A JOURNAL OF THE AMERICAN CONCRETE

V. 122, NO. 4

JULY 2025

AC]

MATERIALS

J O URN A L

INSTITUTE

Element | Atomic | Element | Atomic
% %

Fe 45.72% K 1.32

C 7.58% Na 1.35
42.47% Cl 1.56

Element | Atomic | Element | Atomic
% %

Fe 224 K 3.32

C 29.24 Na 2.52
42.19 cl 0.33

Element | Atomic | Element | Atomic
% %

Fe 20.4 K 4.98

C 31.11 Na 5.20
[o] 38.25 Cl 0.06

Element | Atomic | Element | Atomic
% %

Fe 1.09 K 5.90

C 11.29 Na 23.12
(o] 58.22 cl 0.38

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

PRINTED WITH
@ SOYINK|,

ACI Materials Journal/July 2025

Jury 2025, V. 122, No. 4

A JOURNAL OF THE AMERICAN CONCRETE INSTITUTE
AN INTERNATIONAL TECHNICAL SOCIETY

15

29

45

57

67

77

89

99

11

Influence of Different Factors on Thermal Behavior of Permeable
Concrete Pavement, by Chaoguo Wu, Xudong Chen, Chen Chen, Tao Ji,
and Chang Jin

Thin Cement-Based Composites for Efficient Neutron Attenuation,
by A. D. Patel, J. M. Paris, C. C. Ferraro, J. E. Baciak, K. A. Riding, and
E. R. Giannini

Evaluation of Different Migratory Corrosion Inhibitors as Repair
Strategy for Reinforced Concrete, by Ashish Kumar Tiwari, Purnima
Dogra, Shweta Goyal, and Vijay Luxami

Review of High-Volume Fly Ash Binder in Engineered Cementitious
Composites, by Tianyu Xiao and Sen Du

Role of Intercrystallite Phosphorus on Properties of a-Hemihydrate
Gypsum, by Dongmei Liu, Xinyu Li, Wanging Zhou, Gang Xu, and Yi Qin

Phase-Change Material for Enhancing Frost Resistance of Cementi-
tious Materials, by Zhiyong Liu, Jinyang Jiang, Yang Li, Yuncheng Wang,
Xi Jin, and Zeyu Lu

Corrosion Resistance of Continuously Galvanized Reinforcement, by
Pooya Vosough Grayli, Matthew O’Reilly, and David Darwin

Biochar to Enhance Curing and Rheology of Mortars without Form-
work, by Devid Falliano, Luciana Restuccia, Jean-Marc Tulliani, and
Giuseppe Andrea Ferro

Carbonated Fly Ash Alkali-Activated Aggregates: Properties, Perfor-
mance, and Environmental Impact, by Mohd Hanifa, Usha Sharma,
P. C. Thapliyal, and L. P. Singh

Advances in Engineered Cementitious Composites: A Compre-
hensive Review, by N. M. Sutan, F. Amsyar Redzuan, A. R. B. A. Karim,
N. M. Sa’don, Y. S. S. Hui, and C. C.Y. Jie

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

AUGUST 2025 11-12—2nd International RILEM

Conference on Early-Age and Long-Term
10-13—4th International Conference on Cracking in RC Structures (CRC2025),
Sustainable Building Materials ICSBM Katowice, Poland, https://crc2025.org
2025), Eindhoven, the Netherlands, https://

susbuildmat.com 15-16—44th Cement & Concrete Science
Conference, Leeds, UK, www.iom3.org/

10-15—28th International Conference events-awards/44th-cement-concrete-

on Structural Mechanics in Reactor science-conference.html

Technology (SMiRT28), Toronto, ON,

Canada, https://smirt28.com 15-19—19th World Conference on
Seismic Isolation, Energy Dissipation and

12-14—ACI Foundation 2025 Concrete Active Vibration Control of Structures

Innovation Forum, Denver, CO, www. (19WCSI), Berkeley, CA, https://19wcsi.org

acifoundation.org/technology/forums.aspx
16-18—3rd International Workshop on

24-29—79th RILEM Annual Week and Durability and Sustainability of Concrete
the International Conference on Advances  Structures (DSCS 2025), Naples, Italy,

in Engineering and Technology for www.rilem.net/agenda/3rd-international-
Sustainable Development (ICONS 2025), workshop-ondurability-and-sustainability-
Hanoi, Vietnam, https:/rilemweek2025. of-concrete-structuresdscs-2025-1613

sciencesconf.org/?lang=en
16-20—2025 PCI Committee Days,

SEPTEMBER 2025 Rosemont, IL, www.pci.org/CommitteeDays
7-10—Concrete Institute of Australia’s 18-19—6th Ibero-American Congress
Biennial National Conference, Concrete on Special Concretes — Concrete and
2025, Adelaide, SA, Australia, https:/ Sustainability (HACBAC2025), Faro,
ciaconference.com.au Portugal, https://hacbac2025.ualg.pt/en
10-13—ASCC Annual Conference 2025, 26-29—APA 2025 Annual Convention,
Indianapolis, IN, https://ascconline.org/ Austin, TX, www.archprecast.org/2025-
events convention

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-M22, p. 33, Fig. 4—Optical microscopy images of: (al)
control (inhibitor-free); (b1) 4-Aminobenzoic acid (ABA); (c1) 2-Aminopyridine (AP);
and (d1) Salicylaldehyde (SA); and scanning electron microscopy (SEM) images with
energy-dispersive X-ray spectroscopy (EDX) results of: (a2) control (inhibitor-free);
(b2) ABA; (c2) AP; and (d2) SA admixed in pore solution.

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/July 2025


https://susbuildmat.com
https://susbuildmat.com
https://smirt28.com
http://www.acifoundation.org/technology/forums.aspx
http://www.acifoundation.org/technology/forums.aspx
https://rilemweek2025.sciencesconf.org/?lang=en
https://rilemweek2025.sciencesconf.org/?lang=en
https://ciaconference.com.au
https://ciaconference.com.au
https://ascconline.org/events
https://ascconline.org/events
https://crc2025.org
http://www.iom3.org/events-awards/44th-cement-concrete-science-conference.html
http://www.iom3.org/events-awards/44th-cement-concrete-science-conference.html
http://www.iom3.org/events-awards/44th-cement-concrete-science-conference.html
https://19wcsi.org
http://www.rilem.net/agenda/3rd-international-workshop-ondurability-and-sustainability-of-concrete-structuresdscs-2025-1613
http://www.rilem.net/agenda/3rd-international-workshop-ondurability-and-sustainability-of-concrete-structuresdscs-2025-1613
http://www.rilem.net/agenda/3rd-international-workshop-ondurability-and-sustainability-of-concrete-structuresdscs-2025-1613
http://www.pci.org/CommitteeDays
https://hacbac2025.ualg.pt/en
http://www.archprecast.org/2025-convention
http://www.archprecast.org/2025-convention
mailto:mailto:conventions%40concrete.org?subject=

ACI MATERIALS JOURNAL TECHNICAL PAPER

Title No. 122-M20

Influence of Different Factors on Thermal Behavior of

Permeable Concrete Pavement

by Chaoguo Wu, Xudong Chen, Chen Chen, Tao Ji, and Chang Jin

Pavement hardening has a significant impact on urban ecological
environments and intensifies urban heat island (UHI) effect, and
permeable pavement is considered an effective solution to alleviate
UHI effect. However, the evaluation of solar evaporative cooling
performance is still controversial after use. It is necessary to study
the influence of different factors on the thermal performance of
permeable concrete pavement. The indoor simulation test results
show that in the cycle of simulated heating and cooling, permeable
pavement with large aggregate particle size has a greater impact
on the near-surface thermal environment. The air temperature near
the surface of dry permeable concrete is higher, and the increase of
water content can exert the evaporative cooling effect to a greater
extent. Compared with changing the aggregate particle size of the
structural layer, the addition of a sand layer has a certain impact.
Changing the surface color of the test specimen has a great effect
on the reflectivity of the pavement, delaying the rise of the surface
temperature and the vertical transfer of heat radiation.

Keywords: evaporative cooling; indoor simulation experiments; pavement
temperature; permeable concrete pavement; thermal behaviors.

INTRODUCTION

In the process of rapid urbanization, more and more
natural soil is replaced by concrete pavement, and traditional
concrete pavement has characteristics of high density and
high heat capacity.!* It absorbs more solar radiation than
natural soil under the same conditions. At the same time, its
evaporative cooling effect cannot be compared with natural
soil, so it is one of the main causes of urban heat island
(UHI) effect.*” The evaporative cooling effect of permeable
concrete pavement is an effective solution to alleviate UHI
effect. Research on the mechanical and permeable proper-
ties of permeable concrete has been carried out and some
achievements have been made. The strength of permeable
concrete mainly comes from the mutual extrusion of aggre-
gates and bonding of cementitious materials.®!' Compared
with ordinary concrete, the mechanical properties and dura-
bility have become important factors restricting the develop-
ment of permeable concrete. Therefore, many scholars have
focused on the mechanical properties, mixture ratio design,
molding process, and permeable properties of permeable
concrete,'?!®8 while the mechanism of alleviating UHI effect
of permeable concrete has been studied relatively late.

At present, there has been much research on the influ-
ence of permeable pavement on heat island effect. Among
them, Santamouris'® summarized the influence of external
environment (solar radiation, convective heat transfer coef-
ficient, air humidity, and temperature) and the material
itself (thermal conductivity and specific heat capacity) on

ACI Materials Journal/July 2025

the surface temperature of permeable pavement. Liu et al.?
found that compared with traditional permeable pavement,
capillary evaporation enhanced pavement can effectively
use the capillary effect to transfer deeper water to the road
surface for evaporation and extend the cooling time. Chen
et al.?! added materials such as iron powder to permeable
paving surface materials to increase their thermal conduc-
tivity. The test results showed that the temperature could be
reduced by 1 to 3°C compared to the traditional permeable
concrete. Asaeda and Ca?? proposed a one-dimensional heat
and humidity transfer model of a permeable pavement struc-
ture to analyze the relationship between surface temperature
and heat balance of the structure under different porosities.
This was done to understand the thermal performance of
permeable pavement. Similarly, Garcia et al.>* used infrared
lamps to simulate solar radiation and measured the changes
of surface and bottom surface temperature, heat flow, and
evaporation rate of asphalt mixtures with different porosi-
ties under the irradiation of infrared lamps indoors. In actual
working conditions, affected by the water-bearing charac-
teristics of permeable pavement surface materials, the evap-
orative cooling effects of various permeable pavement are
also different.* Nemirovsky et al.2® tested the effect of the
water level of the structural layer at four depths of 0, 25,
76, and 152 mm on evaporation and cooling through the
indoor simulation test. The results showed that the water at
a depth of 152 mm could hardly maintain a certain evapo-
ration and cooling effect, and an aboveground water supply
was still needed to ensure a certain evaporation rate. The
moisture near the surface can maintain a certain evaporative
cooling effect. Syrrakou and Pinder?® conducted scale tests
on common permeable concrete pavement structures with
polyvinyl chloride (PVC) pipes and found that the maximum
evaporation rate could reach 0.0216 mm/h and gradually
decreased to zero with the decrease of water content. Liu
et al.? invented a new permeable pavement structure: by
inserting a capillary column capable of absorbing water, the
water at the bottom of the structural layer is raised to the
surface layer by capillary force for rapid evaporation. The
results showed that compared with traditional permeable
pavement, this type of pavement can reduce the temperature
by up to 9.4°C and can continue to reduce the temperature
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Table 1—Cement performance indicators

Density Condensation time, h:min Flexural strength, MPa Compressive strength, MPa
g/em? First condensation Final condensation 3 days 28 days 3 days 28 days
3.05 2:45 3:50 4.7 7.8 18 >42.5

Table 2—Coarse aggregates technical index

Table 3—Permeable concrete mixture ratio, kg/m?

Elongated and

flaky particle Maximum
Crushing value | Dust content content particle size
<Two-thi f
<30% <1% <15% <Two-thirds o

layer thickness

for up to 7 days in sunny summer weather. Doulos et al.?’
tested the thermal behavior of 93 kinds of pavement mate-
rials and found that the thermal behavior was mainly deter-
mined by the surface reflectivity. For example, the rougher
the surface, the darker the color of the tile, which would
absorb more solar radiation. Li et al.?® tested the reflectance
of permeable concrete brick pavement, asphalt pavement,
and concrete pavement outdoors and found that the reflec-
tance of the pavement surface material measured fluctuated
up and down, but was not fixed, which was greatly related
to the roughness of the material and the angle of the sun
incident. Li et al.?®3! conducted a series of indoor and field
studies on the thermal behavior of permeable concrete pave-
ment and its influence on the surrounding environment under
various conditions.

This paper studies the influence of different factors on
the thermal behavior and cooling performance of perme-
able concrete pavement through indoor simulation tests,
analyzing the influence of test material aggregate particle
size, moisture content, pavement structure, and surface color
on the temperature of permeable concrete pavement, and the
measured air temperature near the surface of the specimen
and temperature at different depths inside the specimen
during the heating and cooling cycle. The thermal energy
change of the specimen was calculated to evaluate the
effect of different factors on the cooling and cooling effect
of permeable pavement, which provided help for the subse-
quent qualitative and quantitative evaluation of the thermal
impact of permeable pavement on the surrounding environ-
ment under different factors.

RESEARCH SIGNIFICANCE

With the development of urbanization and the transporta-
tion industry, permeable pavements have been identified by
the U.S. Environmental Protection Agency (EPA) as one of
the solutions to mitigate the heat island effect. At present,
studies on the influence of permeable concrete’s thermal
behavior focus mainly on pavement materials and meteo-
rological factors. The study of the influence of aggregate
particle size, moisture content, pavement structure, and
surface color on the thermal behavior of permeable pave-
ment is helpful to deepen the understanding of the thermal
effect of permeable pavement on the surrounding environ-
ment and provide a reference for its practical application.

Water-
Cement Aggregate Silica fume ‘Water reducing agent
435 1549 23 138 2

EXPERIMENTAL INVESTIGATION

Materials

To analyze the influence of different factors on the
thermal performance of permeable concrete pavement, sili-
cate cement, silica fume, macadam, water, and high-range
water-reducing admixture (HRWRA) were used to prepare
permeable concrete, in which P.O 42.5 ordinary silicate
cement was used for cement (detailed index as shown in
Table 1), the silica fume particle size was 0.1 to 0.3 pm,
burning loss was 6%, crushed stone was used as coarse aggre-
gate, particle size range was 5 to 20 mm (detailed index is
shown in Table 2), laboratory tap water was used, admixture
was a polycarboxylic acid HRWRA, and the water-reducing
rate was 37%. The mixture ratio of permeable concrete is
shown in Table 3.

Test protocol and specimen preparation

Aggregate particle size is a key factor affecting the
porosity and pore state of permeable concrete, and water
content affects the size of evaporation resistance, which
plays an important role in evaporative cooling. Reasonable
pavement structures can not only enable water to penetrate
the lower layer smoothly, but also enable part of the water to
be preserved in the surface material for evaporative cooling.
The reflectivity is greatly affected by the color of the surface
material, which has a significant effect on the evaporative
cooling effect. To study the thermal performance of perme-
able concrete pavement with different parameter configu-
rations, four variables of aggregate particle size, moisture
content, pavement structure, and surface color were set up
in this paper, and the influence of each variable was inves-
tigated and comprehensively analyzed. Among them, the
aggregate size ranges were 5 to 10 mm, 10 to 15 mm, and
15 to 20 mm, and the water contents were 0%, 16.3%, and
25.9%, respectively. The pavement structures were divided
into three distinct categories: 1) single-layer pervious
concrete; 2) double-layer pervious concrete consisting of
an upper layer with 10 to 15 mm aggregates and a lower
layer with 20 to 25 mm aggregates; and 3) double-layer with
sand pervious concrete comprising an upper layer with 10
to 15 mm aggregates and a lower sand subbase. There were
three surface colors: natural color, red, and blue, of which
red and blue were achieved with spray paint. The test scheme
and specimen numbers are shown in Table 4.

To study the influence of different factors on the cooling
effect of permeable concrete pavement, permeable concrete
specimens with a size of 300 x 180 x 140 mm were formed
according to the mixture ratio in Table 3. A foam box with

ACI Materials Journal/July 2025



Table 4—Test protocol and test piece number

Group Aggregate size, mm Water content, % Pavement structure Surface color Specimen number
S5to 10 0 Single layer Natural color Al
A 10to 15 0 Single layer Natural color A2
15to0 20 0 Single layer Natural color A3
10to 15 0 Single layer Natural color Wi
w 10to 15 16.3 Single layer Natural color w2
10to 15 25.9 Single layer Natural color W3
10to 15 0 Single layer Natural color P1
P 10to 15 0 Double layer Natural color P2
10to 15 0 Double layer with sand Natural color P3
10to 15 0 Single layer Natural color Cl
C 10 to 15 0 Single layer Red C2
10to 15 0 Single layer Blue C3

Embedded temperature sensor —— Compaction in layers —————  Specimen shaping

Fig. [—Test piece fabrication process.

the same inner size was used as the template, and three cali-
brated temperature sensors were embedded in the foam box
in advance for measuring the internal temperature of the
specimen during the test. The mixture was divided into three
layers and injected into the foam box for layered compac-
tion. After forming, it was covered with plastic film and
foam cover for curing until the test began; the production
process is shown in Fig. 1.

Test method

In this paper, indoor simulation testing is used to study the
thermal performance of permeable pavement under different
factors. The simulation test was carried out in a closed
chamber. A tungsten iodide lamp light source placed on the
surface of the specimen at a certain height was used as a heat
source, and it was assumed that the light source uniformly
radiated on the surface of the specimen to simulate solar
radiation, as shown in Fig. 2.

The simulated thermal radiation test device in this paper
is shown in Fig. 3. K-type temperature sensors were placed
at 10, 70, and 130 mm below the upper layer of permeable
concrete to measure the internal temperature of the spec-
imen. The numbers are 1, 2, and 3, respectively, and the
measuring range is —100°C to 1000°C. The gap between the
temperature sensor and the foam box was sealed with sili-
cone to prevent the temperature sensor reading from external
temperature interference. Another K-type temperature sensor
was placed 35 mm above the specimen surface to measure
the near-surface air temperature above the specimen. The
four temperature sensors were connected to the temperature

ACI Materials Journal/July 2025

Fig. 2—Indoor heat source: tungsten iodine lamp.

tester by 250°C high-temperature-resistant wire and a multi-
channel temperature tester for temperature acquisition. The
test was divided into heating and heating stages and cooling
and cooling stages. In the heating and heating stage, the
tungsten iodide lamp light source was irradiated and the heat
source was turned off after 5 hours to cool the specimen to
room temperature (approximately 12 hours). Through the
cycle of heating for 5 hours and cooling for 12 hours, the
changes of air temperature in different positions inside the
specimen and near the surface above the specimen were
recorded and observed. The data acquisition system began
to work after the test began, and the temperature acquisition



Temperature (.-
sensor

o
?T Aggregate size

Iodine tungsten ® Water content
lamp source < Pavement structure
2 ® Surface color
Pervious concrete
specimen Air temperature ® JK-32AU type
24 sensor 320 multichannel
Foam box A " temperature tester

| Silicone seal A

liilé!i‘i 4

I\

Fig. 3—Simulated thermal radiation test device diagram.

instrument collected the temperature changes during the test
in real time.

EXPERIMENTAL RESULTS AND DISCUSSION
Temperature change under thermal radiation

The plotting interval of all the analysis graphs in this
paper was 0 to 20 hours, including heating for 5 hours and
cooling for 12 hours. Considering that the temperature
change of some specimens was not stable after 17 hours,
20 hours was taken as the entire test and plotting interval, as
shown in Fig. 4. It can be seen from the results of the indoor
simulation test that the temperature changes of all speci-
mens under simulated thermal radiation are reflected. The
temperature change trend in different locations of the four
groups of specimens was basically the same. The tempera-
ture gradually rose after the heating began, and the rate
gradually decreased after the heating reached a certain stage.
The temperature continued to rise for half an hour after the
heating ended (5 hours). It then entered the cooling phase,
where the temperature dropped rapidly to the same level as
before heating in approximately 12 hours.

Aggregate size—Figure 5 shows the temperature change
of each aggregate particle size group under simulated
thermal radiation. The aggregate size affects the tempera-
ture of the surface, interior, and bottom of the specimen.
Under the same circumstances, the temperature rise rate of
the A2 specimen (10 to 15 mm) was the fastest, followed
by A3 (15 to 20 mm), and finally A1 (5 to 10 mm). Among
them, the porosity of A1 was 21.08%, A2 was 30.65%, and
A3 was 32.24%, which does not completely follow the
order of aggregate particle size thickness, indicating that the
aggregate particle size has other effects on the road surface
temperature and should be considered when designing
the mixture ratio. After 5 hours of thermal radiation, the
maximum temperature of A2 was approximately 20.1%
and 39.8% higher than that of A3 and Al. In the cooling
and cooling stage, A3 had the fastest cooling rate. Under
simulated thermal radiation, the large-diameter permeable
concrete specimen had the characteristics of fast heating,
fast cooling, and poor thermal insulation. In the actual
project, the permeable pavement absorbed more heat under
the light, and the surface temperature was often higher than

W
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Fig. 4—Temperature change diagram.

that of the ordinary pavement. When night comes, thanks
to the porous skeleton structure, the permeable pavement
quickly releases heat outward, and the pavement tempera-
ture is also reduced. In the range of 5 to 20 mm particle
size, the temperature change rate of the specimen with large
aggregate particle size was faster than that of the specimen
with small aggregate particle size, and the characteristics of
rapid heat conduction were more prominent.

Water content—Figure 6 shows the temperature change of
the specimen in each water content group under simulated
thermal radiation. The moisture content plays an important
role in the temperature changes on the surface and inside the
specimen. Under the same circumstances, the W1 specimen
had the fastest heating rate (0%), followed by W2 (16.3%),
and finally W3 (25.9%). After 5 hours of thermal radiation,
the maximum temperature of W1 was approximately 21.4%
and 36.9% higher than that of W2 and W3. In addition, the
surface temperature of W2 was slightly higher than that of
W3, and the surface temperature of W1 was significantly
higher than that of other specimens at any time. With the
increase of water content, the surface temperature of perme-
able pavement can be significantly reduced. By observing
the surface heating rate of each specimen during the heating
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Fig. 5—Temperature change of specimens under action of
simulated thermal radiation (aggregate size).

stage, it was found that increasing water content can also
significantly change the temperature change rate—that is,
reducing the heating rate and increasing the cooling rate.
Wang et al.*? found that increasing the internal moisture
content of pavement can effectively improve the evaporation
intensity, but there is a time limit of approximately 8 hours,
leading the enhancement effect to gradually weaken to a low
level. However, the evaporation intensity of permeable pave-
ment can be improved by replenishment of surface water.**
As shown in Fig. 6, the drop rate of surface temperature of
W2 and W3 showed a slow trend after 8 hours, which was
significantly lower than the initial cooling stage, and even
lower than that of the W1 specimen.

Pavement structure—Figure 7 shows the temperature
change of the pavement structure group specimens under
simulated thermal radiation. The pavement structure affects
the temperature of the surface, interior, and bottom of the
specimen. Under the same circumstances, the temperature
rise rate of the P1 (single layer) specimen was the fastest,
followed by P2 (double layer), and finally P3 (double layer
with sand). After 5 hours of thermal radiation, the maximum
surface temperature of P1 was approximately 7.3% and
10.2% higher than that of P2 and P3. In addition, the
temperature rise rate of P1 and P2 was higher than P3, and
the cooling rate was also higher than P3. This indicates that
the bottom of the sand-containing double-layer specimen
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Fig. 6—Temperature change of specimens under action of
simulated thermal radiation (water content).

accumulates more heat, attributable to the fact that the sand
layer is deeper and the heat dissipation is slow, making the
cooling slower. As shown in Fig. 7, the maximum tempera-
ture at the bottom of P3 was approximately 23.3% higher
than that of P1 and P2. This is because the lower layer of P3
was sandy, and the heat radiation transfer was faster, so the
temperature at the bottom rose faster.

Surface color—Figure 8 shows the temperature change of
the surface color group specimens under simulated thermal
radiation. Surface color plays an important role in the
temperature changes on the surface and inside of the spec-
imen. Under the same circumstances, the C1 (natural color)
specimen had the fastest heating rate, followed by C2 (red),
and finally C3 (blue). After 5 hours of thermal radiation, the
maximum temperature of C1 was approximately 23.3% and
30.2% higher than that of C2 and C3. In addition, the surface
temperature of C2 was slightly higher than that of C3, and
the heating and cooling rates of C1 were significantly higher
than those of other specimens. After the radiation began, the
surface temperature of C2 and C3 showed a straight line
parallel to the horizontal axis, which caused the temperature
change of C2 and C3 to lag. This is because C1 had low
reflectivity and absorbed more heat in the heating stage, so
it heated up faster, while C2 and C3 had high reflectivity
and thermal radiation was reflected back to the surrounding
environment after irradiation on the surface of the specimen;
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only a small part of it was absorbed by the specimen in the
form of a slow rise in temperature.

Temperature difference change under thermal
radiation

Figure 9 shows the difference between the temperature
sensor readings at 10 mm below the specimen surface and
at 130 mm—that is, the difference between the surface and
bottom surface temperatures of the specimen. During the
heating phase, the surface temperature was much higher
than the bottom surface and the temperature difference was
positive. As the light continued, the temperature differ-
ence between the surface and the bottom surface increased
rapidly. Combined with the analysis of the temperature
change graph of permeable concrete, the temperature differ-
ence increased rapidly because the surface of the specimen
warmed up rapidly, while the bottom temperature was still in
the slowly rising phase. This shows that there is a hysteresis
phenomenon of heat transfer in the internal structure of the
pavement: the heat radiation reaches the surface first and the
temperature increases rapidly, but it takes some time for the
heat to be conveyed from the surface to the bottom surface,
and there is a certain degree of heat loss, which leads to the
rapid increase of temperature difference during the early
phase of heating. After approximately 2 hours of heating,
the curve was more stable than during the initial phase of
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Fig. 8—Temperature change of specimens under action of
simulated thermal radiation (surface color).

heating. Combined with the analysis of the temperature
change diagram of permeable concrete, the surface heating
rate gradually decreased at this phase, while the bottom
heating rate remained at the same level as the initial phase
of heating. Therefore, the temperature difference in Fig. 9
remains relatively stable or slightly decreases for approx-
imately 2 to 5 hours. It also shows that after continuous
heating for 2 hours, the hysteresis of heat transfer from the
surface to the bottom of the specimen was balanced.

With the end of lighting, the temperature difference grad-
ually decreased, reaching the lowest negative peak (absolute
temperature difference). The reason for this phenomenon
is that after the tungsten iodide lamp was turned off, the
surface of the specimen lost its heat source, the tempera-
ture decreased rapidly, and the rate was significantly higher
than that of the bottom. At that time, the bottom was still
warming slowly and did not reach the peak temperature, as
can be seen in Fig. 5 to 8. When the surface temperature
was lower than the bottom temperature, the difference was
negative, which was also due to the delay and loss of heat
transfer, and the bottom cooled later than the surface at a low
rate. When the surface temperature decreased to a certain
extent, the convective exchange between the surface and the
air near the surface became weak, the cooling rate slowly
decreased, the bottom temperature gradually approached it,
and the temperature difference was closer to 0.
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As shown in Fig. 9(a), the three curves of aggregate
particle size group had the same change trend. The tempera-
ture difference curve was relatively uniform, and the two
adjacent curves had similar intervals: from top to bottom,
they were A2, A3, and Al, which indicates that porosity
has an impact on temperature difference and should be
fully considered in the design stage of mixture ratio—but
it is not a linear change relationship. As shown in Fig. 9(b),
the variation trends of the three curves of the moisture
content group were quite different. Among them, the peak
temperature difference between the W2 and W3 specimens
was close, but the difference was 44.1% between the W1
and W2 specimens, indicating that increasing the internal
moisture content of permeable pavement can effectively
reduce the temperature difference between the surface and
the bottom of the specimen. As shown in Fig. 9(c), the vari-
ation trends of the three curves of the pavement structure
group were consistent, but the peak temperature difference
of the P3 specimen was much lower than that of the P1 and
P2 specimens, which indicates that the bottom of the double-
layer specimen containing sand accumulated more heat and
was located in a deep position so the heat dissipation and
temperature drop were slow. As shown in Fig. 9(d), there
are three curves of the surface color group, among which C2
and C3 specimens had a plateau period of 0.5 hours at the
initial heating stage. Because the red and blue surfaces had
much higher color reflectance than the natural surfaces, C1
specimens had a great difference from C2 and C3 specimens.
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Near-surface air temperature change

Near-surface air is the main object of convective exchange
with road surface, and its temperature will also have a great
impact on human thermal comfort. In a study of perme-
able water and ordinary concrete, Duncan®** believes that
the near-surface air temperature of pavement is considered
the main index reflecting the impact of pavement on the
surrounding environment and toward evaluating its impact
on heat island effect. Therefore, it is necessary to measure
the near-surface air temperature of permeable concrete with
different parameters. Figure 10 shows the near-surface air
temperature 35 mm above the specimen. It can be seen from
the figure that the variation trend of near-surface air tempera-
ture was basically the same as that of the surface, middle, and
bottom temperatures of the specimen. After heating started,
the temperature rose slowly at first, and the heating rate
increased rapidly with continuous heating. Approximately
1 hour after the end of the illumination, the near-surface
air temperature still rose and entered the cooling stage after
reaching the peak. Then the rate decreased continuously and
gradually trended to 0.

It was observed that the A2 specimen had the highest
near-surface air temperature in the four different groups,
which was approximately 39.8% higher than the minimum
value. This indicates that the large-particle aggregate perme-
able pavement increased the near-surface air temperature in
the process of convective exchange with air due to its fast
temperature rise and high peak temperature, thus causing
a great impact on the near-surface thermal environment
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Fig. 10—Near-surface air temperature above specimen.

and affecting human thermal comfort. On the other hand,
when the internal water content of the pavement increased,
the near-surface air temperature was effectively reduced,
and the effect was significant. Although large-diameter
permeable pavement has the negative effect of increasing
the near-surface air temperature, the negative effect can be
effectively reduced by sprinkling water onto the pavement
and increasing the moisture content. It is worth noting that
the change of surface color of the specimen delays the rise
of near-surface air temperature and decreases the rate of
temperature change.

Thermal energy change

Thermal energy calculation—The composition and
proportion of the mixture are different, and its ability to
absorb or release heat energy is also different. In general,
the heat energy absorbed or released by the material was
closely related to its specific heat capacity, and the higher
the specific heat capacity of the material, the more heat
per unit mass of the material needs to be absorbed at the
same temperature. With the change of the external thermal
environment, the heat energy absorbed or released by the
specimen over a period of time can be calculated using the
following formula

0= CmAt (1)

where Q is thermal energy of the material, J; C is specific
heat capacity of the material, J/(kg-°C); m is mass of the

10

1 1 1
8 10 12 14 16 18 20
Time (h)

(d) Surface color

material, kg; and At is the value of temperature change of
the material during the measurement phase, °C.

Considering that permeable concrete is composed of a
mixture of coarse aggregate, cement, and water, the weighted
average specific heat capacity is affected by the mass and
proportion of each component in addition to the specific
heat capacity of the component itself. Therefore, the specific
heat capacity of the mixture is obtained after the weighted
average of the specific heat capacity of each component, and
the calculation formula is as follows

_ EC,‘CO,'

G - S @)

where C, is weighted average specific heat capacity,
J/(kg-°C); w; is mass of each component, kg; and C; is
specific heat capacity of each component, J/(kg-°C).

The specific heat capacity of each component is known,
and the weighted specific heat capacity can be obtained
according to the percentage of the mixture and then by calcu-
lating the thermal energy change of the specimen during the
test. The specific heat capacity data of the materials used in
this paper are shown in Table 5.

Storage and dissipation of thermal energy—To simplify
the calculation of dissipated heat energy of the specimen—
assuming that the temperature inside the specimen is linearly
distributed along its vertical direction—the average value of
the surface, middle, and bottom temperatures of the spec-
imen is taken as the average temperature of the specimen so
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Table 5—Specific heat capacity of pavement material, J/(kg-°C)

Material Water Cement Silica ash

Crushed stone Weighted specific heat capacity

Specific heat capacity 4175 838 920

745 1437.66

as to calculate the dissipated heat energy released into the
surrounding environment of each group of specimens during
the cooling period, as shown in Fig. 11. The results show
that A2 (10 to 15 mm), W1 (0%), P1 (single layer), and C1
(natural color) specimens released more heat energy to the
surrounding environment than other specimens in the same
group. A2 was 33.2% and 12.4% higher than Al and A3,
respectively, and W1 was 29.3% and 48.5% higher than W2
and W3, respectively. The P1 specimen was 1.0% and 5.8%
higher than P2 and P3 specimens, respectively, and C1 spec-
imen was 26.6% and 34.9% higher than C2 and C3 speci-
mens, respectively. The more heat released to the environ-
ment during cooling, the greater the impact on the external
thermal environment, especially near the surface air. At this
time, the dry permeable concrete pavement heated up and
cooled down quickly, and the peak temperature was high,
so the temperature changed greatly during the cooling stage
and more heat was emitted.

The heat energy per unit mass of the specimen and its
change can be calculated according to the surface, middle,
and bottom temperatures of the specimen, as shown in
Fig. 12 to 15. It can be clearly seen that A2 (10 to 15 mm),
W1 (0%), P1 (single layer), and C1 (natural color) speci-
mens had the ability to store more heat energy than other
test pieces. When the test pieces had the same mass, they
could absorb more heat energy under solar radiation (heating
phase) and release more heat to the surrounding environment
at night (cooling phase). It affects the near-surface thermal
environment and reduces the thermal comfort of humans. In
addition, permeable concrete pavement is dark gray, has low
reflectivity, and will absorb more heat under the same solar
radiation, which is also considered to be one of the main
reasons for permeable concrete pavement to have a negative
impact on the thermal environment.

CONCLUSIONS

The influences of aggregate size, water content, pavement
structure, and surface color on the thermal behaviors of
permeable concrete pavements were investigated by estab-
lishing indoor simulated thermal radiation tests. The main
conclusions are drawn as follows:

1. The indoor simulation test in this paper can effectively
characterize the effects of aggregate particle size, water
content, pavement structure, and surface color on the thermal
behavior of permeable pavements, which can be used to
evaluate their effects on the surrounding environment.

2. The specimens with large aggregate size have better
thermal properties. The surface temperature of aggregate
particle size group does not follow the order of aggregate
particle size completely and should be considered when
designing the mixture ratio. Specimens with large aggregate
particle size have the characteristics of fast heat absorption.
During the heating period, the surface temperature increases
rapidly, resulting in a rapid opening of the temperature gap
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Fig. 11—Effect of air temperature on evaporation capacity
of different pavements.

between the surface and the bottom of the specimen, a more
obvious temperature gradient, and rapid heat transfer.

3. The specimens with high moisture content have better
thermal properties. In the cycles of heating, warming, and
cooling, the near-surface air temperature of the dry perme-
able pavement is higher. When the moisture content of the
specimen is increased, the near-surface thermal environ-
ment is significantly improved and the thermal impact on
the surrounding environment is significantly reduced. Pave-
ment structure has little effect on evaporation and cooling
of permeable concrete; only the addition of a sand layer has
influence on it.

4. The specimens with high reflectance (red or blue) have
better thermal properties. In the initial heating stage, both
red and blue specimens show a slow heating characteristic,
which is different from that of natural-color specimens. More
radiant heat is reflected back to the atmosphere, delaying
the rise of near-surface air temperature and reducing the
temperature change rate, so there is no significant change in
surface temperature.

5. Among the four influencing factors, moisture content
and surface color have the most obvious influence on the
thermal behavior of permeable pavement, while pavement
structure has the weakest influence on the thermal behavior
of permeable pavement. Due to the characteristics of high
porosity and fast heat absorption, permeable pavement with
large particle size leads to high peak temperature and more
dissipated heat energy, which easily increases the near-
surface air temperature, thus causing a greater impact on the
near-surface thermal environment. However, by sprinkling
water on the pavement and increasing the moisture content,
the negative impact on the nearby human bodies and buildings
can be effectively weakened and the role of the large porosity
of permeable pavement can be played to a greater extent.
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Prolonged neutron irradiation can damage concrete biological
shields, particularly when nuclear power plants extend reactor
lifespans. Retrofitting biological shields with thin and highly effi-
cient neutron shields may limit neutron damage. Portland cement
mortars amended with boron carbide and polyethylene powders
were assessed for neutron attenuation. Shielding performance
was compared to concrete with a similar design and coarse aggre-
gate as a biological shield at an operational nuclear plant. Boron
carbide enhanced the shielding performance of specimens under
the full energy spectrum of the neutron source. Boron carbide and
polyethylene synergistically enhanced neutron attenuation under a
purely high-energy neutron flux. Engineered thin composite mortars
needed 90% less thickness to achieve similar or better shielding
efficiency than the concrete in a typical biological shield under
the test conditions. Isothermal calorimetry, compressive strength,
and thermal expansion results indicate that mixture design param-
eters of thin shields can be adjusted to achieve adequate struc-
tural properties without diminishing constructability or structural
performance.

Keywords: biological shield; boron carbide; high-density polyethylene
(HDPE); neutron radiation; portland cement mortar; radiation-induced
volumetric expansion (RIVE).

INTRODUCTION

Nuclear power plants (NPPs) in the United States are
renewing their operating licenses to extend reactor opera-
tions by 20 or 40 years beyond the initial 40-year license.
Life extensions have placed aging plant infrastructure under
greater scrutiny (Field et al. 2015; Hsiao et al. 2017; Le Pape
et al. 2015, 2016; Maruyama et al. 2013; Pignatelli et al.
2016; Remec et al. 2017; Rosseel et al. 2016). Given their
proximity to reactor pressure vessels (RPVs), research has
focused on radiation damage in concrete biological shields
(CBSs) (Fillmore 2004; Le Pape et al. 2016; Maruyama et al.
2013). Concrete shields in NPPs are designed to protect plant
personnel from excessive radiation dose uptake, contain
radioactivity during accident scenarios, and transfer loads
from failure-critical systems such as the RPV to the founda-
tion. Structural degradation of an aging CBS could result in
damage to the RPV or radiation containment failure.

Experimental test reactor data indicate that concrete
exposed to high neutron radiation levels can undergo
strength loss, reduction in the modulus of elasticity, and
volumetric expansion (Field et al. 2015; Hilsdorf et al. 1978;
Le Pape et al. 2015; Maruyama et al. 2013). This is a result
of a damage process known as radiation-induced volumetric
expansion (RIVE). Neutrons induce RIVE by damaging the
well-ordered crystal lattices in aggregate minerals (Kinchin
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and Pease 1955). Irradiated minerals amorphize and irre-
versibly expand as lattice damage accumulates, leading to
aggregate expansion (Le Pape et al. 2018; Primak 1958).
Irradiation damage to lattice structures may anneal at
temperatures above 150°C and delay expansion, but most
CBSs in operational reactor plants experience temperatures
below this (Le Pape et al. 2018). Aggregate expansion exerts
stress and cracking in the surrounding hardened cementitious
matrix, ultimately leading to the loss of structural capacity
and volumetric expansion. Silicates, the most common types
of minerals found in aggregate, tend to be more sensitive to
RIVE than other aggregate minerals, such as limestone (Le
Pape et al. 2018; Remec et al. 2018; Rosseel et al. 2016;
Sindelar et al. 2001). Moreover, RIVE-induced amorphiza-
tion increases the chemical solubility of silicates in alkaline
environments such as concrete pore solution, potentially
leading irradiated concrete made with siliceous aggregates
to develop alkali-silica reaction (ASR) (Hsiao et al. 2017,
Le Pape et al. 2018; Pignatelli et al. 2016). In essence, the
extended exposure to neutron radiation converts otherwise
innocuous aggregates into ASR-reactive aggregates after
decades of service life, potentially creating further delete-
rious expansion in addition to that caused by RIVE.
Computational modeling has shown that neutron fluences
(cumulative exposure over time) necessary to cause RIVE in
existing CBSs may be exceeded during the extended opera-
tional lifespan of NPP reactors (Remec et al. 2018). Replace-
ment of existing CBSs in the current nuclear reactor fleet
would not be economical due to their structural complexity.
Retrofitting CBSs with efficient neutron shields may delay
the onset or continuation of RIVE damage. However, the
tight spatial restrictions between the RPV and CBS, as well
as the potential for adhesion failure under high thermal
loads and radioactivity, preclude the use of bonded coatings.
Concrete coatings designed for nuclear applications have
been shown to fail under design-basis accident conditions
due to bond degradation under high radiation and tempera-
ture (for example, high-temperature fluid interaction with
concrete) (Sindelar et al. 2000). Anchored precast panels
with high neutron-shielding efficiency are better candidates
for retrofits than coatings because they are less likely to fail
under thermal loading. Moreover, thin and efficient neutron
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shields have utility in a broad range of applications. The
nuclear power industry is trending toward small modular
reactors (SMRs) and microreactors. These facilities are
expected to have less space available to accommodate large
biological shields, but they still need efficient shielding.

Neutrons are difficult to shield because they are chargeless
particles with mass that penetrate and damage materials rela-
tively easily compared to charged particles (for example, a
and f particles) (Hei et al. 2021). They interact with matter
through nuclear collisions, which result in either neutron
absorption or scattering. The likelihood of scattering or
absorption during collisions depends on the neutron energy.
High-energy neutrons, also known as epithermal and fast
neutrons, are more likely to undergo scattering. During scat-
tering, high-energy neutrons lose energy through a process
known as moderation. Sufficient scattering events with light
nuclei, such as hydrogen, can moderate high-energy neutrons
into the low-energy range. (Note: Nuclear interactions are
dependent on elemental composition and are independent of
mineralogy/crystallinity.) Low-energy neutrons, or thermal
neutrons, have a higher probability of absorption by atomic
nuclei during collision events than more energetic neutrons.
High-energy neutrons are mainly responsible for RIVE,
while low-energy neutrons still pose a significant biological
hazard (Le Pape et al. 2018). Effective shield designs need to
account for the entire neutron energy spectrum.

Concrete shields are effective high-energy neutron moder-
ators due to the presence of hydrogen in pore water and
cement hydrate phases (Rockwell 1956). Thinner cementi-
tious shields have less moisture and are more prone to drying
due to elevated temperatures than larger members; mois-
ture loss can reduce moderation efficiency (Malkapur et al.
2015). Hydrogenous materials such as high-density poly-
ethylene (HDPE) plastic may be added to thin cementitious
neutron shields to compensate for moisture loss. Although
moderation is important for overall radiation shielding, high
moderation can increase the quantity of thermal neutrons by
converting fast or epithermal neutrons to thermal neutrons.

Thermal neutron shielding necessitates the use of elements
with high thermal neutron absorption cross sections (a prob-
abilistic measure of neutron absorption expressed in units
called barns [b]). Though other elements such as gado-
linium and cadmium have higher-absorption cross sections,
boron is the most economical option for use in cementi-
tious shielding. Table 1 shows the thermal neutron-capture
cross sections of boron versus elements commonly found in
concrete. Small additions of boron can substantially improve
the thermal neutron-shielding ability of cement-based mate-
rials (ASTM C1233-15(2021) [2021]). The values in Table 1
represent average capture cross sections for the element. The
capture cross section is highly dependent on each element’s
isotope; therefore, these are averaged based on natural
isotopic composition. The boron-10, or '°B, isotope is
entirely responsible for the absorption capture cross section
of boron. The '°B isotopes release a prompt gamma ray and
transmute to a 'Li*" ion and an alpha particle during neutron
capture, leaving behind no long-lived radioisotopes.

Though research has shown boron enhances thermal
neutron-shielding efficiency in cementitious systems,
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Table 1—Thermal neutron cross sections of
elements found in concrete materials compared to
boron (ASTM C1233-15(2021))

Common
elements Thermal neutron Thermal neutron
in concrete absorption cross absorption cross
materials section, b Absorber section, b
Oxygen 0.00019 Boron 768
Calcium 0.43
Magnesium 0.063
Sodium 0.53
Potassium 2.1
Iron 2.56
Carbon 0.0035
Silicon 0.171
Sulfur 0.53
Aluminum 0.231
Hydrogen 0.33

common boron compounds such as soluble borates can
retard setting and limit strength development (Ataie 2019;
Glinicki et al. 2018; Kharita et al. 2011; Moradllo et al. 2020;
Sindelar et al. 2001). For this application, thermal neutron
shielding is dependent only on the amount of boron, specif-
ically the '°B isotope, present and not the boron compound.
The adverse effects of soluble borates on hydration and
setting time limit the amount of !B that can be incorporated
into cementitious shields.

Boron carbide (B4C), in contrast, is more chemically stable
and does not degrade cementitious properties to the same
degree (Chidiac et al. 2021; Glinicki et al. 2018; Mondal
et al. 2016; Shin et al. 2014). Chidiac et al. (2021) showed
that trace sassolite (boric acid) impurities in boron carbide
can retard hydration kinetics and the setting of cementi-
tious systems but had limited effect on strength develop-
ment (Chidiac et al. 2021). Moreover, boron carbide has a
boron mass fraction of 78%, which is substantially higher
than those of common soluble borates such as boric acid
(17% boron) or borax decahydrate (11% boron), and does
not affect setting or hydration (Glinicki et al. 2018). Thus,
boron carbide can be used to drastically improve thermal
shielding properties without loss of structural properties. To
achieve equivalent thermal shielding, far greater quantities
of soluble borates are needed than if using boron carbide.

