress-crack width relationship after N fatigue cycles
o(N,w) = fatigue tension-softening constitutive model

Oy = cohesive stress at turning point of bilinear model
ow) = static tension-softening constitutive model
[0} = fictitious crack width
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Artificial Intelligence Approach for Predicting Compressive
Strength of Geopolymer Concrete

by Muhammad Naveed, Asif Hameed, Ali Murtaza Rasool, Rashid Hameed, and Danish Mukhtar

Geopolymer concrete (GPC) is a progressive material with the
capability to significantly reduce global industrial waste. The
combination of industrial by-products with alkaline solutions initi-
ates an exothermic reaction, termed geopolymerization, resulting
in a carbon-negative concrete that lessens environmental impact.
Fly ash (FA)-based GPC displays noticeable variability in its
mechanical properties due to differences in mixture design ratios
and curing methods. To address this challenge, the authors opti-
mized the constituent proportions of GPC through a meticulous
selection of nine independent variables. A thorough experimental
database of 1242 experimental observations was assembled from
the available literature, and artificial neural networks (ANNs) were
employed for compressive strength modeling. The developed ANN
model underwent rigorous evaluation using statistical metrics such
as R-values, R? values, and mean squared error (MSE). The statis-
tical analysis revealed an absence of a direct correlation between
compressive strength and independent variables, as well as a lack
of correlation among the independent variables. However, the
predicted compressive strength by the developed ANN model aligns
well with experimental observations from the compiled database,
with R? values for the training, validation, and testing data sets
determined to be 0.84, 0.74, and 0.77, respectively. Sensitivity
analysis identified curing temperature and silica-to-alumina
ratio as the most crucial independent variables. Furthermore, the
research introduced a novel method for deriving a mathematical
expression from the trained model. The developed mathematical
expressions accurately predict compressive strength, demonstrating
minimal errors when using the tan-sigmoid activation function.
Prediction errors were within the range of —0.79 to 0.77 MPa,
demonstrating high accuracy. These equations offer a practical
alternative in engineering design, bypassing the intricacies of the
internal processes within the ANN.

Keywords: artificial neural network (ANN); constituent ratios; fly ash
(FA); geopolymer concrete (GPC) strength; green material; mathematical
modeling.

INTRODUCTION

Geopolymer concrete (GPC) distinguishes itself as a green
substitute for conventional concrete, providing a notable
decrease in carbon dioxide (CO,) emissions—up to five to
six times less.! GPC is formulated with a blend of industrial
waste materials serving as precursors, an alkaline activation
solution, and aggregates.>® The exothermic reaction known
as geopolymerization is triggered when a precursor, notably
copious in SiO, and Al,O;, dissolves in an alkaline solu-
tion.*> Alkaline solution is typically composed by mixing
caustic soda (NaOH) and water glass (Na,Si0;).%® Curing
conditions significantly influence the rate of geopolymer-
ization and form a covalently bonded three-dimensional
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(3-D) macromolecular network that enhances compressive
strength at early age.’!! Therefore, achieving the desired
GPC compressive strength relies on selecting the appropriate
proportions of these constituents.'?'* Although experimental
studies have showcased the advantages of GPC, especially
concerning enhanced mechanical performance, it is crucial
to acknowledge that such investigations can incur signifi-
cant expenses, involve complexity, and demand consider-
able time.!>!7 To streamline the process and facilitate more
economical and optimized mixture designs, the development
of a reliable predictive model capable of replicating experi-
mental outcomes for GPC’s compressive strength becomes
imperative. Numerous researchers have undertaken efforts
for compressive strength prediction. While acknowledging
the existing challenges, it is important to note that these
endeavors provide valuable insights into different influ-
encing variables for GPC. Dao et al.!® employed various arti-
ficial intelligence (Al) approaches for compressive strength
prediction by considering four input variables. Though
the study involved a data set of 210 GPC samples with an
approximate strength approximation error of 13%, it did not
explore the impact of curing temperature and curing dura-
tion. Shahmansouri et al.'"” developed an artificial neural
network (ANN) for GPC incorporating natural zeolite and
silica fume, using a data set of 39 experimental samples.
While the study considered input variables such as NaOH
molarity, slag content, silica fume, and zeolite content, it
did not include certain influential factors such as Na,SiO;
content, curing regimes, and aggregates ratio. Ahmad et al.?
used different machine-learning algorithms to forecast GPC
compressive strength with 154 data points and nine input
variables. However, the effect of the curing regime, a crucial
parameter for expediting the geopolymerization process, was
not incorporated. Verma et al.?! developed an ANN model
for GPC compressive strength with a comprehensive data
set of 540 data points and 12 input variables. Pratap et al.??
explored the potential of the ANN to assess the mechanical
properties of GPC using 20 samples and five input variables.
While these studies offer valuable contributions, they did not
explore the properties of Na,SiOs3 and curing methods.

The available literature lacks in-depth modeling inves-
tigations exploring the impact of varying ratios of GPC

ACI Materials Journal, V. 122, No. 3, May 2025.
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Comprehensive Review of Literature on GPC Contents, Curing Methods,
Specimen Ages, and Mechanical Properties
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Fig. I—Research methodology.

components on compressive strength under different curing
temperatures and sample ages.?? Additionally, the construc-
tion sector seldom employs a robust model for forecasting
GPC compressive strength. This is primarily due to the
restricted applicability of existing models, which fail to
encompass a diverse range of experimental data.>* The focus
of this study is a comprehensive exploration of the factors
influencing the compressive strength of fly ash (FA)-based
GPC. The research uses Al methodology, integrating nine
independent variables. The database collected by Naveed
et al.?> was considered, and ANNs were employed to model
compressive strength. The model’s accuracy was evaluated
using mean squared error (MSE), R-value, and coefficient
of determination (R?). In addition, this research introduces
a method for generating a mathematical expression from a
trained ANN model. These expressions represent a prag-
matic alternative in engineering design that circumvents
the complexity of the internal processes within ANNs. This
innovative strategy has the potential to yield GPC mixture
designs that not only meet performance criteria but also
reduce resource consumption and environmental impact,
thereby contributing to green construction practices. The
adopted research methodology is presented in Fig. 1.
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EXPERIMENTAL DATABASE

In this study, the test database used by Naveed et al.”> was
meticulously compiled by aggregating experimental find-
ings from various published research articles. This compre-
hensive database comprised a total of 1242 data points,
encompassing diverse constituent proportions. Notably, this
research exclusively focused on data extracted from articles
that employed FA as a primary binder.

From each of the chosen articles, the authors systemat-
ically extracted crucial data, encompassing the quantities
of binder (vl), caustic soda (v2), water glass (v3), sand
(v4), and coarse aggregates (v5), along with information
regarding curing temperature, curing duration, and spec-
imen age. The indispensable input variables, vital for the
modeling of compressive strength, were carefully computed
and are delineated in Table 1.

DESCRIPTIVE STATISTICS
Table 2 presents the descriptive statistics of the input vari-
ables, offering valuable insights into the fundamental attri-
butes of the data set. These statistics aid in comprehending
the data set’s central tendencies, variability, and distribution
patterns.?>?® The standard deviation indicates the typical
deviation from the mean value.?’ In the case of z5 and z6, it
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Table 1—Nomenclature of selected variables

Notation Description Calculation
z1 Silicon dioxide to aluminum oxide ratio Si0,/ALO5 (from X-ray fluorescence analysis)
z2 Alkaline solution (/)/precursor content (b) ratio v2 + (v3/vl)
z3 Na,SiO3/NaOH ratio v2/v3
z4 NaOH molarity, M Concentration of solid NaOH in water
z5 Curing temperature, °C Ambient curing and heat curing
z6 Curing duration, hours Heat curing duration after specimen casting
Z7 Specimen age, days Number of days after which specimen was tested
z8 Sand-total aggregates ratio va/(v4 +v5)
z9 Total aggregates-mixture ratio (v4 +v5)/(vl +v2v3 +v4 +v5)

Table 2—Descriptive statistics of input variables

Statistic z1 z2 z3 z4 z5 z6 Z7 z8 z9

Mean 2.322 0.459 2314 11.803 59.071 29.040 16.924 0.335 0.758
Standard error 0.035 0.003 0.017 0.085 0.728 0.509 0.451 0.001 0.001
Median 2.105 0.450 2.500 12.000 60.000 24.000 7.000 0.330 0.770
Mode 2.473 0.450 2.500 14.000 60.000 24.000 7.000 0.300 0.770
Standard deviation 1.249 0.109 0.614 2.984 25.642 15.313 15.887 0.044 0.042
Sample variance 1.561 0.012 0.377 8.906 657.499 234.50 252.388 0.002 0.002
Kurtosis 11.079 4.644 40.179 -0.878 —-0.920 30.375 5.342 4.742 2.645
Skewness 3.138 1.588 3.427 0.004 -0.006 4.435 1.921 1.729 -1.36
Range 7.287 0.850 8.400 17.000 96.000 163.00 89.000 0.350 0.230
Minimum 0.483 0.250 0.400 3.000 24.000 5.000 1.000 0.200 0.600
Maximum 7.770 1.100 8.800 20.000 120.000 168.00 90.000 0.550 0.830
Count 1242 1242 1242 1242 1242 905 1242 1242 1242
Confidence level (95%) +0.07 +0.006 +0.034 +0.17 +1.43 +0.99 +0.88 +0.002 +0.002

is noteworthy that the standard deviation is notably higher,
suggesting that these variables exhibit a high degree of
dispersion. Skewness is the measure of the asymmetry of
data distributions. As the skewness for z1, z2, z3, z6, z7,
and z8 positively deviates from zero, these variables are
considered right-skewed, and for z5 and z9, the distribution
is left-skewed. Kurtosis quantifies the degree of peakedness
in the data distribution.”® When the value exceeds 3, as seen
in zI1, z3, z6, and z7, it suggests a leptokurtic distribution
with heavy tails. Conversely, z5 and z6 have values less than
3, pointing to a platykurtic distribution. The values for z2,
z8, and z9 may be considered mesokurtic. Confidence level
provides the uncertainties associated with the estimates.?
For z1, the mean value is 2.322 with a 95% confidence
interval of 2.252 to 2.392 with a margin of error of +£0.07.
The relative frequency distributions for the input variables
are presented in Fig. 2, which shows non-normal distribu-
tions for all input variables.

SCATTERPLOT MATRIXES
Scatterplot matrixes serve as a tool to visualize the
complex relationships between input variables all at once.>
This matrix helped to choose a proper method for model
development of compressive strength.>'*?> The process
involves plotting each variable against every other variable,
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resulting in a grid of plots, as depicted in Fig. 3. A nonlinear
relationship exists between the input variables. This matrix
also helps to identify the correlations between the input vari-
ables. In modeling studies, the input variables should not
be highly correlated because such correlations can make
it challenging to disentangle the individual effects of each
variable. Pearson’s correlation coefficient () was computed
for each scatterplot shown in Fig. 3. The correlation coeffi-
cient’s range spans from —1 to +1. When 7 is less than 0.3,
it signifies a weak correlation, while values between 0.3
and 0.7 indicate a reasonable correlation.?33 A correlation
exceeding 0.7 suggests a robust relationship. A positive
correlation coefficient signifies a direct relationship between
the input variables, while a negative coefficient signifies
an inverse relationship.>* Figure 3 depicts that all the input
variables are poorly correlated and are independent of each
other. Thus, the decision was made to harness the potential
of ANNS in this research to model the compressive strength
of GPC effectively.

ARTIFICIAL NEURAL NETWORK (ANN)

An ANN is a machine-learning algorithm that draws
inspiration from the structure and function of the neural
networks found in the human brain.>> ANNs are adept at
capturing intricate nonlinear relationships within the data
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Fig. 2—Relative frequency distributions of input variables.

and do not require adherence to a normal distribution.>®37

Every ANN solves a specific problem and comprises inter-
connected nodes to process and transmit information. Each
node communicates information to another node through
inter-unit connections whose strength (associated weights)
is obtained and adjusted by a training algorithm.3® The nodes
are organized into layers, and the activation function assigns
a value to the output of each layer.* The performance of an
ANN was evaluated using MSE and regression performance
indicators.*** The process of ANNS is presented in Fig. 4.

The ANN model employed in this investigation comprised
an input layer, a hidden layer, and an output layer. The input
layer conveyed the initial data of input variables (z1, z2, ...,
z9) to the hidden layer without conducting any computa-
tions. The hidden layers served as intermediaries, carrying
out computations using an activation function to introduce
nonlinearity.*” The selection of hidden layers and the number
of neurons (nodes) in a solitary hidden layer are pivotal
elements in the process of transforming and learning intri-
cate patterns within the data.* Hornik et al.** affirmed that
multilayer feedforward networks, even with just one hidden
layer, can attain accurate universal approximations. Hence,
for this study, a sole hidden layer was used. To ascertain the
optimal number of neurons, a trial-and-error approach was
implemented. Numerous ANNs underwent training with
different numbers of neurons in the hidden layer, and the
configuration that yielded the highest correlation coefficient
(R-value) and the lowest MSE was selected.* In the context
of this study, the authors determined that the optimal number
of neurons was 19 (as depicted in Fig. 5). The outcomes
from the hidden layer were transmitted to the output layer,
which was tasked with generating the final predictions for
compressive strength.*346

The compiled data set was divided into three sets for
training, validation, and testing the neural network.>® Specif-
ically, 70% of the data set was allocated for fine-tuning the
ANN by adjusting its weights and biases (training data set).*’
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This adjustment process, known as network training, is
essential for reducing errors in the neural network’s predic-
tions.*® The Levenberg-Marquardt (LM) backpropagation
algorithm was chosen for ANN training because it outper-
forms other algorithms in predicting nonlinear concrete
properties. This algorithm calculated the error gradient with
respect to the network weights and biases. This gradient indi-
cates the direction and magnitude in which the weights and
biases should be adjusted for error minimization.** Addition-
ally, 15% of the data was reserved for preventing overfitting
issues and performance monitoring (validation data set),
while another 15% was designated to assess the accuracy
of the trained network (testing data set).*° In this research,
data normalization, as defined in Eq. (1), was employed to
address the issue of overfitting.’! The inputs and outputs
underwent processing using data normalization, restricting
the values of each data point to the range of 1 to +1.3

_ 2x(E—-E(min)

N = E(max) — E(min)

(M
where V; denotes the normalized data point; £ indicates the
experimental data point; and £(min) and E(max) represent
the minimum and maximum experimental observations of
each variable in the data set.

2

Tre |

@)

tan-sigmoid(x) =

purelin(x) = x 3)

Activation functions introduce nonlinearity, aiding the
ANN model approximating complex data relationships and
influencing gradient flow during training. Pham and Hadi**
stated that an ANN trained using a tan-sigmoid (tansig)
transfer function in the hidden layer exhibited notably supe-
rior predictive accuracy. In prediction tasks, the choice for
the output layer’s activation function is linear (purelin). It is
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Fig. 3—Scatterplot matrix for all input variables used in present study.
i}
preferred as it allows the neural network to produce a wide MSE = %Z i —yi')? 4)
range of real-numbered outputs without constraints. Hence, =
this research used two activation functions, specifically .
. . . ﬂ s — ./
tansig (Eq. (2)) for the hidden layer and purelin (Eq. (3)) for Rovalue = \/ 1 - 2 (i —yi') )
. . . N2
the output layer, in forecasting compressive strength. 2hi(i—y)
RESULTS AND DISCUSSION Sy i —yi')?
Rlvalue=1-S4————5 6
From the compiled database, 8§70 data points were desig- -value = S (i — y)? (6)

nated for ANN training, 186 data points for validation, and
another 186 data points were allocated for testing. The
architecture of the proposed ANN consists of three layers
following a feedforward backpropagation algorithm, as
shown in Fig. 6. The input layer comprises nine neurons, the
hidden layer has 19 neurons, and the output layer consists of
one neuron. The training algorithm employed was LM, and
the activation functions used in the hidden and output layers
were tansig and purelin. The MSE, R-value, and R? value
were used as the performance parameters. The performance
parameters are presented in Eq. (4) to (6) as follows
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where n denotes the size of the data set; y7 indicates the i-th
experimental data point; and yi’ represents the i-th predicted
data point.

PERFORMANCE OF ANN
Figure 7 depicts the network’s performance measured
by MSE as it transitions from higher to lower values. The
plot exhibits three lines, representing distinct stages of
training, validation, and testing performance. Notably, the
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Data Collection

peak validation performance was attained at epoch 46, with
subsequent error repetitions observed after this point. The
training process was consequently halted at epoch 52. There-
fore, the compressive strength model underwent 52 itera-
tions (epochs) across the training data set to achieve minimal

ANN
Workflow

CITOor.

