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Expanded glass (EG) made from recycled glass waste was used as 
an aggregate in the production of engineered cementitious compos-
ites (ECCs) to improve their thermal conductivity. The corre-
sponding influence of the EG content on the physical, mechanical, 
and durability properties was evaluated. The EG was used as 
up to 100% replacement of the conventional silica sand (SS) in 
ECCs. The physical properties evaluated are thermal conductivity 
and density, while the mechanical properties evaluated are the 
compressive, flexural, and tensile strengths alongside the permea-
bility properties and drying shrinkage. The findings from this study 
showed that the use of EG as a replacement for SS as aggregate in 
ECCs resulted in an improvement in the thermal insulation prop-
erties and a reduction in density. The 28-day thermal conductivity 
of ECCs made with EG as 100% replacement of SS is 53.8% lower 
than that of the ECCs made with only SS as the aggregate.

Keywords: engineered cementitious composites (ECCs); expanded glass 
(EG); fly ash (FA); portland cement (PC); thermal conductivity.

INTRODUCTION
The operation of infrastructures such as buildings is highly 

energy-intensive due to the need to maintain a conducive 
temperature for everyday activities. It has been estimated that 
the energy consumption by buildings is approximately 30% 
of the world’s energy consumption.1 The rapid urbanization 
going on globally coupled with the increase in population is 
expected to result in the construction of more buildings and 
a consequential increase in energy use. Thus, it is critical to 
find innovative and sustainable approaches to improve the 
thermal efficiency of buildings. One such effective approach 
is the improvement of the thermal insulation properties of 
construction materials such as cementitious materials by 
incorporating various materials with lower thermal conduc-
tivity.2,3 Several studies have been able to successfully 
reduce the thermal conductivity (that is, improve the thermal 
insulation properties) of cementitious materials by incorpo-
rating various lightweight recycled materials/by-products.4-6 
The use of these lightweight recycled materials/by-products 
in cementitious materials not only helps improve the thermal 
insulation properties, but also helps in managing these detri-
mental wastes effectively and efficiently.

On the other hand, there exists a special type of 
fiber-reinforced cementitious composite referred to as 
engineered cementitious composites (ECCs).7 In contrast 
to the conventional cementitious composites, ECCs exhibit 
a high strain capacity and are suitable for the construction 
of various building envelope elements such as walls, floors, 
and roofs.8,9 Several studies8,10 have been carried out to eval-
uate the mechanical and durability properties of ECCs, but 

there is limited knowledge on their corresponding thermal 
insulation properties, thereby limiting their thermal applica-
tions. In addition, there is limited use of lightweight mate-
rials with low thermal conductivity in ECCs. Thus, finding 
suitable sustainable materials with low thermal conductivity 
to incorporate into ECCs would help to bridge this knowl-
edge gap and improve the thermal insulation properties of 
ECCs, opening a pathway for more sustainable application 
of ECCs.

One such sustainable material that can be incorporated 
into ECCs is expanded glass (EG), which is obtained from 
recycling waste glass. EG has a thermal conductivity of 
approximately 0.07 W/m∙K and a specific gravity of 0.19,11 
while the conventional aggregates (that is, natural sand) 
used in cementitious materials have a thermal conductivity 
and specific gravity of approximately 3.5 W/m∙K and 2.65, 
respectively. Thus, the use of EG to replace the conventional 
silica sand (SS) in ECCs is expected to result in a reduc-
tion in thermal conductivity and density. Some studies have 
used EG as aggregate in conventional cementitious mate-
rials such as mortars.12,13 However, no study exists on the 
application of EG as aggregate in ECCs. In addition, the 
existing studies on the use of EG in mortars (that is, not 
ECC) primarily focus on the compressive strength, with a 
limited study on the influence of EG on other mechanical 
and durability properties.

A recent study by Adewoyin et al.13 showed that the use 
of EG to replace natural aggregates in mortar resulted in a 
reduction in the thermal conductivity of the mortars. The 
study also showed that the use of EG does not pose any 
alkali-silica reaction threat. Thus, EG can be deemed a good 
candidate for an eco-friendly material that can be used to 
improve the thermal conductivity of ECCs. Moreover, the 
limited availability of the conventional aggregates used 
in ECCs (that is, SS) inhibit the large-scale application of 
ECCs due to their high cost and high embodied carbon.14 
Thus, the use of EG as a replacement for SS would result in a 
reduction in the cost and embodied carbon of ECCs in addi-
tion to reducing the thermal conductivity of the composites.

In addition to the use of lightweight aggregates in cemen-
titious materials, studies have also shown that the use of 
supplementary cementitious materials (SCMs) such as fly 
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ash (FA) can be used to improve the thermal insulation 
properties of cementitious materials.15-17 A significantly 
high amount of FA is already used in ECC mixtures at 
an FA-to-portland cement (PC) ratio of 1.2.18,19 Thus, 
increasing the FA content used as the replacement of PC 
in ECCs would result in more improvement in the thermal 
insulation properties.

RESEARCH SIGNIFICANCE
This study aims to bridge the current knowledge gap by 

using a high-volume FA (that is, approximately 70% replace-
ment of PC) as a binder component and EG as a replacement 
for different contents of SS as aggregate in ECCs. The corre-
sponding influence of EG content on the physical, mechan-
ical, and durability properties was evaluated. The physical 
properties assessed are density and thermal conductivity, 
while the mechanical properties of the ECCs were evaluated 
in terms of the compressive, flexural, and tensile strengths. 
The permeability properties investigated are sorption, water 
absorption, chloride-ion penetration, and porosity. Micro-
structural investigations were also carried out on one of the 
developed mixtures, and the observations correlated with 
exhibited properties of ECCs. The findings presented in this 
paper provide more insights into the influence of various 
contents of EG on the thermal conductivity and other prop-
erties of ECCs.

EXPERIMENTAL PROGRAM
Materials

The ECCs produced in this study are made with Type 1 PC 
and Class F FA as the binders. The scanning electron micro-
scope (SEM) images of the binders alongside their elemental 
compositions are presented in Fig. 1. More about the chem-
ical composition of the binder is available in a previous 
study.20 The primary aggregate used is SS, while EG was 
used as a partial to total replacement of the SS. The SEM 
images of the aggregates used are presented in Fig. 2, while 
the corresponding elemental compositions are presented in 
Fig. 3. As can be observed from Fig. 2(a), the EG is a very 
porous material compared to SS. Table 1 shows the proper-
ties of the SS and EG. Polyvinyl alcohol (PVA) fibers with a 
length of 8 mm (0.31 in.) and tensile strength of 1600 MPa 
(232 ksi) were used as reinforcement. Figure 4 shows the 
SEM image of the PVA fibers. To improve the workability 
of the mixtures, a high-range water-reducing admixture 
(HRWRA) was used as the chemical admixture.

Mixture composition and sample preparation
The FA-to-PC ratio for all the ECC mixtures was kept 

at 2.2, while the water-binder ratio (w/b) and sand-binder 
ratio were fixed at 0.25 and 0.38, respectively. A total of five 
mixtures were made with varying contents of EG (that is, 0, 
25, 50, 75, and 100%) as a replacement for SS up to 100%. 
PVA fibers at a dosage of 2% were used to reinforce all 
mixtures. The ECC mixtures were prepared by dry mixing 
the aggregates and the binder for 3 minutes, followed by the 

Fig. 1—SEM images and energy-dispersive X-ray spectroscopy (EDS) spectra of binders: (a) FA; and (b) PC.
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addition of water with the chemical admixture pre-added. 
After a flowable mixture was obtained, the PVA fibers were 
slowly added to the fresh mixture as the mixing continued 
to ensure the fibers were properly dispersed. The mixing 
process was continued for an additional 2 minutes after all 
the fibers were added to achieve a homogenous mixture. As 
soon as the mixing was completed, the fresh ECC mixtures 
were placed in molds for the tests to be evaluated. The 
molds were covered with a thin plastic sheet to avoid loss of 
moisture from the samples during curing. At approximately 
24 hours after the fresh mixtures were placed, the samples 
were removed from the molds and cured underwater until 
the tests were due.

Test methods
Thermal conductivity—The thermal conductivity of the 

ECC samples was evaluated by using the probe method 

following the test procedure in ASTM D5334-14.21 This 
method involves inserting the probe of the conductivity 
meter into premade holes in cylindrical samples with a 
diameter and height of 100 and 200 mm (4 and 8 in.), respec-
tively, as shown in Fig. 5. For each EG content and age, the 
thermal conductivity of three samples was measured and the 
average thermal conductivity was reported.

Mechanical properties—The mechanical properties 
evaluated are compressive strength, flexural strength, and 
tensile strength. The compressive strength of the ECCs was 
assessed in accordance with ASTM C109/C109M-16a22 by 
using samples with dimensions of 50 x 50 x 50 mm (2 x 
2 x 2  in.). The tensile strength of the ECCs was evaluated 
by using dog-bone samples as recommended by the Japan 
Society of Civil Engineers23 and used in previous studies.14,24

The flexural properties of the ECCs were evaluated using 
prism samples with dimensions of 75 x 75 x 350 mm (3 x 

Fig. 2—SEM images of aggregates used at different magnifications: (a) EG; and (b) SS.
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3 x 14 in.) and following the test procedures in ASTM 
C1609/C1609M-07.25 For the compressive and tensile 
strengths, three samples were tested, and the average result 
was presented. However, for the flexural properties, three 
samples were also tested but a representative load-deflection 
curve for each mixture was selected for the flexural prop-
erties calculations, as stipulated in ASTM C1609/C1609M.

Permeability properties—The permeability properties 
of the ECCs were assessed in terms of water absorption, 
porosity, sorption, sorptivity, and chloride-ion penetration. 
The test procedures in ASTM C642-1326 were followed for 
the water absorption and porosity assessments. Cylindrical 
samples with a height of 50 mm (2 in.) and a diameter of 
100  mm (4 in.) were used. Similar to the water absorp-
tion test, cylindrical samples with a height and diameter of 
50 mm (2 in.) and 100 mm (4 in.), respectively, were used to 
assess the sorption of the ECCs as per the test procedures in 
ASTM C1757-13.27

The rate of water absorption (that is, sorptivity) of the 
ECCs was evaluated in accordance with ASTM C1585-13.28 
Cylindrical samples were also used to evaluate the chlo-
ride-ion penetration of the ECCs by carrying out a rapid 
chloride penetration test in accordance with ASTM C1202-
12.29 For each of the permeability tests, three samples were 

tested for each mixture and the corresponding average 
results were presented.

Drying shrinkage—Bar samples with dimensions of 25 x 
25 x 250 mm (1 x 1 x 10 in.) were used to evaluate the drying 
shrinkage of the ECCs. The drying shrinkage of the ECCs 
was measured in terms of the length change up to 28 days by 
adhering to the test procedures in ASTM C596-07.30 A total 
of three samples were made and evaluated for each mixture. 
Thus, the results of the drying shrinkage provided represent 
the average drying shrinkage for each mixture.

Ultrasonic pulse velocity—The presence of pores and 
deformities in the ECCs was evaluated nondestructively 
by using the ultrasonic pulse velocity (UPV) method. The 
test entails measuring the velocity at which a pulse passes 
through the sample based on the length of the sample and the 
time it takes the pulse to pass through the sample. Samples 
with dimensions of 50 x 50 x 50 mm (2 x 2 x 2 in.) were 
used to evaluate the UPV of the ECCs following the test in 
ASTM C597-02.31

RESULTS AND DISCUSSION
Physical properties

Density—The densities of the ECCs incorporating various 
contents of EG are presented in Fig. 6. The density of the ECCs 
ranged between 1654 and 1960 kg/m3 (103 and 122 lb/ft3)  

Fig. 3—EDS spectra of aggregates: (a) EG; and (b) SS.
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at 28 days, while at 90 days, the density ranged from 1700 
to 2101 kg/m3 (106 to 131 lb/ft3). The increase in the density 
of the ECCs with age regardless of the EG content can be 
ascribed to the continuous pozzolanic reactivity of the FA 
and hydration of the PC.32,33 For example, the 90-day density 
of the ECC made with EG as a 25% replacement of the SS 
exhibited a density of 4.9% higher than the density at 28 
days. It can also be observed from Fig. 6 that the density 
of the ECCs reduced with increasing content of EG used as 
the replacement for the SS. The density at 90 days of ECCs 
made with EG as 25%, 50%, 75%, and 100% replacement 
of the SS is 6.2%, 9.7%, 11.7%, and 19.1%, respectively, 

lower compared to that of the ECCs made with only SS as 
aggregate.

The reduction in the densities of the ECCs with the incor-
poration of EG can be linked to the lower specific gravity 
of the EG compared to that of SS. The specific gravity of 
EG used in this study is 0.9, while that of SS is 2.6. The 
possible incorporation of air voids into the ECCs with the 
incorporation of EG could also contribute to the reduction in 
density.34 These findings are in agreement with other studies 
on ECCs where the use of lightweight aggregates such as 
crumb rubber and FA cenosphere has been reported to result 
in a lower density of ECCs.24,35 These findings indicate EG 
can be incorporated into ECCs to reduce their density. It is 
well known that lightweight cementitious materials exhibit 
better thermal conductivity and offer an effective way to 
reduce the dead load of structures.

In accordance with ASTM C330/C330M-0936 and ACI 
213R-03,37 cementitious composites with a 28-day density 

Table 1—Properties of EG

Physical

Property

Value

EG SS

Particle size, mm
Bulk density, kg/m3

Compressive strength, MPa
Thermal conductivity, W/m∙K

Water absorption, %
Specific gravity

pH value
Softening point, °C

Color

2 to 4
190
1.40
0.07
23

0.90
9 to 12

700
Creamy white

0.11 to 0.20
—
—
—

2.71
2.57
—
—

Brown

Chemical

Element

Weight, %

EG SS

O
Na
Al
Si
Ca
Mg

47.36
11.14
12.96
25.58
2.96
—

6.1
13.6
—

68.3
6.2
2.7

Fig. 4—SEM images of PVA fibers.

Fig. 5—Thermal conductivity measurement of ECCs.

Fig. 6—Influence of EG content on density.
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of less than 1850 kg/m3 (115 lb/ft3) can be considered to be 
lightweight composites for structural applications. Thus, 
ECCs made in this study with EG as 50, 75, and 100% 
replacement of SS as aggregate can be considered light-
weight ECC.

Thermal conductivity—Thermal conductivity is an effi-
cient way to evaluate the thermal properties of cementi-
tious materials. For insulation applications, lower thermal 
conductivity is better. Thus, the lower the thermal conduc-
tivity of cementitious material, the higher its thermal insula-
tion capacity. The influence of the EG content on the thermal 
conductivity is presented in Fig. 7. The thermal conductivity 
at 28 days of the ECCs made with 25%, 50%, 75%, and 
100% EG is 10.9%, 23.1%, 39.6%, and 53.8%, respectively, 
lower than that of the control ECC made with only SS as 
the aggregate. The reduction in the thermal conductivity of 
the ECCs with the incorporation of EG can be ascribed to 
the lower thermal conductivity of the EG compared to that 
of SS. The thermal conductivity of SS used in this study 
is 3 W/m∙K (1.7 BTU/h∙ft∙°F), while that of the EG used 
is 0.07 W/m∙K (0.04 BTU/h∙ft∙°F). The possible introduc-
tion of air voids into the ECCs coupled with the porous 
nature of EG (Fig. 2(a)) could also contribute to the lower 
thermal conductivity of ECCs made with EG. The thermal 
conductivity of air has been estimated to be 0.025 W/m∙K 
(0.014 BTU/h∙ft∙°F). Hence, the incorporation of these voids 
into ECCs with the incorporation of EG would result in a 
reduction in the thermal conductivity of the ECCs.

From Fig. 7, it can also be observed that the thermal 
conductivity of the composites increased slightly with age. 
The 90-day thermal conductivity of the ECCs made with EG 
as 0, 25, 50, 75, and 100% replacement of SS increased by 
7.7, 6.2, 7.1, 7.3, and 9.5% when compared to the corre-
sponding thermal conductivities at 28 days. The slight 
increase in the thermal conductivity of the composites with 
age can be linked to the refinement of the microstructure of 
the ECCs due to the formation of pozzolanic and hydration 
products with age. Thus, as the microstructure of the ECCs 
becomes more refined in the long term, a slight increase in 
the thermal conductivity should be anticipated.

Several studies have indicated that the thermal conduc-
tivity of cementitious materials is directly related to their 

corresponding density.38-40 Hence, a correlation between the 
density and thermal conductivity of the ECCs was made and 
is presented in Fig. 8. It can be observed from Fig. 8 that there 
is a good linear relationship between the thermal conduc-
tivity and the density. The thermal conductivity of the ECCs 
increases with higher density. These findings confirmed that 
the reduction in the thermal conductivity and density of the 
ECCs with the incorporation of EG is due to the physical 
properties of EG coupled with the possible introduction of 
air voids into the matrix. Thus, to improve the thermal insu-
lation properties of ECCs in terms of a reduction in thermal 
conductivity, EG can be incorporated as aggregate.

Mechanical properties
Compressive strength—Figure 9 shows the influence 

of EG content on the compressive strength of ECCs. The 
compressive strength of the ECCs reduced with a higher 
content of EG, as shown in Fig. 9. The compressive strength 
of ECCs at 28 days is in the range of 20.4 to 37.7 MPa (2.9 
to 5.5 ksi), while at 90 days, the compressive strength of the 
ECCs is in the range of 32.3 to 52.3 MPa (4.7 to 7.6 ksi). 
The reduction in the compressive strength of the ECCs with 
higher EG content can be linked to the introduction of air 
voids into the matrix coupled with the porous nature of EG 
(Fig. 2(a)) resulting in weak zones. The lower stiffness of 

Fig. 7—Influence of EG content on thermal conductivity. Fig. 8—Correlation between thermal conductivity and 
density of ECCs.

Fig. 9—Influence of EG content on compressive strength.
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EG compared to SS could also contribute to the reduction 
in compressive strength. Similar observations have been 
reported by various studies, where the incorporation of 
porous lightweight aggregates into ECCs has been reported 
to yield lower compressive strength.10,14,24 Nonetheless, 
it can be observed that even at 28 days, the compressive 
strength of ECC made with EG as 100% replacement of the 
SS is greater than 20 MPa (2.9 ksi). Thus, in accordance with 
ACI 213R-03,37 all the ECC mixtures made in this study 
can be used for structural applications as the compressive 
strengths are greater than 17.5 MPa (2.5 ksi).

As a result of the progression of the PC hydration and FA 
pozzolanic reactivity with age, it can be observed that the 
compressive strength of the ECCs increased with age. For 
example, the 90-day compressive strength of ECC made 
with EG as a 50% replacement of the SS is 14.7% higher 
than that of the similar mixture at 28 days. These findings 
showed that the incorporation of the EG into the ECCs does 
not alter the binder reactivity.

Flexural properties—The representative load-deflection 
curves of the ECCs at 90 days are presented in Fig. 10, while 
the corresponding flexural strengths are presented in Fig. 11. 
It can be observed from Fig. 10 that the incorporation of 
EG into the ECCs does not have any detrimental impact on 
the strain-hardening behavior of the ECCs. However, there 
was a reduction in the flexural load capacity and the corre-
sponding flexural strength, as shown in Fig. 11. The reduc-
tion in the flexural load capacity with the incorporation of 
EG can also be linked to the increase in the air voids coupled 
with the lower stiffness of the EG. On the other hand, the 
use of EG as aggregate in ECCs does not result in any nega-
tive impact on the deflection capacity of the ECCs. In fact, 
ECCs made with EG exhibited higher deflection capacity 
compared to the control ECC, which was made with only SS 
as the aggregate. The improvement in the deflection capacity 
of the ECCs with the incorporation of EG can be ascribed 
to the lower stiffness of the EG resulting in a reduction in 
the matrix fracture toughness.41 Thus, in applications where 
higher deflection capacity is required, EG can be incorpo-
rated as aggregate provided the load capacity requirements 
are met. A similar observation has been reported when 
crumb rubber, which has a low stiffness, was incorporated as 
aggregate into ECCs.24,42,43

Similar to the compressive strength results (Fig. 9), it can 
be observed that the flexural strength of the ECCs reduced 
with higher EG content, as shown in Fig. 11. The 90-day 
flexural strength of the ECCs made with 25%, 50%, 75%, 
and 100% replacement of the SS is 9.5%, 37.0%, 38.8%, 
and 38.7%, respectively, lower compared to that of the 
control with only SS as the aggregate. The reduction in the 
flexural strength with the incorporation of EG can also be 
linked to the porous nature of EG and the increase in the 
weak zone areas in the ECCs due to the incorporation of air 
voids. These results are in agreement with a similar study by 
Keskin et al.41 where perlite was incorporated as lightweight 
aggregate to replace up to 30% SS in ECCs. The incorpora-
tion of perlite by Keskin et al.41 as 10, 20, and 30% replace-
ment of SS resulted in a decrease in the 90-day flexural 
strength by 11.8%, 22.8%, and 25.2%, respectively, when 
compared to the control without perlite. The lower reduction 
in flexural strength (that is, 9.5%) when EG was used as a 
25% replacement of the SS in this study, compared to that of 
Keskin et al.41 when a similar content (that is, 30%) of light-
weight aggregate was used, can be ascribed to the higher 
content of FA used in the current study. The ECCs made in 
this study are composed of an FA-to-PC ratio of 2.2, while 
that of Keskin et al.41 is 1.2. The use of a higher content of 
SCMs such as FA has been found to enhance the properties 
of cementitious materials in the long term.44,45

Tensile strength—Similar to other mechanical properties, 
the tensile strength of ECCs reduced with the incorporation 
of EG as a replacement for the conventional sand, as shown 
in Fig. 12. The reduction in the 90-day tensile strength when 
EG is used as a replacement for SS up to 100% is in the range 
of 9.3 to 21.6%. The reduction in the tensile strength when 
EG is used as aggregate can also be ascribed to the reasons 
mentioned earlier for compressive and flexural strengths. 
These observations are consistent with that of Şahmaran 
et al.,46 where pumice was used as a lightweight aggregate 
to replace up to 20% SS in ECC mixtures. A similar obser-
vation was also reported by Zhou et al.,47 where the use of 
FA cenosphere as up to a 60% replacement for SS resulted 
in a reduction in the tensile strength. On the other hand, the 
tensile strength of the ECCs increased with age due to the 
formation of more reaction products and densification of the 
cementitious matrix. The 90-day tensile strength of ECCs 

Fig. 10—Load-deflection behavior of ECCs at 90 days. Fig. 11—Influence of EG content on flexural strength.
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made with 25%, 50%, 75%, and 100% EG is 18.1%, 15.2%, 
12.9%, and 11.2%, respectively, greater than their corre-
sponding tensile strength at 28 days.

Durability properties
Water absorption—The water absorption test evaluates the 

performance of cementitious materials that can be subjected 
to constant moisture contact or submerged continuously. 
The influence of the EG content on the water absorption of 
the ECCs is presented in Fig. 13. It is evident from Fig. 13 
that the incorporation of EG into the ECCs as aggregate 
resulted in an increase in their corresponding water absorp-
tion. The incorporation of EG as up to 100% replacement 
for SS resulted in an increase in the water absorption by up 
to 35.1% at 90 days. The increase in the water absorption of 
the ECCs due to the use of EG as aggregate can be linked to 
the porous nature of the EG coupled with the incorporation 
of additional air voids into the cementitious matrix. On a 
positive note, the water absorption of the ECCs reduced with 
age as a result of the continuous refinement of the cementi-
tious matrix by the additional reaction products formed. For 
example, the 90-day water absorption of ECC made with 
EG as 100% replacement of the SS is 15.3% lower than the 
corresponding water absorption at 28 days.

Sorptivity—In contrast to the water absorption and sorp-
tion evaluations, the sorptivity evaluates the rate of water 
absorption. The rate of water absorption (that is, sorptivity) 
of the ECC mixtures and the cumulative water absorption are 
presented in Fig. 14 and 15, respectively. It can be observed 
from the figures that a similar trend to other permeability 
properties was exhibited by the ECCs. The water absorption 
of the ECCs increased with higher content of EG. It can also 
be observed from Fig. 14 that the rate of water absorption 
of all ECCs was higher during the initial period of the test 
(that is, up to 6 hours), indicating the ECCs possess higher 
initial sorptivity. However, after the high initial sorptivity, 

Fig. 12—Influence of EG content on tensile strength.

Fig. 13—Influence of EG content on water absorption.

Fig. 14—Sorptivity of ECCs at: (a) 28 days; and (b) 90 days.

Fig. 15—Influence of EG content on cumulative absorption.
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the ECCs exhibited a lower secondary sorptivity due to the 
pores of the ECCs already filling up during the initial sorp-
tivity. Nonetheless, similar to the water absorption (Fig. 13) 
of the ECCs, there was an increase in the cumulative water 
absorption with higher EG content. Similarly, the cumula-
tive absorption of the ECCs reduced with age.

Chloride-ion penetration—The chloride-ion penetration 
assessed by the rapid chloride penetration test is based on 
measuring the total charges passed through a sample for a 
duration of 6 hours. The higher the total charges passed, 
the more permeable the composites. As per ASTM C1202, 
composites with total charges passed in the range of 100 
to 1000 coulombs can be classified as very low chlo-
ride ion penetrability, while those in the range of 1000 to 
2000  coulombs can be deemed to have low chloride ion  
penetrability. On the other hand, composites with total 
charges passed between 2000 and 4000 coulombs are clas-
sified as moderate chloride ion penetrability, while those 
greater than 4000 coulombs are deemed high chloride 
permeability. From the results of the total charges passed in 
the ECCs presented in Fig. 16, it can be observed that the 
ECCs at 28 days have moderate chloride ion penetrability, 
while at 90 days, the chloride-ion penetrability was signifi-
cantly reduced to very low. The higher total charges passed 
at 28 days (that is, 1996 to 2501 coulombs) compared to 
90 days (that is, 503 to 724 coulombs) can be ascribed to the 
high content of FA used as the replacement of PC coupled 
with the slow pozzolanic reactivity of the FA.

Similar to other permeability properties, it can be observed 
from Fig. 16 that the chloride ion penetration of the ECCs 
increased with higher content of EG. The use of EG to replace 
25%, 50%, 75%, and 100% of SS resulted in an increase in 
the total charges passed at 28 days of 4.7%, 10.4%, 17.9%, 
and 25.3%, respectively. Similarly, at 90 days, there was an 
increase in the total charges passed of 1.6%, 18.7%, 33.6%, 
and 43.9% when EG was used as the replacement of 25%, 
50%, 75%, and 100%, respectively, of SS. The increase in 
the total charges passed in the ECCs with the presence and 
higher content of EG can be ascribed to the porous nature of 
the EG, which resulted in an increase in the open porosity 
in the ECCs. These observations are in agreement with a 
previous study48 where the use of a porous aggregate (that 

is, recycled concrete) in ECCs resulted in an increase in the 
total charges passed.

Porosity—The porosity (that is, voids) of the ECCs is 
shown in Fig. 17. The results showed that the use of EG 
as a partial replacement of SS resulted in an increase in the 
porosity at all ages. For example, the incorporation of EG 
as 25%, 50%, 75%, and 100% replacement of SS resulted 
in an increase in the porosity of the ECCs of 8.7%, 22.5%, 
24.3%, and 40.2%, respectively, at 28 days. The increase in 
the porosity of the ECCs can be linked to both the porous 
nature of the EG and the incorporation of air voids into 
the ECCs. Nonetheless, at 90 days, there was a significant 
reduction in the porosity of the ECCs due to the microstruc-
ture refinement by the reaction products resulting in a denser 
matrix. Similar observations have also been reported by 
Zhou et al.,47 where the use of FA cenosphere as up to 60% 
replacement of the SS in ECCs resulted in an increase in the 
total porosity of up to 69%.

As the increase in the permeability properties of the ECCs 
has been linked to an increase in void content, as discussed 
in previous sections, a correlation between the porosity of 
the ECCs and the permeability properties was made, as 
shown in Fig. 18. It can be noted from Fig. 18 that a relation-
ship exists between the porosity and the permeability prop-
erties. The permeability properties of the ECCs increased 

Fig. 16—Influence of EG content on chloride ion penetration.
Fig. 17—Influence of EG content on porosity.

Fig. 18—Correlation between porosity and permeability 
properties of ECC.
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with higher porosity. Thus, the increase in the permeability 
properties of the ECCs with higher EG content can be linked 
to the increase in porosity due to the incorporation of EG as 
aggregate. Thus, in cases where lower permeability proper-
ties are required with higher EG content, various initiatives 
to reduce the porosity can be implemented.

Ultrasonic pulse velocity—UPV was used as a nonde-
structive method to evaluate the quality and presence of 
pores in the ECCs. The lower the UPV value, the higher the 
presence of voids in the composite. It can be observed from 
Fig. 19 that the UPV of the ECCs reduced with higher EG 
content at all ages. For example, the 28-day UPV of ECC 
made with EG as 75% replacement of the SS is 16.6% lower 
than that of the ECC mixture made with only SS as the 
aggregate. The reduction in the UPV of the ECC mixtures 
with age could be linked to the increase in the porosity of 
the ECCs due to the incorporation of the EG. These findings 
further showed that the reduction in the mechanical strength 
of the ECCs coupled with the increase in permeability can be 
ascribed to the increased porosity of the ECCs. Nonetheless, 
at 90 days, the UPV of each ECC mixture was higher due to 
the refinement of the microstructure by hydration and pozzo-
lanic products. Hence, the improvement in the strength and 
reduction in the permeability of the ECCs can be linked to 
the reduction in the porosity with age.

Drying shrinkage—The influence of the EG content on 
the drying shrinkage of the mixtures with time is presented 
in Fig. 20, while the corresponding cumulative shrinkage of 
the mixtures at 28 days is presented in Fig. 21. It can be 
observed from the figures that, in contrast to the detrimental 
impact of the EG on the permeability properties, there is 
an improvement in the resistance of the ECCs to drying 
shrinkage. The drying shrinkage of the ECCs reduced with 
higher content of EG. The cumulative drying shrinkage of 
ECCs made with EG as 25%, 50%, 75%, and 100% replace-
ment of SS is 8.7%, 17.4%, 26.1%, and 39.1%, respectively, 
lower compared to when only SS was used as the aggregate. 
The reduction in the drying shrinkage of the ECCs could be 
linked to the higher particle size of EG, which embodied 
it with an ability to act as a better restraint against the 
volumetric change in the cementitious matrix. The porous 
nature of the EG also means the EG could absorb some 
of the mixing water and act as an internal curing agent for 

the cementitious matrix during the drying process. Similar 
observations have been reported by Şahmaran et al.,46 where 
the use of pumice as a lightweight aggregate to replace 10% 
and 20% of SS in ECCs resulted in a reduction in the drying 
shrinkage of 28% and 37%, respectively. Xuan and Jun49 
also reported a significant reduction in the drying shrinkage 
of ECCs when high-volume zeolite was used as lightweight 
aggregate in ECCs. Thus, in addition to the reduction in the 
thermal conductivity and density of ECCs, EG can be incor-
porated to reduce drying shrinkage.

CONCLUSIONS
Expanded glass (EG) was used as an aggregate to produce 

engineered cementitious composites (ECCs) for thermal 
applications, and the corresponding effect of different EG 
contents on the properties of ECCs was investigated. Based 
on the outcome of this study, the following conclusions can 
be made:

1. The use of EG as a replacement for silica sand (SS) as 
aggregate in ECCs resulted in an improvement in the thermal 
insulation properties and a reduction in density. The 28-day 
thermal conductivity of ECCs made with EG as 100% 
replacement of SS is 53.8% lower than that of the ECCs 
made with only SS as the aggregate. Similarly, a reduction in 

Fig. 19—Influence of EG content on UPV.

Fig. 20—Influence of EG content on drying shrinkage.

Fig. 21—Cumulative drying shrinkage of ECC.
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the density of ECCs of up to 19.1% was achieved when EG 
was used to replace SS by up to 100%. Thus, a significant 
enhancement of the thermal insulation properties of ECCs 
can be achieved with the incorporation of EG as aggregate.

2. On the other hand, the incorporation of EG into ECCs 
resulted in a decrease in the strength performance and an 
increase in the permeability properties due to the porous 
nature of the EG and the consequential increase in the 
porosity when EG is used. Nevertheless, ECCs incorpo-
rating EG as 100% replacement of the SS exhibited 90-day 
compressive, flexural, and tensile strengths of 32.3, 2.9, and 
6.8 MPa (4.7, 0.4, and 1.0 ksi), respectively. Thus, ECCs 
incorporating a high content of EG can still be used for 
various structural applications.