RESEARCH SIGNIFICANCE

This paper presents experimental data on the neutron-
shielding performance of thin cementitious panels prepared
with boron carbide and HDPE powders. The boron carbide
was effective at capturing thermal neutrons, while the
hydrogen present in HDPE was effective at moderating
faster neutrons into the thermal range for the boron carbide
to capture. Specimens were exposed to a collimated neutron
flux generated by a plutonium-beryllium alpha-neutron
source with and without a cadmium filter. This allowed spec-
imens to be exposed to a neutron energy spectrum containing
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only high-energy neutrons (purely fast spectrum) and one
with both low- and high-energy neutrons (mixed energy
spectrum). This enabled the examination of the combined
effects of HDPE and boron carbide on neutron-shielding
performance across a wide range of neutron energies.
Furthermore, shielding performances of the thin panels were
compared to concrete (referred to as radiological concrete
[RC]) made with the same mixture design and coarse aggre-
gate used in the construction of an existing biological shield.
The RC was used to determine the degree of thickness
reduction allowed for mortar panels without losing shielding
performance.

EXPERIMENTAL PROCEDURE
Materials

A commercially available ASTM C150/C150M-19 (2019)
Type I/II portland cement (from Florida) was used for all
cementitious systems in this study. A natural quartz silica
sand (from Florida) meeting ASTM C33/C33M-18 (2018)
fine aggregate gradation was also used for both concrete
and mortar preparation. The RC mixture was made with
an ASTM C33/C33M-18 No. 67 graded coarse aggregate
obtained from a commercial aggregate supplier in North
Carolina. The coarse aggregate was from the same quarry
and graded to the same size as the aggregate used in the
construction of an existing NPP biological shield. ASTM
C618-17 (2017) Class F fly ash was used at a cement mass
replacement rate of 35% in the RC.

Abrasive boron carbide powder with a median particle size
of 12.8 um was acquired from a materials supplier in Idaho,
and HDPE powder with a median particle size of 34.0 um
was obtained from a specialty polymers and chemicals
supplier in Ohio. A powdered polycarboxylate ether (PCE)-
based high-range water-reducing admixture (HRWRA) was
used to improve workability and consolidation of all mortar
mixtures.

The elemental oxide profiles of cement and fly ash from
X-ray fluorescence (XRF) are shown in Table 2, and the d,,
dsg, and dy, particle-size characteristics of the cement, fly
ash, boron carbide, and HDPE are shown in Table 3.

Mixture proportioning and preparation

A summary of the mortar mixture proportions is presented
in Table 4. The boron carbide and HDPE powders were
incorporated into mortar mixtures as partial fine aggregate
replacements on a mass basis. Because !°B is primarily
responsible for the neutron-shielding properties of boron,
boron carbide dosages were based on the amount of ''B
supplied to the cementitious mixture. A natural isotopic
mass abundance of 20% was assumed for '°B to calculate
the mass proportion of boron carbide in each mixture.

The mixture IDs reference the amount of '’B and HDPE
powder in each mixture. For example, the “20B-10P”
mixture contained a '°B content of 20 kg/m?, and HDPE
powder constituted 10% of the fine aggregate mass. Boron
carbide has a boron mass fraction of 78%, and the natural
isotopic abundance of '°B in boron is approximately 20% wt.
Thus, the quantity of total boron in each mixture is five times
the quantity of '°B outlined in the eighth column of Table 4.
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Table 2—Elemental oxide composition of materials
by XRF; values in % wt. of sample

Elemental oxide OPC, % Fly ash, %
CaO 65.8 2.7
SiO, 17.3 53.4
AL Os 3.9 22.7
Fe,0; 3.0 14.1
SO, 8.2 0.8
MnO 0.1 0.0
MgO 0.9 1.0
Na,O 0.1 1.2
K,0 0.2 2.7
P,0s 0.3 0.1
TiO, 0.2 1.1
Total 100.0 99.8

Loss on ignition 2.1 1.5

Table 3—Summary of particle-size characteristics,
Hm

Material dyo ds doo
OPC 2.3 7.5 21.7

Fly ash 1.7 10.6 472
Boron carbide 7.6 12.8 19.9
HDPE 11.4 34.0 73.4

Because HDPE has a lower density than quartz sand, partial
mass replacement of sand with HDPE led to lower binder
content. Despite the lower water content per unit volume,
the hydrogen load of mixtures with HDPE still increased
because HDPE contains more hydrogen than water on a
mass basis, as shown in Table 4. This was deemed accept-
able because hydrogen primarily dictates fast and epithermal
neutron moderation.

Preparation of the mortar mixtures was in accordance
with ASTM C305-20 (2020), with some modifications to the
mixing process. First, the dry constituents (cement, quartz
sand, boron carbide, HDPE, and powdered PCE) were
added to the mixer and uniformly blended prior to the addi-
tion of water. After dry blending, water was slowly added
over the course of 30 seconds. The mixing speed was set
to 140 rpm during dry component homogenization and the
addition of water. This allowed HDPE and boron carbide to
uniformly disperse within the cement paste matrix without
substantial agglomeration. After the addition of water, the
mixer speed was increased to 285 rpm, and the mortar was
mixed for 3 minutes, rested for 2 minutes, and mixed again
for 3 minutes. These mixing parameters were adjusted to
increase the effectiveness of the powdered PCE. Additional
powdered PCE was added at the end of the first mixing
cycle, as necessary, to adjust mortar flow and allow for
proper consolidation.

The RC mixture was prepared following ASTM C192/
C192M-19 (2019). The mixture proportions of the RC
mixture are shown in Table 5. The RC specimens were cured

17



Table 4—Mortar mixture proportions; PCE dose values in % wt. of cement

Mixture OPC, kg/m® | Sand, kg/m*® | Water, kg/m’ | HDPE, kg/m? carb]i:);:,ol?g/m3 1B, kg/m? H load", kg/m?
name | Mixture ID |  (Iblyd’) (Ib/yd?) (Ib/yd?) (Ib/yd?) (Ib/yd®) (Iblyd®) | PCEdose, % |  (Ib/yd®)
Control Control | 999 (1684) | 999 (1684) | 300 (505) — — — 0.16 34 (56)
4kg B10 4B 998 (1683) | 973 (1640) | 300 (505) — 26 (43) 4(7) 0.17 33 (56)
11 kg B10 11B 998 (1682) | 927(1563) | 299 (505) — 71 (119) 11(19) 0.17 33 (56)
20 kg B10 20B 997 (1681) | 869 (1465) | 299 (504) — 128 (216) 20 (34) 0.20 33 (56)
40 kg B10 40B 995 (1678) 739 (1246) 299 (503) — 256 (432) 40 (67) 0.25 33 (56)
80 kg B10 80B 992 (1672) | 479(807) | 298 (502) - 513 (864) 80 (135) 0.52 33 (56)
5%PE 5p 965 (1626) | 916(1545) | 289 (488) 48 (81) — — 0.15 39 (66)
10%PE 10P 931 (1571) | 838(1414) | 279 (471) 93 (157) — — 0.23 45 (75)
20%PE 20P 872(1471) | 698 (1176) | 261 (441) | 174 (294) - - 031 54 (92)
20 15(%?]150 * 20B-5P 962 (1622) 786 (1324) 289 (486) 48 (81) 128 (216) 20 (34) 0.17 39 (66)
20 11‘0% 2}5 1 20B-10p | 920(1567) | 708 (1194) | 279470) | 93 (157) 128 (216) 20 (34) 0.34 45 (75)
202]:%) /QBPl];) 1 20B20p | 870 (1467) | 568(958) | 261(440) | 174 (293) 128 (216) 20 (34) 038 54(91)
*H load, or hydrogen load, denotes quantity of clemental hydrogen in cach mixture, only considering hydrogen from water (H,O) and HDPE ((CoHy)y).
Table 5—Radiological concrete mixture design proportions
OPC, kg/m? Class F fly ash, Sand, kg/m? Coarse aggregate, Water, kg/m?
Mixture name Mixture ID (Iblyd?) kg/m? (Ib/yd?) (Iblyd?) kg/m? (Ib/yd?) (Iblyd?) Air
Radiological concrete RC 231 (390) 125 (210) 676 (1140) 1224 (2063) 160 (270) 3%

according to the accelerated moist-curing method in ASTM
C1202-19 (2019). This curing method was used to simulate
the properties of aged CBS in operating NPPs.

Cement paste mixtures for isothermal conduction calo-
rimetry testing, consisting of boron carbide and HDPE
powders, were externally mixed following Method B
outlined in ASTM C1702-17 (2017). Boron carbide was
added to the mixture to achieve a target '’B mass per 350 kg
of cement. This mass proportion was selected to model the
cement content in a typical concrete mixture design used for
shielding. The HDPE content was proportioned based on
the amount of HDPE in the mortar mixture relative to the
cement content. Ultrapure water (>18 MQ-cm) was also used
in the production of cement pastes. The mixture proportions
of the cement pastes are summarized in Table 6. Isothermal
mixture designs were adjusted to match the thermal mass of
the reference samples in the calorimeter as necessary.

Testing methods

Isothermal conduction calorimetry—Isothermal conduc-
tion calorimetry was conducted using an eight-channel
isothermal calorimeter preconditioned to 23°C to qualify the
use of boron carbide and HDPE in cementitious systems.
Samples were prepared following ASTM C1702-17 (2017)
procedures for external mixing. Instantaneous heat flow data,
normalized by cement mass (mW/g cement), were collected
over a 3-day period to capture the main hydration peaks of
each mixture (ASTM C1679-17 [2017]).

Coefficient of thermal expansion—The 7-day coefficient
of thermal expansion (CTE) of the mortar mixtures was
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evaluated using the method outlined in AASHTO T 336-22
(2022) to determine whether the engineering composites
will face thermal stability issues in practice. Mortar and
concrete specimens were cast in 100 x 200 mm cylindrical
molds, consolidated using a vibrating table in two lifts, and
cured under sealed conditions for 1 day. After demolding,
the mortar specimens were cured in saturated limewater in a
23°C moist room for 6 days. The RC specimens were cured
in accordance with the accelerated moist-curing method
outlined in ASTM C1202-19 (2019). Prior to testing, spec-
imens were ground to lengths of 178 mm. Two replicates
were tested for each mixture composition.

Mortar compression testing—Mortar mixtures were
consolidated into cube molds using a vibrating table and
placed into a moist room (ASTM C511-19 [2019]). The
compressive strengths of the mortar mixtures were evalu-
ated at 3, 7, and 28 days following ASTM C109/C109M-21
(2021). The mortar cubes were demolded 1 day after casting
and placed in saturated limewater at 23 + 2°C until testing.
The compressive strength was determined by averaging trip-
licate specimens at each age.

Neutron attenuation—Mortar specimens were cast into
100 x 200 mm cylindrical molds and consolidated using
vibration to remove air voids. After moist curing for 7 days,
the mortar specimens were sliced into 10, 30, and 50 mm
thick sections using a wet diamond saw prior to measure-
ment. This allowed the measurement of neutron attenu-
ation at thicknesses of 10, 30, 40, 50, 60, 80, and 90 mm
by combining slices of varying thickness. Attenuation
measurements of each mortar mixture occurred at curing

ACI Materials Journal/July 2025



Table 6—Cement paste mixture designs for isothermal conduction calorimetry

Mixture name Mixture ID OPC, g (0z.) Water, g (0z.) HDPE, g (0z.) Boron carbide, g (0z.) 10g*
Control Control 4(0.1411) 2 (0.0705) - — -

4kgBI10 4B 4(0.1411) 2 (0.0705) — 0.0733 (0.0026) 4(0.0114)

11 kg B10 11B 4(0.1411) 2 (0.0705) — 0.2015 (0.0071) 11 (0.0314)

20 kg B10 20B 4(0.1411) 2 (0.0705) — 0.3663 (0.0129) 20 (0.0571)

40 kg B10 40B 4(0.1411) 2 (0.0705) — 0.7326 (0.0258) 40 (0.1143)

80 kg B10 80B 4(0.1411) 2 (0.0705) — 1.4652 (0.0517) 80 (0.2286)
5%PE 5p 4(0.1411) 2 (0.0705) 0.2 (0.0071) — —
10%PE 10P 4(0.1411) 2 (0.0705) 0.4 (0.0141) — —
20%PE 20P 4(0.1411) 2 (0.0705) 0.8 (0.0282) — —

20 kg B10 + 5%PE 20B-5P 4(0.1411) 2 (0.0705) 0.2 (0.0071) 0.3663 (0.0129) 20 (0.0571)

20 kg B10 + 10%PE 20B-10P 4(0.1411) 2 (0.0705) 0.4 (0.0141) 0.3663 (0.0129) 20 (0.0571)

20 kg B10 + 20%PE 20B-20P 4(0.1411) 2 (0.0705) 0.8 (0.0282) 0.3663 (0.0129) 20 (0.0571)

“1°B mass proportion in kg/350 kg OPC (0z./oz. OPC).

ages of 7 days. Neutron attenuation of the mortar mixtures
was assessed at 7 days to reflect real-world construction
practices. In practice, thin composite panels would need
to be installed during reactor downtime, which is limited
to approximately 7% of the year, to limit disruption. This
provides a short window of time for composite panels to be
cast and retrofitted onto aging CBS structures. However, the
curing time of the mortar mixtures is unlikely to influence
neutron-shielding efficiency because neutron shielding is
predominantly dictated by elemental composition.

Specimens were irradiated with a 1 Ci plutonium-
beryllium alpha-neutron source (**°Pu-Be). The 2°Pu-Be
source generated a neutron flux of approximately 10° n/cm?-s
on contact. The average neutron energy was 5.1 MeV, with a
range up to approximately 10 MeV. Neutrons in the thermal
range constituted a small fraction of the 2°Pu-Be flux energy
spectrum. A *He gas proportional neutron detector was used
to measure neutron counts. A 25 mm 3He gas tube under
high pressure was paired with a neutron pulse monitoring
module. The operating voltage of the detector was tuned to
optimize neutron detection efficiency. Neutron counts were
measured using a nuclear instrument module (NIM).

An annular, cylindrical drum composed of HDPE (referred
to as the collimation drum) was used to collimate neutrons
generated by the »°Pu-Be source. The collimation drum
consisted of a collimation port with a diameter of 40 mm
and a height of 250 mm (collimation ratio of approximately
6.25). The wall thickness of the collimation drum was
180 mm. The neutron source was placed at the bottom of
the collimator port to maximize collimation efficiency. To
measure the baseline neutron emission of the collimation
port, a *He detector was positioned above the surface of the
HDPE collimation drum; the distance between the center
of the detector and the top surface of the HDPE drum was
approximately 16.5 cm. An annular cadmium sheet (thermal
neutron cross section of 2520 b) with an inner diameter of
40 mm, an outer diameter of 400 mm, and a thickness of
0.08 mm was positioned on top of the HDPE collimation
port to reduce measurement noise from neutrons moderated
by the HDPE drum.
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Figure 1 shows the experimental setup for neutron attenu-
ation testing. Neutrons were counted over a 4-minute period
to keep measurement uncertainty below 1%. Neutron atten-
uation was calculated by normalizing neutron counts when
a specimen was present to neutron counts of the collimated
neutron source. Lower neutron attenuation values indicate
that a smaller fraction of the collimated neutrons transmitted
through the sample, which means better neutron-shielding
efficiency.

The shielding efficiency of mortars exposed to a purely
high-energy neutron spectrum was also measured by placing
a 0.08 mm thick, square cadmium sheet with a side length of
50 mm between the specimens and the neutron source. The
cadmium sheet was used to absorb neutrons with energies
up to 0.41 eV, thus exposing mortar specimens to a purely
high-energy neutron flux.

EXPERIMENTAL RESULTS AND DISCUSSION
Isothermal calorimetry

Calorimetry data show that mixtures 11B and 20B (11 kg
1'B/350 kg ordinary portland cement [OPC] and 20 kg
10B/350kg OPC, respectively) enhanced cement reactivity,
as depicted in Fig. 2. Mixtures 4B and 40B generated similar
instantaneous heat flow curves with slightly higher main
hydration peaks than the control. Moreover, the 4B, 11B,
20B, and 40B mixtures did not show appreciable change in
the relative intensities of the main silicate and secondary
aluminate peaks. Heat production from the 80B mixture was
lower during the main silicate peak compared to the other
mixtures. The sulfate depletion peak and the secondary
aluminate reactivity peak from the 80B mixture were not as
visible as in the other mixtures. During specimen prepara-
tion, the high doses of boron carbide powder in mixtures
40B and 80B adversely affected the cohesiveness of fresh
paste, which may have affected heat flow measurements.
Mixtures with high quantities of boron carbide congealed
into globular masses during mixing and made poor contact
with the internal surface of the calorimetry vials. Poor
contact between the paste and the vial impedes the flow of
heat from the pastes to the calorimeter heat sink and could
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Fig. 2—Instantaneous heat flow curves for boron carbide-amended pastes.

reduce the accuracy of the measurements. Despite opera-
tional issues during mixing and measurement for mixtures
with high boron carbide content, the results indicate that
boron carbide does not induce delays in hydration, which
is consistent with previous literature (Glinicki et al. 2018).

The control, 5P, 10P, 20B-5P, 20B-10P, and 20B-20P
mixtures produced nearly identical heat profiles, as shown
in Fig. 3. Mixture 20P, however, moderately reduced heat
production during the main peak. Similar to the mixtures
made with high boron carbide content, paste mixtures with
high quantities of HDPE had poor workability during mixing
and made poor contact with the calorimetry vials.

Boron carbide and HDPE powders were not found to
delay hydration at the test dosages. The length of the induc-
tion and acceleration periods was similar for the control and
boron carbide-amended mixtures. The main peaks occurred
at approximately the same time as well. In contrast, rela-
tively small additions of borate compounds can delay the
occurrence of the main peak for several days (Ataiec 2019;
Glinicki et al. 2018; Li et al. 2021). The presence, quantity,
and uniformity of '°B within the cement matrix only impact
shielding performance and not its chemical environment.
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Coefficient of thermal expansion

The mortar mixtures had higher CTE values than the RC,
as shown in Table 7. The relative difference between the
RC mixture and the mortar mixtures is due to the contribu-
tions from coarse aggregate in concrete, which is known to
have a lower CTE than cement paste (Mehta and Monteiro
2014). The inclusion of HDPE increases the CTE of mortars
due to the comparatively high CTE of HDPE, which typi-
cally ranges from 100 to 200 pe/°C, while aggregates used
in concrete have approximate CTE values in the range of 7
to 12 pe/°C (Davis 1930; Kumar et al. 2011; Ferraro et al.
2015). This further supports the concern that a coating
would experience high differential thermal strains if bonded
to a concrete substrate; mechanically fastened panels would
not produce the same concerns. Boron carbide lowered
CTE values relative to the control mortar mixtures, likely
resulting from the lower CTE of boron carbide (approxi-
mately 5.7 to 5.9 pe/°C) relative to other components in the
mortar matrix (Yakel 1973). Although boron carbide reduced
thermal sensitivity in the HDPE-amended mortars, the CTE
of mixtures with boron carbide and HDPE was still signifi-
cantly higher than that of the control mortar or RC mixtures.

ACI Materials Journal/July 2025



Mortar compressive strength

The compressive strengths of mortars containing boron
carbide are shown in Fig. 4. Mortars containing boron
carbide powder were found to develop sufficient strength
for structural applications at 3 days, despite exhibiting lower
28-day strengths than the control. Boron carbide reduced
the 28-day compressive strengths of the mortar mixtures
by 8 to 17% compared to the control. However, the 3-day
compressive strengths of the 20B, 40B, and 80B mixtures
were approximately 9 to 26% higher than that of the control,
while 7-day compressive strengths were comparable. The 3-
and 7-day compressive strengths of the 4B and 11B were
similar or marginally lower than those of the control. The
boron carbide had a finer particle-size distribution than the
silica sand, which may have improved particle packing and
subsequent strength at higher fine aggregate replacement
rates. However, this does not explain why strength did not
substantially improve for mixtures with higher boron carbide

Table 7—CTE values

content after 7 days. Although some measured strengths
deviated from the control by up to 26%, the compressive
strengths of the boron carbide and control mortars generally
remained within a relatively narrow band. The workability of
mixtures with high boron carbide dosages was poor, necessi-
tating higher doses of PCE. Without sufficient PCE, mixtures
were difficult to consolidate into molds. This behavior has
previously been observed in a study that showed that the
partial substitution of fine aggregates with boron carbide led
to slight increases in the early-age compressive strengths of
mortar cubes but reduced 28-day strengths, relative to the
control mixture (Glinicki et al. 2018).

The addition of HDPE powders reduced compressive
strength relative to the control with and without the presence
of boron carbide powder, as shown in Fig. 5. The combi-
nation of lower binder content and the impact of HDPE on
the microstructure of mortars likely caused this reduction in
strength. Strength loss has been observed in cement-based
systems when fine aggregates are partially replaced with
plastic (Badache et al. 2018; Choi et al. 2009; Malkapur
et al. 2017; Saikia and de Brito 2012). The smooth surface
texture and spherical morphology of micronized plastic
particles likely cause a weakened cementitious matrix due to
poor plastic-cement paste bonding and interlocking (Rocco
and Elices 2009; Siddique et al. 2008; Zhou et al. 2021).
Moreover, HDPE-based aggregates are reported to increase
matrix porosity in cement-based systems due to their
innate hydrophobicity, leading to poor mechanical prop-
erties (Iucolano et al. 2013). Water repulsion near plastic
surfaces has been suggested to impede cement hydration
by preventing the uniform diffusion of ionic species, further
increasing porosity and lowering strength (Saikia and de
Brito 2012) while likely increasing the interfacial transition
zone distance around plastic particles. The low modulus of
elasticity of plastic polymers may also reduce the compres-
sive strength of cementitious systems (Saikia and de Brito
2012). Moreover, boron carbide, at an addition rate of 20 kg
"B per m*® of mortar, did not appreciably alter strength

Mixture ID pe/°C (ue/°F)
Control 16.6 (9.22)
4B 15.1(8.39)
11B 15.4 (8.56)
20B 14.7 (8.17)
40B 13.4 (7.44)
80B 12.6 (7.00)
Mortar
5p 15.6 (8.67)
10P 17.6 (9.78)
20P 20.3 (11.28)
20B-5P 14.7 (8.17)
20B-10P 16.6 (9.22)
20B-20P 17.3 (9.61)
Concrete RC 11.8 (6.56)
5
4
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Fig. 3—Instantaneous heat flow curves for HDPE and boron carbide-amended pastes.
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Fig. 5—Compressive strength of mortars with HDPE and boron carbide.

development in mortars with fine aggregates consisting of 10
or 20% HDPE by mass. Lower HDPE content likely allowed
early-age cement hydration to proceed with less interrup-
tion, while the inclusion of fine boron carbide particles
was able to more efficiently improve particle packing when
sufficient PCE was used. Although HDPE lowers strength
development in mortars when used as a partial fine aggre-
gate replacement, the results indicate that HDPE-amended
mortar mixtures generate sufficient strength for structural
applications when appropriate mixture design parameters
are selected and water-reducing admixtures are used.

Neutron attenuation of mortars under 1 Ci 2°Pu-Be
neutron radiation field

The neutron attenuation of mortar panels made with boron
carbide is compared to the control mortar and RC when
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exposed to a mixed energy spectrum in Fig. 6. As expected,
increasing boron carbide content led to greater neutron-
shielding performance under the mixed energy spectrum.
There was a clear performance gap between mixtures with
boron carbide and those without (control and RC) across all
tested thicknesses, indicating that boron carbide had a greater
effect on attenuation than specimen thickness. Furthermore,
boron carbide-amended specimens required less thickness
than either the control or RC mixture to achieve equiva-
lent shielding performance. Mixture 4B exhibited better
shielding performance at 30 mm than the control and RC
specimens at 90 mm. Mixtures with higher boron carbide
content than Mixture 4B required only 10 mm to achieve
similar or better shielding performance than the 90 mm thick
control and RC specimens.
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Fig. 6—Neutron attenuation of mortars with boron carbide under mixed energy spectrum (***Pu-Be full spectrum). Lower

neutron attenuation values indicate better shielding performance.

Higher boron content led to diminishing improvements
in neutron shielding. Despite having more than twice the
boron content of the 4B mixture, the 11B mixture improved
shielding efficiency by approximately 25.2% at a thickness
of 10 mm. The diminishing returns on boron content were
more apparent when examining the shielding performances
of mixtures 40B and 80B. The 40B and 80B mixtures
improved thermal neutron shielding by 73.8% and 74.8%,
respectively, compared to the control at 10 mm thickness.
Although the 40B and 80B mixtures had 10 and 20 times the
boron content as mixture 4B, respectively, neutron shielding
only improved by slightly more than double at thicknesses
of 10 mm. The marginal utility of boron further diminished
as specimen thickness increased. At 50 mm, the 11B mixture
enhanced shielding efficiency by approximately 11.2%
compared to the 4B mixture. The diminishing returns are
also a function of the 1 Ci neutron source; having a source
with more neutron flux, longer irradiation times, different
energy spectrums, and other factors would all change the
resulting efficiency as a function of boron loading.

These results indicate that initial boron doses need to be
carefully optimized in practice to meet the shielding require-
ments, such as physical size restrictions and allowable dose
burdens. Although boron content has lower marginal returns
on thermal neutron shielding at higher doses, retrofit appli-
cations of the composites may benefit from higher initial
boron content. Boron and neutron-shielding efficiency are
expected to progressively decay when subjected to neutron
radiation; the rate of boron decay is dependent on the initial
boron dose, neutron flux, and the neutron energy distribu-
tion. This is because '°B transmutes to Li, a stable lithium
isotope with a relatively low absorption cross section, during
neutron absorption. At high initial boron doses, a relatively
large decrease in boron content would yield a low reduc-
tion in shielding efficiency, as evidenced by the difference
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in shielding efficiencies of mixtures 40B and 80B. Because
dosing would be based on shielding efficiency, higher initial
boron doses would exponentially extend the lifespan and
serviceability of retrofit panels.

The normalized neutron counts are expected to stabilize
near zero given sufficient specimen thickness and boron
content. One potential reason this may not be happening
is that high-energy neutrons moderated within the spec-
imen but not absorbed are being detected. Though the *He
detection chamber used in this study is highly efficient at
detecting thermal neutrons, it still registers moderated
higher-energy neutrons as counts. Furthermore, the cadmium
annular sheet used to prevent uncollimated thermal neutrons
from reaching the detector is not as efficient in filtering out
neutrons that were moderated, but not thermalized, within
the walls of the HDPE collimator. These moderated and
uncollimated neutrons (that do not interact with the spec-
imen) may be thermalized within the detector gas chamber
and counted. Both factors are likely partially responsible for
the observed higher-than-expected lower limits.

The addition of HDPE in mixtures without boron carbide
improved shielding performance relative to the control and
RC mixtures (Fig. 7), but not as strongly as boron carbide.
Furthermore, the shielding performance between mixtures
containing only HDPE and the control mixture converged as
thicknesses increased. Although hydrogen isotopes are poor
absorbers of neutrons relative to !B, they are strong neutron
moderators. Neutrons that are moderated into the thermal
energy range are more efficiently absorbed by hydrogen or
other atomic nuclei within the mortar specimen. Previous
work has shown that increasing hydrogen content, whether
through bound water content (Prochon and Piotrowski 2020)
or the use of hydrogenous polymers (Malkapur et al. 2017),
incrementally improves the neutron-shielding efficiency
of cement-based systems. Mixtures 20B-5P, 20B-10P, and
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Fig. 7—Neutron efficiency of mortars with HDPE and boron carbide under mixed energy spectrum (*°Pu-Be full spectrum,).
Lower neutron attenuation values indicate better shielding performance.

20B-20P exhibited nearly identical attenuation to the 20B
mixture. Despite increasing hydrogen content, shielding
performance is dominated by the presence of boron carbide.
The neutron detector used in this study was more sensitive to
lower-energy neutrons. Neutrons in the higher-energy ranges
that were moderated by HDPE could have been absorbed by
boron carbide without detection.

Neutron attenuation under purely high-energy
neutron spectrum

To investigate whether HDPE improves the efficiency of
boron at high neutron energy ranges, evaluation of shielding
under a purely fast-neutron spectrum was performed. It was
posited that if this were correct, mixtures with only HDPE
would produce more detectable neutrons than the baseline
measurement, and mortars with both HDPE and boron would
show no difference from just boron mortars. If this were the
case, the hydrogen addition would thermalize neutrons for
the boron to capture, effectively removing more neutrons
from the system.

The neutron radiation field produced by the 2°Pu-Be
neutron source was filtered to remove low-energy, or
thermal, neutrons using a 0.08 mm thick cadmium sheet.
The shielding performance of mortars modified with only
boron carbide can be found in Fig. 8. The shielding perfor-
mance of mortars subjected to a purely high-energy neutron
flux was enhanced with increasing boron carbide content
and specimen thickness; shielding efficiency of boron
carbide-amended mixtures was not as high under the purely
high-energy spectrum relative to performance under the
mixed energy spectrum. This is because the neutron absorp-
tion cross section decreases as neutron energies increase.
Neutron attenuation results indicated that mixtures with
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boron carbide required less thickness than the RC mixture to
achieve equivalent shielding. The improvement in shielding
was primarily a function of boron content because the
hydrogen loads in the control and boron carbide-amended
mortar mixtures were nearly equivalent.

When hydrogen was boosted using HDPE powder as
partial fine aggregate replacement in mortar mixtures with
no boron carbide, the normalized neutron counts increased
under a purely high-energy neutron flux as anticipated
(Fig. 9). This indicates that the additional hydrogen assisted
in moderating the high-energy neutrons such that they were
detectable by the *He gas proportional counter. Relative to
the control mixture, the addition of hydrogen significantly
improved neutron moderation. When boron carbide was
incorporated into the HDPE-amended mortar mixtures,
the mortar mixtures exhibited lower normalized neutron
counts than the control or the mortar mixture containing
only boron carbide. This shows that the synergistic blend
of HDPE and boron can significantly enhance the neutron-
shielding capacity of mortar shields by working to moderate
and absorb neutrons across a wider energy spectrum than
mixtures with only boron.

It is appropriate to discuss the life cycle of a shielding
application of this type when discussing service-life exten-
sion. If used as a mechanically fastened panel, bond strength
and compressive strength would not be critical design
considerations; rather, degradation of the panel from radi-
ation and reduction in shielding efficiency over time would
be the most significant considerations. Based upon the work
by Remec (2013), for a selected two-loop and three-loop
NPP, the thermal neutron flux experienced at the surface of a
CBS is approximately 4 x 10° n/cm?s and 1.9 x 10° n/cm?s,
respectively. As the capture of a single neutron results
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in one '°B atom transmuting into lithium and helium, the
boron depletion can be calculated using boron dosage per
m?, thickness of shielding, neutron flux, and operating time.
Using the work of Remec (2013) as a guide, a dosage of
4 kg '""B/m’ resulted in a concentration of 0.004 g/cm?. For
a 1 cm thick coating, this means 0.004 g '°B per exposed
cm?; converting to number of atoms of '°B using Avogadro’s
number results in 2.4 x 10%° '°B atoms. Because one neutron
is absorbed per atom, a neutron flux of 4 x 10° n/cm?s would
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result in complete depletion after approximately 2000 years,
assuming perfect capture. As shown experimentally, this
number is not accurate due to the self-shielding of parti-
cles, streaming effects, imperfect homogenization, neutron
energy differences, and moderation, among other factors. As
such, in future research, the researchers anticipate installing
specimens into the University of Florida Training Reactor
(UFTR) to subject specimens to extended neutron flux
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to investigate radiation damage that equates to more than
5 years of thermal neutron exposure in a three-loop NPP.

CONCLUSIONS

In this research, the combined effects of boron carbide
and high-density polyethylene (HDPE) powders were eval-
uated for compatibility, structural and thermal properties,
and neutron-shielding performance in cementitious systems.
The hydration kinetics of cement paste mixtures amended
with boron carbide and HDPE polymers were first evaluated
to check for potential issues with setting. The coefficient
of thermal expansion (CTE) and strength development of
mortars amended with boron carbide and HPDE powders as
partial fine aggregate replacements were then tested. Finally,
the neutron-shielding efficiency of mortars was evaluated
in relation to radiological concrete (RC) under purely high-
energy and mixed-neutron energy spectrums. Based upon
the results, the following conclusions were drawn:

1. The shielding mortars outperformed typical RC exposed
to a mixed-neutron energy source. The same performance
can be achieved with mortars amended with boron carbide,
with a 90% reduction in thickness compared to the RC.

2. Using a purely fast neutron energy source, the shielding
mortars outperformed traditional RC. The same performance
can be achieved with mortars amended with boron carbide
and HDPE, with a 90% reduction in thickness compared to
the RC under the given test conditions.

3. The combination of boron carbide and HDPE powders
do not substantially retard the hydration kinetics of cement.

4. HDPE powders substantially increased CTE values
relative to the control mortar (up to 22%) and RC (up to
72%), which are representative of existing concrete biolog-
ical shields (CBSs). Due to the high CTE of the HDPE-
modified mortars, thermal cracking potential should be
assessed under realistic thermal loading conditions in future
research.

5. The control and boron carbide-amended mortars exhib-
ited adequate compressive strength suitable for nonstruc-
tural and structural applications. However, retrofit panels
would not be expected to be load-bearing during application.
Compressive strength is used to demonstrate the ability to
resist mechanical stress during exposure to radiation. Though
not experimentally tested in this study, tensile strength under
realistic thermal loading conditions in nuclear power plants
(NPPs) will be examined in future research.

6. HDPE powder reduces compressive strength across all
ages, but appropriate mixture designs can be used to achieve
sufficient strength for most structural applications. Tensile
strength may be impacted by HDPE powder, especially
under thermal loading conditions reflective of NPPs, but
further testing is required.
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Evaluation of Different Migratory Corrosion Inhibitors as
Repair Strategy for Reinforced Concrete
by Ashish Kumar Tiwari, Purnima Dogra, Shweta Goyal, and Vijay Luxami

This research establishes a systematic methodology for selecting
a migratory corrosion inhibitor (M-Col) as a repair strategy for
reinforced concrete (RC) structures exposed to aggressive environ-
ments. Conducted in two phases, Phase 1 involves corrosion testing
in pore solutions to evaluate inhibitor efficacy, while Phase 2 exam-
ines the percolation ability of M-Cols in different concrete systems
and performance of M-Col in RC with corroded reinforcing bars.
The findings reveal that the efficiency of the compounds as repair
measures is significantly lower than their preventive perfor-
mance, primarily due to the presence of corrosion products on
the steel surface. Additionally, the effectiveness of the M-Cols is
influenced by their concentration and form at the reinforcing bar
level; specifically, 4-Aminobenzoic acid (ABA) achieved maximum
concentration in its purest form, whereas Salicylaldehyde (SA) and
2-Aminopyridine (AP) reached the reinforcing bar in lower concen-
trations. Importantly, the study highlights that compounds effective
in pore solution may not perform well in concrete, underscoring
the necessity of considering the intended application—preven-
tive or repair—when selecting inhibitors. Thus, a comprehensive
approach involving both pore solution testing and migration ability
assessments is essential for optimal corrosion protection in rein-
forced concrete.

Keywords: carbonation; chloride; corrosion; corrosion inhibitors; fly
ash-blended cement; repair strategy.

INTRODUCTION

In reinforced concrete (RC) structures, the protection of
steel is ensured by the alkaline nature of the concrete pore
solution, with pH ranging from 12.5 to 13.5. That allows the
formation of a passive layer (y-Fe,0O3) around the reinforcing
bar, acting as a barrier to metal dissolution.! The corrosion
of reinforcing bars initiates when this protective shield is
compromised by external aggressive agents, such as chlo-
ride ions (CI") and carbon-dioxide (CO,).? The severity of
corrosion is most pronounced when both of these factors
occur together, rather than individually,™* as chloride-
induced corrosion and the carbonation of concrete strongly
influence each other.® In the authors’ previous research, it
was observed that the combined action of these two on the
reinforcing bar surface increases the corrosion rate multiple
times as compared to the individual environment. Both
pitting and uniform corrosion occur on the bar surface simul-
taneously, making a more vulnerable situation for the rein-
forcing bars.®” However, protection against such a condition
is still a vacant region to explore.

Common repair strategies for corroded RC include
cathodic protection, electrochemical chloride extraction,
corrosion inhibitors, and electrochemical re-alkalization.

ACI Materials Journal/July 2025

Except for corrosion inhibitors, these methods are costly and
require continuous electricity. Migratory corrosion inhibitors
(M-Cols) can be applied to the concrete surface, diffusing
through the cover to protect reinforcing bars after corrosion
initiation.® Most M-Cols are proprietary, primarily designed
for chloride-induced corrosion, but often misused in carbon-
ated or combined environments, where they prove ineffec-
tive.? Even in chloride conditions, their claimed efficiency
applies mainly to fresh RC with passive, corrosion-free rein-
forcing bars, while their molecular structure and mechanism
remain undisclosed.

The inhibition mechanisms of various corrosion inhibitors,
including green and synthetic compounds, have been exten-
sively studied to reduce steel corrosion. Their efficiency
depends on molecular structure (aliphatic or aromatic), func-
tional groups (—NH,, -COOH, —OH, SH, —CHO), number of
functional groups in single compound, presence of additional
hetero-atoms, and number of adsorption sites.'%!' However,
their performance is typically evaluated in simulated pore
solutions replicating isolated corrosive environments, with
limited progression to concrete applications.'?!* This gap
necessitates a systematic approach to assess their effective-
ness in restoring steel passivation within concrete.

Studying M-Cols in combined aggressive environments
for actively corroding reinforcing bars is crucial. Instead
of proprietary products, generic compounds with efficient
functional groups and known structures should be explored.
Aromatic compounds with varied functional groups and
heteroatoms have shown excellent inhibition in harsh envi-
ronments like chloride, carbonation, sulfuric acid, and so
on.'>!® Considering all these factors, this study investigates
three such compounds—4-Aminobenzoic acid (ABA),
2-Aminopyridine (AP), and Salicylaldehyde (SA)—selected
for their structural diversity and effectiveness in combined
environments.”!” Preliminary findings suggest ABA and SA
inhibit corrosion though chelation-based adsorption, with
differences in inhibition mechanisms due to functional group
positioning. AP, however, increases solution resistance and
restricts anodic reactions, making these compounds prom-
ising candidates for RC repair applications.

In the presented study, the inhibition ability of these
generic compounds against ongoing corrosion in RC is
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Fig. 1—(a) Steel coupons, (b) specimen for electrochemical test; and (c) specimen immersed in SCP solution.

explored by using various techniques. The work is executed
on the corroded reinforcing bars in two phases: Phase 1, pore
solution testing; and Phase 2, testing on concrete. During the
first phase, potentiodynamic polarization curves were used
to assess the inhibition behavior and surface analysis was
carried out to understand the working mechanism of generic
compounds; while, in the second phase (Phase 2), percola-
tion capacity in concrete and inhibition efficiency of generic
compounds on RC specimens was assessed. Based on the
obtained results, the correct methodology to select a corro-
sion inhibitor and the inhibition mechanism of the selected
compounds were developed.

RESEARCH SIGNIFICANCE

This research aims to establish a systematic methodology
for selecting M-Cols as a repair strategy for RC structures
in aggressive environments. Conducted in two phases, the
study first evaluates the efficacy of selected M-Cols in simu-
lated pore solutions and then assesses their performance
within concrete systems. By investigating the influence of
molecular structure and functional groups on inhibitor effec-
tiveness, this work addresses limitations seen in existing
proprietary products, which often lack transparency in terms
of their percolation capacity and inhibition mechanisms
in real-world conditions, which emphasize on-site results
without providing detailed approaches or discussing the
molecular structure of inhibitors, leading to limited under-
standing and transparency.'3?° Furthermore, the system-
atic approach presented herein is largely absent in current
literature, where inhibitor selection often lacks a consistent
methodology. Findings from this research aim to advance
effective repair strategies, enhancing the durability and
longevity of RC structures.

EXPERIMENTAL INVESTIGATION AND PROCEDURE

The evaluation of the inhibitory effectiveness of organic
compounds was carried out in two distinct phases: Phase 1
involved synthetic pore solution testing, while Phase 2
focused on concrete testing. In both the phases, the rein-
forcing bar specimens were subjected to accelerated corro-
sive environments before application of respective inhibitor.
For reproducibility in data, all the tests were performed on
triplicate specimens.

30

Phase 1: Corrosion testing in simulated concrete
pore (SCP) solution

Material for Phase [—Thermomechanically treated
(TMT) steel cylindrical bars of 12 mm diameter made
of grade Fe550D steel, which are extensively used in the
construction industry, conforming to IS 1786-2008,2! were
used in this study. Two types of specimens were prepared
from the bars: steel coupons of 5 mm height, and cylindrical
specimens of 60 mm height (shown in Fig. 1(a) and (b)).
The former was used to evaluate the corrosion initiation time
and to perform the surface analysis tests, while the latter
were used to perform electrochemical tests for evaluating
corrosion inhibition performance of the selected organic
compounds. Prior to the immersion in SCP solution, the steel
coupons were abraded with emery papers of different grit
sizes, and washed with distilled water and then hexane. The
method for the preparation of steel specimens for electro-
chemical tests and the pore solution simulating concrete’s
interstitial fluid constituents (SCP) was reported by Tiwari
et al.,” to which 0.1M NaCl admixed and 99% pure CO (to
reach pH~9) was bubbled to further simulate the combined
aggressive environment. The obtained SCP solution is
referred to as S1. M-Cols were added to S1 after the initia-
tion of corrosion on the reinforcing bar specimens.

ABA, AP, and SA were selected as M-Cols due to their
aromatic structures and functional groups that enhance
chelation of ferrous ions and mitigate corrosion.”> ABA
comprises a benzene ring with carboxylic (-COOH) and
amine (-NH2) groups. AP is a heterocyclic compound with
an amine group linked to a pyridine ring containing nitrogen.
SA features a benzene ring with adjacent aldehyde (~-CHO)
and hydroxyl (—OH) groups. The heteroatoms and double
bonds in these compounds donate electron pairs to the
d-orbitals of iron, forming coordinate complexes with ferrous
ions. These properties validate their selection as effective
M-Cols. The authors’ research demonstrated >90% inhibi-
tion efficiency of ABA, AP, and SA in combined aggressive
environments through pore solution testing and RC spec-
imen application as preventive techniques. All three M-Cols
have performed well with >90% inhibition efficiency.® Each
M-Col was individually mixed in synthetic pore solution at
an optimal concentration of 0.1M, as established previously.
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Table 1—Nomenclature and detail of respective solutions

Nomenclature Inhibitor Molecular structure Molecular mass, g/mol Solution composition
S1 (Base solution) — — — Carbonated pore solution + 0.1M NaCl
COOH
4-Aminobenzoic acid Base solution +
+
SI+ABA (ABA) 134.17 0.1M 4-Aminobenzoic acid
NH,
/N NH,
2-Aminopyridine Base solution +
+
SL+AP (AP) o4 0.1M 2-Aminopyridine
OH
S1+SA Sahcy(lsallf)ehyde H 122.12 Base solution + 0.1M Salicylaldehyde
o

Details of the compounds and Phase 1 testing nomenclature
are provided in Table 1.

Testing for Phase [—The effectiveness of M-Col
was assessed by conducting electrochemical tests—that
is, potentiodynamic polarization scanning on actively
corroding cylindrical reinforcing bar specimens immersed
in M-Col-admixed pore solutions.

Surface analysis: Surface analysis techniques were
applied to TMT steel coupons (12 mm diameter and 5 mm
height) to examine the metal surface both with and without
inhibitor after a 240-hour immersion period. For micros-
copy analysis, a digital microscope was used, and the
surface morphology of the dried specimens was observed
using scanning electron microscopy (SEM). The elements
present on the surface were identified through energy-
dispersive X-ray spectroscopy (EDX). An accelerating
voltage of 10 kV was employed for both imaging and EDX
analysis, and magnifications were set at 500%.

Electrochemical test: Using data from steel coupons, 12
mm diameter (as mentioned in the “Material for Phase 1”
subsection) cylindrical specimens with height of 60 mm
were placed in S1 for 10 hours to trigger corrosion initia-
tion. After 240 hours, potentiodynamic polarization (PDP)
scans were conducted to evaluate corrosion activity. The
240-hour period was chosen based on literature identifying
it as optimal for representing inhibitor performance.?3** It
has been explicitly noted that a testing duration of 240 hours
is suitable for accurately representing the inhibitor’s actual
performance against corrosion. The test setup (shown as
Fig. SDI in the Appendix”) employed an instrument with a
three-electrode system: TMT reinforcing bar as the working
electrode, a saturated calomel electrode (SCE) as the refer-
ence, and a platinum electrode as the counter. PDP scans,

"The Appendix is available at www.concrete.org/publications in PDF format,
appended to the online version of the published paper. It is also available in hard copy
from ACI headquarters for a fee equal to the cost of reproduction plus handling at the
time of the request.
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performed at 0.5 mV/s over 250 mV to +1500 mV versus
OCP, provided inhibition mechanisms and corrosion current
density (i) values to calculate inhibition efficiency (1)

A, (%) = ((icorno - icorr,l)/icorno) X 100 (1)

where i.,.o represents the corrosion current density after
240 hours in the absence of inhibitor, while i.,,,; represents
the corrosion current density after 240 hours in the presence
of M-Col.

Phase 2: Testing on reinforced concrete specimens

Material for Phase 2—Two distinct types of cement in the
study—namely, portland cement (OPC) and fly-ash-based
pozzolanic cement (PPC), in accordance with Indian stan-
dards IS 8112:20132° and IS 1489 (Part 1)-1991%¢ (detailed
composition presented in Table SD1). Fine aggregates were
obtained from river sand, and coarse aggregates were in
sizes of 20 and 10 mm following IS 383-2016.?” The two
aggregate sizes were combined in a 1:1 ratio (physical prop-
erties of all the aggregates are provided in Table SD2). The
concrete mixture was formulated in accordance with IS
10262,% using a water-cement ratio (w/c) of 0.43, resulting
in a final mixture proportion by weight of 1:1.39:2.91
(cement: fine aggregates: coarse aggregates). The detailed
mixture design proportions by weight are provided in the
Appendix as Table SD3.