TRAINING PROGRESS
Figure 8 illustrates the training progress of the ANN
model. Notably, the error exhibited a repeated pattern three
times after epoch 16 and continued progressing in the right

Network
Training

direction. Typically, the training process halts when the error
pattern repeats six times. It is evident from Fig. 8 that the
error repeated itself six times after epoch 46, and testing
continued until epoch 52. This consistent repetition of error,
starting at epoch 46, indicates overfitting of the data. Conse-
quently, epoch 46 was identified as the reference point, and
its weights were designated as the final weights. A validation
check was performed six times, corresponding to the number

E-Value

of error repetitions, before concluding the training process.

500 ERROR HISTOGRAM
—25 When a specific distribution is followed, it offers valuable
insights into the characteristics of the model itself. Figure 9
presents the error histogram of the ANN, segmented into
15 20 bins, for all data sets. Both the training and testing data
sets exhibit conformity to a Gaussian distribution. This
00 10 observation implies that the model underwent effective
training, resulting in favorable outputs.

20

HETL

Number of Neurons

Fig. 5—Optimal number of neurons.

Input
Layer

20 REGRESSION
The evaluation of the correlation between the network’s
outputs and target values used the R-value. To minimize
MSE and maximize the correlation coefficient (R), a neural

Hidden Output
Layer Layer

Compressive
Strength

(Mpa)

Fig. 6—Schematic representation of ANN compressive strength model.
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network featuring a hidden layer with 19 neurons was
chosen, resulting in an R-value of 0.902 and an R® value
of 0.814. In Fig. 10, a regression plot illustrates the perfor-
mance of the validation, testing, and training data sets. The
R? values for the training, testing, and validation data sets
were 0.84, 0.74, and 0.77, respectively.

TAYLOR DIAGRAM

The Taylor diagram serves as a visual tool for a thorough
assessment of the model’s performance. In this study, a
systematic evaluation was conducted to gauge the similarity
between the ANN outputs and experimental observations,
employing various statistical metrics, such as the correlation
coefficient, standard deviation, and root-mean-square differ-
ence (RMSE). The alignment between the ANN outputs and
experimental results is evident for the training, validation,
and testing data sets, as illustrated in Fig. 11 and 12.
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Figure 11 represents the correlation coefficient between
the ANN outputs and experimental observations along the
y-axis, and the x-axis illustrates the standard deviations,
offering insight into the variability in predictions. A correla-
tion coefficient of 1 indicates an exact match between the
two data sets. Examining the distribution of points on the
scatterplot allows for a visual assessment of how well the
model aligns with the observed data, with clustering around
a 45-degree line suggesting good agreement.

Displayed in Fig. 12 is the representation of the RMSE
on the x-axis against the data set number on the y-axis. The
RMSE serves as a tool to discern areas of over- or underpre-
diction. The correlation between the predicted and experi-
mental values is deemed satisfactory, affirming the validity
of the model. The Taylor diagrams provided a holistic
view of the statistical metrics guiding the evaluation of the
agreement between ANN outputs and experimental data,
consisting of 1242 data points.

57



Training: R=0.91666

O Data

Output ~— 0.84*Target +-0.033

-0.5 0 0.5 1
Target

Test: R=0.87735

Output ~— 0.8 1*Target +-0.035

Target

Fig. 10—Regression plots for different data sets.
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Fig. 11—Taylor diagram: standard deviation.

MATHEMATICAL FORMULATION OF
DEVELOPED ANN MODEL
While the simulated outcomes from the proposed ANNs
exhibit favorable concordance with the experimental data,
they may not be the most convenient tools for engineers in
practical engineering design due to their complex nature.?
ANNSs involve a network of interconnected nodes with

58

weights and biases that are adjusted during training to learn
patterns in the data.’ It is reasonable and feasible to explic-
itly derive a functional-form mathematical equation from the
trained networks by amalgamating the weight matrixes and
the bias matrixes.?*** However, the eventual equations will
become intricate due to the use of nonlinear transfer func-
tions. In the preceding section, the tansig transfer function
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Fig. 12—Taylor diagram: root-mean-square difference (RMSE).

was employed in the hidden layer, chosen for its superior
performance compared to the purelin transfer function.’>%°
In this research, an attempt was undertaken to formulate a
mathematical equation based on the developed ANN model
for the prediction of compressive strength in FA-based
GPC. Figure 13 illustrates a typical ANN with weights,
bias, activation function, and output. The squishification of
each neuron, from input layer to the final output, has been
assessed using Eq. (7) to (12).

X=[z12223 ... zn] (7)

b =w, = bias (8)
net=wy+twiz; + ... tw,z, 9)
WX=wz + ... tw,z, (10)
net=WX+b (11)
y=flnet) = WX+ b) (12)

WEIGHT AND BIAS MATRIXES

From the trained ANN in the previous section, the matrixes
of weights and biases, employing tansig in the hidden layer
and purelin in the output layer, are outlined in Tables 3 and 4.

The mathematical design of the ANN implemented in this
investigationis presented in Fig. 14. The input layer comprises
nine neurons, the hidden layer comprises 19 neurons, and
the output layer comprises one neuron. From the input layer,
each neuron was transferred to the hidden layer, where its
weights and biases were adjusted through the LM algorithm.
Finally, the hidden layer provided an input weight matrix
(IW) of size [19 x 9] and a bias matrix (b1) of size [19 x
1]. The output of the hidden layer (y1) consisted of a [19 x
1] matrix. The operation of the hidden layer is presented in
Eq. (13) to (20)
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Fig. 13—Mathematical model of ANN.

IW =[19 x 9] matrix (13)

X =19 x 1] matrix (14)
TWX = [19 % 19] * [9} x 1] (15)
IWX =19 x 1] matrix (16)
b1 =[19 x 1] matrix 17)
IWX + b1 =[19 x 1] matrix (18)
netl = IWX + bl (19)

y1 = flnetl) (20)

The output from the hidden layer served as the input for
the output layer. Subsequently, adjustments to the weights
and biases were made using the chosen training algorithm.
The output layer provided a layer weight matrix (LW) of size
[1 % 19] and a bias matrix (b2) of size [1 % 1]. The output of
the output layer (y) consisted of a [1 x 1] matrix, which was
the final result for one set of the inputs.
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Table 3—Input weight matrix (IW)

2.204 3.013 —2.14 3.053 -1.272 —1.183 —0.301 0.484 —0.198
-0.339 —1.542 -0.576 -0.963 -0.629 -0.236 0.847 -0.91 —0.68
—0.542 0.044 -0.216 —0.643 —-0.161 0.013 0.309 1.548 -0.067
—1.041 —2.324 1.305 -3.436 1.648 1.181 0.498 0.021 -0.307
1.897 0.07 1.466 0.206 -1.797 —2.183 —0.132 1.792 —2.451
-0.17 —1.834 0.66 -0.426 —0.651 2.117 -0.116 —1.944 -0.225
—0.677 —0.743 0.433 —0.42 -0.279 2.024 0.682 1.152 -0.502
-1.537 —0.323 —0.462 0.046 -2.175 1.472 0.208 -1.314 —0.047
-0.736 -3.612 0.921 1.033 0.722 1.801 0.353 0.233 —-1.059
-1.527 1.642 1.627 -0.249 0.269 1.202 0.307 -0.612 2.279
-0.018 —-1.54 -0.7 —0.825 0.326 0.059 —0.06 -1.139 0.094
-0.797 0.773 1.708 —-1.86 0.271 2.234 -0.027 0.553 1.451
3.716 0.406 -0.751 0.132 1.635 -3.277 —0.064 1.712 0.059
-1.107 —1.406 0.114 0.53 1.056 0.927 0.31 1.362 —0.34
1.915 -0.813 ~1.855 ~0.686 ~0.568 ~0.686 -0.092 0.401 ~1.573
2.25 0.205 3.247 0.238 0.424 -1.11 0.251 -0.212 1.341
0.737 —0.421 —0.19 0.51 —0.116 —0.1344 —0.807 0.5 -2
3.042 —0.28 0.1 0.115 1.984 —0.34 —0.134 1.612 -0.213
-0.312 -0.038 0.996 0.127 -0.076 0.974 0.296 0.786 0.856
LW =[1 x 19] matrix (21) Table 4—Layer weight matrix (LW), layer-1 bias,
and layer-2 bias
b2 =[1 x 1] matrix (22) W' b1 2
LWyl =[1 x i_lg] N [lgi % 1] (23) —2.116 2.834
______ —-1.181 1.831
LWyl + b2 =[1 x 1] matrix (24) 2123 0.929
net2 = LWyl + 52 (25) 1 22
0.657 —2.242
v = flnet2) (26) -1.929 0.553
2.133 3.161
Equation (26) is the final output from the developed ANN. 1,869 Y
To formulate a compressive strength equation, the subse-
quent procedure was employed. 0912 0.57
3.174 —0.731 -0.267
y=fLWyl +b2) 27 1.489 0.865
= ALWGIWX + b1)) + b2) (28) B 0400
—1.423 -0.397
The purelin transfer function was applied in the output 1.639 0.336
layer, resulting in Eq. (28) as follows 2418 0.741
3 = purelin(LW(IWX + b1)) + b2) (29) 0918 1834
1.432 1.875
APPLICATION OF PURELIN TRANSFER FUNCTION 1.335 3.347
Equation (3) signifies a pure linear (purelin) activation 0.086 2027

function, a simple function that imparts linear transforma-
tion to inputs without introducing nonlinearity. If the purelin
function is applied in the hidden layer, Eq. (29) transforms

as follows

y = purelin(LW (purelin(IWX + 1)) + b2)

60

(30)

Note: Superscript “T” represents transpose of a matrix.

y=(LWAWX + b1) + b2)

y=LW X IWX+ LW x bl + b2

€2))

(32)
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Fig. 14—ANN architecture of this study.

y=(LW x IW)X + (LW x b1 + b2) (33)
W=LW x IW (34)
y=WX+a (35)

where W is characterized as a proportional matrix obtained
through the multiplication of the LW and the IW; and the scalar
a is defined as (LWbh1 + b2). The dimensions of the #-matrix,
the scalar @, and the output (y) were computed as follows

W =[1x119] x [191% 9] (36)
W=11 % 9] matrix
=[wl w2 w3 wd w5 w6 w7 w8 w9] (37

If the purelin transfer function were applied in the hidden
layer, Eq. (34) would yield the same output as Eq. (26).
However, a user-friendly compressive strength equation
(Eq. (35)) from the trained ANN has successfully been
derived. The compressive strength equation for the » number
of input variables is presented as follows

M=

y = 2 (WpXp)+a (40)

V%

y=wlzl + w222 + w3z3 + wiz4 + w525 + w6z6 + w7z7 +
w8z8 + w9z9) + a 41

For this study, the proportional weight matrix was calcu-
lated using Eq. (34) and is given as follows.

wl w2 w3
—0.1469 -0.4413 -0.1418

w4 w5 )
—0.0436 0.34109 0.19429

w7 w8 w9
0.25735 —0.1382 —0.2505

ACI Materials Journal/May 2025

Layer Operations

Outpu}‘f Layer
[1x19 \
yl
19 x1
net2 1x1
7L —
1x1
Yy
b2
1x1

net2 = LWyl + b, = 332, (LW)p (y1p) + (b2p)
y = f (net2) = purelin (net2)

\ Y J Ly_)

» Output

The predictive equation for the compressive strength of
FA-based GPC is presented in Eq. (42).

y = —0.1469(z1) — 0.4413(z2) — 0.1418(z3) —
0.0436(z4) + 0.34109(z5) + 0.19429(z6) +
0.25735(z7) — 0.1382(z8) — 0.2505(z9) — 0.09842
(42)

APPLICATION OF TAN-SIGMOID FUNCTION
Equation (2) denotes the tansig activation function, a
nonlinear transformation applied to inputs to introduce
nonlinearity. This study employed the tansig function in
the hidden layer, thereby transforming Eq. (29) into the
following expressions.

y = purelin(LW(tansig(IWX + b1)) + b2) (43)

= (LW(tansig(IWX + b1)) + b2) (44)
. 2
tansig(IWX + b1) = T3 o 20w 1 (45)
y= (LW<72 - 1) +b2) (46)
| + g 20Wx=5D

The predictive equation for compressive strength is artic-
ulated in Eq. (47). This equation encapsulates the computa-
tions executed within the ANN, using the weight and bias
matrixes outlined in Tables 4 and 5. Thus, for a given set
of inputs, Eq. (47) calculates the output, representing the
compressive strength of FA-based GPC.

y =

< 2
- 1> + (b2
=1 [)Zl ( 1 + e AMWkp(Xp)+bl1k) >] ( (ﬁ’;)

19

19
[ AIW)p <

p=1

PERFORMANCE OF PROPOSED
MATHEMATICAL EXPRESSIONS
The efficacy of the proposed compressive strength equa-
tions (Eq. (42) and (47)) is depicted in Fig. 15 to 18 across
training, validation, and testing data sets. These visualizations
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Table 5—Sensitivity analysis

Neural network z1 22 z3 z4 z5 z6 z7 z8 z9
ANN-1 0.131 0.132 0.072 0.087 0.115 0.180 0.098 0.088 0.098
ANN-2 0.145 0.105 0.082 0.071 0.154 0.124 0.097 0.117 0.105
ANN-3 0.146 0.103 0.059 0.085 0.158 0.147 0.099 0.104 0.099
ANN-4 0.148 0.116 0.107 0.071 0.134 0.107 0.112 0.100 0.105
ANN-5 0.155 0.125 0.104 0.061 0.148 0.140 0.093 0.095 0.078
ANN-6 0.151 0.094 0.076 0.079 0.189 0.134 0.093 0.099 0.085
ANN-7 0.176 0.097 0.097 0.082 0.138 0.121 0.105 0.101 0.082
ANN-8 0.152 0.098 0.070 0.081 0.209 0.122 0.080 0.099 0.089
ANN-9 0.146 0.092 0.083 0.085 0.198 0.100 0.108 0.111 0.078
ANN-10 0.155 0.098 0.093 0.073 0.154 0.136 0.098 0.101 0.092

Average importance 0.150 0.106 0.084 0.077 0.160 0.131 0.098 0.102 0.091
Normalized 94% 66% 53% 48% 100% 82% 61% 64% 57%
importance
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Fig. 16—Accuracy of activation functions (70% training
data set).

underscore that the equation formulated with a tansig
transfer function yields estimated compressive strength
values that closely align with the experimental observations.
Figure 19 shows the error in predictions by Eq. (42) and
(47) for 1242 experimental observations. Notably, Eq. (47)
exhibits minimal errors compared to Eq. (42). This observa-
tion underscores the significance of introducing nonlinearity
through the tansig activation function for accurate predic-
tions of the compressive strength of FA-based GPC.
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Compressive Strength (MPa), Experimental

Fig. 18—Accuracy of activation functions (15% testing data
set).

SENSITIVITY ANALYSIS

To assess the predictive capabilities of each indepen-
dent variable, a sensitivity analysis was conducted (refer to
Table 5 and Fig. 20). The normalized importance of these
variables was determined by dividing their relative impor-
tance by the maximum importance and presenting the results
as a percentage. The analysis revealed that curing tempera-
ture (z5) emerged as the most crucial predictor. Following
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closely is the silica-alumina ratio (z1) at 94%. Subsequent
variables and their normalized importance include curing
duration (z6) at 82%, activation solution to precursor ratio
(z2) at 66%, fine aggregates to total aggregates ratio (z8)
at 64%, age of specimen (z7) at 61%, aggregates to GPC
mixture ratio (z9) at 57%, sodium silicate to hydroxide ratio
(z3) at 53%, and NaOH molarity (z4) at 48%.

CONCLUSIONS

A comprehensive data set was curated through an exten-
sive literature review,?® aiming to forecast the compressive
strength of geopolymer concrete (GPC) based on fly ash
(FA). Using artificial neural networks (ANNSs), predictive
models were developed employing different activation
functions. The validation process involved comparing the
predicted strength with experimental observations. The
investigation produced several noteworthy findings, summa-
rized as follows:

1. The statistical analysis reveals no direct correlation
between compressive strength and independent variables,
and there is also an absence of correlation among the inde-
pendent variables.

2. The ANN approach amalgamates the intricacy of
various statistical and machine-learning techniques, func-
tioning as a versatile black box applicable across diverse
engineering disciplines. This approach proves to be the most
effective model for precise prediction of the compressive
strength of GPC.