3. The use of EG as aggregate in ECCs is beneficial to 
improving the resistance of the ECCs to drying shrinkage. 
The use of EG as 25%, 50%, 75%, and 100% replacement 
of SS resulted in a reduction in drying shrinkage of 8.7%, 
17.4%, 26.1%, and 39.1%, respectively.
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The effect of different conditioning and processing parameters 
of Kappaphycus alvarezii (K. alvarezii) seaweed solutions—such 
as their dosage, heating temperature, and pre-hydration method 
on the rheological behavior, hydration kinetics, and compressive 
strength of cement suspensions—was evaluated. The use of marine 
K. alvarezii seaweed in fluid cement matrixes could be an excel-
lent alternative for a wide range of existing viscosity-modifying 
admixtures (VMAs) given its environmental and economic advan-
tages. The use of K. alvarezii increased the yield stress, plastic 
viscosity, and rigidity of cement suspensions. This was not always 
the case when conventional VMAs were used, which shows the 
effectiveness of K. alvarezii as a VMA. On the other hand, incorpo-
rating a 0.5% dosage of K. alvarezii resulted in comparable yield 
stress and plastic viscosity values compared to (κ)-carrageenan, 
which confirms the feasibility of using K. alvarezii instead of  
(κ)-carrageenan as a VMA. Unlike (κ)-carrageenan, the use of 
K. alvarezii did not increase the dormant period of cement suspen-
sions, which is very interesting in terms of compatibility between 
this new VMA and cement. The use of K. alvarezii generally showed 
no significant effect on the strength development of the cement 
suspensions compared to the reference mixture. This validates the 
feasibility of using K. alvarezii seaweed as a VMA.

Keywords: cement suspensions; compressive strength; hydration kinetics; 
kappa (κ)-carrageenan; Kappaphycus alvarezii (K. alvarezii); rheology; 
viscosity-modifying admixtures (VMAs).

INTRODUCTION
Carrageenan biopolymers are a new generation of 

seaweed-based viscosity-modifying admixtures (VMAs) that 
are used to increase the viscosity and improve the stability 
of flowable cement suspensions, such as self-consolidating 
concrete (SCC).1-3 SCC is prone to bleeding and segrega-
tion due to its low yield stress.4-8 Incorporating a VMA into  
SCC can prevent separation between the liquid and solid 
phases during the transport, placement, and consolidation 
processes, ensuring adequate mechanical performance and 
durability. VMAs are high-molecular-weight water-soluble 
polymeric admixtures mainly used to increase the viscosity 
and cohesion of fresh cement-based materials. Most VMAs 
come from organic or inorganic materials. Organic VMAs 
can be categorized as natural (such as polysaccharides like 
starch, alginates, agar, welan gum, xanthan gum, diutan 
gum, as well as vegetable proteins)7 or semi-synthetic 
(such as decomposed starch and its derivatives; derivatives 
of cellulose ether, such as hydroxypropyl methylcellulose 
[HPMC], hydroxyethyl cellulose [HEC], and carboxymethyl 
cellulose [CMC]; as well as electrolytes and synthetic poly-
mers, such as ethylene-based polymers).9 Inorganic VMAs 

are silica-based materials, such as nanosilica, amorphous 
colloidal silica, and fine calcareous fillers.7,10

The most widely used VMAs in SCC are cellulose 
ethers, starch derivatives, and gums.5,7 Although the use 
of VMAs such as HPMC, welan gum, starch ether, and so 
on has proven very effective in improving the rheology 
and stability of cement-based materials, their cost is high 
compared to other concrete ingredients, especially in the 
case of microbial-based VMAs such as welan gum, which 
requires a time-consuming and energy-intensive extraction 
and recovery process. Moreover, most synthetic VMAs have 
negative impacts on the environment due to their petro-
chemical origins, which contribute to the emission of toxic 
elements into the environment. Furthermore, using them in 
combination with a high-range water reducer (HRWR) can 
delay the setting time and strength development, especially 
at high HRWR dosages. Considering these limitations, and 
in particular the rising prices of raw materials and increased 
CO2 emissions, the current development of VMAs for use 
in concrete should be economically and ecologically sound. 
Various types of “biopolymer” VMAs that have a low 
environmental footprint and are inexpensive compared to 
synthetic VMAs are currently being investigated. The appli-
cations of biopolymers in the construction field today are 
widespread and diverse because they are available locally 
and they offer distinct advantages in terms of quality, perfor-
mance, and cost compared to synthetic polymers.

Although natural polymers have other advantages such as 
biodegradability, nontoxicity, and water-retention capacity, 
some of them show poor mechanical properties7 and chemical 
instability. Considering these limitations, the current trend 
is to use new plant-based biopolymers, in particular carra-
geenans, which are obtained from red seaweeds, due to their 
abundant availability. The seaweed cell wall is composed 
of cellulose fibers,11 a fibrillar skeleton, and a hydrocolloid 
matrix made up of sulfated polysaccharides.12,13 Seaweed 
polysaccharides are a very interesting group of phycocol-
loids, which are used in different industries—such as the 
food, pharmaceutical, textile, paper, medical, and biotech-
nology industries—as stabilizers, thickeners, emulsifiers, 
and fillers.14-16
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Carrageenan is a mixture of sulfated galactans belonging 
to the linear sulfated polysaccharide family.17 It is found in 
the cell wall of many species of marine red seaweed,15,18-21 
especially Kappaphycus alvarezii (K. alvarezii), representing 
between 30 and 80% of its dry weight.22,23 From a chemical 
point of view, natural carrageenan consists of a repetition 
of disaccharide subunits of two galactoses, incompletely 
sulfated at specific positions of carbon number 2 (C2) and/or  
C4, C3, and C6. Specifically, the repeating disaccharide unit 
has alternating residues of β(1,4)-D-galactose-4-sulfate 
and α(1,3)-3,6-anhydro-D-galactose.24 Depending on the 
number and position of the sulfate ester groups presenting 
on the basic digalactan and the presence or absence of the 
3,6-anhydrogalactose bridge, carrageenan can be found 
in different forms. The most well-known types are kappa 
(κ)-, iota (ι)-, and lambda (λ)-carrageenans. For example,  
(κ)-carrageenan has a 3,6-anhydrogalactose bridge, but only 
one sulfate ester per disaccharide unit.25 On the other hand, 
(ι)- and (λ)-carrageenans contain one and zero 3,6-anhydro-
galactose bridge, as well as two and three groups of sulfate 
esters, respectively. The presence of the 3,6-anhydro bridge 
is responsible for the gelation of carrageenan.26-28 There-
fore, only (κ)- and (ι)-carrageenans can produce gels, while  
(λ)-carrageenan simply acts as a thickening admixture.

The use of seaweed polysaccharides in concrete tech-
nology mainly targets alginates as new VMAs29 and carra-
geenans as superabsorbent fillers30-34 and new VMAs.1-3 The 
(κ)- and (ι)-carrageenans modify the rheology and improve 
the stability of flowable cement suspensions by providing 
suitable cohesion even in the presence of HRWRs.1-3 Carra-
geenans increase the rigidity of cement suspensions and 
accelerate their buildup kinetics over time. Carrageenans 
form a three-dimensional (3-D) network in the cement 
matrix by cross-linking between chains. This is due to the 
presence of potassium (K+) and calcium (Ca2+) ions in the 
pore solution, as well as carrageenan sulfate ester groups. 
Furthermore, cement-based mixtures containing low 
dosages of carrageenan exhibited relatively higher compres-
sive strength compared to those containing conventional 
VMAs.1-3 However, the saccharide nature of the main chain 
of carrageenan can affect the setting time of cement consid-
erably.1-3 For example, Boukhatem et  al.2 reported that the 
addition of 1.5% (κ)-carrageenan delays the setting time of 
cement paste by increasing the dormant period to up to 21 
hours. Therefore, high dosages of carrageenan can signifi-
cantly affect the development of mechanical properties at 
early ages.1-3

The carrageenans used in previous studies1-3 include food-
grade (in the case of (κ)-carrageenan) and commercial Type II 
(in the case of (ι)-carrageenan). These carrageenans are pure, 
refined products that are more expensive than the polymers 
generally used in construction. According to a commercial 
chemical and biotechnology company, the price of 1 kg of 
refined (ι)-carrageenan is $500 CAD, while (κ)-carrageenan 
is $2500 CAD. The high cost compared to other ingredi-
ents used in concrete can limit, to a large extent, the use and 
commercialization of carrageenan as a building biomate-
rial. The extraction of carrageenans from red seaweed often 

involves multi-step energy-intensive and time-consuming 
industrial processes.35 In addition, the extraction of carra-
geenans requires a large amount of organic and inorganic 
reagents and solvents. These solvents are highly toxic and 
can have a considerable negative impact on human health 
and the quality of ecosystems.36 Moreover, some solvents 
are expensive due to the high cost of distilling and recov-
ering alcohol, as well as purchasing explosion-proof equip-
ment.36 Therefore, it is necessary to establish a trade-off 
between the quality, economic, and environmental aspects 
to produce sustainable cement-based mixtures.

Carrageenans are produced by several species of red 
seaweed, including K. alvarezii, which are among the most 
commonly used seaweeds to produce polysaccharides. Inter-
estingly, dried-seaweed powders can modify the rheological 
properties of aqueous solutions similarly to purified poly-
saccharides.37-39 Therefore, K. alvarezii seaweed powder 
may potentially exhibit characteristics comparable to those 
of (κ)-carrageenan and be used as a VMA in cement-based 
suspensions. Moreover, the use of K. alvarezii seaweed 
powder as a VMA could greatly reduce the production cost 
of SCC associated with the use of (κ)-carrageenan, reducing 
the cost from $2500 CAD/kg in the case of commercial 
(κ)-carrageenan to $3.96 CAD/kg in the case of dried K. 
alvarezii seaweed,40 which is almost 600 times cheaper than 
using a refined food product. The native (κ)-carrageenan 
may have lower 3,6-anhydrogalactose bridge content, which 
promotes its viscous behavior but weakens its gelling prop-
erties (that is, rigidity) when it is dissolved in aqueous solu-
tion,39 unlike commercial (κ)-carrageenan extracted from 
K. alvarezii seaweeds by means of alkaline treatment with 
potassium hydroxide (KOH). This consists of subjecting 
it to a temperature of 194°F (90°C) in KOH solution for 
several hours. The alkaline extraction can induce desulfation 
of the polysaccharide and, consequently, the 3,6-anhydro-D- 
galactose bridge formation.27,28 The formation of the 
3,6-anhydro-D-galactose bridge increases the rigidity of 
the gel. However, the (κ)-carrageenan extraction process is 
expensive and has a substantial environmental impact.

It is known in the literature that the rheological proper-
ties (that is, the viscosity and rigidity) of aqueous solutions 
containing K. alvarezii seaweed may be improved using 
certain conditioning and treatment processes at a temperature 
of 80°C for several hours.39 Therefore, to maximize the effect 
of the native (κ)-carrageenan as a VMA without alkaline 
extraction, various K. alvarezii conditioning and processing 
parameters should be optimized. In particular, the efficiency 
of K. alvarezii grinding (that is, the fineness of the powder), 
the heating time and temperature of solutions containing 
the K. alvarezii, as well as the mode of introduction (that 
is, powder form or pre-hydrated solution) should be investi-
gated. This study aims to evaluate the potential replacement 
of pure and refined extracted (κ)-carrageenan by K. alva-
rezii in cement-based suspensions. This contributes to the  
development of a cost-effective and eco-friendly VMA 
by eliminating the negative environmental impacts and 
additional costs associated with the extraction process of 
semi-refined or refined (κ)-carrageenan.
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RESEARCH SIGNIFICANCE
Carrageenan-based VMAs are expensive, and 

their extraction process is energy-intensive and time- 
consuming, requiring large amounts of costly and extremely 
toxic organic solvents. Furthermore, (κ)-carrageenan can 
delay setting time and strength development, especially at 
higher dosages. This study aims to highlight the benefits and 
limitations of incorporating K. alvarezii seaweed instead 
of (κ)-carrageenan and its impact on various rheological 
properties that directly influence the performance of cement 
suspensions. The performance of K. alvarezii seaweed was 
compared with that of (κ)-carrageenan.

EXPERIMENTAL PROGRAM
The rheology, hydration kinetics, and compressive strength 

of cement suspensions containing K. alvarezii seaweed and 
refined (commercial) (κ)-carrageenan were investigated. The 
yield stress and plastic viscosity of aqueous solutions were 
first evaluated. This was carried out to identify the required 
dosage of K. alvarezii seaweed and the necessary cooking 
conditions to ensure comparable rheological properties to 
those observed with solutions containing (κ)-carrageenan. 
Therefore, different K. alvarezii dosages, times, and cooking 
temperatures were evaluated. Obtaining comparable rheo-
logical behaviors confirms the feasibility of using K. alva-
rezii seaweed as a VMA instead of refined (κ)-carrageenan 
in cement-based materials. After identifying the K. alvarezii 
dosage and the cooking conditions that ensure comparable 
rheological behavior to that of (κ)-carrageenan solutions, the 
effect of K. alvarezii solutions on the properties of cement-
based suspensions made with a water-cement ratio (w/c) of 
0.43 was evaluated. The rheological and viscoelastic prop-
erties, the structural buildup kinetics at rest, the cement 
hydration kinetics, and compressive strength were eval-
uated. A comparison between the effect of K. alvarezii and  
(κ)-carrageenan on the previously cited parameters was also 
carried out.

Materials
A general-use (GU) cement that complies with ASTM 

C150 specifications was used. The cement had a density 
of 3.15 and a specific surface area of 312,163 in.2/lb  
(444  m2/kg). The chemical and physical properties of the 
cement are summarized in Table 1. The mixture proportions 
of the investigated mixtures are presented in Table 2.

Different varieties of commercial K. alvarezii seaweed 
were obtained.40 Food-grade (κ)-carrageenan was obtained 
from a commercial supplier and used as a reference 
VMA.1-3 The properties of the native K. alvarezii seaweed 
were compared with those of the reference commercial  
(κ)-carrageenan. The physical properties of K. alvarezii 

seaweed powder and commercial (κ)-carrageenan are summa-
rized in Table 3.

Test methods
Treatment and conditioning of K. alvarezii 

seaweed—K. alvarezii seaweed was sun-dried to reduce its 
moisture content to less than 36% and then mixed with sea 
salt. Sea salt is a natural preservative that protects seaweed 
against microbial contamination. First, the dried K. alvarezii 
seaweed was carefully washed with tap water to remove salt 
and impurities such as epiphytes (other seaweeds), mollusk 
shells, small stones, sand, and so on. The wet seaweed was 
then dried in an oven at 140°F (60°C) for 72 hours to remove 
the excess moisture. The dried seaweed was minced using a 
blender, then ground in a ball mill for 1 hour. After grinding, 
the resulting seaweed powder was sieved through 315, 160, 
and 100 μm sieves and then stored until their characteriza-
tion. Particles greater than 160 μm were discarded in this 
experimental study. Two powder fractions of particles that 
passed through sieves of 160 and 100 μm were selected to 
carry out rheological measurements.

To avoid variability in the particle-size distribution, the 
K. alvarezii powder was carefully homogenized using a 
V-blender. The V-blender consists of two hollow cylin-
ders joined at a typical angle of 1.31 to 1.57 rad (75 to 
90 degrees). As the V-blender rotated, the material contin-
uously divided and recombined. The powder was properly 
mixed inside the container, resulting in a homogeneous 
mixture.41 The powder’s homogenization was carried out at 
a rotational speed of 12 rpm for 30 minutes. These parame-
ters were carefully selected to avoid powder segregation due 
to the high centrifugal forces.

Table 1—Chemical and physical characteristics of GU cement used

SiO2, % TiO2, % Al2O3, % Fe2O3, % MgO, % CaO, % Na2O, % K2O, % SO3, %
BET, in.2/lb

(m2/kg)
Blaine fineness, 
in.2/lb (m2/kg)

Gs, lb/yd3 
(g/cm3)

20.4 0.2 4.4 2.5 2.1 62.0 0.0 0.8 3.8 1,094,679
(1557)

312,163
(444)

5309
(3.15)

Note: BET is Brunauer-Emmett-Teller surface area measurement; Gs is specific gravity.

Table 2—Proportions of cement-paste mixtures 
made with different dosages of K. alvarezii powder

w/c
K. alvarezii dosage, 

by weight of water, % w/w VMA type

0.43

0 —

0.25 K. alvarezii

0.50 K. alvarezii

0.75 K. alvarezii

Table 3—Physical properties of commercial 
κ-carrageenan and K. alvarezii powders

Density, lb/yd3 
(g/cm3)

Blaine fineness, in.2/lb 
(m2/kg)

Commercial 
(κ)-carrageenan 2797 (1.66) 142,723 (203)

K. alvarezii—160 μm 2730 (1.62) 262,948 (374)

K. alvarezii—100 μm 2730 (1.62) 305,835 (435)
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Preparation of aqueous solutions—An exhaustive exper-
imental program (72 experiments) was carried out to eval-
uate the effect of K. alvarezii seaweed powder on the rheo-
logical properties of aqueous solutions. The investigated 
mixtures were prepared by dissolving either 1.5 or 3 g of 
K. alvarezii seaweed powder in 100 mL of distilled water 
that was subjected to continuous magnetic stirring for 30 
and 60 minutes at 73.4, 104, and 176°F (23, 40, and 80°C). 
K. alvarezii seaweed powder was not added to the water until 
the desired temperature was reached, and time zero corre-
sponds to the introduction time of the powder. The solutions 
were then cooled for 15 minutes and were either immediately 
tested or stored at room temperature (⁓73.4°F [23°C])42 or in 
the refrigerator (46.4 ± 3.6°F [8 ± 2°C])43 for approximately 
24 hours before performing the rheological measurements. 
In addition, aqueous solutions containing different dosages 
of (κ)-carrageenan corresponding to 0.5, 1.0, and 1.5% by 
weight of water were prepared by dispersing the required 
amount of (κ)-carrageenan powder in distilled water that 
was kept at room temperature. These solutions were magnet-
ically stirred until the powder dissolved.

Mixing sequence of cement-paste mixtures—The investi-
gated cement-paste mixtures were prepared in 0.26 gal. (1 L) 
batches using a high-shear blender and the mixing procedure 
described in the ASTM C1738/C1738M specifications and 
in the previous studies by Boukhatem et al.,2,3 Yahia et al.,1 
and Mostafa and Yahia.44

Rheological measurements—The rheological properties 
were assessed using a high-precision coaxial cylinder rheom-
eter equipped with a Peltier system capable of adequately 
controlling the temperature during testing. In this study, the 
sample temperature was kept at 73.4°F (23°C) for all rheo-
logical measurements. A profiled inner cylinder connected to 
a motor that measures the torque through the application of 
different rotational speeds while the outer cylinder remains 
stationary was used. The profiled cylinders were used to 
reduce wall slip. The inner and outer cylinders have 1.050 
and 1.138 in. (26.660 and 28.911 mm) diameters, respec-
tively, which provide a narrow gap of 0.044 in. (1.126 mm) 
and ensure a constant shear rate across the gap.

The flow curves, the viscoelastic properties, and the struc-
tural buildup kinetics at rest of the investigated cement 
suspensions were determined. The test procedures used for 
the determination of these measurements are described in 
the previous studies by Boukhatem et al.,2,3 Yahia et al.,1 
Mostafa and Yahia,44 and Mezger.45

Hydration kinetics of cement—The evolution of the heat 
release was determined using the test procedure described in 
the previous studies by Boukhatem et al.,2,3 Yahia et al.,1 and 
Mostafa and Yahia.44 The resulting heat flow curve reflects 
the cement hydration process as well as the different hydra-
tion phases.

Compressive strength of cement suspensions—Various 
0.003 in. (50 mm) cubic molds were prepared to determine 
the compressive strength of cement suspensions containing 
K. alvarezii seaweed. The molds were made according to 
ASTM C39/C39M specifications. After 24 hours, the cubes 
were demolded and moist cured. The compressive strength 

tests were performed at 1 and 7 days, following ASTM 
C109/C109M recommendations.

Statistical analysis—Analysis of variance (ANOVA) was 
performed to evaluate significant differences between the 
investigated mixtures. This analysis was carried out consid-
ering a confidence interval of 95%. The significance of 
the control factors was assessed by calculating the degree 
of freedom (DDL), the sum of squares (SS), and the mean 
of squares (MS). This analysis permits the identification of 
the most significant factors impacting the rheology of the 
investigated mixtures. Multiple pairwise comparisons were 
carried out to determine which of the means are significantly 
different from each other. The Tukey-Kramer method was 
used in this study to perform this comparison. The letters 
A, B, C, and D presented above or beside each average help 
identify the significant differences between the means. Two 
means with at least one letter in common are not significantly 
different. In contrast, two means with no letters in common 
are significantly different.

RESULTS AND DISCUSSION
In this study, the conditioning and treatment parameters, 

such as dosage, finesse, heating time, temperature, and 
the pre-hydration method, of K. alvarezii solutions were 
investigated. The effect of K. alvarezii and (κ)-carrageenan 
on rheological behavior, including flow curves and visco-
elastic properties, structural buildup kinetics, hydration heat, 
and compressive strength of cement suspensions was also 
evaluated.

Rheology of aqueous solutions containing  
K. alvarezii seaweed powder

The effect of conditioning and treatment parameters on the 
rheology of the aqueous solution was evaluated. Different 
dosages (1.5 and 3%, by weight of water), particle sizes 
(≤160 and ≤100 μm), stirring times (30 and 60 minutes), 
heating temperatures (ambient, 104°F [40°C], and 176 ± 
3.6°F [80 ± 2°C]), and storage modes (without storage or 
stored for 24 hours at room temperature or at 46.4 ± 3.6°F 
[8 ± 2°C]) were evaluated.

Effect of storage mode of aqueous solutions containing 
K. alvarezii on rheological parameters—The yield stress 
and plastic viscosity values of aqueous solutions containing 
different dosages of K. alvarezii—unheated or heated at 
104 and 176°F (40 and 80°C), tested immediately or stored 
for 24 hours at room temperature or at 46.4°F (8°C)—
are presented in Fig. 1, 2, and 3, respectively. As can be 
seen, storing the sample for 24 hours at room temperature 
significantly increased the yield stress and plastic viscosity 
values of solutions that contain 3.0% K. alvarezii powder 
compared to solutions that contain the same dosage and 
were immediately tested without storage or were stored at 
46.4°F (8°C), regardless of the particle size, stirring time, 
or heating temperature. However, the yield stress values of 
unheated solutions that contain 3.0% K. alvarezii, stored 
at room temperature or not, appeared to be significantly 
affected by the stirring time, regardless of the particle size. 
In addition, with a similar dosage of 3.0% K. alvarezii and 
similar conditioning, the use of the fine fraction (particles 
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≤100 μm) significantly increased the yield stress compared 
to the coarse fraction (particles ≤160 μm). However, these 
claims are only valid for solutions that were tested imme-
diately without storage. This may be due to the fact that 

K. alvarezii powder did not properly dissolve in cold water. 
Therefore, cooling may inhibit the pre-hydration of the 
particles of K. alvarezii powder. Because the particle size of 
K. alvarezii powder did not show a significant effect on the 

Fig. 1—Variation in plastic viscosity and yield stress of unheated aqueous solutions containing K. alvarezii seaweed powder: 
(a) immediately tested; (b) tested after storage at room temperature; and (c) at 46.4°F (8°C). (Note: 1 Pa = 0.02 lb/ft2; 1 Pa∙s = 
0.67 lb/ft–s.)



20 ACI Materials Journal/July 2023

plastic viscosity and yield stress of the stored aqueous solu-
tions, the coarse fraction of 160 μm was used to carry out the 
rheological measurements.

Effect of K. alvarezii dosage on rheological parameters 
of aqueous solutions—As can be observed in Fig. 1 to 3, 
the dosage of K. alvarezii was the most influential parameter 
on the yield stress and plastic viscosity values, regardless 
of the stirring time, storage mode, or heating temperature. 
The highest yield stress and plastic viscosity values were 
observed in solutions that contain 3.0% K. alvarezii powder, 
regardless of the stirring time, storage mode, or heating 
temperature. The yield stress values increased drastically to 
1.8170 lb/ft2 (87 Pa) in the case of solutions that contain 
3.0% K. alvarezii (fraction ≤160 μm), heated at 176°F 
(80°C) for 60 minutes and in non-stored conditions (Fig. 3). 
However, it is not possible to use these solutions in cement 
suspensions due to their high yield stress values.

Effect of heating temperature of aqueous solutions 
containing K. alvarezii on rheological parameters—
Heating K. alvarezii aqueous solutions to 104 and 176°F  

Fig. 2—Variation in plastic viscosity and yield stress of aqueous solutions containing K. alvarezii seaweed powder heated at 
104°F (40°C): (a) immediately tested; (b) tested after storage at room temperature; and (c) at 46.4°F (8°C). (Note: 1 Pa = 
0.02 lb/ft2; 1 Pa∙s = 0.67 lb/ft–s.)

Fig. 3—Variation in plastic viscosity and yield stress of 
aqueous solutions containing K. alvarezii seaweed powder 
heated at 176°F (80°C) immediately tested. (Note: 1 Pa = 
0.02 lb/ft2; 1 Pa∙s = 0.67 lb/ft–s.)



21ACI Materials Journal/July 2023

(40  and 80°C) significantly increased the yield stress and 
plastic viscosity values, especially at high dosages of 3.0% 
K. alvarezii, regardless of the storage mode, as can be 
observed in Fig. 2 and 3. However, no significant increase 
was observed in the case of solutions that contain 1.5% K. 
alvarezii powder compared to that of water, regardless of 
the storage mode and stirring time. Moreover, no signifi-
cant difference in the yield stress was observed between the 
heated and unheated solutions that were immediately tested. 
It is well-known in the literature that the aqueous extraction 
of (κ)-carrageenan (that is, heating aqueous solutions that 
contain K. alvarezii without treating them with KOH) 
increases the yield, but solutions that contain 1.5% native 
(κ)-carrageenan could not form a gel.28 This means that the 
native (κ)-carrageenan extracted with distilled water exhibits 
poor gelation properties at a dosage of 1.5%. Distantina et 
al.28 hypothesized that these observations were due to the 
lower cation content in native (κ)-carrageenan.

Effect of (κ)-carrageenan dosage on rheological parame-
ters of aqueous solutions—The variation in yield stress and 
plastic viscosity values of aqueous solutions that contain 
different dosages of (κ)-carrageenan corresponding to 0.5, 
1.0, and 1.5% by weight of water is shown in Fig. 4. As 
can be observed, the yield stress and plastic viscosity values 
increased from 0.0015 lb/ft2 (0.07 Pa) and 0.0015 lb/ft–s 
(0.071 Pa∙s) to 0.5430 lb/ft2 (26 Pa) and 0.8 Pa∙s, respec-
tively, in the case of solutions that contain 0.5 and 1.5% 
(κ)-carrageenan.

Based on the statistical analysis carried out on the yield 
stress and plastic viscosity values of aqueous solutions 
containing (κ)-carrageenan and K. alvarezii powders, any 
solution with a particle fraction of less than 160 μm and a 
dosage of less than 3.0% that is stirred for 30 minutes and 
heated to 104°F (40°C), and is immediately tested or stored 
for 24 hours at room temperature or at 46.4°F (8°C), can be 
used as a VMA in cement suspensions.

Effect of K. alvarezii on rheology and viscoelastic 
properties of cement suspensions

The rheology and viscoelastic properties of cement-paste 
mixtures that contain different K. alvarezii-based solutions 
were evaluated. These solutions were prepared based on 
the aforementioned processing and treatment optimization 
results. Heated (104°F [40°C]) solutions containing 0.25, 
0.50, and 0.75%, by weight of water, of K. alvarezii powder 
(particle fraction ≤160 μm) were prepared by stirring them 
for 30 minutes. After cooling (51.8 ± 3.6°F [11 ± 2°C]), 
these solutions were used as mixing water to prepare cement 
suspensions that were immediately tested. Pre-hydration for 
24 hours at room temperature or at 46.4°F (8°C) for solu-
tions that contain similar dosages of K. alvarezii powder was 
also carried out to formulate other cement suspensions.

The flow curves presented in Fig. 5 show that mixtures 
containing K. alvarezii exhibited a shear-thinning behavior 
(characteristic of cement suspensions), in which the apparent 
viscosity decreases significantly with the increase in the 
shear rate, regardless of the dosage of K. alvarezii or the  
pre-hydration method. At low shear rates, the attractive 
forces between cement particles predominate over the 

hydrodynamic forces, leading to the formation of flocs. 
As the shear rate increases, the hydrodynamic forces 
become greater than the attractive forces. Therefore, the 
flocs are broken down into smaller units, which frees the 
water trapped in the flocs and decreases the viscosity of the 
system. However, the shear stress increased significantly 
in tandem with the dosage of K. alvarezii, regardless of the 
pre-hydration method. For example, in the case of cement 
suspensions made with solutions containing 0.25, 0.50, and 
0.75%, by weight of water, of K. alvarezii directly tested 
without pre-hydration, the shear stress at 150 s–1 increased 
from 0.7936 lb/ft2 (38 Pa) in the case of the reference 
cement-paste mixture to 1.4411, 1.9632, and 2.4854 lb/ft2  
(69, 94, and 119 Pa), respectively. However, the pre- 
hydration of solutions containing K. alvarezii powder did 
not lead to significant differences in the shear stress, regard-
less of the dosage.

As can be observed in Table 4, for a given dosage of 
0.5%, the shear stress values at 150 s–1 of cement suspen-
sions that contain (κ)-carrageenan are higher than those 
that contain K.  alvarezii (almost double). This means that 
the shear-thinning effect is more pronounced in the case 
of (κ)-carrageenan, which is probably due to the chem-
ical composition of each powder. Indeed, the native  
(κ)-carrageenan contained in the K. alvarezii seaweed 
is devoid of the 3,6-anhydrogalactose bridge and conse-
quently contains more sulfate ester groups than the 
commercial (κ)-carrageenan.46 Therefore, when incorpo-
rated into a cement suspension, the native (κ)-carrageenan  
may act like a thickening admixture (that is, it helps increase 
the viscosity) but not like a gelling admixture (that is, it did 
not help increase rigidity).

As can be observed in Fig. 6, the use of K. alvarezii 
powder increased both yield stress and plastic viscosity 
values of cement-paste mixtures. For example, in the case of 
mixtures containing non-pre-hydrated K. alvarezii solutions, 
the use of 0.25% increased the yield stress from 0.2297 to 

Fig. 4—Variation in plastic viscosity and yield stress of 
aqueous solutions containing (κ)-carrageenan powder 
corresponding to 0.5, 1.0, and 1.5%, by weight of water. 
(Note: 1 Pa = 0.02 lb/ft2; 1 Pa∙s = 0.67 lb/ft–s.)
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0.3551 lb/ft2 (11 to 17 Pa) and plastic viscosity from 0.2957 
to 0.5779 lb/ft–s (0.44 to 0.86 Pa∙s). An increase in the dosage 
of K. alvarezii to 0.50 and 0.75% resulted in higher yield 
stress of 0.4595 and 0.5430 lb/ft2 (22 and 26 Pa), and plastic 
viscosity of 0.7862 and 0.9139 lb/ft–s (1.17 and 1.36 Pa∙s), 
respectively. However, the pre-hydration of K. alvarezii 
did not lead to significant differences in the yield stress and 
plastic viscosity, regardless of the dosage of K. alvarezii.

As can be observed in Table 4, at an equal dosage of 0.5% 
of (κ)-carrageenan and K. alvarezii, the use of (κ)-carra-
geenan did not increase the yield stress and plastic viscosity 
values compared to K. alvarezii. This confirms that the 
3,6-anhydrogalactose bridge is not responsible for the 
viscosity increase of cement suspensions but rather their 
rigidity.