Reinforcement in RC specimens consisted of 12 mm diam-
eter TMT bars, like those employed in Phase 1. These bars
were cut to a length of 360 mm and prepared in accordance
with ASTM G109 guidelines.?” Of this 360 mm length, the
central 200 mm was intentionally exposed to corrosion. To
achieve this, epoxy was initially applied over an 80 mm
section on both ends of the bar, followed by the application
of insulating tape. Subsequently, a neoprene rubber tube,
3 mm thick, was placed over the insulating tape. A represen-
tative prepared bar is depicted in Fig. 2(a). At one end of the
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Fig. 2—Cross-sectional details of: (a) reinforcing bar, and (b) prism specimen.

Table 2—L abels and description of specimens

Inhibitor applied Material used Labels Material used Labels
— ocC PC
4-Aminobenzoic acid 0O-ABA-R P-ABA-R
OPC PPC
2-Aminopyridine O-AP-R P-AP-R
Salicyaldehyde O-SA-R P-SA-R

bar, a threaded hole was created to insert a screw, ensuring
electrical connectivity.

RC specimen preparation and inhibitor application—
Two types of concrete specimens were prepared: 100 mm
cubes and 300 x 300 x 42 mm reinforced concrete prisms,
with a single bar embedded at a 15 mm clear cover, as illus-
trated in Fig. 2(b). Special molds ensured correct bar cover.
Cubes were used to study inhibitor percolation and chloride/
carbonation profiles over time, while prisms were employed
for electrochemical tests on corrosion. All tests used tripli-
cate specimens for reliability. In total, 24 prisms (12 each
for OPC and PPC concrete) and 72 cubes (both concrete
types) were cast. Inhibitors were applied to prisms at the
active corrosion stage to evaluate M-Col efficacy as a repair
strategy. A 1M solution (ABA, AP, or SA in deionized water)
was applied in three coats at 500 mL/m? per commercial
guidelines, with sufficient absorption time between coats.
After application, surfaces cured for 15 days for optimal
inhibitor performance, similar to methods in Tiwari et al.®
and Kaur et al.’*® A description of each specimen set is
provided in Table 2.

Exposure cycle—The RC specimens were exposed to
7-day cyclic exposure, which consists of 2 days of wetting
and 5 days of drying. During the wetting period, RC speci-
mens were subjected to 3.5% NaCl solution by forming an
artificial reservoir (200 x 200 x 70 mm) on the top surface
of the specimens. To prevent evaporation losses, the reser-
voir was securely covered with a plastic sheet. After 2 days
of wetting followed by 2 days of drying, specimens were
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exposed to carbonation for the period of the next 2 days.
The chamber was maintained at a temperature of 30 + 2°C
and a relative humidity of 60 to 70%, with a CO, concen-
tration of 5% by volume. Following this carbonation phase,
the specimens underwent 1 day of air drying. Finally, at the
conclusion of the cyclic exposure period, electrochemical
tests were conducted.

Testing of Phase 2—

Percolation ability: The percolation of a specific
compound was assessed at an interval of 15, 30, 45, and
60 days following its application. This assessment was based
on the concentration detected at a specific depth using the
ultraviolet (UV)-vis spectroscopy technique. This quantita-
tive method allows for the determination of concentration,
even in the case of very low quantities. For the specific
procedure, refer to the detail provided in Tiwari et al.!”

Corrosion monitoring: The efficacy of the selected
inhibitor against reinforcing bar corrosion was evaluated
using electrochemical methods, widely regarded as suitable
for corrosion monitoring in RC structures.’! Linear polar-
ization resistance (LPR) tests were conducted every second
exposure cycle, and electrochemical impedance spectros-
copy (EIS) at 0, 10, 30, and 50 cycles. Crack width was
monitored, stopping at 50 cycles when it exceeded 0.3 mm,
the durability threshold per IS 456. It is important to mention
that the M-Col was applied after i, values indicated active
corrosion (that is, the 10th cycle in the present case). An addi-
tional reading was taken after 15 days of M-Col application
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Element | Atomic | Element | Atomic

Fe 97.78 K -
¢ 2.22 Na -
0 - cl -

Element | Atomic | Element | Atomic

Fe 45.72% K 132
C 7.58% Na 135
0 42.47% cl 1.56

Element | Atomic | Element | Atomic

% %
Fe 45.72% K 1.32
C 7.58% Na 1.35
42.47% Cl 1.56

Element | Atomic | Element | Atomic

% %
Fe 22.4 K 3.32
C 29.24 Na 2.52
42.19 cl 0.33

Element | Atomic | Element | Atomic

% %
Fe 20.4 K 4.98
C 31.11 Na 5.20
o 38.25 cl 0.06

Element | Atomic | Element | Atomic

% %
Fe 1.09 K 5.90
C 11.29 Na 23.12
o 58.22 cl 0.38

Fig. 4—Optical microscopy images of: (al) control (inhibitor-free); (b1) ABA; (cl1) AP; and (d1) SA; and SEM images with
EDX results of: (a2) control (inhibitor-free); (b2) ABA; (c2) AP, and (d2) SA admixed in pore solution.

to see any marked change in the electrochemical parameters.
For electrochemical measurement, corrosion monitoring
equipment with a guard ring was used.

Prior to commencing LPR tests, the testing surface was
pre-wetted following ASTM C876.3% The steel reinforcing
bar (working electrode) was polarized 25 mV from the
equilibrium potential at a 10 mV/min scan rate. A wetted
conducting sponge ensured contact with the guard ring,
followed by the placement of the electrode assembly (refer-
ence, guard ring, and auxiliary, as shown in Fig. SD2).

EIS tests analyzed the concrete pore structure and corro-
sion mechanisms, including resistivity, dielectric properties,
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corrosion rate, and steel/concrete interface kinetics.>* Sinu-
soidal voltage (25 mV) was applied across a 100 kHz to
1 mHz frequency range. Data was processed using EIS data
analysis software for modeling.

RESULTS AND DISCUSSION
Phase 1 test results and discussion

Optical microscopy and SEM-EDX—

Corrosion initiation time: To get an idea of the corrosion
initiation time, a set of steel coupons (three coupons) were
immersed in S1 and monitored through optical microscopy
after each hour. Once the occurrence of corrosion products/
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pit embryo formation was witnessed, the samples were care-
fully taken out, dried, and subjected to SEM-EDX testing
and the time to initiate corrosion was noted. The optical
image of coupon before immersion and after formation of
corrosion product is shown in Fig. 3(al) and (b1). The initial
surface was shiny and lustrous, whereas; after 10 hours of
immersion some red brown products were visible over the
entire surface. The morphological images of top surface
(Fig. 3(a2) and (b2)) also indicated the development of
hydroxides and oxides after 10 hours. The validity of the
argument was further confirmed through EDX spectral
analysis, which revealed a decrease in the concentration
of iron (from 97.78 to 45.72%) and an increase in concen-
tration of oxygen (from 0 to 42.47%) along with slight
rise in C (from 2.22% to 7.58%). Therefore, a duration of
10 hours was considered to initiate corrosion on immersed
reinforcing bars. After corrosion has been initiated, M-Col’s
were added in S1 to assess their inhibition efficiencies on
already corroded bars.

After the corrosion initiated, the compounds were added at
0.1M concentration in their respective solutions. The optical
images and SEM-EDX results after 240 hours of immer-
sion of steel coupons in M-Col-free and M-Col-admixed
pore solution are presented in Fig. 4. As can be seen from
Fig. 4(al), the surface of the coupon immersed in M-Col-free
pore solution is severely corroded, with red-brown corrosion
product accumulation all over the surface. The SEM image
of the same sample (Fig. 4(a2)) displays the presence of
globular loose products, which are confirmed as corrosion
products by elemental analysis. With the addition of M-Col,
corrosion is seen to be reduced. For ABA and AP, the coupon

Table 3—Corrosion current density and efficiency
of generic compounds

SO | SO+ABA | SO+AP | SO+SA
icorrs WA/cm? 92.57 | 44.05 52.85 15.62
Efficiency (%1)—Repair — 52.41 4290 | 83.12
Efficiency (%/)—Preventive”!” — 99.97 99.97 | 99.9

surface exhibits a clear steel surface along with the presence
of some product formation, whereas for SA, a black layer
region and a few products’ assemblage is observed from the
optical images (Fig. 4(b1), (c1),and (d1)). From the SEM and
EDX results, it is confirmed that maximum exposed area of
the coupons was protected from corrosion in the presence of
M-Col. In M-Col-admixed specimens, the concentration of
Fe reduced from 45% to near 20% (for ABA and AP; while it
reduced drastically to 1.09% for SA) with the corresponding
increase in concentration of C (Fig. 4(b2), (c2), and (d2)).
This indicates the presence of M-Col molecules on the Fe
surface due to some chelate formation, as organic molecules
are the only source of C atoms in the pore solution.

These results suggest that the addition of aromatic multi-
functional organic compounds has the potential to reduce the
ongoing corrosion processes. To validate the inhibition effi-
ciency of the selected M-Cols by more reliable test methods,
electrochemical testing was performed, and the results are
discussed in the upcoming section.

Potentiodynamic polarization test (PDP)—Table 3
provides corrosion current densities (i.,,) and inhibition effi-
ciencies. Though the tests were carried out in triplicate, only
one (representative) measurement is included in the result
due to consistent repeatability of the data.

From the obtained PDP curves and current density values,
it can be seen that S1 shows a visible active zone of corro-
sion with high i, values (92.57 uA/cm?), indicating severe
corrosion; while, with the addition of organic compounds,
a significant decrease in the i, values (44.05 pA/cm?,
52.85 pA/cm?, and 15.62 pA/cm? for ABA, AP, and SA,
respectively) was witnessed. The decrease in i, indicates
that the generic compounds can reduce the ongoing corro-
sion processes. Among the three M-Cols, SA displayed the
highest inhibition efficiency of 83.12%, followed by ABA
and AP. The shift of the corrosion potential towards the noble
side is also indicative of the protective nature of selected
compounds. Hence, it can be stated that all the three organic
compounds can act as potential M-Cols as repair strategy in

Preventive
(Optical Images)|*

Repair v
(Optical Images)

Mechanism in
repair

Corrosion products

® N Atom

® O Atom O H Atom © CAtom

Fig. 5—Optical images of preventive versus repair strategy and inhibition mechanism in repair strategy.
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Fig. 6—Concentration of compound at different depths: (a), (a'), and (a") OPC-based system,; and (b), (b'), and (b")

PPC-based system.

combined corrosive environment. The results are in compli-
ance with the surface analysis outcomes.

An important point to be noted is that the efficiency of
ABA, AP, and SA was 99.9% when they were employed as
M-Col in preventive strategy—that is, when the inhibitors
were added before corrosion initiated; however, in repair
strategy, reductions 0f 47%, 57%, and 16.79% were observed
in the performance of ABA, AP, and SA, respectively. The
variance in the inhibition mechanism for repair, as outlined
in this current study—in contrast to the preventive approach
reported previously—can be attributed to the existence of
corrosion products on the surface of the reinforcing bar prior
to the introduction of the inhibitor.

Mechanism of inhibition (preventive versus repair)—The
schematic representation of the mechanism is illustrated in
Fig. 5. When the M-Cols were added as preventive technique
in corrosive pore solution, the adsorption sites of the M-Cols
were attracted electrostatically and chemically towards the
metal surface. As the M-Cols were added before corrosion
initiation, the entire surface of the metal was available for
interaction with the M-Col molecules hence, the complete
coverage by M-Col which led to the high inhibition effi-
ciency. On the other hand, in repair strategy, the accumula-
tion of the corrosion products on the reinforcing bar before
the addition of M-Col acted as some sort of barrier for
M-Col molecules to interact with the Fe ions. As can be seen
from the figure, the M-Col molecules could only bind with
Fe ions from the selective available sites. As the number of
interaction sites reduced, so did the surface coverage by the
M-Col and hence, the decrease in inhibition efficiency was
recorded during the PDP tests.

SA displayed the highest efficiency, followed by ABA and
AP. SA gets converted into a negative ion when admixed
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in alkaline solution with negative charge on the O atom of
alcohol functional group. —CHO (electron withdrawing group)
and —O~ both have negative charge density, which attracted
Fe ions and formed a chelating ring, hindering the corrosion
reaction. Also, when seen in preventive strategy, SA proved
to be a very active compound which started performing from
the time of addition. ABA also existed in its anionic form with
—COO acting as the reaction center for binding with Fe ions,
but unlike SA, could not form a chelating ring as the other
group (-NH,) was placed away and could not participate in the
interactions with metal surface. As a single functional group
was involved in the inhibition mechanism, ABA displayed
the second-highest efficiency. On the other hand, AP existed
in its neutral form in solution; therefore, it had no negative
charge accumulation which could attract the Fe ions. The only
possibility for its interaction with the metal surface was the
sharing of a lone pair of electrons, which could not happen as
Fe ions were not free (as they got accumulated as Fe,Os on the
coupons). Additionally, AP took longer time than ABA and
SA for stabilization when observed in preventive technique
with chloride ions effect being very prominent even during the
inhibition action. ABA and SA developed a physical as well
as chemical bonding with Fe ions, making the interaction very
strong as compared to only sharing of electrons in the case of
AP. Hence, the order of efficiency: SA> ABA > AP.

Phase 2 test results and discussion

Concentration of inhibitors—The concentration of
M-Cols (1M) was applied on one surface of cube specimens
in various concrete systems and measured after 15, 30, 45,
and 60 days from depths of 5, 10, and 15 mm using UV-vis
spectroscopy. The choice of a 1M concentration in this study
was based on preliminary tests indicating optimal inhibition

35



- SA
— SA CHO — SA+Na*
9 = Concrete
[} ]
. TR ® : OH ONa@) g Powder soln
2 Wi . o 7 | Alkaline Media g
' & o NG Ca,Na,K
[#d s 2 o T T T T T
2 . 300 350 400 450 500 550 600
ﬁ Ca Wayeleughyi(nm)
Rebar ‘ AP N\
R ; N NH, N NH, — AP
Z s AP+Ca?*
| Alkaline Media |
8 == Concrete
N Ca,NaK N g powder soln
@ Inhibitorion @ Modified inhibitor ion S

T T T
250 300 350 400 450
Wavelength (nm)

Fig. 7—Chemical interactions between: (a) AP and Ca*" ions, and (b) SA and Na* ions.

efficiency for RC exposed to aggressive environments.”!’

Although previous studies examined M-Col’s effectiveness
across different corrosive conditions, none have specifically
measured the exact concentration that reaches the reinforcing
bar level. Measuring this precise concentration is critical,
as it provides a clearer assessment of the true efficiency of
the inhibitor.>*3¢ The test results are presented in Fig. 6.
Along with this, the wavelength of pure compound and the
concrete powder specimen were analyzed to understand
possible interaction of the compound with constituents of
concrete. The bar graph data presented in Fig. 6 reveals that
all M-Cols successfully permeated both concrete systems
within 15 days of application. Regardless of the cement
type, the concentration order achieved was ABA > AP > SA.
The maximum concentration reached at the reinforcing bar
level (that is, 15 mm) is presented in Table SD4, showing
4 mM of ABA and 1 mM of AP and SA in OPC, whereas in
PPC, 4 mM of ABA, 1 mM of AP, and 0.5 mM of SA were
reached at different durations.

The ultimate concentration of each compound can
be linked to a combination of factors, including the
compound’s molecular weight and its potential interaction
with the concrete constituents. For instance, ABA exhibits
the highest migration rate in both cement systems due to its
highest molecular weight. However, the concentration of
SA, despite its higher molecular weight (which is greater
than AP), was the lowest. This is attributed to the electro-
static interaction of the hydroxyl functional group in SA
with Na' ions present in concrete (as indicated in Fig. 7).
This interaction is evident in the UV spectra, where the
peak of concrete solution treated with SA as M-Col aligns
with the peak of SA + Na” ions. Similarly, the presence of
amine group near the nitrogen atom within the pyridine ring
of AP resulted in the formation of chelating ring with Ca*"
ions in the concrete, which slowed down its dispersion, as
depicted Fig. 7. This could explain the lower concentra-
tion of AP at the cover depth. When comparing the impact
of concrete matrixes, the primary distinction lies in the
delayed dispersion of compounds in PPC as compared to
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OPC, primarily owing to PPC’s denser pore structure. Such
observations align with studies by Vedalakshmi et al.,** who
found that inhibitor migration is influenced by concrete’s
pore structure, indicating that inhibitor efficiency is not only
compound-dependent, but also matrix-dependent. Hence, it
can be deduced that the generic compounds have the capa-
bility to percolate through concrete cover and the ability is
dependent on the concrete type and structural properties of
M-Col.

Linear polarization resistance (LPR)—A test involving
LPR was conducted to assess the change in corrosion current
density (i) of reinforcing steel bar embedded in concrete
under specific cyclic exposure conditions, both with and
without the application of M-Col. The obtained results are
shown in Fig. 8. Based on the i.,,, values, the corrosion status
of the reinforcing steel bars is categorized into four regions:
R1—Passive’ (ipp < 0.1 pA/cm?); R2—‘Low corrosion
level’ (ico 0.1 to 0.5 pA/cm?); R3—*‘Moderate corrosion
condition’ (.. 0.5 to 1 pA/cm?); and R4— High corrosion
level’ (izpr > 1 pA/cm?).37-3

From the authors’ previous study, it was observed that the
combined corrosive environment creates a more vulnerable
situation for the embedded reinforcing bar as both pitting
and uniform corrosion occurs on the surface. The condi-
tion is more severe for PPC-based concrete systems due to
changes in concrete microstructure during long-term carbon-
ation. Hence, in this study, the comparative graph (Fig. 8(a))
is shown for reference only. A detailed explanation and the
corrosion mechanism in a combined environment is already
discussed in Tiwari et al.®

The M-Col was applied to RC specimens following the
completion of the 10th exposure cycle (iz. > 0.1 pA/cm?).
The recorded data for the i, is illustrated in Fig. 8(b) and
(c). It is evident from the figure that ABA proved to be an
effective repair strategy, effectively inhibiting the ongoing
corrosion processes. In contrast, the other two M-Col (AP
and SA) were found to be less efficient. Notably, even after
50 exposure cycles, ABA exhibited significantly low CR,
with i, values of 38.46% and 63.54%—lower than the
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Fig. 8—Corrosion current density values for: (a) control; (b)
in PPC-based specimens.

control specimens—in OPC and PPC concrete, respectively.
This indicates that ABA continued to perform efficiently
throughout the entire test exposure period. On the other
hand, specimens treated with AP and SA showed that i,
increased at a similar rate as observed in control specimens.

In both concrete systems, the inhibition efficiency of AP
is 12.16% in OPC and 14.14% in PPC, whereas SA exhibits
limited efficiency, with 5.4% in OPC and 9.1% in PPC.
Notably, the order of efficiency aligns with the concentra-
tion of inhibitors that penetrate to the reinforcing bar’s depth
within the concrete, but it differs from the results obtained
through corrosion testing in pore solution. This suggests
a direct correlation between inhibition efficiency and the
concentration of M-Col ions reaching the reinforcement
in RC. Moreover, it highlights that synthetic pore solution
testing alone is insufficient to determine the effectiveness of
a compound as a successful M-Col for protecting reinforce-
ment in concrete.

Electrochemical impedance spectroscopy (EIS)—In addi-
tion to gathering information on reinforcing bar corrosion, it
is essential to comprehend the evolving characteristics of the
concrete pore structure and the interface between steel and
concrete with exposure, especially when corrosion inhibitor
is applied. To achieve this, EIS testing was conducted at
different stages of exposure—specially at 0, 10, 30, and 50
exposure cycles—and the results were represented through
Nyquist and Bode magnitude plots.
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(©
M-Col applied in OPC-based specimens; and (c) M-Col applied

In the Nyquist plot, data is presented in the form of Z =
Z' + jZ" where Z' represents the real component, and Z"
represents the imaginary component, measured at various
frequencies. The changes observed in the capacitive arc in
the Nyquist plot and the impedance in Bode plot reflect the
ongoing processes in concrete matrix and on the surface
of the embedded reinforcing bar (as depicted in Fig. SD4).
In the Nyquist plot, variations in the radii of the high-
frequency (HF) arc indicates alteration within the concrete
matrix, while changes in low-frequency (LF) arc describes
the condition of reinforcing bar surface.*!

Furthermore, the shift in the spectra relative to the x-axis
reveals the dominant process, whether it is related to chlo-
ride ingress or carbonation. In the Bode magnitude plots,
distinct regions can be categorized into three zones. Zone |
corresponds to HF range (100 to 10 KHz), and changes in
impedance in this region are indicative of alterations in the
concrete matrix. Zone II pertains to the mid-frequency (MF)
range (10 KHz to 10 Hz) and is associated with the change
in the concrete microstructure and composition at steel-
concrete interface. Zone III encompasses the LF region
(10 Hz to 1 mH), which is linked to variations in the passivity
of the steel.

When investigating the application of M-Col, particular
attention is given to the MF range, which is associated with
the properties of the steel-concrete interface. This is crucial
because inhibitors are anticipated to reach the reinforcing
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Fig. 9—FIS plots of OPC- and PPC-based specimens before subjected to combined exposure: (a) and (b) Nyquist plot; and

(c) and (d) Bode plot.
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Fig. 11—EIS plots of OPC- and PPC-based specimens after 30th cycle: (a) and (b) Nyquist plot; and (c) and (d) Bode plot.

bar and create a protective layer that affects the interface
between the steel and concrete.

Nyquist and Bode magnitude plots: From the LPR test,
it was observed that corrosion was active after 10 cyclic
exposures in both cement types. The Nyquist and Bode
magnitude plots for the control specimens—namely OC and
PC at the initial stage (0 cycles) and after 10 cycles (prior
to the application of M-Col)—are displayed in Fig. 9. From
the initial cycle to the 10th cycle of exposure, there is a
noticeable reduction in the diameter of the LF arc observed
in both types of cement specimens. This reduction clearly
indicates that the protective film on the reinforcing bar dete-
riorated rapidly, leading to corrosion starting in a shorter
timeframe. Therefore, M-Cols were applied after the 10th
exposure cycle.

The Nyquist and Bode plots, generated after 15 days of
inhibitor application, are displayed in Fig. 10. Analyzing
the Nyquist plot, it can be observed that the diameter of the
LF capacitive loop for O-AB and P-AB increased compared
to control specimens (without M-Col application). This
increase clearly indicates the efficacy of ABA in penetrating
the concrete cover and forming a more robust protective
layer within just 15 days of application. Similarly, in line
with the Nyquist plot, the rise in LF impedance for O-AB
and P-AB indicates an enhancement in the surface character-
istics of the steel due to the formation of more adherent layer
in specimen treated with ABA. Conversely, there is only a
slight increase in diameter of the LF arc and |Z] for O-AP,
P-AP, O-SA, and P-SA. This may be attributed to the slower
migration rate of these compounds, suggesting that AP and
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SA could not hinder the ongoing corrosion process with the
same effectiveness as achieved by ABA.

Upon reaching the 30th exposure cycle, as shown in
Fig. 11, it becomes evident that the diameter of the LF capac-
itive arc and the impedance value of the specimens (both
control and M-Col-applied) diminished due to the impact of
aggressive ions on the reinforcing bar surface. This decline
in arc diameter and impedance is continuous until the 50th
exposure cycle, as illustrated in Fig. 12. Even as exposure to
the corrosive environment persists, ABA managed to main-
tain some level of protection until the conclusion of testing.
In contrast, AP and SA were unable to effectively halt the
ongoing corrosion process, as evidenced by their signifi-
cantly reduced LF arc diameter. The limited effectiveness
of AP and SA can be attributed to the insufficient concen-
tration reaching the bar level to perform inhibitory actions.
Notably, an important conclusion drawn from the analysis
of the LF Nyquist curve and impedance values in the case
of ABA-treated specimens in both OPC and PPC is that
the final |Z| values (after the 50th exposure cycle) for both
concrete systems are comparable (65 KQcm? for OPC and
50 KQcm? for PPC). This finding is significant, as it indi-
cates that PPC concrete, which was initially more suscep-
tible to corrosion without inhibitor application, developed a
strong inhibitive capability and can perform well in the face
of combined aggressive environments involving chlorides
and carbonation. Consequently, it is reasonable to expect
that similar service life can be achieved for PPC concrete
when inhibitors are employed in the presence of a combined
corrosive environment.
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Fig. 12—EIS plots of OPC- and PPC-based specimens after 50th cycle: (a) and (b) Nyquist plot; and (c) and (d) Bode plot.
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Fig. 13—FElectrochemical equivalent circuits: (a) EECI; (b) EEC2; and (c) schematic representation of steel-concrete interface.

Electrochemical parameters and equivalent circuits:
Furthermore, the Nyquist and Bode magnitude plots obtained
in the study were subjected to fitting using the EIS software.
In this study, multiple models were explored to identify the
most accurate electrochemical equivalent circuit (EEC), and
the resulting circuit is depicted in Fig. 13. Two EEC models,
denoted EEC1 and EEC2, were developed based on the fit
to experimental data. EEC1 represents cases where only one
impedance arc is observed in the Nyquist spectra, and it is
applicable to OPC-based specimens during the 0 and 10th
exposure cycles. EEC2, on the other hand, is applicable for
all other cycles and corresponds to situations where both
HF and LF arcs are obtained. Within the equivalent circuit,
R, stands for the resistance of the electrolytic pore solution
resistance within concrete followed by a series of imped-
ances (Z). EEC1 comprises a single impedance (Z,), while
EEC2 includes two impedances, Z. and Z,. Z. represents the
Faradaic process occurring within a concrete matrix, while
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Z, corresponds to the Faradaic process between the inter-
facial film and reinforcing bar. Z, consists of two elements:
the resistance (R.) offered by the concrete matrix and
constant phase element (CPE,) that describes the process
between solid/liquid phase in the concrete bulk. Similarly,
Z,rincludes the resistance (R.,) offered by the interfacial film
at the steel-concrete interface (commonly known as charge
transfer resistance), and a constant phase element (CPE)
that accounts for the interaction between the interfacial film
and steel. In this circuit, a constant phase element (CPE) is
employed instead of pure capacitor to fit a depressed semi-
circle. The depression in this semicircle is attributed to
factors such as surface reactivity, inhomogeneity, porosity
of concrete, roughness, and irregularities on reinforcing
bar surface.*>*3 The impedance of the CPE is dependent on
angular frequency and is determined by Eq. (2)

Zepe = 110(jw)" (2)
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Table 4—Resistive parameters obtained from Nyquist spectra

Specimen Exposure duration, R k. R Specimen Exposure duration, R ‘ R ‘ R
description days kQ.cm? description days kQ.cm?
0 10.99 — 405.67 0 62.87 354.2 353.46
10 6.74 — 90.71 10 17.92 143.01 62.48
oC 10+15 8.12 — 87.65 PC 10+15 10.41 92.69 48.95
30 11.45 23.84 33.25 30 3.44 45.13 25.41
50 7.69 10.95 10.29 50 5.17 343 5.26
10+15 44.73 35.43 467.16 10+15 54.16 95.21 542.84
0O-ABA-R 30 45.39 12.36 214.61 P-PBA-R 30 29.13 35.12 90.32
50 10.41 7.22 43.7 50 12.41 18.57 36.79
10+15 7.16 28.86 129.33 10+15 5.87 106.64 103.77
0O-AP-R 30 17.45 17.17 67.09 P-AP-R 30 11.38 55.12 29.85
50 7.36 8.49 17.75 50 7.49 18.578 4.92
10+15 10.19 28.60 110.77 10+15 8.96 48.12 103.74
0O-SA-R 30 11.73 12.49 86.38 P-SA-R 30 6.40 39.65 28.1
50 12.41 9.56 16.43 50 14.07 17.92 8.22

a

a B
cl

v‘lsion

chloride ions pushed inside with
consequent carbonation

37—
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Fig. 14—(a) Degradation mechanism in combined chloride and carbonation environment, and (b) inhibition mechanism

of ABA.

where Q represents the admittance; w stands for angular
frequency; and a denotes the exponent associated with the
CPE, which accounts for the depressed semicircle. When o
equals 1, CPE behaves like a pure capacitor, and when «
equals 0, it acts like a pure resistor. The EIS fitted parameters
for both control specimens and those treated with inhibitors
are presented in Table 4.

It can be asserted that alterations occurring within the
concrete’s bulk are mirrored by change in R, and R.. The
values of R, and R., as shown in Table 4, decreased as the
exposure period advanced in both control specimens (OC
and PC). This decrease signifies an increase in the move-
ment of ions within the concrete matrix. Notably, in some of
the OC samples, R, was absent as the HF arc (HFA) was not
present in their respective Nyquist plots. Gu et al.** noted that
the size of HFA, which represents the properties of concrete
matrix, tends to decrease when the ion concentration in the
concrete electrolyte or when the porosity of concrete system
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rises. Following the application of inhibitors, a noticeable
increase in R, value was observed only after ABA application,
indicating potential modifications in the concrete pore solu-
tion during percolation. However, no substantial changes in
R, values were detected for any of the inhibitors, suggesting
that the resistance provided by the concrete matrix remains
unaltered upon inhibitor application. With continued expo-
sure, both R; and R, progressively decreased the presence
of highly conductive ions within various concrete matrixes,
whether they were OPC- or PPC-based control specimens or
those treated with inhibitors.

The resistive parameter obtained from the fitting of the LF
(R,,) reflects the processes occurring at the reinforcing bar
level and is examined to understand alterations in the charge
transfer mechanism for both control specimens and those
treated with inhibitors. It is regarded as a critical parameter
directly linked to the corrosion rate. A decrease in R, signi-
fies an active corrosion state. As indicated in the table, for
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the control specimens, R, declined over time (from 405 to
10 kQ.cm? for OC and from 353 to 5 kQ.cm? for PC), clearly
indicating an elevated corrosion rate. The application of
M-Col led to an increase in R, values for both the concrete
systems, indicating the effectiveness of the applied generic
compounds in serving as migratory inhibitors. For ABA, R,
values increased to 467 kQ.cm? in OPC and 542 kQ.cm? in
PPC. In the case of AP, the R, value reached 129 kQ.cm?
for OPC and 103 kQ.cm? for PPC, while for SA, the values
were 110 and 103 kQ.cm? for OPC and PPC, respectively.
The rise in R, value suggests that the inhibitors might create
a resistive film on the reinforcing bar, likely through surface
adsorption. When comparing the inhibitors, the ABA-
applied specimens exhibited higher R, values for both OPC
and PPC concrete, followed by AP and SA. This implies that
ABA has a greater potential to inhibit corrosion in combined
exposure condition, a conclusion supported by the corre-
sponding i, values.

Discussion on degradation and inhibition mechanism in
RC—The present study is focused on subsequent protection
of RC structures by using M-Cols. To simulate a combined
aggressive environment, the RC samples underwent a dual
exposure cycle involving both chloride and carbonation.
The degradation mechanism was already explained in the
previous published work® and shown in Fig. 14(a). The first
stage (I) is characterized by dominant pitting corrosion,
while the second stage (II) sees both uniform and pitting
corrosion reaching their most severe levels. Therefore,
in situations where both factors can be seen concurrently,
chloride ions are responsible for initiating corrosion, but
over time, carbonation exacerbates the degradation process.
Additionally, it is worth noting that in combined corrosive
environment, concrete based on PPC exhibits a higher level
of corrosion severity as compared to OPC.

This observation contrasts with the general perception that
fly ash improves concrete’s durability by reducing its perme-
ability to aggressive ions, thus slowing down corrosion initi-
ation and propagation. Several studies have highlighted the
positive effects of fly ash in enhancing the corrosion resis-
tance of concrete, particularly in relation to chloride ion
migration. Choi et al.** observed that the partial replacement
of cement with fly ash resulted in improved corrosion resis-
tance, attributed to a reduction in chloride ion permeability.
This aligns with the authors’ understanding that fly ash can
enhance concrete’s resistance to chloride ingress that has
been observed during initial exposure cycles. Similarly,
Zhao et al.*® found that fly ash-containing concrete exhib-
ited superior resistance to chloride ion migration, leading to
better overall corrosion protection. However, the authors’
findings reveal a more complex behavior when carbon-
ation is considered. While fly ash reduces chloride ingress,
it appears to be more susceptible to carbonation, likely due
to the accelerated carbonation affecting the microstructure
more rapidly in PPC. Beglarigale et al.*’ also noted that fly
ash could promote carbonation, especially when the concrete
cover is insufficient, which diminishes its corrosion resis-
tance. Although fly ash showed positive effects in reducing
chloride penetration, carbonation offset these benefits, as
observed in the authors’ research. These results suggest that
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PPC-based concrete demonstrates higher corrosion severity
under combined chloride and carbonation exposure, empha-
sizing that the resistance to chloride ion migration may not
be enough to overcome the detrimental effects of carbon-
ation. In conclusion, while fly ash is widely recognized for
improving chloride resistance in concrete, the compounded
effects of chloride and carbonation in aggressive environ-
ments significantly influence its overall performance. These
findings highlight the need for a balanced approach in using
fly ash in concrete, taking into account its susceptibility to
carbonation in addition to its chloride resistance capabilities.
When the organic compounds were applied as migra-
tory M-Col on the concrete surface after the accumulation
of corrosion products, ABA performed well in suppressing
the rate of ongoing corrosion by forming a layer over the
reinforcing bar surface (as confirmed by the high-diameter
arc in Nyquist plots). The schematic representation inhibi-
tion mechanism of ABA is shown in Fig. 14(b). This layer
sustained itself even after the exposure to harsh corrosive
environment, which explains the inhibitive nature of ABA
molecules. On the other hand, the molecules of SA and AP
were unable to perform as M-Col in concrete due to the modi-
fication of their ions (as explained in Fig. 7) when applied
as migratory M-Col. This observation was opposed to the
Phase 1 test results, where SA performed most efficiently.
The reason is that in the pore solution, the reinforcing bar
is readily available for the M-Col ions to chelate Fe ions
through their adsorption centers; however, in concrete, an
intermediate step is to be fulfilled—that is, the percolation
through concrete matrix. To validate this, the pore solution
test was repeated with M-Col concentrations as 4, 1, and
1 mM for ABA, AP, and SA, respectively, as these are the
concentrations reaching the reinforcing bar level during the
percolation ability test (discussed in the “Mechanism of inhi-
bition (preventive versus repair)” subsection). The order of
efficiency was ABA > AP ~ SA (i, values and polarization
curve given in Fig. SD5). Hence, it can be stated that pore
solution testing alone cannot determine the inhibition perfor-
mance of any compound as corrosion inhibitor for protection
of reinforcement in concrete, and the migration ability test
is important to conduct to obtain the actual concentration of
compound that could reach the reinforcing bar level.

CONCLUSIONS

The current research work presents the outcomes of the
performance of three aromatic multifunctional compounds
acting as migratory corrosion inhibitors (M-Cols) for
already corroded steel specimens in simulated concrete pore
(SCP) solution and concrete. The following conclusions are
so made:

1. The compounds were more effective as preventive
measures than as repair strategies, highlighting the critical
role of the steel surface condition in inhibitor performance
(as seen in previous research work”!7).

2. Inhibition efficiency depends on the concentration and
form of M-Col at the reinforcing bar level. 4-Aminobenzoic
acid (ABA), in its pure form, showed superior performance,
while Salicylaldehyde (SA) and 2-Aminopyridine (AP)
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reached the reinforcing bar in reduced concentrations and
altered forms, resulting in lower efficiency.

3. Preventive and repair strategies require different consid-
erations. In pore solution, M-Cols directly chelate Fe ions,
effectively inhibiting corrosion. In concrete, the need for
percolation reduces efficiency, emphasizing that pore solu-
tion testing alone cannot fully predict inhibitor performance
in concrete.

4. A robust methodology for corrosion inhibitor selec-
tion should include both pore solution testing and migra-
tion ability assessments in concrete to ensure effectiveness
in preventive and repair applications under aggressive
conditions.
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Engineered cementitious composite (ECC), a prominent innova-
tion in the realm of concrete materials in recent years, contains a
substantial amount of cement in its composition, thereby resulting
in a significant environmental impact. To enhance the environ-
mental sustainability of ECC, it is plausible to substitute a large
portion of cement in the composition with fly ash, a by-product of
coal-fired power plants. Recent years have seen increased research
in ECC containing high-volume fly ash (HVFA) binder and its
wider application in construction practices. In this particular
context, it becomes imperative to review the role of HVFA binder in
ECC. This review first examines the effects of incorporating HVFA
binder in ECC on the fiber dispersion and fiber-matrix interface
behavior. Additionally, mechanical properties, including compres-
sive strength, tensile behavior, and cracking behavior under
loading, as well as durability performances of HVFA-based ECC
under various exposure conditions, are explored. Last, this review
summarizes the research needs pertaining to HVFA-based ECC,
proving valuable guidance for future endeavors in this field.

Keywords: durability performance; engineered cementitious composite
(ECC); fiber dispersion; fiber-matrix interface; high-volume fly ash
(HVFA); mechanical properties.

INTRODUCTION

Engineered cementitious composite (ECC), characterized
by its exceptional tensile strain and ductility, can exhibit a
tensile strain capacity ranging from 3 to 5% under tensile
loading, which is several hundred times greater than that
of conventional concrete.' This remarkable tensile capacity
enables ECC to withstand considerable deformation, thereby
enhancing the structural reliability in the face of extreme
loading events such as earthquakes, hurricanes, or blasts.’
Additionally, ECC can effectively control crack width
through the bridging effect of randomly distributed fibers,
contributing to the reduced ingress of corrosive substances
and significantly improved durability.? As a result, the appli-
cation of ECC has witnessed substantial growth in structures
exposed to harsh environments, such as bridge decks and
airport runways, which are usually subjected to combined
deterioration effects.

Despite presenting obvious advantages as mentioned
previously, the substantial amount of cement employed
in the production of ECC manifests a significant environ-
mental impact. Traditional cement-based ECC typically
contains approximately 800 to 1200 kg/m? (50 to 75 Ib/ft?)
of cement,'* which equates to nearly three times the amount
found in conventional concrete. Cement, one of the most
carbon-intensive products manufactured by mankind, emits
an average of 840 kg of CO, for every ton (1680 lb/ton)
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produced.® Considering the huge global consumption of
cement, it is estimated that nearly 9% of annual anthropo-
genic CO, emissions can be attributed to cement produc-
tion. Furthermore, cement-related CO, emissions account
for about 70% of the total greenhouse gas emission derived
from concrete.” Consequently, a higher cement content in
ECC would directly translate to amplified greenhouse gas
emission, thereby exacerbating the environmental footprint.

To diminish the embodied CO, of cement-based ECC,
the partial replacement of cement with industry by-prod-
ucts has emerged as a highly effective approach.® Fly ash,
a by-product resulting from coal combustion in coal-fired
power plants, has been used as supplementary cementitious
material (SCM) in concrete for decades due to its pozzolanic,
morphological, and micro-aggregate effects.” Normally,
fly ash is admixed into concrete in the range of 10 to 30%
by mass of the binder, considering the instability of fly ash
sources and its adverse effect on early-age strength.'? In this
range, the incorporation of fly ash can reduce the hydration
heat, enhance the resistance to chemical attack, and improve
the steel corrosion resistance.''!3 With the objective of
rendering concrete more sustainable and environmentally
friendly, high-volume fly ash (HVFA) concrete has been
formulated, with a fly ash replacement level for cement of
50% or higher.'4

In an effort to reduce the embodied CO, emission and
environmental impact of ECC, numerous researchers have
employed HVFA binder in ECC production, aiming at
attaining comparable or even superior tensile strain ductility
in comparison to cement-based ECC.> A recent study
demonstrated that despite a slight decrease in strength, ECC
containing HVFA binder continued to exhibit quasi-brittle
and ductile behaviors.!> Furthermore, the incorporation of
fly ash at a high volume enhances the durability perfor-
mances of ECC when exposed to harsh environments. '
Even the reduced strength of ECC due to the presence of
HVFA binder can be compensated by using ultrafine fly
ash, which still facilitates ECC to feature a lower embodied
carbon footprint than cement-based ECC.

However, to the best of the authors’ knowledge, there
exists no comprehensive review that explores the role of
HVFA binder in ECC. In light of this, there is a need to
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Fig. 1—Ball-bearing effect of fly ash in: (a) conventional concrete,; and (b) ECC.

synthesize and review existing knowledge regarding HVFA-
based ECC, particularly with respect to the effects of the
incorporation of HVFA binder in ECC on fiber dispersion,
fiber-matrix interface behavior, as well as mechanical prop-
erties and durability performances. To accomplish this goal,
approximately 100 relevant publications from the past two
decades were gathered from various databases and subse-
quently analyzed to provide a comprehensive overview.

RESEARCH SIGNIFICANCE

An examination of the significance of HVFA binder in
ECC could offer a cutting-edge review of advancements
in research on ECC using HVFA, thereby aiding in the
endeavor of transition ECC into a more environmentally
friendly material. Through focusing on the morphological
and pozzolanic effects of fly ash as well as the interaction
between fly ash and fiber, a comprehensive understanding of
the correlation between material characteristics and proper-
ties of HVFA-based ECC can be established.

EFFECT OF HVFA BINDER ON FIBER IN ECC

Fiber dispersion

In cement-based ECC, the dispersion of fiber is signifi-
cantly affected by the presence of sand and its morpholog-
ical parameters. It was reported that the uniformity of fiber
dispersion may be adversely affected by sand particles
possessing a high degree of roundness and sphericity.!” This,
in turn, reduces the tensile strain capacity of ECC. More-
over, fiber clumping may occur in ECC if the sand particle
size exceeds the average spacing between fibers. This leads
to a reduction in the number of fibers present in the cracking
area, thus compromising the tensile strain capacity of ECC.
Fortunately, the incorporation of HVFA binder proves
advantageous in eliminating or minimizing the detrimental
effects of sand on fiber dispersion within ECC.'8

The incorporation of fly ash at a high replacement level
has been shown to enhance the dispersion of fibers during
the mixing process of ECC.!" By replacing 58 to 74%
of cement with fly ash, a self-consolidating ECC with
uniformly dispersed fibers throughout the matrix can be
produced.?® This finding is consistent with the conclusions
drawn by Zhu et al.,*! who observed that ECC containing
70% fly ash exhibited desirable deflection properties, which
was attributed to the improved dispersion of fibers within the
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Fig. 2—Fluorescence image showing dispersion of PVA
fiber in ECC containing 69% fly ash.’* Green: fiber. Black:
matrix. (Full-color PDF of this paper can be accessed at
www.concrete.org.)

matrix facilitated by the presence of HVFA binder. Specifi-
cally, Tosun-Felekoglu et al.?? proposed that the efficiency of
fiber dispersion in HVFA-based ECC can be enhanced due
to the smooth, glassy, and spherical characteristics of fly ash
particles, especially Class F fly ash. Conversely, the use of
Class C fly ash, characterized by irregular shape and coarse
particle size, may result in fiber clumping.

It is well known that Class F fly ash is the most commonly
used type of fly ash in concrete, characterized by its predom-
inantly smooth surface and spherical morphology. In this
case, fly ash particles can function as ball bearings, facil-
itating the mitigation of internal friction among various
grains® including cement and sand particles, as shown in
Fig. 1(a). As a result, the incorporation of fly ash in concrete
could improve its workability. It could be expected that
the good dispersion of fibers in HVFA-based ECC benefits
at least partially from the “ball-bearing” effect of fly ash.
Figure 1(b) illustrates the positive effect of fly ash addition
on the fiber dispersion in ECC.

In the research of ECC, the direct determination of fiber
dispersion homogeneity in the matrix has been a seldom-
explored domain due to the absence of suitable method-
ologies. Recently, a novel approach based on image anal-
ysis emerged to assess the uniformity of fiber dispersion,?*
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Fig. 3—Schematic diagram of fiber with average distance: (a) greater than; (b) similar to; and (c) smaller than aggregate

size.”’

especially polyvinyl alcohol (PVA) fibers, as presented in
Fig. 2. In this figure, pixels highlighted in green denote the
presence of PVA fibers, while those in black represent the
matrix (full-color PDF of this paper is available at www.
concrete.org). Through the image analysis, the fiber-disper-
sion coefficient can be obtained, wherein a coefficient of 1
indicates a state of completely homogenous dispersion while
a value of 0 represents all fibers are clustered together.?®
When the replacement level of cement with fly ash was
55%, ECC mixtures exhibited a fiber-dispersion coefficient
ranging from 0.5 to 0.9, suggesting excellent fiber disper-
sion and confirming the beneficial effect of HVFA binder on
fiber dispersion in ECC.?° It is postulated that the average
distance between fibers should exceed the size of aggregate
to facilitate proper fiber dispersion,?’ as depicted in Fig. 3.
It is obvious that fibers in Fig. 3(a) exhibit a significantly
improved fiber-dispersion homogeneity compared to those
in Fig. 3(b) and (c), owing to the greater fiber spacing. The
theoretical distance between fibers was calculated to be in a
range of 205 to 307 um using PVA fibers with diameter and
volume fraction of 39 um and 2%, respectively.?*

It is obvious that nearly all the fine aggregates have a
larger size than the theoretical fiber spacing, while the fly
ash particles are smaller than this distance, confirming the
favorable effect of HVFA binder on fiber dispersion in ECC.
The typical particle size for fly ash used in concrete falls
within the range of 0.2 to 100 pm,?®?° while the fine aggre-
gate may span from 70 to 5000 pum, as illustrated in Fig. 4.
The lower and upper limits for the fiber spacing using the
aforementioned PVA fiber factors are also present in this
figure, which are clearly smaller than the majority of sand
particles yet surpassing the particle size range of fly ash. As
a result, the incorporation of HVFA binder in ECC could
mitigate the fiber clumping caused by the presence of sand.