3. It is noteworthy that the regression values (R-values)
generated for the training, testing, and validation data sets
were 0.91666, 0.87735, and 0.85995, respectively. The
optimal performance in ANN modeling was achieved at
epoch 46, demonstrating a high accuracy in predicting the
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compressive strength. Therefore, the developed ANN model
can be used by engineers to calculate the compressive
strength of FA-based GPC.

4. The proposed mathematical expressions provide a
simplified form with minimal errors. The error for the
proposed mathematical model was approximately 9% when
the tan-sigmoid (tansig) activation function was used and
23.8% when the purelin activation function was applied,
although both proposed equations predicted the compressive
strength. Still, the tansig activation function (mean squared
error [MSE] = 6.66 and R* = 0.814) exhibited superior
performance compared to the purelin activation function
(MSE = 11.9 and R? = 0.406).

5. The sensitivity analysis highlighted that the curing
temperature (z5) and the SiO,-Al,0; ratio (z1) were the fore-
most parameters significantly influencing the compressive
strength.

RESEARCH LIMITATIONS AND
FUTURE DIRECTIONS

This study focuses on FA-based GPC, and it is important
to exercise caution when generalizing the results to slag-
based GPC or metakaolin-based GPC. Future research could
broaden the scope by formulating compressive strength
models for diverse GPC compositions. Furthermore, consid-
ering the primary emphasis on predicting compressive
strength in this investigation, there is an opportunity to
develop predictive models for tensile and flexural behavior.
Lastly, as the current study uses an artificial intelligence
approach for compressive strength prediction, validation
through an experimental program is suggested to validate
the outcomes.
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Predicting Mortar Behavior through Intrinsic and

Rheological Properties

by Mouhcine Ben Aicha, Ayoub Aziz, Olivier Jalbaud, and Yves Burtschell

This study investigates the impact of air-entraining admixtures
(AEAs) on mortar performance, focusing on fresh-state and
hardened-state properties critical to durability and engineering
applications. Ten distinct mortar mixtures were analyzed, following
guidelines established by the European Federation of National
Associations Representing Producers and Applicators of Specialist
Building Products for Concrete (EFNARC). AEAs were introduced
at varying proportions (0.01 to 0.5% of cement weight) to evaluate
their effects on intrinsic properties (density, void ratio, and water
absorption), rheological parameters (plastic viscosity and yield
stress), and mechanical characteristics (compressive strength,
ultrasonic velocity, and modulus of elasticity).

Regression models were developed and yielded high predic-
tive accuracy, with R? values exceeding 0.98. Notably, ultrasonic
velocity and modulus of elasticity demonstrated strong correla-
tions with intrinsic properties across all curing ages. Similarly,
compressive strength showed significant associations with rheolog-
ical parameters, highlighting the influence of air content and flow
behavior on structural performance. These findings offer precise
quantitative models for predicting mortar behavior and optimizing
formulations for enhanced performance.

Keywords: air-entraining admixtures (AEAs); mechanical characteristics;
mortar; rtheological parameters; ultrasonic velocity.

INTRODUCTION

Sand, cement, and water are thoroughly combined to
create cement mortar. Depending on the specifications of
the specifier, the applications, and the desired performances,
the mortar can also be composed of mineral additions and
chemical additives or fibers (Benaicha et al. 2015a; Gdoutos
et al. 2016; Jeon et al. 2023; Ramakrishna and Sundararajan
2019).

In recent years, the use of different types of admixtures to
improve mortars have been studied (Abarna Munisha et al.
2021; Abdulwahid and Fadhil Abdullah 2021; Ahmad et al.
2020; Ahmadi et al. 2018; Liu et al. 2021; Mao et al. 2022;
Sheikh Hassani et al. 2021; Silva et al. 2021; Steiner et al.
2015; Wang et al. 2021) to address limitations in resistance
while significantly enhancing their long-term performance.

Increasing the air content in cementitious materials can
alter their intrinsic properties, significantly improving their
resistance to freezing-and-thawing cycles (Fowler 2009;
Ghantous et al. 2021; Lv et al. 2020; Ruegenberg et al.
2021; Zou et al. 2008). Research indicates that the total
pore volume within the material plays a crucial role in
determining freezing-and-thawing durability (Abadel and
Alghamdi 2023; Hall 1989; Litvan 1980; Xue et al. 2010).
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During the hydration and hardening of mortars, the
consumption of water by the hydration phenomenon induces
the appearance of pores in the paste, which affects fresh and
hardened material behavior (Craipeau et al. 2021).

As a result of the chemical reaction between cement
and water during the hydration and hardening process
of mortars, hydration products such as calcium-silicate-
hydrate (C-S-H) and CH are developed. Simultaneously, due
to water consumption by the hydration process, pores start
to appear within the paste because of incomplete filling of
the microstructure by hydration products and evaporation of
unbound water. Such pores can be classified into gel pores (of
the nanometer scale), capillary pores, and larger micrometer-
scale entrapped air voids (Hilal 2016; Powers 1958).

Their existence and distribution will have a dual conse-
quence in material behavior: in the fresh state, workability
and rheological parameters are directly related to the air
content, potentially reducing density. In the hardened state,
they are critical to the mechanical properties of compres-
sive strength and modulus of elasticity while also affecting
durability. For instance, according to Craipeau et al. (2021),
increased porosity generally reduces mechanical strength
and improves permeability but can also improve resistance
to freezing-and-thawing cycles when properly controlled.
The evolution of these pores must be understood for work-
ability and performance to balance each other in mortar
formulations.

This observation highlights how the material’s intrinsic
properties influence the long-term behavior and stability of
mortars (Gao et al. 2022; Ge et al. 2023; Sasui et al. 2021;
Silva et al. 2020; Zhao et al. 2021). The cyclical production
of ice in the porous mortar’s structure is a typical reason for
the material deterioration in cold areas (where temperatures
frequently drop below zero) (Cultrone et al. 2005; Darvish
et al. 2021; Kim et al. 2019; Xu et al. 2017).

An air-entraining admixture (AEA) should be added to
the mortar to increase its resistance to freezing and thawing
(Backstrom et al. 1958; Baltrus and LaCount 2001; Benaicha
et al. 2022; Chatterji 2003; Dolch 1996; Du and Folliard
2005; Gagné 2016; Ke et al. 2020; Ley et al. 2009; Oztiirk
and Kilingkale 2023; Tunstall et al. 2021). These studies
indicate that additional investigations are needed to interpret
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the effect of these additives on mortar behavior. For instance,
Fowler (2009) and Du and Folliard (2005) demonstrate that
AEAs significantly influence freezing-and-thawing resis-
tance by modifying pore structure. However, these studies
lack detailed quantitative models linking fresh-state param-
eters (for example, air content and rheological properties)
to mechanical outcomes, such as compressive strength and
modulus of elasticity. Similarly, research by Ghantous et al.
(2021) and Lv et al. (2020) confirms the role of AEAs in
improving freezing-and-thawing resistance but provides
limited insights into how these effects vary across different
AEA dosages.

Further, while Craipeau et al. (2021) explored the rela-
tionship between hydration-induced porosity and material
behavior, they focused predominantly on pore pressure
during early hydration, leaving a gap in understanding the
long-term mechanical implications.

This work deals with the development of multivariable
regression models for the prediction of the mechanical
behavior of mortars with AEA, based on studying the correla-
tion between the intrinsic characteristics (air content, water
absorption, void ratio, and density), mechanical parameters
(compressive strength, ultrasonic velocity, and modulus of
elasticity), and rheological properties (plastic viscosity and
yield stress).

First, the amount of air in the mixture containing AEA at
different concentrations was examined. Subsequently, the
effects of AEA proportions (that is, the weight percentage
between the AEA solution and the cement) on the mechan-
ical parameters and the rheological behavior of the mortars
were studied in a rather large range. The correlation of these
two behaviors with the intrinsic characteristics of samples
was then investigated and validated by regression models.
Based on the systematic examinations performed in this
study, several models are proposed to evaluate the mechan-
ical parameters of mortar mixtures. Finally, the statistical
coefficients, standard errors, and residual deviation are
provided based on the proposed model.

RESEARCH SIGNIFICANCE

This research is important because it thoroughly investi-
gates how AEAs affect the performance of mortar mixtures.
This study offers detailed insights into the correlations
between air content, mechanical qualities, and rheological
behavior by carefully examining 10 different mortar compo-
sitions in accordance with European Federation of National
Associations Representing Producers and Applicators of
Specialist Building Products for Concrete (EFNARC)
requirements.

The research focuses on a critical requirement in the field
of mortar engineering, specifically the improvement of
freezing-and-thawing resistance. Given the growing focus
on sustainability in construction materials, it is essential to
comprehend the influence of AEA on the properties of mortar.
This understanding is vital for the development of resilient
infrastructure. This study provides useful methods for fore-
casting the behavior of mortar under different settings by
developing strong regression models that correlate intrinsic
traits, mechanical parameters, and rheological qualities.
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Table 1—Material proprieties

CEM AEA HRWRA
CsS, % 63.96 — —
CsS, % 10.2 — —
Cs3A, % 2.2 — —
SiO,, % 20.5 — —
S*, % 0.01 — —
NaO, eq., % 0.52 <4 <1
CI (chloride ions) 0.01 <0.1 <0.1

Density 3.15 1.035 +0.02 1.085+0.01
Blaine fineness, cm?/g | 4750 — —
pH — 11+1 45+1
Dry extract, % — 9.3+0.9 41+ 1.5

These models not only enhance the theoretical comprehen-
sion of mortar dynamics but also have practical ramifica-
tions for the design and optimization of mortar mixtures in
real-world construction projects.

Moreover, the research emphasizes the complex rela-
tionship between porosity, mechanical strength, and sonic
velocity, providing insights into fundamental elements of
mortar behavior. This comprehensive approach enhances
comprehension of mortar performance and establishes
the foundation for future progress in the fields of material
science and building engineering.

MATERIALS AND EXPERIMENTAL METHOD
Starting materials and test procedures

The properties of the raw materials used in the manu-
facture of 10 mortars, such as cement (CEM), high-range
water-reducing admixture (HRWRA), and AEA, are given
in Table 1 and analyzed in detail in Benaicha et al. (2015b,
2019a,b,c, 2022).

These materials are manufactured according to the Euro-
pean standards EN 197-1, EN 480-8, and EN 934-2 for
CEM, HRWRA, and AEA, respectively. In addition, all
mortars have been manufactured according to EN 196-1.
The percentages of AEA, related to cement weight and
mixture proportions, are given in Table 2.

For better representativeness of the sample, each measure-
ment was conducted three times for statistical reliability,
resulting in a total of 30 data points for the analysis of 10
mortar mixtures.

Characterization methods

Fresh-condition tests—The fresh mortar is regarded from
arheological viewpoint as a Bingham suspension made up of
a cement paste and dispersed aggregates (Flatt 2004; Tatter-
sall and Banfill 1983; Murata 1984; Roussel et al. 2010).
The tests used are: 1) air content measurement by aerometer
test according to EN 12350-7 (Fig. 1); 2) fresh density of
mortar according to EN 10156; and 3) rheological behavior,
such as yield stress and plastic viscosity, using a rheometer
(Fig. 2). The technical details of these tests are mentioned in
Benaicha (2013) and Benaicha et al. (2022).
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Table 2—Mortar mixture proportions

Codes wle, % AEA, % Cement, kg/m* HRWRA, kg/m? Water, kg/m? Sand 0/2, kg/m?
Control (M0) 0.45 0 540 3.96 243.5 1460
Ml 0.45 0.001 540 3.96 243.5 1460
M2 0.45 0.002 540 3.96 243.5 1460
M3 0.45 0.005 540 3.96 243.5 1460
M4 0.45 0.007 540 3.96 243.5 1460
M5 0.45 0.01 540 3.96 243.5 1460
M6 0.45 0.03 540 3.96 243.5 1460
M7 0.45 0.05 540 3.96 243.5 1460
M8 0.45 0.1 540 3.96 243.5 1460
M9 0.45 0.5 540 3.96 243.5 1460

Note: w/c is water-cement ratio.

Fig. I—Aerometer test.

Hardened-state tests—The tests used are: 1) mechanical
strength at 1, 7, and 28 days according to EN 1015-11 on
cubic specimens measuring 40 x 40 x 40 mm; 2) ultrasonic
velocity at 1, 7, and 28 days according to EN 12504-4 on
prismatic specimens measuring 40 x 40 x 160 mm; 3) water
absorption and void ratio tests by capillary absorption
according to EN 1015-18; 4) hardened density of mortar at
28 days according to EN 1015-10; and 5) modulus of elas-
ticity at 28 days by using Eq. (1) and according to Thomaz
et al. (2021)

(1 + (1 =2

Ed = (1-w

py? (1)

where Ed is the dynamic modulus of elasticity of mortar

(GPa); p is the hardened density of mortar (kg/m?); V corre-
sponds to the P-wave velocity (m/s); and u is the Poisson’s
ratio. The Poisson’s ratio was obtained in the literature, y =
0.2, according to Rosell and Cantalapiedra (2011).

Before crushing the hardened specimens, their porosity
was observed under a binocular microscope with 45x zoom

(Fig. 3).
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Fig. 2—Rheometer.

Fig. 3—Binocular microscope.

RESULTS AND DISCUSSION
Evaluation of compressive strength based on
intrinsic properties
First, Fig. 4 graphically illustrates the evolution of water
absorption, air content, and void ratio based on AEA content
(Table 2). This figure shows that the values of these intrinsic
properties rise as the percentage of AEA increases.
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Mortar MO (without AEA) had an air content of 1.6%, a
void ratio of 8.1%, and a water absorption rate of 4.23%.
Furthermore, the mortar M9 (with an AEA percentage of
0.5%) had an air content of 14%, a void ratio of 20.3%, and
a water absorption rate of 10.04%.

22 4 Percentage (%)
20 1 [F=—air content —e— Void ratio —A— Water absorption |
18 —
16 —.
14 —.
12
10
8 -
6 _-
4]
2 _.

MO M1 M2 M3 M4 M5 M6 M7 M8 M9
Mortar code

Fig. 4—Evolution of water absorption, void ratio, and air
content.

This increase in the void ratio and the other intrinsic
parameters is explained by the increase in air bubbles present
in the samples (Fig. 5).

Second, Fig. 6 graphically illustrates the effect of AEA
percentage on the hardened density of mortar. As can be seen
by examining this graph, the hardened density values fall as
the AEA percentage increases.

The MO mortar had a hardened density 0f2216 kg/m3, while
the M9 mortar showed a hardened density of 1939 kg/m?.
This decrease is primarily due to air bubbles that have been
trapped in the elaborate mortar by the addition of AEA. As
a result, the mass of the mixture will become less dense for
the same volume.

Finally, Fig. 7 to 9 graphically illustrate the change in
compressive strength of the synthesized mortars at 1, 7, and
28 days of curing according to the water absorption, void
ratio, and hardened density, respectively. Analyzing these
figures, as water absorption increases, the values of this
resistance drop (Fig. 7), as well as the void ratio (Fig. 8).
However, in Fig. 9, the greater the hardened density, the
greater the compressive strength. For water absorption and
void ratio, the best correlation was obtained with a polyno-
mial fit of order 2, while for hardened density, the best rela-
tionship was obtained with a linear fit.

In this specific study, compressive strength was used
as a dependent variable. However, from the results of the

Fig. 5—Porosity analysis of samples by binocular microscope. White circles indicate air voids formed in mortar matrix due to

inclusion of AEA.
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Fig. 6—Evolution of hardened density.
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Table 3—Results of regression model of compressive strength

Output Model parameters Value SE Adj. R? R?
Intercept (4) —62.31395 9.6939
Compressive strength at Bl 1.49895 1.44584 098052 098074
1 day B2 —-0.91984 0.69023
B3 0.04096 0.00413
Intercept (4) —136.88382 18.40929
Compressive strength at Bl 0.54725 2.74574 098313 098488
7 days B2 ~0.66261 1.31079
B3 0.08898 0.00784
Intercept (4) —138.56599 19.56297
Compressive strength at Bl 0.66137 291781 098317 098491
28 days B2 -0.77757 1.39294
B3 0.09316 0.00833

experimental tests that were performed in the hardened state,
three output factors were identified as having a primary
influence on the mechanical response of mortars. Table 3
contains an analysis of these three different parameters.

For this experimental data set, a multiple linear regression
model is constructed as follows, with the R? coefficient value
as close to 1 as possible

Compressive strength = 4 + B1X1 + B2X2 + B3X3

where X1 is water absorption; X2 is void ratio; X3 is hard-
ened density; and Bl, B2, and B3 are the correlation coeffi-
cients (Table 3).