The viscoelastic behavior of cement-paste mixtures was 
also evaluated by performing strain sweep measurements, 
in which the sample is subjected to increasing shear strain 
from 0.0001 to 100% at a constant angular frequency of 10 
rad/s. This aims to characterize the flocculated microstruc-
ture of the investigated suspensions in the region where the 
rigidity of the system is independent of the imposed shear 
strain (that is, in the linear viscoelastic domain [LVED]). 
As can be observed in Fig. 7, increasing the dosage of 
K. alvarezii to 0.75% increased the critical shear strain 
from 0.0055% (reference mixture) to 0.0174% in the 
case of mixtures that contain non-pre-hydrated solutions, 

Fig. 5—Flow curves of cement-paste mixtures proportioned with different solutions containing K. alvarezii: (a) immediately 
tested or pre-hydrated for 24 hours; (b) at room temperature; or (c) at 46.4°F (8°C). (Note: 1 Pa = 0.02 lb/ft2.)

Table 4—Rheological parameters of mixtures 
containing 0.5% (κ)-carrageenan and K. alvarezii1-3

Shear stress at 150 s–1, 
lb/ft2 (Pa)

Plastic viscosity, 
lb/ft–s (Pa∙s)

Yield stress, 
lb/ft2 (Pa)

0% 0.79 (37.6) 0.30 (0.44) 0.23 (10.95)

0.5% 
(κ)-carrageenan 2.21 (106) 0.88 (1.31) 0.63 (30)

0.5% 
K. alvarezii 1.96 (93.82) 0.79 (1.17) 0.46 (22.16)
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and 0.0175% in the case of mixtures that contain pre- 
hydrated solutions at room temperature or at 46.4°F (8°C). 
However, dosages of 0.25 and 0.50% K. alvarezii did not 
significantly increase the critical shear strain compared to the 
reference mixture, regardless of the pre-hydration method, 
except in the mixture prepared with a non-pre-hydrated 
solution containing 0.50% K. alvarezii. In addition, the pre- 
hydration did not lead to significant differences in the 
values of the critical shear strain. Nevertheless, it is worth 
mentioning that there were no significant differences in the 
critical shear strain values between the mixtures prepared 
from a non-pre-hydrated solution containing 0.25% K. alva-
rezii and those containing a solution of 0.50% K. alvarezii, 
regardless of the method of pre-hydration.

The maximum value of G′, referring to Gmax.′, in the 
LVED was also determined. As shown in Fig. 7, the use 
of K. alvarezii generally increased the rigidity of cement-
paste mixtures, regardless of the dosage of K. alvarezii 
or the pre-hydration method. However, in this case, the 

pre-hydration method significantly increased the rigidity of 
cement-paste mixtures prepared from solutions containing 
0.50% K. alvarezii. Indeed, the Gmax.′ increased from 585 lb/ft2  
(28,000  Pa) to 764, 916, and 922 lb/ft2 (36,600, 43,867, 
and 44,167 Pa) when using 0.50% K. alvarezii, non-pre- 
hydrated, and pre-hydrated solutions at room temperature or 
at 46.4°F (8°C), respectively. On the other hand, the pre- 
hydration of solutions containing 0.25 or 0.75% of K. alva-
rezii did not lead to significant differences in the Gmax.′ values 
of the investigated mixtures.

Although the use of K. alvarezii increased the rigidity 
of cement-paste mixtures, it is important to mention that 
increasing the dosage of K. alvarezii from 0.25 to 0.75% 
generally decreased the values of Gmax.′, regardless of the 
pre-hydration method.

As shown in Table 5, for a given dosage of 0.5%, the 
use of K. alvarezii resulted in a higher critical shear strain 
value compared to (κ)-carrageenan. However, the mixture 
containing 0.5% (κ)-carrageenan exhibited lower initial 

Fig. 6—Variation in plastic viscosity and yield stress values of cement-paste mixtures proportioned with different solutions 
containing K. alvarezii: (a) immediately tested or pre-hydrated for 24 hours; (b) at room temperature; or (c) at 46.4°F (8°C). 
(Note: 1 Pa = 0.02 lb/ft2; 1 Pa∙s = 0.67 lb/ft–s.)
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rigidity (that is, Gmax.′) compared to the mixture containing 
K. alvarezii.

It is known in the literature that the aqueous gelation 
of carrageenans depends on the type of carrageenan, the 
temperature, and the type of cations dissolved in the solu-
tion and its concentrations. The ability to form a gel is 

mainly due to the presence of the 3,6-anhydro bridge of the 
4-linked-α-D-galactose unit, which adopts a 1C4 confor-
mation, thereby forming a helical structure. The aqueous 
extraction of carrageenan from red seaweed using hot water 
allows it to retain the original structure of carrageenan, 
unlike when it is extracted using chemical treatment with 
alkalis (such as KOH), which may cause the structure of the 
carrageenan chains to lack 3,6-anhydro bridges. This is due 
to the presence of sulfate at the C6 of α-L-galactose residues 
in the precursor units, which acts as a “kink,” preventing the 
formation of the double helix. The alkaline base is used due 
to its double action. The hydroxyl transforms the biological 
(κ)-carrageenan form found in the thallus of red seaweeds 
into commercial-quality (κ)-carrageenan,28 while potassium 
plays an essential role in gel formation.26 Indeed, alkalis 
can induce desulfation of the polysaccharide by causing 
the formation of the 3,6-anhydrogalactose bridge between 

Fig. 7—Variation in maximum rigidity (Gmax.′) and critical shear strain (γc) of cement-paste mixtures proportioned with different 
solutions containing K. alvarezii: (a) immediately tested or pre-hydrated for 24 hours; (b) at room temperature; or (c) at 
46.4°F (8°C). (Note: 1 Pa = 0.02 lb/ft2.)

Table 5—Variation in critical shear strain, rigidity, 
and rigidification rate of mixtures containing  
0.5% (κ)-carrageenan and K. alvarezii1-3

0% 0.5% (κ)-carrageenan 0.5% K. alvarezii

γc, % 0.0030 0.0098 0.0123

G′, lb/ft2 
(Pa)

585
(28,000)

503
(24,100)

764
(36,600)

Grigid., lb/ft2 
(Pa/min)

34
(1623)

72.41
(3467)

41
(1968)
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C3 and C6 in 4-linked-α-L-galactose units by changing the 
conformation of the 4-linked-α-L-galactose unit from 4C1 
to 1C4, which leads to the formation of the 3,6-anhydro-D- 
galactose unit. The formation of this unit increases the gel 
strength.27,28,36 When this sulfate group is removed, the 
chain becomes flexible, which leads to regularity in the 
polymer. Therefore, the native (κ)-carrageenan contained in 
K. alvarezii seaweed may present a high sulfate ester and 
probably low 3,6-anhydro bridge contents, thus exhibiting 
high viscosity but low rigidity,27,35,46,47 which influences 
the rigidity of cement-paste mixtures. On the other hand, 
the electrostatic repulsion between the negatively charged 
sulfate groups can contribute to increasing the distance 
between chains, which leads to a greater distance between 
cement particles, hence longer LVED.

Effect of K. alvarezii on kinetics of structural 
buildup of cement suspensions

The percolation time (tperc.) and rigidification rate (Grigid.) 
were determined to assess the structural buildup kinetics 
of cement suspensions containing K. alvarezii seaweed. 
Although the use of K. alvarezii significantly increased the 
viscosity and rigidity of cement-paste mixtures, no signifi-
cant effect was observed on the structural buildup kinetics. 
Indeed, the addition of K. alvarezii did not lead to any signif-
icant change in the tperc. and Grigid. values (Fig. 8), which 
agrees with the strain sweep measurements. The neutral 
effect of K. alvarezii on the structural buildup kinetics of 
cement suspensions can limit its use in certain construction 
applications, in particular 3-D concrete printing.

Moreover, these results confirm that the native  
(κ)-carrageenan present in K. alvarezii seaweed did not help 
increase the rigidity of cement suspensions over time. This 
is probably due to the lack of 3,6-anhydro bridges, which are 

Fig. 8—Values of Grigid. and tperc. of cement-paste mixtures proportioned with different solutions containing K. alvarezii: 
(a) immediately tested or pre-hydrated for 24 hours; (b) at room temperature; or (c) at 46.4°F (8°C). (Note: 1 Pa = 0.02 lb/ft2.)
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responsible for the gel formation and the thixotropic effect 
reported in previous studies1-3 (Table 5). Therefore, an alka-
line extraction should be required to maintain the thixotropic 
effect of (κ)-carrageenan in cement suspensions.

Based on the rheological results and statistical analysis 
previously presented, it can be stated that the effect of the 
pre-hydrated K. alvarezii on the rheological behavior of the 
cement suspensions was not significant. Only the cement 
suspensions containing non-pre-hydrated aqueous solutions 
of K. alvarezii were chosen for use in subsequent tests. This 
was done to optimize the testing duration and reduce the 
energy used in the case of solutions stored at 46.4°F (8°C).

Effect of K. alvarezii on cement hydration kinetics
The effect of K. alvarezii on cement hydration is neces-

sary because most conventional VMAs interfere with the 
kinetics of cement hydration. This is due to the adsorption 
of the VMAs’ polymer chains onto cement particles, which 
then form a film around the clinker particles and delay their 
reaction by preventing the rate of solubilization of mineral 
species in the pore solution. In addition, it has been observed 
in previous studies1-3 that the refined (κ)-carrageenan signifi-
cantly slows the hydration of cement (Table 6). This has 
been attributed to the capture of the Na+, Ca2+, and K+ ions 
necessary to initiate the acceleration period of the polymer 
of (κ)-carrageenan to stabilize its junction sites and form a 
rigid gel.1-3 This decreases the ions’ concentrations in the 
pore solution, thus delaying the hydration of the cement.1-3

The evolution of the heat flow of cement-paste mixtures 
prepared from aqueous solutions containing different 
dosages of K. alvarezii corresponding to 0.25, 0.50, and 
0.75%, by weight of water, is shown in Fig. 9. The heat flow 
of each of the studied mixtures is determined for 72 hours 
after mixing. As can be observed, despite the increase in the 
viscosity of the cement paste, the addition of the K. alvarezii 
seaweed did not show any significant effect on the hydra-
tion of cement compared to the reference mixture, regardless 
of the dosage of K. alvarezii, which is unusual for a VMA. 
The time required to reach the silicates-hydration peak 
was comparable to that of the reference mixture, as shown 
in Fig. 9. In addition, the hydration heat corresponding to 
the silicates-hydration peak was generally comparable for 
all the investigated mixtures. However, adding 0.75% of 
K. alvarezii slightly decreased the intensity of this heat peak. 
The silicates-hydration peak is often followed by a period of 
deceleration, in which a final peak of hydration related to the 
transformation of ettringite into monsulfoaluminate appears. 
This peak was slightly higher for mixtures containing 
K. alvarezii.

Overall, considering the results presented previously, it 
can be concluded that the use of K. alvarezii as a VMA did 
not significantly affect the cement’s hydration kinetics. This 
is particularly advantageous because most common VMAs, 
such as cellulose ether and welan gum, have adverse effects 
on hydration kinetics, especially at high dosages.

Effect of K. alvarezii seaweed on compressive 
strength of cement suspensions

The compressive strengths of cement suspensions 
containing different dosages of K. alvarezii, corresponding 
to 0.25, 0.5, and 0.75%, by weight of water, after 24 hours 
and 7 days of wet curing are shown in Fig. 10. As can be 
observed, the use of K. alvarezii generally showed no signif-
icant effect (positive/negative) on the strength development 
of cement suspensions compared to the reference mixture, 
regardless of the dosage of K. alvarezii or the curing time. 
This validates the feasibility of using K. alvarezii seaweed 
as a VMA. Indeed, most VMAs reduce the mechanical 

Table 6—Values of dormant period durations  
of mixtures containing 0.5% (κ)-carrageenan  
and K. alvarezii1-3

Dormant period

0% 1 hour, 32 minutes

0.5% (κ)-carrageenan 6 hours, 12 minutes

0.5% K. alvarezii 1 hour, 31 minutes

Fig. 9—Effect of K. alvarezii on hydration kinetics of 
cement-paste mixtures. (Note: 1 mW/g = 3.38 × 10–5 hp/oz.)

Fig. 10—Compressive strength of cement suspensions 
containing K. alvarezii after: (a) 24 hours; and (b) 7 days. 
(Note: 1 MPa = 0.145 ksi.)
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resistance development of cement systems, especially at 
high VMA dosages.1,2,7 This reduction is mainly due to the 
delay in cement setting time observed when a VMA is incor-
porated into these cement systems. The use of K. alvarezii 
did not delay the setting time of cement suspensions; its use 
increased the adhesion mechanism between cement parti-
cles due to its viscous properties without having a negative 
effect on the compressive strength development of cement 
suspensions.

At a given dosage of 0.5%, the use of (κ)-carrageenan 
significantly increased the compressive strength of cement 
suspensions after 24 hours of hardening compared to the use 
of K. alvarezii (Table 7). This is probably due to the intrinsic 
mechanisms of the (κ)-carrageenan polymer. Indeed, when 
(κ)-carrageenan is used as a VMA in cement systems, its 
gelling properties and ability to form a rigid gel allow for 
an increase in the adhesion between the cement particles by 
filling the pores while reinforcing the performance of cement 
paste.31 The (κ)-carrageenan also increases the ability of 
the cement system to retain the free water available in the 
cement matrix, which improves its internal curing,1,2 unlike 
K. alvarezii.1 However, after 7 days of wet curing and with 
the same dosage of 0.5%, cement suspensions containing 
K. alvarezii showed a compressive strength comparable to 
those of suspensions containing (κ)-carrageenan (Table 7). 
This confirms the possibility of using K. alvarezii as a VMA 
in cement systems.

CONCLUSIONS
The effect of different dosages and pre-hydration methods 

of Kappaphycus alvarezii (K. alvarezii) on the rheological 
behavior, viscoelastic properties, structural buildup kinetics, 
hydration kinetics, and compressive strength of cement-
paste mixtures proportioned with a water-cement ratio (w/c) 
of 0.43 was evaluated. Based on the results presented herein, 
the following conclusions can be drawn:

1. The cement-paste mixtures containing K. alvarezii 
showed a pseudoplastic (shear-thinning) behavior, in which 
the shear stress increases with the increase of the K. alvarezii 
dosage, regardless of the pre-hydration method.

2. The pre-hydration method of aqueous solutions had 
no significant effect on the rheological behavior of cement 
pastes. This confirms the stability of K. alvarezii under 
various conditions (concreting work in hot/cold weather).

3. The use of K. alvarezii enhanced the plastic 
viscosity, yield stress, initial rigidity, and linear visco-
elastic domain (LVED) values of cement pastes more 

than the use of kappa (κ)-carrageenan, regardless of the 
pre-hydration method, which is highly recommended 
for the preparation of grouts intended for underwater 
applications. However, it did not increase the structural 
buildup kinetics of cement suspensions compared to  
(κ)-carrageenan. Moreover, K. alvarezii did not affect the 
cement hydration kinetics compared to (κ)-carrageenan, 
which makes it more efficient than the current viscosity- 
modifying admixtures (VMAs) and confirms the compati-
bility of this VMA with cement.

4. The use of K. alvarezii seaweed showed no significant 
effect (positive/negative) on the strength development of 
the cement suspensions compared to the reference mixture, 
regardless of the dosage of K. alvarezii or the curing time. 
This validates the feasibility of using K. alvarezii seaweed 
as a VMA.

5. K. alvarezii seaweed can be used as a VMA to improve 
the viscosity of flowable cement matrixes without changing 
either their hydration kinetics or their mechanical strength. 
This is consistent with the definition of a VMA cited in the 
Experts for Specialised Construction and Concrete Systems 
(EFNARC) specifications. However, the neutral effect of 
K. alvarezii on the structural buildup kinetics of cement 
suspensions restricts its use in concrete three-dimensional 
(3-D) printing.
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Coal gangue is one of the largest industrial solid wastes, and 
the application of coal gangue to cement-based materials is an 
effective way of resourcing the use of coal gangue. The optimum 
activation temperature of coal gangue was determined by X-ray 
diffraction (XRD), thermogravimetric-differential (TG-DSC)  
analysis, and cement mortar strength testing, and then the optimal 
temperature-activated coal gangue powder (CGP) was mixed into 
coal gangue coarse aggregate concrete (CGC) as an admixture to 
form the double-admixture CGC. The compressive strength testing 
of CGC was carried out by selecting different CGP contents and 
coal gangue aggregate (CGA) replacement rates as variables. 
On the microscopic scale, the pore structure of the CGC could be 
analyzed by the physical adsorption analyzer technique and scan-
ning electron microscopy (SEM). The results indicate that: 1) the 
optimal activation temperature of raw coal gangue in the Xuanhua 
Mine, Zhangjiakou, China, is 500°C; 2) with the increased replace-
ment rate of CGA, the compressive strength of CGC indicates a 
decreased tendency. With the CGP content rise, the compressive 
strength of CGC increases first and then declines. In the case of 
total substitution of CGA, selecting 10% CGP to replace cement 
makes the compressive strength of CGC reach the maximum value; 
and 3) the chloride penetration resistance property of CGC could 
be significantly improved by mixing CGP (within 20%) into CGC.

Keywords: coal gangue; compressive strength; hydration reaction; micro-
scopic analysis; thermal activation.

INTRODUCTION
Coal gangue is a solid waste discharged in coal washing 

and choosing, accounting for 10 to 25% of coal production.1 
According to statistics, China’s coal industry has emitted 
more than 5 billion tons of coal gangue, an increase of 
300 million tons per year.2 Not only is a large amount of land  
wasted by dealing with coal gangue, but it also causes envi-
ronmental pollution. Nowadays, solving the environmental 
problems caused by coal gangue have become very urgent.

On the other hand, with the rapid economic develop-
ment in China, a large amount of concrete is consumed to 
promote the urbanization process. During this process, the 
large amount of consumed concrete raw materials such as 
clay and natural gravel impose a heavy burden on the envi-
ronment. Thus, there is an urgent requirement to find a high-
quality replacement concrete material. The mineral compo-
sition of coal gangue aggregate (CGA) is similar to natural 
aggregate (NA), and has a certain elasticity modulus and 
strength that allow it to be used as coarse concrete aggre-
gate.3-5 It is an effective way to use coal gangue to prepare 
concrete with high added value. However, compared with 

NA, CGA has lower physical properties—it is more porous 
and has lower strength and water absorption. Therefore, 
mixing coal gangue will harm concrete performance. Ma 
et  al.6 found that the strength of raw coal gangue coarse 
aggregate concrete (CGC) had a negative linear relation-
ship with the amount of CGA. Yi et al.7 found that with the 
increase of coal gangue replacement rates and carbonation 
time, the raw CGA concrete’s carbonation depth increased 
as well. Qiu et al.8 found that the increase of CGA content 
will significantly reduce the frost resistance performance 
of concrete, mainly because the pore and water absorption 
of CGA were larger than NA, and the pore water produced 
larger water-swelling and frost-heaving stresses.9,10

The previously mentioned literature suggests that CGA 
as the coarse aggregate can partially replace natural gravel 
in concrete, but will decrease the mechanical and durability 
properties of CGC. To improve the performance of CGC, 
many scholars and experts have done a lot of research. Many 
papers have proven that the mechanical properties of CGC 
could be improved by mixing with high-quality mineral 
admixtures. Coal gangue is poorly activated in cement mate-
rials compared with other mineral admixtures. Fortunately, 
many measures could improve its pozzolanic activity, such 
as using thermal, mechanical, and microwave activation or 
compound activation methods. Cao et al.11 studied the coal 
gangue’s pozzolanic activity, which was calcined at different 
temperatures. The results show that the pozzolanic activity of 
coal gangue increases first and then decreases when calcined 
at high temperatures from 400 to 1000°C. In this process, 
kaolin, the mineral component of coal gangue, is dehy-
droxylated under high-temperature calcination to produce 
metakaolin, which has high pozzolanic activity.12,13 Wang 
et al.14 explored the influence mechanism of activated coal 
gangue powder (CGP) on the mechanical performance of 
cement mortar. The results show that the pozzolanic activity 
of activated CGP is improved, which positively influences 
the mechanical performance of cement mortar. There-
fore, coal gangue, after activation treatment, can be used 
as a concrete admixture.15 Furthermore, Zhou and Chen16 
found that concrete’s chloride ion penetration resistance 

Title No. 120-M43

Influence of Activated Coal Gangue Powder on 
Compressive Strength of Coal Gangue Coarse  
Aggregate Concrete
by J. Yan, D. Shan, X. Wang, Y. Luo, W. Weng, L. Wang, J. Xie, C. Lu, Z. Lai, X. Yu, G. Xing, and X. Liu

ACI Materials Journal, V. 120, No. 4, July 2023.
MS No. M-2022-131.R6, doi: 10.14359/51738821, received January 19, 2023, and 

reviewed under Institute publication policies. Copyright © 2023, American Concrete 
Institute. All rights reserved, including the making of copies unless permission is 
obtained from the copyright proprietors. Pertinent discussion including author’s 
closure, if any, will be published ten months from this journal’s date if the discussion 
is received within four months of the paper’s print publication.



30 ACI Materials Journal/July 2023

performance can be improved by mixing activated CGP. Ju17 
found that the appropriate replacement rate of activated CGP 
can improve the frost resistance of concrete. Zhao et al.18 
found that activated CGP can improve the sulfate resistance 
of concrete.

RESEARCH SIGNIFICANCE
Activated CGP as an admixture is mostly used in ordi-

nary concrete. There is little research on how using acti-
vated CGP improves the performance of CGC. Based on 
the research foundation of CGA and CGP in cement-based 
materials, activated CGP as admixture and coal gangue 
coarse aggregate are mixed into concrete simultaneously to 
form a double-admixture CGC. Then, conducting a macro- 
experiment and using micro-methods simultaneously, the 
influence mechanism of CGP on CGA is observed and 
analyzed. Finally, the two-way high-value-added use of coal 
gangue is realized.

EXPERIMENT AND MATERIALS
Materials

Cement—The cement selected in this test is P·O42.5.
Admixture—The raw coal gangue sampled from the 

Xuanhua Mine in Zhangjiakou, China, was calcined and 
ground to produce activated CGP. Table 1 lists the main 
chemical composition of the CGP and cement; Table 2 lists 
the physical performance of cement.

Fine aggregate—The medium sand in Zone II has a fine-
ness modulus of 2.71 and a mud content of 1.42%. The sieve 
analysis curve is shown in Fig. 1(a).

Coarse aggregate—Natural coarse aggregate uses 5 to 
20 mm continuous-graded limestone crushed stone; raw coal 
gangue coarse aggregate is selected from the Xuanhua Mine 
to obtain coarse aggregate with continuous grading of 5 to 
20 mm diameter after crushing, screening, and assembly. 
The physical properties of coarse aggregate are shown in 
Table 3. The sieve analysis curve is shown in Fig. 1(b).

Water—Ordinary tap water.

Testing methods
Preparation of activated CGP—The CGP was made of 

raw coal gangue from the Xuanhua Mine, and a jaw crusher 
was used to break and sieve the coal gangue. The coal 
gangue with a particle size of less than 5 mm was placed in 
a rapid-heating box electric furnace and calcined for 2 hours 
at 400, 500, 600, and 700°C. Out of the oven, the air cools 

rapidly to room temperature, then the CGP made at different 
temperatures was obtained by grinding it to 350 mesh size 
with a ball mill.

X-ray diffraction analysis—The raw coal gangue, which 
was calcined at five different temperature points, was tested 
with an X-ray diffractometer (XRD). The instrument’s 
parameters of operation were 40 kW, 100 mA, and Cu target; 
the scanning speed was 4 deg/min and the scanning range 
was 10 to 70 degrees.

Thermogravimetric-differential analysis (TG-DSC)—
The thermogravimetric differential test of raw coal gangue, 
which was ground, was carried out under an argon environ-
ment using a thermogravimetric differential analyzer; the 
temperature curve was from 26 to 1000°C, and the heating 
rate was 10°C/min.

Cement mortar strength test—Thirty percent of P·O42.5 
cement was replaced by the CGP, which was calcined at four 
different temperature points and room temperature points 
with a water-cement ratio and lime-sand ratio of 0.5:1:3, 
and the size of the test specimen was 40 x 40 x 160 mm. 
Under the condition of temperature 20 ± 1°C and relative 
humidity ≥ 90%, the specimens were demolded after stan-
dard curing for 24 hours and then cured in water to different 
ages. At 3 and 28 days, the specimens’ flexural and compres-
sive strength were tested, respectively.

Concrete compressive strength test—The CGP at the 
optimum activation temperature was used as the admixture 
of CGC. In this test, the water-binder ratio was 0.5. The 
additional water consumption is considered as 78% of the 
saturated water absorption rate of CGA,19 and two factors, 
cement replacement rates and coarse aggregate replacement 
rates, were considered. The replacement rates of CGP were 
0, 10, 15, and 20%, and those of CGA were 0, 30, 50, and 
100%. The proportion of CGA is shown in Table 4. Based 
on GB/T 50081-201920 requirements, the compressive 
strength samples were prepared and tested with a universal 
testing machine. (The range of error is ±1% and the effective 
measurement range is 2 to 100%.) All the tests were repeated 
at least three times and the final test results were averaged.

Chloride penetration resistance of CGC—The rapid chlo-
ride migration (RCM) method was selected to research the 
average of CGC’s chloride penetration resistance perfor-
mance. The sample size is a cylinder with a radius of 50 mm 
and a thickness of 50 mm, cured for 28 days underwater in 
the standard curing condition. Every test group was repeated 
three times at least, choosing the average value as the final 

Table 1—Chemical composition of coal gangue and cement, %

Chemical composition SiO2 Al2O3 Fe2O3 CaO MgO Loss

Cement 20.32 6.14 3.56 62.03 1.71 6.24

Coal gangue 53.65 14.19 7.31 4.61 2.07 13.25

Table 2—Physical performance of cement

Fineness
0.08, %

Specific surface 
area, m2/kg

Density,
g/cm3 Standard consistency, %

Setting time, min Flexural strength, MPa
Compressive strength, 

MPa

Initial Final 3 days 28 days 3 days 28 days

0.5 355 3.12 25.4 99 158 6.4 93 27.0 53.2
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chloride diffusion coefficient. A concrete vacuum-saturating 
machine and an apparatus to determine the RCM coefficient 
of concrete (voltage accuracy: ±0.1 V; temperature accu-
racy: ±0.1°C; running time accuracy: <10  seconds) were 
used in the test.

Specific surface area and micropore analysis—A 
high-performance specific surface area and micropore 
analyzer was used to study the specific surface area of 
concrete with different CGP  and CGA replacement rates 
by the Brunauer-Emmett-Teller (BET) multi-point method. 
The Barrett-Joyner-Halenda (BJH) method was selected to 
analyze the pore-size distribution average.

Scanning electron microscopy (SEM)—The morphology 
of CGC (curing age of 28 days) with different CGP and CGA 
replacement rates is observed by scanning electron micros-
copy (SEM). The samples were selected from concrete 
mixtures containing CGP, which underwent calcination at 
different temperatures. Before observing the microstruc-
tures, the samples need to be sprayed with gold.

Fig. 1—Sieve analysis curve.

Table 3—Performance index of coarse aggregate

Material Apparent density, kg/m3 Bulk density, kg/m3 Water absorption, % Crushing index, %

Crushed stone 2780 1546 0.5 6.9

Coal gangue 2530 1452 3.7 15.4

Table 4—Mixture proportion design and workability of CGC

Sample No.
CGP replacement 

rate, %
CGA replacement 

rate, % CGP, kg Cement, kg Sand, kg CGA, kg
Crushed 
stone, kg Water, kg

Workability, 
mm

A-0-0 0 0 0 375 642 0 1193 185 88

A-0-30 0 30 0 375 642 357.9 835.1 185 99

A-0-50 0 50 0 375 642 596.5 596.5 185 103

A-0-100 0 100 0 375 642 1193 0 185 115

B-10-0 10 0 37.5 337.5 642 0 1193 185 85

B-10-30 10 30 37.5 337.5 642 357.9 835.1 185 96

B-10-50 10 50 37.5 337.5 642 596.5 596.5 185 99

B-10-100 10 100 37.5 337.5 642 1193 0 185 111

C-15-0 15 0 56.25 318.75 642 0 1193 185 81

C-15-30 15 30 56.25 318.75 642 357.9 835.1 185 91

C-15-50 15 50 56.25 318.75 642 596.5 596.5 185 96

C-10-100 15 100 56.25 318.75 642 1193 0 185 106

D-20-0 20 0 75 300 642 0 1193 185 78

D-20-30 20 30 75 300 642 357.9 835.1 185 87

D-20-50 20 50 75 300 642 596.5 596.5 185 94

D-20-100 20 100 75 300 642 1193 0 185 103

Note: As an example, A-10-30 expresses CGC with 10% CGP and 30% CGA.
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RESULTS AND DISCUSSION
Influence of calcination temperature on activity of 
coal gangue

XRD analysis of coal gangue—Figure 2 shows the XRD 
spectrum of calcined coal gangue at different temperatures. 
Through the analysis of its phases, the main phase compo-
sition of the raw coal gangue from the Xuanhua Mine are 
kaolinite, quartz, dolomite, albitite, and microcline. With 
increasing calcination temperature, the peak value of each 
phase of samples changes. When the temperature is 400°C, 
the characteristic peak (D-value of approximately 0.289 nm) 
of dolomite disappears and a new diffraction peak appears. 
The hematite peak (D-value of approximately 0.252 nm) 
and illite peak (D-value of approximately 0.284 nm), which 
indicate that the characteristic peak (D-value of approxi-
mately 0.448 nm) of kaolinite is weakened, indicate that the 

crystal structure that accompanies the hydroxyl of kaolinite 
begins to break down.21 When the temperature is 500°C, 
the characteristic peak of the characterization of kaolinite 
completely disappears, suggesting that all kaolinite has 
been transformed into metakaolinite, representing lower 
crystallinity and higher activity. The enhancement of the 
characteristic peak of quartz (D-value of approximately 
0.335  nm) indicates that the transformation of amorphous 
SiO2 occurs in coal gangue, resulting in an increase in the 
relative content of quartz. In addition, due to the existence 
of hematite, the coal gangue has a yellow-brown appearance 
(Fig. 3). When the temperature is 600°C, the characteristic 
peaks of albite (D-value of approximately 0.319  nm) and 
microcline (D-value of approximately 0.325 nm) weaken, 
indicating that albite and microcline begin to decompose at 
this temperature point. When the temperature is 700°C, the 
characteristic peaks of hematite, illite, and microcline disap-
pear completely, and the characteristic peak of characteristic 
quartz weakens. This is because the decomposition of micro-
cline promotes the melting of quartz, resulting in the reduc-
tion of the relative content of SiO2, and the appearance of 
collapse of coal gangue is black vitreous (Fig. 3).

TG-DSC of coal gangue—Figure 4 shows the thermograv-
imetric differential diagram of raw coal gangue; according to 
the diagram, the mass loss is 13.32% after heating up to 700°C 
in an argon environment. The mass loss is mainly caused 
by the hydroxyl release of kaolinite and a small amount of 
organic volatilizing. At approximately 500 and 700°C, the 
coal gangue has a larger mass loss, indicating that strong 
phase changes  take place at these two temperature points. It 
can be seen from the thermogravimetric differential diagram 
of raw coal gangue that the difference is not obvious before 
400°C. With the formation of new-phase hematite and illite, 
the endothermic and exothermic peaks are mainly caused by 
the loss of water adsorption by coal gangue and heat release Fig. 2—XRD patterns of coal gangue calcined at different 

temperatures.

Fig. 3—Appearance of coal gangue calcined at different temperatures.
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from the combustion of carbonaceous organic matter. As the 
temperature continues to rise, a strong endothermic peak 
appears at approximately 488°C, corresponding to the phase-
changing peak of kaolinite. Combined with XRD analysis, 
at this temperature, kaolinite transforms into metakaolinite 
in a thermodynamically metastable state, and the layered 
structure is gradually destroyed.11 When the temperature is 
510°C, kaolinite completely transforms into metakaolinite 
and its layered structure completely transforms into a porous, 
amorphous structure. When the temperature is 679°C, a 
strong endothermic peak appears, corresponding to the 
decomposition reaction of the coal gangue phase. According 
to XRD analysis, hematite, illite, and microcline decompose 
at this temperature. When the temperature is approximately 
700°C, the characteristic peaks of the three phases disap-
pear and the phases completely decompose, which may be 
accompanied by the transformation process of metakaolinite 
into amorphous SiO2 and Al2O3. According to the previous  
analysis, in the temperature range of 400 to 700°C, the atomic 
arrangement of the kaolinite layered structure is irregular, 
showing a thermodynamically metastable state. Coal gangue 
in this temperature range has pozzolanic activity, and 500°C 
is the most likely optimal activation temperature point of 
coal gangue.