Fiber-matrix interface behavior

In the formulation of ECC, a variety of fibers can be
used, including PVA, steel, polyethylene (PE), basalt, and
hybrid fibers. Among them, PVA fiber, characterized by its
high tensile strength and modulus of elasticity as well as its
cost-effectiveness, has been the most widely used admixed
fiber in ECC.>*® When admixed into the cement-based ECC
mixtures, PVA fiber can undergo a chemical reaction with
cement hydration products, thereby establishing a strong
chemical bond between the fiber and the matrix.>!
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Fig. 4—Particle size distribution of fly ash and sand as
well as limits of fiber spacing, based on data collected from
references.’*?8%9

Figure 5 presents the interfacial connections between PVA
fiber and calcium silicate hydrate (C—S—H) as an example. As
shown in Fig. 5, the hydrogen atoms in the molecular chains
of PVA fiber react with Si-OH groups in C—S—H, resulting
in the formation of the first type of H bond (indicated by the
connection labeled as 1). Additionally, the second type of
H bond, denoted by the label 2 in Fig. 5, is formed through
the attraction between hydrogen atoms in C-S—-H and
C—OH groups from PVA fibers.?? Therefore, the fiber-ma-
trix interface bond is strengthened due to the chemical reac-
tion between them, potentially leading to fiber rupture and a
consequent reduction in the tensile strain capacity of ECC if
the chemical bond surpasses the fiber bridging capacity.3* In
such scenarios, surface treatment on the fibers (for example,
coating with oil) must be applied prior to admixing them in
ECC.*

The incorporation of HVFA binder in ECC can also lead
to a reduction in the bond between the fiber and the matrix.
Peled et al.> conducted a study on the failure mode of fibers
in ECC with varying fly ash contents and observed a shift
from fiber fracture to fiber pullout as the fly ash content
increased from 0 to 70%. It was proposed that a high replace-
ment of cement by fly ash in ECC could increase the porosity
of the matrix, leading to a deterioration in its properties and
a decrease in the strength of the fiber-matrix interface bond
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Fig. 5—Schematic illustration of interfacial connections between PVA and C—S—H.*

and thereby altering the fiber failure mode. As a result, at a
given fiber bridging capacity, cement-based ECC without fly
ash exhibited fiber rupture, whereas in HVFA-based ECC,
the fiber would be pulled out from the matrix. This finding
is similar with another study,’® which demonstrated that
the incorporation of 69% fly ash in the binder could reduce
the matrix toughness, interface frictional stress, and inter-
face chemical bond of ECC simultaneously. Therefore, the
replacement of cement by fly ash at a high level is found
to be beneficial for enhancing the tensile strain capacity of
HVFA-based ECC, contributing to a superior strain-hard-
ening behavior compared to cement-based ECC.

The reduced fiber-matrix chemical bond and interface
frictional stress resulting from the incorporation of HVFA
binder in ECC can be explained by two mechanisms. First,
the presence of a high-volume fraction of fly ash in the matrix
may dilute the concentration of cement hydration products,
resulting in a reduced chemical reaction rate with PVA fiber
and a subsequent reduction in the development of interface
chemical bond.?” Second, the residual carbon present in fly
ash can act as a lubricant, facilitating easy fiber pullout and
consequently reducing the interface fractional stress.

It is well known that almost all fly ashes contain unburnt
carbon due to the incomplete combustion, and its content is
typically indicated by the loss on ignition (LOI) of fly ash.
Generally, the presence of unburnt carbon particles in fly ash
has the capacity to absorb chemical admixtures,*® compro-
mising the workability of concrete containing such fly ash.
However, owing to the spherical morphology of these carbon
particles,®® they are likely to demonstrate the ball-bearing
effect similar to that of fly ash particles, thereby reducing the
interfacial stress between the fiber and the matrix.

PROPERTIES AND PERFORMANCES OF ECC

It is well known that the incorporation of HVFA binder
can have significant effects on the mechanical properties and
durability performances of concrete, including ECC. This
section provides a comprehensive overview of the compres-
sive strength, tensile behavior, crack width, and durability
performances of HVFA-based ECC.

48

Compressive strength

Typically, traditional cement-based ECC exhibits a high
compressive strength owing to its high cement content. The
primary concern when considering the incorporation of
HVFA binder in ECC is the potential reduction in compres-
sive strength. Studies have demonstrated that by using an
ECC with 55% fly ash, the 7- and 28-day compressive
strengths can reach 38 and 50 MPa (5511 and 7252 psi),
respectively.**#? Furthermore, ECC has been shown to
achieve a 28-day compressive strength exceeding 40 MPa
with a substantial 70% replacement of cement by fly ash.*’
Even with a higher fly ash content of 74%, the 28-day
compressive strength of HVFA-based ECC can still reach
a value of 35 MPa (5076 psi), meeting the requirements of
normal engineering applications.’

For cement-based ECC with appropriate water-binder
ratios, the compressive strength typically falls within the
60 to 90 MPa (8702 to 13,053 psi) range.*** It can be
concluded that the incorporation of HVFA binder in ECC
indeed leads to a reduction in the compressive strength, with
the reduction increasing with the fly ash content. During
the early ages, a significant portion of fly ash particles in
the HVFA system remain unreacted, and the concentration
of cement particles is diluted, resulting in the formation
of fewer hydration products and thus a lower compressive
strength of HVFA mixtures, including HVFA-based ECC.*

However, it should be noted that as the curing time
increases—for example, from 28 to 90 days—the compres-
sive strength of HVFA-based ECC demonstrates acceler-
ated development compared to that at early ages.*’” With the
prolonged curing age, the pozzolanic reaction of fly ash,
occurring between the fly ash particle and the portlandite
generated during cement hydration, leads to the generation
of additional calcium aluminosilicate hydrate (C—A—S—H)
gels and thereby the accelerated strength development of
HVFA-based ECC.*® In fact, at later-term ages, HVFA
mixtures may develop a compressive strength comparable
to that of cement-based materials.** At the curing time of
90 days, the compressive strength of HVFA-based ECC
can reach a value in the range of 55 to 60 MPa,>*>! or even
higher than 60 MPa.*? As a result, the compressive strength
of HVFA-based ECC is usually represented by the strength
at the curing time of 90 days.
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Table 1—Maximum replacement level of fly ash in ECC

Maximum fly ash replacement
Property level Effect of a further higher fly ash content References
Compressive strength 70 to 75% Fail to meet strength requirement 40-42, 55, 56
Tensile behavior 80% Lower tensile strain being less than 2% 57-59
Crack width 70 to 75% Limit self-healing of crack 53, 60-62

On the other hand, there exists an upper limit for fly ash
replacement in ECC, approximately 70 to 75%, beyond
which the compressive strength diminishes to a level inad-
equate for structural concrete requirements.*’ For instance,
a study revealed that ECC with a 80% fly ash replacement
only yielded a 28-day compressive strength of 24 MPa
(4061 psi),>® even in the condition of employing a water-
binder ratio as low as 0.2.°* Table 1 lists the maximum
replacement level for fly ash in ECC concerning compres-
sive strength, alongside additional properties that will be
detailed in the following sections.

Tensile behavior

The tensile strain-hardening behavior is almost the focus
of every study of HVFA-based ECC. Normally, HVFA-
based ECC has demonstrated a tensile ductility that ranges
between 2 and 4%.° It should be noted that the maximum
permissible fly ash replacement in ECC to achieve a suffi-
cient strain-hardening capacity (2%) is approximately
80%,” as included in Table 1. At a lower fly ash content of
70%, the tensile strain of ECC after 90 days of curing can
exceed 2.5%.% ECC containing 50% fly ash has shown a
tensile strain capacity ranging from 3 to 4%, with the tensile
strength reaching as high as 4.5 MPa (652 psi).>

The high tensile strain capacity of HVFA-based ECC is
believed to stem from reductions in three key properties: the
chemical bond at the fiber-matrix interface, the frictional
stress at the fiber-matrix interface, and the matrix tough-
ness.*® Additionally, the reduced cement content in ECC
can also account for its diminished matrix toughness.’® As a
result, the pullout of fiber, rather than the rupture, would be
observed as a consequence of the reduced adhesion between
the fiber and the matrix. On the other hand, the decrease in
matrix toughness facilitates the development of multiple
cracks in the matrix prior to the stress reaching the fiber
bridging capacity. Both effects will contribute to the exhi-
bition of strain-hardening behavior of HVFA-based ECC
under tension, characterized by the formation of multiple
cracks with an average width of approximately 60 um and a
spacing of 1 to 2 mm when subjected to large deformation.*’

Besides the high tensile strain capacity of HVFA-based
ECC, it can also be concluded that the tensile strain capacity
of HVFA-based ECC decreases with increasing the replace-
ment level of fly ash. Table 2 presents the effect of fly ash
content on the tensile strain of HVFA-based ECC. It should
be noted that the tensile strain capacity listed in this table
is based on the data obtained at the curing time of 28 days,
as the predominant focus of studies lays on the tensile
behavior of HVFA-based ECC at this specific age. As the
fly ash content in HVFA-based ECC increases, the reduction
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Table 2—Effect of fly ash content on tensile strain
of HVFA-based ECC

Fly ash replacement
level Tensile strain capacity References
50% 3t0 4% 50
55% 3% 16,41, 42
60% 3% 51
70% 2.5% 36,43
80% 2% 57
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Fig. 6—Tensile stress-train curves of ECC containing 69%
Sy ash.”® Curves with different colors mean replication spec-
imens for same ECC mixture. (Full-color PDF of this paper
can be accessed at www.concrete.org.)

in tensile strain capacity may be due to the tightened crack
width under tensile loading, which will be detailed later.

Figure 6 illustrates typical tensile stress-strain curves for
ECC containing 69% fly ash after 28 days of curing. Obvi-
ously, the strain-hardening behavior is observed in ECC,
with the strain capacity reaching approximate 2%. It can also
be inferred from Fig. 7 that the strain capacity of HVFA-
based ECC is attributed to the presence of multiple cracks
rather than a single crack. Specifically, both the increases in
crack width and the increase in crack number contributed to
the increase of strain up to 1% at the initial stage of tensile
loading, while the later stage development of strain is mainly
due to the increase in crack number.”

Crack width

The width of crack is a crucial parameter for assessing
the tensile properties of ECC in relation to its strain-
hardening behavior.®! As the cement replacement level with
fly ash in ECC rises from 0 to over 50%, the crack width in
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Fig. 7—Representative lognormal crack width distribution
Jfor ECC containing 69% fly ash at different imposed strain
levels.”

ECC at the 60 um level can be reduced to the range of 10 to
30 um.>#%35 In ECC containing 55 to 78% fly ash, a further
reduction in crack width is evident (as present in Fig. 8).° As
the strain capacity is linked to the increase in crack width,
the tensile strain capacity of HVFA-based ECC would also
decrease as the fly ash content increases.

It is well acknowledged that the incorporation of fly ash
in ECC could reduce the matrix toughness, fiber-matrix
interface frictional stress, and fiber-matrix interface chem-
ical bond simultaneously.*® As a result, an increased fly ash
content leads to a greater number of fibers being partially
pulled out from the matrix in HVFA-based ECC, resulting
in a constricting effect on crack propagation. This explains
the tightened crack width of HVFA-based ECC containing a
higher content of fly ash, consequently leading to a dimin-
ished tensile strain capacity in such ECC.

On the other hand, the reduction in crack width in HVFA-
based ECC is beneficial for the long-term durability of
ECC in aggressive environments, as it results in the limited
ingress of deteriorative substances into ECC. However, the
crack width would increase with increasing strain levels
imposed on the HVFA-based ECC. The distribution of crack
width for ECC containing 69% fly ash at different strain
levels is shown in Fig. 7. It should be noted that as the strain
level increases, the crack distribution transforms from a tight
pattern to a loose pattern, wherein more cracks with larger
width are observed.”

The width of cracks in ECC holds significant importance
as it has been identified as a critical factor affecting in the
self-healing ability of concrete. Self-healing refers to the
ability of a crack to diminish in width autogenously over
time. A tight crack width facilitates the easy and complete
healing of a crack.®! In fact, for ECC to exhibit effective self-
healing behavior, the crack widths must be less than 150 pm,
preferably lower than 50 um.% Therefore, HVFA-based ECC
featuring tight crack widths are expected to enhance the
self-healing properties. For instance, Kan et al.*®?> observed

50
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Fig. 8—Residual crack width of ECC after 3 days of quasi-
static loading where fly ash content is: (a) 55%; (b) 62%; (c)
67%; (d) 74%, and (e) 78%, respectively.’

a highly robust self-healing in ECC containing 55% fly ash,
where the crack width was less than 50 pm. Meanwhile, with
a higher fly ash replacement level of 69%, Sahmaran et al.®!
found that cracks ranging from 30 to 50 pm in width could
be healed. With the same fly ash replacement, Fan and Li®
concluded that the self-healing behavior in HVFA-based
ECC varied along the depth of cracks, emphasizing the
importance of using crack volume rather than surface crack
area for accurate self-healing characterization.

Generally, the formation of additional hydration products
due to the pozzolanic reaction between fly ash and portlan-
dite is responsible for the healing of cracks occurring in ECC
during the pre-loading or exposure to various deteriorations.*’
Given the presence of more unhydrated cementitious mate-
rials in HVFA systems, it is expected that HVFA-based ECC
possesses a greater capacity for self-healing cracks. Figure
9 shows the filling of a crack by newly formed C—S—H gels,
which indicates the occurrence of crack self-healing.’® The
observed recovery in transport and mechanical properties in
pre-cracked ECC further confirms the self-healing process.®
It should be noted that there exists an upper limit for fly ash
replacement level in ECC (normally 70 to 75%, as summa-
rized in Table 1), beyond which increasing the fly ash content
would no longer be beneficial for crack self-healing.> This
is due to the insufficient supply of self-healing products at
such high fly ash contents in ECC, where limited portlandite
availability hinders the pozzolanic reaction of fly ash.

Durability

Generally, HVFA-based ECC has demonstrated excellent
durability when subjected to various deterioration condi-
tions. In fact, a series of studies investigating the durability
performances of ECC containing 55% fly ash revealed its
lower risk of capillary water transport,® reduced penetration
of chloride ions,’*% enhanced resistance to freezing-and-
thawing cycles with or without deicing salts,>%” absence
of expansion due to alkali-silica reaction,*' improved resis-
tance to reinforcing bar corrosion,*? higher residual tensile
ductility in hot and humid environments,*® and enhanced
fire resistance in terms of residual mechanical properties and
explosive spalling.®
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Fig. 9—Micrograph of pozzolanic reaction products present
in crack in ECC containing 69% fly ash.>

Fire resistance—Generally, the fire resistance of HVFA-
based ECC is good until the elevated temperatures compro-
mise the fiber bridging effect. For ECC with 78% fly ash
replacement level, the average fatigue life may exhibit a
modest enhancement under cyclic loading conditions at
elevated temperatures below 200°C (392°F).7® At such a high
temperature—for example, 100°C (212°F)—the number of
microcracks increases rapidly in the initial stage of fatigue
loading and then reaches a stable expansion stage, contrib-
uting to its improved fire resistance. When using as a repair
material for structures impaired by elevated temperatures,
ECC containing 55% fly ash demonstrates superior bonding
properties, guaranteeing the structural integrity.”’ With
a similar fly ash content, ECC exhibits enhanced residual
compressive strength, reduced mass loss, and delayed
decomposition of hydration products when subjected to high
temperatures below 200°C (392°F).”>"3 A similar conclusion
can be drawn from ECC containing 50% fly ash, in which
the compressive strength and tensile ductility are mostly
retained under elevated temperature exposures up to 200°C
(392°F).™

Note that the tensile capacity of HVFA-based ECC may
diminish at elevated temperatures exceeding 150 to 200°C
(302 to 392°F), as the reinforcing PVA fibers begin to melt.”
At such high temperatures, both the fiber strength and the
fiber-matrix strength are compromised, resulting in the loss
of strain-hardening characteristic of ECC,’® as illustrated by
the crack patterns shown in Fig. 10. It is also evident from
this figure that the mass losses in matrix material become
significant when the exposure temperature exceeds 200°C
(392°F).

Freezing-and-thawing resistance—Normally, the freez-
ing-and-thawing resistance of HVFA concrete is inferior
to that of its cement counterpart with an equivalent water-
binder ratio.”” This is because of the absorption effect of the
air-entraining admixture by the unburnt carbon particles in
the fly ash, which compromises the air-void characteristic,
such as the spacing factor, and consequently, the freezing-
and-thawing durability of HVFA concrete.”® With an proper
air void system, the freezing-and-thawing resistance of
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Fig. 10—Crack patterns on surface of HVFA-based ECC
after exposure to high temperatures: (a) 200°C (392°F);
(b) 400°C (752°F); (c) 600°C (1112°F); and (d) 800°C
(1472°F).%

air-entrained HVFA concrete can be exceptional, showing
a durability factor exceeding 95% upon completion of the
rapid freezing-and-thawing cycling test.”

However, HVFA-based ECC features good freez-
ing-and-thawing resistance in terms of the tensile strain
capacity after specific freezing-and-thawing cycles. Specif-
ically, HVFA-based ECC exhibits remarkable tensile strain
capacity, surpassing 2%, even after 300 freezing-and-
thawing cycles.®” Moreover, ECC containing 64% fly ash
demonstrates excellent resistance to combined effects of
sulfate attack and freezing-and-thawing cycles.* Similar
findings were reported in a study conducted by Liu et al.,*
where it was observed that the ductility of ECC containing
50% fly ash could even increase after being subjected to
freezing-and-thawing cycles in water or sodium chloride
solution, as depicted in Fig. 11.

It can be seen from Fig. 11(a) that prior to the freezing-and-
thawing cycles, the first cracking load and maximum deflec-
tion of the ECC were 284 N (63.8 Ib) and 7.59 mm (0.30 in.),
respectively. After 200 freezing-and-thawing cycles in tap
water, the counterparts changed to 192 N (43.2 lb) and
18.50 mm (0.73 in.), respectively. It should be noted that the
maximum deflection of the ECC was more than two times
compared to its state before freezing-and-thawing cycles.
Even after 200 freezing-and-thawing cycles in NaCl solu-
tion, the maximum deflection of the ECC containing 50%
fly ash still reached a higher value of 16.51 mm (0.65 in.) (as
shown in Fig. 11(b)).

This increased ductility of HVFA-based ECC during
freezing-and-thawing cycles has mainly resulted from
the self-healing capacity induced by the incorporation of
HVFA binder. A similar conclusion was drawn in a study on
preloaded HVFA-based ECC under freezing-and-thawing
cycles, in which the recovery in the mechanical and transport
properties was attributed to the self-healing behavior.®! The
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Fig. 11—Load-defection curves of ECC containing 50% fly ash subjected to different freezing-and-thawing cycles: (a) in tap

water, and (b) in NaCl solution.%’

generation of additional C—A—S—H gels from the pozzolanic
reaction between fly ash particles and calcium hydroxide
during the self-healing process would benefit the refine-
ment of the pore structure, which contributes to the strength
enhancement and transport properties.?>®> Given the close
connection between the freezing-and-thawing resistance of
HVFA-based mixture and its strength and transport proper-
ties, HVFA-based ECC could feature an improved tensile
ductility due to the self-healing effect of HVFA binder after
specific freezing-and-thawing cycles. Table 3 summarizes
the mechanisms contributing to the enhanced durability
performances of HVFA-based ECC.

Transport properties—Generally, the incorporation of
HVFA binder in cement-based materials can induce pore and
grain refinement, resulting in enhanced transport properties
of HVFA mixtures. These improvements include reduced
water permeability, water sorptivity, gas permeability, and
chloride ion penetration.®¥° For HVFA-based ECC, it typi-
cally exhibits further lower water permeability, even in the
presence of multiple microcracks under tensile strain of up to
3.0%.%* A similar conclusion was drawn by Liu et al.,* who
assessed the water permeability of cracked ECC containing
69% fly ash and attributed the reduced water permeability
to the tight crack width of HVFA-based ECC. On the other
hand, even when subjected to a severe marine environment
with 3% NaCl for up to 90 days, ECC incorporating 55% fly
ash retains a robust tensile ductility despite a reduction in
tensile strength.

The improved resistance to water permeability and
chloride-ion penetration in HVFA-based ECC is attributed
to the slow pozzolanic reaction of fly ash, which fills pores
and reduces the porosity of ECC.*’ It has been observed
that the incorporation of HVFA binder typically leads to a
diminished quantity of capillary pores.’! Moreover, the pres-
ence of HVFA binder can also increase the tortuosity of the
capillary network and reduce pore interconnectivity.’? Both
effects could contribute to the reduced capillary absorption
and water sorptivity.

Furthermore, the chemical reaction between the Al-rich
phase in fly ash and chloride ions leads to the formation
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of stable complexes such as AFt/AFm and Friedel’s salt,
endowing HVFA-based ECC with a greater chloride binding
capacity.”>*° The reduction in crack width resulting from the
increase in the fly ash content in ECC also contributes to
its resistance to water permeability and chloride-ion perme-
ation.** Tight crack widths in ECC have been shown to
impede the ingress of moisture, gas, and harmful ions from
external environments, thereby improving its durability.”

Chemical attack—The deterioration of concrete by chem-
icals primarily arises from the erosion and expansion of the
paste induced by the reactions of chemical ions with port-
landite and other hydration products. For normal HVFA
concrete, the resistances to sulfate, lactic acid, acetic acid, and
hydrochloric acid have been reported to be superior to that of
ordinary portland cement concrete.”® This can be explained
by the reduction in the content of calcium hydroxide and the
compact microstructure of HVFA concrete, resulting from
the pozzolanic reaction of fly ash.

Regarding HVFA-based ECC, it demonstrates desirable
durability when subjected to chemical attack. Liu et al.”’
investigated the resistance of ECC to aggressive solutions
(5% Na,SO4 + 3% NaCl) and found that ECC containing
69% fly ash maintained a tensile ductility of over 2% after
200 days of exposure to this solution. In addition, under
the same conditions, the self-healing of microcracks was
observed in preloaded ECC.* Gao et al.,’® in their study
on the corrosion resistance of ECC containing 53% fly ash
under the combined actions of 5% Na,SO, solution and
wetting-and-drying cycles, reported that HVFA-based ECC
exhibited desirable performance after 120 corrosion cycles.
This finding is consistent with recent studies®®* in which
ECC with 55 to 69% fly ash demonstrated high resistance
to the combined effects of sulfate corrosion, sulfuric acid
attack, and wetting-and-drying cycles.

The pozzolanic and filling effects of fly ash particles were
considered the key contributors to the corrosion resistance
of HVFA-based ECC. Notably, a recent study indicated that
even when exposed to simulated sewer environments encom-
passing sulfuric acid, sodium sulfate solution, wetting-and-
drying cycles, and surface erosion, ECC containing 78% fly
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Table 3—Improvement mechanism of incorporation of HVFA binder on durability of ECC

Property Improvement mechanism References
Freezing-and-thawing resistance Benefit from self-healing behavior 67, 80, 81
Slow pozzolanic reaction of fly ash, chemical reaction between fly ash and
Transport property chloride ion, and tight crack width 47,59, 66, 84
Chemical attack Self-healing of microcracks, pozzp(;lft?;lceeﬁect, and filling effect of fly ash 3587

ash retained a tensile ductility of over 2% while maintaining
self-healing ability.?’

RESEARCH NEEDS

Numerous investigations have validated the feasibility of
incorporating a substantial proportion of fly ash in ECC, typi-
cally ranging from 55 to 75% of the total binder. However,
the huge demand for fly ash in concrete production has led to
a diminishing supply of conventional fly ash.!” Furthermore,
in certain regions, the availability of conventional fly ash is
diminishing because of the transition in fuel sources at elec-
tricity generation facilities (for example, from coal to natural
gas). In this context, unconventional types of fly ash, such
as biomass ash, have been used in the production of ECC."
Given the distinct physical and chemical characteristics of
these unconventional ashes including fineness, crystallinity,
LOI, and chemical composition, it has become increasingly
imperative to explore the effect of employing these uncon-
ventional ashes on ECC properties. This exploration includes
rheological properties, fiber dispersion, tensile behavior, and
composite microstructure.?

A typical ECC mixture comprises cement, fly ash, sand,
water, chemical admixtures, and fibers, predominantly
oil-coated PVA. Currently, the oil-coated PVA fiber is
primarily manufactured by a company located in Japan and
commands a premium in the market. As a result, ECC is
constrained to specific structures, such as bridge deck link
slabs, bridge deck overlays, dam repairs, and coupling beams
in high-rise buildings. Economic considerations present
a significant hurdle to the widespread application of ECC
into large-scale practical engineering. Moreover, despite the
prevalent assertion of the superiority of HVFA-based ECC
over cement-based ECC in terms of carbon footprint and
sustainability, there is a lack of understanding regarding the
life cycle assessment and cost-effectiveness of HVFA-based
ECC. To facilitate the broader adoption of ECC in large-
scale applications, there is an urgent imperative to develop
cost-effective ECC using local materials while maintaining
exceptional strain-hardening performance and to conduct a
comprehensive life cycle analysis of the resultant ECC.

CONCLUSIONS

This work reviews the effect of incorporating high-
volume fly ash (HVFA) binder on engineered cementitious
composite (ECC) mixtures, including fiber dispersion,
fiber-matrix interface behavior, as well as mechanical prop-
erties and durability performances of ECC. The following
conclusions can be drawn.

1. The addition of HVFA binder in ECC can enhance the
fiber dispersion efficiency due to the smooth surface and
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spherical morphology of fly ash particles, which act like ball
bearings, facilitating the exhibition of the high tensile strain
capacity of HVFA-based ECC.

2. The presence of HVFA binder in ECC has been found to
reduce both the frictional stress at the fiber-matrix interface
and the interface chemical bond. Unburnt carbon particles
present in fly ash can serve as a lubricating agent, reducing
the interface frictional stress. Fly ash at a high replacement
level dilutes the concentration of cement hydration products,
lowering the development of the interface chemical bond
between the hydration products and fiber.

3. With the fly ash replacement levels laying in the normal
range, HVFA-based ECC can exhibit a sufficient compres-
sive strength for normal engineering applications. As the
curing time increases, the strength development of HVFA-
based ECC accelerates due to the pozzolanic reaction of fly
ash.

4. There exists a maximum fly ash content for ECC to
achieve a sufficient strain-hardening capacity, beyond which
the tensile strain capacity of HVFA-based ECC begins to
decrease, resulting from the fact that a greater number of
fibers have been partially pulled out from the matrix. In
this case, a constricting effect on crack propagation can be
observed, which leads to a diminished tensile strain capacity.

5. The reduction in crack width has been widely observed
in HVFA-based ECC, which can be attributed to the self-
healing behavior of cracks by the pozzolanic reaction of fly
ash. An upper limit for fly ash content exists in ECC, beyond
which increasing the fly ash content would no longer be
beneficial for crack self-healing due to the limited supply of
portlandite.

6. HVFA-based ECC containing polyvinyl alcohol (PVA)
fiber can demonstrate excellent resistances to damage by
elevated temperatures, water transport and chloride ion
penetration, freezing-and-thawing cycles, and chemical
attack, in terms of the residual strength and tensile ductility.

7. Due to the limited supply of the conventional fly ash
and the high expense of the raw materials (mainly oil-coated
PVA fiber), future research should focus on the feasibility
of using unconventional ashes (such as biomass ash) in
ECC, the design of ECC using local materials, as well as
conducting life cycle analysis and assessing the cost-effec-
tiveness of HVFA-based ECC.
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Phosphogypsum (PG) is often used to produce a-hemihydrate
gypsum (a-HH), but the impurities in PG, including intercrystal-
line phosphorus (IP), limit its reuse. The objective of this paper is
to study the effect of IP on the morphology, hydration, and hard-
ening properties of o-HH, using X-ray diffraction (XRD); X-ray
photoelectron spectroscopy (XPS),; scanning electron microscopy
(SEM), Fourier-transform infrared spectroscopy (FTIR); and
testing of setting time, hydration, heat, and strength. The results
revealed that IP dissolved out from dihydrate gypsum (DH) and
entered the lattice of a-HH during the preparation of o-HH, while
there was little difference in the morphology of o-HH. When a-HH
hydrated, IP dissolved and converted into Cas(PO,), absorbed on
the surface of DH. 0.04% IP had no effect on the hydration, setting
time, and strength of a-HH, with 0.1% or more IP significantly
prolonging the hydration of a-HH and deteriorating microstructure
of hardened paste, thus reducing strength. Based on the results, IP
content in PG should be controlled to less than 0.04%.

Keywords: a-hemihydrate gypsum; hydration; intercrystalline phosphorus;
microstructure; morphology; setting time; strength.

INTRODUCTION

As an industrial by-product produced in the wet phos-
phoric acid process,' phosphogypsum (PG) is mainly
composed of CaSO,4-2H,0 (abbreviated as DH). In addition,
it contains various harmful impurities such as soluble phos-
phorus and fluorine compounds, insoluble phosphorus and
fluorine compounds, and intercrystalline phosphorus (IP)
compound.*> With the rapid development of the phosphate
fertilizer industry in China, the average annual yield of PG
has exceeded 75 million tons, and the accumulated stock-
piling has reached more than 600 million tons.%” However,
the current use rate of PG is only 40% according to China
Phosphate and Compound Fertilizer Industry Association,
and massive amounts of PG have piled up in stacking fields,
which led to the occupation of land and enormous environ-
mental pressure.®?

a-hemihydrate gypsum (o-HH) is known as a high-
strength gypsum, has good working environmental and
biological performances, and has been widely used in preci-
sion casting, high-end building materials, arts and crafts,
medical, and other fields.'® Because the DH content in PG
is very high, PG can be used as raw material to produce
a-HH by an autoclaved method, and the strength is mostly
between 30 and 40 MPa.!'"!* This use is an effective way
to realize high value-added application and sustainable
development of PG, but the impurities, especially the phos-
phorus, deteriorate the properties of gypsum plaster and
restrict the use of PG in the plaster industry.*!*!8 Until
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now, the effects and mechanism of soluble phosphorus—
including H;PO,, H,PO*, and HPO4>—on the hydration,
properties, and pore structure of a-HH have been clarified.
However, the research about the effect of IP on properties
of o-HH was relatively weak. Liu et al.'” studied the state
and evolution of phosphorus included in calcium sulfate,
which was sampled in a hemihydrate-dihydrate phosphoric
acid plant. The results showed that the content of IP wrapped
into hemihydrate gypsum is significantly reduced when the
hemihydrate gypsum dissolved and recrystallized into dihy-
drate gypsum. Peng et al.,”” Li et al.,”! and Song et al.?* sepa-
rately prepared the dihydrate gypsum samples containing
different contents of IP; then the samples were calcined to B-
hemihydrate gypsum (B-HH). The results indicated that
the IP in the lattice of dihydrate gypsum did not change in
the process of calcination but was retained in the lattice of
B-HH. When B-HH hydrated, the IP released from the lattice
and led to the retardation of setting time and decrease in
strength. Note that a-HH is prepared by dihydrate gypsum
in the presence of water or saturated steam, while f-HH
is prepared by roasting dihydrate gypsum. There is a big
difference between o-HH and B-HH in the specific surface
area, crystal size, imperfection, and surface topography.>>®
Therefore, the effect and mechanism of IP on the compo-
sition, morphology, hydration, and strength of a-HH is
different from that of p-HH.

Recently, there have been many studies on removing
harmful impurities such as phosphorus and fluorine from
PG. The results indicated that water-soluble phosphorus and
fluorine in PG can be removed by lime water washing or
neutralization, but the insoluble phosphorus including IP
only is decreased by acid washing, such as sulfuric acid,
citric acid, and muriatic acid.?®?’ In fact, the PG system is
complex and changeable; the pretreatment methods need to
be adjusted appropriately for the different PG systems. Clar-
ifying the influence and mechanism of IP on the properties
of a-HH is necessary for selecting the pretreatment method
of PG when it is used as raw material to produce a-HH by
the autoclaving method.

This paper first studied the effect of IP on the composition
and morphology of a-HH. Then, the experimental results of
setting time, the rise of hydration temperatures, and anion
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Table 1—Chemical composition of NG (%, in mass)

SO, CaO Si0, Fe,05 K,0 Sr0 BaO TiO, Ag,0 CuO
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Fig. I—XRD spectrum of NG.

concentration in the liquid phase of a-HH were tested. On
these bases, the effect of IP on the hydration properties of
a-HH was discussed. In addition, the effect of IP on strength
and microstructure of a-HH-hardened pastes was inves-
tigated. Based on the results and analysis, the influencing
mechanism of IP on the properties of a-HH was revealed
and the control range of IP in PG used to produce a-HH was
given.

RESEARCH SIGNIFICANCE

This paper prepared a-HH with the autoclaving method;
studied the effect of IP on the composition, morphology,
hydration, and hardened properties of a-HH; and revealed
the influence mechanism through the study of a simplified
system. The results provide the necessary theoretical and
practical basis for selecting the appropriate pretreatment
method of PG and promoting the efficient application of PG
in o-HH.

EXPERIMENTAL INVESTIGATION

Raw materials

Natural gypsum (NG) is a creamy yellow lump. NG was
ground for 20 minutes in a ball mill, dried at 110 + 5°C for
24 hours, and finally screened by a 0.125 mm square-hole
sieve for later use. The main chemical composition, X-ray
diffraction (XRD), and microscopic morphology of NG are
shown in Table 1 and Fig. 1 and 2. The main component of
NG was DH; the NG consisted of lumpy crystals and fine
grains.

All chemical reagents used in the test were analytical
reagents. Succinic acid, phosphoric acid (H;PO,4), DH, and
calcium phosphate dihydrate (CaHPO,4-2H,0) were used.
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Fig. 2—SEM picture of NG.

Sample preparation and mixture proportions

The IP sample was prepared by referring to the existing
references.?' First, 10 mL of H;PO, was diluted 10 times
and heated to 80°C. Then, 4 g of CaHPO,2H,0 and 2 g
of DH powder were added successively and stirred until
dissolved well. Subsequently, 11 g of Ca(OH), were quickly
added to make a neutral solution, which was placed until
CaHPO,42H,0 and DH were co-crystallized. Finally, the
DH containing 8% IP (Ca(SO4,HPO,)-2H,0) was obtained
by filtrating the solution, then washed by deionized water
twice and dried at 60°C for 24 hours.

The IP sample was added into NG and mixed well, making
the NG contain different contents of IP, which were 0, 0.04%,
0.1%, 0.4%, and 0.6% by weight, respectively. Then, the
NG was used to produce a-HH by the autoclaving method
at the mass ratio of water to NG of 0.3. The slurry, which
was made by stirring the NG and deionized water having
0.06% succinic acid by weight, was autoclaved at 144°C for
6 hours to produce a-HH. After autoclaving, a-HH was dried
at 110 + 5°C for 24 hours and then ground for 15 minutes to
pass 0.125 mm square hole sieve for later use.

Test methods

The phase composition of a-HH was tested by XRD with
Cu Ko radiation at a scanning rate of 10 deg/min and 26
range of 5 to 90 degrees. The X-ray photoelectron spectros-
copy (XPS) was used to test the interaction between IP and
the a-HH surfaces. Besides, a-HH was analyzed by scan-
ning electron microscopy (SEM) for the observation of the
morphology.

A normal consistency of o-HH was obtained according
to the Chinese standard JC/T 2038-2010,%° where a gypsum
standard consistency tester was used. Setting time of a-HH
was obtained according to the Chinese standard GB/T
17669.4-1999,3! where Vicat needle penetration tests were
used.
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A temperature recorder was used to monitor the hydration
temperature rise of a-HH paste. Before testing, a-HH and
deionized water were equilibrated separately for 24 hours at
20°C. In the case of standard consistency, 200 g of a-HH and
deionized water were poured into a plastic bottle and stirred
manually for 30 seconds to ensure homogeneity. Afterwards,
the bottle was sealed and placed into the vacuum cup, which
was covered after inserting the thermocouple. The tempera-
ture data was automatically recorded every 10 seconds.

To make clear the migration of IP in phosphorus gypsum,
Fourier-transform infrared spectroscopy (FTIR), with wave-
number ranging from 600 to 4000 cm™!, was used to test the
IP in different samples, including NG with 0.6% IP, corre-
sponding autoclaved product (a-HH), and corresponding
hydration product (DH).

The anion concentration evolution in the liquid phase
during the hydration of a-HH was measured by an ion chro-
matograph. The mass ratio of deionized water to a-HH in the
test was 5:1. The a-HH was added under stirring to deion-
ized water in a 250 mL conical flask at 25°C. At specific
time intervals, the measured suspensions were withdrawn
and immediately centrifuged at 5000 rpm for 15 seconds.
The supernatant solution was collected by pressing through
a polytetrafluoroethylene (PTFE) syringe filter (pore diam-
eter <0.22 pm), quickly diluted by 250 times with distilled
water, then injected into the ion chromatograph. Thereafter,
the phosphate and sulfate ion concentrations in the diluent
were tested.

Strength and microstructure of o-HH were tested as
follows: in the case of standard consistency, the a-HH
was blended with tap water in a mixer at a high speed for
30 seconds. The fresh plasters were cast into molds sized
40 x 40 x 160 mm with vibration for 15 seconds and cured at
23 +2°C and 50 + 5% relative humidity, then demolded after
final setting. One group of these specimens were tested for
2 hours for flexural strength; the other group of specimens
were continually cured for 24 hours at 20 + 2°C and 90 +
5% relative humidity, then dried in an oven to a constant
mass at 40 + 1°C for testing the dry compressive strength.?!
After testing the dry strength, the samples were fractured
and collected for the microstructure of a-HH by SEM.

RESULTS AND DISCUSSION
Characterization of a-HH in absence or presence
of IP

It is known that calcium sulfate hemihydrate exists in
three forms: monoclinic, hexagonal, and orthorhombic.3%3
Figure 3 shows the XRD spectra of a-HH in absence or
presence of IP. In Fig. 3, the XRD spectra of all samples
presented similar patterns with similar peaks, which also
existed in the monoclinic and hexagonal pattern of hemi-
hydrates (as shown in PDF#83-0438 and PDF#14-0453). In
the presence of IP, the intensity of dominant peaks of a-HH
obviously increased, but the diffraction angles corresponding
to different dominant peaks changed slightly and the charac-
teristic diffraction peaks of other substances did not appear.
Thus, the authors concluded that all NG had changed into
hemihydrates, which had the monoclinic and hexagonal
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Fig. 3—XRD spectra of a-HH in absence or presence of IP.

structure. Due to the small amount of IP, the characteristic
peaks of phosphate crystal were not observed.

Figure 4(a) shows the full XPS spectra of a-HH in absence
or presence of IP. For the blank sample, the full spectra only
exhibited the spectrums of Ca, S, C, and O elements. When
0.6% IP was added, the characteristic spectrum of P element
could be observed. The C 1 second peak in the spectra at
284.8 eV was due to the contamination of the samples.**
Figures 4(b) and (c) indicate that the binding energies of Ca
2p and S 2p for a-HH in presence of 0.6% IP were lower
than those of the blank a-HH, and the decreased binding
energies demonstrated that there existed a new electronic
reaction between P element and the a-HH surface. Ca and S
on the surface of a-HH captured some electrons from the P
species on the a-HH surface. The peak of P2p at 133.5eV in
Fig. 4(d) confirmed the presence of phosphate on the crystal
surface. Based on the values published by Franke et al.,*
it is possible that a Caz;(PO,4), compound, which shows a
binding energy of 133.1 for the P 2p level, formed on the
crystal surface. In the research of Feng et al.,*° the peak of P
2p 3/2 and P 2p 1/2 for the o-HH, which contained 2.5% IP
and was formed by the reaction of concentrated H,SO, and
Ca(H,POy), solution at 80°C, respectively corresponded to
CaHPO,-2H,0 and H3PO4:0.5H,0. The authors thought the
absence of the peak corresponding to CaHPO,-2H,0 in this
paper was due to the small content of 0.6% IP and a different
preparation method. They believe that as IP in DH dissovled
during the preparation of a-HH, part of it reacted with Ca
element to form Caz(PO,),, and part entered the lattice of
o-HH.

Figure 5 shows the SEM pictures of a-HH in absence
or presence of IP. Whether adding the IP or not, the well-
crystallized a-HH crystals presented monoclinic and hexag-
onal columnar structures, which were consistent with the
XRD analysis. In the blank sample, more crystals developed
well and showed short columnar shape, and some crystals
were big and irregular polyhedrons. With an increasing IP
content from 0.04 to 0.4%, the irregular polyhedrons and
fine grains increased slightly, and the length-width ratio of
well-crystallized a-HH crystals also presented little differ-
ence. While the content of IP reached 0.6%, the content of
irregular polyhedrons and fine grains and the length-width
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Fig. 4—XPS spectra of o-HH in absence or presence of IP: (a) full spectra; (b) P 2p spectrum; (c) Ca 2p spectra; and

(d) S 2p spectra.

ratio obviously increased. The phosphate formed on the
surface of o-HH crystals should be responsible for its
morphology change. In the case of 0.04 to 0.4% IP, there
was less phosphate and it had less effect on the crystal
morphology. However, on addition of 0.6% IP, more phos-
phates were produced and effectively blocked access of the
SO4> growth units to the crystal surface and hence, crystal
morphology deteriorated.

Effect of IP on setting time of a-HH paste

The setting times of a-HH paste were indicated in Fig. 6.
When the content of IP is 0.04%, the initial and final setting
time seemed the same to the blank group. However, when the
addition of IP was > 0.1%, the initial and final setting times
of a-HH were retarded significantly, and the retarding effect
increased as IP increased. In the case of 0.6% IP, the initial
and final setting times were 168 and 226 minutes longer than
those of the blank group, respectively. The effect of IP on the
setting time of a-HH paste was same as the IP in B-HH.?*?!
The setting time of a-HH paste was closely related to the
amount of hydration product, and the increase of the setting
time was mainly due to the decrease of DH crystals.

Effect of IP on hydration temperature rise of a-HH
The temperature changes during the hydration of o-HH
appear to be an effective method for characterizing the
kinetic stages of a-HH hydration. Figure 7 shows the hydra-
tion temperatures evolution of a-HH. It was well known that
the hydration mechanism of o-HH to DH is first the dissolu-
tion of a-HH followed by the precipitation of DH, including
nucleation and following growth of DH. According to the
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dissolution-nucleation-growth mechanism, the hydration
process of a-HH plaster could be divided into four stages:
an initial dissolution stage (I), an induction stage (II), an
acceleration stage (I11), and a stable stage (IV).3”*® The main
reactions at each stage are presented in Fig. 7(a).

The IP had no obvious influence on stage I, and stage
I for all samples was short. When the content of IP was
within range of 0 to 0.1%, the induction stage (II) was not
observed, but obviously prolonged in the case of 0.4 or
0.6% IP. The addition of 0.04% IP did not affect the accel-
eration stages. When the content of IP was >0.1%, as the
IP content increased, the acceleration stage was markedly
prolonged and the growth rate of DH markedly reduced;
meanwhile, the time for maximum rise in temperature was
greatly delayed. It was suggested that in the presence of IP,
the normal growth kinetics of a-HH changed, and the degree
of change was related to the content of eutectic. In addition,
the a-HH pastes arrived at the initial setting soon after the
start of the acceleration stage, and the final setting reached
just before the appearance of the highest temperature. There-
fore, these findings well agreed with the results about the
setting time of a-HH pastes.

Migration of IP during preparation and hydration
of a-HH

Olmez and Yilmaz* confirmed that the infrared absorp-
tion peak around 835 cm™ corresponded to the vibration
of IP. The paper tested IP in the different samples by FTIR,
including NG with 0.6% IP, the corresponding autoclaved
product (a-HH), and the hydration product (DH). The FTIR
spectra of different samples is shown in Fig. 8. The results
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Fig. 5—SEM pictures of o-HH in absence or presence of IP: (a) 0; (b) 0.04%, (c) 0.1%, (d) 0.4%; and (e) 0.6%.
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Fig. 6—Setting time of a-HH plasters in absence or presence
of IP.
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indicated that there existed a distinct infrared absorption
peak at 838 cm™! for NG with 0.6% IP, but the peak for
a-HH obviously decreased. After the hydration of o-HH,
the peak at 838 cm™ for the hydration product disappeared.
The research of Liu et al.'® verified the dissolution of IP
from hemihydrate gypsum when the hemihydrate gypsum
hydrated to form DH. The IP in the lattice of CaSO,4-2H,0
dissolved out during preparation of o-HH and converted
into the soluble HPO,*>". Part of the HPO,> ionized into
the H" and PO,*, and then the PO,> reacted with Ca’" to
form insoluble Caz(PO,), absorbed on the surface of a-HH.
Part of the HPO,> entered the lattice of CaSO,4-1/2H,0 to
form Ca(SO4,HPO,)-1/2H,0 solid solution, but the mecha-
nism was not clear. The possible reason is that both HPO,*
and SO,> are tetrahedral and carry two negative charges,
so part of HPO,> can substitute SO4> in the structure of
CaSO0y4-1/2H,0 to form Ca(SO,4,HPO,)-1/2H,0 solid solu-
tion.**#! The XPS results in Fig. 4 confirmed the existence of
Ca;(POy), on the surface of a-HH crystals and the IP in the
lattice of a-HH. When o-HH hydrated, the IP in the lattice of
a-HH all dissolved out.

61



50 LIL 1L v
Initial dissolution of a-HH

45 o
. Nucleation of DH

404 hange of DH growth rate

Hydration temperature (°C)

T T T T T
0 200 400 600 800 1000 1200
(a) Hydration time (min)

70

——0.04%
—0.1%
—0.4%
—0.6%

60 4

50 4

40 4

Hydration temperature (°C)

304

~—_

™

S

204
T T T T T T T T T T T
0 100 200 300 400 500 600 700 800 900 1000 1100

(b) Hydration time(min)

Fig. 7—Hydration temperature evolution of o-HH in absence or presence of IP: (a) stages in hydration temperature evolution

curve; and (b) hydration temperature evolution curves.