At all curing ages (1, 7, and 28 days), the statistical coef-
ficients demonstrate a high degree of correlation between
intrinsic parameters and compressive strength. The two
coefficients have values greater than 0.98 (Table 3).
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Evaluation of modulus of elasticity as function of
intrinsic properties

The change in the modulus of elasticity according to the
percentage of AEA added to the elaborate mortars is graphi-
cally shown in Fig. 10. It can be seen from this graph that the
values of the modulus of elasticity decreased as the propor-
tion of AEA increased (Table 2).

Mortar M0’s modulus of elasticity was approximately
37.1 GPa. In contrast, for M9 (with 0.5% of AEA), this value
was reduced to 25.61 GPa.

This decrease is mostly caused by the air bubbles that
AEA’s inclusion in the concrete caused to exist. The reduc-
tion in strength occurs because the increased air content
introduces more voids within the mortar matrix. These voids
disrupt the continuity of the material, making it less resistant
to applied loads. When a load is applied, the stress concen-
trates around these voids, causing microcracks to form and
propagate more easily, which weakens the overall structure
and reduces its load-bearing capacity.

71



Modulus of Elasticity (GPa)

40

35

30

25
20
15 +

10 +

MO M1 M2 M3 M4 M5 M6 M7 M8 M9
Mortar code

Fig. 10—Evolution of modulus of elasticity.

40
= Equation y = Intercept + B1*xM + B2*x"2
o Plot Modulus of elasticity
g 35 4 Intercept 59,87113 + 1,34628
> B1 -6,74848 + 0,38609
©c B2 0,33532 + 0,02641
k7 R-Square (COD) 0,98572
% Adj. R-Square 0,98466
u—

o
g
S 304
©
]
=
\\\\}%6
K
25 T T 1 T T T
5 6 7 8 9 10

Water absorption (%)

Fig. 11—Correlation between water absorption and modulus
of elasticity.

Furthermore, the evolution of the modulus of elasticity
with water absorption, void ratio, and density is shown
in Fig. 11 to 13, respectively. These figures show that the
modulus of elasticity values decrease as the water absorp-
tion (Fig. 11) and void ratio (Fig. 12) increase. However,
the modulus of elasticity increases with the increase in the
hardened density (Fig. 13).

The study’s dependent variable was the modulus of elas-
ticity. Experimental testing in the cured state revealed three
output parameters that primarily affected the mechanical
response of the different synthesized mortars. These output
parameters are presented and discussed in Table 4.

The regression model for the data set generated in this
experimental investigation that maintains a value of R? close
to 1, achieved using multiple linear regression (by MATLAB
program), is the following

Modulus of elasticity = 4 + B1.X1 + B2X2 + B3X3
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Fig. 13—Correlation between hardened density and modulus
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Table 4—Regression model results of modulus of
elasticity

Model
Output parameters Value SE Adj. R? R?
Intercept (4) | —48.66539 | 6.1934
Bl —0.78382 | 0.92374
Modulus of 0.98842 | 0.98962
elasticity B2 0.28806 | 0.44099
B3 0.03933 | 0.00264

where X1 is water absorption; X2 is void rate; X3 is hardened
density; and the B coefficients, as well as their standard devi-
ations (SEs), are shown in Table 4. The statistical parame-
ters of the forecast coefficients, including the Adj. R? and R?
values, are also reported.

Table 4 demonstrates that the statistical variables used to
predict the coefficients, such as R* and Adj. R%, showed a
strong correlation between the intrinsic parameters and the
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modulus of elasticity. These coefficients had values greater
than 0.98.

The predictive models are underpinned by the intrinsic
effects of AEA on the microstructure of mortar. The increased
air content leads to a higher void ratio and reduced density,
directly influencing the mechanical behavior by weakening
the interfacial transition zone (ITZ) (Chen et al. 2021).
This effect explains the observed decrease in compressive
strength and modulus of elasticity as air content increases
(Aghziel Sadfa et al. 2024; Benaicha et al. 2022). Similarly,
rheological parameters, such as plastic viscosity and yield
stress, are reduced due to the reduction in internal friction,
which enhances flow but compromises structural integrity.
These mechanisms align with the predictive models’ coeffi-
cients, offering a quantitative framework for understanding
these interactions.

Evaluation of P-wave velocity according to
intrinsic properties

The P-wave velocities in mortars were measured on cured
samples at 1, 7, and 28 days. Figure 14 shows the trend of
P-wave velocity according to the content of AEA included in
the mortar formulations. It should be noted in Fig. 14 that the
velocities decrease with increasing AEA content.

P-wave velocity values for the reference mortar (MO)
were 3571, 4175, and 4334 m/s at 1, 7, and 28 days, respec-
tively. In contrast, these velocity values for the M9 mortar
(which included 0.5% AEA) were 3162, 3735, and 3846 m/s
at 1, 7, and 28 days, respectively.

This decrease is primarily caused by the air cavities that
the AEA addition to the mortar induced to develop. The
P-propagation wave’s time accelerates due to these air
bubbles, which leads to a decrease in the velocity (Mao et al.
2022; Rosell and Cantalapiedra 2011). In fact, the increase in
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Fig. 15—Correlation between water absorption and sonic
velocity.

the velocity with the age of curing of manufactured mortars
is due to the increase in rigidity provided by the hydration
process. The quality of the mortar for the same sample
improved with time due to hydration, which increased the
hardness of the mortar.

The evolution of P-wave velocity (at 1, 7, and 28 days) is
displayed in Fig. 15 to 17 according to water absorption, void
ratio, and hardened density, respectively. These figures show
that the P-wave velocity values decrease with increasing
water absorption (Fig. 15) and void ratio (Fig. 16). However,
in Fig. 17, the propagation of P-wave velocity increases with
the increase in hardened density. For water absorption and
void ratio, the best correlation was obtained with a polyno-
mial fit of order 2, while for hardened density, the best rela-
tionship was obtained with a linear fit.
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The dependent parameter in this research was the sonic
velocity propagation (P-wave) at 1, 7, and 28 days of curing.

Based on the findings of the experiments conducted in the
cured condition, three output parameters that mainly affect
the strength response of the elaborated mortars were estab-
lished and evaluated in Table 5.

The regression model for the data set achieved in this
experiment, using multiple linear regression (by MATLAB
program) and holding the R? value close to 1, is developed
as follows

Sonic velocity = 4 + B1X1 + B2X2 + B3X3

where X1 is water absorption; X2 is void rate; X3 is hard-
ened density; and the B coefficients and the SEs are shown
in Table 5. The statistical parameters of the expected coeffi-
cients, including the Adj. R? and R? values, are also reported.

All curing ages (1, 7, and 28 days) exhibited a signifi-
cant correlation between the sonic velocity and the intrinsic
parameters, as indicated by statistical parameters in the
anticipated coefficients, such as R? and Adj. R%. These two
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Fig. 16—Correlation between void ratio and sonic velocity.

coefficients sometimes had values greater than 0.99 (the case
of sonic velocity at 7 days).

Evaluation of compressive strength according to
rheological properties

Plastic viscosity and yield stress are two variables that
determine rheological behavior (Benaicha et al. 2017,
2019b).

As shown in Fig. 18, the percentage of AEA incorporated
into the mortars has a direct effect on these parameters.

The reference mortar (M0) had a plastic viscosity of
13.8 Pa and a yield stress of roughly 36.61 Pa-s. For the M9
mortar (containing 0.5% AEA), the plastic viscosity was
5.51 Pas, and the yield stress was 2.94 Pas.

The density of the mortar decreased when AEA was intro-
duced as a result of the formation of air bubbles. Due to voids
between the two materials, the internal friction between their
particles decreased, resulting in less yield stress. The cement
paste’s cohesion—and, as a result, its plastic viscosity—will
be reduced if there are voids in the mixture.
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Fig. 17—Correlation between hardened density and sonic
velocity.

Table 5—Results of regression model of sonic velocity

Output Model parameters Value SE Adj. R? R?
Intercept (4) 1552.90824 464.76581
Bl —-150.08311 69.31967
Sonic velocity at 1 day 0.95098 0.95605
B2 59.7426 33.0926
B3 0.98668 0.19797
Intercept (4) 1595.78828 181.30561
Bl —129.69337 27.04167
Sonic velocity at 7 days 0.99331 0.994
B2 52.5731 12.90946
B3 1.22613 0.07723
Intercept (4) 1574.19493 395.96328
B1 —96.37943 59.05779
Sonic velocity at 28 days 0.97497 0.97756
B2 33.75734 28.19367
B3 1.30907 0.16866
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Fig. 19—Correlation curve between air content in mortar
and compressive strength.

In other words, the term “plastic viscosity” refers to the
amount of water that is able to dissipate in the pores of the
sheared material due to friction between solid grains. A
mixture’s workability improves with decreasing yield stress
and viscosity (EI Asri et al. 2022a,b).

Furthermore, the fresh density values decreased similarly
with an increase in the percentage of AEA, as shown in
Fig. 6 with regard to the hardened density. The fresh density
for the reference mortar (M0) was 2235 kg/m?, while the
density for the M9 mortar, which contained 0.5% AEA, was
1874 kg/m®. The density of the mortar decreased when AEA
was introduced due to the formation of air bubbles. This
means that mass is reduced for a given volume.

The evolution of compressive strength at 1, 7, and 28 days
is graphically shown in Fig. 19 to 22 according to air content
(fresh porosity), fresh density, plastic viscosity, and yield
stress, respectively. By examining these figures, it is possible
to observe that compressive strength values decrease as air
content increases (Fig. 19). In contrast, the compressive
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Fig. 20—Correlation between fresh density and compressive
strength.

strength in Fig. 20 to 22 improves as fresh density, plastic
viscosity, and yield stress values increase. The best relation-
ship was obtained with a linear fit.

Compressive strength at 1, 7, and 28 days was the depen-
dent parameter in this work. The experimental investiga-
tions conducted in the fresh state led to the establishment of
four output parameters that mainly affected the mechanical
response of the elaborated mortars. These are discussed in
Table 6.

The regression model for the data set achieved in this
experiment, using multiple linear regression (by MATLAB
program) and holding the R? value close to 1, is developed
as follows

Compressive strength = 4 + B1X1 + B2X2 + B3X3 + B4X4

where X1 is air content; X2 is fresh density; X3 is plastic
viscosity; X4 is yield stress; and the B coefficients and the
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Table 6—Results of regression model of compressive strength from rheological parameters

Output Model parameters Value SE Adj. R? R?
Intercept (4) —26.86499 17.57138
Bl 0.75682 0.1986
COmPreSS]iV(iZ;trength a B2 0.02766 0.0089 0.98061 0.98329
B3 0.41017 0.18203
B4 0.67676 0.32877
Intercept (4) —108.08172 47.58917
Bl 0.63378 0.53787
Compressive strength at B2 0.07653 0.0241 0.96903 0.9733
7 days
B3 ~1.34069 0.49301
B4 3.21332 0.89042
Tntercept (4) 91.66829 48.82478
Bl 0.79599 0.55184
Compressive strength at B2 0.07161 0.02472 0.9712 0.97517
28 days
B3 1.37026 0.50581
B4 3.44762 0.91354

SEs are shown in Table 6. The statistical parameters of the
expected coefficients, including the Adj. R?> and R? values,

are also reported.

All curing ages (1, 7, and 28 days) exhibited a significant

correlation between the compressive strength and rheolog-
ical parameters, as indicated by statistical parameters in the
anticipated coefficients, such as R? and Adj. R?. These two
coefficients sometimes had values greater than 0.99 (the case
of compressive strength at 1 day).

CONCLUSIONS
This paper investigated the relationships between the
mechanical, rheological, and intrinsic properties of mortars,
considering the effect of porosity on rheology, compressive
strength, and sonic velocity. Employing different multiple
linear regression models, which were developed and
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analyzed using MATLAB, the results show the rationality

and precision of the proposed models in predicting compres-

sive strength at 1, 7, and 28 days. The main conclusions that
can be drawn from this study are as follows:

e The increment in the dosage of air-entraining admix-
ture (AEA) corresponded to increased air content, water
absorption, and void ratio, a sign of modification by
AEA that takes an active role in modifying porosity.
With higher dosages, a decline was recorded in the
value of fresh and hardened density, plastic viscosity,
yield stress, compressive strength, and sonic velocity.

e A strong correlation between the compressive strength
and the intrinsic characteristics was developed for all
curing ages (1, 7, and 28 days) by statistically signifi-
cant coefficients. The modulus of elasticity after 28 days
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showed good agreement with intrinsic parameters, and
the coefficients of determination were beyond 98%.

*  The sonic velocity and intrinsic parameters were highly
correlated at every curing age of 1, 7, and 28 days,
where the coefficient reached over 0.99 in some param-
eters, such as sonic velocity at 7 days.

*  The compressive strength and rheological parameters
were highly statistically correlated at any curing age.
For example, the coefficient of the compressive strength
at 1 day was above 0.99.

These findings establish a solid foundation for optimizing
mortar formulations by shedding light on the impact of AEA
dosage and porosity on the mechanical and rheological prop-
erties. The developed regression models serve as reliable
tools for predicting mortar behavior, enabling consistent
performance in construction applications.
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How Does Coarse Aggregate Type Influence Mechanical
Properties of High-Strength Concrete?
by Y. El Berdai, Y. Taha, A. M. Safhi, R. Trauchessec, R. Hakkou, and M. Benzaazoua

Research has shown that the type of coarse aggregate (CA) signifi-
cantly impacts the properties of high-strength concrete (HSC). This
paper provides a systematic and comprehensive review of the influ-
ence of CA type, strength, and elasticity on compressive strength
(CS) and modulus of elasticity (MOE) of HSC. The CS can increase
by up to 141% and the MOE gains up to 48% with different CA
types, which is explained by the Compressible Packing Model
(CPM) and shows the significant impact of CA on the MOE. The
equation for the prediction of the MOE presented in the “Report
on High-Strength Concrete” by ACI Committee 363 was calibrated
using a CA type coefficient based on the data points collected to
highlight the influence of CA on the MOE of HSC. Future research
could focus on the effect of the adherence and elasticity of CAs.

Keywords: coarse aggregate (CA); compressive strength (CS); high-
strength concrete (HSC); modulus of elasticity (MOE); prediction model;
systematic review.

INTRODUCTION

In concrete, coarse aggregates (CAs) occupy the largest
volume in the range of 35 to 50%, and size in the range of
4 to 32 mm (0.15 to 1.25 in.).! Their use reduces the quan-
tity of cementitious materials and the cost of concrete and
increases the elasticity and dimensional stability.? Natural
CAs are derived from rocks; their type depends on the
mineralogy, such as limestone and sandstone (sedimen-
tary rocks), basalt and andesite (volcanic rocks), diabase
and gabbro (plutonic rocks), granite and quartzite (meta-
morphic rocks), and gravel.! The properties of various CA
types highly influence the compressive strength (CS) and the
modulus of elasticity (MOE) of normal-strength concrete
(NSC). The CS cannot be determined without a prior knowl-
edge of the properties of the CA?; this is due to various CA
types having differences in mineralogy and geology, and
different characteristics such as the shape, texture, porosity,
strength, and elasticity. Alexander and Davis* assessed the
influence of 13 CA types sourced from different quarries,
resulting in a relative variation of up to 55% of the CS and
up to 40% in the MOE. Kaplan® revealed the effect of 13
different types of CA and found that the CS varied up to
30%, which could be attributed to differences in elasticity
texture and shape. Tanesi et al.® investigated the influence
of 11 different CA types and determined that the properties
that significantly impact CS and MOE are type, elasticity,
texture, and porosity. Gora and Piasta’ found that the aggre-
gate crushing value of six CA types from 12 different loca-
tions influences the MOE more than it influences the CS.
de Larrard and Belloc?® investigated the influence of the five
aggregate types on the CS of concrete and found that the
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adherence between aggregates and the cement paste, which
is related to the texture and chemical reactions of aggre-
gates, has a linear relationship with the strength of mortar
and dictated the CS.