Strength analysis of cement mortar—The macro- 
mechanical properties can reflect the pozzolanic activity 
of the CGP. Thus, 30% cement is replaced by thermal- 
activated CGP to prepare mortar, and compressive and flex-
ural strength testing was carried out; Fig. 5 lists the results. 
Both compressive and flexural strength increase first and 
then decrease, which reached maximums at 500°C. Based 
on the XRD and TG-DSC analyses, kaolinite was trans-
formed into metakaolin by dehydroxylation at this tempera-
ture. During this process, amorphous SiO2 and Al2O3 were 
generated; Qiu et al.22 found that both SiO2 and Al2O3 
consume CH in the hydration process and generate calcium 
silicate hydrate (C-S-H) gel, thus improving the strength of 
mortar. However, the mechanical properties of all samples 
showed a descent tendency gradually when the calcination 
temperature exceeded 500°C. One possible reason is that 

the decomposition of microcline at this temperature point 
promotes the melting of quartz and leads to the collapse of 
coal gangue into the vitreous body. Finally, the pozzolanic 
activity decreased. In conclusion, the optimal activation 
temperature of raw coal gangue from the Xuanhua Mine is 
500°C.

Influence of CGP on compressive strength of CGC
Compressive strength analysis—Figure 6(a) shows the 

concrete compressive strength at a cured age of 7 days. 
Compared with that at a 0% CGP replacement rate, the 
compressive strength of the specimen with a 10% CGP 
replacement rate declines by 11.2%, 7.4%, 12.9%, and 
4.8%, respectively. At the cured age of 28 days, compared 
with those with a 0% CGP replacement rate, the compres-
sive strength of specimens with a 10% CGP replacement rate 
decreased by 3.1%, 2.3%, 6.5%, and –21.1%, respectively. 
This phenomenon could be explained by the fact that the 
chemical reaction activity of CGP cement clinker in the early 
hydration stage could not fully hydrate, leading to the lower 
early strength of CGP. With the hydration process, the active 
metakaolinite in CGP consumes CH through secondary 
hydration. During this process, more C-S-H gel is gener-
ated,23,24 which improves the late strength of CGC. When 
the cured age is 28 days, with the different CGP and CGA 
content, the compressive strength of CGC has a different 
value. When the CGA replacement rate is 0% and mixing 
15% CGP compared with no CGP added, the compres-
sive strength of the specimen decreases by 1.4%, and the 
reduction strength is the least. When CGP content is 20% 
compared with 0%, the compressive strength of specimens 
decreases by 14.4%, the highest strength decrease. When 
the replacement rate of CGP is less than 15%, the compres-
sive strength of concrete decreases slightly, mainly because 
there are still more clinker minerals in the hydration reaction 
system after mixing the appropriate amount of CGP and the 
active metakaolinite in CGP react with CH in the hydration 
system to form C-S-H gel, resulting in reduced strength loss 
caused by the reduction of clinker. When the CGP content 
is more than 15%, the compressive strength drops sharply, 
mainly because the clinker minerals in the hydration reac-
tion system are reduced after the addition of excessive CGP, 
and the C-S-H gel generated by the secondary hydration of 
CGP is not enough to supplement the decrease in the number 
of the primary hydration products of clinker minerals, so the 
strength of concrete decreases significantly. When the CGA 
replacement rate is less than 50%, the more CGP mixed, the 
lower the compressive strength of CGC; specimen D-20-50 
shows a higher compressive strength than D-20-30, indi-
cating that with a 20% replacement rate of CGP, increasing 
the replacement rate of CGA in an appropriate range can 
improve the compressive strength. When the CGA replace-
ment rate is 100%, the compressive strength of the specimen 
with the replacement rate of 10% CGP is the highest, which 
is 21.1% higher than that of the specimen with 0% CGP. 
Because the mixing of CGP changes the damage mode of 
CGC, the compressive strength of concrete with different 
CGA replacement rates varies.Fig. 4—Thermogravimetric-differential curve of coal 

gangue.
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Damage mode analysis of CGC—Figure 7 shows the 
pressure resistance test phenomenon of CGC at 28 days 
hydration age; according to the phenomenon from Fig.  7,  
the damage modes of A-0-0 are mainly manifested as the 
cracking of cement mortar and the damage of the contact 
interface between NA and mortar. After mixing 15% CGP, 
the cracking of C-15-0 is less than that of A-0-0 cement 
mortar, and the damage of the contact interface between 
cement mortar and natural coarse aggregate is increased. 
It indicates that the mixing of CGP reduces the degree of 
bonding of the interfacial transition zone (ITZ) between 
cement mortar and NA, leading to a reduction in the 
compressive strength. Compared with A-0-100, C-15-100 
shows more self-fracture damage modes of CGA, indi-
cating that adding CGP improves the degree of bonding 
of the cement mortar and coarse aggregate ITZ, increasing 
compressive strength. The damage modes of D-20-30 and 
D-20-50 are mainly manifested as the damage of the contact 
interface between NA and cement mortar and the fracture 
of coal gangue coarse aggregate itself. However, compared 
with D-20-50, D-20-30 shows more fractures and pores, 
thus showing lower compressive strength. When the CGP 
content is 20%, it shows that appropriately increasing the 
CGA replacement rate had a positive effect on the compres-
sive strength of CGC.

The previously mentioned damage mode can be divided 
into two types: the ITZ between the cement mortar and NA is 
damaged, and the failure of the CGA itself. Two reasons can 
explain this phenomenon. On the one hand, compared with 
the NA, the CGA is more porous and has a lower strength; 
on the other hand, the addition of CGP provides more SiO2 
and Al2O3, which consume more CH, promote the secondary 
hydration, and generate more C-S-H gel, which filled the 
cracks in CGA. Thus, the bonding strength between the 
aggregate and mortar is enhanced.25 The changing of the 
damage mode and compressive strength of the specimens 
is affected by the changing of the internal pore structure of 
concrete, which requires further analysis based on the char-
acteristics of the pore structure.

Chloride ion penetration analysis of CGC
Figure 8 shows the DRCM of CGC at 28 days for different 

CGA replacement rates and CGP content. At the same CGP 
content, the DRCM gradually increased as the CGA replace-
ment rates increased. It indicates that the CGA decreased 
the performance of CGC resistance against chloride ion  
penetration. This phenomenon presents the same tendency 
as in the study by Ma et al.26 The reason for this phenom-
enon is as follows: compared to the NA, the CGA is in a 
loose and porous state, leading to a lower chloride ion pene-
tration resistance performance.

At the same CGA substitution rates, the DRCM decreases as 
the content of CGP increases. It indicates that incorporating 
CGP can significantly improve the performance of CGC 
resistance against chloride ion penetration. Two reasons 
lead to these results. On the one hand, the CGP particles are 
tiny, which fill the microcracks and reduce the pores inside 
the concrete. Thus, the concrete structure is optimized. On 
the other hand, the pozzolanic activity of CGP promotes 
secondary hydration and makes concrete more compact, 
resulting in improved impermeable concrete ability. In 
conclusion, the chloride ion permeability of concrete will 
decrease with the increase of the substitution rate of CGA. 
It will increase with the improvement of the substitution 
rate of activated CGP. When the substitution rate of CGA is 
100% and the replacement rate of CGP is 20%, the increase 
is the largest.

Influence of CGP on microporous structure of CGC
Adsorption-desorption isotherm analysis—Figure 9 is 

the adsorption-desorption isotherm diagram of contained 
and uncontained CGP concrete at 28 days hydration age 
when the CGA replacement rate is 0%. It can be seen from 
Fig.  9(a) that the adsorption-desorption curve of CGC 
has the phenomenon of a “hysteresis loop” caused by the 
capillary pores’ condensation.27 At the low partial pres-
sure point, the adsorption and desorption curves basically 
coincide, indicating that the micropore morphology of the 
specimen is closed at one end. There is an obvious inflection 

Fig. 5—Strength of cement mortar mixed with CGP at different activation temperatures.
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point at the middle pressure point, indicating that there is a 
connected mesopore in the specimen. The large separation 
of adsorption and desorption curves at high partial pressure 
points indicate that there are large connected macropores in 
the specimen. As can be seen from Fig. 9(b) and (c), this 
phenomenon indicates that compared to concrete specimens 
without CGP, the specimens with CGP exhibit an increased 
adsorption capacity and a larger specific surface area. When 
the replacement rates of CGP are greater than 15%, the 
isotherm of contained CGP concrete located on the isotherm 
curve, which represents uncontained CGP concrete, and the 
adsorption capacity of the specimen increase, resulting in a 
larger specific surface area than uncontained CGP concrete. 
Combined with these changes in compressive strength of 
CGC, it shows that controlling the replacement rates of CGP 
within 15% is the first choice to improve the mechanic prop-
erties of concrete.

Pore structure analysis—Table 5 shows the pore-size 
distribution and specific surface area of the specimen; 
it can be seen from Table 5 that the specific surface area 
and macropore volume of C-15-0 decreased by 1.3% and 

5.4%, respectively, and the micropore volume increased 
by 4.6% compared with A-0-0. Compared with A-0-100, 
the specific surface area and macropore volume of C-15-
100 decreased by 2.4% and 14.2%, respectively, while the 
microporous volume increased by 3.3%. Combined with 
the compressive strength results, the mixing of CGP (15%) 
reduced the specific surface area and macropore volume of 
concrete specimens; however, the compressive strength of 
C-15-0 is reduced by 1.4% compared with A-0-0. This is 
because the mixing of CGP reduces the gel amount of the 
hydration system and fewer pores are formed between NA 
and the cement mortar, which cannot be fully supplemented 
by the secondary hydration reaction, resulting in the bond 
strength between the mortar and NA declining. The damage 
of the interface structure increases and the compressive 
strength decreases. The compressive strength of C-15-100 
is 21.1% higher than that of A-0-100. This is due to coal 
gangue being a porous material; the C-S-H gel generated by 
CGP through the secondary hydration reaction fills the pores 
between the cement mortar and CGA, improves the bond 
strength between the mortar and CGA, reduces the damage 

Fig. 6—Compressive strength of CGC with different CGP content.

Fig. 7—Experimental phenomena of compressive strength of CGC.
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at the ITZ, and increases the compressive strength.28 As the 
replacement rates of CGP continue to increase (20%), the 
volume of micropores decreases, the volume of macropores 
increases, and the compressive strength of CGC declines. 
This is mainly due to the dilution effect29 of CGP, which 
results in the insufficient quantity of gel generated through 
the secondary hydration process of C-S-H facilitated by 
CGP to compensate for the reduction in gel caused by the 
decrease in cement content. Therefore, the compressive 
strength of D-20-30 is 9.2% lower than that of C-15-30. 
In addition, with a 20% CGP replacement rate, the specific 
surface area and macropore volume of D-20-50 decrease by 
8.1% and 0.9%, respectively, compared with D-20-30, while 
the micropore volume increases by 2.5%, indicating that the 
replacement rates of CGA are nonlinear with the specific 
surface area and pore-size distribution of CGC under this 
replacement rate. The substitution rate of CGA can be appro-
priately increased to optimize the microporous structure of 
CGC and then affect the strength development of CGC. 
Therefore, D-20-50 shows higher compressive strength than 
D-20-30.

Figure 10 shows the pore volume-pore differential integral 
distribution curves of the specimen at a 28-day hydration 
age. It can be seen from Fig. 10 that the peak value of the 
differential distribution curve of the specimen is stronger 
at 2 to 4 nm, indicating that there are many pores of 2 to 
4 nm in the specimen. The pore volume of 2 to 4 nm in 
Fig. 10(a) to (d) of CGC specimens accounts for 14.2%, 
10.8%, 9.3%, and 11.3% of the total pore volume, respec-
tively, indicating that the pore-size distribution range of 
specimens is relatively wide. Combined with the analysis  
results of the pore structure, the total pore volume and 
macropore volume of A-0-100 increased 1.5% and 14.78%, 
respectively, compared with A-0-0, and the total pore 
volume and macropore volume of C-15-100 increased 

1.3% and 6.63%, respectively, compared with A-15-0. It 
shows that increasing the replacement rates of coal gangue 
coarse aggregate will increase the internal pore fractures 
of concrete, resulting in a sharp decrease in compressive 
strength. Compared with A-0-0, the total pore volume and 
macropore volume of C-15-0 decreased by 23.7% and 
5.4%, respectively, and the total pore volume and macro-
pore volume of C-15-100 decreased by 23.9% and 14.2%, 
respectively, indicating that the addition of 15% CGP can 
optimize the internal pore fractures of concrete. As a result, 
the volume of macropores decreases and the volume of 
micropores and mesopores increases. Wu and Lian30 pointed 
out in the literature that reducing the proportion of large pore 
volume in the total pore volume of concrete can improve the 
strength of concrete. Combined with the results of compres-
sive strength, the compressive strength of A-0-100 is 43.7% 
lower than that of A-0-0, and the compressive strength of 
C-15-100 is 21.1% higher than that of A-0-100. The main 
reason is that the thermal-activated CGP can promote the 
early hydration of cement and consume CH; the product 
of hydration is C-S-H, which can fill the pore fractures at 
the junction between cement slurry and CGA and improve 
the bond strength at the interface structure of CGC, thereby 
greatly improving the compressive strength and the resis-
tance of the chloride permeability.31

Analysis of microscopic appearance of CGC—The 
internal microstructure of a CGC test block is observed by 
SEM. The test specimens selected were A-0-0, A-0-100, 
C-15-0, and C-15-100. The test specimens are taken from 
the central part of the test block and a cube with a side length 
of approximately 10 mm, and the specimens are vacuum- 
degassed and then gilded in the vacuum coating equipment 
for observation.

Compared with Fig. 11(e) and (f), the filling amount of 
pore fractures in C-15-100 is denser than that in A-0-100, 
indicating that when the CGA replacement rate is 100%, 
mixing CGP can also optimize the pore structure in the inner 
part of CGC. By comparison with Fig. 11(g) and (h), the 
interface of mortar and coarse aggregate of coal gangue in 
C-15-100 is denser than that in A-0-100. It can be seen from 
Fig. 9(h) that many reticular and granular C-S-H gels are 
wrapped at the interface, while there are obvious fractures in 
the ITZ of the A-0-100 mortar and CGA. Combined with the 
pore analysis results, the volume of macropores of A-0-100 
increases by 23.9% compared with C-15-100, which also 
leads to the sharp decrease in the compressive strength of 
A-0-100. After CGP is mixed, the specific surface area and 
total pore volume of CGC decrease, the volume of macro-
pores decreases, and the volume of small pores increases. 
Furthermore, Yi et al.7 found that the C-S-H generated by 
the cement secondary hydration not only refined the micro-
structure of CGC but also promoted chloride binding, which 
increased the chloride ion permeability of CGC.

As a result, the number of fractures and macropores are 
reduced and the bond strength between the cementation 
material and CGA is improved; the mechanical properties of 
C-15-100 are strengthened, and the compressive strength is 
increased by 21.1% compared with A-0-100.

Fig. 8—Chloride diffusion coefficients at different CGA and 
CGP replacement rates (28 days).
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CO2 calculation and cost analysis
The premise of using coal gangue instead of cement as a 

cementitious material is that the carbon dioxide emissions 
of CGP are lower than those of ordinary cement. The carbon 
dioxide emitted in the stage of calcining clinker accounts for 
most of the total emissions.32 The following formula is used 
to calculate the carbon dioxide emissions for the produc-
tion of ordinary cement and the carbon dioxide required for 
the production of CGP; the formula is derived from Zhang 
et al.’s33 research

	​ B​E​ 1​​  =  ​C​ c​​ × ​ 44 _ 56 ​ + ​C​ m​​ × ​ 44 _ 40 ​​	 (1)

where BE1 is the ordinary cement CO2 emissions per kg; Cc 
and Cm are the percentage of CaO and MgO content, respec-
tively; 44/56 is the molecular weight conversion between 
CO2 and CaO; and 44/40 is the molecular weight conversion 
between CO2 and MgO. According to Eq. (1), the carbon 
dioxide emissions of cement in this paper can be calculated 
as 0.48 kg/kg, and the value of coal gangue is 0.06 kg/kg.

On the other hand, the cost plays a role in the produc-
tion process of concrete. The price of natural gravel is 
87.86 yuan/t in Jiangxi, China; however, the price of coal 
gangue gravel is 65 to 70 yuan/t and the price of ordinary 
cement is 467.96 yuan/t. In conclusion, compared with the 

Fig. 9—Adsorption-desorption isotherm of CGC.

Table 5—Pore-size distribution and specific surface area of CGC

Sample No.

Cumulative pore volume fraction, % Total pore volume,
mL·g–1

Specific surface area,
m2·g–1<2 nm 2 to 50 nm >50 nm

A-0-0 15.44 68.92 15.64 0.0518 20.4407

A-0-100 10.46 59.13 30.42 0.0526 14.944

C-15-0 20.00 70.38 9.62 0.0395 20.1831

C-15-100 13.75 70.00 16.25 0.0400 14.5802

D-20-30 12.47 61.18 15.06 0.0425 15.362

D-20-50 14.93 59.95 14.18 0.0402 14.1122
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ordinary concrete, the CGC has lower CO2 emissions and 
price.

CONCLUSIONS
1. According to the results of X-ray diffraction (XRD), 

thermogravimetric-differential (TG-DSC) analysis, and 
cement mortar strength analysis, the raw coal gangue from 
the Xuanhua Mine in Zhangjiakou, China, belongs to clay-
stones containing kaolinite, illite, and other mineral compo-
nents, which have the potential value of pozzolanic activity. 
The optimal activation temperature is 500°C.

2. The compressive strength of coal gangue coarse aggre-
gate concrete (CGC) will decrease as the replacement 
rate of coal gangue aggregate (CGA) increases. However, 
with increasing CGA substitution rates, the contribution 
of coal gangue powder (CGP) to the compressive strength 
of the specimen gradually increases. This is because CGP 
consumes the CH and promotes secondary hydration; lots 
of calcium-silicate-hydrate (C-S-H) gel is generated in this 
process, which refined the microstructure. Therefore, in the 
case of total substitution of CGA, the compressive strength 
of concrete reaches the maximum value when the content of 
CGP is 10%.

3. The chloride penetration resistance of CGC could 
be significantly improved by mixing the CGP into CGC. 

Under the same CGA substitution rate, with the increase of 
CGP content, the chloride penetration resistance of CGC 
increases and reaches the maximum when the content is at 
20%. Combined with the pore structure analysis, mixing 
CGP can optimize the pore structure and reduce the amount 
of macropores. Thus, adding a moderate amount of CGP 
could increase the chloride penetration resistance of CGC.
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This study investigated using acoustic emission (AE) monitoring 
to assess the abrasion performance of fiber-reinforced self- 
consolidating concrete at cold temperatures (–20°C). In addition, 
the study targeted correlating the abrasion damage to AE data 
through AE intensity analysis parameters. Seven concrete mixtures 
were developed with variable water-binder ratios (w/b) (0.4 and 
0.55), fiber types (steel and polypropylene synthetic fibers), fiber 
lengths (19 and 38 mm), and fiber volumes (0.2 and 1%). Tests 
on 100 mm cubic samples were conducted at –20 and 25°C, for 
comparison, according to the rotating-cutter technique in conjunc-
tion with AE monitoring. Characteristics of the AE signals such 
as signal amplitudes, number of hits, and signal strength were 
collected and underwent b-value and intensity analyses, resulting 
in three subsidiary parameters: b-value, severity (Sr), and the 
historic index (H(t)). A clear correlation between abrasion damage 
progress and AE parameters was noticed. Analyzing AE parame-
ters along with experimental measurements generally revealed a 
better abrasion resistance for all mixtures when tested at –20°C 
compared to those at room temperature. The mixtures with steel 
fibers, lower w/b values, shorter fibers, and higher fiber volume 
showed improved abrasion resistance irrespective of tempera-
ture. Noticeably, the mixtures containing longer fibers, higher w/b 
values, or lower fiber dosages experienced a more pronounced 
enhancement ratio in the abrasion resistance when cooled down 
to sub-zero temperatures. Two damage classification charts were 
developed to infer the mass loss percentage and wear depth due to 
abrasion using intensity analysis parameters: Sr and H(t).

Keywords: abrasion resistance; acoustic emission analysis; b-value  
analysis; cold temperature; fiber-reinforced self-consolidating concrete; 
intensity analysis; structural health monitoring.

INTRODUCTION
Core infrastructure such as harbors, bridges, and roads 

inevitably suffer from abrasive erosion. The high wind 
speed, severe wave hits, and ship/iceberg collisions further 
aggravate the situation in the Arctic region, which is also 
characterized by extremely low temperatures. Such circum-
stances may lead to premature aging and could decrease the 
predicted service life of concrete structures in these areas. 
Therefore, the abrasion performance of concrete in such 
structures should be given great attention.1

Abrasion resistance is defined as the materials’ ability 
to resist being rubbed off due to friction. To evaluate the 
abrasion resistance of concrete, various standard destruc-
tive techniques by ASTM International are available. These 
methods included the rotating-desk test,2 sandblasting test,3 
and the rotating-cutter test.4 Selecting the proper standard 

test method mainly depends on simulating the configura-
tion of forces that the structure is exposed to. Many factors 
contribute to the abrasion performance of concrete, such as 
the percentage of coarse aggregate in mixture5 and the cement 
paste/aggregate quantity.6 Hence, engineers can mitigate 
the abrasion damage by selecting the proper concrete type 
and constituents. For instance, self-consolidating concrete 
(SCC), which usually has a low coarse aggregate fraction 
and high fine materials volume,7 was found to have a better 
abrasion resistance over normal vibrated concrete (NVC).8

SCC is a highly flowable and non-segregating concrete 
type. It can flow and enclose reinforcing bars without 
any vibration effort.9 Using SCC has gained wide accep-
tance in Japan since the late 1980s, and its use in North 
America has grown drastically since 2000, especially in 
the precast industry.9 In an attempt to improve the mechan-
ical performance of SCC, previous studies investigated 
adding steel fibers (SFs) and/or synthetic fibers (SynFs) to 
the mixture.10-13 The inclusion of fibers in concrete allows 
omnidirectional crack control by transferring tensile stresses 
over crack faces, which adds extra strength to cementitious 
composites.14-16 Fibers also increase the ductility of concrete, 
which in turn makes it harder for parts of the concrete to be 
pulled off by abrasion action. Ridgley et al.17 reported that 
adding polypropylene SynFs to SCC generally enhanced the 
abrasion performance in terms of percentage of weight loss 
and wearing depth. Their results also indicated that flexible 
and short fibers exhibited better abrasion performance on 
average than rigid and longer ones.

At below-freezing temperatures, the performance of 
fibrous concretes could be quite different than at room 
temperature. Previous studies supported that exposure to 
cold temperatures increased compressive strength, tensile 
strength, flexural toughness, and impact resistance with 
more brittle failure for various types of fiber-reinforced 
concretes.18-21 Omar et al.22 investigated the impact and 
mechanical performance of developed lightweight fiber- 
reinforced SCC mixtures at varying temperatures (+20, 0, 
and –20°C). Their study showed an enhancement in the 
mechanical and impact performance of all mixtures when 
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decreasing the temperature. They also found that the inclu-
sion of fibers in the mixture compensated for the brittle 
behavior of concrete that resulted from decreasing the 
temperature. They attributed this behavior to the fact that 
water in pores freezes at subzero temperatures, leading to 
an increase in strength because the capillary pores will be 
filled with a solid substance that has an extra load capacity. 
They also attributed the improved strength of fiber- 
reinforced SCC to the increased bond between the fibers 
and the hardened cementitious matrix due to shrinkage of 
concrete at low temperatures.

Nondestructive techniques (NDT) such as visual inspec-
tion, ultrasonic waves, and eddy-current methods are of high 
importance for the ongoing condition assessment of concrete 
structures, especially in harsh environments. Meanwhile, 
for hard-to-reach areas and continuous monitoring cases, 
acoustic emission (AE) monitoring was proven to be a more 
convenient candidate, taking advantage over other tradi-
tional forms of NDT.23 AE is a phenomenon that occurs in 
a solid material under stress when it is cracked or damaged. 
This event emits strain energy waves that can be collected 
by attached AE sensors. The sensors convert the picked-up 
waves into electrical signals and then feed them into a data 
acquisition system for recording and processing to detect 
and quantify the damage.24,25 AE has been successfully 
employed in many concrete-related studies—for instance, 
to classify the fracture process of SF-reinforced concrete26; 
monitor alkali-silica reaction expansion damage27; eval-
uate the performance of a simple-span prestressed concrete 
bridge during a proof test28; assess abrasion damage of 
SCC containing SynFs or rubberized materials under room 
temperature17,29; and to identify initial yielding and the 
failure onset of bonded post-tensioned concrete elements.30

Preliminary studies were performed by Ridgley et al.17,29 
to assess the abrasion damage of different concrete types by 
means of AE analysis. The outcomes of these studies demon-
strated the capability of AE parameters to state the extent 
of abrasion damage in terms of both mass loss and wear 
depth when samples were tested at room temperature. To 
date, there are no studies in the literature that used AE moni-
toring to assess the abrasion performance of concrete under 
sub-zero temperatures. It is anticipated that the changes in 
the microstructure of concrete as a result of exposure to 

sub-zero temperatures could lead to an impact on the AE 
wave propagation and spread following the behavior of 
ultrasonic waves.31 Consequently, further investigations are 
warranted to examine this effect and confirm the validity 
of the AE analysis in evaluating the abrasion resistance of 
concrete at cold temperatures. This study examined the use 
of AE continuous monitoring as a potential NDT technique 
to assess the cold-temperature abrasion performance of 
fiber-reinforced concrete containing various types, lengths, 
and dosages of fibers. The study also aimed to provide a 
method to roughly infer the abrasion mass loss and wearing 
depth using AE intensity analysis parameters.

RESEARCH SIGNIFICANCE
Concrete in Arctic regions is subjected to various abrasive 

forces under sub-freezing temperatures. To ensure the long-
term integrity of these structures, investigating the ongoing 
abrasion performance is a high priority. Physical inspection 
of structures in Arctic regions can be very difficult and expen-
sive due to the challenge of reaching specific areas. The AE 
technique is considered a great solution to overcome this chal-
lenge. However, the information regarding the ability of AE 
in monitoring the abrasion damage in concrete at sub-freezing 
temperatures is limited. Especially, cold temperatures may 
have some effects on the AE wave propagation and spread, 
which need to be investigated and considered when analyzing 
AE parameters. In addition, cold temperatures may change 
the stiffness of SynFs in the mixture, which can also affect 
the AE wave attenuation. This study attempts to cover this 
knowledge gap by providing comprehensive experimental 
work and analysis regarding the use of AE in monitoring 
the abrasion damage of concrete at cold temperatures. The 
results of this study will potentially contribute to enriching the 
validity of using AE monitoring as an NDT tool for structural 
health monitoring (SHM) applications of concrete structures 
in Arctic regions.

EXPERIMENTAL INVESTIGATION
Materials and mixture design

A total of seven mixtures were prepared and tested. The 
full details of all mixture proportions tested in this study 
are shown in Table 1. Mixtures include two SCC mixtures 
with 500 kg/m3 binder (cement) content (M1 and M2) but 

Table 1—Mixture proportions

Mixture 
No. Mixture type

Cement, 
kg/m3

MK,  
kg/m3

FA,  
kg/m3 C/F w/b

C.A.,  
kg/m3

F.A.,  
kg/m3

Water content, 
kg/m3

Vf, 
%

HRWRA, 
kg/m3

M1 500-0.55w/b 500 — — 0.7 0.55 606.24 866.1 275 — —

M2 500-0.4w/b 500 — — 0.7 0.4 686.54 980.77 200 — 2.13

M3 550-control 275 110 165 0.7 0.4 620.3 886.1 220 — 3.43

M4 550-SynF19 275 110 165 0.7 0.4 620.3 886.1 220 0.2 4.35

M5 550-SynF38 275 110 165 0.7 0.4 620.3 886.1 220 0.2 4.69

M6 550-1%SynF38 275 110 165 0.7 0.4 620.3 886.1 220 1 5.8

M7 550-SF35 275 110 165 0.7 0.4 620.3 886.1 220 0.2 4.6

Note: Regarding mixtures designations, 500-0.55 w/b means concrete mixture with binder content of 500 kg/m3 and 0.55 w/b; 550-SynF38 means concrete mixture with binder 
content of 550 kg/m3 and reinforced with synthetic fibers 38 mm in length; MK is metakaolin; FA is fly ash; C/F is coarse-to-fine aggregates ratio; C.A. is coarse aggregate; F.A. is 
fine aggregate; HRWRA is high-range water-reducing admixture.
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different water-binder ratios (w/b). The behavior of AE 
waves is related to the properties of the transfer medium. 
Upon this, Mixtures M1 and M2 were implemented to check 
the effect of turning a high amount of water (Mixture M1 
had a w/b of 0.55, compared to Mixture M2 with a w/b of 
0.4) into ice on the propagation of AE waves at –20°C and to 
evaluate AE’s ability to detect the change in abrasion perfor-
mance. In addition, five mixtures were made with 550 kg/m3 
binder content. The five mixtures are as follows: one SCC 
mixture without fibers (control) (M3); two SCC mixtures 
with 0.2% polypropylene SynFs (19 and 38 mm lengths); 
one normal vibrated mixture with 1% polypropylene SynFs 
(38 mm length); and one SCC mixture with 0.2% SFs 
(35  mm length). The geometrical and mechanical charac-
teristics of these fibers are described in Table 2. Mixtures 
M2 to M5 were adopted from a previous study performed 
by the authors.17 Meanwhile, various trial mixtures were 
performed to develop Mixtures M1, M6, and M7. The fresh 
properties of the mixtures were evaluated by conducting 
V-funnel, L-box, and T50 tests, and the results are summa-
rized in Table 3. The SFs and SynFs included in this study 
are the most commercially common in the market and were 
implemented to evaluate the change in the AE parameters 
due to changing fiber type. The volume of fibers (Vf) was 
set as 0.2% for all mixtures, except for mixture M6, where 
Vf was taken as 1%. In SCC mixtures, 0.2% was found to 
be the maximum possible dosage of fibers that satisfied the 
requirements of fresh properties for SCC, while the 1% 

fiber in Mixture M6 was the maximum percentage of fibers 
that ensured a homogeneous mixture with no fiber balling. 
Mixtures M5 with 38 mm long polypropylene SynFs and M7 
with 35 mm long SFs have the same fiber content of 0.2% 
and almost the same fiber length. Comparing the parame-
ters of the AE waves emitted in both mixtures could address 
the effect of fiber material on the AE wave characteristics. 
Mixture M6 was included to study the effect of increasing 
fiber content on the behavior of the AE parameters and to 
assess the AE monitoring ability to detect the variation in 
abrasion performance. Besides, the high dose of polypro-
pylene SynFs is anticipated to have some attenuation effect 
on signal amplitudes because the fiber’s material (polypro-
pylene) has some acoustic absorption properties.