DH

\/\/’“‘A‘&

a-HH

NG +0.6% IP

NGHNT

00 825 850 75 900
T T T T T T

500 1000 1500 2000 2500 3000 3500 4000

Wave number(cm-!)

Fig. 8—FTIR spectra of NG, a-HH, and DH in presence of
0.6% IP.

28
26 (@)
244 —W0
22 ~—
i \
“= 1.8
Q —
@ 1.6 L — . -
144
124
10 T T T T T T T T T
0 25 50 75 100 125 150 175 200 225
Time (min)
28 22
264 —=—S0} —e—PO} ®) F20
F1.8
244 /'\ " Fl6 &
o 224 ¢ e F14 2
& 204 :>< \ El12%
a= 184 o L F1o0 =
8 1.6 4 -/ \ FO08 &
J / 'l s (06 e
1.4 1 - 04
124 =— ey o [O02
l 0 T T T T T T T T T 0.0
0 25 50 75 100 125 150 175 200 225
Time (min)

Fig. 9—FEvolution of anion concentration during hydration
of a-HH in absence or presence IP: (a) 0; and (b) 0.6%.

The migration of IP from the lattice of a-HH is a dynamic
process; therefore, the evolution of SO, and PO,* ion
concentration was tested during the hydration of a-HH in
presence of 0.6% IP, and the results are indicated in Fig. 9.
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Fig. 10—Strength and normal consistency of o-HH in
absence or presence of IP.

When o-HH without IP was mixed with water, the SO4>
concentration immediately increased to the maximum and
then decreased gradually to a constant value. For a-HH in the
presence of 0.6% IP, the SO,* concentration at 5 minutes was
far lower than that of blank a-HH, achieved the maximum at
120 minutes, and then began to decline to a constant value.
In addition, the PO,* ion appeared in the liquid and the
concentration first increased and then decreased gradually.
Combing the results of FTIR spectra and XPS, the Ca3(POs),
absorbed on the surface of a-HH markedly inhibited the
dissolution of a-HH and the nucleation of DH. Meanwhile,
the IP in o-HH dissolved out and ionized into PO,* ion
during the hydration, which reacted with Ca*" in the solution
to form insoluble Ca;(PO,), absorbed on the surface of a-HH
and DH crystals. Consequently, the dissolution of a-HH and
the nucleation and growth of DH was further slowed.

Effect of IP on strength and microstructure of
a-HH hardened paste

Figure 10 indicated the normal consistency and strength
of a-HH in absence or presence of IP. The influence of IP on
the normal consistency was relatively small, which slightly
increased with the addition of IP >0.1%. It was attributed to
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Fig. 11—SEM pictures of hydrated a-HH in absence or presence of IP:(a) 0; (b) 0.04%; (c) 0.1%, and (d) 0.6%.

the slight increase in the number of fine and irregular o-HH
crystals, which had a larger specific surface area. It showed
the flexural and compressive strength of a-HH in the absence
of IP, respectively, reached 5.72 and 47.86 MPa. In the case
of 0.04% IP, the flexural and compressive strength of a-HH
was same to that of blank a-HH. However, the strength
decreased with the continuing increase of IP, especially
the 2-hour flexural strength. When the content of IP was
>0.4%, the final setting time of a-HH paste was later than
120 minutes (as shown as Fig. 6), so 2-hour flexural strength
could not be tested. The influence of IP on the strength of
a-HH was the same as the IP in p-HH.?%!

The hardened paste of a-HH presented a porous network
structure formed by the cross-linking of DH crystals. On the
one hand, the strength of a-HH hardened paste is related to
an interlocking structure and adhesion force between DH
crystals.*>*3 On the other hand, the porosity and pore size
distribution of hardened paste also plays an important role
in the strength. SEM images of a-HH hardened pastes in the
absence and presence of IP were shown in Fig. 11. In the
absence of IP, most DH crystals presented long and rod-like
or columnar and had a high degree of interlocking. The effect
of IP on morphologies of DH crystals was closely related to
its content. In the case of 0.04% IP, the growing habit of DH
crystals was not modified, which results in little changes of
morphology and numbers. Therefore, the strength of o-HH
was almost the same as blank a-HH. With the increase of 1P,
the nucleation and growth time of DH crystals were inhib-
ited significantly (as shown as Fig. 7(b)); consequently, the
number of DH crystals decreased, and DH crystals were
mainly composed of large, plate-like DH crystals and fine
particles. The weak overlap between large and plate-like
DH crystals and the increasing normal consistency of a-HH
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all led to the higher porosity, and the decreasing DH crys-
tals reduced the adhesion force between DH crystals. The
combined effect of the higher porosity and the decreased
adhesion force between DH crystals reduced the strength of
the hardened paste. Under the action of IP, the coarsening of
DH crystals and the reduction in overlap between crystals in
a-HH paste were similar to that in B-HH paste.?*?!

Effect mechanism of IP during preparation and
hydration of a-HH

Through the previously mentioned study, the effect mech-
anism of IP during the preparation and hydration of a-HH
was found out. In the paper, the preparation and hydration
of a-HH all follow the dissolution-crystallization mech-
anism. During the preparation of a-HH, first, the NG and
Ca(S04,HPO,)-2H,0 all dissolved in the liquid. When the
concentration of a-HH in the solution reached saturation
point, a-HH fast crystallized to form the large and dense
crystals. Part of the dissolved IP would ionize into H+ and
PO,*, the latter reacting with Ca®" in the liquid to form the
Ca;(POy), absorbed on the surface of a-HH. However, part
of the IP entered the lattice of a-HH. The effect of IP on the
microstructure of o-HH was not significant, though.

During the hydration of a-HH, the a-HH first dissolved in
the liquid, and then the nuclei of DH produced in the super-
saturated solution. The nuclei of DH continuously absorbed
the energies to become stable and finally grew into the large
DH crystals. The Ca3(PO,), on the surface of a-HH inhibited
the dissolution of a-HH and the nucleation of DH. In addi-
tion, the IP in the lattice of a-HH also dissolved in the liquid
and ionized into H+ and PO,*, then the PO,*> also reacted
with Ca®" to form the insoluble Ca3(PQ,), absorbed on the
surface of o-HH and DH crystals. As a result, the dissolution
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of a-HH and the nucleation and growth of DH were further
inhibited. The higher the amount of IP, the more significant
the inhibition in the dissolution of a-HH crystals and the
nucleation of DH. The decreasing nuclei and the extension
of growth time all made DH crystals coarser and larger. With
an increasing IP content, the setting time of a-HH pastes
was prolonged due to the decreasing DH amount, and the
strength of a-HH hardened paste was decreased due to the
coarsening DH crystals, weak overlap, and decreased adhe-
sion force between DH crystals.

CONCLUSIONS

To effectively reuse phosphogypsum (PG) to prepare
a-hemihydrate gypsum (a-HH), this study systematically
investigated the influence of intercrystalline phosphorus (IP)
on the properties of a-HH using multiple techniques. Based
on the results, the following conclusions can be drawn.

The X-ray diffraction (XRD), X-ray photoelectron spec-
trometer (XPS), and scanning electron microscopy (SEM)
tests of o-HH indicated the IP in the lattice of CaSO,4-2H,0
dissolved and entered the lattice of a-HH during the prepara-
tion of a-HH. The IP in range of 0.04 to 0.4% had no obvious
effect on the morphology of a-HH crystals. When the content
of IP reached 0.6%, the content of irregular polyhedrons and
fine grains and the length-width ratio increased obviously.

When o-HH hydrated, the IP in the lattice of o-HH
dissolved and converted into Ca;(PO,),, which absorbed on
the surface of a-HH and inhibited the further hydration of
a-HH. However, the effect of 0.04% IP on the hydration,
setting time, strength, and microstructure of a-HH was not
obvious.

When the content of IP was >0.1%, as the IP content
increased, the hydration process of a-HH was markedly
prolonged, the setting time increased, the DH crystals
in hardened paste became coarse and large, and then the
strength decreased.

When PG was used to prepare a-HH by the autoclaving
method, PG should be pretreated with the appropriate
method to control the content of IP to less than 0.04%.
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Phase-Change Material for Enhancing Frost Resistance of

Cementitious Materials

by Zhiyong Liu, Jinyang Jiang, Yang Li, Yuncheng Wang, Xi Jin, and Zeyu Lu

A capsule phase-change material (CPCM) was synthesized
using n-tetradecane as the core, expanded graphite as the shell,
and ethyl cellulose as the coating material through a controlled
assembly process. The results demonstrate that the infiltration of
n-tetradecane significantly enhances the density of the expanded
graphite, while the ethyl cellulose coating effectively prevents
the desorption and leakage of the liquid phase-change material
during phase transitions. As a result, the CPCM exhibits a compact
structure, chemical stability, and excellent thermal stability. The
incorporation of this CPCM into cement-based materials endows
the material with an autonomous heat-release capability at
temperatures below 5°C. When the CPCM content reaches 20%,
the thermal conductivity of the cementitious matrix increases by
24.66%. Moreover, the CPCM significantly improves the freezing-
and-thawing resistance of the cement-based materials, reducing
the compressive strength loss by 96% and the flexural strength
loss by 65% after freezing-and-thawing cycles. This CPCM funda-
mentally enhances the frost resistance of cement-based materials,
addressing the issue of freezing-and-thawing damage in concrete
structures in cold regions.

Keywords: capsule phase-change material (CPCM); cement-based mate-
rials; expanded graphite; frost resistance; n-tetradecane.

INTRODUCTION

Freezing-and-thawing environments readily cause
damage, deterioration, and structural degradation of
concrete. Deicing salts can achieve the effect of melting
ice and snow by reducing the freezing point of the concrete
pore solution.! However, deicing salts mainly composed of
chloride salts in the later stage will lead to severe erosion
of concrete, and their failure rate is much faster than that
caused by ordinary freezing-and-thawing environments,
thereby seriously affecting the service life of concrete struc-
tures.? Considering the harm of freezing-and-thawing cycles
to concrete structures, the main measures currently taken
to improve the frost resistance of concrete include adding
air-entraining agents,>> mineral admixtures,®® fibers,”!°
porous aggregate,''? and surface coatings.'3""> Although
these measures have to some extent improved the frost resis-
tance of concrete, they have not fundamentally solved the
problem by using passive methods to improve concrete.

The physical state of phase-change materials undergoes
transformation in tandem with the fluctuation of external
temperature, during which the absorption and release of
energy occur concomitantly.!®!'” Phase-change energy
storage materials have found extensive use within the
domain of concrete.'®?° The integration of phase-change
materials with cement-based materials holds the potential
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to efficaciously curtail building energy consumption and
address the issue of energy mismatches in both temporal and
spatial dimensions.?"?? N-tetradecane has a suitable phase
transition temperature range (approximately 20 to 30°C)
and a high latent heat value (approximately 163 J/g), which
gives it excellent heat-storage capacity and makes it suit-
able for thermal energy regulation in building materials.?
Pilehvar et al.'? delved into the impact of incorporating
micro-encapsulated phase-change materials on the interfa-
cial transition zone as well as the setting time of portland
cement and geopolymer. The findings revealed that the addi-
tion of micro-encapsulated phase-change materials endows
the composites with remarkable resistance to freezing-
and-thawing cycles, albeit accompanied by a reduction in
compressive strength. Rodriguez et al.* probed into the
influence of phase-change materials on the frost resistance
of cement-based materials. It was ascertained that as the
content of phase-change materials augments, the frost resis-
tance of cement-based materials initially ascends and subse-
quently declines, with the threshold being correlated to the
volume of the cement paste. Notwithstanding the extensive
research efforts dedicated by domestic and international
scholars to phase-change frost-resistant concrete, the prepon-
derant majority of investigations remain centered around the
performance analysis of phase-change concrete, falling short
of delving into the underlying mechanism of action and opti-
mization strategies of phase-change materials.

Moreover, the practical application of phase-change mate-
rials is currently confronted with an issue of utmost urgency.
Namely, the thermal conductivity of the main phase-change
materials currently available is often quite low.?> The thermal
conductivity of a phase-change system not only epitomizes
its heat-transfer capacity, but also bears a close-knit relation-
ship with the response rate of the phase-change system upon
the variation of external environmental temperature. The
relatively low thermal conductivity renders it arduous for the
phase-change system to furnish immediate positive feedback
when confronted with temperature alterations in the external
environment, which has emerged as a bottleneck impeding
the further expansion of the application scope of organic
phase-change materials. The higher the thermal conduc-
tivity, the swifter the response rate of the phase-change
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system to temperature fluctuations, the greater the energy
discharge efficiency, and the more diminutive the tempera-
ture regulation hysteresis of the phase-change system.?
Expanded graphite has excellent thermal conductivity,
which can effectively improve the overall thermal conduc-
tivity of cement-based materials and promote uniform distri-
bution of heat.?’ It is imperative to develop zero-energy-
consumption phase-change concrete capable of autonomous
heat release from the freezing point, predicated on the prin-
ciple of phase-change heat storage and release. In so doing,
the concrete structure can spontaneously release heat to
modulate the surface temperature of the structure, thereby
fulfilling the ultra-stringent requirements for the frost resis-
tance of concrete materials in complex, harsh environments
as well as in unmanned regions.

In this study, ethyl cellulose was used as a coating material
to coat n-tetradecane (core material) and expanded graphite
(shell) in cement-based materials. The change mechanism
of frost resistance of cement composites before and after
adding n-tetradecane/expanded graphite core-shell capsule
phase-change material (CPCM) was systematically studied.
The effects of the content of CPCMs on the mechanical
properties, thermal conductivity, and frost resistance were
investigated. The developed CPCMs are capable of effec-
tively mitigating the damage to cement-based materials
under severe cold environments. By reducing maintenance
costs arising from cement matrix cracking, degradation, and
other structural problems, CPCMs hold tremendous applica-
tion potential in frigid regions.

RESEARCH SIGNIFICANCE

This research introduces an innovative CPCM made by
encapsulating n-tetradecane in expanded graphite and coating
it with ethyl cellulose. This construction results in a highly
compact and stable material with superior thermal proper-
ties. The incorporation of CPCMs into cement-based mate-
rials enhances thermal conductivity by 24.66% when used
at a 20% content, while considerably improving freezing-
and-thawing durability, with compressive strength loss
reduced by 96% and flexural strength loss by 65%. This
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advancement offers a solution to mitigate freezing-and-
thawing damage in concrete structures situated in cold envi-
ronments, significantly enhancing the longevity and resil-
ience of cement-based materials.

MATERIALS AND METHODS

Materials

The used n-tetradecane is produced by a company in
Guangdong, China, with a purity of 99%, a molecular
formula of C,4H30, a melting point near 6°C, and a density
of 0.763 g/cm’. The expanded graphite used is produced
by a company in Shandong, China, presenting a loose and
porous wormlike structure with a carbon content of 99.5%, a
particle size of 80 mesh, a purity of 99%, and an expansion
factor of 200 to 300 times. The cement used is P-O 42.5
cement produced by a company in Jiangsu, China.

Preparation of CPCMs

As shown in Fig. 1, the n-tetradecane/expanded graphite
core-shell CPCM were prepared by the macro encapsulation
microcapsule method. First, the expanded graphite was dried
in a 60°C oven for 24 hours to fully remove moisture from
the material. Then the dried expanded graphite was mixed
with a proper amount of n-tetradecane evenly and placed in a
—0.01 MPa vacuum dish for vacuum immersion for 24 hours
to fully immerse n-tetradecane into the interlayer struc-
ture of expanded graphite. Ethyl cellulose, as an important
encapsulation material between phase-change materials
(n-tetradecane) and carriers (expanded graphite), plays
a crucial role in the performance of CPCMs. Finally, the
n-tetradecane/expanded graphite composite was fully mixed
with an ethyl cellulose/absolute ethanol solution of 2%
(No. 1), 3% (No. 2), and 4% (No. 3) concentration, stirred
for 30 minutes, filtered out, and dried to obtain CPCMs.

Macroscopic performance testing

To study the effect of CPCMs on the mechanical prop-
erties and thermal conductivity of cement-based materials,
CPCMs were added to cement materials in mass ratios of 10,
15, and 20%; refer to Table 1 for details. The water-cement
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Fig. 2—Strength of samples mixed with varying CPCMs contents.

Table 1—Mortar mixture proportion

Sample Cement, g CPCM, g Sand, g Water, g
0% 450 0 1350 180
10% 405 45 1350 180
15% 382.5 67.5 1350 180
20% 360 90 1350 180

ratio (w/c) was 0.4, and the standard curing was 14 days.
The size of the thermal conductivity sample was 50 x 50 x
20 mm, and the size of the strength sample was 40 x 40 x
160 mm. Three samples were formed for each test conducted
for each set of ratios. A thermal conductivity tester was used
to test the thermal conductivity of samples. A fully auto-
matic cement strength testing machine was used to test the
compressive strength and flexural strength of samples.

To study the effect of CPCMs on the frost resistance of
cement-based materials, experiments were conducted in
accordance with specification GB/T50081-2019. N-tetrade-
cane/expanded graphite core-shell CPCMs were mixed into
cement at a mass ratio of 20%, and a reinforced cement-
based material with a w/c of 0.4 and a size of 40 x 40 x
160 mm was prepared. After 24 days of standard curing, it
was soaked in water for 4 days, and the water surface was
at least 20 mm higher than the top surface of the test piece
during soaking. After 4 days, one set of samples was removed
and the surface moisture was wiped off. After weighing, it
was placed in a concrete slow freezing-and-thawing testing
machine, with a spacing of no less than 20 mm between the
test blocks and the inner wall of the test box. The instrument
used in the experiment is a fully automatic low-temperature
freezing-and-thawing testing machine with a freezing
temperature of —15°C and a melting temperature of 15°C.
The freezing and melting time was not less than 4 hours, and
the weight was measured every two cycles. After 30 cycles,
its mechanical strength was tested.

Microscopic characterization

To study the influence of CPCMs on the microstructure
of cement-based materials, a scanning electron microscope
(SEM) was used to characterize the micro morphology
of expanded graphite and CPCMs; a specific surface area
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analyzer was used to characterize the specific surface area
and pore size distribution of CPCMs; X-ray diffraction
(XRD), a Fourier-transform infrared spectrometer (FTIR),
and laser spectrometer were used to analyze the composi-
tion, structure, and chemical stability of expanded graphite
and CPCMs (among them, XRD reveals the crystal structure
and phase transition characteristics of the material, FTIR is
used to investigate the vibration of chemical bonds to eval-
uate the interactions of organic components, and Raman
spectroscopy provides in-depth information about the
degree of disorder and carbon-based structure of the mate-
rial); a differential scanning calorimeter (DSC) was used
to measure the phase-change temperature, latent enthalpy,
and cyclic stability of CPCMs; and a synchronous thermal
analyzer (STA) was used to characterize the thermal stability
of CPCMs.

RESULTS AND DISCUSSION
Mechanical properties

Figure 2 illustrates the compressive and flexural strength
of the samples blended with CPCMs. When the content of the
CPCMs reached 10%, the compressive strength experienced
a reduction of 49.6%, while the flexural strength witnessed
a decrease of 24.1%. In the case where the content amounts
to 15%, the compressive strength diminished by 60.7% and
the flexural strength declined by 44.3%. When the content
ascended to 20%, the compressive strength dropped by
68.4% and the flexural strength decreased by 49.1%. The
incorporation of the CPCMs triggered a substantial loss in
the strength of the cement matrix. Moreover, the reduction
in compressive strength was more pronounced than that in
flexural strength. This phenomenon can be attributed to the
fact that expanded graphite is a loose and porous worm-
like material, which is capable of playing a role analogous
to crack-resistant fibers within the cement matrix. Conse-
quently, its influence on flexural strength was less significant
compared to its impact on compressive strength.

In general, the addition of CPCMs gave rise to a deteriora-
tion in the mechanical properties of the cement matrix. The
greater the quantity of the added CPCMs, the more substan-
tial the adverse effect on the mechanical properties. This is
primarily due to the poor compatibility between CPCMs
and cement substrates. This incompatibility can lead to the
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Fig. 3—Thermal conductivity of samples with varying
CPCMs contents.

formation of defects and weaknesses in cement-based mate-
rials, which can interfere with the surrounding microstruc-
ture and affect the overall strength. In addition, as a carrier,
expanded graphite itself is a loose and porous material,
and its strength is relatively low compared to the cement
matrix. This strength difference exacerbates the fragility of
the surrounding area of the capsule material, forming stress
concentration points and making it more prone to cracking.

Thermal conductivity

Figure 3 shows the thermal conductivity of phase-change
samples when the CPCM content was 0, 10, 15, and 20%.
The addition of CPCMs increased the thermal conduc-
tivity of samples. When the CPCM content increased to
20%, the thermal conductivity of cement-based materials
increased by 24.66%. This is because the thermal conduc-
tivity of expanded graphite is excellent, and its thermal
conductivity is much higher than that of cement. When
conducting heat, transfers along the expanded graphite with
strong thermal conductivity, which is known as the thermal
bridge effect.?® For phase-change systems, higher thermal
conductivity means stronger heat-transfer ability and faster
phase-change efficiency.?? Therefore, from the perspective
of phase-change rate, the introduction of expanded graphite
can not only fix and support phase-change materials, but
also improve the thermal conductivity of CPCMs. When the
temperature drops, the CPCMs can give faster positive feed-
back. By quickly initiating the solidification and heat-release
program, the temperature of the cement matrix is maintained
stable, solving the problem of low energy charging and
discharging rate caused by the low thermal conductivity of
phase-change materials.

Frost resistance

Figure 4 shows the change in mass loss of pure cement
samples and cement-based samples mixed with CPCMs
during freezing-and-thawing cycles. It can be seen from
Fig. 4 that after 30 freezing-and-thawing cycles, the mass
loss rate of pure cement samples and cement-based samples
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Fig. 4—Weight loss rate of samples after 30 freezing-and-
thawing cycles.

of CPCMs was 1.273% and 1.073%, respectively. The early
mass loss of cement-based samples of CPCMs is greater
than that of pure cement samples, and it is not lower than the
mass loss rate of pure cement samples until 28 freezing-and-
thawing cycles. The reason lies in the following two points:
first, expanded graphite is wormlike, with a loose structure,
porous and curved, extremely loose texture, and poor inter-
facial bonding performance; and second, the latent heat of
phase-change of expanded graphite is extremely high. When
the ambient temperature decreases, the n-tetradecane phase-
change will release a lot of heat to maintain the internal
temperature of the samples at a level higher than the external
temperature. As a result, a large temperature difference will
be generated inside and outside the samples, which will lead
to temperature cracks, resulting in a large weight loss rate of
cement-based samples of CPCMs.

Figures 5(a) and (b) show the compressive and flex-
ural strength of pure cement samples and cement-based
samples mixed with CPCMs before and after 30 freezing-
and-thawing cycles, respectively. After 30 freezing-and-
thawing cycles, the change rate of compressive strength of
pure cement samples and cement-based samples of CPCMs
was —16.82% and —0.74%, respectively; the change rates of
flexural strength were —22.74% and —8.03%, respectively.
Compared with previous research results,?’ the compressive
strength loss rate after freezing and thawing decreased from
32.71 to 0.74%, and the flexural strength loss rate decreased
from 16.82 to 8.03%, achieving new breakthroughs. It can
be seen from the analysis data that the addition of CPCMs
reduces the compressive strength loss rate of the cement
matrix by 96% and the flexural strength loss rate by 65%.
The results indicate that the addition of CPCMs effectively
reduces the strength loss of cementitious materials during
freezing-and-thawing cycles. Combining Fig. 2 and 5, it is
found that although CPCMs reduce the early strength of
cement-based materials, they significantly improve their
strength retention in freezing-and-thawing environments.
This greatly improves the service life of cement-based mate-
rials in freezing-and-thawing environments, proving that
CPCMs have great application value in cold regions.
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Fig. 6—SEM of expanded graphite and n-tetradecane/expanded graphite CPCMs.

Mechanism analysis

Micromorphology—The microscopic morphology of
expanded graphite and CPCMs is shown in Fig. 6. From
Fig. 6(a), it can be seen that the interlayer structure of
expanded graphite is loose, curved, and worm-like, with rich
pore structures and a large specific surface area. Figures 6(b)
to (d) are SEM morphology of CPCMs with ethyl cellulose
solution concentration of 2% (No. 1), 3% (No. 2), and 4%
(No. 3). It can be seen from Fig. 6 that the texture of expanded
graphite adsorbed with n-tetradecane becomes relatively
tight. Ethyl cellulose forms a smooth and dense film on
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the surface of n-tetradecane/expanded graphite composite,
covering the surface of expanded graphite. Moreover, the
higher the concentration of ethyl cellulose, the greater the
film coverage rate, the fewer interlayer pore structures can
be observed, and the denser the composite material struc-
ture. This indicates that ethyl cellulose film can effectively
prevent the desorption and leakage of liquid phase-change
materials during the phase-change process.

XRD—The XRD analysis of expanded graphite,
ethyl cellulose and CPCMs is shown in Fig. 7. Because
n-tetradecane is amorphous and has no characteristic
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Table 2—Characteristic absorption peaks of FTIR
spectra of n-tetradecane, expanded graphite, ethyl
cellulose, and n-tetradecane/expanded graphite
CPCMs

Materials

Peak value of characteristic peak, cm™

3435, 2958, 2925, 2855, 1638, 1463, 1377, 1303, 1082,
1048, 883, 721

3691, 3487, 3466, 3418, 3282, 3230, 3066, 1733, 1638,

1559, 1389, 1363, 1145, 908, 848, 752, 696, 625, 528,

477,461, 444, 431, 417, 3680, 3439, 3308, 2979, 2877,
2809, 2722, 2611, 1980

N-tetradecane

Expanded
graphite

1739, 1582, 1486, 1453, 1381, 1314, 1280, 1111, 1055,
917, 879, 813, 706, 667, 580, 523

3677, 3279, 2958, 2924, 2854, 1719, 1559, 1467, 1378,

Ethyl cellulose

No. 1 1305, 890, 721

No.2 3690, 2958, 2924, 2854, 2731, 2673, 1716, 1612, 1467,
: 1378, 1303, 889, 721

No.3 3683, 2958, 2924, 2854, 1726, 1564, 1467, 1378, 889,

721,552, 444

diffraction peak in the XRD pattern, it was not analyzed by
XRD. The main characteristic peak of expanded graphite is
at 26.57 degrees, with high diffraction peak intensity and
a sharp and symmetrical peak shape. This indicates that
expanded graphite has a high degree of crystallization and
regular arrangement of internal particles. Ethyl cellulose
has two main characteristic diffraction peaks, located at
7.87 and 19.98 degrees, respectively. The diffraction peak
shape of CPCMs is similar to that of expanded graphite.
The characteristic peak diffraction angle areas of the three
different membrane solution concentrations of CPCMs
are roughly the same, which are composed of the charac-
teristic diffraction peaks of ethyl cellulose and expanded
graphite. Although the characteristic peak of n-tetrade-
cane could not be observed, no new characteristic peak
appeared in the XRD curve of the CPCM. This shows that
n-tetradecane and expanded graphite are simply mixed phys-
ically without chemical reaction, and the chemical proper-
ties of the CPCMs are stable.

FTIR—The FTIR spectra of expanded graphite,
n-tetradecane, ethyl cellulose, and CPCMs are shown in
Fig. 8. Figure 8 shows the peak value of the characteristic
peak of expanded graphite, n-tetradecane, ethyl cellulose,
and CPCMs; refer to Table 2 for details. Due to the thin
nature of the ethyl cellulose film, its characteristic diffrac-
tion peaks are submerged in the characteristic diffraction
peaks of the substrate material, so the characteristic peaks
of the ethyl cellulose film cannot be observed in Fig. 8.
The characteristic peak of n-tetradecane at 721 cm™ is the
in-plane rotation vibration absorption peak of methylene,
the characteristic peaks at 1463 and 1377 cm™! are the C-H
bond absorption peaks of methylene bridge weight, and the
characteristic peaks at 2925 and 2855 cm™! are the expan-
sion vibration of n-alkane C-H bond. The infrared spec-
trum analysis results show that the characteristic peak posi-
tions of three different membrane liquid concentrations of
n-tetradecane/expanded graphite capsule materials are very
close. Compared with the raw material, no new characteristic
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Fig. 8—FTIR results of n-tetradecane, expanded graphite,
ethyl cellulose, and n-tetradecane/expanded graphite
CPCMs.

peaks were found in the infrared spectrum, and the positions
of the characteristic peaks were a superposition of the peaks
of n-tetradecane and expanded graphite. This indicates that
n-tetradecane was successfully impregnated into the inter-
layer structure of expanded graphite. The prepared CPCM
has stable chemical properties, and no new substances are
generated in the phase-change composite materials with
different membrane concentrations; only physical interac-
tions (capillary and surface tension) exist.

Raman spectra—Figure 9 shows the Raman spectra of
raw materials and CPCMs. It can be seen from Fig. 9 that
the characteristic peak and peak positions of n-tetradecane,
expanded graphite, and CPCMs are shown in Table 3.
N-tetradecane belongs to normal alkanes. Its spectral peak
at 1302.30 cm™ represents CH, torsional vibration, and the
peak at 1133.34 cm™ corresponds to C-C antisymmetric
vibration. The peak of expanded graphite at 1349.58 cm™!
is a D-mode, originating from the vibration of the carbon
crystal edge of the graphite, which is caused by defects and
reflects the disorder and incompleteness of the graphite; the
peak at 1581.95 cm™ correspond to G-mode, which is a

ACI Materials Journal/July 2025



Table 3—Characteristic absorption peaks of
Raman spectra of n-tetradecane, expanded
graphite, ethyl cellulose, and n-tetradecane/
expanded graphite CPCMs

Materials Peak value of characteristic peak, cm™
Netetradocane | 1079-89: 113334, 130230, 144102, 2729.09, 2852.66,
et 2890.02
Expanded 1515 5q 1581.95, 245488, 2716.81, 3246.60, 4295.52
graphite
Bit] cellulose | 1125-50: 1203.00, 1457.50, 1485.00, 1550.00, 1650.50,
¥ eetiu 1756.50, 1874.00, 1995.00
No. 1 1582.10, 2445.52, 2719.47, 2853.45, 3247.79, 4292.79
No. 2 1351.67, 1581.35, 2450.20, 2719.06, 3246.79, 4300.72
1072.73, 1305.01, 1365.72, 1443.92, 1582.68, 2035.15,
No. 3 2074.07, 2327.23, 2445.67, 2719.83, 2855.28, 2893.39,
3246.18, 4299.70

typical sp2 structure Raman peak of bulk crystalline
graphite and the basic vibration mode of graphite crystal,
reflecting the symmetry and crystallinity of graphite;
2454.88 cm™! belongs to the G+A2u combination frequency;
2719.47 cm™' is the second-order mode D* of the D-mode;
32,426.60 cm™! belongs to E2g; and 4295.52 cm™' belongs
to the G+D* combination frequency. Ethyl cellulose does
not exhibit significant Raman scattering peaks. Compared
with normal tetradecane and expanded graphite, the Raman
characteristic peak of CPCMs is slower. This is caused by
the immersion of n-tetradecane in the interlayer structure of
expanded graphite. There is no chemical reaction between
n-tetradecane and expanded graphite, and the chemical
properties of the phase-change composites are stable. This is
mutually confirmed by the XRD and FTIR test results.
DSC—To test the phase-change temperature and latent
heat value of CPCMs, a thermal cycle test was carried out,
and the results are shown in Fig. 10. During the test, the cycle
temperature range was —30 to 30°C, the temperature rise
and fall rate was 5°C/min, and the cycle test was conducted
three times. It can be seen from Fig. 10 that the initial phase-
change temperature of CPCMs was approximately 5.0°C,
and the final phase-change temperature was approximately
—1.9°C. When the temperature dropped, the n-tetradecane in
the CPCM solidified and emitted heat. The peak tempera-
ture of phase change was 1.73°C, and the latent heat values
were 163.02, 163.24, and 162.59 J/g, respectively. When
the temperature rose, the n-tetradecane in the phase-change
material was liquefied and endothermic. The peak tempera-
ture of phase change was 7.81°C, and the latent heat values
were 164.12, 164.04, and 164.10 J/g, respectively. The
thermal performance parameters, such as phase-change
temperature and latent heat value of the CPCM, after three
thermal cycles were basically consistent. The extremely
low change rate indicates that the thermal performance of
CPCMs is stable. The heat released by a cubic meter of
samples with 10% of CPCMs was approximately 28.6 MJ,
which is equal to the heat released by the combustion of 1 kg
of commercial coal. When the ambient temperature drops to
5°C or lower, under the action of CPCMs, the concrete struc-
ture can release heat autonomously, avoiding internal pore
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Fig. 10—DSC results of No. 3 n-tetradecane/expanded
graphite.

water freezing and structural surface covering with ice and
snow. This is of great significance for improving the frost
resistance of concrete structures and enhancing the dura-
bility of concrete engineering.

Thermogravimetric—The test results of thermal stability
of n-tetradecane, expanded graphite, ethyl cellulose, and
CPCMs with 4% solution concentration are shown in Fig. 11.
It can be seen from Fig. 11 that the mass of n-tetradecane
began to decline at 72.06°C and stabilizes at 152.70°C. The
weight loss rate of this process was 98.89%, which is due
to the thermal evaporation of n-tetradecane. The weight
loss rate of expanded graphite from room temperature to
800°C was only 5.06%, indicating good thermal stability
of expanded graphite. Ethyl cellulose began to undergo
thermal decomposition within the range of 344.9 to 372.0°C,
resulting in a rapid loss of mass and a weight loss rate of
91.81%. The mass loss of CPCMs was 85.84% when it
was heated from 82.06 to 206.98°C, corresponding to the
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thermal volatilization of n-tetradecane; within the range
of 320 to 365°C, a mass loss of 4.4% corresponds to the
thermal decomposition of ethyl cellulose. Due to the rich
pore structure of expanded graphite, n-tetradecane accounts
for a large proportion in the CPCM, so the weight loss rate
during the first mass loss is large. The reason for the second
mass loss is the high-temperature decomposition of ethyl
cellulose, which has a relatively low mass ratio in CPCMs,
resulting in a relatively low weight loss rate. The thermo-
gravimetric characteristics of CPCMs are consistent with the
thermogravimetric characteristics of the three raw materials.
And below 80°C, CPCMs have good thermal stability.

CONCLUSIONS

In this study, n-tetradecane was used as the phase-change
core material, and expanded graphite with high thermal
conductivity was used as the carrier material. The two were
physically matched by negative pressure adsorption, and
then the ethyl cellulose film was assembled on its surface to
prepare n-tetradecane/expanded graphite core-shell capsule
phase-change materials (CPCMs). The physical and chem-
ical properties and application effects of CPCMs are charac-
terized comprehensively and from multiple angles through
modern characterization methods. The specific conclusions
are as follows:

1. The addition of CPCMs will enhance the thermal
conductivity of the cement matrix. When the CPCM content
reaches 20%, the thermal conductivity of cement-based
materials increases by 24.66%.

2. The addition of CPCMs reduces the initial strength of
cement-based materials. When the content increases to 20%,
the compressive strength decreases by 68.4% and the flex-
ural strength decreases by 49.1%.

3. CPCMs significantly improve the frost resistance of
cement-based materials. The addition of CPCMs reduced
the compressive strength loss rate of cement-based materials
by 96% and the flexural strength loss rate by 65%. CPCMs
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are suitable for infrastructure subjected to severe freezing-
and-thawing conditions.

4. Based on microscopic analysis, it was found that
expanded graphite has a rich interlayer structure and is an
ideal container for phase-change materials. The encapsula-
tion effect of ethyl cellulose film is good. The chemical prop-
erties of CPCMs are stable. Their thermal cycling stability is
good, with a latent heat value of 163 J/g. In addition, CPCMs
can withstand high temperatures of 80°C, meeting practical
application requirements.

5. Although CPCMs have shown significant advantages in
enhancing thermal conductivity and improving the frostresis-
tance of cement-based materials, it is still recommended to
conduct further testing under simulated long-term freezing-
and-thawing cycle conditions in the real world. This will
help evaluate the long-term performance and stability of
CPCMs in more complex and dynamic environments.
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Corrosion Resistance of Continuously Galvanized

Reinforcement

by Pooya Vosough Grayli, Matthew O’Reilly, and David Darwin

While many studies have evaluated the corrosion performance of
hot-dip galvanized reinforcement (ASTM A767), few have eval-
uated that of the newer continuously galvanized reinforcement
(ASTM A1094). This study compared the corrosion resistance of
ASTM A767 and A1094 reinforcement, along with uncoated rein-
forcement, using the Southern Exposure (SE) and cracked beam
(CB) tests. The galvanized reinforcement was tested both with and
without damage to the coating, as well as after bending the bars.
Both ASTM A767 and A1094 reinforcement exhibited better corro-
sion resistance than uncoated reinforcement, but corrosion rates
on both types of galvanized reinforcement increased when the bars
were bent. ASTM A767 and A1094 reinforcement exhibited similar
corrosion resistance and can be used interchangeably.

Keywords: ASTM A767; ASTM A1094; continuously galvanized rein-
forcement; corrosion; hot-dip galvanized reinforcement.

INTRODUCTION

The cost of corrosion has been a large and growing
problem in the U.S. highway system for decades. Nearly
20 years ago, the direct annual cost of corrosion damage in
bridges was estimated to be $8.3 billion (Koch et al. 2002),
a number that has continued to grow. Indirect costs are
estimated to be more than 10 times this value (Koch et al.
2002). This cost justifies a significant investment in corro-
sion control, either by preventing or slowing the penetration
of water, oxygen, carbon dioxide, and salt into the concrete
or by using reinforcement that is more resistant to corrosion,
including galvanized reinforcement.

Galvanized (zinc) coatings can sacrificially protect steel
reinforcing bars because zinc is thermodynamically more
active than iron. The zinc coating also acts as a barrier to
moisture and chlorides. Galvanized coatings are more
damage-resistant than epoxy coatings and continue to
provide sacrificial protection to the underlying steel even
if damaged. To date, however, galvanized reinforcement
remains far less commonly used than epoxy-coated rein-
forcement as a corrosion protection system.

Hot-dip galvanizing, covered under ASTM A767/
AT767TM-19 (2019), is the most common galvanizing method
for reinforcing steel. Hot-dip galvanized reinforcement has
been widely used for over 50 years (Yeomans 2016). The
process involves immersing chromate-treated steel in a
bath of molten zinc at a temperature of 824 to 860°F (440
to 460°C), where metallurgical reactions occur between the
steel and the zinc. The coating that remains on the steel after
it cools has an external bright layer of pure zinc and internal
layers of iron-zinc alloys linked to the base steel. These iron-
zinc compounds are brittle and may crack when bending.
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Studies of the corrosion performance of ASTM A767
reinforcing bars show mixed results. Darwin et al. (2009)
found that the average critical chloride corrosion threshold
for ASTM A767 reinforcement was approximately 1.6 times
the threshold of conventional steel, but that ASTM A767
reinforcement also exhibited a much larger range in perfor-
mance, with some ASTM A767 specimens behaving simi-
larly to conventional bars. A study by Treadaway and Davies
(1989) examined conventional and ASTM A767 reinforce-
ment and found that slabs cast with ASTM A767 reinforce-
ment exhibited significantly more cracking than slabs cast
with conventional steel. Other researchers have found that
ASTM A767 reinforcement is effective in the presence of
carbonation and that it may be used in structures exposed to
carbonation or mild contamination with chlorides, such as
cladding panels and coastal buildings (Andrade and Macias
1988; Broomfield 2003; Darwin et al. 2009; Bertolini et al.
2014; Poursaee 2016).

An alternate method, known as continuous galvanizing,
has recently been introduced and is covered under ASTM
A1094/A1094M-20 (2020). Continuous galvanizing is
marketed as producing a more flexible coating that allows the
bars to be bent after fabrication without damaging the corro-
sion protection provided to the underlying steel (Yeomans
2018). The coating on ASTM A 1094 bars is mostly zinc and
does not exhibit the intermetallic iron-zinc layers found on
ASTM A767 reinforcement. Limited research on ASTM
A1094 coatings is available. A recent study by Ogunsanya
and Hansson (2018) found that an early prototype of ASTM
A1094 bars, with an uneven coating thickness, exhibited
higher corrosion rates than ASTM A767 bars.

RESEARCH SIGNIFICANCE

Studies examining the effectiveness of galvanized rein-
forcement in preventing corrosion have shown mixed results
over the years. Continuous galvanization for reinforcement
is anew development that facilitates the production of galva-
nized bars with a thinner zinc coating, which can decrease
production costs. Only a prototype version of continuously
galvanized reinforcement has been studied to date. As such,
it is of great interest to determine the corrosion resistance
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Table 1—Mixture proportions for lab specimens
based on SSD aggregate

Cement, | Water, Air-entraining
Ib/yd® | Ib/yd® | Coarse aggregate, | Fine aggregate, | agent, oz./yd’
(kg/m?) | (kg/m?) | Ib/yd® (kg/m®) | Iblyd® (kg/m?) (mL/m?)
598 269 1484 1435 8.5t09.5
(355) | (160) (880) (851) (329 10 367)
Voltmeter

L

/.
i’/&‘ 1.0 in. (25 mm)
0.75in. i

(19 mm)

7.0in.
/] (178 mm)

'

1.0in. (25 mm)

]
I

225in| 25in.| 25in. | 25in. [2.25in.
(57 mm) (64 mm)(64 mm)'(64 mm)(57 mm

12in.
(305 mm)

Fig. 1—FEnd view of SE specimen.

of ASTM A1094 reinforcement in relation to ASTM A767
reinforcement.

EXPERIMENTAL WORK

Materials

Tests were performed on No. 5 (5/8 in. [16 mm]) ASTM
A767 and A1094 galvanized bars; two heats of ASTM
A615/A615M-20 (2020) conventional reinforcement were
also evaluated. Identified as Conv-I and II, the conventional
bars were used to produce the ASTM A767 and A1094 rein-
forcing bars, respectively.

Concrete

The concrete mixture proportions used in this study are
shown in Table 1 and are representative of mixtures used in
bridge decks. The concrete had a 0.45 water-cement ratio
(w/c) and a target air content of 6 + 1%.

The materials used in the concrete mixtures were Type 1/
IT portland cement; municipal water from Lawrence, KS;
fine aggregate (Kansas River sand) with a bulk specific
gravity (SSD) = 2.62, absorption (dry) = 0.8%, and fineness
modulus = 2.51; coarse aggregate (crushed limestone) with
nominal maximum size = 0.75 in. (19 mm), SSD = 2.58,
absorption=2.3%, and unit weight = 95.9 1b/ft* (1534 kg/m?);
and saponified rosin-based air-entraining agent.

Test methods

Southern Exposure (SE) and cracked beam (CB) tests
were used to evaluate the corrosion of reinforcing steel in
uncracked and cracked concrete, respectively. The speci-
mens were subjected to alternative cycles of wetting (expo-
sure to a 15% by weight salt solution: 6.04 molal ion) and
drying. The SE specimens (Fig. 1) consisted of 12 x 12 x
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Fig. 2—Top view of SE specimen with bent anode bar.

Voltmeter .
- -~ Terminal

"~ Box

15% NaCl solution \

0.75in. (19 mm —
% /& 1.0 inl. (25.4 mm)
Crack —1 7.0in.
(178 mm)

7#.0 in. (25.4 mm)
T

6.0 in.
(152 mm)

Fig. 3—End view of CB specimen.

7 in. (305 x 305 x 178 mm) blocks. Twelve in. (305 mm)
long No. 5 (5/8 in. [16 mm]) reinforcing bars were cast in the
specimen in two mats. The top and bottom mats consisted
of two and four bars, respectively, each with 1 in. (25 mm)
clear cover to the horizontal surfaces. The bars in the top and
bottom mats were electrically connected through a terminal
box across a 10 Q resistor to allow for macrocell corrosion
rate measurements, where the term macrocell describes
corrosion that results from current flow between two widely
separated bars. A 0.75 in. (19 mm) deep concrete dam was
integrally cast with the specimen to contain a ponded salt
solution. A modified SE specimen was also used to allow for
bent bars to be tested (Fig. 2). Bending a bar generally does
not affect the performance of an uncoated bar (O’Reilly et al.
2011), but it can cause damage to the coating on a coated bar
if the coating is brittle.

The CB specimens (Fig. 3) were half the width of the SE
specimens, measuring 12 x 6 x 7 in. (305 x 152 x 178 mm).
The top mat consisted of a single No. 5 (5/8 in. [16 mm])
bar; the bottom mat consisted of two No. 5 bars. Before
fabrication, a 12 mil (0.3 mm) thick by 6 in. (152 mm) long
stainless steel shim was placed in the mold in direct contact
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with the top reinforcing bar. The shim was removed 12 to
24 hours after casting. This resulted in the direct infiltration
of chlorides at the beginning of the test.

The SE and CB tests lasted 96 weeks. Galvanized bars
were evaluated both with the zinc intact and penetrated by
ten 1/8 in. (3 mm) diameter holes to simulate defects or
damage; undamaged bars were also evaluated after being
bent using SE specimens.

Fabrication

Specimen fabrication for the SE and CB specimens
consisted of the following steps:

1. Reinforcing bars were cut to 12 in. (305 mm) with a
band saw. Bars that were to be bent were cut to a length of
15 in. (381 mm).

2. Both ends of each bar were drilled and tapped to a
3/8 in. (10 mm) depth with 10-24 threading.

3. For reinforcing bars with intentional damage, the
coating was penetrated with a 0.125 in. (3 mm) diameter
four-flute drill bit using a milling machine. Five holes were
placed on each side of the bar, approximately 2 in. (50 mm)
apart. The coating was not penetrated on bent bars.