High-strength concrete (HSC) is a special type of concrete
engineered to possess a higher CS than NSC. It is character-
ized by a 28-day CS greater than 55 MPa (7977 psi)’ and a
slump test value equal to or greater than 200 mm (7.9 in.),
with a water-binder ratio (w/b) less than 0.40.' HSC has been
used in high-rise buildings since the 1970s!! and in structures
with specific requirements,'> such as the ile de Ré Bridge
in France (28-day CS equal to 68 MPa [9862 psi]) and the
Hassan II Mosque in Morocco (28-day CS equal to 70 MPa
[10,152 psi]), both constructed in 1988. The mixture propor-
tioning of HSC aims to obtain a minimum porosity'? by opti-
mizing the packing density,'*!* reducing the water content
using high-range water reducers (HRWRs),'® producing a
compact microstructure using supplementary cementitious
materials (SCMs),!” and selecting a high quality of CA.'®
The influence of the CA type on the mechanical properties
of HSC is highly significant, surpassing its impact on NSC.
Sengul et al.!? investigated the use of four different CA types
in HSC and NSC. The CS varied up to 19% for HSC (w/b
equal to 0.33) and 1% for NSC (w/b equal to 0.83), while the
MOE varied up to 23% for HSC and 20% for NSC. This was
due to the cement paste and the interfacial transition zone
(ITZ) type being the weak link in NSC.2°

RESEARCH SIGNIFICANCE

This systematic and comprehensive review aims to provide
an answer to the question: How does the type, strength, and
elasticity of CA influence the strength and elasticity of HSC?
The proposed answers would contribute to quantifying,
understanding, and predicting the impact of CA properties
on the mechanical properties of HSC. The developed data-
base could also contribute to providing information on the
engineering properties of CAs and the mechanical perfor-
mances of HSC.

METHODOLOGY
This article used the Preferred Reporting Items for System-
atic Reviews and Meta-Analyses (PRISMA) guideline for

ACI Materials Journal, V. 122, No. 3, May 2025.
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Fig. I—PRISMA flowsheet used in this systematic review.

reporting systematic reviews, which ensures transparency,
accuracy, and completeness.?! Articles that maintained
similar proportions of HSC and cement paste quality were
selected, varying only the CA type. To consolidate the
research, analyze the data, and identify research gaps, the
CS and MOE of CA and HSC were extracted, described,
and analyzed. Patterns across articles were identified using
relative deviation (Eq. (1)) and examples are presented, then
research articles were described and analyzed individually.

Relative deviation = Maximum — Minimum 100 (%)

Minimum
(1)

The CA types that did not follow the trend are consid-
ered outliers; their features are presented. Three methods
were used to answer the research question: a quantitative
analysis using the relative deviation, an empirical explana-
tion using the Compressible Packing Model (CPM), and a
prediction of the MOE of HSC using the CA type. Based on
the outliers noted, articles were discussed, and research gaps
were presented.

Selection of articles

Figure 1 presents the PRISMA flowsheet used to identify,
screen, exclude, and include articles. The eligibility criterion
for inclusion considered the CA type as a qualitative variable
in the HSC mixtures. The criteria for exclusions were not
varying the CA type, using different mixtures of HSC for
different CA types, using alternative CA instead of natural
CA, and the study of ultra-high-performance concrete and
reactive powder concrete. Scopus, Web of Science, Science
Direct databases, and the ACI Materials Journal were used
to develop the database as of February 2023 and updated
in March 2024. The request was (« influence » AND
« coarse aggregate » AND (« high-strength concrete » OR
« high performance concrete »)) in (Article title, Abstract,
Keywords). Many articles were focused on recycled aggre-
gate and ultra-high-performance concrete. This was the
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Fig. 2—Visualization map and clusters according to keyword
occurrence.

main reason for reducing eligible articles from 1116 to 322.
The 322 screened articles were analyzed using VOSviewer,
software for creating and analyzing bibliometric networks.
The keywords with at least five occurrences were selected;
Fig. 2 presents a visualization map featuring four clusters:
mechanical properties of high-performance concrete and
HSC (green, blue, and red), and CA properties (yellow and
purple) (full-color PDF can be accessed at www.concrete.
org). These clusters allowed the identification of the main
themes of the review and structuring of the analysis accord-
ingly. In the end, a total of 19 articles'>**-*° that responded
to all criteria were selected, including two studies that did
not respect the exclusion criteria: Tighiouart et al.*> because
it was written in French, and the study of Sengul et al.!° that
reported the 35-day CS instead of the 28-day CS.

Description of selected articles

The reviewed articles used a wide variety of CA types
from different locations, leading to 155 different HSC
mixtures using eight categories of CA types. The CA
type and the corresponding number of HSC mixtures
produced included limestone (42), granite (23), basalt (17),
gravel (12), quartzite (11), sandstone (14), andesite (5), and
other (31) such as trap rock, anorthosite, charnockite, gneiss,
and marble or undetermined type. The CA type is a direct
reflection of the mineralogy, density, and water absorption
coefficient, which enables the description of its strength,
elasticity, and texture.*® The properties of the parent rock,
such as petrography, porosity, and mechanical properties,
directly influence the CA type, physical properties (density
and porosity), strength, elasticity, and texture.?’ Generally,
limestones are considered rough-surfaced and low-strength,
granites are smooth and high-strength, and quartzites are
very smooth-surfaced.*' The physio-mechanical properties
of the CA types are presented in Table 1, and these CA types
are considered of good quality for HSC production.
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Table 1—Properties of coarse aggregate used for high-strength concrete

Coarse aggregate Water absorp- Modulus of elasticity, GPa
type Specific gravity, t/m? (Ib/ft}) tion, % Porosity, % | Compressive strength, MPa (psi) (x 10° psi)
Limestone 2.62 t0 2.82 (163.3 to 176.0) 0.4t03.8 1to7.4 70 to 295 (10,150 to 42,800) 43 to 85 (6.23 to 12.32)
Granite 2.63 10 2.70 (164.2 to 168.6) 0.8to 1 3.1 96 to 220 (13,900 to 32,000) 28 to 75 (4.06 to 10.87)
Basalt 2.85102.94 (177.9 to 183.5) 0.14t02.2 42 132 to 322 (19,150 to 46,700) 85to 101 (12.32 to 14.64)
Gravel 2.55t02.65 (159.2 to 165.4) 0.7 t0 2.0 — — —
Sandstone 2.56 t02.72 (159.8 to 169.8) 0.6 0.83 t0 6.4 52 t0 205 (7500 to 29,700) 37to 58 (5.36 to 8.41)
Quartzite 2.66 t0 2.88 (166.1 to 179.8) 0.2t00.5 0.44 t0 2.7 87 to 323 (12,600 to 46,800) 42 to 110 (6.09 to 15.95)
Andesite 2.52t02.91 (157.3 to 181.7) 0.7 — — 81 (11.74)
Other 2.55102.95(159.2 to 184.2) 0.14 to 1.79 0.4 to 0.45 78 to 247 (11,300 to 35,800) 22to 74 (3.19 to 10.74)

The selected articles tested distinct mixtures composed
of diverse types of cement, SCMs, admixtures, and w/b,
resulting in varying paste compositions. The used SCMs
included silica fume, ultrafine slag powder, fly ash, or a
combination of several types. The admixtures included
HRWRs in the form of melamine, naphthalene, formalde-
hyde, and/or polycarboxylate. Slump-retaining, viscosity-
modifying, and set-retarding admixtures were also used to
obtain the desired consistency of fresh concrete. Several
types of cement were used, including ASTM ordinary port-
land cements Type I (class 42.5 or class 52.5), Type III (early
high strength), and high-sulfate-resistance cement. The w/b
reported for HSC varied between 0.20 and 0.35.2527

The extracted data consisted of the CA type and the corre-
sponding CS (103 data points) and MOE (95 data points)
at different testing ages, including 28-day (28 days of water
curing). The CS ranged from 50 to 130 MPa (7252 to
18,855 psi) and the MOE ranged from 25 to 52 GPa (3.63
to 7.54 x 10° psi), while the average CS in each article was
greater than 64 MPa (9282 psi).?” The mechanical properties
of HSC are influenced by the testing method, such as the char-
acteristics of the testing machine and the loading rate*?; each
study used similar testing conditions, which reduced the bias.

COMPRESSIVE STRENGTH OF
HIGH-STRENGTH CONCRETES
The CS is influenced by the properties of the aggregates,
the paste, and the ITZ; it also depends on other testing proper-
ties, such as the specimen geometry and size and the loading
parameters.?’ The 28-day CS of concrete is tested to ensure
the quality control and the quality assurance. It is necessary
for construction design and structural applications.*>*

Influence of coarse aggregate type on
compressive strength

There was a significant variation in the CS of HSC in each
article using different CA types. Figure 3 shows a large scatter
in the variation of the CS with different CA types (limestone,
sandstone, basalt, and so on) for each study. Changing the
CA type resulted in an average standard deviation equal to
7.3 MPa (1059 psi); different CA types in each article had
a standard deviation in the range of 2 to 28.6 MPa (290 to
4148 psi).?*?® Kilig et al.?® used sandstone, limestone, and
basalt to produce concrete with CS equal to 50, 96, and
121 MPa (7252, 13,924, and 17,550 psi), respectively, while
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Beushausen and Dittmer?® produced concrete with andesite
and granite that had a CS equal to 115 and 117 MPa (16,675
and 16,965 psi), respectively. The variation of the CS between
articles is also very significant and is in the range of 2 to 70
MPa (290 to 10,152 psi),?*?® and the relative deviation varied
the CS by 21% on average and up to 141%.%8

Several CA types were observed to provide a ranking
compared to the average CS and other CA types. Basalt CA
produced the maximal CS in six out of the seven articles
that used it!%?325:27:283336 compared to all other CA types,
including limestone,*® sandstone,' granite,”® quartzite,?®
and gravel.3 Table 1 shows that basalt rocks are very strong
(CS between 132 and 322 MPa [19,144 and 46,702 psi])
and very stiff (MOE between 85 and 101 GPa [1.23 and
1.46 x 107 psi]). Basalt CAs are generally known to be
excellent CA types to produce HSC.*! Gravels are sourced
from natural round gravel found in rivers and produced the
lowest CS in all five articles that used it.2%3!33343% The use of
gravel reduced the CS up to 24% compared to other aggre-
gates.! The rounded shape and the smooth texture of river
gravel was the main factor that explains this. It was found
that the rounded shape causes a reduction of 30% of the CS
compared to crushed aggregates with the same type,* and
aggregates with smooth texture reduced the CS compared
to aggregates with different surface roughness.* Limestone
CA was used in 14 out of 19 articles and produced different
CS values compared to other CA types. It produced CS
values higher than the average, such as in the case of Aitcin
and Mehta®® where the average was 94 MPa (13,633 psi)
and limestone produced 97 MPa (14,068 psi), and CS values
lower than the average, such as in the case of Giaccio et al.,?*
where the average was 78 MPa (11,312 psi) and the lime-
stone produced 62 MPa (8992 psi).

On the other hand, the ranking between CA types can
change, such as the limestone CA used by Kilig et al.,?
which produced a CS of HSC equal to 106 MPa (15,374 psi),
higher than the quartzite CA equal to 99 MPa (14,359 psi).
In contrast, limestone CA produced in Wu el at.’* a CS equal
to 83 MPa (12,038 psi), lower than CS of quartzite equal
to 98 MPa (14,214 psi). Another example is that limestone
CA sometimes produced the highest CS3! or the lowest CS3¢
compared to other CA types. The same type of CA produced
different CS values due to the geology of the parent rock.
Studies were conducted with CAs sourced from diverse
geological settings, quarry locations, and mineralogies,
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Fig. 3—Variation of CS of HSCs using different CA types.

resulting in different CA type properties, such as dolomitic Influence of coarse aggregate strength on
limestone producing a CS equal to 89 MPa (12,908 psi), compressive strength
higher than calcitic limestone with a CS equal to 79 MPa The relationship between the CS of CA and the CS

(11,457 psi).?! This is due to the intrinsic properties of of HSC is presented in Fig. 4. The variation in the CS of
different CA types (limestone, basalt, and so on), including HSC as a function of the CS of CA shows a positive trend

strength, elasticity, and texture. overall. The relative deviation of the CS when using a CA

de Larrard and Belloc?® studied the influence of five aggre- with a different strength averages 37% and can be up to
gate types on the CS of concrete. The experimental program 141%.2® Mousavi and Ranjbar?? showed that the CS of HSC
consisted of concrete mixtures that were optimized using increased by up to 15% when using limestone with a CS of

CPM and used fine and coarse aggregates from five different CA equal to 102 MPa (14,794 psi), andesite with a CS of
types: hard limestone (Boulonnais), semi-hard limestone 161 MPa (23,351 psi), and quartzite with a CS of 323 MPa
(Arlaut), basalt (Raon-I’Etape), rounded flint (Crotoy), and (46,847 psi) to produce HSC with a CS equal to 101, 107,
quartzite (Cherbourg). The authors proposed a quantification and 116 MPa, (14,649, 15,519, and 16,824 psi), respectively.
of the impact of aggregate type on the CS of concrete using Kilig et al.?® found that the CS of sandstone (CS =
two empirical parameters: bond (@) and ceiling (b), using the 52 MPa [7540 psi]) produced an HSC with a CS of 50 MPa
relationship between the CS of concrete and the strength of (7252 psi), which was considerably lower than the CS of
the matrix presented in Eq. (2) 96 MPa (13,924 psi) produced by limestone (CS = 110 MPa
[15,954 psi]). This was due to the low strength of the sand-

a> femarin T 1 stone CA, which limited the CS of the HSC. In their study,

Jecomposite = b X [ matrix (MPa) @) they also tested the CS of basalt (132 MPa [19,145 psi]) and

gabbro (247 MPa [35,825 psi]); the CS of the HSC aver-

where .. composiee 18 CS of concrete; and £;. ani is CS of cement aged 135 MPa (19,580 psi), which showed that the CS of

paste matrix. the HSC was limited by either the strength of the mortar

It was found that the CS of HSC produced with these (such as gabbro) or the strength of the CA (such as basalt).
five aggregates was ranked as follows: basalt ~ flint > hard This limiting effect was confirmed by Giaccio et al.® who
limestone > quartzite ~ semi-hard limestone. The bond (@) reported that the strength of the mortar (91 MPa [13,198 psi])

represents the adherence that is related to the texture of CA was equal to or greater than the CS of HSC produced with
and the chemical reaction that improves the CS evolution, basalt (91 MPa [13,198 psi]), granite (80 MPa [11,603 psi]),

such as the bond that was higher for limestone (Boulonnais) or limestone (62 MPa [8992 psi]).

compared to flint (Crotoy). Limestone has a good adherence The CS of HSC increases with the CS of CA up to a limit
because of its rough surface texture and the chemical reac- due to the limiting strength of the mortar or the strength
tion between cement paste and calcium carbonate, while flint of the CA. This is known as the ceiling effect, where the
lacks adherence because of the smooth texture. Finally, the strength of the CA limits the strength of HSC, according to
ranking of aggregate type was found to depend on the ratio de Larrard.!* The ceiling effect quantifies the limiting effect
a/b, which is related to the intrinsic strength of parent rock. of the aggregate on the strength of HSC; “weaker” aggre-

gates would halt the CS of concrete when the strength of the
paste increases.

82 ACI Materials Journal/May 2025



[@ Limestone @ Granite 4 Basalt Sandstone € Quartzite

Andesite @ Other|

N
o
1

¢ ¢ v
4 * e »:
$ ¢ ¥

=] o
o o
1

[=2]
o
1

*
38 37 35 30 19

¢ . 17,404

o ¢ ¢

i 28 2; 23 22

Strength of

14,504

ive

11,603 ¢

8,702

Compressive Strength of
High-Strength Concrete (MPa)

0 200 4000 200 400 0 200 400 0 200 400 0

200 400 0

High-Strength Concrete (psi)

Compress

200 400 0 200 4000 200 400 0 200 400

Compressive Strength of Coarse Aggregates (MPa)

Fig. 4—Trellis plots of evolution of CS of HSC as function of CS of CA.

Sandstone CA is an outlier to this rule’>-¥ because it
produced concrete with a higher CS than its intrinsic
strength. Two exceptions where sandstone produced a lower
CS are explained by the irregular shape!® or to the ceiling
effect.?® Tighiouart et al.,** who studied the elasticity of sand-
stone concretes and CA, suggested that sandstone produced
a better elastic compatibility with the matrix, reducing the
stress at the interface and leading to a more homogeneous
stress repartition in the interface, which is known to improve
the CS.?

MODULUS OF ELASTICITY OF
HIGH-STRENGTH CONCRETES

The elastic properties of HSC are one of the key param-
eters for the design, construction, and analysis of concrete
structures. The most well-known elastic parameter is the
MOE, which consists of the short-term deformation of
concrete. The value of the MOE is important for designing
structures where the deflections are sought to be minimal;
selecting the materials to have stiffer concrete becomes
essential.*? The influence of CA type on the MOE of HSC
was investigated by 10 articles; the results are presented in
the scatter plot in Fig. 5, and the impact of the MOE of CA
on the MOE of HSC is presented in Fig. 6. The deviation of
the MOE using different types of CA with different MOE
is high, varying between 5.0 GPa** and 17.0 GPa*® (7.25 x
10° psi and 2.47 x 10° psi), with a relative deviation varying
between 10% and 48%, respectively. The range of the vari-
ation of the MOE is more significant than the range of the
variation of CS because 1 GPa is equal to 1000 MPa, with
1 MPa equal to 145.04 psi; this change of the MOE has a
significant influence on the deformation of structures.