All tested mixtures contained type general-use (GU) 
cement, which was in compliance with ASTM Type Ι32 and 
had a specific gravity of 3.15. Two supplementary cementi-
tious materials (SCMs): fly ash (FA) and metakaolin (MK), 
were used in five mixtures. These SCMs had a specific 
gravity of 2.5 and 2.27, respectively. Both coarse aggregate 
(C.A.) and fine aggregate (F.A.) used in this investigation 
had a specific gravity of 2.6 and water absorption of 1%. The 
coarse-to-fine aggregate ratio was taken as 0.7 in all mixtures 
to achieve acceptable fresh properties of the SCC mixtures. 
The w/b was kept constant at 0.4 in all mixtures, except for 
one mixture (M2), where a w/b of 0.55 was used to study the 
effect of increasing water content (that will turn into ice after 
freezing) on the abrasion performance and the characteristics 

Table 2—Physical and mechanical properties of fibers

Fiber type Material Length, mm Diameter, mm Specific gravity Tensile strength, MPa Fiber shape

SF-35 Steel 35 0.55 7.85 1150 Hooked end

SynF-19 Polypropylene 19 0.66 0.91 300 Straight

SynF-38 Polypropylene 38 0.64 0.91 515 Straight

Table 3—Average values of L-box ratio, T50, V-funnel time, compressive strength, and wear depth of all 
samples at room and cold temperatures

Mixture 
No. Mixture type

Testing 
temperature

L-box 
(H2/H1) T50, sec

V-funnel 
time, sec

Compressive 
strength, MPa

Wear depth, 
mm

Rate of mass 
loss, g/min

Weight loss/ 
compressive 

strength, g/MPa

M1 500-0.55w/b
Room

0.75 3.8 15
61.63 1.21 1.63 0.16

Cold 76.55 1.02 1.27 0.10

M2 500-0.4w/b
Room

0.89 2.1 8
66.54 1.04 1.41 0.13

Cold 79.74 0.98 1.23 0.09

M3 550-control
Room

0.92 2.0 7.2
74.56 0.82 1.29 0.10

Cold 89.73 0.72 1.17 0.08

M4 550-SynF19
Room

0.88 2.3 8.5
78.85 0.57 0.96 0.07

Cold 90.97 0.46 0.89 0.06

M5 550-SynF38
Room

0.82 2.6 11.4
76.26 0.62 1.12 0.09

Cold 88.11 0.54 0.97 0.07

M6 550-1%SynF38
Room

— — —
51.92 0.52 1.08 0.12

Cold 63.85 0.46 0.88 0.08

M7 550-SF35
Room

0.79 2.5 10.9
78.96 0.46 0.81 0.06

Cold 89.74 0.40 0.69 0.05
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of the emitted AE waves at –20°C. To obtain successful 
SCC mixtures (in terms of fresh properties), a high-range 
water-reducing admixture (HRWRA) was added to all SCC 
mixtures to achieve the desired slump flow of 700 ± 50 mm, 
as per ASTM C1611.33 The HRWRA used was similar to that 
described in ASTM Type F,34 and had a specific gravity of 1.2 
and a pH level of 9.5.

Test setup
For each mixture, six cylinders (100 mm height and 

200 mm diameter) and four prisms (100 mm square cross 
section and 400 mm length) were cast to test the compres-
sive strength and abrasion resistance, respectively. All speci-
mens were cured in a moisture curing room at approximately 
25°C for 28 days. When samples reached 28 days of matu-
rity, the prisms were cut into 100 mm cubes (to obtain six 
cubes from each mixture) for abrasion testing. A group of 
three cylinders and three cubes from each mixture was kept 
at ambient room temperature, and another group was kept in 
a freezer at –20°C for at least 48 hours before testing to reach 
a steady-state temperature before testing.1 The compressive 
strength was determined for each mixture by testing three 
cylinders at both room temperature and –20°C according to 
ASTM C39.35 For the abrasion test, the rotating-cutter stan-
dard ASTM C944 method4 was implemented on three faces 
(one from each cubic specimen). This ASTM standard abra-
sion test uses a drill press with a rotating chuck that carries 
10 kg applied directly on the chosen face of cubic samples.4 

The used abrasion test setup is shown in Fig. 1. In this study, 
each face was tested for six intervals (1 minute each) and the 
weight loss was measured after each interval. Besides, the 
wear depth due to abrasion was measured for each face at 
the end of the test (after 6 minutes) using electronic calipers 
having a sensitivity of 0.01 mm.

In this study, piezoelectric AE sensors with an integral 
preamplifier were used.36 During the abrasion tests, one 
piezoelectric sensor was attached to each cube specimen 
using a two-part epoxy adhesive. The AE system monitored 
and recorded the signals being emitted during the abrasion 
testing (refer to Fig. 1 for AE system setup). These sensors 
have high sensitivity and low resonant frequency, making 
them more convenient for multiple applications, including 
metals, fiber-reinforced polymers, and concrete structures.37 
The sensors attached to the specimens were connected to a 
cable and then to a data acquisition system.

AE data filtering
AE data acquisition software was used to record the AE 

data and control the data acquisition system during the tests. 
An amplitude threshold of 40 dB was set to record different 
AE signal parameters emitted during the abrasion testing 
period. A full list of the AE parameters determined in the 
system can be seen in Table 4. The pre-testing analog and 
digital filter ranges shown in Table 4 were selected based 
on a preliminary study completed by the authors to eval-
uate the abrasion damage in concrete using AE analysis.17,29 
The AE data acquisition setup shown in Table 4 has also 
been implemented in other previous studies conducted by 
the authors and allowed the detection of various damage 
mechanisms in concrete.37,38 The collected AE parameters 
included signal amplitude, signal strength, duration, abso-
lute energy, number of hits, rise time, average frequency, 
and peak frequency. A full description of these parameters is 
discussed in ASTM E1316.39

AE data analysis
b-value analysis—The signal amplitudes and number of 

hits of AE signals were collected, filtered, and underwent a 
b-value analysis to evaluate abrasion damage progress for 

Fig. 1—AE and rotating-cutter abrasion test setup.

Table 4—AE system details

AE hardware setup

Threshold 40 dBAE

Sample rate 1 MSPS

Pre-trigger 256 µs

Length 1 k point

Preamp gain 40 dB

Preamp voltage 28

Analog filter 1 to 50 kHz

Digital filter 100 to 400 kHz

Peak definition time 200 µs

Hit definition time 800 µs

Hit lockout time 1000 µs

Maximum duration 1000 µs
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all samples. The b-value is based on seismic equations in 
the first place and was effectively used in many studies to 
indicate the changes in the frequency level of the AE waves 
to assess several damage mechanisms in concrete.40-43 The 
b-value was calculated throughout the abrasion tests for all 
specimens according to Eq. (1)

	 log NA = a – b log A	 (1)

where NA is the number of hits prior to the specific time 
having amplitudes larger than A; A is the signal amplitude of 
the specific hit at the specific time (dB); a is an empirically 
derived constant; and b is the b-value.41-44

The constant a was determined for each specimen by plot-
ting log A against log NA, and the average value of the log NA 
axis intercept was taken as the value of a.

Intensity analysis—In addition to the b-value analysis, an 
intensity analysis was performed on the signal strength of 
the collected AE signals to calculate more parameters that 
could be correlated to the damage and to study the effects 
of varying temperatures, w/b, and fiber type, length, and 
dosage on the AE data characteristics variation. The inten-
sity analysis included calculating two additional AE param-
eters: the historic index (H(t)) and severity (Sr). These two 
parameters are very sensitive to the progress of damage, 
making them convenient for the quantifiable assessment 
of the different damage mechanisms of concrete in several 
different studies.36,43-46 The H(t) could measure any sudden 
peaks or troughs in the cumulative signal strength (CSS) 
versus time and was calculated using Eq. (2)

	​ H​(t)​  =    ​  N _ N − K ​  ​ 
​∑ i=K+1​ N  ​​​S​ oi​​ _ ​∑ i=1​ N  ​​​S​ oi​​

  ​​	 (2)

where N is the cumulative number of hits until time (t); and 
Soi is the signal strength of the i-th event. On the other hand, 
the severity (Sr) was calculated according to Eq. (3)

	​ ​S​ r​​  = ​∑ i=1​ J  ​​ ​ ​S​ oi​​ _ J ​​	 (3)

The Sr value measures any changes in the recorded signal 
strengths, hence highlighting any severe damage or exces-
sive cracking damage. The Sr value was based on the average 
signal strength of the J number of hits. The constants (K and 
J) in Eq. (2) and (3) used in this study were determined based 
on previous studies concerning AE analysis in concrete.44-47

Constant K used in Eq. (2) may affect the magnitude of 
H(t) and subsequently highlight the damage progression 
in terms of capturing any pronounced AE activity. In this  
analysis, K was calculated as follows

	 a) K = 0: if N ≤ 50; b) K = N − 30: if 51 ≤ N ≤ 200;  
	c) K = 0.85 N: if 201 ≤ N ≤ 500; and d) K = N − 75: if N ≥ 501

The previously mentioned ranges of K are dependent on 
the type of the material under testing43-45 and were adapted 
from the first standard AE intensity analysis made by Fowler 
et al.46

The values of J have a similar effect on the Sr that K 
has on H(t). A range of values of J of 25 to 75 has been 

studied to calculate Sr, which was also followed in previous 
studies.27,45,47 In this study, J was set to an average constant 
value of 50 based on an analysis performed in preliminary 
studies conducted by the authors.17,29

EXPERIMENTAL RESULTS AND DISCUSSION
The experimental measurements regarding abrasion 

weight loss and the associated AE parameters collected 
during the abrasion tests are analyzed and discussed in 
further detail in the following sections to assess the abra-
sion performance and reliability of AE analysis. It is worth 
noting that the values of abrasion weight loss measured at 
both room and cold temperatures were found to be close 
to another similar study that adopted the same abrasion 
test.17 The implications of the studied AE parameters are as 
follows: the cumulative number of hits indicates the number 
of cracks induced in concrete, CSS implies both the number 
and width of cracks induced in concrete, the intensity  
analysis parameters (Sr and H(t)) are sensitive to damage and 
cracks progression, and the b-value implies the change in 
the frequency of the AE events (cracks) emitted in concrete, 
hence addressing damage progression.

Validity of built-in and post-processing filters to 
eliminate noise data

A smooth-roller abrasion test was performed on sample 1 
from Mixture 550-SynF38 (M5) at 25°C while being moni-
tored with an AE sensor, as shown in Fig. 2. The smooth 
rollers were adopted to simulate the test conditions and elimi-
nate abrasion action to check the validity of the filter’s ranges 
adopted in this study. The sample’s weight loss for sample 1 
from Mixture M5 was measured after each 1-minute interval 
at both the rotating-cutter and smooth-roller abrasion tests (as 
shown in Table 5). Figure 3 shows two samples “a” and “b” 
of Mixture M5 after 6 minutes of abrasion testing under the 
rotating-cutter and the smooth-roller abrasion test, respec-
tively. The figure shows the significant abrasion damage due 
to the rotating-cutter effect on sample “a”. Meanwhile, sample 
“b” has barely been affected by any abrasion damage due to 
the smooth-roller abrasion test. The associated AE parameters 
emitted at both tests were collected and analyzed, as shown 
in Table 6. As can be noticed in Table 6, the abrasion damage 
induced under the smooth-roller test was negligible compared 
to the damage induced under the effect of the rotating-cutter 
test. For instance, after 6 minutes of abrasion, the sample 
experienced 0.0031% weight loss under the smooth-roller 
test compared to 0.29% under the rotating-cutter test. The 
AE parameters collected by the AE monitoring system expe-
rienced the same pattern. For example, the signal amplitude 
for the hits emitted under the smooth-roller test was approxi-
mately 43 dB, barely exceeding the amplitude threshold in the 
adopted filters (40 dB). Besides, under the smooth-roller abra-
sion test, the collected total number of hits was 24 compared 
to 336 in the case of the rotating-cutter abrasion test. More-
over, the CSS recorded by the end of the test was 0.063 mV.s 
in the case of the smooth-roller test compared to 1.39 mV.s in 
the case of the rotating-cutter test. These results manifest the 
validity of the adopted filter range to eliminate most of the AE 
noise data induced throughout the abrasion test.
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Correlation between abrasion damage and AE 
parameters at cold temperatures

After checking the validity of the adopted filter ranges to 
eliminate most of the noise data, any AE hit and its signal 
strength (energy) recorded by the sensors should be related 
to a crack or damage induced inside the testing sample. 
Hence, the cumulative number of hits or CSS should imply 
the damage severity in the tested samples. It has been 
concluded in a previous study performed by the authors 

that AE parameters can be correlated to abrasion damage of 
fiber-reinforced concrete at room temperature.17,29

Figures 4(a) and (b) show the percentage of weight loss 
throughout the 6-minute rotating-cutter abrasion tests at 
25 and –20°C, respectively. The AE parameters emitted 
throughout the test were collected and analyzed to find 
a pattern that correlates abrasion damage to the corre-
sponding emitted AE signals. Sample S2 (SCC-500-0.55w/b 
mixture) is presented in Fig. 5 as an example of all other 
tested mixtures. Figure 5 shows the changes in the number 
of hits, CSS, b-value, H(t), and Sr versus time of the selected 
sample (S2) tested at –20°C. The change in the percentage of 
weight loss due to abrasion versus time was also displayed 
on each graph for comparison. The sections with smaller 
slopes or that are flat in the graphs of Fig. 5(a) and (b) repre-
sent the time between tests when the abrasion was stopped 
and resumed after each minute to measure the weight loss 
following each 1-minute interval. The graph shows that the 
abrasion damage follows a semi-linear trend in the average 
percentage of weight loss versus time in contrast to the vari-
ations in some of the studied AE parameters.

Figure 5(a) (for the selected S2 sample tested at –20°C) 
shows that the cumulative number of hits increased over 
time throughout the test period. For this sample, the number 
of hits after 1 minute was 68 and increased to reach 376 after 
6 minutes. This AE activity coincided with an increase in the 
percentage of weight loss from 0.09% to reach 0.37% during 
the same period. CSS followed a similar trend to that of the 
number of hits versus time, as seen in Fig. 5(b). Specifically, 
CSS values linearly increased from 161 to 1311 mV.s as the 
abrasion damage increased from 0.09 to 0.37%. In contrast, 
the b-value curve fluctuated over the test and followed 
an overall descending trend as the abrasion weight loss 
increased. For instance, the b-value decreased from 1.8 to 
1.0 in accordance with an increase in the weight loss for the 
same sample from 0.09 to 0.37%, as seen in Fig. 5(c). It is 
worth noting that the locations of the higher fluctuations in 
the b-value chart (Fig. 5(c)) corresponded to the times that 
have higher AE activity (linear increase in the number of hits 
and CSS) and greater abrasion damage.

Similarly, the H(t) magnitudes experienced slightly 
sudden peaks and drops throughout the test while constantly 

Fig. 2—Verification abrasion test setup using smooth roller.

Table 5—Percentage of weight loss after testing sample 2 of mixture 550-SynF38 (M5) at 25°C under 
smooth-roller and rotating-cutter test

Test type

Average weight loss, %

1 min 2 min 3 min 4 min 5 min 6 min

Smooth-roller test 0.0 0.001 0.0018 0.002 0.0024 0.0031

Rotating-cutter test 0.05 0.12 0.17 0.22 0.26 0.29

Table 6—Average percentage of weight after testing sample 2 of mixture 550-SynF38 at 25°C under 
smooth-roller and rotating-cutter test

Test type

Average
signal amplitude, dB Number of hits CSS × 1012, mV.s H(t) Sr, mV.s

1 min 6 min 1 min 6 min 1 min 6 min 1 min 6 min 1 min 6 min

Smooth-roller test 42 44 8 24 0.014 0.063 0.11 0.21 0.11 0.24

Rotating-cutter test 84 81 68 336 0.18 1.39 1.13 1.23 2.06 3.27
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fluctuating at a value of approximately 1.8 with a maximum 
value of 1.92, as seen in Fig. 5(d). The sudden increases 
in the H(t) values coincided with an increased AE activity 
corresponding to the locations of the slope change in the 
CSS variation. All these previous events can be related to 

the rising linear trend in the abrasion damage after each 
test interval. This increased AE activity (in terms of varia-
tion of the values of H(t)) can be attributed to the particle 
exfoliation associated with abrasion damage.17 In contrast, 
Sr spiked in the first testing interval to reach a value of 

Fig. 3—Mixture M5 samples after 6 minutes of testing under: (a) rotating-cutter abrasion test; and (b) smooth-roller abrasion 
test.

Fig. 4—Average percentage of weight loss of all mixtures at: (a) room temperature (25°C); and (b) cold temperature (–20°C).
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1.9 mV.s and showed a gradual increase for the rest of the 
test, reaching its peak value of 2.9 mV.s at the end of the test, 
as seen in Fig. 5(e). The continual increase in the Sr during 
the test could be attributed to the abrasion damage progres-
sion leading to more cracks and AE strain energy release.

Figure 6 displays the b-values obtained by the end of 
each testing interval, at which the b-value almost reached 
the minimum value. The figure displays the relationship 
between b-value and weight loss percentage for the same 
mixture (S2) tested at room and –20°C. It is shown that the 
increase in the weight loss due to abrasion was accompanied 
by an almost linear decline in the b-value. These relation-
ships of the S2 sample (presented in Fig. 6) also indicate 
the existence of a correlation between abrasion damage and 
b-value at both cold and room temperatures.

On the other hand, the values of signal amplitudes for the 
same sample (S2 sample tested at –20°C) throughout the 
test were analyzed and found to experience insignificant 
changes in accordance with the damage progression, except 
for a slight increase in the amplitude values for samples 
tested at cold temperature compared to those tested at room 
temperature. For example, for sample SCC-500-0.55w/b-S2, 

the average amplitude values corresponding to each testing 
interval from 1 to 6 minutes were 87, 88, 88, 86, 87, and 
88  dB, respectively. Other samples tested in this study 
showed a similar trend in the variations in the previously 
noted AE parameters, as the sample graphed in Fig. 5 and 
6 demonstrates. Subsequently, it can be concluded that the 
analysis of these AE parameters could be used as a tool to 
identify the abrasion damage progress in the tested mixtures 
regardless of temperature. The values of the selected AE 
parameters (number of hits, CSS, b-value, H(t), Sr) at the 
end of the first and last 1-minute intervals were summarized 
in Table 7. The AE parameters in Table 7 were used on a 
comparative basis to assess the abrasion resistance of the 
tested SCC mixtures, as discussed in the following sections.

Effect of cold temperature on abrasion 
performance and AE data

Lab measurements and the collected AE parameters 
supported that cold temperature generally enhanced the 
compressive strength and abrasion resistance of all mixtures, 
as displayed in Fig. 7 and Tables 3, 7, and 8. For example, 
experimental measurements showed that Mixture M1 

Fig. 5—Variations in AE parameters for 500-0.55w/b (S2) tested at cold temperature: (a) number of hits; (b) CSS; (c) b-value; 
(d) H(t); and (e) Sr.
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experienced 24% less weight loss when tested at –20°C 
compared to room temperature (25°C) after 6 minutes of 
abrasion. Similarly, the reduction in weight loss was 14% 
for M2, 13.7% for M3, 8.3% for M4, 14.3% for M5, 7.4% 
for M6, and 14.3% for M7 compared with room tempera-
ture. In terms of wear depth, as expected, lab testing showed 
a decrease of 16% for M1, 6% for M2, 12% for M3, 19.3% 
for M4, 13% for M5, 11.5% for M6, and 13% for M7 at 
cold temperature versus room temperature. The values of 
abrasion mass loss rate (g/min) listed in Table 3 confirm 
the same observations. For instance, the rate of mass loss 
for the mixtures when tested at cold temperature compared 
to room temperature dropped from 1.63 to 1.27 g/min for 
Mixture M1 and from 1.29 to 1.17 g/min for Mixture M3. 
This behavior could be attributed to the fact that when water 
in pores began to freeze, the strength increased because the 
capillary pores were filled with a solid substance, which 

added an extra load-bearing capacity.1 The effect of variation 
in the compressive strength of the tested mixtures was also 
considered by presenting the values of normalized mass loss 
with respect to the compressive strength in Table 3.

Another reason is that the ice may have bridged the cracks 
and limited crack growth in the matrix, which can add more 
strength to the concrete matrix. The shrinkage of concrete at 
–20°C may also have positively affected the bond between 
the fibers and the hardened cementitious matrix,1 which 
is another reason that may have contributed to increasing 
the strength at cold temperatures. The aforementioned 
reasons could be further confirmed by the result of mixture 
500-0.55w/b (M1), which had the highest w/b compared to 
all other tested mixtures. This mixture experienced the most 
pronounced enhancement ratio in the abrasion resistance 
when frozen (24% reduction in weight loss and 16% reduc-
tion in wear depth).

Fig. 6—Relation between b-value and weight loss for 550-0.55w/b (S2) at cold and room temperatures.

Table 7—Average values of AE parameters after 1- and 6-minute abrasion testing of all samples at room 
and cold temperatures

Mixture 
No. Mixture type

Testing 
temperature

Average signal 
amplitude, dB Number of hits

CSS × 1012, 
mV.s H(t) Sr, mV.s b-value

1 min 6 min 1 min 6 min 1 min 6 min 1 min 6 min 1 min 6 min 1 min 6 min

M1 500-0.55w/b
Room 85 85 104 604 0.29 1.91 1.77 2.72 2.62 4.08 1.43 0.94

Cold 87 86 95 532 0.21 1.29 1.52 2.55 2.45 3.73 1.88 1.07

M2 500-0.4w/b
Room 87 83 96 519 0.26 1.85 1.70 2.51 2.55 3.85 1.8 1.15

Cold 84 86 83 506 0.15 1.11 1.56 2.0 2.40 3.41 1.85 1.63

M3 550-control
Room 81 82 81 381 0.24 1.8 1.49 1.45 2.14 3.81 1.88 1.32

Cold 84 86 66 367 0.14 1.28 1.54 1.29 2.25 3.35 2.0 1.39

M4 550-SynF19
Room 80 78 68 341 0.17 1.21 0.95 1.05 1.94 3.22 2.83 1.91

Cold 86 87 57 327 0.13 1.06 0.92 1.03 1.83 2.72 2.97 1.99

M5 550-SynF38
Room 84 79 61 345 0.2 1.37 1.09 1.2 2.05 3.29 2.42 1.71

Cold 83 85 60 337 0.18 1.13 1.03 1.17 1.94 3.11 2.71 1.83

M6 550-1%SynF38
Room 87 84 55 321 0.18 1.29 1.39 1.18 2.75 2.92 2.48 1.83

Cold 87 85 47 309 0.14 1.09 0.98 1.14 1.79 2.83 2.81 1.95

M7 550-SF35
Room 87 85 54 336 0.17 1.11 0.96 1.14 1.92 2.69 2.60 1.85

Cold 87 85 51 318 0.13 1.07 1.01 1.13 1.66 2.37 2.71 1.91
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The same behavior could be found from the AE collected 
parameters shown in Table 7. For example, the reduction in 
weight loss due to freezing of the 500-0.55w/b mixture (M1) 
was accompanied by an average reduction of 12% in the 
number of hits, 32.5% in CSS, 43% in H(t), and 13.5% in Sr, 
and an average increase of 13.8% in b-value. Concerning the 
signal amplitudes, there was a slight increase in the average 
signal amplitudes for samples tested at –20°C compared 
with those at room temperature, as shown in Fig. 8. This 
amplitude trend could be attributed to the fact that water 
inside the pores turned into ice and decreased signal attenu-
ation. Another reason could be that cooling down samples to 
–20°C was accompanied by higher strength and more brittle 
behavior, resulting in higher values of strain energy released 
during damage progress.

Effect of w/b on abrasion performance and AE 
data at room and cold temperatures

Two SCC mixtures were developed with two different 
w/b, 0.4 and 0.55 (M1 and M2). The results in Table 3 indi-
cated that increasing the w/b negatively affected the abra-
sion wear depth at normal temperatures. The cold tempera-
ture, however, alleviated these reductions. Samples with a 
higher w/b (0.55) experienced a more pronounced enhance-
ment ratio in the abrasion resistance when cooled down to 
–20°C. For instance, Mixture M2 (0.4 w/b) experienced a 

weight loss of 0.36% compared to 0.42% for Mixture M1 
(0.55 w/b) when tested at room temperature, while Mixture 
M2 (0.4 w/b) experienced weight loss of 0.31% compared 
to 0.32% for Mixture M1 (0.55 w/b) when tested at cold 
temperature. Regarding wear depth, Mixture M2 (0.4 w/b) 
experienced 1.04 mm compared to 1.21 mm for Mixture M1 
(0.55 w/b) when tested at room temperature. On the other 
hand, Mixture M2 (0.4 w/b) experienced 0.98 mm compared 
to 1.02 mm for Mixture M1 (0.55 w/b) when tested at cold 
temperature. This enhancement ratio in the abrasion resis-
tance of mixtures with a higher w/b at cold temperature 
could be related to the fact that more water converted to ice 
in higher w/b mixtures, which filled the microcracks in the 
matrix. This led to a relatively higher strength, as discussed 
in the previous section, “Effect of cold temperature on abra-
sion performance and AE data.”

The same behavior in the abrasion performance could be 
noticed from the AE parameters values (refer to Table 7). 
For example, when testing at room temperature, increasing 
the w/b from 0.4 (M2) to 0.55 (M1) yielded an average 
increase of 16% in the number of hits, 3% in CSS, 8% in 
H(t) values, and 6% in Sr, and a decrease of 18% in b-value, 
indicating lower abrasion resistance. On the other hand, 
increasing the w/b at –20°C resulted in an increase in the 
number of hits of 5%, 16% in CSS, 27% in H(t), 6% in Sr, 

Fig. 7—Average percentage of weight loss of all samples after 6 minutes of abrasion at room and cold temperatures.

Table 8—Average percentage of weight loss after testing at room and cold temperatures for all samples

Mixture 
No. Mixture type

Average weight loss, %

1 min 2 min 3 min 4 min 5 min 6 min

Room Cold Room Cold Room Cold Room Cold Room Cold Room Cold

M1 500-0.55w/b 0.11 0.08 0.19 0.15 0.26 0.19 0.32 0.23 0.37 0.27 0.42 0.32

M2 500-0.4w/b 0.10 0.06 0.17 0.11 0.23 0.16 0.27 0.20 0.31 0.25 0.36 0.31

M3 550-control 0.08 0.06 0.12 0.10 0.16 0.14 0.21 0.18 0.26 0.23 0.33 0.29

M4 550-SynF19 0.06 0.04 0.11 0.08 0.15 0.12 0.18 0.15 0.21 0.18 0.24 0.22

M5 550-SynF38 0.06 0.04 0.12 0.09 0.16 0.13 0.22 0.16 0.25 0.19 0.28 0.24

M6 550-1%SynF38 0.05 0.04 0.11 0.09 0.15 0.12 0.22 0.20 0.24 0.20 0.27 0.22

M7 550-SF35 0.05 0.04 0.08 0.07 0.12 0.10 0.15 0.13 0.17 0.15 0.21 0.18
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and a decrease in b-value of 34%, indicating slightly lower 
abrasion resistance.

Effect of fibers on abrasion performance and AE 
data at room and cold temperatures

A control SCC mixture without fibers (M3) was  
developed, and four other mixtures (M4 to M7) including 
different types, lengths, and volumes of fibers were included 
and tested at room and cold temperatures for comparison. 
The results in Tables 7 and 8 showed an overall improve-
ment in the abrasion performance for the different fiber- 
reinforced mixtures compared to the control mixture, irre-
spective of temperature. For instance, the control mixture 
without fibers (M3) experienced an average weight loss of 
0.33% and 0.29% at room and cold temperatures, respec-
tively, while these numbers were 0.27% and 0.23% (on 
average) in mixtures containing fibers (M4 to M7). Similarly, 
the control mixture without fibers (M3) showed average wear 
depths of 0.82 and 0.72 mm at room and cold temperatures, 
respectively, and these numbers were 0.52 and 0.42 mm (on 
average) in mixtures containing fibers (M4 to M7).

The same enhancement in the abrasion performance could 
be noticed from the AE parameter values (refer to Table 7). 
For example, incorporating fibers in the mixtures (M4 to 
M7) yielded an average decrease of 13.4% in the number 
of hits, 30.5% in CSS, 21.4% in H(t) values, and 20.4% in 
Sr, and an increase of 37% in b-value for fiber-reinforced 
mixtures compared to the results of the control mixture (M3) 
at –20°C. This result could be attributable to the fact that 
fibers provide more crack control and prevent particles from 
pulling out as a result of abrasion. Besides, the shrinkage of 
concrete under cold temperature promoted the bond between 
fibers and the surrounding matrix.1

Effect of fiber volume on abrasion and AE data at 
room and cold temperatures

The study included two mixtures containing the same fiber 
type and length at different dosages: 0.2 and 1% (M5 and 
M6, respectively). The results in Tables 3 to 8 indicate that 
increasing the fiber volume yielded slightly lower values of 
weight loss and wearing depth under both cold and room 
temperatures, indicating better abrasion resistance. For 

example, Mixture M5 with 0.2% fibers experienced mass 
losses of 0.28% and 0.24%, and wear depths of 0.62 and 
0.54 mm at room and cold temperatures, respectively. Alter-
natively, Mixture M6 (with 1% fibers) showed 0.27% and 
0.22% mass loss, as well as 0.52 and 0.46 mm wear depths 
at room and cold temperatures, respectively. This enhance-
ment in the abrasion resistance could be attributed to the 
additional crack control accompanied by using higher fiber 
volumes.

The previous experimental results were further confirmed 
by analyzing the calculated AE parameters shown in Table 7. 
For example, when tested at –20°C, increasing the fiber 
volume from 0.2 to 1% was accompanied by a reduction in 
the number of hits from 337 to 309, in CSS from 1130 to 
1090 mV.s, in H(t) from 1.17 to 1.14, and in Sr from 3.11 to 
2.83, and an increase in b-value from 1.83 to 1.95 (which 
indicates an improved abrasion resistance when a higher 
volume of fibers was used).

Effect of fiber type on abrasion and AE data at 
room and cold temperatures

Two types of fibers were used in this investigation: 
38 mm polypropylene SynFs (M5) and 35 mm SFs (M7). 
For Mixture M5, the average percentages of abrasion weight 
loss at room and cold temperatures were 0.28% and 0.24%, 
respectively. These numbers dropped to 0.21% and 0.18%, 
respectively, when using SFs (M7), indicating better abra-
sion resistance. Similarly, in the mixture with polypropylene 
SynFs (M5) the average wear depths were 0.62 and 0.54 mm 
at room and cold temperature, respectively, and these 
numbers also dropped to 0.46 and 0.40 mm, respectively, 
in the mixture with SFs (Table 3). These results show that 
the SF mixture encouraged better abrasion resistance than 
polypropylene SynF at both room and subzero temperatures.

The calculated AE parameters showed a similar trend 
to that observed from the experimental results for the two 
mixtures. For example, in the case of the SF mixture, the 
average values of the number of hits, CSS, H(t), and Sr were 
lower, and the average b-values were higher than in the case 
of the polypropylene SynF mixture. The average magni-
tudes of these parameters in the same order were 336, 1110 
mV.s, 1.14, 3.65, and 1.85 at room temperature and 318, 

Fig. 8—Average signal amplitude values of all samples at room and cold temperatures.
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1070 mV.s, 1.13, 3.11, and 1.91 at –20°C for the SF mixture 
compared to 345, 1370 mV.s, 1.2, 3.81, and 1.71 at room 
temperature and 337, 1130  mV.s, 1.17, 3.31, and 1.83 at 
–20°C for the polypropylene SynF mixture, as seen in Table 
7. Unlike other AE parameters, the signal amplitude did not 
show a significant difference when fiber materials changed 
from steel to polypropylene, and hence no attenuation effect 
was detected. This conclusion is limited to the fiber content 
used in this study (0.2%).

Effect of fiber length on abrasion and AE data 
under different temperatures

Two SCC mixtures were developed with two different 
lengths of polypropylene SynF (19 and 38 mm). Experi-
mental measurements showed that shorter fiber enhances 
the abrasion resistance compared to longer fiber, irrespec-
tive of sample temperature. At room and cold temperatures, 
the 19  mm fiber mixture (M4) experienced an average 
percentage of weight loss of 0.24% and 0.22%, respec-
tively, compared to 0.28% and 0.24% in the mixture with 
38 mm fibers (M5). Also, at room and cold temperatures, 
the 19 mm fiber mixture (M4) had average wear depths 
of 0.57 and 0.46  mm, respectively, compared to 0.62 and 
0.54 mm, respectively, in the 38 mm fiber mixture (Tables 3 
and 8). This result could be attributed to the increased value 
of compressive strength as a result of decreasing the fiber 
length, as can be seen in Table 3. Another significant reason 
could be that, at the same volume of fiber (0.2%), increasing 
the fiber length reduces the number of fibers distributed in 
the mixture, which leads to a lower effect on controlling the 
crack growth or confining the concrete.

The analyzed AE parameters, including the number of 
hits, CSS, b-value, H(t), and Sr showed a similar trend, as 
expected (Table 7). For instance, changing the fiber length 
from 19 to 38 mm yielded a 4% higher average number of 
hits, 13% higher average CSS, 14% higher average H(t), 
3% higher average Sr, and 11% lower average b-value at 
room temperature (which matched an increase in the mass 
loss due to abrasion). At –20°C, the collected AE parame-
ters of the 38 mm mixture reported a 3% average increase 
in the number of hits, 7% average increase in CSS, 13% 
average increase in H(t), 2% average increase in Sr, and 8% 
average decrease in b-value, compared to the 19 mm fiber 

counterpart mixture. It is worth noting that the 38 mm fiber 
mixture witnessed a more pronounced enhancement ratio in 
the abrasion resistance when frozen compared to the 19 mm 
mixture. For instance, the 38 mm mixture witnessed a 14.3% 
decrease in the mass loss compared to an 8% decrease for the 
19 mm fiber mixture when decreasing the sample tempera-
ture to –20°C. This result could be attributed to the improved 
bond strength between the fibers and cement matrix due to 
concrete shrinkage at freezing temperature, and this effect is 
more pronounced in longer fibers compared to shorter ones. 
The AE signals amplitude witnessed no significant change 
as a result of changing the fiber length in the polypropylene 
SynF mixtures, as can be seen in Fig. 8.