4. Bars were soaked in acetone for a minimum of 2 hours
and cleaned to remove any oil.

5. The forms were assembled, and the reinforcement was
attached. Reinforcing bars with penetrations in the coating
were aligned so that the holes faced the top and bottom of
the specimen. Forms and reinforcement were held in place
using 10-24 threaded stainless steel machine screws.

6. Specimens were cast in an inverted position in two
layers, with each layer consolidated using a 0.75 in. (19 mm)
diameter vibrator. The free surface of the concrete (the
bottom of the specimen, as they were cast upside down) was
finished with a trowel. This procedure allowed for a level
and consistent top surface of the specimen.

7. Specimens were cured for 24 hours at room tempera-
ture. A plastic cover was used to minimize evaporation. The
stainless steel shims were removed from the CB specimens
after 12 to 24 hours, when the concrete had set.

8. Formwork was removed after 24 hours.

9. Specimens were cured for an additional 2 days in a
plastic bag containing deionized water, then air-cured for
25 days.

10. Before test initiation, wire leads were connected to
the test bars using 10-24 x 3/8 in. (10 mm) stainless steel
screws. A waterproofing epoxy coating was applied to the
vertical sides of the specimens and the top surface of the
dams, while the top and bottom surfaces of the specimens
were left uncoated.

11. The two mats of steel were connected to the terminal
box. Specimens were left connected across the 10 Q resistor,
except when corrosion potential readings were taken. Spec-
imens were placed on 1.5 x 1.5 in. (38 x 38 mm) studs to
allow airflow under the specimens. Tests began 28 days after
casting.

Test procedure

The SE and CB tests were subjected to alternate cycles of
ponding and drying. The test began with 12 weeks of ponding
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and drying, followed by 12 weeks of ponding, for a total of
24 weeks. This exposure regime was then repeated for the
duration of the test. The tests concluded after 96 weeks. The
procedures are described as follows.

Ponding and drying cycles—A 15% NaCl solution was
ponded on the surface of the specimens. The temperature
was maintained at 72 + 3°F (22 + 2°C). The SE specimens
received 600 mL of the solution; the CB specimens received
300 mL. The specimens were covered with plastic sheeting
during ponding to minimize evaporation. Readings were
taken on day 4. After the readings were completed, the spec-
imens were vacuumed to remove the salt solution, and a
heating tent was placed over the specimens. The tent main-
tained the specimens at 100 + 3°F (38 + 2°C) for 3 days.
The tent was then removed, and the specimens were again
ponded with the NaCl solution to start the second week of
testing. Ponding and drying cycles continued for 12 weeks.

Ponding cycle—After 12 weeks of ponding and drying,
specimens were ponded for 12 weeks with the 15% NaCl
solution and covered with plastic sheeting. The NaCl solu-
tion remained on the specimens throughout the 12 weeks.
Readings continued to be taken every week. Deionized
water was added to maintain the desired solution depth on
the specimens during this time. After 12 weeks, the spec-
imens were again subjected to the weekly ponding and
drying cycles.

Corrosion rate and corrosion potential measurements were
taken weekly. The current density on the anode was recorded
and used to calculate the corrosion rate using Faraday’s
equation as follows

Vm

Rate = KnFDRA (1)

where the rate is given in um/yr; K is the conversion factor =
31.5 x 10* amp-pum's/uA-cm-yr; V¥ is the measured voltage
drop across the resistor, millivolts; m is the atomic weight of
the metal (for iron, m = 55.8 g/mol; for zinc, m = 65.4 g/mol);
n is the number of ion equivalents exchanged (for iron
and zinc, n = 2 equivalents); F' is Faraday’s constant =
96,485 coulombs (C)/equivalent; D is the density of the metal,
g/cm? (for iron, D = 7.87 g/cm?; for zinc, D = 7.14 g/cm?);
R is the resistance of the resistor, ohms (= 10 Q for the test);
and 4 is the surface area of the anode exposed to solution.

For iron, Rate = 11.67 2)
For zinc, Rate = 15.0i 3)

In some cases, the corrosion rate may appear to be nega-
tive. This negative corrosion rate does not indicate negative
corrosion; rather, it is caused at low corrosion rates by minor
differences in the oxidation rate between the anode and
cathode bars.

Following the measurement of the voltage drop, the
electrical connection was interrupted to measure corrosion
potentials. Linear polarization resistance (LPR) measure-
ments were taken every 4 weeks. LPR is used to calculate
the total corrosion loss, including localized corrosion, by
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measuring a metal’s response to an applied voltage. Local-
ized corrosion loss is not captured in the macrocell corrosion
rate from the voltage drop readings through wire leads alone.

The specimens remained disconnected for a minimum of
2 hours before measuring corrosion potentials and taking the
LPR readings. Potentials were measured with respect to a
silver-silver chloride electrode and converted to an equiva-
lent copper-copper sulfate electrode (CSE) value for presen-
tation. All specimens were autopsied and photographed
upon completion of the test.

Test program

The test program in this study consists of 48 SE and
33 CB specimens, as shown in Table 2. Six specimens were
cast for each type of bar and surface preparation (undam-
aged, damaged, and bent), with the exception of Conv-II, for
which only three CB specimens were cast due to the limited
availability of that heat of steel. Conventional reinforcement
was not tested in the bent condition.

RESULTS
Corrosion rates

Figures 4 and 5 show the average macrocell corrosion
rates based on the total area of the top mat of reinforce-
ment in contact with concrete for ASTM A767 and A1094
galvanized reinforcement, as well as the conventional rein-
forcement used to produce them, in the SE and CB tests,
respectively.

In the SE test (Fig. 4), no difference in behavior was noted
between damaged and undamaged galvanized specimens.
ASTM A767 (A767, A767-ND, A767-Bent) reinforcement
exhibited some corrosion activity at the beginning of the test,
with average corrosion rates in the range of 1 to 2.5 um/yr.
The corrosion rates of damaged ASTM A767, peaking just
below 2.5 um/yr, were near zero during most of the testing
period. Undamaged ASTM A767 exhibited corrosion rates
similar to those of damaged ASTM A767 during the first
30 weeks. The corrosion rates of A767-Bent increased to
4 pm/yr by week 12 and remained between 2.5 and 4 um/yr

for approximately 12 weeks before dropping. By week 30,
the average corrosion rates of all ASTM A767 galvanized
specimens dropped to near zero or became negative, which
was likely due to corrosion activity on both the bottom and
top bars (the zinc coating on the bars can corrode in the high
alkalinity of concrete regardless of exposure to chlorides).
Undamaged and bent ASTM A767 reinforcement began
exhibiting positive corrosion rates again around week 54,
fluctuating and peaking at 4 pm/yr.

ASTM A1094 (A1094, A1094-ND, A1094-Bent) rein-
forcement exhibited some corrosion activity at the begin-
ning of the test, with average corrosion rates in the range
of zero to 2.5 pm/yr. Like ASTM A767 reinforcement,
by week 30, the average corrosion rates of ASTM A1094
galvanized specimens dropped to near zero or became nega-
tive. The corrosion rates of ASTM A1094 reinforcement
returned to near zero by week 48. Afterward, the corrosion
rates remained lower than 1 pm/yr and near zero, except for
another drop to negative rates at approximately week 70.

The corrosion rates for all galvanized bars after week 20
were much lower than those of conventional reinforcement.

Table 2—Test program

Test program
Reinforcement SE CB
A767 6 6
A767-ND 6 6
A767-Bent 6 —
A1094 6 6
A1094-ND 6 6
A1094-Bent 6 —
Conv-1 6 6"
Conv-II 6 3

“Four specimens were terminated before 96 weeks due to excessive cracking from
corrosion.

Note: ND is not damaged.

12.5
10
75
5

Corrosion Rate (um/yr)

e
A

0 6 12 18 24 30 36 42 48 54 60 66 72 78 84 90 96
Time (weeks)

—m—A767 --3--A767-ND
--A--A1094-ND - A- A1094-Bent

—e— Conv-l —o— Conv-l|
- ¥- A767-Bent —a— A1094

Fig. 4—SE test: average macrocell corrosion rate versus time. Corrosion rate based on total bar area of conventional, ASTM
A767, and ASTM A1094 reinforcement.
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Fig. 5—CB test: average macrocell corrosion rate versus time. Corrosion rate based on total bar area of conventional, ASTM

A767, and ASTM A1094 reinforcement.

The corrosion rate of specimens with Conv-I increased
gradually throughout the test from approximately zero to
approximately 9.5 pm/yr. The corrosion rate of specimens
with Conv-II increased gradually throughout the test from
approximately zero to approximately 9 pm/yr by week 91
and, afterward, decreased to approximately 7.5 um/yr at the
end of the test.

In the CB test (Fig. 5), all specimens exhibited very high
corrosion rates, between 15 and 25 um/yr, during the first few
weeks of testing. The corrosion rates for the galvanized bars
dropped rapidly to values less than 4 pm/yr by week 10 and
gradually decreased to 1 to 2 um/yr by week 18. The corro-
sion rates for damaged and undamaged ASTM A767 began
to increase after week 18, reaching 5 um/yr, with the corro-
sion rates of damaged ASTM A767 gradually decreasing to
zero during the last 24 weeks of testing. Average corrosion
rates for ASTM A 1094 reinforcement increased after a drop
to negative rates at week 70 but remained lower than 3 pm/yr.

The CB test directly exposes the top reinforcement to
chlorides from the beginning of testing, initiating corro-
sion sooner than SE testing. CB specimens with uncoated
and coated reinforcement showed a drop in the macrocell
corrosion rates after a few weeks, as the accumulation of
corrosion products in the crack inhibited the ingress of water
and oxygen and slowed the corrosion process. The reduction
in the corrosion rate may also be attributed to the corrosion
activity in the bottom bars, bars designated as the cathode.
As previously mentioned, the zinc coating can exhibit corro-
sion when exposed to the high alkalinity of concrete, even
without exposure to chlorides.

The corrosion rates for galvanized bars were one-third
to one-fourth that of conventional reinforcement, except
at the beginning of the test. Conv-I and Conv-II had corro-
sion rates of approximately 25 and 20 pm/yr, respectively,
at the beginning of the test; these corrosion rates decreased
to approximately 15 and 5 um/yr at the end of the test. It
should be noted, however, that Conv-I reinforcement was
used to produce the ASTM A767 reinforcement, and Conv-I1
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reinforcement was used to produce the ASTM A1094
reinforcement. Therefore, the differences in the behavior
between the two types of galvanized reinforcement may not
be solely due to differences in the coating; differences in the
corrosion performance of the conventional core may have
affected the results, particularly for the damaged bars where
the underlying steel was exposed.

Figures 6 and 7 show the average corrosion potentials
versus CSE for ASTM A767 and A1094 reinforcement, as
well as the conventional reinforcement used to produce them
in the SE and CB tests, respectively. At the beginning of
the SE test (Fig. 6), damaged, bent, and undamaged ASTM
A767 had an average potential of approximately —0.50 V. The
potentials for damaged ASTM A767 gradually became more
positive over the first 12 weeks, reaching —0.40 V, before
fluctuating until week 30. After week 30, the corrosion poten-
tials of damaged ASTM A767 remained between —0.30 and
—0.40 V until week 72, with some fluctuations. After week
72, they dropped to approximately —0.50 V, except for some
spikes. The corrosion potentials of undamaged ASTM A767
exhibited similar behavior over most of the test.

At the beginning of the test, damaged, undamaged, and
bent ASTM A 1094 had an average potential close to—0.70 V;
the corrosion potential of these bars gradually became more
positive and reached —0.50 V at week 30. Afterward, the
corrosion potentials of ASTM A1094 remained at approxi-
mately —0.50 V, with spikes to approximately —0.40 V.

Conv-I and Conv-II had corrosion potentials near —0.20V
at the beginning of the test, which was more positive than
those of the galvanized reinforcement. The corrosion poten-
tials of Conv-I and Conv-II gradually became more negative
during the test, reaching approximately —0.60 V, which was
more negative than those of the galvanized reinforcement.

At the beginning of the CB test (Fig. 7), the damaged
and undamaged ASTM A767 had an average potential of
approximately —0.80 V, while the damaged and undamaged
ASTM A1094 had an average potential of approximately
—1.0 V. Over the first 18 weeks of the test, the potentials of

81



-0.1

S o5 o
N ow N

05 |
0.6

Corrosion Potential (V)
S 6
© N

-0.9

1
-

0 6 12 18 24 30 36 42 48 54 60 66 72 78 84 90 96

Time (weeks)

—&— Conv-l —o— Conv-l|
- % A767-Bent —&—A1094

—— A767 --=--A767-ND
- A= A1094-ND --A--A1094-Bent

Fig. 6—SE test: average corrosion potentials (versus CSE) of conventional, ASTM A767, and ASTM A1094 reinforcement
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Fig. 7—CB test: average corrosion potentials (versus CSE) of conventional, ASTM A767, and ASTM A1094 reinforcement

versus time.

the ASTM A767 and A1094 steel gradually became more
positive, reaching values between —0.50 and —0.60 V, and
then remained approximately constant for the remainder of
the test.

During the first half of testing, Conv-I exhibited corrosion
potentials between —0.50 and —0.60 V, dropping to values
between —0.60 and —0.70 V in the second half. At the begin-
ning of testing, Conv-II showed corrosion potentials near
—0.60 V, which gradually reached near —0.40 V in the first
half before tapering off to near —0.60 V again by week 96.
Conv-I and Conv-II showed occasional spikes in corrosion
potentials.

Corrosion loss

Table 3 shows the macrocell corrosion losses (based
on voltage drop) for specimens in the SE test. Corrosion
losses were obtained by integrating the weekly corrosion
rate measurements over time. To determine the statistical
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significance of the differences in corrosion losses between
corrosion protection systems, a two-tailed Student’s #-test
(Student 1908) was used, assuming equal variances.
Student’s #-test is a method of statistical analysis that
compares the means and variances of two data sets to deter-
mine the probability, p, that any differences between the two
data sets could have arisen by chance; that is, differences in
the mean values are due to the natural variability of the test
program, not differences in the effectiveness of the corrosion
protection systems. In this study, a value of 0.20 was used as
the threshold for statistical significance.

In the SE test, Conv-I and II exhibited similar average
losses at 96 weeks: 10.55 and 10.62 um, respectively; this
difference is not statistically significant (p = 0.98). Among
the specimens with galvanized reinforcement, a wide vari-
ation in losses was observed. As previously described, the
corrosion activity of both the top and bottom mats of rein-
forcement resulted in significant fluctuations in macrocell
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Table 3—SE test: macrocell corrosion loss based on total area at end of testing

Corrosion loss, um: total area Standard

Reinforcement 1 2 3 4 5 6 Average loss deviation
Conv-1 10.50 17.84 5.44 12.53 13.73 3.28 10.55 5.40
Conv-II 9.90 10.10 13.52 10.14 12.20 7.88 10.62 1.97
A767 -0.11 -0.46 1.31 0.60 —0.01 0.89 0.37 0.67
A767-ND 2.11 0.40 1.27 —0.60 1.12 1.55 0.98 0.95
A767-Bent 1.90 —0.76 —0.08 4.01 3.68 6.56 2.55 2.75
A1094 -0.57 0.31 0.32 —0.76 —0.23 1.02 0.02 0.66
A1094-ND 0.50 -1.83 0.84 0.27 0.84 1.13 0.29 1.08
A1094-Bent 221 —4.78 —1.41 2.28 1.42 1.88 0.27 2.83

Table 4—CB test: macrocell corrosion loss based on total area at end of testing

Corrosion loss, um: total area Standard

Reinforcement 1 2 3 4 5 6 Average loss deviation
Conv-I 9.69 27.43 Y ) * Y 18.56 12.55
Conv-II 9.21 15.20 14.36 — — — 12.93 3.24
AT67 0.64 4.21 2.71 -1.18 9.35 8.18 3.99 4.15
A767-ND 1.32 8.81 2.20 6.98 6.51 2.29 4.69 3.13
A1094 3.60 6.12 3.10 —2.65 3.71 4.04 2.99 2.95
A1094-ND 2.78 4.59 2.36 1.99 2.02 4.00 2.96 1.09

“Terminated before 96 weeks due to excessive cracking from corrosion.

Note: — means no specimen.

corrosion rates. Specimens with bent ASTM A767 bars
exhibited losses an order of magnitude greater than the other
A767 specimens and all ASTM A1094 specimens, with a
difference that is statistically significant (p < 0.20), except
between A767-Bent and A767-ND (p = 0.21).

Table 4 shows the macrocell corrosion losses (based
on voltage drop) for specimens in the CB test. In the CB
test, four specimens with Conv-I reinforcement cracked
due to excessive corrosion losses, preventing the test from
continuing (Fig. 8); these specimens were removed from
testing at weeks 49, 67, 77, and 83. Results from these spec-
imens are not included in the average corrosion loss for
Conv-I in Table 4. Conv-II exhibited lower average losses
(12.9 pm) than Conv-I at 96 weeks (18.6 um), though this
difference is not statistically significant (p = 0.48). Among
individual specimens with galvanized reinforcement, a wide
variation of losses was observed, as occurred for the SE
specimens. The ASTM A767 specimens exhibited slightly
greater losses than the ASTM A1094 specimens, although
these differences are not statistically significant (p > 0.23).

Table 5 shows the total corrosion losses (based on LPR)
for specimens in the SE test. As mentioned, LPR deter-
mines the total corrosion rate of a metal, including localized
corrosion activity that would be missed through corrosion
rate measurements based on the voltage drop across the
10 Q resistor. The trends are similar to those observed for
these specimens for the macrocell corrosion losses based
on voltage drop, although, as expected, the total losses are
higher than the macrocell losses. Conv-II exhibited greater
total losses (16.16 pum) than Conv-I (15.57 pm), although
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this difference is not statistically significant (p = 0.87).
Among galvanized specimens, there was generally no statis-
tically significant difference between the ASTM A767 and
A1094 specimens when comparing specimens of the same
type (p > 0.56). For both types of galvanized bar, however,
bent bars did exhibit higher total losses than straight bars,
with statistically significant differences (p < 0.15). These
observations suggest potential issues with damage to the
coating during bending and the need to patch or repair any
damage that may occur.

Table 6 shows the total corrosion losses (based on LPR)
for specimens in the CB test. As was the case for the SE
specimens, trends generally match those observed for the
macrocell corrosion losses, with total losses being higher
than macrocell losses. For conventional reinforcement,
Conv-I had the highest losses (41.99 pum), with Conv-II
exhibiting total losses of 27.42 um; the difference in losses
between Conv-I and Conv-II was found to be statistically
significant (p = 0.15). Among galvanized specimens, there
was no statistically significant difference between ASTM
A767 and A1094 specimens of the same type (p > 0.53),
with losses for all types of galvanized bars equal to approx-
imately 20 um.

Autopsy results

Figure 9 shows the bars from SE specimen A767-3 after
96 weeks of testing and is representative of the ASTM A767
reinforcement in the SE test. The top mat of steel exhibited
moderate amounts of corrosion (heavy in places), with both
zinc corrosion products (white) and steel corrosion products
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Table 5—SE test: LPR corrosion loss based on total area at end of testing

Corrosion loss, um: total area Standard

Reinforcement 1 2 3 4 5 6 Average loss deviation
Conv-I 11.84 17.76 11.69 15.79 20.79 16.78 15.57 391
Conv-II 18.54 15.79 19.63 16.34 19.12 7.55 16.16 4.49
A767 19.69 4.11 8.70 5.68 2.72 13.45 9.06 6.46
A767-ND 5.41 5.08 5.84 2.50 10.34 8.02 6.20 2.69
A767-Bent 16.34 9.19 4.66 16.12 30.06 19.96 16.05 8.81
A1094 15.40 6.13 5.17 3.11 2.72 14.19 7.79 5.59
A1094-ND 6.45 7.44 343 2.01 17.46 7.17 7.33 5.42
A1094-Bent 18.34 4.13 5.50 15.51 19.02 17.52 13.34 6.72

Table 6—CB test: LPR corrosion loss based on total area at end of testing

Corrosion loss, pm: total area Standard

Reinforcement 1 2 3 4 5 6 Average loss deviation
Conv-1 39.90 44.08 . . : : 41.99 2.95
Conv-1II 22.55 38.94 20.79 — — — 27.42 10.01
A767 15.23 23.40 28.27 8.74 18.17 33.95 21.29 9.14
AT67-ND 19.84 21.40 6.28 21.80 27.40 24.20 20.15 7.29
A1094 14.22 33.50 12.72 13.01 19.10 26.88 19.91 8.55
A1094-ND 17.61 19.50 14.34 12.64 25.03 18.32 17.91 4.34

*Terminated before 96 weeks due to excessive cracking from corrosion.

Note: — means no specimen.

Fig. 8—CB test: cracking of concrete in specimen Conv-I-3.

(orange-brown) visible. Corrosion was uneven, with the
coating intact in several places but the underlying inter-
metallic layers visible in others. On several ASTM A767
specimens, corrosion was also present on the bottom bars
(Fig. 10), explaining the “negative” corrosion loss observed
on some ASTM A767 specimens.

Figure 11 shows the bars from CB specimen A767-3 after
96 weeks of testing and is representative of the ASTM A767
reinforcement in the CB test. As observed for the SE spec-
imens, the top mat of steel exhibited moderate amounts of
corrosion (heavy in places), with both zinc corrosion prod-
ucts (white) and steel corrosion products (orange-brown)
visible. Fewer white zinc corrosion products were visible on
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Fig. 9—SFE test: specimen A767-3 after 96 weeks of testing.
Top mat (top) and bottom mat (bottom,).

the bottom bars, with isolated areas of steel corrosion prod-
ucts visible.

Figure 12 shows the bars from SE specimen A1094-4
after 96 weeks of testing and is representative of the ASTM
A1094 reinforcement in the SE test. The top mat of steel
exhibited moderate to heavy corrosion, with both zinc corro-
sion products (white) and steel corrosion products (orange-
brown) visible. As for the ASTM A767 specimens, corro-
sion was uneven, with undisturbed zinc adjacent to exposed
underlying intermetallic layers. As observed on the ASTM
A767 specimens, corrosion was also present on the bottom
mat on some specimens, explaining the “negative” corrosion
losses observed on these specimens.

Figure 13 shows the bars from CB specimen A1094-6
after 96 weeks of testing and is representative of the ASTM
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Fig. 10—SE test: specimen A767-2 after 96 weeks of testing.
Top mat (top) and bottom mat (bottom).

Fig. 11—CB test: specimen A767-3 after 96 weeks of testing.
Top mat (top) and bottom mat (bottom,).

Fig. 12—SE test: specimen A1094-4 after 96 weeks of
testing. Top mat (top) and bottom mat (bottom,).

A1094 reinforcement in the CB test. The top mat of steel
exhibited moderate amounts of corrosion, with both zinc
corrosion products (white) and steel corrosion products
(orange-brown) visible. Again, limited amounts of zinc
corrosion products were observed on the bottom mat.

Figures 14 and 15 show bent ASTM A767 and A1094
bars, respectively, representative of all bent ASTM A767
and A1094 reinforcing bars in the SE test. For both types
of bar, corrosion products were observed on the top of the
bar, both at and away from the bend. As discussed, based on
total corrosion losses, the presence of the bend resulted in
a statistically significant increase in corrosion compared to
straight bars.

Figure 16 shows the bars from the SE specimen Conv-II-1
after 96 weeks of testing and is representative of all conven-
tional reinforcement in the SE test. As shown in the photo,
moderate amounts of corrosion were visible on both bars
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Fig. 13—CB test: specimen A1094-6 after 96 weeks of
testing. Top mat (top) and bottom mat (bottom,).

Fig. 14—SE test: specimen A767-b-2 after 96 weeks of
testing. Top mat (top) and bottom mat (bottom,).

ROV N T S sy

Fig. 15—SE test: specimen A1094-b-2 after 96 weeks of
testing. Top mat (top) and bottom mat (bottom).

from the top mat of steel, although corrosion did not cover
the entirety of both bars. This corrosion was frequent enough
to cause staining on the surface of the specimen (Fig. 17).
No corrosion products were visible on the bars from the
bottom mat of steel.

Figure 18 shows the bars from CB specimen Conv-I-1 after
96 weeks of testing and is representative of all conventional
reinforcement in the CB test. Heavy corrosion was visible on
the top mat of steel, with some pitting and deeper localized
corrosion occurring, particularly in the region directly under
the 6 in. (152 mm) simulated crack. As was the case with SE
specimens, most CB specimens with conventional reinforce-
ment exhibited staining on the surface (Fig. 19); this was not

85



Fig. 16—SE test: specimen Conv-II-1 after 96 weeks of
testing. Top mat (top) and bottom mat (bottom,).

Fig. 17—SE test: surface staining on specimen with conven-
tional reinforcement.

the case for specimens with galvanized reinforcement. Some
corrosion products were visible on the bars from the bottom
mat of steel.

DISCUSSION

Generally, the differences between similar types of galva-
nized specimens with ASTM A767 and A1094 reinforce-
ment were not found to be statistically significant. The
CB and SE tests demonstrated that both ASTM A767 and
A1094 reinforcement exhibited macrocell corrosion losses
of at least an order of magnitude less than conventional rein-
forcement, with a difference that is statistically significant
when comparing the corrosion losses of ASTM A767 and
A1094 specimens with those of specimens with conven-
tional reinforcement (p < 0.05). Also, with the exception of
the specimens with bent bars, the ASTM A767 and A1094
specimens had approximately one-half the total corrosion
losses of the specimens with conventional reinforcement
based on the LPR measurements. Lower corrosion losses
based on macrocell corrosion rates are expected as the zinc
coating on bars designated as the cathode may exhibit corro-
sion in the high alkalinity of concrete even without exposure
to chlorides; this would decrease the current between the top
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Fig. 18—CB test: specimen Conv-I-1 after 96 weeks of
testing. Top mat (top) and bottom mat (bottom,).

Fig. 19—CB test: surface staining on specimen with conven-
tional reinforcement.

(anode exposed to chlorides) and bottom (cathode) mats,
decreasing the macrocell corrosion rates and losses.

CONCLUSIONS AND RECOMMENDATIONS

The following conclusions and recommendations are
based on the results and analyses presented in this paper:

1. Corrosion losses in ASTM A767 and A1094 reinforce-
ment were generally less than those of conventional rein-
forcement, both with and without damage to the coating;
however, corrosion losses increased when the bars were
bent.

2. ASTM A767 and A1094 reinforcement exhibit similar
corrosion resistance and can be used interchangeably.

3. If bends are shown to consistently reduce the corrosion
performance of either ASTM A767 or A1094 bars, addi-
tional research is needed on the effect of bends on the corro-
sion performance of both types of galvanized reinforcement
and methods of repair.
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Biochar properties—in particular, its fineness and ability to absorb
water—can be exploited to modify the rheological behavior of
cementitious conglomerates and improve the hydration of cement
paste under adverse curing conditions, such as those related to
three-dimensional (3-D) concrete printing. Regarding the fresh-
state properties, the study of rheological properties, conducted
on cementitious pastes for different biochar additions (by weight
of cement: 0, 1.5, 2, and 3%), highlights that the biochar induces
an increase in yield stress and plastic viscosity. The investigation
of mechanical properties—in particular, flexural and compressive
strength—performed on mortars evidences the internal curing
effect promoted by biochar additions (by weight of cement: 0, 3,
and 7.7%). In fact, compared to the corresponding specimens cured
Jfor the first 48 hours in the formwork, specimens with biochar addi-
tion cured directly in air are characterized by a drastically lower
reduction in compressive strength than the reference specimens—
that is, approximately 36% and 48%, respectively. This interesting
result can also be exploited in traditional construction techniques
where faster demolding is needed.

Keywords: biochar; internal curing agent; mechanical properties; rheolog-
ical properties; three-dimensional (3-D) concrete printing.

INTRODUCTION

Concrete is a primary cause of carbon dioxide emissions
into the atmosphere, as 8 to 9% of greenhouse gas emis-
sions are attributed to its production.! Several studies have
focused on finding solutions to replace part of the cement
with materials from industrial waste to achieve a lower
environmental impact while maintaining or even improving
mechanical performance. However, in the macro field of
studies aimed at reducing the environmental impact of the
construction sector and the exploitation of raw resources,
interest in cutting-edge construction technologies, such as
three-dimensional (3-D) printing, can also be considered.?

Three-dimensional concrete printing has attracted
increasing interest in the construction field due to its flex-
ibility, the possibility of manufacturing elements on-site
that would otherwise be difficult to transport, and countless
opportunities for further development, including saving
raw materials and optimizing their use.>* In addition, other
distinguishing features of this technology are the advantages
related to the optimization of production cycles and the
increased architectural and design versatility of the works,’
as well as greater efficiency and safety of workers.°

The study of cementitious mixtures for use in automated
processes such as 3-D printing can not only concern the
evaluation of properties in the hardened state but must also
deal with the rheological characteristics in the fresh state.”$
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Interest in 3-D concrete printing has also led to the investi-
gation of special concrete mixtures, such as those character-
ized by low density, both in terms of mechanical properties
in the hardened state and rheological properties in the fresh
state.”!? Three-dimensional printing would have a substan-
tial impact on the different cost distribution of structures. In
fact, costs can currently be classified into four macro areas:
7% concrete labor, 10% formwork materials, 30% concrete
materials, and 53% formwork labor."* More than 50% of
the total costs can be attributed to labor and formwork,
costs that would be reduced by 3-D printing. This consid-
eration is linked to a challenge: the absence of formwork,
with the risk of premature evaporation of the mixture water
and poor hydration of the cement paste. Structural concrete
elements have historically required formwork to maintain
their shape and provide good conditions for proper hydra-
tion. The effect of the presence of formwork has become a
relevant factor over time, so much so that various technolo-
gies have been developed both on the construction site and
in the field of precasting—for example, flexible formwork,
controlled-permeability formwork, and pneumatic form-
work, which involve innovative aspects and effects on the
concrete mixture.'* Proper curing results in a better micro-
structure of the cementitious conglomerate, characterized by
lower porosity and thus greater durability of the structure
with a reduced CO, penetration rate.'” Therefore, the effect
of curing in formwork on the performance and durability of
structures is considerable.

In contrast, 3-D concrete printing does not involve form-
work, and the concrete mixture exposed directly to air, not
being adequately protected from water evaporation, may
have reduced performance.

There are several commonly used solutions to limit the
negative effects of inadequate curing. The most common
method is to constantly spray water on the surface of the
concrete element. Another solution is referred to as external
curing, which consists of waterproofing by means of a
curing compound, a film-forming additive, with the aim of
preventing evaporation of the mixture water. A third solution
is called internal curing. It consists of the addition of a super-
absorbent additive that gradually releases water over time
to optimize the curing process.'® Superabsorbent additives
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create water pockets that provide a water reserve, resulting
in better hydration.

Regarding the internal curing strategy, this work aims to
highlight the beneficial effects of using biochar in the produc-
tion of cementitious conglomerates to be applied through
3-D printing. In fact, given its ability to absorb water due
to its porous nature, biochar could have a beneficial internal
curing effect.!” Biochar is an industrial by-product obtained
from pyrolysis and gasification processes and could be
exploited to produce more environmentally sustainable
concretes.'® Biochar can provide a significant contribution
to reducing the environmental impact of the construction
sector, sequestering, depending on the raw material and
pyrolysis conditions, between 2.0 and 2.6 tons of CO,-eq
per ton of biochar.!” Therefore, biochar could be used to
make a carbon-neutral or carbon-negative concrete.?’ More-
over, as stated in the relevant literature, biochar is chemi-
cally stable over time and should not alter when mixed with
concrete.”! Furthermore, the addition of a small amount of
biochar can improve the mechanical strength and increase
the fracture energy of concrete, while the addition of an
excessive amount of biochar negatively affects the mechan-
ical properties of cementitious conglomerates.?>* It can also
contribute positively to the production of concrete mixtures
characterized by excellent dimensional stability in the
fresh state.?> This can lead to the use of biochar as a dual-
purpose resource in the development of concrete mixtures to
be applied through 3-D printing: viscosity-modifying agent
and internal curing agent.

RESEARCH SIGNIFICANCE

This study focuses on the possibility of improving the
mechanical performance of cementitious conglomerates
exposed to the curing that characterizes 3-D-printed prod-
ucts through the addition of biochar. In fact, in addition to the
investigation of rheological properties, the effect of biochar
addition on the reduction of mechanical performance of
mortars cured in formwork for the first 48 hours or directly
in air is presented in comparison with reference samples
without biochar. The further effect on the same properties
due to different water-cement ratios (w/c) is also highlighted.
The results obtained may pave the way for new uses of this
by-product as an effective resource in the concrete field
while reducing environmental impact.

EXPERIMENTAL INVESTIGATION

The experimental campaign aims to highlight the possi-
bility of using biochar as a viscosity-enhancing agent and an
internal curing agent to reduce the negative effect of inad-
equate curing conditions on the mechanical properties of
cementitious mixtures.

To this end, rheological tests and mechanical tests were
performed. Based on preliminary studies, some of which
have been published,” the effect of biochar on internal
curing was carried out on mortars characterized by an addi-
tion of biochar equal to 7.7% by weight of cement, with
three different w/c: 0.28, 0.31, and 0.35. For the highest
w/c—that is, 0.35—the impact of biochar on internal curing
was also studied in the case of lower biochar additions—that
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is, 3% by weight of cement. This shows how internal
curing is affected not only by varying the w/c, but also
by the amount of biochar in the cementitious mixture. As
detailed in the subsection “Specimen preparation and curing
conditions,” internal curing is assessed by comparing the
mechanical properties of specimens cured directly in air (a
condition typical of 3-D-printed elements and when faster
demolding is required) with those of specimens left in the
formwork for the first 48 hours to avoid premature dehy-
dration of the specimens. The study of rheological prop-
erties is carried out on cement pastes cast using the same
raw materials. In fact, as evidenced in the relevant litera-
ture, it is possible to understand the behavior of viscosity-
modifying agents by simply comparing the rheological
behavior of cement pastes, neglecting the effect of aggre-
gates."” A w/c of 0.35 was considered for the rheological
study. The rheological study was conducted considering
three different biochar contents: 1.5%, 2%, and 3%. It was
not possible to extend the study to the case of 7.7% biochar
addition due to the too-high consistency of the resulting
pastes, which was not compatible with the specified
measuring range of the rheometer used. Due to the impos-
sibility of assessing the rheological properties in this case,
biochar additions of 1.5% and 2% were chosen in addition to
3%. This approach allowed a more detailed evaluation of the
impact of biochar on the rheological behavior of mixtures.
Furthermore, as high-range water-reducing admixture
(HRWRA) has a significant impact on the rheological prop-
erties of cementitious composites, to specifically assess the
effect of biochar on the rheological properties in the fresh
state, the study of rheological properties was conducted
without the use of HRWRA. This approach was chosen to
isolate the influence of biochar, avoiding potential interac-
tions with other factors that could contaminate the results.

Materials

Portland cement CEM I 52.5 R, in accordance with UNI
EN 197-1, was used for the preparation of the conglomer-
ates. The physical and mechanical properties of the cement
used are given in Table 1.

Tap water was employed; the w/c used ranged from
0.28 to 0.35. Basalt sand with a maximum diameter of
3 mm was used. This choice is motivated by the aim of
developing mixtures that can be usefully employed in auto-
mated processes where the maximum diameter of the aggre-
gate particles is limited to avoid occlusions when the mate-
rial exits the printhead nozzle; the latter is characterized by
diameters between 15 and 50 mm.¢

A polycarboxylate ether-based HRWRA was used to
enhance the mixing process and improve the workability of
the material, especially in view of the low w/c adopted.

The mixtures were prepared by adding biochar produced
from wood chips by gasification at a temperature of approx-
imately 700°C.

Nitrogen adsorption and desorption isotherms were
determined with a physisorption instrument at a tempera-
ture of —196°C. Prior to measurements, the sample was
degassed under vacuum at 150°C for 8 hours. Moreover,
the Brunauer-Emmett-Teller (BET) model was applied to
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Table 1—Physical and mechanical properties of cement, as declared by producer

Initial setting Specific Blaine fineness, | 1-day compressive | 2-day compressive | 7-day compressive | 28-day compressive
Cement type time, h gravity, g/cm? cm?/g strength, MPa strength, MPa strength, MPa strength, MPa
CEMI525R 2 3.05 4500 25 36 49 58
Table 2—Properties of employed biochar . o
Surface area, m%/g 40.7
Pore volume, cm?/g 0.06 : g
~ 4 o
Water absorption, g 0.69 +0.07 2 4 g
2 °
Average particle size, pm 13.7 a 50 E
€ B
. . % 24 E
Table 3—Mixture proportions of tested cement > 3
pastes
Series No. Cement, g Water, g Biochar, g 0- Lo
OPC 450 1575 0 0,01 0,1 1,0 - 100 100,0 1.000,0 10.000,0
Size Classes (um)
BC 1.5 450 157.5 4.5
BC 2 450 1575 9 Fig. I—Biochar PSD.
BC 3 450 157.5 135 rheological behavior for only one of the w/c investigated for

assess the specific surface area of the sample. The biochar
used in this research is characterized by a surface area of
40.7 m?/g and a pore volume of 0.06 cm?/g, according to the
Barrett-Joyner-Halenda model.

The water absorption of biochar was evaluated as the
mass of absorbed water per gram of dry biochar.?” The water
absorption of adopted biochar is equal to 0.69 + 0.07 g of
water per gram of dry biochar. This property can change the
rheological properties of cementitious systems.!”

The particle-size distribution (PSD) was determined using
a laser granulometer equipped with a dry powder disperser.
Figure 1 reveals that the PSD is roughly bimodal with
an average particle size (dso) equal to 13.7 pm, while the
diameters d;, and dy, corresponding to 10% and 90% of the
cumulative curve are 2.31 and 49.9 pm, respectively. This
PSD could have a twofold packing effect in the cementitious
mixture: on the one hand, it may result in a reduction of the
spaces between sand particles; on the other hand, it may
contribute to densifying the cementitious matrix. Table 2
summarizes the properties of the biochar.

Mixture proportions

Although the influence of aggregates is lost, it is commonly
believed in the relevant literature that the effect of any
admixtures on the rheology of concrete and mortar can be
reasonably estimated on the basis of their influence in the
cement pastes.'”?® In light of this, the rheological study was
carried out on four different cementitious mixtures charac-
terized by the following different biochar-cement ratios: 0%,
1.5%, 2%, and 3% (Table 3). Unfortunately, as previously
specified, it was not possible to evaluate the rheological
behavior for higher percentages of biochar (7.7%), because
very stiff and high-consistency pastes were obtained, which
were not compatible with the specified measuring range of
the rheometer used. In the analysis of rheological properties,
the w/c was kept constant and equal to 0.35. In fact, for the
purpose of this work, it was considered sufficient to study
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the mechanical properties and shown herein.

For the investigation of mechanical properties, all series
were realized with the same sand-cement ratio. It is worth
noting that in terms of precise terminology, this study refers
to mortars and not concrete, as no coarse aggregates were
used. As mentioned earlier, this choice was dictated by the
constraints on the maximum aggregate particle size imposed
by the equipment generally used in the 3-D-printing process,
primarily the pump, but especially the end effector and the
printhead nozzle. Nevertheless, it is common practice in
the technical and scientific literature of the field to refer
to such cementitious composites as concrete, even though,
more accurately, they should be classified as mortar. Three
different w/c were investigated: 0.28, 0.31, and 0.35. The
amount of HRWRA varied between 0.5 and 4% of cement
weight. Specifically, as the amount of biochar increased, it
was necessary to increase the proportion of HRWRA in the
cementitious mixture. Mixtures with a biochar addition of
7.7% (by weight of cement) are identified as BC I, while
those with a biochar addition of 3% are identified as BC 1II.

Specimen preparation and curing conditions

To prepare the cement paste and mortar, the components
were mixed for 3 minutes with a mortar mixer; the mixing
procedure included two different mixing intensities: 80 rpm
for the first 60 seconds and 210 rpm for the remaining
120 seconds. Three prismatic specimens of dimensions 40 x
40 x 160 mm were produced for each series in accordance
with EN 196-1.

In Table 4, samples whose curing is identified with form-
work were demolded after 48 hours of curing and were then
air cured at a temperature of 25 + 2°C and relative humidity
(R.H.) of 65 + 5% until the evaluation of the 28-day mechan-
ical properties. In contrast, samples whose curing is identi-
fied with air were demolded immediately after being formed,
to simulate the curing effect proper to 3-D printing—that is,
directly in air. Through this procedure, any positive influ-
ences of the addition of biochar on the degree of hydration
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Table 4—Mixture proportions and curing conditions of tested mortars

Series No. Cement, g Water, g Sand, g HRWRA, g Biochar, g Curing condition
REF 28 FMW 800 224 1024 12 0 Formwork
REF 28 AIR 800 224 1024 12 0 Air
BC_ I 28 FMW 800 224 1024 32 61.6 Formwork
BC I 28 AIR 800 224 1024 32 61.6 Air
BC_I 31_FMW 800 248 1024 32 61.6 Formwork
BC_I_31_AIR 800 248 1024 32 61.6 Air
BC_I_35 FMW 800 280 1024 32 61.6 Formwork
BC_ I 35 AIR 800 280 1024 32 61.6 Air
BC_II_35_AIR 800 280 1024 6 24 Air
REF_35_AIR 800 280 1024 4 0 Air

of the cement paste can be revealed indirectly—that is, by
comparing the mechanical properties of the samples.

Testing conditions

The rheology of the pastes was studied using a rotational
rheometer with co-axial cylinders. The gap between the
inner and outer cylinders was 1.15 mm, and the gap between
the base of the cup and the bob was 5 mm. A Peltier cell
was used to keep the system temperature stable at 23 +
1.0°C. A ramping up of the shear rate from 0 to 200 s™' was
performed, followed by a ramping down of the shear rate
from 200 to 0 s 1.

Regarding mechanical properties, at the end of the 28-day
curing period, all samples were subjected to three-point
bending tests and compression tests on the two resulting
halves. In accordance with UNI EN 196-1, the three-point
bending tests were performed in force-control mode, using
a loading rate of 50 N/s; the compression tests were also
performed in force-control mode, using a loading rate of
2400 N/s. The equipment for three-point bending tests was
a testing machine with a load capacity of 50 kN, operated
by a closed-loop control system. A testing machine with a
loading capacity of 500 kN was used for compression tests.

EXPERIMENTAL RESULTS AND DISCUSSION
Effect of biochar addition on cementitious pastes
flow curves

Three flow curves were performed for each series studied,
which revealed excellent repeatability of the test. To make
the results obtained more readable, only one representative
curve for each of the series was investigated, as shown in
Fig. 2. To make the effect of biochar addition on the rheolog-
ical behavior of cementitious pastes clearer, a magnification
of the behavior found during the early stages of the test is
also provided.

As the biochar content increases, there is an increase in
shear stress for any value of the shear rate. In the reference
samples, the cement particles are surrounded by a thin fluid
layer that, acting as a lubricant, reduces their friction and
allows the cement paste to flow with great ease.

In cases of biochar additions of 1.5 and 2%, the
change in slope at shear rates just below 25 s7! is evident,
showing a change in rheological behavior. As previously
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demonstrated, biochar particles can absorb a certain amount
of water due to their porous microstructure. However, a
further increase in the amount of biochar to 3% of cement
weight results in a further change in the initial rheological
behavior of the cementitious system. In fact, as shown in
Fig. 2(d), there is first a sudden increase in shear stress as
shear rate increases with a subsequent abrupt reduction
before the classic behavior manifested at lower biochar
percentages is resumed. This same behavior at the same
shear rate value is confirmed in the downward curve.

This behavior could be justified by considering that as
the amount of biochar increases, the possibility of agglom-
eration of biochar particles that can trap water inside them
increases due to their high surface area and surface tension.
In fact, the increase in biochar leads to a reduction in the
interparticle distance between biochar particles, resulting
in the possibility of agglomeration due to increased inter-
particle attraction forces.?” This agglomeration, on the one
hand, can reduce the free water present in the system, giving
rise to an abrupt increase in yield stress,!” and on the other
hand, when the agglomerate is disaggregated, this free water
can be released into the system, giving rise to paste lubrica-
tion. This leads to a sudden decrease in yield stress values
until a new equilibrium state is reached, with recovery of the
rheological behavior exhibited in the case of lower biochar
contents.

The determined curves are well represented by Bing-
ham’s model, Eq. (1). This is a rheological model used, for
example, for cementitious pastes with non-zero yield stress
and a linear relationship between shear rate and shear stress'’

T=T0 Mty (1)
where 7 is the shear stress (Pa); 7y is the yield stress (Pa);
N1 1s the plastic viscosity (Pa's); and y is the shear rate (s™).

As can be observed in Fig. 3(b), which shows the average
yield stress value over the three determinations performed,
the presence of biochar induces an increase in the yield
stress of the cementitious pastes. Furthermore, the yield
stress increases again as the percentage of biochar increases:
there is an average increase of approximately 84% from a
biochar content of 1.5 to 2%, and approximately 68% from a
biochar content of 2 to 3%.
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Fig. 2—Effect of biochar content on flow curves of cement pastes (in small graphs, behavior during early stages of test):
(a) ordinary portland cement (OPC); (b) biochar addition equal to 1.5% (BC 1.5%); (c) biochar addition equal to 2%
(BC 2%), and (d) biochar addition equal to 3% (BC 3%). (Note: UP stands for upward curve, and DOWN stands for

downward curve.)

From Fig. 3(a), it can be observed that in addition to
the increase in the yield stress of cement pastes, as the
percentage of biochar increases, there is also an increase in
plastic viscosity, which is directly affected by the volume of
solids in the mixture.>® Therefore, the addition of particles
characterized by a relatively large specific surface area gives
rise to an increase in yield stress?® and plastic viscosity, also
due to the water retention capacity of biochar, a property that
is of remarkable relevance to the phenomenon of internal
curing. In addition, Fig. 3 also highlights the markedly
different behavior characterizing the series with 3% biochar
addition, discussed previously.