Influence of coarse aggregate type on modulus of
elasticity

In Fig. 5, the classification of the MOE of HSC based
on the CA type shows that basalt!>?»?73¢ (blue) and
quartzite?>3%3 (green) produced the highest MOE. The
performance of limestone varied, producing the highest®® or
lowest*® MOE depending on the mineralogy and geology of
the rock®': dolomitic limestone produced an MOE equal to
50 GPa (7.25 x 10° psi), while the MOE of calcitic limestone
produced an MOE of 39 GPa (5.66 x 10° psi). The perfor-
mance of granite was average, but Beushausen and Dittmer?°
found that HSC produced from andesite had an MOE equal
to 59 GPa (8.56 x 10° psi) and was superior to the 47 GPa
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(6.82 x 10 psi) produced from granite. Sandstone produced
a significantly lower MOE in the HSC.!%3537:38

Interestingly, the MOE of HSC can vary even when the
CS remains the same. This variation is primarily influenced
by two factors: the type of CA and the MOE of the CA used.
Beushausen and Dittmer?® produced two HSC using andesite
and granite with similar CS but the MOE of the produced
HSCs were very different: 59 GPa (8.56 x 10° psi) and 47
GPa (6.82 x 10° psi), respectively. This was also observed
in Wu et al.® when using quartzite, which produced an
HSC with a MOE equal to 48 GPa (6.96 x 10° psi), while
granite CA produced only 36 GPa (5.22 x 10° psi). The same
trend was observed by Tighiouart et al.,>> and was more
pronounced: sandstone CA produced HSC with an MOE
equal to 35 GPa (5.07 x 10° psi), while limestone had an
MOE equal to 52 GPa (7.54 x 10° psi). The influence of CA
on the MOE of concrete is more important than the influ-
ence on the CS of concrete!; as revealed here, it is also more
pronounced in HSC.

Influence of coarse aggregate elasticity on
modulus of elasticity

Figure 6 reveals a clear positive correlation between the
MOE of CA and the MOE of HSC. This indicates that as
the MOE of the CA increases, the MOE of the HSC also
consistently increases. The outlier presented in Baalbaki
et al.’® concerns the MOE of HSC produced using limestone
and quartzite, but the difference is not significant. One case
where HSC is not very stiff is when using sandstone CA,
such as in Baalbaki et al.,>® where a sandstone HSC with
an MOE equal to 31 GPa (4.50 x 10° psi) was significantly
lower than the MOE of limestone HSC (MOE equal to
48 GPa [6.96 x 10° psi]).

CAs act as a solid granular inclusion in the composite that
restrains the deformations of the paste and makes concrete
stiffer.! The MOE is affected primarily by the volume frac-
tion and the stiffness of the paste and the aggregates, in addi-
tion to the properties of the interface. The prediction of the
MOE of an HSC using the MOE of a CA and other properties
was proposed by de Larrard and Le Roy*® and gave a high
degree of accuracy with a standard error of 1.6 GPa (2.32 x
10° psi). This model confirms the positive trend between
the MOE of CA and the MOE of HSC. The triple-sphere
model is presented in Eq. (3) and shows that the properties
that influence the MOE of concrete are aggregates and paste
volumetric fraction, MOE of both aggregates and paste, and
packing density
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(GPa) (3)

E. = |1+2¢g

where E,, E,, and E, are MOE of concrete, mortar, and
aggregates, respectively; g is apparent packing density of
aggregates; and g” is virtual packing density of aggregates.

This model uses homogenization that has two hypoth-
eses, including that concrete is composed of two phases: the
paste and aggregate, and aggregates are stiffer than the paste.
Packing density refers to how tightly the aggregate particles
are packed within concrete, and it is related to the shape and
particle size distribution of the aggregate.

PREDICTION OF MODULUS OF ELASTICITY
USING ACI 363 EQUATION

Accurately predicting the MOE of HSC is crucial for
the design and calculation of structures. However, directly
measuring the MOE is often difficult because of testing
equipment and methods. Therefore, researchers have
developed models that predict the MOE based on the more
easily measurable CS. These models, like those proposed
in ACI 363R-10° and fib Model Code 2010,%” are based on
experimental testing data. They are based on the power func-
tion of the CS with correction factors that consider the CA
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type, type of cement, and density of the concrete.*® Several
researchers have proposed coefficients for different CA
types**-% such as Rashid et al.,>! who included a parameter of
the CA type which helped obtain more accurate predictions.
Equation (4) was proposed by ACI 363R-10 for the predic-
tion of the MOE of NSC and HSC, among other equations,
for a CS up to 83 MPa (1.20 x 10 psi), which corresponds
to an MOE equal to 42 GPa (6.09 x 10° psi). However, the
MOE of HSC varies up to 58 GPa (8.41 x 10° psi)*® with
an average of 39.5 GPa (5.73 x 103 psi). There is a need for
equations to predict the MOE of HSC more accurately

E,. = (40,000(£.)* + 10°) (psi),
for 3000 psi < ;' < 12,000 psi

E. = (3320(£))° + 6900) (MPa), for 21 MPa < /.’ < 83 MPa
(4)

where /. is average 28-day CS of concrete.

In this review, the authors propose to calibrate the K coef-
ficient in the ACI 363R-10 equation (Eq. (4)) to consider the
CA type using Eq. (5)

E.= K % (40,000(f.")°> + 10°) (psi),
for 3000 psi < ;' < 12,000 psi
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Table 2—Values of K coefficient of CA type and
variation of predicted modulus of elasticity

Variation, GPa (x 10° psi)
Coarse aggre- with K with K =1.00,
gate type K value coefficient ACI 363R-10
Andesite 1.39 5.8(8.4) 14.7 (21.3)
Basalt 1.33 3.6(5.2) 12.2 (17.7)
Granite 1.05 6.8(9.9) 6.6 (9.6)
Gravel 1.20 6.0 (8.7) 7.0 (10.2)
Limestone 1.20 5.1(7.4) 7.5(10.9)
Other 1.18 4.6 (6.7) 6.8(9.9)
Quartzite 1.11 2.5(3.6) 4.2 (6.1)
Sandstone 0.92 6.4 (9.3) 6.9 (10.0)
\‘Zvrf;zii 5.1(7.4) 7.4(10.7)

E, =K % (3320(f.")%3 + 6900) (MPa),
for 21 MPa <f.' <83 MPa (5)

where K is CA coefficient.

A total of 86 data points for 28-day CS and the MOE
were extracted from the selected articles, !%-22-24:26:27,30-32,34-39
The 28-day CS of HSC is corrected using the equations of
Rashid et al.>' (Eq. (6) to (8) herein) to represent the testing
on @150 x 300 mm (Y6 x 12 in.) cylinders at 28 days of
curing (f.") and the variation calculated with Eq. (9)

Seasox300 = 0.83 X f 100 and £c. 150 x 300 = 0.86 X fo150  (6)
f;’1150 = 096 Xfclvl()() —-0.21 (7)
Ec,lSO =0.76 x EC,100 + 6.35 for 24 GPa < E.<56 GPa (8)

where E,. 50 and E,. oo are MOE of concrete for 150 and
100 mm (6 and 4 in.) cubes; f.’ 150 and £ 190 are CS of concrete
for 150 and 100 mm (6 and 4 in.) cubes; and f.’ 150x300 and
<" 100x200 are CS of concrete for @150 x 300 mm (D6 x 12 in.)
and ¥100 x 200 mm (@4 x 8 in.) cylinders.

Variation = [MOEcgicted = MOE | ©)

where MOE,cdiced 18 predicted MOE; and MOE,,, is exper-
imental MOE.

The correction coefficients K are presented in Table 2. The
prediction equation of the MOE of HSC produces an average
variation equal to 5.1 GPa (7.4 x 10° psi) when using the CA
coefficient compared to 7.4 GPa (1.07 x 10° psi) for the ACI
363R-10 equation; it is particularly useful to determine the
lower bond value of the MOE of HSC. Figure 7 presents the
prediction curves and experimental data.

SUMMARY AND FUTURE PERSPECTIVES
This review systematically investigated the influence of
coarse aggregate (CA) type on the mechanical properties
of high-strength concrete (HSC). Nineteen research arti-
cles were selected based on their rigorous methodology of
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varying CA type while maintaining consistent paste compo-
sition. First, the analysis revealed a significant quantitative
impact of CA type on the compressive strength (CS) and
modulus of elasticity (MOE) of HSC. Variation in CA type
resulted in a relative deviation of the CS of up to 141% and
relative deviation of the MOE of up to 48%. Second, key
factors influencing the impact of CA on HSC were identified.
These include: the type of CA is related to the mineralogy
and geology, which influence the variation in properties
across different CA types; the intrinsic strength of the CA
can limit the maximal CS of HSC; and the elasticity of CA,
which is the most crucial factor affecting the MOE of HSC,
with variations of up to 17 GPa (2.47 x 10° psi) observed
at similar CS values. Third, the Compressible Packing
Model (CPM) was presented to explain these observations,
including the adherence and ceiling effects, in addition to
the triple-sphere model that proves the critical role of the
MOE of CAs. Finally, the equation proposed in ACI 363R-
10° for predicting the MOE of HSC can be improved by
incorporating a correction factor based on CA type, offering
a conservative estimation for structural engineers.

This review highlighted the complex relationship between
CA type and the CS of HSC. While basalt consistently
delivered high CS and MOE in HSC, gravel performed less
favorably. This underlines the importance of strong, stiff,
and highly adherent crushed aggregates for HSC; sandstones
presented a unique case. Baalbaki et al.?® indicated that the
good adherence and lower MOE of sandstone contributed to
better elastic compatibility with the cement paste, potentially
improving CS; and Beushausen and Dittmer?® confirmed
this notion because they found that high-strength and high-
elasticity andesite CA produced lower CS in HSC compared
to granite CA. The scarcity of consistent data highlights the
need for further research on the interplay between adherence
and elasticity and their combined influence on CS of HSC.
Recent advancements in analytical and numerical models
for ordinary concrete offer a promising foundation for theo-
retical investigations into this complex interaction.’>** This
could help to improve the prediction of the mechanical prop-
erties of HSC, leading to more efficient and reliable concrete
structures.
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Study of Optimized Mechanical Properties in Sustainable
Geopolymer Mortar with Tire Waste
by Rondinele A. R. Ferreira, Cristiane Pires, Leonardo S. Gratao, and Leila A. C. Motta

The rapid growth of population, consumption, and economy stim-
ulates the extraction of natural resources at an accelerated rate,
directly impacting the environment by generating waste and
CO, emissions, primarily in the civil construction industry. This
research investigates the use of untreated tire waste rubber as a
replacement for fine aggregate (sand) in geopolymer mortar, in
response to environmental concerns from the civil construction
industry. The study uses a central composite design (CCD) and
response surface methodology (RSM) to optimize the modulus of
rupture (MOR), modulus of elasticity (MOE), and toughness. With
a global desirability of 0.73, the optimized values for these vari-
ables were 2.85 MPa, 676.3 MPa, and 0.331 kJ/m?, respectively,
with experimental errors below 10%. The results suggest that tire
waste rubber can effectively replace fine aggregate in geopolymer
mortar, potentially reducing environmental impact.

Keywords: central composite design (CCD); ecological composites;
geopolymer mortar; metakaolin; tire rubber (TR).

INTRODUCTION

The rapid growth of urbanization, fueled by the rise in
global population, has necessitated significant advance-
ments in the construction industry, which in turn has brought
about environmental challenges. Presently, there is a strong
emphasis on seeking sustainable alternatives in material
production to mitigate impacts and reduce CO, emissions
within the construction industry.!

The process of cement production is widely recognized as
one of the primary sources of pollution due to its greenhouse
gas emissions, contributing to 5 to 8% of global CO, emis-
sions,? with 667 kg of carbon dioxide still emitted per ton of
cement.? Consequently, research has been focused on finding
an alternative to cement. In this context, geopolymers have
emerged as a highly promising solution,* given their ability
to incorporate industrial by-products that contain aluminos-
ilicate as the main component.®

Geopolymers are alkali-activated binders that are notable
in civil construction due to their mechanical and thermal
properties, low density, and impermeability. Their appli-
cations encompass concrete, mortar, coatings, bricks, and
paving blocks. They are produced with aluminum and silica-
based materials, such as fly ash and slag, and are activated
by alkalis such as Na,SiO; and NaOH. The formation
process involves alumination and polycondensation reac-
tions to yield aluminates and silicates.!>¢ Still, there are
other combinations of alkaline solutions, such as potassium
silicate and potassium hydroxide, that result in geopolymers
with high compressive strength and low porosity.” Solid acti-
vators such as sodium silicate, calcium hydroxide, lithium
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hydroxide, and potassium carbonate can replace liquid alka-
line solutions.® Using waste-derived activators such as rice
husk ash (RHA)-derived sodium silicate can significantly
reduce the environmental impact of geopolymers while
maintaining comparable mechanical properties.” Indus-
trial by-products such as disposed cleaning solutions from
the aluminum industry can be used as effective activators,
particularly for high-calcium precursors like blast-furnace
slag.!” According to the literature, the optimal combination
of alkaline solutions for geopolymers involves using sodium
silicate and sodium hydroxide in a specific ratio, with 2.5
being the most effective for achieving high compressive and
tensile strength.”

The use of industrial by-products such as fly ash and
metakaolin decreases costs and gas emissions associated
with the production of portland cement.** The incorporation
of waste materials, such as tire rubber (TR), into construc-
tion materials is essential for the recycling and preservation
of natural resources, and is advocated as a strategy to lessen
the environmental impact of improper rubber disposal.’

Used rubber tires, due to their non-biodegradable nature,
pose serious environmental problems, generating substantial
waste from the automotive industry.* The improper disposal
of these tires leads to soil and air pollution due to the leaching
of toxins and the emission of toxic chemicals and heavy
metals.® The process of crushing and incorporating rubber
particles into geopolymers presents a sustainable solution,
contributing to environmental preservation and reducing the
demand for natural resources in civil construction.>® This
is crucial, as the exploitation of natural aggregates can lead
to alterations in river courses and a reduction in riverbed
stability.*

TR can effectively replace traditional aggregates in
concrete, offering benefits such as improved flexural and
tensile strength, better workability, and enhanced dura-
bility. Incorporating TR into concrete generally reduces its
compressive strength (especially when replacing coarse
aggregates); however, rubberized concrete often shows
improved flexural and tensile strength (enhancing its post-
cracking behavior and energy absorption capacity). The
inclusion of rubber particles decreases the modulus of elas-
ticity (MOE) and increases the deformability of concrete,
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leading to higher lateral strain at crushing.!'"'> Rubber-
ized concrete exhibits better water absorption and perme-
ability characteristics (which can enhance its durability),
and the addition of rubber particles generally improves
the workability of concrete mixtures (making them easier
to handle and place).'*!> Waste TR granules contain signif-
icant amounts of carbon, zinc, magnesium, and calcium
(which influence their interaction with the cement matrix),
and rubber particles exhibit stable structures under thermal
analysis (indicating their suitability for use in concrete under
various temperature conditions).'®

The construction sector consumes approximately 30% of
the extracted natural resources, corresponding to 220 million
tons of natural aggregates per year for concrete production,
thus exhausting natural reserves in several locations. The
commercial availability of TR waste as a substitute for sand
in construction materials is gaining attention due to the dimin-
ishing availability of natural sand and the environmental
issues associated with waste tire disposal, with approxi-
mately 3 billion tires commercially transacted and disposed
of each year globally. The synthesis and use of TR for
commercial use, particularly in large-scale construction, is a
multifaceted topic encompassing the production of synthetic
rubbers, recycling of waste TR, and the incorporation of
rubber into construction materials. The addition of ground
tire rubber (GTR) into asphalt has been performed for a very
long time to improve the matrix’s behavior under different
conditions, and recent review articles provide a general over-
view of the available extensive literature on the subject.!”!8
The addition of rubber particles in concrete formulations is
mainly to improve the durability of the matrix (as the parti-
cles are elastic and can easily deform under stress).!*?° Early
studies indicate that the effect of the GTR content (5 to 50%)
on the mechanical properties (shear, triaxial, and so on) of
different types of sand and their particle size distribution?!
achieves optimum performance with approximately 10%
GTR content. GTR has also been used as a low-cost solution
to stabilize soil for various geotechnical applications, modi-
fying properties such as compression, creep, shear, permea-
bility, and drainage (hydraulic properties).??