Damage quantification charts using AE intensity 
analysis parameters

One of the major targets of this study was to evaluate 
the extent of abrasion damage in various fiber-reinforced 
concrete mixtures through the analysis of AE characteristics 
throughout the tests. Two damage quantification charts were 
developed in terms of weight loss and wear depth (Fig. 9 and 
10, respectively) using the H(t) and Sr values at the end of the 
abrasion test for all mixtures. These charts were developed 
by combining the calculated AE intensity analysis parame-
ters and experimental results presented in Tables 3, 7, and 8 
at both cold and room temperatures. Using the pair of values 
of the H(t) and Sr, resulting from the intensity analysis, the 
user can predict the range of mass loss percentage as well as 
the wear depth from the charts in Fig. 9 and 10. The mass 
loss attained from all tested mixtures falls into three ranges: 
0.15 to 0.24%, 0.25 to 0.34%, and 0.35 to 0.45%, as seen 
in Fig. 7. Likewise, the wear depth values in Fig. 10 were 
classified into three groups: 0.38 to 0.64, 0.65 to 0.91, and 
0.92 to 1.26 mm. For example, if the calculated values of 
H(t) and Sr were 1.6 and 3.5 mV.s, respectively, the predicted 
mass loss would be in the range of 0.25 to 0.35%, and the 
predicted wear depth would be 0.65 to 0.91 mm (Fig. 9 and 
10). It is worth noting that these charts are limited to the 
range of mixture compositions used in this study tested at 
room temperature (25°C) and –20°C. Further studies on 
various SCC mixtures reinforced with other types, lengths, 
and volumes of fibers are recommended to refine the abra-
sion damage prediction charts presented herein.

Fig. 9—Percentage of weight loss quantification chart.
Fig. 10—Wear depth quantification chart.
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CONCLUSIONS
The scope of this study was to evaluate the abrasion perfor-

mance at subzero temperatures of various concrete mixtures 
reinforced with different types, lengths, and dosages of 
fibers and different water-binder ratios (w/b). Cubic samples 
were tested using the rotating-cutter abrasion method along 
with piezoelectric sensors to collect the acoustic emission 
(AE) signals generated during the tests. It should be noted 
that the scope of the current paper focused on the laboratory 
examination of the application of AE monitoring. For the 
potential implementation in the field, further verifications 
are warranted to confirm the effectiveness of the studied AE 
parameters for the condition evaluation of existing structures 
undergoing continuous structural health monitoring (SHM) 
using the AE technique.

1. The AE parameters, including the number of hits, 
cumulative signal strength (CSS), H(t), Sr, and b-value, 
were found to be directly correlated to the abrasion damage 
at both cold and room temperatures. Upon comparing the 
experimental and AE results, it was noticed that the increase 
in both mass loss and wear depth was accompanied by an 
overall increase in the number of hits, CSS, and Sr and by an 
overall decrease in the b-values. The values of H(t) fluctu-
ated over the test period at a specific value as an indication 
of the propagation of the abrasion damage.

2. Adding different types, lengths, or volumes of fibers 
or changing the w/b did not seem to significantly affect the 
AE signal amplitude as they fluctuated with no recognizable 
pattern at both subzero and room temperatures. However, it 
was noticed that the signals collected at subzero temperatures 
seemed to have slightly higher average amplitudes than those 
obtained at room temperature. The other studied AE parame-
ters (number of hits, CSS, H(t), Sr, and b-value) were found to 
be more sensitive to the abrasion damage progression regard-
less of concrete mixture design or testing temperature.

3. All tested mixtures experienced an overall enhancement 
in their abrasion performance when tested at cold tempera-
ture (–20°C) compared to their abrasion performance at room 
temperature. In addition, the improvement of the abrasion 
resistance due to cold temperature was more pronounced in 
mixtures with a higher w/b (0.55) compared to ones with a 
lower w/b (0.4).

4. Using a higher volume of fibers in the mixture resulted 
in a slight increase in the abrasion resistance in terms of mass 
loss and wear depth at both cold and room temperatures 
compared to the counterpart mixture with a lower volume. 
This could be attributed to the enhanced crack control in the 
higher-fiber-volume mixture compared to the lower-fiber-
volume mixture.

5. Using steel fibers in the mixture improved the abrasion 
performance (lower values of mass loss and wear depth) 
compared with using polypropylene synthetic fibers at both 
cold and room temperatures. The analysis of the values of 
the calculated AE parameters throughout the tests supported 
the same outcome.

6. Increasing the length of fibers led to higher average 
values of mass loss and wear depth compared to mixtures 
with shorter fibers at both cold and room temperatures, indi-
cating lower abrasion resistance. The retrogression in the 

abrasion resistance of mixtures with longer fibers versus 
those with shorter fibers matched an increase in the values 
of the number of hits, CSS, H(t), and Sr, and a decrease in the 
b-value. On the other hand, the mixture with longer fibers 
experienced a more significant enhancement in the abrasion 
performance when cooled down to –20°C compared to that 
with shorter fibers.

7. The results of this study supported the sensitivity of 
the AE analysis to assess the abrasion damage of various 
mixtures with and without fibers at cold temperatures. This 
study also proposed damage prediction charts that could 
facilitate the application of AE monitoring to classify the 
abrasion wear extent. The charts were developed based on 
the AE intensity analysis parameters together with the abra-
sion mass loss and wear depth of all samples tested at room 
and cold temperatures.
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The aim of this study was to determine the effect of different 
amounts of filler on concrete properties. An experimental approach 
has made it possible to develop a construction product made from 
limestone dust, which is considered waste. This paper presents an 
experimental study on the prospects of using a mixture of waste 
limestone powder for the manufacture of an economical and light-
weight composite as a building material.

This paper also presents the results of research on the possi-
bility of using limestone dust as an aggregate in the production 
of concrete with lightweight aggregates. In this way, different 
amounts of limestone dust were used. Tests were conducted on 
concrete to replace 30, 50, and 70% by weight of coarse aggregate. 
The mechanical properties of concrete mixtures with high propor-
tions of limestone dust were examined. The achieved compressive 
strength, flexural strength, and unit weight correspond to current 
international standards.

Keywords: compressive strength; lightweight aggregate concrete; lime-
stone powder wastes; unit weight.

INTRODUCTION
Concrete is a three-phase composite material made of 

cement paste, aggregates, and an aggregate/cement paste 
interface.1 Lightweight concretes (LWCs) are cementitious 
conglomerates with a bulk density ranging between 300 and 
2000 kg/m3, sensibly inferior to that of an ordinary concrete 
(usually among 2200 and 2600 kg/m3). LWC is classified by 
ACI Committee 213 into three categories according to its 
strength and density (Table 1).

Lightweight aggregate concrete (LWAC) reduces building 
costs, eases construction, and has the advantage of being a 
relatively green building material.1 These concretes are used 
in the manufacture of low-density reinforced structures. The 
reduced bulk density of a LWC is due to the addition of a 
void pattern in the concrete mixture. To achieve this result, 
three different methods are followed:

1. Replacing the aggregates with natural or artificial light-
weight inert matter characterized by high porosity;

2. Using an inert matter constituted by small polystyrene 
balls; and

3. Adding pre-formed foam or substances that can release 
gases in an alkaline environment.2

A wide variety of natural and artificial lightweight aggre-
gates are used in the manufacture of mortar and concrete. The 
use of natural lightweight aggregates instead of processed 
artificial aggregates can significantly reduce the cost of such 
concretes.3 Aggregates are the weakest component of the 
concrete composite. The higher the strength of the aggre-
gate, the higher the strength of concrete.1

The advantages of using lightweight aggregate in concrete 
include:

1. Reduction in dead weight resulting in small foundation 
sizes and a lighter and smaller upper structure, which can 
lead to a reduction in the amount of cement and possibly a 
reduction in reinforcement;

2. Lighter and smaller prefabricated elements requiring 
smaller and more expansive handling and transport 
equipment;

3. Reduced dimensions of pillars and slabs, and beams 
with consequently better accessibility to spaces;

4. High thermal insulation; and
5. Greater fire resistance. In addition, offshore structures 

used for oil production require lightweight components.
The incorporation of lightweight aggregates in concrete 

conserves natural resources and increases the use of indus-
trial by-products, making the most significant potential 
benefit of lightweight aggregates for concrete its environ-
mental impact. These benefits include the following:

1. Efficient use of lightweight materials4,5;
2. Assisting with protecting natural and rare raw materials 

of coarse aggregates and sand;
3. Protection of the landscape, riverbeds, and beaches 

from the destructive activities of rock quarrying;
4. Manufacturing of aggregates much lighter than natural 

ones; and
5. Development of an industry with export potential to 

other countries.
Much research has been done on the reuse of many types 

of wastes that damage the environment and create complex 
problems. Important research efforts have been devoted to 
industrial by-products (fly ash, blast furnace slag, microsilica, 
and so on) and natural resources (limestone, pozzolana, and 
so on) as fractional replacements for coarse aggregates.6-11 
These materials can help protect the environment by recy-
cling by-products and reducing the use of natural aggre-
gates. Lime powders are plentiful and can be used in many 
applications as they are cheaper and less polluting.

Limestone dust is described by its chemical properties 
(grain size, CaCO3 content). Impurities such as clay, sulphate, 
quartz, and dolomite can affect the properties of mortars and 
concrete.12 At the moment, limestone blocks extracted from 
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quarries are cut into smaller, suitable sizes that can be used 
as building materials. Limestone processing, which includes 
the manufacture of quarried limestone, generates 20% of 
limestone dust (LPW). Disposal of LPW causes dust, envi-
ronmental problems, and pollution due to its fine nature. It 
pollutes the air during summer and spring storms, leading 
to serious health risks such as asthma. The industry suffers 
from the accumulation of LPW due to storage costs.

For ultra-lightweight LPW concretes, it makes sense to 
vary the proportion in the mortar or concrete for structural 
and non-structural applications.13 The use of limestone dust 
in concrete has increased in recent years. A further increase 
in the use of limestone for these purposes is to be expected. 
Limestone is used for low- and high-performance concrete.14 
The use of limestone dust as an aggregate in its natural form 
has made it possible to tolerate a new cheap, lightweight, and 
environmentally friendly composite material. The influence 
of limestone dust on fresh concrete and hardened concrete 
properties has already been reported.15,16 This paper pres-
ents the research work carried out on the properties of this 
new composite material containing different concentrations 
of 30, 50, and 70% at 28, 90, and 180 days. Substituting 
limestone dust as aggregate in test samples reduces unit 
weight. The tests determined compressive strength, flex-
ural strength, Young’s modulus, density, and Poisson’s ratio 
of the limestone dust samples. Because LWC represents a 
cost-effective alternative to other construction methods, its 
use can become economical.

RESEARCH SIGNIFICANCE
This work examined the LPW mixture to produce a cheap 

and lightweight composite as a building material. The tests 
were conducted on concrete to replace 30, 50, and 70% by 
weight of coarse aggregate. The mechanical properties of the 
concrete comply with international standards.

This work is significant in that it will show how waste 
disposal technology can convert the cause of social and 
environmental disasters into a natural resource for use 
in post-construction projects. It has been confirmed that 
LPW can be used as a raw material to produce cement and 
concrete. LPW is available and can be used in Algeria as 
a natural lightweight aggregate. A research program was 
undertaken to study the comparative properties of concrete 
using LPW as a lightweight coarse aggregate.

EXPERIMENTAL PROCEDURE
The materials used in the prepared concrete mixtures are 

Algerian materials. The physical properties of materials are 
presented in References 15 and 16. The LPW coming from 
the quarry in East Algeria is subject to the NF P18-508 stan-
dard.17 Its CaCO3 content is higher than 98%. The specific 
surface is approximately 3000 cm2/g and the characteristic 
size of the particle is 29 μm on average.

Three mixtures were used (Table 2); in all mixtures, the 
proportions by weight of cement and sand were constant. 
Aggregates are used dry (without prior impregnation). The 
order of introduction of the different materials follows the NF 
P18-404 standards.18 Three 16 x 32 cm cylindrical samples 
were melted for each fraction. The samples remained in the 
molds for the first 24 hours and were then removed and air 
dried.

Development of compressive strength, flexural strength, 
Young’s modulus, and Poisson’s ratio of LPW concrete were 
tested up to approximately 180 days (Table 3).

Table 2—Mixture proportions by weight

Fraction of limestone, %

Mixture proportion by weight

Coarse aggregates (3/8), kg/m3 w/cCement, kg Sand (0/3), kg Limestone dust (20 m), kg/m3

30 350 691.60 311.22 726.18 0.57

50 350 691.60 518.70 518.70 0.65

70 350 691.60 726.18 311.22 0.73

Table 3—Density, compressive strength, flexural 
strength, modulus of elasticity, and Poisson’s ratio 
results

Properties
Fraction of 

limestone, % 28 days 90 days 180 days

Density, kg/m3

30 2075 2027 2020

50 2027 2020 1951

70 2013 1942 1936

Compressive 
strength, MPa

30 31 23 19

50 30 19 17

70 27 16 13

Flexural 
strength, MPa

30 6.39 6.12 6.02

50 5.89 5.75 5.61

70 5.61 5.44 5.24

Modulus of 
elasticity (E), 

GPa

30 36 26 25

50 26 24 20

70 22 20 17

Poisson’s ratio 
(γ)

30 0.18 — —

50 0.16 — —

70 0.15 — —

Table 1—Spectrum of lightweight concrete

Low strength Moderate strength Structural

Density, kg/m3 250, 500, and 700 1000, 1250, and 1400 1500, 1750, and 2000

Strength, N/mm2 0.7 to 2 2 to 14 17 to 41
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RESULTS AND DISCUSSIONS
Dry density

In addition to the density of the aggregates, the density of 
the concrete also depends on the grain size of the aggregates, 
their moisture content, mixing ratios, cement content, water-
binder ratio (w/b), mineral admixtures, and so on. Besides 
the material, it also depends on the compaction method, 
curing conditions, and so on.19

The 28-day density range for dry limestone dust was 
2075 kg/m3 for 30%, 2027 kg/m3 for 50%, and 2013 kg/m3 
for 70% of coarse aggregates replacement (Fig. 1). These 
values correspond to LWC bulk densities between 550 and  
2200 kg/m3 for the replacement of limestone dust with 
normalweight aggregate13 or structural LWC bulk densi-
ties between 1400 and 2100 kg/m3.20 The excellent proper-
ties of LWAC can be attributed to the physical and chem-
ical interactions between the cement mortar and aggregate. 
The porous structure of the lightweight aggregates particles 
allows the cement gel to grow on the surface of the aggre-
gate and improves its physical bonding.21 The chemical 
reaction strengthens the bond. These interfacial physical and 
chemical processes between the cement mixture and aggre-
gate surface contribute to the overall strength of the LWAC.

The identified physical process was densification of the 
interfacial transition zone after absorption of the aggregate. 
The internal moisture of the LWAC is maintained at a higher 
level for a longer period, resulting in a fully hydrated cement 
mixture. Thus, under less-favorable conditions, the proper-
ties of LWAC would be at least as good if not better than a 
similar class of ordinary concrete. In addition, the modulus 
of elasticity of lightweight aggregates is largely compatible 
with that of cement mortar; this reduces the tendency for 
microcracks. In addition, the combination of low thermal 
expansion and high resistance to deformation means that 
LWAC is significantly less prone to cracking under thermal 
stress conditions. Considering this, the long-term strength 
and durability development of LWAC is expected to be equal 
to, if not better than, that of normalweight concrete.21

The weight savings are approximately 14% at 30%, 
15% at 50%, and 16% at 70% by replacing coarse aggre-
gate compared to normal 2400 kg/m3 concrete. This means 
that seismic forces are reduced by 14, 15, and 16%.22 The 

reduced bulk density of a LWC is due to the addition of a 
void pattern in the concrete mixture.

The density decreased with increasing water-cement ratio 
(w/c) (increasing limestone dust content) (Fig. 1). The water 
content increases with the increasing w/c value. In addi-
tion, the amount of free water trapped in the pores of the 
paste evaporates; the effect is to increase the pore size and 
porosity of the cement mixture and thus reduce the weight 
of the resulting concrete.22 The decrease in density with 
increasing age is due to the targeted opening of the pores 
with a slight increase in total porosity. The increased water 
absorption uptake is due to the increased permeability of the 
pore space, which provides a space to be filled with water, 
and the increased permeability of the hardened paste. Drying 
is a phenomenological process to which most concrete struc-
tures are subjected during use, the mechanism of which 
forces the water contained in the pores to move the drying 
surface. The moisture content of concrete therefore varies 
both spatially and temporally.

Compressive strength
LWCs are classically characterized by their density. This 

parameter depends on both the porosity and density of the 
matrix; the density gives inaccurate information about the 
quantitative aspect of the porosity.

The relationship between density and mechanical proper-
ties is a common approach used for lightweight concretes. 
The change in strength as well as the change in the compo-
sition parameters results from the porosity.23 In general, the 
lower the density (Fig. 1), the lower the strength (Fig. 2).

Figure 2 shows the compressive strength results. With 
increasing LPW content, the compressive strengths 
decreased in all test ages. The compressive strengths at 
28 days were 12 to 82% higher than the required minimum 
strength of 17 MPa for structural LWC.24 In some structural 
applications, such as tall buildings and long-span bridges, 
the unit weight of concrete is almost as important as its 
strength. Reducing unit weight without reducing strength, 
or increasing strength without increasing unit weight, allows 
reduced cross sections and spans, increasing the percentage 
of space in structures and reducing the amount of concrete 
required.

LWC is typically 25 to 35% lighter but comparable 
in strength to ordinary concrete.25 The 28-day compres-
sive strength (Fig. 2) decreases as the proportion of LPW 
increases, because the coarse gravel aggregate is replaced 
by LPW.

All series with LPW developed strength more than 
15  MPa. The values range from 19 to 31 MPa and meet 
the criteria for semi-lightweight structural concrete.26 The 
greater relative strength gain of the 30% substitution is 
due to better bonding between lightweight aggregates and 
the binder paste. A lower w/c is typically required for light-
weight aggregates to achieve sufficient strength.27

However, LPW of lower strength can be used to manu-
facture lightweight building blocks.3 Much lighter LPW 
concrete can be obtained by partial or full replacement of fine 
aggregates as well as full replacement of coarse aggregates 

Fig. 1—Density of hardened concrete versus age.
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by using a combination of fine and coarse LPW,28 according 
to the particle size requirements suggested by ASTM C330.

Figure 2 shows the development of compressive strength 
with LPW content at 28, 90, and 180 days of concrete age. As 
expected, a decrease in compressive strength was observed, 
with increasing limestone dust exchange rate. An increase of 
LPW leads to the formation of an excess of fine-grained frac-
tion, which begins to displace cement grains, which leads 
to unpacking and leads to a significant decrease in strength. 
The cement paste is trapped in the pores on the surface of the 
lightweight aggregates. The pores surface allows the cement 
slurry to interlock to form a better interfacial bond between 
the aggregate and mortar at the interface.29

Concrete is a three-phase composite whose properties 
depend on the properties of the lightweight aggregate, 
hardened cement paste, and the interface zone. In the inter-
face zone, the surface area of the pores increases while the 
strength of concrete decreases. It has been found that an 
increase of lightweight aggregate leads to the formation of 
an additional porous interfacial zone, which influences the 
strength of the concrete.30

On the other hand, it has been found that the lightweight 
air-dried aggregates incorporated into the concrete mixture 
can absorb more than 20% of the mixture water. So, the 
high absorbency after air-drying of a lightweight aggregate 
reduces the free w/c for the initial phase of the hydration 
reaction resulting in higher strength development, which 
would occur at an early age,15 while the long aging strength 
is unfavorable (Fig. 2).31 In practice, an increase in the w/c 
may be necessary, which can affect the porosity, mechanical 
properties, and durability.12

Elastic modulus
The modulus of elasticity of concrete is a basic mechanical 

parameter for the design and assessment of concrete struc-
tures. Figure 3 presents the results of the Young’s modulus 
elasticity E tests. Each value presented is the average of 
three measurements. The results confirmed that the modulus 
of elasticity for concrete with 30% LPW is 36 GPa, while 
it is 26 GPa for concrete with 50% LPW and 22 GPa for 
concrete with 70% LPW (Fig. 3). LWC would have lower 

elastic modulus values. This is because the elastic modulus 
value depends on the elastic modulus of the aggregates.

This is by no means an undesirable property, as reducing 
the E-value allows large deflections in vibration or earth-
quakes, giving the structure greater ductility. The use of 
LWC allows for greater design flexibility and significant cost 
savings, reduced dead load, improved structural response 
to cyclic loading, longer spans, better fire ratings, thinner 
sections, smaller structural members, and lower foundation 
costs.25 On the other hand, these values should not be too 
small as to cause extreme deviations under normal oper-
ating.32 For the same strength, LWAC E is generally between 
40 and 80% of ordinary concrete.28

The improvement of E is influenced by the type of coarse 
aggregate, the type of cement, the w/c of the mixture, and 
the curing age. E values vary from 22 to 36 GPA at 28 days 
(Fig.  3) when compressive strength varies from 27  to 
31 MPa (Fig. 2). Concrete E is a compressive strength prop-
erty and increases with increasing compressive strength. 
Various building codes have provided empirical equations 
for E and compressive strength. The E-value of concrete 
depends on the stiffness of the coarse aggregate, the inter-
face between aggregates and paste, and the elastic properties 
of the materials.28

Due to the negligible Young’s modulus of lightweight 
aggregates, increasing the aggregates content in the mixture 
increases the elastic incompatibility between the inclusion 
and the matrix and thus increases the contact interface of 
the stress concentration bond. This significantly reduces the 
modulus of elasticity.20

Unfortunately, the aggregates used to reduce the unit 
weight of concrete tend to degrade its elastic proper-
ties, modulus of elasticity, and strength. For a given type 
of aggregate, there is a strong relationship between the 
cement content, the volume fraction of the aggregate, and 
the compressive strength and elastic properties. The elastic 
properties of the aggregate have a large influence on the 
elastic modulus due to the relatively good bonding of the 
aggregate to the cementitious material.33

The modulus of elasticity of limestone dust LWC depends 
on the w/c, the strength of the concrete, and its density. It 
can be observed that E decreases with increasing w/c value 

Fig. 3—Elastic modulus of hardened concrete versus age.Fig. 2—Compressive strength of hardened concrete versus 
age.
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(increase in limestone dust content) (Fig. 3). The modulus 
values vary with w/c and strength and their relationship is 
typical of LWC. Due to the high water absorption of the 
limestone dust and the resulting large fluctuations in mois-
ture content, the water addition is not easy to control. This 
situation worsens when the concrete is semi-dry.34

The E-value changes are shown in Fig. 3, which shows 
that there was slight deterioration in LWC stiffness between 
90 and 180 days. The E value underwent a significant 
change from 28 to 180 days and the deterioration of its value 
is evident. This decrease in modulus can be attributed to the 
initiation of microcracks and introduction of tensile stresses 
due to drying shrinkage of the samples.

It is important to note that comparing the development of 
compressive strength in LWC leaves no doubt that compres-
sive strength, in this case, is not synonymous with dura-
bility. Also, changing in modulus with time seems to be a 
better indicator of durability in this case. Within the ingress 
of moisture into the concrete, which triggers reinforcement 
corrosion and other degradation mechanisms, water extent 
penetrability is a better indicator of durability.35

In summary, the E-values of concrete decrease with 
increasing limestone dust content (Fig. 3). This is attributed 
to36:

1. Limestone dust having a lower modulus of elasticity 
than the cement paste; and

2. The compressive strengths of mixtures having been 
significantly reduced. It is commonly known that concretes 
with low compressive strengths (Fig. 2) have lower E-values.

Flexural tensile strength
Flexural strength and modulus of elasticity are important 

properties in concrete structural design as they affect bond 
strength, shear strength, brittleness ratio, and flexural 
cracking.24

Figure 4 illustrates flexural strength and percentage 
replacement of LPW. The flexural strengths of the samples 
with 30, 50, and 70% LPW were 6.39, 5.89, and 5.61 MPa. 
Similar to the compressive strength results (Fig.  2), the 
flexural strength samples were reduced. According to the 

literature, the flexural tensile strength of concrete is influ-
enced by the properties of the interfacial transition zone 
(ITZ).37

Strength and cracking of concrete are influenced by the 
shape of the aggregate. With high-strength concrete, the 
strength of concrete is based on the strength of the aggregate 
and the bond at the interfaces.38

Lightweight aggregates have higher water absorption 
than normal concrete due to their porosity, and have a self-
curing function in the interface zone. The water collected 
in the ITZ migrates through the surface pores to the light-
weight aggregate. As the cement hydrates, this localized 
water is released into the interface. Therefore, the strength 
of the LWAC depends on the strength of the lightweight  
aggregate-cement paste and the aggregate/cement paste 
interface. The water that collects through the aggregate 
does not penetrate the lightweight aggregate as it does with 
porous aggregates. Therefore, as with ordinary concrete, 
walling occurred, resulting in a porous ITZ.

This result is consistent with previous studies showing 
that the interface of a lightweight aggregate depends on its 
surface porosity. As the w/c of the concrete increases, the 
pores both increase in the cement paste and the aggregate/
cement paste interface. Pores have a significant impact 
on the strength of concrete. An increase in the number of 
pores leads to a proportionally lower strength. The use of 
high-strength lightweight aggregates takes advantage of the 
wall effect, together with the high porosity at the aggregate/
cement paste interface, as found in ordinary concrete.39

The flexural strength at 28 days for the different mixtures 
showed similar compressive strength results. As the amount 
of LPW increased, the flexural strength decreased, as shown 
in Fig. 4.

Flexural strength is influenced by the same factors as 
compressive strength, namely the w/c, which in turn influ-
ences the bond between aggregates and cement.36,40 The 
smooth surface of the LPW and free water that accumulates 
on the surface of LPW grains can make the limestone parti-
cles bond more weakly with the cement pastes.36

Flexural strength is more sensitive to internal structure 
features (such as porosity and microcracks) than compres-
sive strength. The minimum allowable flexural strength 
(0.65 MPa), which meets the requirements of the specifica-
tion, was met for all samples.41

In the case of lightweight concrete, the lightweight aggre-
gate is weaker than the bond strength between the aggre-
gate and the cement paste, causing cracks in the aggregate. 
With increasing lightweight aggregate content, the number 
of lightweight aggregate particles per unit cross section 
increases, which leads to a decrease in strength.42 Figure 4 
shows the development of flexural strength with the propor-
tion of LPW. The flexural strength decreased with increasing 
age in all concrete samples. The effect of LPW on the flex-
ural strength of concrete was similar to its effect on compres-
sive strength.

Increasing the flexural strength of concrete has the advan-
tage that the corrosion resistance of this concrete is improved. 
The flexural strength of concrete is one of the parameters 
affecting the corrosion rate of reinforcement. The increase in 

Fig. 4—Flexural tensile strength of hardened concrete 
versus age.
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flexural strength indicates a potential increase in the service 
life of concrete structures.29

Normally, for a given compression resistance, LWC has 
a lower tensile strength than conventional concrete. In 
general, the compressive strength is greater than 15 MPa 
and the flexural strength is greater than 3 MPa.43 Due to the 
good adhesion of porous aggregates to the matrix of LWC 
mixtures, they resemble ordinary concrete. However, using 
a finely porous material to make the LWC mixture reduces 
the flexural tensile strength of the LWC.

Poisson’s ratio
Poisson’s ratios of mixtures are shown in Fig. 5; each 

value presented is the average of three measurements. The 
value of the mixtures (0.11 to 0.18) is similar to that reported 
by others.36

CONCLUSIONS
This paper shows how waste disposal technology can 

convert the cause of social and environmental disasters into 
a natural resource, and then be used in post-construction proj-
ects. It has been confirmed that limestone dust (LPW) can be 
used as a raw material to manufacture cement and concrete 
production. Replacing LPW in a batch of concrete reduces 
all its properties such as the strength. The decreases are also 
visible in the unit weight. The unit weights of concrete with 
30% LPW are approximately 2075 kg/m3 and 14% lighter 
than ordinary concrete. It may be appropriate to use 30% 
in concretes where compression and tensile are important. 
Consequently, from the concrete mixture with a cement 
dosage of 350 kg/m3, it can be seen that it would be possible 
to produce a structural lightweight concrete (LWC) with a 
unit weight of 2075 kg/m3 and a compressive strength of 
36 MPa. The flexural tensile strength at 28 days decreases 
from 6.39 to 5.61 MPa with an increase in the LPW from 
30 to 70%. The 28-day Young’s modulus E decreases from 
36 to 22 GPa with an increase in the LPW content from 30 
to 70%.

Based on the experimental results obtained so far, the 
following observations and conclusions can be drawn:

1. LPW can be used as a substitute for the conventional 
coarse aggregates in concrete production.

2. Limestone concrete easily meets the compressive 
strength requirements of LWC structures.
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As the number of potential supplementary cementitious materials 
(SCMs) increase, there is a need to determine their reactivity. 
Most recent methods to assess pozzolanic reactivity are based 
on measuring certain outputs such as heat release (Q), calcium 
hydroxide (CH) consumption, and nonevaporable water. This 
paper uses thermodynamic modeling to aid in the interpretation 
of these tests and the quantification of reactivity. It is shown that 
pozzolanic reactivity should be interpreted based on the SCM type. 
The presence of sulfates and carbonates during reactivity quanti-
fication alter the reaction of the Al2O3 phases, making the inter-
pretation of the reactivity test results challenging. The reactivity 
of commercial SCMs should be interpreted specific to the type of 
SCM as described by ASTM International/AASHTO. A proposed 
interpretation for commercial SCMs is provided in this paper.

Keywords: pozzolanic reactivity test (PRT); reactivity; supplementary 
cementitious materials (SCMs); thermodynamic modeling.

INTRODUCTION
The concrete industry has been actively working toward 

reducing the carbon footprint of concrete. One approach that 
is widely used to reduce the carbon footprint is to replace a 
portion of the ordinary portland cement (OPC) in concrete 
with supplementary cementitious materials (SCMs), which 
can also improve the performance of concrete. For example, 
the replacement of OPC with SCMs such as fly ash and silica 
fume in concrete have been shown to improve compressive 
strength,1,2 reduce transport of deleterious ions by refining 
the pore structure,1-5 control alkali-silica reaction (ASR) 
damage,6,7 and mitigate the potential for calcium oxychloride 
formation and damage.8-11 While questions exist regarding 
the future availability of some SCMs such as fly ash, partly 
due to the closure of coal combustion plants,12 there are 
several other new sources for SCMs such as harvested 
ashes, agricultural/forest waste ash, municipal waste ash, 
and natural pozzolans that may be used in concrete.12-19 
However, there is a need for tests to screen and evaluate the 
performance of SCMs obtained from the new or modified 
sources for their appropriate use in concrete.20

The performance of concrete containing SCMs depends on 
the: 1) chemical and physical composition of the SCM21,22; 
2) the reactivity of the SCM (that is, fraction of the phases 
in the SCM that can react)1,23; and 3) the kinetics of reac-
tion of these phases.24 Standards such as ASTM C61825 
or AASHTO M 29526 (in the case of fly ash and natural 
pozzolans) specify the compositional and physical require-
ments for SCMs, but they do not provide a reliable method 
to assess how reactive these materials are. Over the years, 
various approaches have been used to try to ascertain the 

amount of SCM that can replace OPC, such as by predicting 
strengths using k-factors.27,28 These empirical factors were 
used as a surrogate for the SCM reactivity. Some researchers 
have assumed the amorphous content as the reactive compo-
nent of SCM.29,30 Over the years, several test methods 
were developed to directly measure reactivity of SCMs 
for their use in concrete. Some of these are relatively old 
(for example, the Frattini test31 or the Chapelle test32) and 
have documented limitations.33-35 Newer methods to assess 
pozzolanic reactivity such as the ASTM C1987 test36 (also 
known as the “R3 test”37,38) and the pozzolanic reactivity test 
(PRT)23,33,39 are based on measuring certain outputs of the 
test to provide a better understanding of SCM reactivity. For 
example, the primary output of the R3 test is the weight of 
bound water when heated up to 400°C or the ultimate heat 
released, which can be used to provide a relative reactivity to 
compare SCMs of the same type. The outputs of the PRT are 
heat release (Q) and calcium hydroxide (CH) consumption, 
which are then used to obtain a numerical value of maximum 
degree of reactivity (DOR*) of an SCM.39 The DOR* can 
also be used as an input to perform thermodynamic calcu-
lations and can be used to predict concrete properties for 
assessing performance.3,20,40-45 The DOR* serves as a key 
parameter for performance-based concrete mixture design.20

In recent years, the use of Q and CH consumption as an 
indicator for pozzolanic reactivity has been extensively 
studied using experimental investigations.3,23,29,33,37,39,41,46-60 
It can be noted that examining these values as a function of 
time can provide information on the kinetics of SCM reac-
tions. However, these experimental studies are limited by 
the types, chemical compositions, and reactivities of tested 
SCMs; therefore, it is not always possible to generalize 
their conclusions. Thermodynamic modeling of cementi-
tious systems has been a powerful tool that can aid in inter-
preting experimental studies and has been shown to provide 
supporting insight to experiments. In this paper, the authors 
use thermodynamic modeling to explore various aspects of 
pozzolanic reactivity of SCMs.