In light of these results, it can be concluded that biochar
acts as a viscosity-enhancing agent, resulting in a significant
increase in the yield stress of cementitious pastes.

This property can be exploited in the field of 3-D concrete
printing. However, it is also recognized that cementitious
mixtures characterized by too high consistency are difficult
to use due to obvious problems in both mixing and pumping.
The rheological behavior shown in this study is also optimal
compared to the results obtained in the work of Zhang
et al.3! In fact, the presence of mechanical action, such as
that exerted during the mixing phase, guarantees a cemen-
titious system that is easily mixable, workable, and pump-
able. At the end of the mixing phase, thanks to the proper-
ties of biochar, the cementitious system becomes capable of
self-sustaining without the use of formwork.
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Hardened-state properties: flexural strength and
compressive strength

Table 5 shows the experimental results obtained; the stan-
dard deviation and the coefficient of variation of the evalu-
ated parameters are also given.

The flexural strength values shown in Table 5 represent
the average of the three experimental determinations.

The effect of curing conditions and w/c on the flexural
strength are shown in Fig. 4. As expected, the curing that
characterizes 3-D-printed concrete adversely affects flexural
strength. In fact, in all cases, there is a decrease in flexural
strength, which is more pronounced in the case of samples
with biochar addition: there is a slight decrease of 5.5% in
the case of the reference sample without biochar addition,
and an average decrease of approximately 19% in the case
of biochar addition. In terms of flexural strength, therefore,
there is no beneficial effect due to the addition of biochar for
air-cured samples. In fact, in the case of the samples cured
for the first 2 days in the formwork and then in air, the pres-
ence of 7.7% (BC 1 28) biochar, with respect to cement
weight, does not result in an appreciable decrease in flex-
ural strength, which remains close to that characterizing the
reference samples (REF_28). In the case of the presence of
biochar, moreover, again considering the specimens cured
for the first 2 days in the formwork, increasing the w/c from
0.28 to 0.31 does not lead to a decrease in performance,
which is even slightly higher when using the w/c of 0.31. The
absence of a reduction in flexural strength from a w/c of 0.28
to 0.31 may be due to the marginally improved workability
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Table 5—Experimental flexural and compressive strengths for each series investigated

Mean flexural Standard deviation COV flexural Mean compressive Standard deviation of COV compressive
strength of flexural strength strength strength compressive strength strength
Series No. f» MPa o, MPa Cov,, R., MPa og., MPa COVqg,
REF_28 FMW 11.24 1.28 0.11 95.67 3.57 0.04
REF 28 AIR 10.62 0.77 0.07 49.06 1.25 0.03
BC 1 28 FMW 11.06 0.49 0.04 84.88 2.56 0.03
BC I 28 AIR 8.73 1.18 0.14 54.14 0.04 0.00
BC I 31 FMW 11.21 0.14 0.01 78.75 5.61 0.05
BC I 31 AIR 9.04 1.81 0.20 50.22 2.34 0.03
BC 1 35 FMW 9.69 0.49 0.05 73.15 5.23 0.07
BC I 35 AIR 8.05 0.77 0.10 47.16 1.91 0.04
BC 11 35 AIR 7.44 0.51 0.07 44.69 1.41 0.03
REF 35 AIR 8.62 0.47 0.05 32.60 1.22 0.04
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Fig. 3—Effect of biochar content on yield stress and plastic viscosity of cement pastes: (a) yield stress in function of plastic
viscosity and biochar content; and (b) effect of biochar content on yield stress.
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Fig. 4—Effect of curing conditions (formwork for first
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w/c on flexural strength of tested mortars.
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of the cementitious material with a higher w/c, which may
have facilitated a more homogenous mixture, minimizing
defects and microcracks that could adversely affect flexural
strength. On the other hand, the decrease becomes more
significant if the w/c is increased to 0.35.

Comparing the results of specimens cured for the first
2 days in formwork with those cured directly in air, in spec-
imens with biochar additions, a noticeable trend emerges:
the reduction in flexural strength becomes less pronounced
as the w/c increases. In fact, this percentage drop is equal
to 21.07%, 19.36%, and 16.92% in cases of w/c of 0.28,
0.31, and 0.35, respectively. These results can be explained
by the internal curing effect facilitated by the presence of
biochar. Specifically, the increased water content in the
mixture provides more moisture that can be absorbed by the
biochar particles. Over time, the biochar gradually releases
the absorbed water, promoting a more sustained hydration
process of the cement paste. This mechanism is similar to
the function of superabsorbent polymers, which store and
release water to improve hydration and overall performance
of the material.
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The same trend can be identified in the results shown in
Fig. 5, where the effect of biochar content on flexural strength
is shown for the same curing conditions (air) and w/c (0.35).
In fact, it is evident that the presence of biochar leads to a
slight decrease in flexural strength even in the case of w/c of
0.35. The decrease in flexural strength in the case of samples
with biochar addition is in line with the finding reported by
Tan et al.,’? in which the addition of 5% pyrolyzed biochar
resulted in a decrease in flexural strength of approximately
10% at 28 days. However, in addition to confirming this
finding, the present study highlights the very interesting
aspect previously mentioned: the reduction in the drop of
flexural strength as the w/c increases, when comparing the
results of specimens cured for the first 2 days in molds with
those cured directly in air.

The compressive strength values shown in Table 5 repre-
sent the average of the experimental determinations carried
out on the three specimens. Specifically, the compressive
strength of each specimen was evaluated as the average of
the two determinations performed on the two halves obtained
from the three-point bending test.

Figure 6 shows the effects on compressive strength of the
two different curing conditions and w/c. A different trend can
be seen for formwork-cured samples and air-cured samples.
In the former case, the reference specimens without the addi-
tion of biochar are characterized by the highest compressive
strength, averaging 95.67 MPa. In fact, under formwork
curing conditions, the addition of 7.7% biochar (by weight
of cement), at the same w/c, results in an 11.28% decrease in
compressive strength compared to the reference specimens.

In addition, again in the case of the formwork-cured spec-
imens, in the case of the presence of biochar, the increase in
the w/c from 0.28 to 0.31 and 0.35, respectively, produces
a further decrease in compressive strength of 7.22% and
16.92%. The latter observation is also confirmed in the case
of air-cured specimens, where a slight decrease in compres-
sive strength as the w/c increases is still observed. In fact,
compared with specimens characterized by a w/c of 0.28,
there is a reduction of 7.24% and 14.80% in the case of w/c
equal to 0.31 and 0.35, respectively. In contrast, continuing
to observe the results obtained in the case of air-cured
specimens, the highest compressive strength, averaging
54.14 MPa, is associated with specimens with biochar addi-
tion at 7.7% by weight of cement and w/c of 0.28. Compared
to the corresponding reference specimens, these specimens
show an increase in compressive strength of 10.35%. As
can be seen from the data shown in Table 5 and Fig. 6, the
presence of biochar provides compressive strengths in line
with (or higher than) those of the reference specimens even
when the w/c is increased. In fact, comparing the results
of specimens cured for the first 2 days in formwork with
those cured directly in air, the reference specimens show a
48.7% reduction in compressive strength. In contrast, for
specimens with a biochar addition of 7.7%, this reduction is
limited to approximately 36%. These results can be justified
by the internal curing phenomenon favored by the presence
of biochar. In addition, biochar can provide a substrate for
the nucleation and growth of hydration products.*
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Fig. 6—Effect of curing conditions (formwork for first
48 hours or directly in air, as 3-D-printed materials) and
W/c on compressive strength of tested mortars.

A similarly interesting result emerges when looking at
the comparative histogram shown in Fig. 7, which shows
the effect of biochar content on the compressive strength
of cementitious mixtures at the same w/c (0.35) and curing
condition (air). Compared with reference samples without
biochar addition, the compressive strength increase is
37.08% and 44.66% when biochar is added in the amount of
3% and 7.7% by weight of cement, respectively.

This further improvement can be justified by considering
that there is more water in the mixture that is free to be
absorbed by the biochar, which can then release it slowly
over time, ensuring a better degree of hydration of the cement
paste, similar to what is achieved by the use of superabsor-
bent polymers. In fact, in the case of the air-cured reference
samples, increasing the w/c from 0.28 to 0.35 results in a
33.55% reduction in compressive strength. In contrast, this
significant decrease is not present in the case of specimens
with biochar addition: in fact, under the same conditions
there is a percentage reduction of 12.89%. Therefore, biochar
under the typical curing conditions of 3-D-printed elements
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allows a significant increase in w/c without a simultaneous
drastic decrease in compressive strengths. Such evidence
could also be due to the ability of biochar to absorb water in
the early stages, reducing the effective w/c, and then slowly
release it during the curing stage. This reduces the effect
of premature evaporation of water from the surface of the
samples and promotes hydration of unreacted cement parti-
cles.* The very interesting results presented here pave the
way for profitable use of biochar in the field of 3-D concrete
printing, or even in the case of more traditional construc-
tion techniques where faster demolding is needed, turning a
low-cost waste product into a resource with twofold value.

CONCLUSIONS

This study focused on the possibility of using a low-cost
waste material, biochar, as a resource to be exploited as
an internal curing and viscosity-modifying agent in the
field of three-dimensional (3-D) printing of concrete, or
as an internal curing agent in the case of more traditional
construction technologies when faster demolding is needed.
Rheological investigations revealed that the incorporation
of biochar leads to substantial increase in yield stress and
plastic viscosity in cementitious systems. This is attributed
to the ability of biochar to absorb water, accelerating
internal structuration and flocculation. Specifically, yield
stress continues to increase with increasing biochar content,
showing an average increase of 84% when biochar content
increases from 1.5% to 2%, and 68% when it increases from
2% to 3%, with respect to cement weight. As expected, the
curing conditions typical of 3-D-printed concrete have a
negative impact on the mechanical properties, especially in
terms of compressive strength. However, this study showed
the remarkable ability of biochar to act as an internal
curing agent, significantly mitigating the negative effects
caused by the absence of formwork. The work revealed a
completely different trend in compressive strength, with the
presence of biochar playing a crucial role in the compar-
ison between samples cured in formwork for the first 2 days
and those cured directly in air. In the case of the formwork-
cured samples, the reference samples without biochar
showed higher compressive strength than those containing
biochar under the various conditions analyzed in this study.
However, this trend changed significantly in the case of
air-cured samples, where the highest compressive strength
was associated with the biochar-containing samples, specif-
ically 7.7% with respect to cement weight. In fact, air-cured
specimens containing biochar showed a reduction in
compressive strength of approximately 36% compared to the
corresponding specimens cured in formwork. This reduction
was notably smaller than the 48% reduction observed in the
reference specimens without biochar under the same curing
conditions. This result is more pronounced as the water-
cement ratio (w/c) increases, due to the increased availability
of free water. In fact, the beneficial effect of biochar is further
emphasized when comparing the results at a w/c of 0.35 with
air curing. In particular, the increased biochar content led
to significant improvements in compressive strength, with
increases of 37.08% and 44.66% at 3% and 7.7% biochar
to cement weight, respectively, compared to the reference
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Fig. 7—Mortars with w/c of 0.35: effect of biochar content
on compressive strength of specimens cured directly in air.

sample. These observations are supported by the evaluation
of the water absorption capacity of the biochar used, equal to
0.69 £ 0.07 g of water for each gram of dry biochar.

Therefore, the results presented in this study highlight that
biochar represents a promising waste material for applica-
tions in the field of 3-D concrete printing, both as a viscosity-
modifying agent and as an internal curing agent, but also as
an internal curing agent when faster demolding is required
in more traditional building techniques. Moreover, the
synergy between the 3-D-printing process and printable
concretes with biochar, a carbon-negative material, may be
an important way toward greater sustainability in the field
of concrete.
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Carbonated Fly Ash Alkali-Activated Aggregates:

Properties, Performance, and Environmental Impact
by Mohd Hanifa, Usha Sharma, P. C. Thapliyal, and L. P. Singh

The production of carbonated aggregates from Class F fly ash
(FA) is challenging due to its low calcium content, typically less
than 10%. This study investigates the production of carbonated
alkali-activated aggregates using FA and calcium carbide sludge
(CCS). Sodium hydroxide was used as an activator, and the effects
of autoclave treatment on the properties of these aggregates were
examined. The optimal mixture, comprising 70% FA and 30%
CCS, achieved a single aggregate strength of >5 MPa in autoclave
carbonated (AC) aggregates, comparable to the strength obtained
after 14 days of water curing without-autoclave carbonated
(WAC) aggregates. Both AC and WAC aggregates exhibited a bulk
density of 790 to 805 kg/m?, and the CO, uptake was 12.5% and
13.3% in AC and WAC aggregates, respectively. Field-emission
scanning electron microscopy (FE-SEM) and Fourier-transform
infrared spectroscopy (FTIR) analysis indicated the formation of
calcium-aluminum-silicate-hydrate (C-A-S-H) gel in non-carbon-
ated aggregates, while calcite and vaterite, along with sodium-
aluminum-silicate-hydrate (N-A-S-H) gel, formed in carbonated
aggregates. Concrete incorporating AC and WAC aggregates
exhibited compressive strength of 39 and 38 MPa, with concrete
density of 2065 kg/m* and 2085 kg/m’, respectively. Furthermore,
AC and WAC aggregate concrete showed a reduction in CO,
emissions of 18% and 31%, respectively, compared to autoclave
non-carbonated (ANC) aggregate concrete. These findings high-
light the potential of producing carbonated alkali-activated aggre-
gates from FA and CCS as sustainable materials for construction
applications.

Keywords: alkali activation; autoclave; carbonated aggregate; CO,
emissions.

INTRODUCTION

In recent decades, the increase in CO, emissions due to
human activities has emerged as a pressing global concern.
As of 2022, CO, concentration reached a record of 417.06
parts per million (ppm), which is 50% higher than the prein-
dustrial levels.!? In response, 196 parties adopted the Paris
Agreement at the 2015 United Nations Climate Change
Conference (COP21) on December 12,2015, in Paris, France,
aiming to limit the global temperature increase this century
to well below 2°C above preindustrial levels.> Among the
various contributors to environmental impact, the construc-
tion industry is a major source of CO, emissions. In 2021,
the construction sector emitted approximately 10 gigatons
of CO,, as reported in the “2022 Global Status Report for
Buildings and Construction.”

To mitigate CO, emissions from the construction industry,
particularly from concrete production, mineral carbon-
ation is a promising method for permanently sequestering
CO, as stable carbonates. Because aggregates constitute
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approximately 70% of concrete’s volume, using carbon-
ated aggregates can significantly lower CO, emissions by
up to 80% compared to conventional buildings materials.’
Research has extensively explored the production of carbon-
ated aggregates using calcium-rich wastes, such as steel
slag, paper waste, municipal solid waste, and construction
and demolition wastes.®!'?> However, producing carbonated
aggregates from calcium-deficient waste such as Class F fly
ash (FA) is challenging due to its low CaO content, which is
essential for carbonation.

Class F FA is one of the most abundant industrial
by-products, with an estimated global annual production of
800 million tons, including 180 million tons generated in
India alone.!® Given its vast availability, using Class F FA for
artificial aggregate production can mitigate environmental
pollution while providing a viable alternative to natural aggre-
gates. Furthermore, its high aluminum and silica content is
crucial for achieving aggregate strength. Extensive research
has been conducted on producing artificial aggregates from
Class F FA using cold-bonding technology without any acti-
vators or binders. However, these aggregates fail to achieve
compressive strengths of more than 2 MPa and require
prolonged curing times. To overcome these limitations,
researchers have developed geopolymer aggregates from
Class F FA using highly alkaline solutions (~12 M NaOH)
and sodium silicate solutions.'*!'” The primary binding
product in geopolymer aggregates is sodium-aluminum-
silicate-hydrate (N-A-S-H) gel.'®!? However, these aggre-
gates are non-carbonatable and generate significant CO,
emissions during production, as sodium hydroxide and
sodium silicate contribute approximately 400 kg and 850 kg
of CO, equivalent (CO»e) per ton, respectively.?’ Addition-
ally, the high molarity (~12 M) of sodium hydroxide leads
to efflorescence, which degrades the aggregates over time.
Another method involves producing sintered aggregates
from Class F FA, which requires sintering temperatures
above 1000°C. While these aggregates exhibit improved
properties, the process is highly energy-intensive and results
in substantial CO, emissions, making them less sustain-
able. A summary of aggregates derived from Class F FA is
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Fig. I—Characterization of raw materials: (a) particle-size distribution; (b) XRD pattern, and (c) FE-SEM.

provided in Table T1 in the Appendix,” highlighting that all
these aggregates are non-carbonated. Overall, the production
of carbonated aggregates remains a significant challenge.
Therefore, to produce carbonated aggregates from FA,
it is essential to incorporate calcium-rich materials, which
facilitate the carbonation reaction. Calcium carbide sludge
(CCS), an industrial by-product from the acetylene industry,
is composed of approximately 92% calcium hydroxide and
is used with FA to produce carbonated aggregates. It is
generated in slurry form at a rate of approximately 2.8 tons
per ton of acetylene.?! Due to its high alkalinity, CCS cannot
be recycled in carbide production or used as a cementitious
material in cement manufacturing.>?> However, its high
calcium content and alkalinity make it a promising material
for producing carbonated aggregates in combination with
Class F FA, requiring only 5 M NaOH and eliminating the
need for sodium silicate solution (water glass). The produc-
tion of CCS from the acetylene industry is shown in Eq. (1).2
CaCy(s) + 2H,0(l) — C,Hy(g) + Ca(OH),(s) 1
In this study, alkali-activated cold-bonding pelletization
technology was used to prepare carbonated aggregates from
FA and CCS as a precursor and sodium hydroxide solution
as the activator. The study explored the effects of autoclave
treatment and accelerated carbonation on the properties of
carbonated alkali-activated aggregates. Characterization
methods, including X-ray diffraction (XRD), thermogravi-
metric analysis (TGA), Fourier-transform infrared spectros-
copy (FTIR), and field-emission scanning electron micros-
copy (FE-SEM)/energy-dispersive X-ray analysis (EDAX),

“The Appendix is available at www.concrete.org/publications in PDF format,
appended to the online version of the published paper. It is also available in hard copy
from ACI headquarters for a fee equal to the cost of reproduction plus handling at the
time of the request.
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were used to examine the microstructure, CO, uptake, and
reaction products formed in alkali-activated aggregates.
Finally, the compressive strength, density, and environ-
mental assessment of concrete cast with these aggregates
were evaluated. The results could provide a solution for
preparing carbonated aggregates from FA and CCS with a
low-concentration sodium hydroxide solution, leading to the
production of concrete with low carbon emissions.

RESEARCH SIGNIFICANCE

The production of artificial aggregates from Class F FA
through sintering and alkali activation methods is highly
energy-intensive and generates significant CO, emissions.
Producing carbonated aggregates from FA is particularly
challenging due to its low calcium content, which is crucial
for the carbonation reaction. Studies on producing carbon-
ated aggregates from FA and CCS (industrial waste) with
a low-concentration sodium hydroxide solution are limited
in the technical literature. The authors believe that this
approach significantly reduces the overall CO, emissions of
concrete compared to sintered and geopolymer aggregates.

MATERIALS AND METHODS

Materials

In this study, alkali-activated aggregate was prepared from
FA and CCS derived from Netra NTPC Limited in Udyog
Vihar, Uttar Pradesh, India, and an industrial gases and gas
cylinders manufacturer in Rewari, Haryana, India. Sodium
hydroxide pellets (>97% purity) were selected as the alka-
line activator, purchased from a chemical manufacturing
company in Mumbai, India. The particle-size distributions
for FA, CCS, and ordinary portland cement (OPC) are shown
in Fig. 1(a). The mean particle sizes of FA, CCS, and OPC
were 78.794 pum, 115.32 pm, and 12.07 pum, respectively.
The chemical compositions of the FA, OPC, and CCS were
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Table 1—Chemical compositions of raw materials

Materials CaO SiO, Al,O4 Fe,04 K,O Na,O SO, MgO LOI
CCs 74.0 3.1 0.46 0.26 — — 0.54 0.72 —
FA 1.61 55.27 26.69 8.14 1.76 0.13 0.25 0.39 1.33
OPC 62.85 20.98 5.42 3.92 0.53 0.28 2.36 1.76 1.90
Note: LOI is loss on ignition.
Table 2—Mixture proportions of artificial aggregate and concrete production
Artificial aggregate
5 M NaOH solution Mechanical parameters
Mixtures FA, wt. % CCS, wt. % (solution/solid) Pelletizer duration, minutes Angle, degrees Speed, rpm
Mix-1 60 40 0.3 15 45 351040
Mix-2 70 30 0.3 15 45 351040
Mix-3 80 20 0.3 15 45 351040
Concrete, kg/m?
High-range water-
Concrete Water Cement Sand reducing admixture Natural aggregates Artificial aggregates
Natural aggregate 141 402.8 623.41 2.01 1151.5 0
WAC aggregate 141 402.8 623.41 2.01 0 856.50
AC aggregate 141 402.8 623.41 2.01 0 856.50

analyzed using X-ray fluorescence (XRF), and the results
are shown in Table 1. The content of CaO was 1.6%, which
indicates that the FA was Class F FA according to ASTM
C618-19.77 The XRD patterns of the FA, CCS, and OPC are
shown in Fig. 1(b). The FE-SEM images show FA contained
spherical particles, whereas CCS and OPC contained large,
irregular-shaped particles (Fig. 1(c)). River sand was used as
fine aggregate, with a specific gravity of 2.6 and bulk density
of 1482.8 kg/m?, while coarse aggregates were angular
granite (12.5 to 20 mm), with a specific gravity of 2.42.

Methods

Artificial aggregates were produced using Class F FA
and CCS in three different mixture proportions (Table 2).
In Mix-1, Mix-2, and Mix-3, FA was partially replaced with
CCS at 40%, 30%, and 20% by weight, respectively. The
artificial aggregates were prepared through alkali activation
using the cold-bonding pelletization method in a 100 cm
diameter disc pelletizer with a 15 cm edge height. The
process was conducted with a tilting angle of 45 degrees and
a revolution speed of 40 rpm, following optimized param-
eters from previous studies.?® Activation was carried out
using NaOH solutions of 3, 5, and 7 M concentrations. A
detailed analysis of the optimal sodium hydroxide concen-
tration is provided in Fig. S1 in the Appendix, concluding
that 5 M is optimal for aggregate production.

First, FA and CCS were thoroughly dry-mixed in a mixing
chamber before being transferred to the disc pelletizer. A
NaOH solution was sprayed using a water can to achieve a
water-to-solid ratio (w/s) of 0.3 during granulation. The gran-
ulation process continued for 10 minutes, producing spher-
ical aggregates with diameters between 10 and 20 mm. These
aggregates were then carbonated in a carbonation chamber
and were referred to as without-autoclave carbonated
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(WAC) aggregates. The aggregates were then water cured
for different water-curing ages (3, 7, and 14 days).

Similarly, autoclaved aggregates were produced using
the same granulation method but underwent an additional
autoclaving process after granulation, resulting in autoclave
non-carbonated (ANC) aggregates. These ANC aggregates
were subsequently carbonated in the pressurized carbon-
ation chamber for varying durations to achieve maximum
carbonation and were referred to as autoclave carbonated
(AC) aggregates.

The carbonation process was conducted in the pressurized
carbonation chamber. The chamber was initially vacuumed
to achieve a pressure of approximately —0.06 MPa. CO, gas
(99% purity) was then injected into the chamber until a pres-
sure of 4 bar was reached, and this pressure was maintained
for durations of 4, 8, 12, and 24 hours. A saturated NaCl
solution was used to maintain a relative humidity (RH) of
65 to 70% during carbonation, while silica gel was used to
absorb excess moisture.?® A schematic of the carbonation
equipment is shown in Fig. S2 in the Appendix.

The autoclaving process was conducted in an autoclave
chamber under three different conditions: 1 bar (115°C),
3 bar (130°C), and 5 bar (150°C) for 3 hours. The pressure-
temperature relationship in an autoclave follows the prin-
ciples of gas laws and can be described by the Clausius-
Clapeyron equation or the ideal gas law.3! In this study’s
autoclave, the selected temperatures and corresponding
pressures were as follows: 115°C at approximately 1 atm,
130°C at approximately 3 atm, and 150°C at approximately
5 atm.

As a result, three types of aggregates were produced:
WAC aggregates, ANC aggregates, and AC aggregates.
These aggregates, with diameters between 12.5 and 20, were
used as coarse aggregates, and river sand was used as fine
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aggregates to prepare concrete with dimensions of 100 x
100 x 100 m®. Aggregates with a diameter of 12.5 to 20 mm
were immersed in water for 24 hours at room tempera-
ture. After this duration, the aggregates were removed, and
surface water was wiped off until they reached a saturated
surface-dry state. The mixture proportions of concrete were
designed according to the Indian Standard IS 10262:20193*
(Table 2). To prepare the concrete, hand-mixing was
performed following the guidelines set out in the Indian
Standard 1S 516-1959,%* which outlines the procedure for
mixing the components to ensure uniformity and consis-
tency in the final mixture. After standard water curing for 7,
14, and 28 days, the concrete specimens were subjected to
compression tests.

TESTING METHODS

Properties of artificial aggregates

Both the water absorption and bulk density of artificial
aggregates were studied according to the Indian Standard
1S:2386 (Part I11)-1963.34

For water absorption testing, artificial aggregates with
a diameter of 12.5 to 20 mm were immersed in water for
24 hours at room temperature. After this duration, the aggre-
gates were removed, and surface water was wiped off until
they reached a saturated surface-dry state. The mass was
then recorded as M,,. These aggregates were then dried in
an oven for 24 hours at 105°C, and their mass was recorded
as M,. The water absorption of the aggregates was calcu-
lated using Eq. (2). This procedure was repeated with three
different batches, and the average value was used.

Mv B Md

Water absorption = M, x 100% 2)

To determine the bulk density (kg/m?), artificial aggregates
were filled into a container with a volume of V, and then the
total mass of the artificial aggregates and the container was
recorded as M. The mass of the container was recorded as
M. The bulk density of the artificial aggregate can be calcu-
lated using Eq. (3).

) My— Mc
Bulk density = ———C x 1000 3)

Ve

The single aggregate strength of artificial aggregates was
tested according to Eq. (4) using the California Bearing
Ratio tester, as recommended by the previous studies.’>-¢
For each batch, 15 aggregates with sizes between 12.5 and
20 mm were tested, and the average strength was reported.

2.8P
= ndz (4)

where o is the individual aggregate strength in MPa; d is
the diameter of the aggregates in mm; and P is the load at
failure in N.

CO, uptake by artificial aggregates was quantified by
TGA. The powder sample underwent a controlled heating
process from room temperature to 1000°C with a heating
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rate of 10°C/min and a flow of N, at 100 mL/min. The esti-
mated CO, uptake by artificial aggregates was calculated by
Eq. (5) and (6).3738

AMSs500¢ 10 800°
Total CO, (wt. %) = WX 100 (5)

Colcarbonated — COZinitial

Actual CO,uptake (wt. %) = 100 — COrrrponared
carbonate

x 100
(©)

where AM is mass loss due to the CaCO; decomposition
(550 to 810°C); and COxpisias and COyeprponarea are the weights
of CO; in artificial aggregates before and after carbonation,
respectively.

To determine the pH value of artificial aggregates,
powdered samples of aggregates were dissolved in distilled
water at a w/s of 10:1. The solution was then stirred for
60 minutes. Following this, the pH was measured using a
pH electrode.

Mineralogical and morphological analysis of
artificial aggregate

The mineralogical compositions of artificial aggregates
were examined by X-ray diffractometer (CuKa, 30 kV,
16 mA) with a scanning speed of 1 degree/min and a 260
range of 10 to 60 degrees. Quantitative analysis of the
sample was performed using XRD analysis software using
the Crystallography Open Database (COD). FTIR was used
to determine the chemical composition, and the spectra were
analyzed between 400 cm™ and 4000 cm™!, with a resolution
of 4 cm™. The morphology of the samples was examined
using FE-SEM, with an accelerating voltage of 10 to 20 kV.
A thin layer of gold was sputtered on the surface using a gold
sputter, making it conductive. For elemental analysis and
mapping of the sample, an energy-dispersive X-ray attached
to the FE-SEM was used.

Properties of concrete

The compressive strength and density of concrete cast
with natural and carbonated alkali-activated aggregates
were tested at 7, 14, and 28 days of water curing as per IS
516-1959.33 Three concrete cubes were used for each test,
and the average result was reported.

Environmental assessment

The environmental impact of artificial aggregates is
assessed by analyzing CO, emissions throughout their life
cycle, excluding use, end-of-life, and recycling. The study
assumes that CCS and FA are industrial wastes with no
energy consumption or CO, emissions, measured per ton.
Material transportation, typically using diesel trucks in
India, covers approximately 150 km and requires energy.
The impacts were analyzed using GaBi Professional (Version
9.2.1.68). The system boundary included FA, CCS, NaOH,
water, raw material transport, and electricity used during
alkali-activated aggregates production, as shown in Fig. S3
in the Appendix.
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Table 3—Estimated CO, uptake by artificial
aggregate during accelerated carbonation, wt. %

Actual CO,
Mixtures ID AMs00 0 8000c | Mosgec | Total CO, uptake
ANC 2.9 80.82 3.59 —
Mix-1 AC 11.94 72.69 16.42 15.35
WAC 13.05 75.88 17.19 16.42
ANC 2.46 89.19 2.76 —
Mix-2 AC 10.90 80.44 13.55 12.48
WAC 11.88 83.89 14.16 13.28
ANC 1.37 87.05 1.57 —
Mix-3 AC 6.57 80.86 8.20 7.22
WAC 7.86 83.88 9.37 8.60

Note: Total CO, uptake is CO, uptake by both natural carbonation and accelerated
carbonation; actual CO, uptake is CO, uptake by accelerated carbonation only.
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Fig. 3—TGA of: (a) Mix-1 aggregates, (b) Mix-2 aggregates, and (c) Mix-3 aggregates.

The Higg Material Sustainability Index (MSI) values are
used to quantify CO, emissions associated with concrete
production.>® The MSI occurs by considering energy and
material flows in the manufacturing process, which includes
energy consumption, waste generation, and pollution.**
The MSI study found that CO, emissions for OPC, sand,
granite gravel, and water during each phase of production
were 930 kg/ton, 23.3 kg/ton, 20 kg/ton, and 1 kg/ton,
respectively.*!4?

EXPERIMENTAL RESULTS
CO, uptake of artificial aggregates

CO, uptake in artificial carbonated aggregates was calcu-
lated by TGA, as shown in Fig. 2. Weight loss in the tempera-
ture range of 400 to 450°C corresponded to the dehydration
of the portlandite, while weight loss in the temperature range
of 550 to 800°C was due to the decarbonation of calcium
carbonate.*>* The artificial aggregates became fully carbon-
ated after 12 hours of accelerated carbonation, as shown in
Fig. 2. The complete disappearance of the portlandite peak,
observed at temperatures between 400 and 500°C after
12 hours of carbonation, confirmed complete carbonation.
Extending carbonation to 24 hours did not cause additional
weight loss, confirming 12 hours as the optimal carbonation
duration for artificial aggregates.

The CO, uptake of alkali-activated aggregates prepared
from Mix-1, Mix-2, and Mix-3 is shown in Fig. 3. CO,
uptake by artificial aggregates prepared from three different
mixtures was in the range of 6.8 to 15.1% (Table 3). Mix-1
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aggregates showed a higher CO, uptake than Mix-2 and
Mix-3, as CO, uptake increases with CCS content. In similar
mixtures, the weight loss in WAC aggregates was higher
than in AC aggregates, as highly polymerized calcium-
aluminum-silicate-hydrate (C-A-S-H) gel formed in AC
aggregates through autoclaving, which hindered the carbon-
ation reaction, resulting in lower CO, uptake compared to
WAC aggregates.

Water absorption, bulk density, and pH of artificial
aggregates

The single aggregate strength, water absorption, and bulk
density of alkali-activated aggregates prepared from Mix-1,
Mix-2, and Mix-3 are shown in Fig. 4.

The single aggregate strength achieved by the ANC aggre-
gate of Mix-1, Mix-2, and Mix-3 was 3.2 MPa, 3.9 MPa,
and 4.4 MPa, respectively, immediately after the autoclave
process (Fig. 4(a)). After accelerated carbonation, the single
aggregate strength of the AC aggregates of Mix-1, Mix-2,
and Mix-3 increased to 4.1 MPa, 5.4 MPa, and 5 MPa,
respectively (Fig. 4(b)). However, the WAC aggregates of
Mix-1, Mix-2, and Mix-3 achieved strengths of 3.9 MPa,
5 MPa, and 3.5 MPa, respectively, after 14 days of water
curing (Fig. 4(c)). The aggregate strength increased with
curing time from 3 to 14 days, due to the activation of FA
through water curing, and achieved the maximum strength
after 14 days of water curing, which is almost comparable
to the AC aggregate strength achieved just after the auto-
clave process. The results show that without autoclaving,
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Fig. 4—Single aggregate strength of: (a) WAC aggregate at 3, 7, and 14 days of water curing; (b) ANC aggregate after carbon-
ation; and (c) AC aggregate after carbonation; along with (d) water absorption, and (e) bulk density of artificial aggregates.

aggregates require 14 days of water curing to achieve
maximum strength, whereas similar strength is achieved
immediately through the autoclaving process.

The water absorption of artificial aggregates of Mix-1,
Mix-2, and Mix-3 is shown in Fig. 4(d), indicating water
absorption between 15 and 26%. The ANC aggregates of
Mix-1 exhibited the highest water absorption (25.89%)
compared to AC (22.13%) and WAC (20.81%) aggregates.
The water absorption of the ANC aggregates of Mix-2 and
Mix-3 was 20.8% and 18.87%, respectively; after carbon-
ation, the water absorption of AC and WAC aggregates
decreased to 18.75% and 18.42%, respectively. Similarly,
the water absorption of the ANC aggregates of Mix-3 was
18.87%, and it decreased to 17.06% and 15.7% for AC and
WAC aggregates, respectively, through carbonation. Similar
trends were observed in the artificial aggregates of Mix-1,
Mix-2, and Mix-3, where water absorption decreased with
increased carbonation. From the aforementioned results, it
was observed that water absorption significantly decreased
with an increase in FA and CCS content because FA is less
porous and absorbs less water than CCS. Further, acceler-
ated carbonation decreased water absorption by forming
calcium-carbonated products (calcite, vaterite, and arago-
nite) within the aggregate matrix. Comparing the carbon-
ated aggregates of Mix-1, Mix-2, and Mix-3, AC aggregates
have more water absorption than WAC aggregates due to
the formation of vaterite and calcite in AC aggregates. In
contrast, only calcite is formed during accelerated carbon-
ation in WAC aggregates. Calcite is a crystalline form of
calcium carbonate with a relatively compact and well-or-
dered crystal structure, which makes it less porous, while
vaterite is more porous, which enhances water absorption.

The bulk densities of the ANC, AC, and WAC aggregates
of Mix-1, Mix-2, and Mix-3 are shown in Fig. 4(e). The
bulk density of aggregates ranged from 721 to 828 kg/m’,
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classifying them as lightweight aggregates according to
Indian Standard 1S:2386 (Part I11)-1963.34

The ANC aggregates of Mix-1 had the lowest bulk density
0f 721.2 kg/m?, compared to AC with 767.85 kg/m* and WAC
with 785.09 kg/m3. A similar trend was observed in Mix-2
and Mix-3 aggregates, wherein bulk density increased with
carbonation. Compared to the same mixtures of carbonated
aggregates, the bulk density increased with carbonation;
therefore, WAC aggregates have a higher bulk density than
AC aggregates. However, within different mixtures, bulk
density depends on the percentage of FA relative to CCS,
as the bulk density of FA is higher compared to that of CCS.

The pH of the ANC artificial aggregate ranged from
12.2 to 13.0. After accelerated carbonation, the aggregates’
pH decreased to 9 to 9.8 due to the formation of calcium
carbonate. WAC aggregates have a lower pH than AC aggre-
gates due to the greater extent of carbonation.

Microstructural studies: mineralogy and
morphology of reaction products

The mineralogical and morphological characteristics of
artificial aggregates were analyzed using XRD, FTIR, and
FE-SEM/EDAX techniques (Fig. 5).

XRD patterns of calcite (260 = 26.0 and 26.3 degrees),
quartz (26 = 16.46, 20.86, and 26.64 degrees), mullite (26 =
26.0 and 26.3 degrees), vaterite (260 = 24.87, 27.28, and
32.74 degrees), and portlandite (260 = 18.04, 34.12, 47.08,
and 50.76 degrees) were observed in the artificial aggre-
gates.**¢ A comparison of XRD patterns of the ANC and
WAC aggregates of Mix-1, Mix-2, and Mix-3 is shown in
Fig. 5(a) to (c). The portlandite peaks were less intense in
the ANC aggregates before carbonation due to the formation
of C-A-S-H gel by consuming the calcium from portlandite
through the alkali activation/autoclave process. A compar-
ative analysis of Mix-1, Mix-2, and Mix-3 portlandite
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Fig. 5—XRD pattern of: (a) Mix-1 aggregate,; (b) Mix-2 aggregate; and Mix-3 aggregate, and their (d) quantitative phases
analysis; and (e) comparative FTIR spectra of ANC, WAC, and AC aggregates prepared from Mix-1, Mix-2, and Mix-3.

intensity indicates that Mix-1 had a higher-intensity port-
landite peak, followed by Mix-2 and Mix-3. However, the
portlandite peak was completely absent in AC and WAC
aggregates, indicating the conversion of portlandite into
calcium carbonate through carbonation. The calcite peaks in
AC aggregates were less intense than in WAC aggregates,
as vaterite formed alongside calcite in the AC aggregates.
Similar trends were observed in Mix-2 and Mix-3 aggre-
gates (Fig. 5(b) and (c)). Furthermore, the intensity of calcite
in different mixtures depends on the percentage of CCS.
Mix-1, comprising 40 wt. % CCS, had intense calcite peaks,
followed by Mix-2 with 30 wt. % CCS, then Mix-3 with
20 wt. % CCS. The calcite peak in non-carbonated aggre-
gates was due to the weathering or natural carbonation of
CCS. Additionally, mullite and quartz were observed along
with calcite in the artificial aggregates.

The quantitative analysis of different phases formed in
aggregates just after the carbonation of Mix-1, Mix-2, and
Mix-3 is shown in Fig. 5(d). The detailed Joint Committee
on Powder Diffraction Standards (JCPDS) data are provided
in the Appendix. The percentage of amorphous phases
found in ANC aggregates of Mix-1, Mix-2, and Mix-3 was
approximately 50.5%, 70.1%, and 60.5%, respectively. The
percentage of amorphous phases in the AC aggregates of
Mix-1, Mix-2, and Mix-3 was 30.8%, 31.9%, and 37.7%,
respectively. Similarly, the WAC aggregates of Mix-1, Mix-2,
and Mix-3 were 40.3%, 43.6%, and 48.2%. These results
show that the ANC aggregates contained more amorphous
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phases due to the poor crystalline C-A-S-H gel than AC and
WAC aggregates, whereas crystalline calcite and vaterite
formed in the AC and WAC aggregates through carbonation
from C-A-S-H gel. The WAC aggregate of Mix-1 showed
the highest calcite content at 30%, whereas the AC aggregate
of Mix-3 had the lowest at 11.5%. Other phases, including
scapolite, aragonite, fedorite, sillimanite, coesite, mullite,
and quartz, were also present in the aggregates.

FTIR spectra of alkali-activated aggregates are shown in
Fig. 5(e). In the ANC aggregates, an asymmetrical stretching
vibration band obtained at approximately 956 cm™ may be
attributed to C-A-S-H gel,**° while the AC and WAC aggre-
gates having the stretching vibration band at ~1048 cm™' may
be attributed to N-A-S-H gel.*-! Vibration bands observed
at 874 cm™, 712 cm™!, and in the range of 1400 to 1500 cm™
are associated with the asymmetric bending vibrations of the
0-C-0 bond in the CO;* group, indicating natural carbon-
ation in ANC aggregates. These vibration bands were more
intense in the AC and WAC aggregates due to the forma-
tion of calcite through carbonation.*®**>? The band observed
at 854 cm™! corresponded to vaterite, observed only in AC
aggregates; these results are consistent with the XRD results.
The absence of a sharp band at 3642 cm™' indicated complete
carbonation in WAC and AC aggregates and formation of
C-A-S-H gel in ANC aggregates, as it is associated with
stretching vibrations of the O-H bond in portlandite.33-4

Further, in FE-SEM analysis, it was observed that the
morphology of non-carbonated aggregates was entirely
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Fig. 6—FE-SEM/EDAX analysis of: (a) non-carbonated aggregates, (b) carbonated aggregates, and (c) rhombohedral calcite
formed in carbonated aggregate,; and elemental mapping of: (d) carbonated; and (e) non-carbonated aggregates.

different from the carbonated aggregates (Fig. 6). Non-car-
bonated aggregates exhibited a honeycomb-like struc-
ture, similar to that of the C-A-S-H gel (Fig. 6(a)).” In
contrast, no such structure was observed in the carbon-
ated aggregates (Fig. 6(b)). Instead, carbonated aggre-
gates contained rhombohedral calcite crystals with sizes
ranging from 90 to 500 nm (Fig. 6(c)). According to EDAX
analysis, the ratio of atomic percentage of C atoms in the non-
carbonated aggregate was 8.46%; after accelerated carbon-
ation, carbon atoms increased to 17.72%, showing the forma-
tion of calcium carbonate. Elemental mapping performed at
low magnification (1 kx) used RGB color coding (red for
calcium, green for carbon, and blue for oxygen) to identify
elements and their phases according to the provided legend
(full-color PDF of this paper is available at www.concrete.
org). Carbonated aggregates showed a predominant white
color, indicating the presence of calcite, as the white color
depicted the combination of Ca (red), C (green), and O
(blue) (Fig. 6(d)). However, in non-carbonated aggregates,
no such color was observed (Fig. 6(¢)).

Studies on concrete incorporating alkali-activated
carbonated aggregates

Concrete performance—The compressive strength of
concrete largely depends on the strength of artificial aggre-
gates, and to reduce CO, emissions during concrete produc-
tion, it is imperative that the artificial aggregates sequester
the maximum CO, during carbonation.’® Therefore, in this
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study, two important factors were considered to optimize the
mixture composition (FA and CCS): the aggregate strength
and the CO, uptake. As shown in Fig. 7(a), the AC and WAC
aggregates of Mix-2 achieved a maximum aggregate strength
of 54 MPa and 5 MPa, respectively, and a CO, uptake
of more than 10%. Aggregate strength is the key factor
affecting concrete’s compressive strength; increases in arti-
ficial aggregate strength increase compressive strength. Sim
et al.*® reported that the compressive strength of concrete
depends on the artificial aggregate strength.

Therefore, the AC and WAC aggregate of this mixture was
selected for casting concrete specimens with dimensions of
100 x 100 x 100 mm3. The compressive strength of natural
aggregate concrete after 7, 14, and 28 days of water curing
was 32 MPa, 40 MPa, and 45 MPa, respectively (Fig. 7(b)).
In comparison, concrete cast with AC aggregates achieved
compressive strengths of 24, 33, and 39 MPa, while concrete
cast with WAC aggregates achieved compressive strengths
of 31, 29, and 38 MPa (Fig. 7(b)).

Furthermore, the concrete density of concrete is directly
proportional to the bulk density of aggregates, as reported
by Liu et al.** Concrete density results showed that with
100% replacement of natural aggregates with AC and WAC
aggregates, concrete density decreased to 2065 kg/m? and
2085 kg/m?, respectively, compared to the density of natural
aggregate concrete of 2452 kg/m® (Fig. 7(b)). Concrete
cast with WAC aggregates had a higher density than AC
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Table 4—Calculated CO, emissions from artificial aggregate production, kg CO.e

Process
Autoclave
Aggregates process Transport Electricity NaOH CO, uptake Total CO, emissions

ANC 73 23 19 113 — 228

WAC — 23 19 113 133 22

AC 73 23 19 113 125 103
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Fig. 7—(a) Optimization of mixture for production of carbonated alkali-activated aggregates, and (b) comparison of compres-

sive strength and bulk density of concrete.
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Fig. 8—Comparison of CO, emissions of concrete prepared
with natural, ANC, WAC, and AC aggregates.

aggregate concrete, due to the higher bulk density of WAC
aggregates compared to AC aggregates.

Environmental assessment—The global warming poten-
tial (GWP) of different types of artificial aggregates based
on Class F FA and the CCS is shown in Table 4. Accord-
ingly, the GWP of artificial aggregates is mainly attributed
to the autoclave process and the sodium hydroxide solution,
accounting for 113 and 73.4 kg CO,e, respectively. After the
accelerated carbonation, the CO, uptake of WAC and AC
aggregates was 125 and 130 kg CO,e, respectively.

The CO, emissions from natural aggregate concrete, ANC
aggregate concrete, WAC aggregate concrete, and AC aggre-
gate concrete are shown in Fig. 8. ANC aggregate concrete
emitted 586 kg/m’, WAC aggregate concrete emitted
404 kg/m?, AC aggregate concrete emitted 480 kg/m?, and
natural aggregate concrete emitted 414 kg/m?®. Further, a
general comparison of CO, emissions of artificial aggregate
concrete with the previously reported data is shown in Fig. 9.
Sarabér et al.’” reported the CO, emissions for sintered FA
aggregate concrete and hydrothermal FA aggregate concrete
produced approximately 607 and 523 kg/m?. Liu et al.* also
reported that CO, emissions by artificial aggregate concrete
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Fig. 9—Comparison of CO, emissions of concrete prepared
in this study with concrete reported in literature.

were 498 kg/m’. In comparison, the CO, emissions of
concrete made with AC and WAC aggregates in this study
were relatively lower.