Additionally, TR is used in commercial products for
construction applications, such as jogging paths, play-
grounds, and tennis courts, along with other products related
to the maintenance and operation of infrastructure, such as
traffic-related products and highway crash barriers.? Studies
have demonstrated that the incorporation of rubber in
geopolymers can enhance cracking resistance, impact resis-
tance, durability, energy absorption capacity under load, as
well as thermal and acoustic properties.?*26

Central composite design (CCD) is a valuable statistical
technique for optimizing processes, products, and formula-
tions, facilitating the development of efficient methods for
waste use. It enables the evaluation of the effects of inde-
pendent variables on a response of interest and is character-
ized by a three-level experimental design, interaction effect
analysis, time and cost savings, and robust statistical
analysis.?”?* CCD is an experimental design technique
that employs a matrix of central and extreme points, as
well as axial points, to investigate the relationship between

90

independent variables and a dependent variable. Some
of the key characteristics of CCD include three types of
factors: fixed factors (+1 and —1), central factors (0), and
axial factors (+a, —a), allowing for the evaluation of the
linear effect of independent variables, nonlinear effects, and
interactions. CCD can be configured with different alpha ()
values, depending on the objective of the experiment and
the number of independent variables. The most common
values for a are 1, 1.414, 1.68, and 2, which ensure varying
levels of rotation and orthogonality of the matrix. CCD can
be used to investigate the influence of up to k independent
variables, where k is the number of columns in the exper-
imental matrix, and the number of central points can also
be adjusted to balance the precision of the experiment with
resource efficiency.?%!

RESEARCH SIGNIFICANCE

This research holds significant value as it delves into the
exploration and quantification of the potential of untreated
coarse and fine waste rubber from tires, acting as substitutes
forfine aggregate (sand) in geopolymer mortar samples across
various curing periods. The study strategically used a CCD
in tandem with the response surface methodology (RSM)
technique and a desirability function. This was done to opti-
mize crucial response variables, specifically the modulus of
rupture (MOR), MOE, and toughness (T). The optimization
process facilitated the accurate determination of the optimal
content, particle size of waste TR, and curing durations for
this specific type of metakaolin-based geopolymer mortar.
Therefore, the importance of this research is underscored by
its potential to transform the application of waste materials
in the construction sector, thereby fostering sustainability
and enhancing cost efficiency within the industry.

MATERIALS AND METHODS

Characteristics of materials

The metakaolin and its chemical composition were carried
out according to Table 1. The material has an average
particle diameter of 12.4 pum, exhibiting greater reactivity
than the ground clinkers of national portland cement,**3* and
a density of 2650 kg/m®. The enhancement of the specific
surface area of metakaolin contributes to an increase in the
compressive strength of geopolymer paste.>* The refinement
of metakaolin was carried out according to the following
steps: calcination, where the kaolin was calcined at a
temperature of 750°C for 2 hours in rotary kilns and subse-
quently cooled, avoiding rehydration and the formation
of agglomerates; then, the metakaolin was ground in ball
mills, with a reduction in its particles and an increase in the
surface area, and classified in vibrating screens. This process
improved its solubility and reduced its degree of aggrega-
tion, leading to a more homogeneous distribution of the
aluminate that reacts with the alkaline activator to form the
geopolymer.3235-37 This process results in a quicker setting
time, enhanced compressive strength, and a more uniform
microstructure.

Medium river sand has a specific mass, maximum char-
acteristic dimension, and fineness modulus of 2.657 g/cm?,
2.36 mm, and 2.75, respectively.®® The coarse and fine TR
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Fig. I—Materials used in preparation of geopolymeric mortar:

waste, respectively.

Table 1—Concentrations for oxides observed in
metakaolin

Oxides Concentrations, %
SiO, 51.6

ALOs 40.5

Fe,05 2.8
K,O 0.2

Na,0; 0.1

waste used is derived from the retreading of tires with an
elongated shape, with a maximum characteristic dimension
of 6.30 and 2.36 mm, respectively.’* Sodium hydroxide
(98.6% purity) and sodium silicate (SiO,/Na,O equal to
1.98) were purchased. Figure 1 illustrates metakaolin and
the coarse and fine residues of used TR.

Design of experiments (DoE)

The CCD is a statistical approach widely used to formu-
late regression equations in multivariate nonlinear model
contexts, allowing the analysis of variables and their inter-
actions for process optimization. This method is structured
by a cubic part, which includes factors with values of +1
and —1, central points, and extreme factors defined by +a
and —a (+1.41421 and —1.41421). The CCD configuration is
adaptable, depending on the type of a chosen (rotational or
orthogonal), the number of independent variables (k), and
the number of central points.

The response variables in this study were the MOR, MOE,
and T of the geopolymer mortar samples. Comprehensive
analyses were conducted using Statistica 7.0 software, with
a significance level of 10% (p-value < 0.10) adopted for
the analysis of regression parameters.?>4%#*! The minimum
and maximum limits for each variable (TR, coarse rubber
[CR], and curing time [CT]) were established based on the
literature.*>*

Thus, Eq. (2) to (4) were generated from the coding of the
dependent variables (TR, CR, and CT) and transformation
into dimensionless form, considering the following general
Eq. (1) in this type of statistical design

- Ei_E(O)
Y ED-ECD
2
ACI Materials Journal/May 2025

(1

(a) metakaolin; and (b) and (c) coarse and fine tire rubber

where X; is the coded value assigned to each depen-
dent variable; E; is the value of the factor in the
original scale; F(0) is the central value chosen
in the working limits (average between E(1) and
E(-1)); E(1) is the penultimate highest value for the working
limit; and E(—1) is the penultimate lowest value for the
working limit.

Table 2 presents the experimental levels of the various
independent variables employed for the CCD, according to
Eq. (2) to (4)

%TR — 10,

o (7 ) @
_(%CR 50

v (“5556) ®
CT- 14,

v (553 “)

where TR represents the percentage of replacement, by
volume, of the fine aggregate (sand) with TR (ranging from
1 to 20%); CR is the percentage (by mass) of coarse rubber
waste (the remainder is supplemented by fine rubber waste
to total 100%—the variation from 0 to 100% of rubber is
a variation of the sum of the percentages of coarse rubber
waste and fine rubber waste in the composite); and CT is the
curing time, which varies from 1 to 28 days, in accordance
with standard civil engineering testing practices.

Regression equations influence input parameters by estab-
lishing significant statistical relationships with the response
variable, quantifying individual effects through coefficients,
identifying interactions between factors, and enabling the
optimization of parameter levels. They also facilitate model
validation by comparison with empirical data and enable
simulations for scenario analysis, supporting informed
decision-making.

Production, curing, and mechanical tests of
geopolymer mortar samples

The geopolymer was synthesized based on the optimized
parameters identified by da Silva Alves et al.,”” using molar
concentration of 12 M for sodium silicate and 15 M for
sodium hydroxide, with the mass ratio between the first and
second activators being 2.5. In addition, the NaSi/Met ratio
(sum of the masses of sodium hydroxide and sodium silicate
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Table 2—Experimental levels of different independent variables used for CCD

Symbol Coded levels
Parameters Decoded Coded -1.414 -1 0 1 1.414
Percentage of replacement of fine aggregate by tire rubber, % TR XTR 1 3.78 10.5 17.22 20
Percentage (by mass) of coarse rubber waste (remainder is
R , 14.64 . 1
supplemented by fine rubber waste), % ¢ er 0 6 30 85.36 00
Curing time, days CT Xcr 1 495 14.5 24.05 28

Table 3—Mixture proportioning of mortar

Metakaolin, g Sand, g NaOH, g H,O for NaOH, g

Na,SiO;, g H,O for Na,SiOs, g H,O for workability, g

266.66 533.34 4542 75.68

113.54 77.52 6.80

Note: Metakaolin-sand ratio: 1:2; fixed proportion of H,O/metakaolin (H/M): 0.60; NaOH (15 M); Na,SiO; (12 M).

divided by the mass of metakaolin) has a fixed value 0 0.597.
The geopolymer mortar was prepared by combining the alka-
line activator solution (comprising sodium hydroxide and
sodium silicate), metakaolin, sand, and the necessary water
to ensure workability of the resulting composite. According
to Table 3 (mixture proportioning of mortar), the water-
metakaolin ratio was established at 0.60. This ratio encom-
passes the total mass of water used for preparing the 15 M
NaOH and 12 M Na,SiO; solutions, along with the addi-
tional water needed for workability, all divided by the mass
of metakaolin (Eq. 5).

H/IM =
Z(water mass for preparing NaOH and Na,SiO, solutions and water for workability)

Metakaolin mass
(5)

The mass of metakaolin is determined based on a 1:2
metakaolin-sand ratio. The actual water content required for
each mixture was calculated using both the water-metakaolin
ratio and the metakaolin-sand ratio for each experiment. A
total of 18 mixtures (E1 to E18) were prepared, with six
specimens produced for each experiment, resulting in a total
of 108 specimens.

This mixture was homogenized for 5 minutes at medium
speed in an industrial planetary mixer. Six prismatic speci-
mens, each measuring 4 x 4 x 16 cm, were cast, following the
guidelines of NBR 13276.% The setting time of the mixture
was influenced by the ambient curing conditions adopted
during the process. Specifically, the geopolymer mortar
exhibited a workable consistency suitable for handling, and
the initial setting time was approximately 24 hours.*> These
specimens were used to determine the MOR, MOE, and T,
according to NBR 13279.4 The samples were wrapped in
plastic film and stored at a room temperature of 25 + 5°C
for the duration of the curing period. In accordance with
NBR 13279 and RILEM,*” measurements of the MOR,
MOE, and T were conducted using a universal testing
machine equipped with a 5 kN load cell.

Characterizations—X-ray diffraction and scanning
electron microscopy analysis

X-ray diffraction (XRD) analysis was conducted using lab
equipment. The equipment operated at 40 kV and 30 mA
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Fig. 2—XRD patterns of metakaolin.

with a CuKa radiation source (1.5406 A), a scanning range
of 20 = 5 to 90 degrees, a scanning speed of 2 deg/min,
and a step of 0.02 degrees. Following the flexural strength
tests, samples for scanning electron microscopy (SEM)
analysis were collected. These samples, approximately
1 cm?, were placed in an oven at 50 + 1°C for 24 hours.
The SEM analysis was performed using a high-resolution
system equipped with a Vega-type imaging module. The
geopolymer mortar samples were ground into a powder and
subsequently sieved through a 75 pm mesh to obtain a fine
powder.

DISCUSSIONS OF RESULTS

Characterization of metakaolin—XRD

The diffractogram of metakaolin revealed an amorphous
aluminosilicate halo, exhibiting high reactivity within the
20 range of 15 and 38 degrees (Fig. 2). Quartz (SiO,) was
identified as the dominant mineral phase, with its character-
istic diffraction peaks aligning at 20 values of 20.62, 26.64,
36.51,42.37, 50.27, 54.94, 59.97, 67.72, and 73.16 degrees
(ICSD-27745).23248 The diffractogram revealed significant
contributions from quartz, alumina, and hematite, which
collectively constituted 94.87% of the total elements present.
Aluminum oxide (Al,0;) exhibited diffraction peaks at 26
values of 25.33, 35.23, 37.67, and 68.17 degrees (ICSD-
68591), while hematite (Fe,O3) displayed peaks at 24.16,
50.12, 64.02, and 75.58 degrees (ICSD-56372). Minor peaks
at 20 values of 8.80, 17.67, and 19.64 degrees suggested the
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Region 1

Fig. 3—Response surface for MOR: (a) CT at central level (xct = 0); (b) CR at central level (xcg = 0); and (c) TR at central

level (x1r = 0).

potential presence of kaolinite (Si,Al,05(OH)4). The oxides
of potassium (K,0) and sodium (Na,O) exerted minimal
influence on the diffractogram.*

Design of experiments—statistical analysis

Table 4 shows the values of the response variables (MOR,
MOE, and T) from the 18 experiments of the CCD. A
multiple regression analysis was carried out with a signifi-
cance level of 10% (p-value < 0.10).

Modulus of rupture—Equation (6) represents the MOR
model, with coded factors

MOR = 2.74 — 0.14x7z — 0.1x7%* + 0.033xcz + 0.016x¢5> +
O.25XCT - 0.28XCTZ + 0-06xTRxCR - O.OIXTRXCT_ O.OSXCRXCT

(6)

Equation (6) yielded a coefficient of determination (R?) of
0.63. The data variability can be attributed to various external
factors that likely varied with each molding process, such as
the positioning of coarse and fine TR particles, which exhib-
ited a fibrous aspect. The orientation of the TR fibers directly
impacts the MOR. If the fibers are oriented perpendicular
to the crack, they can aid in stress resistance by acting as
a bridge between the cracks, thereby increasing the MOR
value.’® Conversely, if the fibers are oriented parallel to the
crack, they do not contribute to stress resistance and may
even reduce the MOR. Given that the positioning of TR
within the die is random, its MOR can fluctuate with each
molding.

According to Fig. 3(a), the highest MOR value was
observed when the percentage of TR (x7z) used was 1%
(—=1.414 coded) and the percentage of coarse rubber (xcg)
was 0% (—1.414 coded), yielding a result of approximately
2.85 MPa. Consequently, the smaller the replacement of fine
aggregate (sand) by TR and the corresponding insertion of
coarse rubber, the higher the MOR value. When comparing
the highest MOR value obtained on the response surface
with the best results shown in Table 4 (3.08 and 3.15 MPa
for E9 and E12, respectively), it was observed that the most
suitable combination among the independent variables was
that of E12. This combination resulted in an increase in the
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replacement of fine aggregate (sand) by TR by 950% (from
1 to 10.50%), an increase in the percentage of coarse rubber,
and a corresponding increase in MOR of 10.53% (from 2.85
to 3.15 MPa) at the same curing times of 14.5 days.

Furthermore, upon analyzing Eq. (6), a greater negative
contribution of the variable x;; was observed because its
linear and quadratic coefficients are greater than the positive
coefficients of the variable xcz. According to the analysis of
variance, the p-values for the linear (p-value =0.210561) and
quadratic (p-value = 0.469497) variable xz are closer to 0.10
(p-value < 0.10) than the p-values for the linear (p-value =
0.754282) and quadratic (p-value = 0.906525) variable xcx.
This fact confirms what can be observed by analyzing the
response surface (Fig. 3(a)). According to Fig. 3(b), a value
of 2.85 MPa was observed as the maximum point for the
MOR. This value corresponds to a combination of 5.13%
(—0.8 coded) for the xzx variable and 19.27 days (+0.5) for
the xcr variable.

Analyzing the results observed in Table 4 and the optimal
point observed on the response surface, E12 presented the
best fits for the MOR response. The percentage of replace-
ment of fine aggregate (sand) by TR increased by approx-
imately 104.68% (from 5.13 to 10.50), as well as the
percentage of coarse rubber (50 to 100%), and verified a
decrease in curing time from 19.27 to 14.5 days, optimizing
the response variable (MOR).

The response surface presented in Fig. 3(c) indicates
that the percentage of coarse rubber (xcz) has minimal
impact on the MOR response. Two regions of peak points
(saddle points) were identified, both corresponding to a
curing time (x¢7) of 18.32 days (+0.4 coded). These peaks
occurred at coarse rubber percentage (xcz) values of 0%
(—=1.414 coded) and 100% (+1.414 coded), resulting in an
MOR value of approximately 2.85 MPa. This MOR value
was also consistent with the analyses shown in Fig. 3(a) and
(b). The ideal conditions for achieving the highest MOR of
3.15 MPa were found in E12, which involved reducing the
curing time by 20.85% (from 18.32 to 14.50 days).

The general analysis of the response surfaces showed
that the linear variable percentage of coarse rubber (xcz), as
explained earlier, was not significant (p-value = 0.754282).
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Fig. 4—Response surface for MOE: (a) CT at central level (xct = 0); (b) CR at central level (Xcg = 0); and (c) TR at central

level (xtr = 0).

This fact probably occurred due to its high elasticity,
causing the rubber particles to deform more than the matrix
during compression, leading to the concentration of internal
stresses. 23153

The simultaneous effects of coarse rubber (xcz) and tire
rubber (x7z) on the MOR values were contrasting; specifi-
cally, coarse rubber had a minimal influence while TR had
a negative effect. The addition of TR introduced air into
the composite, decreasing its specific mass. Furthermore,
the presence of TR and sand created a physical barrier that
inhibited the interaction between metakaolin particles and
the alkaline activating solution, thereby slowing down the
geopolymerization process. This interference resulted in
a limited improvement in the mechanical strength of the
geopolymeric mortar containing TR.34-%

As curing progressed, the geopolymerization process
continued, leading to an overall increase in the average
strength of the geopolymers. However, during curing, free
water in the geopolymer evaporated, creating numerous
intergranular pores within the structure. These pores contrib-
uted to a decrease in the mechanical strength of the geopoly-
meric mortar, ultimately lowering the MOR, as shown in
Fig. 3(a) and (b).