The first question that this paper addresses is if the pozzo-
lanic reactivity should be measured and/or interpreted 
differently for different types of SCMs. For example, in the 
present form, the PRT quantifies the reactivity of SCMs 
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(DOR*) by comparing the measured Q and CH consump-
tion with the theoretical values of Q and CH consumed by 
pure SiO2 and pure Al2O3 at various degrees of reaction. 
This approach implies that the DOR* of siliceous materials 
such as silica fume and fly ash can be quantified accurately. 
However, the applicability of this approach to quantify the 
DOR* of silico-aluminous SCMs (for example, calcined 
clays) or those showing hydraulic properties (for example, 
slag) needs further investigation. Silico-aluminous SCMs 
contain comparable portions of silica and alumina, and 
alumina reactions could affect the interpretation of the Q 
and CH consumption output.39 Hydraulic SCMs typically 
contain the reactions of CaO in the system, which affect the 
measured Q and CH consumption, while these reactions are 
not considered pozzolanic in nature. Therefore, in this paper, 
the effect of SCM type on the measurement and interpreta-
tion of pozzolanic reactivity is explored. The second ques-
tion that this paper addresses is if the presence of sulfates 
and carbonates in the system affect the measurement and/
or interpretation of the pozzolanic reactivity of SCMs. It 
is clear that the presence of sulfates and carbonates would 
induce additional reactions in the cementitious mixture, but 
whether or not these reactions should be considered as part 
of the measurement and interpretation of pozzolanic reac-
tivity of SCMs need to be investigated further.

These questions are answered though the thermody-
namic modeling of the PRT using various SCMs in different 
chemical conditions. The PRT is selected as a test method 
because it provided a numerical value of pozzolanic reac-
tivity (that is, DOR*), and the measured outputs in the PRT 
(that is, Q and CH consumption) could be modeled through 
thermodynamic modeling. First, ideal SCMs comprising of 
only a combination of SiO2 and Al2O3 were studied. The 
SiO2:Al2O3 in the SCM is varied and the phases that form 
in the PRT (reaction products), Q, and CH consumed are 
examined. This investigation is intended to understand the 
interpretation of the reactivity of aluminous SCMs more 
accurately. Second, ideal SCMs that are combinations of 
SiO2, Al2O3, and CaO were studied. The influence of CaO 

on the reaction products, Q, and CH consumed is examined. 
This investigation is intended to understand the interpreta-
tion of the reactivity of SCMs that show hydraulic properties 
better. Third, it was studied whether the presence of sulfates 
and carbonates affect the interpretation of the reactivity of 
SCMs containing SiO2, Al2O3, and CaO. Finally, the first 
three modeling studies to commercially available SCMs 
with typical chemistries were expanded. The knowledge 
generated in this study allows for a more accurate quantifi-
cation of the SCM reactivity, which can be used to improve 
the performance of concrete by allowing for the selection of 
the appropriate SCMs for use in concrete.20

RESEARCH SIGNIFICANCE
This paper uses thermodynamic modeling to aid the 

interpretation of pozzolanic reactivity testing of SCMs. 
The study answers two key questions: 1) should the pozzo-
lanic reactivity measured and/or interpreted differently for 
different types of SCMs based on the reaction products that 
form; and 2) does the presence of sulfates and/or carbonates 
in the system affect the measurement and/or interpretation 
of the pozzolanic reactivity of SCMs? The paper also makes 
recommendations to quantify the pozzolanic reactivity of 
commercial SCMs.

METHODS
Pozzolanic reactivity test (PRT) method

The PRT is a method to determine the DOR* of an SCM. 
The PRT is performed by reacting the SCM with an excess 
of CH (3:1 CH:SCM by mass) and an excess of an alkaline 
pore solution (0.5 N KOH solution; liquid-to-(CH+SCM) 
ratio is 0.90 by mass) at 50°C for 240 hours.23,33 The test 
measures the Q of the reaction using an isothermal calo-
rimeter (IC) and the CH consumed by the reaction using a 
thermogravimetric analyzer (TGA). For this test, only small 
amounts of the SCM are needed. In the standard procedure, 
40 g of SCM is mixed with 120 g of CH and 144 g of 0.5 N 
KOH solution. Approximately 7 g of the paste is sealed in a 
glass ampule and loaded into the IC and the heat released is 
recorded for 240 hours. At the end of the 240 hours, approx-
imately 20 mg of the reacted paste is loaded onto a plat-
inum crucible of the TGA and the mass of CH remaining 
after the reaction is determined using the TGA using the 
approach developed by Kim and Olek.61 The CH consumed 
is calculated as the difference between the initial mass of 
CH and the CH remaining after the reaction. In the PRT, 
the experimentally measured values of Q and CH consumed 
are plotted in the Q-CH consumed space. The theoretical Q 
and CH consumed of pure SiO2 and pure Al2O3 are calcu-
lated using thermodynamic data and plotted as lines on the 
same plot. The value of DOR* is calculated by interpolating 
the experimental results between the theoretical SiO2 and 
Al2O3 lines. Figure 1 is an illustration of the PRT showing an 
example measurement from an experiment, the theoretical 
lines obtained for pure SiO2 and pure Al2O3, and the interpo-
lation to obtain the DOR* of the SCM. The DOR* can also 
be quantified in the PRT using Eq. (1)33

	 DOR* = a1Q + a2CHconsumed	 (1)

Fig. 1—Example schematic presentation of results of PRT 
on Q-CH consumed plot showing example experimental 
measurement, theoretical lines for pure SiO2 and pure Al2O3, 
and interpolation to calculate DOR* from experimental 
measurement.
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where Q is measured in J/gSCM; CHconsumed is measured 
in g/100g SCM; and a1 and a2 are constants (for the PRT, 
a1 = 1.44 × 10–3/(J/gSCM) and a2 = –0.54 × 10–3/(g/100gSCM), 
obtained from Reference 33).

Thermodynamic modeling
In this work, thermodynamic modeling is used to better 

interpret the PRT results by calculating the volume and 
compositions of the reaction products that form in the PRT 
as well as heat release during these reactions.23,33,62,63 The 
calculations are done using GEMS3K64 software in conjunc-
tion with the CemData v18.0165 and PSI/Nagra64 databases, 
which performs thermodynamic calculations by minimizing 
the Gibbs free energy of the reaction products for a given 
set of inputs compositions, and are used in conjunction with 
GEMS3K for the calculation of reaction products of cemen-
titious systems. While all possible reaction products in 
cementitious systems are available in the CemData v18.01 
database, the formation of some phases is blocked based on 
evidence from the literature that these phases do not form 
in significant quantities in the PRT.65,66 The blocked phases 
are C3AH6,66,67 Gibbsite,65 and some AFm phases (C4AH13, 
C4AH19, C4AsH12). The Q is calculated by subtracting the 
total enthalpies of the reaction inputs from the total enthalpies 

of the reaction products, which are obtained from CemData 
v18.01 database65 and the NIST Chemistry WebBook.68

RESULTS AND DISCUSSIONS
Ideal SCMs containing only SiO2 and Al2O3

This section examines the phases that form, and the theo-
retical values of Q and CH consumed, when the proportions 
of SiO2 and Al2O3 are varied when PRT is used to test an 
SCM containing only SiO2 and Al2O3. Figure 2(a) shows 
the phases that form as the proportion of SiO2 and Al2O3 
is varied in an SCM that is 100% reactive when tested in 
the PRT. When the SCM contains only Al2O3, all alumina 
reacts to form C2AH7.5, releasing 748J/gSCM heat and 
consuming 144 g of CH per 100 g SCM. As the propor-
tion of silica in the SCM increases from 0% by weight to 
36.65%, the silica and alumina preferentially react to form 
C2ASH8, and the remaining alumina (if any) reacts with the 
CH to form C2AH7.5. While it is generally considered that 
C2ASH8 and CH cannot coexist in the same system, the 
formation of C2ASH8 has been reported in experiments69 
in metakaolin+CH systems, in line with the model predic-
tions. The Q decreases from 748 J/gSCM (for 100% Al2O3) 
to 647 J/gSCM (for 63.35% Al2O3 + 36.65% SiO2). The CH 
consumed reduces from 144 g/100 gSCM (for pure alumina) 
to 90 g/100 gSCM (for 63.35% Al2O3 + 36.65% SiO2). The 

Fig. 2—(a) Phases that form as proportion of SiO2 to Al2O3 is varied; and (b) reactivity lines: values of Q versus CH consumed 
for ideal SCMs containing varying proportions of SiO2 and Al2O3.
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“critical composition” of 63.35% Al2O3+36.65% SiO2 
(when SiO2:Al2O3 = 0.58) represents the minimum of Q 
and the minimum CH consumed for an SCM consisting of 
only SiO2 and Al2O3 tested in the PRT, as C2ASH8 is the 
only phase formed. As the SiO2 in the SCM increases from 
36.65% to 100%, C2ASH8 + C-S-H forms. The Q increases 
from 647  J/gSCM (for 63.35% Al2O3 + 36.65% SiO2) to 
769  J/gSCM (for pure silica). The CH consumed increases 
from 90 g/100 gSCM (for 63.35% Al2O3 + 36.65% SiO2) to 
198 g/100 gSCM (for pure silica). The Q and CH consumed 
by the reactions in the PRT is summarized in Table 1. The 
composition of the C-S-H that is predicted to form in the 
PRT is uniform (C/S = 1.7), irrespective of the silica content 
in the SCM, as there is an excess of CH in the system. The 
impact of the C-S-H model used (CSHQ versus CNASH) is 
shown in Appendix A*; briefly, the CSHQ model is sufficient 
for calculating the DOR* of the SCM using the PRT.

Figure 2(b) shows the theoretical values of the Q versus 
the CH consumed for varying levels of reactivity for an 
SCM made with varying proportions of SiO2 and Al2O3 
plotted on the PRT-style plot. The term “reactivity line” 
refers to the line obtained by plotting the Q versus CH 
consumed obtained from thermodynamic calculations of the 
SCM composition. The SiO2 reactivity line (line for an SCM 
made on only silica; black solid line with circle markers in 
Fig. 2(b)) is the rightmost line on the plot as the reaction of 
pure silica to form C-S-H results in the highest Q and highest 
CH consumed. As the mass fraction of alumina in the SCM 
is increased from 0 to 63.35%, the reactivity line shifts to the 
left (as shown in the figure with an arrow) due to a decrease 
in the CH consumed, and the length of the line decreases as 
the Q and CH consumed decrease as C2ASH8 forms at the 
expense of C-S-H. As the alumina content in the SCM is 
increased from 63.35 to 100% (pure alumina), the line shifts 
to the right (as shown in the figure with an arrow) due to 
an increase in the CH consumed, and the length of the line 
increases as the Q and CH consumed increase. The Al2O3 
reactivity line (line for an SCM containing only alumina; 
red solid line with triangle markers in Fig. 2(b)) is still to the 
left of the SiO2 reactivity line, as the CH consumed by the 
reaction of pure alumina is lower than the CH consumed by 
the reaction of pure silica.

*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.	

The results shown in Fig. 2(b) offer insight into the typical 
behavior of SCMs, which do not contain significant CaO 
(for example, silica fume, Class F fly ashes, metakaolin 
calcined clays, and natural pozzolans such as pumice) in 
the PRT. Silica fume, which typically contains more than 
85% SiO2,55,70,71 is expected to appear in the rightmost end 
of this plot as the reaction of silica to form C-S-H consumes 
the most CH and releases the most heat. Class F fly ashes 
or natural pozzolans, which typically contain 45 to 55% 
SiO2 and 19 to 25% Al2O3,40,55 would fall between the SiO2 
line and the 75% SiO2 + 25% Al2O3 line. Metakaolin and 
calcined clays, which typically contain 50 to 60% SiO2 and 
30 to 45% Al2O3,55 would fall on or around the 50% SiO2 + 
50% Al2O3 line.

Ideal SCMs containing SiO2, Al2O3, and CaO
This section examines the phases that form Q and CH 

consumed in PRT when the proportions of CaO, SiO2, and 
Al2O3 are varied in an ideal SCM containing only pure CaO, 
SiO2, and Al2O3. Thermodynamic calculations predict that 
the reaction of CaO can be decoupled from the reaction of 
SiO2 and Al2O3. The CaO (from the SCM) reacts with water 
to form CH (which is a hydraulic reaction), which can further 
react with the SiO2 and Al2O3 to form C-S-H, C2ASH8, and 
C2AH7.5 depending on the SiO2:Al2O3 in the SCM. Figure 3 
shows the phase assemblage of an SCM containing 25% 
CaO with varying SiO2 to Al2O3 masses. When the SCM 
contains only Al2O3 (no SiO2), C2AH7.5 forms. As the mass 
of SiO2 in the SCM increases from 0 to 27.5% in the SCM 
(the SiO2:Al2O3 changes from 0 to 0.58), C2ASH8 forms 
along with C2AH7.5. This is associated with a corresponding 
decrease in Q and CH consumed. As the SiO2 mass in the 
SCM increases from 27.5 to 75% (note that CaO = 25%, so 
the highest mass of SiO2 in the SCM can be 75%), C-S-H 
phases form along with C2ASH8, which is associated with 
an increase in Q and CH consumed. The minimum of Q and 
CH consumed still occurs at a critical ratio of SiO2 to Al2O3 
in the SCM (SiO2:Al2O3 = 0.58), and this value appears to 
be constant irrespective of the CaO content of the SCM. 
This is because the reaction of the SCM in the PRT when the 
SiO2:Al2O3 = 0.58 forms only C2ASH8.

Figure 4(a) shows the phase assemblage of an SCM 
containing only SiO2 and CaO, with an increasing CaO 
content. As the CaO content increases, the amount of CH 
in the system increases due to the reaction of CaO with 
water to produce CH. As the proportion of CaO in the 
SCM increases, the amount of SiO2 in the SCM decreases 

Table 1—Reactions in PRT and their corresponding Q and CH consumed

Reaction No. Reaction in PRT Q, J/gSCM

1 100 g SiO2 + 198 g CH + H2O → C-S-H 769

2 100 g Al2O3 + 144 g CH + H2O → C2AH7.5 748

3 100 g (Al2O3 + SiO2) + 90 g CH + H2O → C2ASH8 (SiO2: Al2O3 = 0.58 by wt.) 647

4 100g CaO + H2O → CH 1149

5 100 g Al2O3 + 167 g gypsum + 215 g CH + H2O → monosulfate 1244

6 100 g Al2O3 + 49 g CaCO3 + 254 g CH + H2O → hemicarbonate 1291

7 100 g Al2O3 + 98 g CaCO3 + 218 g CH + H2O → monocarbonate 1402
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(because SiO2  =  100% – CaO in this SCM), and the 
following are observed: 1) volume of C-S-H that forms at 
equilibrium decreases; 2) the Q increases as the reaction of 
CaO produces more heat than the reaction of SiO2 in the PRT 
(refer to Table 1); and 3) the CH in the system increases due 
to the hydraulic reaction of CaO to form CH, which trans-
lates to a net reduction in CH consumed.

Figure 4(b) shows the phase assemblage of an SCM 
containing only Al2O3 and CaO, with an increasing CaO 
content. As the CaO content increases: 1) the volume of 
C2AH7.5 that forms decreases, as there is a lesser propor-
tion of Al2O3; 2) the Q increases (the reaction of CaO that 
produces CH releases 401 J/g SCM more heat than the reac-
tion of Al2O3 to form C2AH7.5; refer to Table 1); and 3) the 
CH in the system increases and there is a net reduction in 
CH consumed.

Figure 4(c) shows the phase assemblage of an SCM 
containing the critical mass ratio of SiO2:Al2O3 = 0.58 and 
CaO, with an increasing CaO content. As the CaO content 
increases: 1) the volume of C2ASH8 that forms decreases due 
to the reduction in the amount of SiO2+Al2O3 in the SCM; 2) 
the Q increases; and 3) the CH in the system increases due 
to this reaction. The Q and CH consumed by each reaction 
in the PRT is summarized in Table 1. Note that the Q is the 
cumulative heat released at complete reaction for the partic-
ular composition of SCM simulated.

Figure 5 shows a plot of how the reactivity lines vary when 
CaO is present in the SCM. SCMs containing 0, 25, 50, 75, 
and 100% wt. % CaO are shown. At each CaO content, three 
lines are shown: the remaining mass of SCM is SiO2 (black 
solid line), the remaining mass of SCM is Al2O3 (red dashed 
line), and the remaining mass of the SCM is SiO2 + Al2O3 in 
the critical mass ratio of SiO2:Al2O3 = 0.58 (green dash-dot 
line) (full-color PDF can be accessed at www.concrete.org). 
As the CaO content of the SCM increases, the heights of all 
three lines increase (due to an increase in the Q) and the lines 
move to the left (a decrease in the CH consumed). This is 
because the reaction of CaO in the PRT produces more heat 
than the reaction of SiO2, Al2O3, or a combination of SiO2 
and Al2O3 in the PRT. The reaction of CaO also causes a 
decrease in the CH consumed as the reaction of CaO results 
in the production of CH. This behavior is well corroborated 
by experiments,55 where it is seen that SCMs containing a 

significant amount of CaO such as slag release 400 to 600 J/
gSCM heat but consume only 20 to 60 g CH/100 g SCM. Note 
from Fig. 5 that the Q and CH consumed follow a linear 
behavior with respect to the CaO fraction in the SCM, which 
was seen in Fig. 4. If a line were to be drawn at any DOR* 
value (although only the 100% DOR* points are connected 
in Fig. 5), the Q and CH consumed plot follows a straight 
line from the 100% CaO to the 100% SiO2 (thin dashed 
black line), 100% CaO to 100% Al2O3 (thin dotted red line), 
100% CaO to 100% (SiO2 + Al2O3) (thin dash-dot-dot green 
line) reactivity lines.

The practical implications of this finding are that it 
expands the scope of the PRT to determine the DOR* of 
hydraulic SCMs (such as slag) as well as pozzolans. Because 
the CaO reactions produce more heat than the reactions of 
SiO2 and Al2O3 in the PRT, the reactivity lines used need 
to be revised when SCMs contain a significant amount of 
CaO. For example, slags typically contain 30 to 50% CaO, 
which means the Q measured in the PRT for slags will be 90 
to 120 J/g SCM higher than pozzolanic SCMs such as silica 
fume and metakaolin for a 60% DOR*. The CH consumed 
by the slag of 60% reactivity would also be 40 to 80 g/100 g 
SCM lower than the silica fume or metakaolin of the same 
reactivity. If the appropriate CaO containing reactivity line 
is not used to determine the DOR*, and the pure SiO2 and 
Al2O3 lines are used to determine DOR*, the reactivity 
would be erroneously determined to be 15 to 20% higher. 
Therefore, one should be careful while interpreting the Q 
and CH consumed from the PRT to measure the DOR* when 
the SCM contains CaO. This is explained later in this paper.

Influence of addition of sulfates and carbonates to 
pore solution

There is a debate in the literature on whether sulfates and 
carbonates should be added to tests when measuring the 
pozzolanic reactivity of SCMs.33,37,38 The R3 test proposes 
the addition of sulfates and carbonates in an effort to mimic 
the pore solution chemistry of concrete,37,38 while the PRT 
does not add sulfates and carbonates to measure only the 
Q and CH associated with the pozzolanic reaction.33 This 
section of this paper aims to provide an insight into the 
changes to the reactions, Q, and CH consumed for SCMs of 
different chemistry when sulfates and carbonates are added 

Fig. 3—Plot of phase assemblage for SCM containing 25% CaO with SiO2:Al2O3 varying.
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to the pore solution in the PRT. Choudhary et al.33 showed 
that the SiO2 in the SCM does not react with the sulfates 
or carbonates, and the Al2O3 in the SCM reacts with the 
sulfates to form monosulfates and with carbonates to form 
carboaluminates preferentially at the expense of C2AH7.5 
and C2ASH8. When both sulfates and carbonates are present, 
the compounds that form in the PRT can be a combination of 
monosulfate, carboaluminates, ettringite, C2ASH8, C-S-H, 

and C2AH7.5 phases depending on the molar ratio of sulfate 
to carbonate to alumina in the system72 and the ratio of SiO2 
to Al2O3 in the SCM.

Figure 6(a) shows the phase assemblage of an SCM 
containing only SiO2 and Al2O3 tested in the PRT when 
sulfates are added (as an example, 20 g gypsum/100 gSCM 
addition is shown). When 100% Al2O3 is tested in the 
PRT, the Al2O3 preferentially reacts with the sulfates to 

Fig. 4—Plot of phase assemblage, Q, and CH consumed for: (a) SCM containing only SiO2 and CaO (no Al2O3), SiO2:CaO 
varying; (b) SCM containing only Al2O3 and CaO (no SiO2), Al2O3:CaO varying; and (c) SCM containing critical mass ratio 
of SiO2:Al2O3 = 0.58, (SiO2 + Al2O3):CaO varying.
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produce monosulfates, and any remaining alumina (alumina 
remaining after all the sulfates are consumed) reacts pozzo-
lanically to form C2AH7.5. The Q and CH consumed by 
alumina are higher when sulfates are present due to the 
formation of monosulfate.33 As the amount of SiO2 in the 
SCM increases from 0 to 33%, C2ASH8 forms in addition to 
the monosulfates and C2AH7.5. The volume of monosulfate 
formed is relatively constant as the alumina preferentially 
reacts with the sulfate, and only the remaining alumina reacts 
to form C2AH7.5 and C2ASH8. The Q and CH consumed also 

drop from 813 J/gSCM and 161 g/100 gSCM to 722 J/gSCM 
and 113 g/100 gSCM, respectively, due to the formation of 
C2ASH8. The Q and CH consumed by the sulfate reaction 
with Al2O3 in the PRT is summarized in Table 1. It can also 
be seen that the critical point of SiO2 + Al2O3 has changed 
from 36% SiO2 + 64% Al2O3 (in a system without sulfate) 
to 33% SiO2 + 67% Al2O3 as some of the alumina is prefer-
entially bound in the monosulfate, and only the remaining 
alumina in the SCM can react with SiO2 and CH to form 
C2ASH8. As the SiO2 is increased from 33 to 90%, C-S-H 

Fig. 5—Plot of Q versus CH consumed when SCMs of varying compositions are subject to PRT.

Fig. 6—(a) Plot of phases formed, Q, and CH consumed when sulfates are added to SCMs of varying compositions are subject 
to PRT; and (b) plot of Q versus CH consumed when SCMs of varying compositions are subject to PRT and 20 g gypsum 
is added.
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phases form in addition to C2ASH8 and monosulfate. This 
causes an increase in the Q and CH consumed. Above a 90% 
SiO2 content, all the alumina is bound in the monosulfate 
and there is no alumina available to react with the SiO2 to 
form C2ASH8, so only C-S-H and monosulfate form. When 
the SCM is 100% SiO2, only C-S-H forms.

The practical implications of this finding are that if 
sulfates are added during the measurement of reactivity, the 
reactions that form monosulfate need to be accounted for 
while determining the reactivity of the SCM using the heat 
released and CH consumed.33 This can be done by deter-
mining the amount of alumina from the SCM that reacts with 
the sulfates. Figure 6(b) shows an example of the modifi-
cation to the reactivity lines made for varying SiO2:Al2O3 
ratios in an SCM when 20 g gypsum/100 g SCM is added 
in the PRT. As expected, the 100% SiO2 line is unaffected 
by the presence of sulfates. As the alumina content of the 
SCM increases, the top of the lines (100% DOR* point in 
each line) moves in the same manner as explained in the 
previous paragraph as shown using the arrow (Q and CH 
consumed increase with an increase in the sulfate added) as 
shown in Fig. 6(a). Some reactivity lines have kinks/bends 
on them. This is due to the preferential reaction of alumina 

with sulfate to form monosulfate, which has a higher Q/CH 
consumed (which is the “slope” of the line) than C2AH7.5. 
The location of the kink on a line of given composition is the 
point at which the reactive alumina exceeds the amount of 
alumina that can be consumed in the reaction that produces 
monosulfate—that is, for DOR* values below the kink in the 
line, only monosulfate forms; for the DOR* values above 
the kink in the line, monosulfate and C2AH7.5 + C2ASH8 
form. As such, most commercial SCMs contain high levels 
of silica and low levels of alumina, which can pose a chal-
lenge while measuring the reactivity using the R3 test when 
sulfates are present due to the varying amounts of monosul-
fates that can form. Therefore, the addition of sulfates is not 
recommended while measuring the reactivity of SCMs.

Figure 7(a) shows the phase assemblage of an SCM 
containing only SiO2 and Al2O3 tested in the PRT when 
carbonates are added (for illustration purposes, 5 g 
CaCO3/100 gSCM is added). Similar to sulfates, when Al2O3 is 
present in the SCM, the Al2O3 preferentially reacts with the 
carbonates to produce carboaluminates, and the remaining 
alumina (alumina remaining after all the carbonates are 
consumed) reacts pozzolanically to form C2AH7.5/C2ASH8. 
The Q and CH consumed by pure alumina is higher when 

Fig. 7—(a) Plot of phases formed, Q, and CH consumed when carbonates are added to SCMs of varying compositions are 
subject to PRT; and (b) plot of Q versus CH consumed when SCMs of varying compositions are subject to PRT and 5 g CaCO3 
is added.
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carbonates are present due to the formation of carboalumi-
nates.33 When the SCM is 100% Al2O3, carboaluminates + 
C2AH7.5 form. As the wt. % SiO2 in the SCM increases from 
0% to 33%, C2ASH8 forms in addition to the carboalumi-
nates and C2AH7.5. The volume of carboaluminates formed 
as the SiO2:Al2O3 of the SCM is varied is relatively constant 
as the alumina preferentially reacts with the carbonate, and 
only the remaining alumina reacts to form C2AH7.5 and 
C2ASH8 in the PRT. These changes to the reaction products 
result in the measured Q and CH consumed to drop from 
803 to 714 J/gSCM and 157 to 110 g/100 gSCM, respectively. 
Note that the formation of different types of carboaluminate 
phases depends on the CO2-SO3-Al2O3 balance,72 and this 
balance needs to be considered in the interpretation of the 
Q and CH consumed in the PRT. The Q and CH consumed 
by the carbonate reactions with Al2O3 in the PRT is summa-
rized in Table 1. As the SiO2 is increased from 33 to 90%, 
C-S-H phases form in addition to C2ASH8 and carboalu-
minate phases, which results in an increased Q and CH 
consumed. Above a 90% SiO2 content, all the alumina is 
bound as carboaluminates and there is no alumina available 
to react with the SiO2 and CH to form C2ASH8, and only 
carboaluminates and C-S-H phases form. When the SCM is 
100% SiO2, only C-S-H phases form. It can be noted that 
the addition of 20 g gypsum (Fig. 6(a)) and 5 g CaCO3 (Fig. 
7(a)) show a similar trend in the phases that form. This is 
because the resulting phases are both AFm phases (mono-
sulfate forms when gypsum is added, and hemicarbonates/
monocarbonates form when CaCO3 is added, which both fall 
under the AFm family of phases).

If carbonates are added during the measurement of reac-
tivity, as it is done in the R3 test, the reactions that form 
carboaluminate need to be accounted for while deter-
mining the reactivity of the SCM using the Q and the CH 
consumed.33 This can be done by accounting for the mass 
of alumina from the SCM that reacts with the carbonates. 
Figure 7(b) shows an example of the modification to the 
reactivity lines made for varying SiO2 to Al2O3 ratios in 
an SCM when 5 g CaCO3 is added. As expected, the 100% 
SiO2 line is unaffected by the presence of carbonates. As 
the alumina content of the SCM increases, the top of the 
lines (100% DOR* point in each line) moves in the same 
manner as explained in the previous paragraph and shown in 
Fig. 7(b) using the arrow. Similar to the lines when sulfates 
are added, it can be noted that some lines have kinks/bends 
on them due to the preferential reaction of alumina with 
carbonates to form carboaluminate. The location of the 
kink on a line of given composition is the point at which the 
reactive alumina exceeds the amount of alumina that can be 
consumed in the reaction that produces carboaluminates—
that is, for DOR* values below the kink in the line, only 

carboaluminates form, for the DOR* values above the kink 
in the line, carboaluminates and C2AH7.5 + C2ASH8 form. 
As such, most commercial SCMs contain high levels of 
silica and low levels of alumina, which can pose a challenge 
while measuring the reactivity using the PRT when carbon-
ates are present due to the varying amounts and composition 
of the carboaluminates that can form. Therefore, the addi-
tion of sulfates and carbonates is not recommended while 
measuring the reactivity of SCMs.

RECOMMENDATIONS ON CALCULATING 
REACTIVITY OF COMMERCIAL SCMs

This study shows that the interpretation of the reactivity 
test outputs to quantify reactivity can be challenging. For 
example, the PRT uses two theoretical reactivity lines (100% 
Al2O3 line and the 100% SiO2 line) to interpolate and quantify 
the reactivity of the SCM.23,33 It is shown in this paper that 
interpretation of the reactivity test outputs might need to be 
to be customized based on the type of SCM and its composi-
tion. It is recommended to interpret the reactivity of different 
classes of SCMs based on their chemical composition, using 
similar classifications made by standard SCM specifications 
and experimental data from the literature.23,33,46,49-51,55,58-60 
For PRT, in this paper, these compositional classifications 
are used to determine the most appropriate ways to inter-
pret the reactivity test results for typical commercial SCMs 
(silica fume [SF], fly ash [FA] and natural pozzolans [NP], 
calcined clays [CC], and slags) for a more accurate calcula-
tion of DOR* in the PRT. Any commercial SCM tested in 
the PRT would fall between the bounding reactivity lines for 
that SCM type, shown in Table 2. The deviation in the calcu-
lated value of DOR* from the actual value of DOR* for any 
composition within the bounding compositions is also calcu-
lated to assess the accuracy of using these bounding lines.

The DOR* can also be quantified in the PRT using Eq. (1). 
In the equation, a1 and a2 are constants that depend on the 
test parameters and the chemical composition of the reac-
tivity lines used. The values of a1 and a2 (shown in Table 2), 
therefore, will vary for each SCM, as different lines will be 
used for each SCM. Note that the values of a1 and a2 are 
computed from the predicted Q and CH consumed obtained 
in the simulations for each class of SCM.