DISCUSSION

Currently, the production of carbonated aggregates
from Class F FA is limited due to its low calcium content.
Geopolymer and sintered aggregates produced from
Class F FA require energy-intensive processes and are not
environmentally friendly. Geopolymer aggregates require
higher-molarity sodium hydroxide (~12 M) and sodium
silicate (water glass) solution to achieve adequate single
aggregate strength and are non-carbonatable due to the
formation of N-A-S-H gel. Similarly, sintered aggregates
produced at temperatures above 1000°C require an ener-
gy-intensive process and are non-carbonatable. To address
these challenges, this study demonstrated the production of
carbonated alkali-activated aggregates produced from Class
F FA and CCS using only a 5 M sodium hydroxide solution.
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CCS, due to its strong alkalinity, cannot be used directly in
construction because of its corrosive nature. However, this
strong alkaline nature of CCS facilitates the production of
carbonated aggregates at low-molarity sodium hydroxide
and eliminates the need for sodium silicate solutions. The
developed aggregates achieved a maximum single aggregate
strength of ~5 MPa after 14 days of water curing. To achieve
earlier strength, these aggregates were autoclaved, achieving
the desired single aggregate strength just after carbonation.
XRD and FTIR results show that before carbonation, the
main reaction product in these aggregates was C-A-S-H
gel, which converted to N-A-S-H gel and calcium carbonate
after carbonation. FE-SEM results show that the micro-
structure of carbonated aggregates is denser due to the
formation of nanosized calcium carbonate crystals (90 to
500 nm). These nanosized calcium carbonate crystals fill
all the pores; thus, the single aggregate strength of carbon-
ated aggregates is higher than that of non-carbonated aggre-
gates. The bulk density of these aggregates ranged from 721
to 828 kg/m?, classifying them as lightweight aggregates.
The specific gravity of Class F FA is approximately 2.6,
while that of CCS is approximately 2.2. Consequently, in
different mixtures, bulk density primarily depends on the
percentage of FA. However, within the same mixture, bulk
density is influenced by the degree of carbonation, as the
FA percentage remains constant. Therefore, in the same
mixture, WAC aggregates with higher carbonation exhibit
greater bulk density than AC aggregates. These aggregates
are used in concrete as a replacement for natural aggregates.

Concrete specimens incorporating AC and WAC aggre-
gates exhibited compressive strength of approximately
39 MPa and 38 MPa, respectively, after 28 days of water
curing, making them suitable for reinforced concrete struc-
tures. The density of concrete with WAC and AC aggregates
wasreduced to 2085 and 2065 kg/m?, compared to 2452 kg/m?
for natural aggregate concrete.

The GWP of artificial aggregates mainly depends on
the sodium hydroxide solution and CO, uptake through
carbonation. The maximum CO, uptake by WAC and AC
aggregates prepared from optimized Mix-2 was 13.3 wt. %
and 12.5 wt. %, respectively. With the reduction in sodium
hydroxide molarity from 12 to 5 M and increased CO,
through accelerated carbonation, the GWP of these aggre-
gates is significantly lower compared to geopolymer and
sintered aggregates. Therefore, concrete incorporating these
aggregates—that is, WAC and AC aggregates—reduced
the overall CO, emissions of concrete compared with the
concrete prepared with the geopolymer, sintered, and hydro-
thermal aggregates. Compared with sintered FA aggregate
concrete, the CO, emissions of WAC and AC aggregate
concrete are reduced by 33% and 21%, respectively.’’

Therefore, incorporating these carbonated aggregates into
concrete can significantly reduce the overall CO, emissions,
contributing to a more sustainable and eco-friendly building
material. Further research will focus on eliminating the use
of sodium hydroxide without compromising strength, while
aiming to enhance CO, uptake of artificial aggregates. Addi-
tionally, the use of different calcium-rich wastes with Class
F FA will be explored to produce carbonated aggregates.
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CONCLUSIONS

In this study, carbonated lightweight aggregates were
developed from fly ash (FA) and calcium carbide sludge
(CCS) using the alkali-activated cold-bonding pelletiza-
tion method. The effect of autoclaving on the properties of
aggregate strength was thoroughly examined. Additionally,
the performance of concrete cast with these aggregates and
the environmental assessment were also investigated. The
following conclusions can be drawn:

1. A mixture of 70% FA and 30% CCS was selected as
the optimal composition for producing alkali-activated light-
weight carbonated aggregates, achieving a single aggregate
strength in the range of 5 to 5.4 MPa and a bulk density
of 721 to 828 kg/m>. Autoclaving accelerates FA activation,
achieving maximum strength in 3 days compared to 14 days
without autoclaving. Additionally, CO, uptake by carbon-
ated aggregates was in the range of 6.8 to 15.1%.

2. Fourier-transform infrared spectroscopy (FTIR) and
field-emission scanning electron microscopy (FE-SEM)
analyses revealed that calcium-aluminum-silicate-hydrate
(C-A-S-H) gel formed in the non-carbonated aggregates,
whereas after carbonation, sodium-aluminum-silicate-
hydrate (N-A-S-H) gel was formed. The microstruc-
ture of carbonated aggregates is denser compared to non-
carbonated aggregates. Carbonation resulted in the forma-
tion of rhombohedral calcites ranging from 90 to 500 nm in
the carbonated aggregates.

3. The concrete using the optimized without-autoclave
carbonated (WAC) and autoclave carbonated (AC) light-
weight aggregates exhibited a compressive strength of
38 MPa and 39 MPa, respectively, after 28 days of water
curing. The density of concrete with WAC and AC aggre-
gates was reduced to 2065 kg/m? and 2080 kg/m?, compared
to 2452 kg/m? for natural aggregate concrete.

4. The total CO, emissions from autoclave non-carbonated
(ANC), WAC, and AC aggregates are 229 kg CO,e, —16 kg
COye, and 105 kg COge, respectively. Concrete cast with
WAC and AC aggregates achieved reductions in CO, emis-
sions of 31% and 18%, respectively, compared to concrete
cast with ANC aggregates.

The study presents an innovative approach to recycling a
large volume of industrial waste (FA and CCS) to develop
carbonated aggregates through the alkali activation process
and accelerated carbonation. It demonstrates a viable alter-
native to replace natural aggregates with carbonated aggre-
gates in concrete. Adopting these methodologies is imper-
ative to achieving net-zero emissions by the end of the
century.
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Engineered cementitious composites (ECC) represent a signifi-
cant innovation in construction materials due to their exceptional
fexibility, tensile strength, and durability, surpassing traditional
concrete. This review systematically examines the composition,
mechanical behavior, and real-world applications of ECC, with a
focus on how fiber reinforcement, mineral additives, and microme-
chanical design improve its structural performances. The present
study reports on the effects of various factors, including different
types of mineral admixtures, aggregate sizes, fiber hybridiza-
tion, and specimen dimensions. Key topics include ECC's strain-
hardening properties, its sustainability, and its capacity to resist
crack development, making it ideal for high-performance infra-
structure projects. Additionally, the review discusses recent
advancements in ECC technology such as hybrid fiber rein-
forcement and the material’s growing use in seismic structures.
The paper also addresses the primary obstacles, including high
initial costs and the absence of standardized specifications, while
proposing future research paths aimed at optimizing ECCS effi-
ciency and economic viability.

Keywords: bendable concrete; engineered cementitious composites (ECC);
high-performance concrete; hybrid fiber reinforcement; mineral additives;
sustainable construction.

INTRODUCTION

Most of the present construction and infrastructure relies
heavily on concrete, a fundamental material composed of
cement and fine and coarse aggregates.! Concrete’s impor-
tance in modern construction has led to significant advance-
ments, one of which is the development of engineered
cementitious composites (ECC).2 ECC is an ultra-ductile,
cement-based material engineered for cost-effective, large-
scale construction. Also known as bendable concrete, ECC
represents a unique subset of fiber-reinforced concrete
(FRC), which incorporates fibers into a cementitious matrix
to achieve superior mechanical properties.>* The cement-
based, strain-hardening nature of ECC allows it to exhibit
tensile strain capacities 300 to 500 times higher than tradi-
tional concrete.* ECC, recognized as a high-performance
fiber-reinforced cementitious composite (HPFRCC),'
achieves its outstanding performance through the precise
balance of its core components: cement, fine silica sand,
polymer fibers, fly ash, water, and high-range water-
reducing admixtures (HRWRAs). Notably, coarse aggre-
gates are intentionally omitted to improve its ductility.’
Despite its established composition, ECC lacks standardized
international specifications due to its versatility and unique
performance attributes, which include superior ductility,
workability, and resistance to fire and water—qualities that
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make it comparable to ultra-high-performance concrete
(UHPC).®

However, the use of ECC is limited by its higher initial
costs, primarily attributed to the exclusion of coarse aggre-
gates. Despite this, ECC technology is steadily gaining global
recognition due to its long-term advantages, positioning it as
a strong material for commercialization. Ongoing research
and development continue to explore its extensive capabili-
ties, solidifying ECC’s place as a vital material for the future
of construction.” Figure 1 illustrates a flowchart of ECC
research, highlighting its evolution from material design to
commercial application. This review explores the theoret-
ical principles, mechanical performance, and practical uses
of ECC, while also addressing the challenges and future
outlook for this innovative material in modern construction.
The authors envision that by consistently disseminating new
insights and advancements in ECC technology, its growth
and implementation will rapidly advance over the next
decade.

RESEARCH SIGNIFICANCE

This paper highlights ECC as revolutionary materials in
construction. ECC offers exceptional flexibility, compres-
sive and tensile strengths, and durability, making it ideal
for high-performance infrastructure projects. This review
examines its strain-hardening behavior, self-healing proper-
ties, and the durability of ECC under extreme environmental
conditions. It also emphasizes the ability of ECC to prevent
structural damage, improve seismic resilience, and control
cracking, while promoting the use of hybrid fiber reinforce-
ment and sustainable materials to develop more durable,
cost-effective, and feasible infrastructure solutions for the
future.

ENGINEERING PROPERTIES OF ECC
A range of systematic design methods has been proposed
and refined to achieve the optimal mechanical proper-
ties of ECC, grounded in the fundamentals of fracture
mechanics and micromechanics. These approaches ensure
that ECC meets the optimal strength, ductility, and energy
absorption criteria, which are crucial for fostering the
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Fig. I—Flowchart illustrating key elements in research and development of ECC.?

necessary interactions between the matrix and fibers, ulti-
mately enhancing the composite’s overall performance.®®

Strength incorporated with mineral admixtures
ECC have garnered significant attention due to their
remarkable ductility, which provides a substantial advantage
over conventional normalweight concrete by reducing the risk
of structural failure from fractures.> Conventionally, struc-
tural strength has been closely associated with the concrete’s
compressive strength. However, recent studies indicate that
higher compressive strength does not always translate to ulti-
mate overall structural performance. For instance, Billington
and Yoon'? highlighted this through cyclic shear load tests,
where an ECC panel with a compressive strength of 41 MPa
outperformed a conventional concrete panel with 50 MPa,
demonstrating a structural strength of 56 kN versus 38 kN,
respectively. This finding underscores ECC’s potential to
deliver enhanced structural performance, even with lower
compressive strength. To address this issue, an increasing
volume of research has focused on understanding how
different materials and mineral admixtures impact ECC’s
performance. Meng et al.!! demonstrated that the replace-
ment of silica sand with lightweight aggregates such as dune
sand maintained compressive strength while improving
ultimate tensile and flexural strengths, though tensile strain
capacity decreased. Similarly, Li and Yang'? showed that
recycled concrete fines (RCF) can maintain typical ECC
compressive strength, but lead to reduced performance with
larger RCF sizes and higher content levels. However, higher
sand content significantly diminished these properties, high-
lighting the delicate balance between mixture design and
performance.'3"'® Huang et al.!” replaced iron ore tailings
with fly ash cenosphere (FAC), resulting in improved tensile
strain capacity despite reductions in compressive strength.
The role of mineral admixtures in improving ECC’s
compressive strength is critical, particularly when used with
fine aggregates that contribute to a dense microstructure.
This strength is further bolstered by short fibers that enhance
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load transfer and crack resistance, as discussed by Barbhuiya
et al.” Researchers such as Wang and Li,'® Yu et al.,'” and
Sahmaran et al.?® have conducted extensive studies on
ECC’s mechanical characteristics, including compressive,
flexural, and tensile strengths, as well as its fire resistance
and the use of predictive models to enhance performance.
Yu et al?' also examined a high-volume limestone-
calcined clay blend for medium-strength ECC, showing that
this mixture not only delivers favorable mechanical proper-
ties but also helps to reduce environmental impact. Huang
et al.'” demonstrated that ECC/strain-hardening cementi-
tious composites (SHCC) can achieve ultra-high compres-
sive strengths above 210 MPa, showing their applicability in
high-strength engineering fields. Collectively, most studies
demonstrate that ECC’s performance is highly dependent
on the type and size of aggregates, mineral admixtures, and
fibre content, highlighting its versatility in achieving both
structural performance and sustainability goals.??>* Various
mineral admixtures—including fly ash, palm oil fuel ash,
ground-granulated blast-furnace slag (GGBS), and recycled
concrete fines—have been successfully incorporated into
ECC, replacing traditional cement and silica sand compo-
nents.! Table 1 provides a summary of previous research
studies conducted by various researchers on the properties
of ECC, focusing on the partial or full replacement of sand
and cement with different mineral admixtures.

Ductility behavior

The strain capacity of ECC has garnered a decent trending,
as it can range from 3 to 8%, particularly enhancing its
ductility when compared to typical normalweight concrete.
This exceptional strain capacity allows ECC to undergo
significant deformation without failure, positioning it as a
highly flexible and resilient material in modern construction.
The higher strain capacity of ECC, coupled with multiple
fine cracking, results in improved strength, ductility, frac-
ture energy, and tighter crack widths, particularly under
tensile loading.! When comparing typical concrete, FRC,
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Table 1—Overview of previous research studies on properties of ECC with partial and full replacement of
sand and cement using various mineral admixtures

Type of fine Compressive Tensile Ultimate tensile Flexural Crack Drying
Reference aggregate used Replacement, % strength strength strength strength width shrinkage
Almost same as
Meng et al.!! | Local dune sand 100% normalweight 81 MPa 15 MPa 9 MPa — —
concrete
Almost
Liand Recycled o . 2 MPa by same as 3 MPa with
Yang'? concrete fines 100% increasing the normalweight — 600 pm RCF — —
(RCF) size of RCF
concrete
Up to 100% (almost
Huang a]r31d FAC (fly ash double the stre.ngth 3 MPa 25 MPa 20 MPa o 58 um -
Zhang cenosphere) of normalweight
concrete)
Huang Silica sand with | 65% below 300 um 15.6 to 16.2 o 71.2to
etal.”® silica fume silica sand 211022 MPa MPa 34105.2% o 112.3 pm -
Slightly
Huan Almost same as lower than
otal 1% Local dune sand 100% normalweight | normalweight 17 MPa — — —
’ concrete concrete
(decrease)
Sahmaran Lightweight o
ctal2 aggregate (LWA) Up to 20% 25 MPa 21 MPa 19 MPa 13 MPa 9 um 37
Altwair Palm oil fuel ash 55% with mass of | 3 MPa (with 18% 7 ]\g); (:?th
25 — - ° — —
et al. (POFA) cement of POFA) POFA)
0,
Zhuetal® | Tire rubber Up to 40% 7AMPaatd0% | g \pp, 36 MPa — 13 pm 50
replacement
Slightly lower
Zh .
S?agn;nd Crumb rubber Up to 25% 35 MPa — — than the tradi- 29 pm —
tional concrete
Iron ore tailings 36 pm at
Ling et al.? & Up to 80% 35 MPa 28 MPa 13 MPa — ultimate —
(I0Ts)
stress
Slag sand 2 to 5.8 MPa
Gulghane o 28 to 42 MPa (for
and Bari®® (replacement of Up to 30% 7 and 28 days) (for 7 and 28 7 MPa — — —
cement) days)
Limestone 8to 12 MPa 13to11.4
Turk and powder replaced | 25%, 50%, 75%, and 29to 68 MPa .(up subjected MPa (up to
.1 a9 L o to 90-day curing — . 3t05.8 um —
Demirhan by microsilica 100% ; to large 90-day curing
period) - .
sand deflection period)
79% improved
Yellow River 0%, 25%, 50%, 75%, compared Up to 6 um
31 _ _ _
Raza ctal. sand replacement and 100% 260 35 MPa to typical crack width
concrete

and ECC under tensile stress, traditional concrete displays
brittle behavior, while FRC exhibits tension-softening after
the initial crack, demonstrating a clear distinction in perfor-
mance, as illustrated in Fig. 2.3

The tension-softening behavior in FRC is primarily
caused by the propagation of cracks and fiber rupture, which
ultimately reduces its stress-carrying capacity. Conversely,
ECC shows a strain-hardening response, characterized by
multiple cracks resulting from the slip-hardening behavior
of its fibers.>** This difference highlights ECC’s superior
capacity to withstand tensile forces without compromising
its structural integrity. Moreover, as compressive strength
increases, studies have consistently shown a concurrent rise
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in brittleness or ductility, further emphasizing the material’s
robustness.?>?® This property has significant implications
for the application of ECC in seismic elements, where its
high ductility can considerably enhance a structure’s seismic
resilience. The incorporation of low-modulus fibers such as
polyvinyl alcohol (PVA),'® polypropylene (PP), and poly-
ethylene (PE) has also been recognized for their ability to
significantly reduce cracking and improve the ductility
of concrete mixtures. These fibers enhance tensile strain
capacity and ductility while minimizing interfacial bonding
and friction, particularly when coated with oil to optimize
their performance within the matrix.>>* Such findings are
corroborated by Li,> who demonstrated that the ductility or
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Table 2—Comprehensive summary of key international testing methods for assessing uniaxial tensile

strength of ECC

Testing
outcome Testing standards Description
AASHTO T 132-87%° Standard method of test for tensile strength of hydraulic cement mortars.
RILEM TC 162-TDF* Test and design methods for steel FRC. Recommendations for uniaxial tension test.
Uniaxial

tensile strength AFGC* Ultra-high-performance FRC, interim recommendations.
JSCE# Recommendations for design and construction of high-performance FRC composites with multiple
fine cracks.
Flexural ASTM C293/C293M-10% Standard test method for flexural strength of concrete (using simple beam with center-point loading).
strength ASTM C78/C78M-10* Standard test method for flexural strength of concrete (using simple beam with third-point loading).
ASTM C1399/C1399M-10% Test method for obtaining average residual-strength of FRC.
] ASTM C1609/C1609M-124 Test method for flexural performance of FRC.
I:t:lr?;il RILEM TC 162-TDF*¥ Test and design methods for steel FRC; bending test.

BS EN 146514

Test method for metallic fiber concrete. Measuring the flexural tensile strength (limit of

proportionality [LOP], residual).

Cracking

Tensile stress

Plain concrete

Strain-softening FRCC

Multiple cracking
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Fig. 2—Stress-strain curves illustrating tensile response of typical normalweight concrete, FRC, and ECC under tensile

loading.’’

brittleness of concrete is directly proportional to its strength,
thereby increasing the risk of sudden fracture failure, which
underscores the need for materials such as ECC in high-
performance applications.

A comprehensive summary of testing methods, including
international standards, supporting the material’s perfor-
mance is tabulated in Table 2. Further research has focused
on using discontinuous microfibers as intrinsic reinforce-
ment in ECC to improve its toughness and structural perfor-
mance.* Additionally, studies have demonstrated ECC’s
enhanced resistance to chloride diffusion during wetting-
and-drying cycles, greatly increasing its long-term dura-
bility.*® The self-healing properties of ECC, as shown by Li
and Li,’! also help to mitigate chloride ingress by limiting
crack growth. Recent research has confirmed ECC’s effec-
tiveness against chloride penetration, with Sun et al.’> and
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Shumuye et al.>® noting improvements in both self-healing

and chloride resistance. In addition, Wang et al.** confirmed
that ECC sustains its chloride resistance even under contin-
uous flexural loading, making it highly suitable for struc-
tures requiring strong chloride protection.

Workability related to water-cement content

In addition to its strength, ECC offers good workability,
including self-consolidating characteristics.® Its versa-
tility allows ECC to be applied in different forms, whether
cast, extruded, or sprayed, making it adaptable to various
construction techniques. Unlike traditional concrete, ECC
develops a more compact structure due to its finer parti-
cles filling the spaces left by larger ones, which enhances
its workability performance and durability in challenging
environments. Research conducted by Altwair et al.,?
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Sasmal and Avinash,’ Pan et al.,’’ Zhu et al.,*® and Yang
et al.’? observed that increasing the water-cement ratio (w/c),
particularly between 0.30 and 0.38, leads to a noticeable
reduction in compressive strength, initial crack strength, and
flexural strength. Despite these reductions in mechanical
properties, a higher w/c significantly enhances the work-
ability of the mixture, making it easier to handle during
construction.?>3¢% Additionally, a higher w/c improves
strain hardening, promotes multiple cracking, and increases
flexural deflection capacity. In contrast, a lower w/c yields
greater strength but less ductility.>>%37 Sahmaran et al.®
demonstrated that adjusting the w/c and HRWRA dosage
can optimize ECC’s workability. Fischer and Wang®' high-
lighted the importance of mixture design and fiber content
in improving ECC’s flowability. Kim et al.®? found that the
addition of GGBS improved tensile strength and fiber distri-
bution while also enhancing workability when used with the
correct w/c. These studies highlight the importance of opti-
mizing mixture designs and using supplementary materials
to maximize ECC’s workability for various construction
applications.

Durability performance

Durability is a fundamental requirement for construc-
tion materials, especially when used in long-term engi-
neering projects.’? In conventional normalweight concrete,
increasing durability often involves enhancing its strength
and Young’s modulus, but this comes at the cost of brittle-
ness and a greater tendency to failure-crack. Thereby, ECC
offers an alternative solution by providing durability without
brittle failure, while maintaining a lightweight structure,
high strength, and significant strain capacity.®® ECC’s ability
to perform well in challenging conditions is largely due
to its use of PVA fibers, which meet the micromechanical
requirements for strain-hardening behavior, ensuring that
ECC can maintain durability without cracking.®* Unlike
typical concrete, which relies on density for durability,
ECC achieves this through its microcracking behavior and
self-healing properties. These characteristics, along with
its large fiber content, allow ECC to outperform regular
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Fig. 3—Mechanical engineering properties of HS-ECC: (a) compressive strength; and (b) tensile strength behavior.
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concrete in freezing-and-thawing cycles, carbonization,
permeability, and high-temperature conditions.***” To main-
tain high durability with optimal strength, it is essential that
the crack width in ECC remains below 100 pm.% In their
study, Sahmaran et al.’® found that adding PVA fibers elim-
inated explosive spalling in ECC, while the inclusion of fly
ash further enhanced its heat resistance. According to Yu
et al.,% this reduction in strain-hardening capacity is caused
by a decrease in the number of microcracks. Mechtcherine
et al.”® concurrently found that at 100°C, PVA-ECC’s strain
capacity improves with strain rate, but at 150°C, ECC loses
its ductility and starts showing strain rate effects. In conclu-
sion, ECC’s unique combination of microcracking behavior,
fiber reinforcement, and self-healing capacity makes it a
highly durable material, capable of performing under a
variety of harsh and ultimate environmental conditions, from
freezing-and-thawing cycles to high-temperature scenarios.

Ultra-high performance

The need for ultra-high-performance materials in contem-
porary construction has driven the advancement of ECC as
a pivotal innovation.!>?"”! As infrastructure projects grow
more complex, including super-tall skyscrapers, long-
span bridges, and large-scale dams, conventional concrete
encounters significant challenges in terms of strength,
durability, and energy absorption. Ultra-high-performance
ECC, especially when reinforced with fibers such as PE,
has proven to be a better solution, delivering exceptional
mechanical properties that meet the stringent demands of
modern engineering. High-strength (HS) ECC with excel-
lent performance, as demonstrated in Fig. 3, is designed to
meet the rigorous strength and durability requirements of
modern building materials, as highlighted by Huang et al.'®
and Ding et al.”? Ran et al.”>7> made advancements in ECC
technology by developing a multifunctional ultra-light-
weight (ULW) ECC incorporating FAC and PE fibers. This
material achieved a density under 1400 kg/m?, a compres-
sive strength greater than 60 MPa, and tensile strength and
strain capacity above 6 MPa and 3%, respectively. ECC has
also progressed significantly in Japan and Europe, where it is
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Table 3—Summary of various fiber types integrated with ECC, as documented by different researchers in

previous studies

Main category of
fibers Types of fibers used Reference
Meng et al.,'"" Li and Yang,'? Huang and Zhang,'* Zhou et al.,'* Huang et al.,'” Sahmaran et al.,°
Polvvinyl alcohol fib Altwair et al.,> Zhang and Qian,?” Lepech and Li,*? Soe et al.,*® Kawamata et al.,”” Lawler et al.,*®
° yvmypilzo o1 fiber Sasmal and Avinash,*® Pan et al.,” Sahmaran et al.,** Pakravan et al.,’8 Alrefaei et al.,” Gadhiya et
(PVA) al.,”® Mohammed et al.,”" Ali et al.,*? Said et al.,”> Keoleian et al.,** Thaishnavi et al.,”> Gencturk and
Hosseini,”® Wang et al.,”” Al-Gemeel et al.”®
Synthetic fibers Pakravan et al.,* Thaishnavi et al.,”> Gencturk and Hosseini,”® Felekoglu et al.,” Afefy and
Polypropylene fiber (PP) Mahmoud!®
Polyethylene fiber (PE) Kawamata et al.,’” Lawler et al.,*® Said et al.,”> Maalgj et al.,'"! Fischer et al.,'? Yu et al.!®
Polymeric fiber Singh et al.!%
Shape memory alloy (SMA) | Qiu and Yang'®
Steel fiber (SE) Soe e‘t al.,* Kag\;vamata et al.,;7 Lawle.r et al.l,;8 Tian and Zhang,**%¢ Tian et al.,* Yang and Li,*’
Metallic fibers Gadhiya et al.,”® Wang et al.,”” Maalej et al.
Tire-wire fiber Mohammed et al.”!
Glass fiber Thaishnavi et al.”®
Bagasse fiber Tian and Zhang,**%¢ Tian et al.%
Natural fibers
Basalt Wang et al.,”” Al-Gemeel et al.?

called ultra-high-performance fiber-reinforced cementitious
composites (UHPFRCC) in Japan’® and SHCC in Europe.”’

PERFORMANCE OF SYNTHETIC FIBERS IN ECC

The incorporation of synthetic fibers in ECC is vital for
enhancing its mechanical properties, durability, and struc-
tural integrity, which in turn extends its service life. While
synthetic fibers such as PP are commonly used to enhance
the mechanical performance of ECC, the environmental
impact of synthetic fibers remain a growing concern, partic-
ularly regarding to their non-biodegradability and poten-
tial for microplastic release.”®® Singh et al.' found that a
fiber volume fraction of approximately 2% typically results
in significant strain-hardening behavior, improving ECC’s
capacity to endure high stress. In addition to steel bars,
fibers such as synthetic, basalt, and hybrid are often used to
increase the tensile strength of concrete, making ECC partic-
ularly effective in resisting tension-related cracking. PVA
fibers, in particular, have gained widespread use in ECC
due to their excellent dispersion and their ability to promote
strain-hardening.?! Other polymer fibers similarly contribute
to strengthening ECC, while various aggregates influence
the material’s fracture energy.”®’%%283 While PVA fibers are
the most commonly used, studies have also explored the use
of natural fibers,**® as detailed in Table 3. Although the
use of fibers in ECC results in better performance, the side
effects related to environmental and health concerns cannot
be neglected.”®7>1% The degradation of bagasse fiber in
cementitious composites may raise health concerns due to
the release of organic material under harsh environmental
conditions, which may lead to biohazards if not properly
managed.®% Additionally, the use of PP fibers in ECC can
potentially release fibers during production and handling,
leading to concerns about the inhalation of fine particles,
which may cause respiratory issues.’830107
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Effect of hybrid fibers on ECC

When different fibers are combined in ECC, it is referred
to as hybrid fiber incorporated ECC. This combination of
fibers significantly influences the ECC’s overall perfor-
mance. For example, partially replacing PVA fibers blended
with PP fibers can increase the deformability of ECC while
reducing costs.® Hybrid fibers offer synergistic benefits by
blending the unique properties of various fiber types. The
selection of fibers in hybrid ECC depends on the desired
mechanical properties, durability, and cost-effectiveness.’
Research by Pan et al.>” demonstrated that hybrid PVA fibers
reduced the complementary energy of ECC but improved
strain-hardening and multiple cracking behavior, while also
reducing the material costs. High-modulus hybrid fibers
are effective at increasing strength, whereas low-modulus
fibers improve ductility and strain-hardening, resulting in
finer cracks and reduced crack widths. 38389101 In terms of
flexural strength, Gadhiya et al.”® found that increasing the
volume of steel fibers from 3 to 4% combined with PVA
fibers from 1.5 to 2.0% improved flexural strength signifi-
cantly by 15 to 20%. Mohammed et al.”! further investigated
hybridization by incorporating tire-wire and PVA fibers.
They observed improvements in flexural strength, tensile
strength, and modulus of elasticity, though there was a
decrease in workability.

Effect of length, shape, and orientation of fibers
on ECC

Fiber-reinforced ECC is a composite material that incor-
porates fibers of different lengths and orientations, which
significantly impact its mechanical performance. This selec-
tion of fibers, whether steel, glass, synthetic, or natural, can
be arranged either in parallel or randomly dispersed within
the matrix.!%!1% Plenty of research has focused on fibers
with various lengths ranging from 6 to 16 mm, and findings
show that increasing both the fiber volume fraction and the
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length-to-diameter ratio (/D) enhances the flexural and ulti-
mate strengths of ECC, though it may decrease compressive
strength and the load at the first crack.’®% Under compres-
sion, fibers orient due to shear forces, with circular fibers
exhibiting more rotation compared to triangular or trilobal
fibers.” Previous research by Yu et al.2! explored how fiber
orientation, specifically with PE fibers, affects ultra-high-
performance ECC. Their findings revealed that controlling
fiber orientation not only improved mechanical properties
but also increased durability by influencing ECC’s aniso-
tropic behavior and crack resistance.”! Even with smaller
fiber inclination angles (0 to 40 degrees), Wang et al.'®
observed a notable improvement in crack-bridging capacity
and crack resistance in hybrid steel-PVA ECC. Conversely,
they concluded that fibers misaligned or oriented at steeper
angles (for example, greater than 45 degrees) tend to reduce
the strain-hardening efficiency and increase the risk of
fiber rupture.!®®!% Supporting this, Ge et al.'® examined
the influence of extrusion-based processes on fiber align-
ment, highlighting that precise fiber orientation significantly
contributes to the enhanced mechanical performance of
ECC. Improvements in casting methods, modeling models,
and three-dimensional (3-D) printing technology have
further demonstrated that directly configurating fiber charac-
teristics such as orientation angle, arrangement, and geom-
etry can greatly improve the overall strength and ductility
of ECC, making it suitable for broader structural applica-
tions.!%1! Additionally, Dong et al.!'? emphasized that well-
distributed and uniformly oriented fibers enhance crack-
bridging efficiency, allowing the cementitious composite
to exhibit strain-hardening behavior and improved energy
absorption.

ECC IN COMMON STRUCTURAL PERFORMANCE
Removal or reduction use of shear reinforcement
ECC has been proven to work effectively with rein-
forcing bars, providing excellent shear capacity, increased
damage tolerance, and effective crack control.»!'3 This was
demonstrated in the Ohno shear beam test, where ECC
developed multiple cracks perpendicular to the main tensile
direction when subjected to shear forces.!'? Because ECC
exhibits ductile tensile behavior, its shear response is also
ductile, allowing for the possibility of reducing or even elim-
inating conventional steel shear reinforcement in R/ECC
(reinforced) elements. Li and Wang''* examined ECC beams
lacking shear reinforcement and found that R/ECC beams
outperformed high-strength concrete (HSC) beams with
closely spaced steel stirrups, suggesting ECC can replace
conventional concrete without the need for additional shear
reinforcement. Further studies on unbonded post-tensioned
precast columns featuring ECC hinge zones'® and R/ECC
columns'® also confirmed that ECC enhances column integ-
rity, even in the absence of seismic shear detailing, and
delivers superior performance under cyclic loading. Yuan
et al.,'’’ in addition, confirmed that increasing the reinforce-
ment ratio from 0.73 to 1.5% improved the ultimate drift
ratio from 12 to 17% of R/ECC beams under cyclic loading.
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Sustaining large deformation

ECC, known for its unique tensile strain-hardening prop-
erties and high tensile strain capacity, is able to endure
significant deformations without localized damage. As high-
lighted by Zhu et al.!'® and Zhang et al.,''” numerous studies
have focused on the deformation performance of ECC,
revealing significant increases in tensile strain capacity due
to its ability to develop multiple cracks and undergo strain
hardening. Research indicates that ECC can achieve tensile
strain capacities of 3 to 5%, far exceeding that of conven-
tional concrete.!!” This impressive performance is largely
attributed to the inclusion of fibers, which bridge cracks and
enhance strain capacity, enabling ECC to sustain large defor-
mations while maintaining strength.!!” Similarly, the use of
alternative materials such as rice husk ash (RHA) has further
enhanced strain capacity, although with a slight reduction
in tensile strength. This makes ECC a highly versatile and
resilient material, particularly well-suited for structures that
experience large deformations, such as those in seismic
structural applications. Li* and Larson'!® noted that ECC is
particularly beneficial in link slabs, where it can replace tradi-
tional joints in concrete bridge decks, absorbing movements
and massive deflections caused by shrinkage, temperature
fluctuations, or creep, thus improving deck durability. Full-
scale testing by Kim et al.'" further confirmed the practical
application of ECC link-slab technology, showing its ability
to handle large deck movements while maintaining struc-
tural integrity. Fischer and Li'?° also evaluated the deforma-
tion characteristics of ECC reinforced with fiber-reinforced
polymer (FRP) by examining flexural load-deformation
behavior, residual deflection, and damage progression. Their
findings suggest that the combination of elastic FRP rein-
forcement and the ductile ECC matrix results in a nonlinear
flexural response, stable hysteresis, minimal residual deflec-
tion, and gradual failure in compression.'2%!2!

APPLICATION AREAS

ECC has proven its effectiveness in key sectors such as
transportation, commercial construction, water infrastruc-
ture, and geotechnical and soil applications, highlighting
its critical role as a high-performance material within
the construction industry.>3363%7294122123  According  to
Park et al., Lepech and Li,'”* and Keoleian et al.,”* ECC
has successfully been applied in transportation infrastruc-
tures, particularly highway pavements and bridge compo-
nents, due to its exceptional durability, lower maintenance
demands, and increased service life as compared to conven-
tional concrete. Further evidence provided by Krouma
and Syed'? in their comparative review of ECC and FRC
highlights ECC’s enhanced mechanical properties, showing
notably higher ultimate tensile strength (4.6 MPa versus 4.3
MPa) and compressive strength (68.5 MPa versus 55 MPa)
compared to FRC. In addition to that, ECC’s unique self-
healing capability, reduced permeability, and strong resis-
tance to environmental impacts such as corrosion signifi-
cantly benefit its suitability for bridge construction and
rehabilitation, thereby improving structural longevity and
lowering life-cycle maintenance expenses.'?>!?* For struc-
tural applications, ECC’s enhanced tensile strain capacity
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and effective crack control make it particularly advantageous
for seismic retrofitting, strengthening reinforced concrete
beams, and repairing unreinforced masonry structures.®
Moreover, the emphasis on ECC’s sustainability attributes
has contributed significantly to promoting environmentally
sustainable practices in infrastructure projects.>!1¢:124

Building infrastructure

In seismic regions, buildings are often designed or retro-
fitted to resist earthquake forces and improve safety. ECC
has emerged as a highly effective material in this context,
offering both durability and aesthetic versatility, making
it an excellent choice for building fagades.!>’® One of the
early application findings by Li and Kanda'!?* demonstrated
the structural effectiveness of ECC in critical load-bearing
elements such as bridge decks, floor slabs, and coupling
beams in tall buildings. Its advantageous ability to absorb
energy and control crack propagation significantly enhances
the durability of these components, while also lowering
long-term maintenance requirements.”*!"*125 Additionally,
ECC allows for the maximization of usable floor space by
reducing the number of required columns and beams.'?® In
Japan, ECC has been practically implemented in coupling
beams of core structural walls in high-rise buildings like the
27-story Glorio Tower in Tokyo and the 60-story Kitahama
Tower in Osaka.? This technique has also been effectively
employed in other skyscrapers across Japan, including
the 41-story Nabule Tower in Yokohama, where ECC
coupling beams integrated with durable core walls notably
improved seismic resistance.>’®”7 ECC has also proven
valuable in rehabilitation projects. For instance, Singh and
Munjal'?® demonstrated that bonding precast ECC panels
onto masonry walls improved both their out-of-plane load
resistance and overall ductility, making it a viable solution
for strengthening aging or vulnerable structures. In terms of
technological innovation, 3-D-printable ECC (3DP-ECC)
was developed to facilitate automated digital construction
without the need for conventional steel reinforcement.!® Yu
et al."” confirmed that 3DP-ECC preserved essential prop-
erties such as strain-hardening behavior and microcrack
formation, thus aligning with the goals of sustainable and
modern construction. Fire performance of the ECC applica-
tions has been studied, where ECC maintained its structural
integrity at temperatures up to 400°C, while avoiding explo-
sive spalling. This is due to the melting of PVA fibers, which
create escape channels for vapor, thus reducing internal
pressure buildup—an essential safety feature for high-rise
buildings.20-68.69

Transportation and bridge infrastructure

One of the most promising applications of ECC is
in highway infrastructure, particularly in the construc-
tion of highway bridges, due to its unique characteris-
tics such as high tensile ductility, excellent crack-width
control, and self-healing capabilities.>>>!2 These struc-
tures are continuously exposed to extreme environmental
conditions, leading to issues such as cracking, expan-
sion, water damage, chloride-induced corrosion, and
uneven settlement between the pavement, slab, and bridge
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supports. 18122123 For instance, studies by the Nevada
Department of Transportation demonstrated that ECC
overlays exhibit enhanced durability, low permeability,
and excellent resistance to freezing-and-thawing damage
and abrasion, leading to significantly extended service life
and lower long-term maintenance compared to conven-
tional concrete overlays.® Furthermore, evaluations by the
Texas Department of Transportation emphasized ECC’s
cost-efficiency based on life-cycle cost and environmental
impact analyses, particularly in pavement overlays and
bridge joint replacements.® ECC provides significant bene-
fits in terms of weather resistance and longevity, making it
a highly suitable material for bridge construction.”* Tests
demonstrated that after 26 weeks of immersion in hot water,
ECC'’s tensile strain capacity decreases by only 1.75%—a
performance that is 250 times better than that of conven-
tional concrete.!”’ ECC plays a crucial role in jointless
bridge designs, where it replaces traditional mechanical
expansion joints with ECC link slabs. A life-cycle anal-
ysis (LCA) comparing ECC link slabs with conventional
steel expansion joints over a 60-year span highlighted that
ECC extends the service life of bridges while reducing the
need for maintenance.” The self-healing properties of ECC
also contribute to its long-term durability by minimizing
issues such as shrinkage and damage caused by traffic
loads.” Studies, such as those by Kim et al.,” demonstrate
ECC'’s effectiveness in enhancing crack control and service
life in bridge deck link slabs. Traditionally, expansion joints
are used to manage temperature-induced movements in
bridge decks, preventing cracks.>!"" The application of
ECC not only lowered greenhouse gas emissions and energy
consumption but also extended maintenance intervals. In
addition, recent work by Mishra et al.!?* discussed the envi-
ronmental and operational benefits of combining ECC with
drone-based inspection technologies to improve the sustain-
ability and resilience of bridge assets. Collectively, these
findings reinforce ECC’s viability for use in demanding
infrastructure environments, offering a durable and econom-
ically sustainable alternative that supports both structural
integrity and long-term performance goals.*!1%124

Geotechnical underground and soil applications
Researchers acknowledged that ECC offer significant
advantages for applications involving large deformation
structures due to their strain-hardening properties and effec-
tive crack control.>!#3120 These attributes make ECC an ideal
choice for applications such as underground infrastructure,
concrete pipes, and other scenarios where high structural
flexibility, energy absorption, and precise control of crack
width under significant strain are crucial.** In the realm of
underground structures like tunnels and foundations, soil
movement can result in uncertain stress distribution and
cracking in standard concrete.’*>>"2 ECC’s ability to handle
substantial deformations while preserving structural integrity
provides a distinct advantage in these situations. It efficiently
absorbs and redistributes stresses, which reduces the likeli-
hood of failure due to soil displacement.!?® When it comes
to concrete pipes used in underground infrastructure, ECC’s
strain-hardening properties make it proficient at managing
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Table 4—ECC structural applications across different infrastructure types?

Infrastructure Processing
type Application Problem solved ECC property used method
Rapid recovery following seismic events due to
. . ECC’s tolerance to damage; decreased need for Tensile ductility; damage tolerance;
Coupling beams in . . e . . .
building core replacement or repairs; quicker building installation | energy absorption under shear; fire | Precast in factory
Building and shorter construction times, resulting in more resistance
usable floor space.
External insulation Lower construction costs, labor, and time; minimize Durability against drying and .
. . . . . . Precast in factory
wall the risk of inconsistent construction quality on-site. thermal cycles
. Tensile ductility to accommodate
Bridge deck and road . ¥ . .
. Lower the frequency and expense of bridge deck thermal deformation; tight crack | Cast-in-place or
pavement link-slab . . . . . .
retrofits maintenance; reduce traffic noise. width; fatigue resistance; wear | precast in factory
durability
Transportation . . Minimize the risk of fatigue failure in steel decks; . .. . . .
p Composite bridge deck g . Tensile ductility; fatigue resistance | Cast-in-place
reduce both cost and weight.
. . Tensile ductility; watertightness;
Tunnel linings repair Cut down on labor and expenses; decrease . y gatn .
. . carbonation resistance; freezing- Spraying
and retrofit maintenance requirements. . .
and-thawing resistance
. Mitigate the risk of dam leakage and failure; extend Crack and spall resistance; .
Retrofit of Mitaka Dam g . . S P Spraying
its operational lifespan. watertightness
Repair of dam of Lower the risk of reflective cracking; prevent water . . . .
Water pal &P Tensile ductility; watertightness Spraying
. hydraulic powerplant leakage.
infrastructure
Retrofit of water tunnel . . . .
Prevent water loss; reduce the frequency and cost of | Tensile ductility; watertightness; Injection
for water treatment . e .
facility maintenance. enhanced durability pumping

both internal pressures and external soil loads.!? Leakage
prevention is also a critical issue for underground structures
and concrete pipes. ECC’s tightly controlled microcracking
behavior prevents the formation of large cracks, which are
common pathways for water ingress. Li® provides a detailed
overview of all these applications in Table 4, showcasing
ECC’s broad impact across various sectors.

Cost analysis and feasibility of ECC in
construction

The cost-effectiveness and feasibility of ECC have
become a growing point of interest, particularly in balancing
advanced mechanical performance with sustainable and
economical construction.®!* Multiple studies have high-
lighted that although ECC is initially more expensive
because of its reliance on synthetic fibers such as PVA and
its higher cement content, its innovative mixture designs and
material substitutions can significantly reduce cost while
maintaining desirable performance characteristics.!%!30:13!
In their study, Arce et al.'*® demonstrated that ECC with
a reduced PVA content (1.5% volume) and 75% cement
replacement using fly ash still achieved high tensile ductility
(2.61%) and flexural strength (9.85 MPa), making it suit-
able for pavement applications. Similarly, a follow-up report
by the same research group further showed that the use of
locally sourced materials including river sands and crumb
rubber enabled additional reduction in cost without severely
compromising mechanical integrity.'3! In a separate study,
Radhakrishnan et al.'% explored the use of bio-fiber-based
green ECC by employing flax, hemp, kenaf, and pineapple
fibers as replacements for synthetic PVA. This substitution
drastically reduced environmental and economic burdens,
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with LCA results showing significant reductions in embodied
energy and CO, emissions. Specifically, kenaf- and
pineapple-based ECC achieved high strain capacities (2.0 to
2.5%) with minimal performance loss while being markedly
more sustainable than synthetic fiber alternatives.!?® These
findings are consistent with other references in the literature.
For instance, Keoleian et al.** reported that ECC link slabs
reduce life-cycle costs by minimizing long-term mainte-
nance, while Lepech and Li'?* supported the economic feasi-
bility of ECC overlays in pavements. Altwair et al.> and
Zhang et al.!!” further demonstrated how substituting cement
with RHA or palm oil fuel ash improves both sustainability
and cost efficiency in the Malaysian context. Also, Mishra
et al.'"?* highlighted ECC’s role in reducing carbon footprint
and life-cycle cost when used in modern bridge design. The
integration of locally sourced fillers, recycled materials, and
bio-based fibers provides a viable path forward to main-
stream ECC adoption in cost-sensitive construction projects.

CONCLUSIONS

Engineered cementitious composites (ECC) mark a signif-
icant leap forward in construction materials, combining
innovative engineering principles with sustainability. Their
outstanding ductility, high tensile strength, and self-healing
properties address many of the weaknesses found in typical
conventional concrete, offering a versatile and robust solu-
tion for today’s infrastructure challenges. Through its ability
to accommodate large deformations, resist cracking, and
enhance structural resilience, ECC effectively tackles crit-
ical challenges in modern infrastructure development,
particularly in seismic zones, transportation networks, and
underground applications. Its wide range of applications,
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together with the environmental benefits through material
optimization and waste use, make ECC a promising solution
for future construction needs. Although certain challenges
remain, such as high initial costs and the lack of standard-
ized guidelines, ongoing research continues to improve
ECC’s performance and economic feasibility. As the
industry moves toward sustainable and durable construction
practices, ECC stands out not just as an innovation, but as
a reliable and practical material ready to meet the complex
and evolving demands of modern construction.
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