In their research on geopolymer mortars, Pouhet et a
affirmed that the total pore volume of the geopolymer is
directly proportional to the initial volume of water added
to the mixture. This relationship allows for the final pore
volume and the average diameter of the mesoporosity to be
predicted accurately.

Modulus of elasticity—Equation (7), with an R? of 0.75,
represents the MOE model with coded factors

1'57

MOE =541 — 0.76.X'TR + 4-35xTR2 + 26.2)CCR + 7'7-XCR2 +
85.5)(7(;7' + 36.5xCT2 + 22-8xTRxCR +1 .9xTRxCT* 61 .2xCRxCT

(7

According to Fig. 4(a), the peak value of the MOE
was noted when the rubber percentage (x7z) used
was 20% (+1.414 coded), and the coarse rubber
percentage (xcp) was at its maximum of 100% (+1.414
coded). This resulted in an approximate MOE of
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650 MPa. It was discerned that the variables x7z and xcx had
a subtle influence on the MOE response.

The coefficients for both the linear and quadratic xcz
variables were positive, leading to an increase in the MOE
values. Moreover, the coefficients of the linear and quadratic
Xcg variables were 34.34 and 1.77 times larger than those
of the linear and quadratic x7; variables, respectively. This
indicates that the x; variable exerted a more substantial
influence on the MOE than the x7¢ variable. Upon examining
Fig. 4(b), it was found that only the curing time (xc7) had an
impact on the MOE. Additionally, irrespective of the rubber
percentage value (x7z), there exists a region of minimum
cure times (xc7) ranging from 1 to 6.86 days (—1.414 to
—0.8 coded), with an approximate value of 500 MPa. The
maximum MOE value was noted when the cure time (xc7)
was 28 days (+1.414 coded), regardless of the x7z value,
yielding an approximate result of 750 MPa.

In Fig. 4(c), the peak value of the MOE was observed when
the percentage of coarse rubber (xcz) used was 0% (—1.414
coded) and the curing time (xc7) was 28 days (+1.414 coded),
yielding a result of approximately 830 MPa. Additionally,
it was noted that for a percentage of coarse rubber (xcz) of
100% and a curing time (x¢r) of 1 day, the MOE value was
approximately 668 MPa.

Upon analyzing the experimental values (Table 4) and the
points observed on the response surface, it is suggested to
adopt the point on the response surface with 1 day of curing,
which corresponds to an MOE value of 668 MPa. When sand
is replaced by small rubber particles in the composite, there
is a decrease in the MOE, which can possibly be explained
by the physical and mechanical properties of rubber as
compared to sand.**3 According to Muhammad et al.,’® the
MOE for TR fiber ranges from 0.0007 to 0.004 GPa, while
for sand, it varies between 20 and 100 GPa.

Arunkumar et al.>° noted a 10.62% increase in the MOE
with the addition of 1% fiber from waste derived from the
rubber latex industry, after a curing period of 90 days. The
fiber had a length of 2 cm and a diameter of 0.3 mm. As the
proportion of rubber fiber in geopolymer concrete increased,
a decrease in the MOE value was observed. In general, the
percentage of rubber (x7z) had minimal influence on the
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Table 4—CCD matrix with coded and uncoded values of parameters and obtained reponses at ages to

28 days
Coded Decoded Response variables
E X7R Xcr Xcr TR, % CR, % CT, days MOR, MPa MOE, MPa T, kJ/m?
1 -1 -1 -1 3.78 14.64 4.95 22 454.39 0.13
2 -1 -1 1 3.78 14.64 24.05 2.6 744.26 0.11
3 -1 1 -1 3.78 85.36 4.95 2.11 615.07 0.17
4 -1 1 1 3.78 85.36 24.05 2.54 567.21 0.21
5 1 -1 -1 17.22 14.64 4.95 1.73 441.23 0.21
6 1 -1 1 17.22 14.64 24.05 2.31 645.7 0.17
7 1 1 -1 17.22 85.36 4.95 2.10 599.97 0.35
8 1 1 1 17.22 85.36 24.05 227 652.81 0.30
9 -1.414 0 0 1 50 14.5 3.08 536.87 0.19
10 1.414 0 0 20 50 14.5 2.62 559.54 0.35
11 0 -1.414 0 10.5 0 14.5 3 496.51 0.26
12 0 1.414 0 10.5 100 14.5 3.15 613.24 0.33
13 0 0 -1.414 10.5 50 1 1.98 426.35 0.22
14 0 0 1.414 10.5 50 28 2.99 798.52 0.18
15 0 0 0 10.5 50 14.5 2.83 451.7 0.29
16 0 0 0 10.5 50 14.5 2.38 482.39 0.26
17 0 0 0 10.5 50 14.5 2.49 559.29 0.22
18 0 0 0 10.5 50 14.5 2.67 672.98 0.24
Note: E is experiments.
(a) (b) ©

Fig. 5—Response surface for toughness (T): (a) CT at central level (xcr = 0); (b) CR at central level (xcr = 0); and (c) TR at

central level (xtg = 0).

MOE. However, the percentage of coarse rubber (xcz) had
the most significant impact, particularly in conjunction with
the curing time (xc7). This is because the rubber residue
increases the content of trapped air.’! This incorporation is
further enhanced by the reduction of rubber particles and
the increase in the volume of rubber incorporated into the
composite.*

Toughness—Equation (8), with an R? of 0.89, represents
the T model with coded factors

ACI Materials Journal/May 2025

T=0.26 + 0.053x7% — 0.008x 7> + 0.042x5 +
O.OOSXCR2 - 0.0IXCT - 0-043xCT2 + 0-02XTRXCR -
0-014-xTRxCT+ 0-06XCRXCT (8)

Figure 5 shows the response surfaces for toughness
according to the independent variables. The highest T value
was observed when the percentage of rubber (x7z) used was
20% (+1.414 coded) and the percentage of coarse rubber
(xcr) was 100% (+1.414 coded), resulting in approximately
0.43 kJ/m? (Fig. 5(a)). The lowest T value (0.15 kJ/m?)
was obtained at the lowest extremes for both the rubber
percentage (x7z) and coarse rubber (xcg) variables. Upon
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analyzing the experiments and the point observed on the
response surface, E7 demonstrated a superior combina-
tion of variables, despite an 18.6% reduction in toughness
(from 0.43 to 0.35), a 13.90% reduction in the percentage
of rubber (from 20 to 17.22%), and a 14.64% reduction in
the percentage of coarse rubber (from 100 to 85.36%). In
this experiment, the curing time was reduced by 65.51%
(from 14.50 to 5 days). The highest tenacity value, being
a maximum point, was observed when the percentage of
rubber (x7z) used was 20% (+1.414 coded) and the curing
time (xcr) was 10.68 days (—0.4 coded), resulting in approx-
imately 0.33 kJ/m? (Fig. 5(b)).

Comparing with the values in Table 4, as well as in the
analysis of Fig. 5(a), E7 presented the best relationship
between the studied variables. Even with a 13.90% reduc-
tion in the percentage of rubber (from 20 to 17.22%), there
was a 70.72% increase in the percentage of coarse rubber
(from 50 to 85.36%), a 6.69% increase in toughness (from
0.33 to 0.35), and a substantial decrease in the cure time
by 53.18% (from 10.68 to 5 days). This behavior was also
observed when analyzing the xrz at the central point (10.5%
[Fig. 5(c)]).

The increase in toughness with the rising percentage of
rubber (x7z) likely occurred due to the low rigidity of the
rubber particles, which enhanced the flexibility of the rubber-
binder composite and the energy absorption of the mixture.?
The introduction of fibers (coarse rubbers—uxz) can alter
the brittle behavior of the geopolymer to a ductile one. This
is explained by the action of the fibers, which increase the
resistance to cracking of brittle matrixes, primarily through
the bridge mechanism, thereby enhancing energy absorp-
tion through post-crack toughness.>¢! In terms of the signif-
icant variable xc7, an increase in the toughness value was
observed at early ages, followed by a decrease at later ages.
This behavior can be attributed to the increase in resistance
with the age of the geopolymers,®? thereby boosting the
composite’s capacity to absorb energy.>

Desirability function and optimization analysis

Based on the simultaneous optimization of the studied
responses, the global desirability (D) was found to be 0.73,
with predicted values of 15.25% for TR (x7z = 0.707), 100%
for CR (xcg = 1.414), and 21.25 days for CT (xcr = 0.707).
The optimized values derived from the combination of vari-
ables were 2.72 MPa, 636.2 MPa, and 0.352 kJ/m? for MOR,
MOE, and T, respectively. The experimental validation of
the models for each response variable was carried out using
the values obtained from simultaneous optimization (desir-
ability function). According to Table 5, the experimental
results validated the statistical models of MOR, MOE, and
T, with an experimental error of less than 10%.

Characterization of geopolymer mortars

X-ray diffraction analysis (XRD)—The diffractograms
from the 18 geopolymer mortar experiments involving
TR waste are included in the Appendix. The main mineral
phase observed in the diffractograms of the geopolymer and
metakaolin samples is SiO, (quartz), with 26 diffraction
peaks coinciding at 20.87,26.64, 36.36, 41.84, 50.27, 54.94,
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Table 5—Validation of models for optimized
predicted values

Response MOR, MPa MOE, MPa T, kJ/m?

Predicted 2.72 636.2 0.352
Experimental 2.85 676.3 0.331

Error, % 4.77 6.30 5.96

59.97, and 67.72 degrees (ICSD-27745). Alumina (AL,O3)
exhibited 20 diffraction peaks at 25.44, 35.23, 37.67, and
68.17 degrees (ICSD-68591), and hematite (Fe,0;) at 24.16,
49.36, 64.02, and 75.58 degrees (ICSD-56372). Peaks for
potassium oxide (K,0) (23.88, 27.54, and 39.44 degrees—
ICSD-6048) and sodium oxide (Na,O) (45.99 degrees—
ICSD-60435) were also observed. The unreacted crystalline
phases of metakaolin were present in the geopolymers, as
indicated by coinciding peaks.®*** Quartz diffraction peaks
were observed even after geopolymerization, possibly due to
the presence of sand in the geopolymer mortar.®® These unre-
acted crystals acted as fillers,*® potentially filling the voids
in the geopolymer microstructure and thereby increasing the
density and strength of the matrix. The diffractograms of the
18 experiments showed no significant differences, despite
variations in formulations and curing times. The amorphous
gel that forms during geopolymerization is essential for the
performance of the synthesized geopolymers. It originates
from the reaction between metakaolin and alkaline activa-
tors, such as NaOH and Na,SiO;. When metakaolin is mixed
with these solutions, hydroxide ions promote the dissolution
of the components, releasing silicon and aluminum. Subse-
quently, condensation occurs, where these elements reorga-
nize to form a three-dimensional network that results in an
amorphous gel. This gel acts as a binder, uniting the metaka-
olin particles and aggregates, thereby improving the cohe-
sion and structural integrity of the material. Additionally, the
gel fills the voids between the particles, reducing porosity
and increasing the density and compressive strength of the
geopolymer.

The authors suggested that the presence of an amorphous
gel phase could play a crucial role in the mechanical prop-
erties of geopolymers based on alkali-activated metakaolin,
and the presence of the amorphous halo might be overshad-
owed by the prominent peak of quartz.®”-*® The amorphous
gel that forms during geopolymerization is essential for the
performance of the synthesized geopolymers. It originates
from the reaction between metakaolin and alkaline activa-
tors, such as NaOH and Na,SiO;. When metakaolin is mixed
with these solutions, hydroxide ions promote the dissolution
of the components, releasing silicon and aluminum. Subse-
quently, condensation occurs, where these elements reorga-
nize to form a three-dimensional network that results in an
amorphous gel. This gel acts as a binder, uniting the metaka-
olin particles and aggregates, thereby improving the cohe-
sion and structural integrity of the material. Additionally, the
gel fills the voids between the particles, reducing porosity
and increasing the density and compressive strength of the
geopolymer. The amorphous structure of the gel allows for
a uniform stress distribution, contributing to the mechan-
ical strength and hardness of the final product.®>’® Another
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important characteristic of the amorphous gel is its dura-
bility. The gel may continue to react with unreacted compo-
nents over time, resulting in a gradual increase in mechan-
ical strength, making geopolymers even more effective in
various applications.”"-”?

Scanning electron microscopy (SEM)—The incorpora-
tion of waste TR into geopolymer mortar changed the frac-
ture behavior from brittle to ductile, thereby preventing a
complete rupture of the specimen.®! A force applied to cause
rupture separated the TR fibers, which was then followed
by an SEM analysis of the fracture surface. The interac-
tion between the matrix and the fiber may have sustained
damage during this process.” Figure 6 illustrates the adhe-
sion between the geopolymer matrix and the rubber fiber, as
well as the formation of cracks caused by rupture.

In the formulation of composites and mortars, the
geopolymeric matrix exhibits strong adhesion to aggregates
and reinforcements, as supported by numerous studies.
Various methods have been employed to enhance compati-
bility between different types of rubber and matrixes. These
include mechanical, chemical, and thermal treatments, as
well as the use of alkaline activating solutions.*>’"” This is
applicable even in the absence of chemical pretreatment of

TR fibers-adhered
to the matrix "

100 pm

H

Fig. 6—SEM of ruptured section of experiment 15 (E15):
adhesion of geopolymer matrix with tire rubber fibers and
crack formation by rupture.

(a)

the rubber, suggesting that these solutions can enhance the
adhesion between the matrix and the rubber.

The substitution of fine aggregate with TR in the geopoly-
meric matrix resulted in an increase in the porosity of the spec-
imens. The porosity was higher with higher levels of substi-
tution by fine rubber (Fig. 7(a)—E6: 85.36% fine rubber), but
lower with lower substitutions (Fig. 7(b)}—E7: 14.64% fine
rubber). The hydrophobic properties of TR particles, particu-
larly when mixed with water, can lead to the presence of air
bubbles and an increase in voids within the specimens. This is
especially true in instances where the particle sizes are smaller
and the volumes of addition are higher.”® Matrix E6, which
contained a higher content of TR in the geopolymer, exhibited
fewer cracks. This reduction in cracking is potentially attrib-
utable to the higher TR content,”> despite an increase in the
number of voids (porosity). Despite the increase in porosity
linked to the higher TR content, the strength parameters of
matrix E6—specifically, the MOR at 2.31 MPa, MOE at
645.7 MPa, and T at 0.17 kJ/m>—demonstrate that the mate-
rial retains acceptable mechanical performance. The addition
of rubber likely enhances stress distribution and ductility,
allowing the geopolymer matrix to absorb and dissipate
energy effectively without significant crack development.
A longer curing period may have positively influenced the
geopolymerization process, facilitating the formation of a
more robust and cohesive network. This additional time may
have allowed for more complete chemical reactions, resulting
in a matrix that, while exhibiting increased porosity, maintains
solid mechanical properties. Thus, the combination of higher
TR content, an appropriate curing duration, and the beneficial
properties of the rubber collectively enhance the crack resis-
tance of the geopolymer matrix.

SUMMARY AND CONCLUSIONS
The main research findings are as follows:

*  According to X-ray diffraction analysis, the samples
from all 18 experiments exhibited no significant differ-
ences in chemical composition, with quartz (SiO,) being
the primary mineral phase of metakaolin.

*  Samples with higher concentrations of coarse rubber
displayed a reduced quantity of pores and a more
compact matrix, without significant fissures.

(b

Fig. 7—SEM of ruptured section of experiments E6 and E7: (a) E6 (many pores and few fissures); and (b) E7 (few pores).
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*  Based on an overall desirability of 0.73, the optimized
values of the combination of the tire rubber (TR), coarse
rubber (CR), and curing time (CT) variables for the
geopolymer composite were 2.72 MPa for modulus of
rupture (MOR), 636.2 MPa for modulus of elasticity
(MOE), and 0.352 kJ/m? for toughness (T).

e The optimized values for MOR, MOE, and T were
validated experimentally, showing an error of less than
10%, thus confirming the accuracy of the statistical
models used.

e The incorporation of TR can contribute to achieving
desirable characteristics, such as reduced density and a
more compact matrix. This also highlights the substi-
tution of non-renewable natural resources with high-
volume waste materials, which have a significant envi-
ronmental impact.
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