Silica fume
Silica fume is specified to contain a minimum of 85% 

SiO2 as per ASTM C1240.71 The remaining constituents 
can be loss on ignition (LOI), Al2O3, CaO, or other impu-
rities. Typical commercially available silica fumes contain 
>90% SiO2 and have CaO or LOI as the impurity.33,46,49,50,55 
Therefore, the proposed reactivity lines to use are the 100% 
SiO2 line and 85% SiO2 + 15% CaO line. The experimental 

Table 2—Typical chemical composition of commercial SCMs in this study

SCM Left line Right line a1, 1/(J/gSCM)) a2, 1/(g/100 gSCM))

SF 85% SiO2 + 15% CaO 100% SiO2 1.00 × 10–3 1.15 × 10–3

FA and NP 82% SiO2 + 18% CaO 100% SiO2 1.00 × 10–3 1.16 × 10–3

CC 50% SiO2 + 50% Al2O3 75% SiO2 + 25% Al2O3 1.81 × 10–3 –1.95 × 10–3

Slags 18% SiO2 + 50% CaO + 32% Al2O3 70% SiO2 + 30% CaO 1.12 × 10–3 1.13 × 10–4
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results from literature33,46,49,50,55 are plotted, along with the 
recommended reactivity lines, as shown in Fig. 8(a). All the 
data points fall within 20 g CH consumed per 100 gSCM or 
50 J/gSCM of the reactivity lines. Figure 8(b) shows the differ-
ence between the calculated DOR* from the actual DOR* 
when Eq. (2) and the constants in Table 2 are used. It should 
be noted from this plot that the difference in the calculated 
reactivity and actual reactivity for any composition is under 
5%, and therefore, these lines provide an accurate measure 
of DOR* and should be used for the calculation of DOR* of 
silica fumes.

Fly ash and natural pozzolans
ASTM C61825 specifies the chemical compositional 

requirements for Class F and Class C fly ashes as well as 
natural pozzolans. Fly ashes conforming to ASTM C618 are 
to contain >50% by mass of SiO2 + Al2O3 + Fe2O3. Class F 
fly ashes are to contain less than 18% CaO and Class C fly 
ashes can contain more than 18% CaO. However, from the 
experimental data available in the literature,33,46,49,50,55 the 

lines chosen for both classes of fly ash, as well as natural 
pozzolans, are the 100% SiO2 line and 82% SiO2 + 18% CaO 
line, as they represent the bounding cases for the experimental 
data. The experimental results from literature33,46,49,50,55 are 
plotted along with the recommended reactivity lines, as 
shown in Fig. 9(a). All the data points fall within 20 g CH 
consumed per 100 gSCM or 50 J/gSCM of the reactivity lines. 
Figure 9(b) shows the difference in the calculated DOR* 
from the actual DOR* when Eq. (2) and the constants in 
Table 2 are used for any chemical composition of fly ash 
that satisfies the ASTM C61825 requirements, which can 
be obtained commercially. The difference in the calculated 
DOR* from the actual DOR* for typical commercially avail-
able ash and natural pozzolan compositions is under 13% 
for CaO < 40% when the actual DOR* is 100%. It should 
be noted that if the DOR* is lower, the associated differ-
ence between the actual and calculated DOR* will also be 
proportionally lower. Because the typical DOR* of fly ashes 
is approximately 40%, this difference between the actual and 
predicted DOR* would be only approximately 5%.

Fig. 8—(a) Reactivity lines and experimental results for silica fume; and (b) difference between actual and calculated when 
using reactivity lines for calculation of reactivity. Highlighted zone represents commercial silica fume compositions.

Fig. 9—(a) Reactivity lines and experimental results for fly ash; and (b) difference between actual and calculated DOR* when 
using reactivity lines for calculation of reactivity.
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Calcined clays and metakaolin
Calcined clays and metakaolin typically contain high 

amounts of alumina (20 to 50%55), and high amounts of 
silica with negligible CaO, with the typical chemical compo-
sition obtained from the literature shown in Table 2. The 
lines chosen for calcined clays and metakaolin are the 75% 
SiO2 +25% Al2O3 line and 50% SiO2 + 50% Al2O3 line. The 
experimental results from literature33,46,49,50,55 are plotted 
along with the recommended reactivity lines as shown in 
Fig. 10(a). All the data points fall within the bounding reac-
tivity lines. Figure 10(b) shows the difference in the calcu-
lated DOR* from the actual DOR* when Eq. (2) and the 
constants in Table 2 are used for any chemical composition of 
fly ash that satisfies the ASTM C61825 requirements, which 
can be obtained commercially. This difference between the 
calculated and actual reactivity for typical commercially 
available calcined clays and metakaolin compositions is 
under 5%. Therefore, for calcined clays and metakaolin, 
using the 75% SiO2 + 25% Al2O3 line and the 50% SiO2 + 
50% Al2O3 line to calculate the DOR* is recommended.

Slag
ASTM C989/C989M73 specifies the chemical compo-

sitional requirements for the use of slag (slag cements); 
however, the only limitation on the chemistry speci-
fied is a maximum sulfide content of 2%. Therefore, the 
commercially available slag compositions from the litera-
ture33,46,49,50,55 is used to obtain the optimal reactivity lines. 
Typical slags available in the United States33,46,49,50,55 contain 
20 to 40% SiO2, 10 to 15% Al2O3, and 30 to 50% CaO. There-
fore, the reactivity lines chosen to best represent the data and 
calculate the reactivity is the 70% SiO2 + 30% CaO line and 
18% SiO2 + 32% Al2O3 + 50% CaO line. The experimental 
results from the literature33,46,49,50,55 are plotted along with 
the recommended reactivity lines as shown in Fig. 11(a). All 
but one data point fall within the bounding reactivity lines. 
Figure 11(b) shows the difference in the calculated DOR* 
from the actual DOR* when Eq. (2) and the constants in 
Table 2 are used for any typical slag available commercially. 
The difference between the calculated reactivity and actual 
DOR* for typical commercially available slag is under 13% 

Fig. 10—(a) Reactivity lines and experimental results for calcined clays and metakaolin; and (b) difference between actual and 
calculated DOR* when using reactivity lines for calculation of reactivity.

Fig. 11—(a) Reactivity lines and experimental results for slag; and (b) difference between actual and calculated DOR* when 
using reactivity lines for calculation of reactivity.
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when these lines are used and, as such, the use of the 70% 
SiO2 + 30% CaO line and 18% SiO2 + 32% Al2O3 + 50% 
CaO line is recommended.

A cumulative frequency plot of the reactivities determined 
using experimental data in the literature23,33,46,49,50,55,59,60 
is shown in Fig. 12. This statistical distribution enables 
a comparison of SCMs based on their DOR* (which is a 
performance indicator of the SCM39). For example, a fly ash 
of 60% reactivity can be considered a highly reactive fly 
ash but a silica fume of 60% reactivity may be considered 
a low-reactivity silica fume. The range of silica fume reac-
tivity can be seen to be from 54 to 90% (mean reactivity is 
71%) while fly ash ranges from 9 to 85% (mean reactivity 
is 43%).

CONCLUSIONS
This paper uses thermodynamic modeling to aid the inter-

pretation of pozzolanic reactivity testing of different classes 
of supplementary cementitious materials (SCMs). The 
following conclusions were drawn:

1. The investigation of the SCMs containing only SiO2 
and Al2O3 (no CaO) showed that as the ratio of SiO2 to Al2O3 
varies, the phase assemblage changes (pure Al2O3 results in 
the formation of C2AH7.5, pure SiO2 results in the formation 
of C-S-H phases, and combinations of SiO2 and Al2O3 result 
in the formation of C2ASH8 along with C-S-H or C2AH7.5). 
The heat release (Q) and calcium hydroxide (CH) consumed 
follow a response that is roughly bilinear, with the minima 
of heat release and CH consumed being at SiO2:Al2O3 where 
only C2ASH8 forms.

2. The investigation of the SCMs containing SiO2, Al2O3, 
and CaO showed that the presence of CaO in an SCM results 
in a net reduction in the measured CH consumed as the 
CaO in the SCM provides an internal source of Ca. The Q 
increases as the reaction of CaO is more exothermic than the 
reactions of SiO2 and Al2O3.

3. The study of the influence of the presence of sulfates 
and carbonates during reactivity quantification indicated that 
both sulfates and carbonates alter the reaction of the Al2O3 
phases. The Al2O3 reacts preferentially with sulfates and 
carbonates to form AFm phases (Al2O3 reacts with sulfates 

to form monosulfate, and with carbonates to form carboalu-
minates). The reaction forming these AFm phases is more 
exothermic than the reaction that forms C2AH7.5 or C2ASH8. 
As such, the addition of sulfates and carbonates in the quan-
tification of the pozzolanic reactivity is not recommended, 
as it makes the interpretation of the results challenging as 
the reactions are altered with reactions other than pozzolanic 
reactions occurring.

4. Following Conclusions 1 through 3, it was shown that 
the reactivity of commercial SCMs should be interpreted 
specific to the type of SCM as described by ASTM Interna-
tional/AASHTO. The proposed interpretation is provided in 
this paper. This implies that directly comparing the Q is only 
applicable with SCMs of the same type.

5. The statistical data on the reactivities of commercially 
available SCMs using the proposed approach indicate that 
the mean reactivity of silica fume is 70%, the mean reac-
tivity of fly ash + natural pozzolan is 43%, and the mean 
reactivity of slags is 48%.

Overall, this paper provides a fundamental understanding 
of the reactions that occur in the pozzolanic reactivity test 
(PRT), demonstrates the robustness of the PRT, extends the 
scope of the PRT to measure the reactivity of pozzolanic as 
well as hydraulic SCMs, and is intended to aid in the inter-
pretation of the results of the PRT and allow for a more accu-
rate determination of the degree of reactivity (DOR*).
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A requirement for achieving sustainable concrete structures is to 
develop a quantitative method for designing concrete mixtures that 
yields the target rheological properties and compressive strength. 
Toward this objective, this paper proposes a mathematical model 
approach to improve the sustainability of the concrete industry. A 
postulation that packing density, a function of the concrete mixture, 
provides the link between concrete mixture, rheological properties, 
and compressive strength was investigated. Rheological models for 
yield stress and plastic viscosity, and a compressive strength model 
were adopted with packing density as a central variable. The rheo-
logical models employ a cell description that is representative of 
fresh concrete. The compressive strength model is based on excess 
paste theory to account for the concrete mixture proportions, 
gradation of aggregate particles, and porosity. An experimental 
program was developed to calibrate and test these models. Results 
revealed that packing density provides a consistent and reliable 
link, and that the concrete mixture composition can be designed to 
achieve the target rheological properties and hardened properties 
and ensure quality control. Consequently, a new mixture propor-
tioning methodology was developed and proposed as an improve-
ment to the ACI 211.1 mixture design method. Furthermore, a case 
study was conducted to test for the applicability and adequacy of 
this proposed method. This research outcome, which provides a 
quantitative approach to design concrete mixtures to meet specific 
strength requirements and rheology, can also be used to ensure 
quality control before concrete is cast.

Keywords: packing density; rheology; strength; viscosity; yield stress.

INTRODUCTION
Improving the sustainability of structures has become 

a global objective over the past few decades (Moutassem 
and Miqdadi 2020). Sustainability of civil engineering 
structures encompasses effective selection of materials, 
which includes the use and recyclability of the material and 
building components, effective use of energy, and resiliency 
of structures. Traditionally, concrete mixture design aims 
to meet workability and compressive strength requirements 
(ACI Committee 318 2005). Research has shown that the 
workability of fresh concrete can be quantified using Bing-
ham’s rheological properties—namely, the yield stress and 
plastic viscosity (Ferraris and de Larrard 1998; Chidiac et 
al. 2000; de Larrard 1999). The main variables that affect 
these properties include the size, shape, and volume fraction 
of the solid particles, and method of compaction (de Larrard 
1999). Different apparatuses such as the slump rate machine 
II (SLRM II) can be used to estimate the rheological proper-
ties of concrete (Chidiac and Habibbeigi 2005). Numerous 
fundamental and phenomenological rheology models have 

been proposed in literature. Chidiac and Mahmoodzadeh 
(2009, 2013) reviewed the predictive capabilities of the 
rheological models and concluded that the fundamental 
models developed based on excess paste theory and the cell 
method provide good and consistent predictions. Both the 
plastic viscosity and yield stress models employ packing 
density of fresh concrete as a central variable.

The strength of hardened concrete depends on its porosity 
and the bond strength of the hydrated cement which are func-
tion of the aggregate types, shapes and gradation, cement 
composition and degree of hydration, amount of entrained 
air, mixture proportions, and placement protocols (de 
Larrard 1999; Moutassem 2010). Moutassem and Chidiac 
(2016) reviewed the predictive capabilities of the compres-
sive strength models proposed in literature and concluded 
that the comprehensive model developed by Chidiac et al. 
(2013) provides the highest degree of correlation to experi-
mental data.

Research has shown that the optimum packing density 
of aggregates and concrete yields optimum rheology and 
strength by reducing concrete porosity (Johansen and 
Andersen 1996; Wong and Kwan 2008; Tasi et al. 2006; 
Shilstone and Shilstone 1993). Studies have revealed the 
following: rheology is a function of concrete packing density 
(de Larrard 1999; Chidiac and Mahmoodzadeh 2009, 2013), 
compressive strength is a function of aggregates packing 
density (de Larrard 1999; Moutassem 2010; Chidiac et al. 
2013), and aggregate packing density and concrete packing 
density correlate (de Larrard 1999). Accordingly, packing 
density is a common variable that relates the mixture 
composition to these properties. Packing density, defined 
as the ratio of the volume of the solid particles to the bulk 
volume occupied by these particles, can be measured experi-
mentally in accordance with ASTM C29 (1997). Moutassem 
and Chidiac (2008) evaluated the suitability of the packing 
density models proposed in the literature for concrete appli-
cations and concluded that the compressible packing model 
(CPM) provides the highest predictability.

Some researchers have attempted to establish a link 
between the rheological properties and compressive strength 
using experimental means (Chidiac et al. 2003; Laskar and 
Talukdar 2007, 2008). Chidiac et al. (2003) worked on 
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correlating the rheological properties to the strength and dura-
bility of hardened concrete made with a mixture composed 
of a high water-cement ratio (w/c). It was observed that 
concrete compressive strength increases as the yield stress 
and plastic viscosity increase up to an optimum value. Laskar 
and Talukdar (2007, 2008) worked on correlating the rheo-
logical properties to the compressive strength of high-per-
formance concrete. It was observed that the compressive 
strength increases with yield stress and that the increase is 
rapid at low values of yield stress. For the plastic viscosity, 
it was observed that there exists an optimum value corre-
sponding to maximum compressive strength. These findings 
strongly suggest that a link exists between rheology and 
strength. However, they do not provide explanations, nor do 
they identify the common variables that permit linking these 
properties. Research conducted by Mehdipour and Khayat 
(2019) studied the effect of particle packing on rheology and 
strength development of dense cementitious suspensions. 
Particle packing was determined through altering the water 
content and determining the optimum water demand corre-
sponding to maximum solid concentration and the minimum 
water demand required to initiate flow. The author suggests 
that the outcome of this study can be useful in optimizing 
the design of dense cementitious suspensions. However, 
no actual link between the mixture variables, rheology, and 
strength was produced to permit the design of optimum 
mixtures.

This paper presents an experimental program as well as an 
analytical methodology to demonstrate whether a link can 
be established between the concrete mixture, rheological 
properties, and compressive strength with packing density 
identified as the common variable.

RESEARCH SIGNIFICANCE
Current design practice is based on meeting workability 

and strength requirements (ACI Committee 211 1991). The 
slump test, which has been the standard test for workability, 
is not sufficient and the two rheological properties parame-
ters—namely, yield stress and plastic viscosity—are needed 
to quantify workability (Tattersall and Banfill 1983; Ferraris 
and de Larrard 1998; Chidiac et al. 2003). For the compres-
sive strength, current design targets the cement content and 
w/c. However, research has shown that other factors can 
be considered for a better prediction (de Larrard 1999). In 
addition, the current mixture design approach is not funda-
mental but is rather statistical and does not provide a link 
between the mixture proportions, slump, and compressive 
strength, which is needed to provide control over the design. 
Recognizing that packing density is a statistically significant 
variable for both strength and slump (rheology), and that it 
is a mixture property, it was postulated that packing density 
is a central variable providing a continuous link between 
concrete mixture, rheology, and compressive strength. On 
this basis, an improved version of the ACI 211.1 mixture 
proportioning methodology that incorporates the rheolog-
ical properties and optimizes packing density of aggre-
gates needs to be developed. This research outcome, which 
provides a quantitative approach to design concrete mixtures 
to meet specific strength requirements and rheology, can also 

be used to ensure quality control before concrete is cast for 
more sustainable structures.

EXPERIMENTAL PROGRAM
Materials

The concrete was prepared using a mixture of crushed 
limestone, siliceous sand, ordinary portland cement (OPC), 
air-entraining admixture (AEA), and water. Hydraulic 
Type  10 (Type GU) cement was used in this study. The 
chemical and physical properties are summarized in Table 1. 
Crushed limestone coarse aggregate (CA) with 20 and 14 mm 
nominal maximum aggregate sizes were used. The aggre-
gates were obtained from a quarry located in Dundas, ON, 
Canada. The specific gravities, absorption values, and bulk 
density for the 20 mm CA are 2.75, 0.92%, and 1636 kg/m3;  
and 2.74, 0.88%, and 1576 kg/m3 for the 14 mm CA, respec-
tively. Commercially distributed sand was obtained. The 
fineness modulus, specific gravities, absorption values, 
and bulk density for the sand are 2.72, 2.71, 1.58%, and  
1812  kg/m3, respectively. The bulk density, specific gravity, 
and absorption for CA and sand were obtained following 
ASTM C127 (2015) and ASTM C128 (2015), respectively. 
The particle size distribution test was carried out in accordance 
with ASTM C136 (2014) and was found to conform to the 
specification requirements. A commercial AEA meeting the 
requirements of ASTM C260 (2010) was used to entrain air.

Concrete mixture design
The concrete mixture was proportioned following the 

statistical fractional factorial design method and the ranges 
recommended for designing and proportioning normal 
concrete mixtures (Kosmatka et al. 2002). The range selected 

Table 1—Chemical and physical properties of 
Type 10 (Type GU) hydraulic cement

SiO2, % 19.7

Al2O3, % 4.9

Fe2O3, % 2.6

CaO, % 62.1

MgO, % 2.8

SO3, % 3.2

Na2O, % 1.3

Loss on ignition, % 3.1

C4AF, % 8.0

C3A, % 9.0

C3S (CSA), % 58

C2S (CSA), % 13

C3S (ASTM), % 50

C2S (ASTM), % 19

Equivalent alkalies, % 0.78

Specific surface area (Blaine), cm2/g 4205

% Passing 325 (45 um) mesh, % 92.1

Time of setting—initial, min 113

Compressive strength—28-day, MPa 41.9
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for w/c was from 0.4 to 0.7. The water content values ranged 
from 175 to 228 kg/m3, covering the full range of slump for 
non-air-entrained and air-entrained concrete. The cement 
content ranged from 250 to 570 kg/m3. The bulk volume of 
CA per unit volume of concrete, VCA, ranged from 0.45 to 
0.69. The CA maximum sizes were 20 and 14 mm. For the 
air-entrained concrete mixtures, an AEA was used to achieve 
5% air content. The total number of concrete mixtures was 
28 and the corresponding proportions are given in Table 2. 
Of the 28 concrete mixtures, 20 were air-entrained and eight 
were non-air-entrained.

Packing density
The maximum packing density, ϕ*, for each mixture was 

computed using the compressible packing model (de Larrard 
1999), which requires the dry packing densities, volume 
fractions, and the characteristic diameters of the particles 
as an input. The dry packing density of sand and CA (oven 
dried) were measured in accordance with ASTM C29 (1997) 

with rodding as the method of compaction. The test was 
carried out using three specimens, and both the mean value 
and the standard deviation are reported. The mean packing 
densities of sand, 14 mm maximum CA size, and 20 mm 
maximum CA size were measured to be 0.669, 0.575, and 
0.595, respectively, and the corresponding standard devi-
ation is 0.016, 0.011, and 0.012. The mean characteristic 
diameters corresponding to 63.2% passing, as recommended 
by Goltermann et al. (1997), were measured for sand, 14 mm 
maximum aggregate size, and 20 mm maximum aggregate 
size and found to be 1.1, 10.4, and 14.3 mm, respectively. 
The corresponding standard deviations are 0.05, 1.48, and 
1.22 mm, respectively. The mean values of the mean diame-
ters, corresponding to 50% passing, needed for the proposed 
average paste thickness (APT) model, were determined to 
be 0.74, 9.1, and 12 mm for sand, 14 mm maximum CA 
size, and 20 mm maximum CA size, respectively. The corre-
sponding standard deviations are 0.06, 0.48, and 1.55 mm, 
respectively.

Table 2—Concrete mixture design composition

Mixture No. w/c Size Water, kg/m3 Cement, kg/m3
Coarse aggregate 

(bulk volume)
Coarse aggregate, 

kg/m3 Sand, kg/m3 Air, %

1 0.40 14 193 483 0.50 794 851 5.9

2 0.60 14 193 322 0.62 971 815 5.3

3 0.40 14 205 513 0.62 971 618 4.8

4 0.60 14 205 342 0.50 794 939 5.1

5 0.40 20 184 460 0.69 1134 563 4.6

6 0.60 20 184 307 0.57 928 898 5.6

7 0.40 20 197 493 0.57 928 703 4.8

8 0.60 20 197 328 0.69 1134 641 3.1

9 0.50 14 193 386 0.504 794 934 5.7

10 0.70 14 175 250 0.504 794 1100 8.8

11 0.50 14 205 410 0.504 794 881 5.1

12 0.70 14 193 276 0.504 794 1029 7.5

13 0.50 14 193 386 0.616 971 759 5.1

14 0.70 14 175 250 0.616 971 925 8.7

15 0.50 14 205 410 0.616 971 706 4.8

16 0.70 14 193 276 0.616 971 854 5.6

17 0.50 14 199 398 0.560 883 820 5.0

18 0.50 14 199 398 0.448 706 994 7.8

19 0.50 14 199 398 0.672 1059 645 6.7

20 0.50 14 199 398 0.560 883 820 5.8

21 0.40 14 216 540 0.50 794 807 2.1

22 0.60 14 216 360 0.62 971 787 1.0

23 0.40 14 228 570 0.62 971 574 1.8

24 0.60 14 228 380 0.50 794 912 1.2

25 0.40 20 205 513 0.69 1134 542 1.6

26 0.60 20 205 342 0.57 928 892 1.5

27 0.40 20 216 540 0.57 928 692 1.4

28 0.60 20 216 360 0.69 1134 643 1.5
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Rheological properties
Bingham material properties, namely the yield stress 

and plastic viscosity, were estimated using the SLRM II 
(Chidiac and Habibbeigi 2005). Once the mixing procedure 
was completed, the slump was measured in accordance with 
ASTM C143 (2015) and the SLRM II was used to measure 
the concrete slump as a function of time, the slump flow Sf, 
the slump Sl, and the time of slump tslump. Subsequently, the 
rheological properties were calculated as follows

	​ ​τ​ o​​  =  ​ 
4gVρ

 _ ​√ 
_

 3 ​ π ​​S​ f​​​​ 2​
 ​  =  0.0397​(​ ρ _ ​​S​ f​​​​ 2​

 ​)​​	 (1)

	​ η  =  ​ 
ρgHV

 _ 150π ​S​ l​​ ​​S​ f​​​​ 2​
 ​ ​t​ slump​​​	 (2)

where ρ is the concrete density; H is the height of the slump 
cone; V is the volume of slump cone; and g is the gravita-
tional acceleration.

Compressive strength
For every mixture, six standard cylinders, 100 mm in diam-

eter and 200 mm high, were cast, consolidated by rodding, 
and finished in accordance with ASTM C192 (2016). The 
cylinders were sealed for 24 hours then placed in a moist 
curing room, where the relative humidity was more than 
95% and the temperature was 24°C. The concrete compres-
sive strength was evaluated in accordance with ASTM C39 
(2016) at 28 days. Three specimens were tested for each 
mixture.

ANALYTICAL MODELS
Packing density

Moutassem and Chidiac (2008) reviewed the literature 
and evaluated the adequacy of many models proposed for 
predicting the maximum packing density of aggregates. 
Of the nine packing density models investigated, only the 
CPM, modified Toufar model (MTM), and theory of particle 
mixtures model (TPM) were found to correctly predict the 
maximum packing density of aggregate used in concrete 
(Moutassem and Chidiac 2008). In this study, the maximum 
packing density of aggregates, ϕ*agg, and concrete, ϕ*conc, are 
predicted using the CPM (de Larrard 1999). To account for 
the different sizes of fine aggregate, coarse aggregate, and 
cement particles, a characteristic diameter concept corre-
sponding to 63.2% passing was introduced (Goltermann et 
al. 1997). Given the method of compaction and knowing 
the following: volume fractions of cement, fine aggregate, 
and coarse aggregate; their characteristic diameters; and 
their maximum packing densities—the CPM model can be 
employed to calculate ϕ*agg and ϕ*conc.

Rheology
Chidiac and Mahmoodzadeh (2009, 2013) carried out a 

review of the models reported in the literature for predicting 
the plastic viscosity and yield stress of fresh concrete. They 
revealed that there are different types of models reported 
in the literature and that there are few models that can 
predict the properties. However, closer examination of the 

results revealed that the model proposed by Chidiac and 
Mahmoodzadeh, which is a fundamental model, yielded 
both good and consistent predictions.

Plastic viscosity—Chidiac and Mahmoodzadeh (2013) 
developed the following model for determining the plastic 
viscosity of fresh concrete based on the composition of the 
mixture

	​ ​η​ r​​  ≅  ​η​ i​​ ​y​​ 3​ ​ 
4(1 − ​y​​ 7​ )

  ____________________________   4(1 + ​y​​ 10​ )  − 25 ​y​​ 3​ (1 + ​y​​ 4​ )  + 42 ​y​​ 5​ ​​	 (3)

where ηi is the dynamic intrinsic viscosity and is a function 
of the particle shape; and y is the ratio of the radius of the 
cell to the radius of the particle and is given by (Frankel and 
Acrivos 1967)

	 y = (ϕ/ϕ*)1/3(1 – ψ)	 (4)

where ϕ and ϕ* are the packing density of concrete (volume 
fraction of solids) and the maximum packing density of the 
concrete mixture, respectively; and ψ is a function of the 
concrete mixture and is defined as follows

	​ ​

⎧

 
⎪

 ⎨ 
⎪

 
⎩

​
ψ  =  ​C​ 1​​ × ​ ​M​ c​​ _ ​M​ w​​ ​

​  
ψ  =  ​C​ 1​​ × ​ ​M​ HRWRA​​ _ ​M​ c​​  ​ × ​  ​M​ W​​ _______________  ​M​ c​​ + ​M​ FineSand+Sand​​ ​

​​​	 (5)

where Mc, Mw, MHRWRA, and MFineSand+Sand correspond to the 
mass of cement, water, high-range water-reducing admix-
ture (HRWRA), and the total sand, respectively; and C1 is 
a calibration constant whose value depends on the method 
of compaction and method of measuring the rheological 
properties.

Yield stress—Chidiac and Mahmoodzadeh (2013) 
followed the same analogy to develop a fundamental model 
for yield stress and is given by

	​ ​τ​ o​​  ≅  ​τ​ i​​ ​y​​ 3​ ​ 
4(1 − ​y​​ 7​ )

  ____________________________   4(1 + ​y​​ 10​ )  − 25 ​y​​ 3​ (1 + ​y​​ 4​ )  + 42 ​y​​ 5​ ​​	 (6)

where τi is referred to as intrinsic yield stress and is a func-
tion of the particle shape; and y is given in Eq. (8) with ψ for 
yield stress model defined as

	​ ψ  =  ​C​ 1​​​(​ ​M​ G​​ _ ​M​ w​​ ​ + ​ρ​ w​​ × ​V​ air​​)​​	 (7)

where MG and Mw are the mass of gravel—that is, CA—and 
mass of water in the concrete mixture, respectively.

Compressive strength
Moutassem and Chidiac (2016) reviewed the literature 

and evaluated the adequacy of many concrete compres-
sive strength models. The model proposed by Chidiac 
et  al. (2013) is adopted because it provides a high degree 
of correlation to the experimental data and mathematically 
accounts for packing density. The model is given by
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	​ ​f​ c​​′(t )   =  K ​R​ c28​​ ​​(​ APT _ D  ​)​​​ A​ ​B​​ ​ 
W+EA _ C  ​​​(α(t )  − ​α​ cr​​)​​	 (8)

where fc′ is the compressive strength of concrete; α is the 
degree of cement hydration at age t; αcr is the critical degree 
of hydration; K is the aggregate to paste bond constant; 
Rc28 is the standard cement strength at 28 days; APT is the 
average paste thickness; D is the mean diameter of all aggre-
gate particles in the mixture; (W+EA)/C is the ratio of the 
volume fractions of water + entrapped and entrained air to 
cement; and A and B are calibration constants. Constant A 
depends on the shape of the fine and coarse aggregate parti-
cles, while constant B depends on specimen shape and test 
conditions. APT, which is a function of aggregate grada-
tions, mean sizes, volume fractions, and method of compac-
tion, can be obtained as follows

	​ APT  ≈  − ​ 1 _ 2 ​​(​D​ s​​ + ​ 
​ϕ​ ca​​ ​​D​ s​​​​ 2​ _ ​ϕ​ s​​ ​D​ ca​​

 ​ + ​ 
ϕ ​​D​ s​​​​ 2​​(1 − ​ϕ​​ *​)​

 ___________ ​ϕ​ s​​ ​ϕ​​ *​D  ​)​

	 + ​ 1 _ 2 ​ ​√ 

________________________________________

    ​​(​D​ s​​ + ​ 
​ϕ​ ca​​ ​​D​ s​​​​ 2​ _ ​ϕ​ s​​ ​D​ ca​​

 ​ + ​ 
ϕ ​​D​ s​​​​ 2​​(1 − ​ϕ​​ *​)​

 ___________ ​ϕ​ s​​ ​ϕ​​ *​ D  ​)​​​ 
2

​ + ​ 4 _ 3 ​ ​ 
​(​ϕ​​ *​ − ϕ)​

 _ ​ϕ​​ *​  ​ ​ ​​D​ s​​​​ 2​ _ ​ϕ​ s​​
 ​ ​​		

		  (9)

where Ds and Dca are the mean diameter of sand and CA 
particles, respectively; and ϕ, ϕs, and ϕca are the volume frac-
tions of the aggregates, sand particles, and coarse particles, 
respectively.

The degree of cement hydration, α, can be obtained using 
a cement hydration model such as the one proposed by 
Schindler and Folliard (2005) and adopted in this study. The 
critical degree of hydration, αcr, was predicted according to 
Rasmussen et al. (2002). The adopted models are as follows

	 αcr = k × w/c	 (10)

	​ α  =  ​α​ u​​ ∙ exp​(− ​​[​ τ _ ​t​ e​​ ​]​​​ 
β
​)​​	 (11)

	 τ = 66.78pC3A
–0.154pC3S

–0.401 ∙ Blaine–0.804 ∙ pSO3
–0.758 ∙ 		

	 exp(2.187pSLAG + 9.5pFApFA-CaO)	 (12)

	 β = 181.4pC3A
0.146pC3S

0.227 ∙ Blaine–0.535 ∙ pSO3
0.558 ∙ 		

	 exp(–0.647pSLAG)	 (13)

	​ ​α​ u​​  =  ​  1.031 w / c ___________ 0.194 + w / c ​ + 0.50​p​ FA​​ + 0.30​p​ SLAG​​  ≤  1.0​	 (14)

	​ ​t​ e​​  =  ​∑​ 
0
​ 

t
 ​exp​(​ E _ R ​​(​  1 _ 293 ​ − ​  1 _ T + 273 ​)​)​ Δt​	 (15)

where te is the equivalent age (hours); αu is the ultimate 
degree of cement hydration; T is the concrete tempera-
ture (°C); E is the activation energy (33,500 J/mol for T > 
20°C); R is the universal gas constant (8.3144 J/mol/K); τ 
and β are the hydration time parameter and hydration shape 

parameter, respectively; pC3A, pC3S, pSO3, pFA, pSLAG, pFA-CaO 
are the weight ratios in terms of total cement content; and k 
is a calibration constant (0.43 for OPC concrete).

MODEL CALIBRATION AND PREDICTION
Calibration procedure

The experimental test results are used to calibrate the 
parameters ηi, τi, and C1 in the plastic viscosity and yield 
stress models and the parameters K, A, and B in the compres-
sive strength model. Model calibration was achieved using 
least-squares analysis. The values of the constants were 
selected by minimizing the model standard error (σ), which 
provides a global assessment of the model prediction (Mont-
gomery and Runger 2003)

	​ σ  =  ​√ 

______________________

   ​ 
​∑ 

i
​  ​​​(Mode​l​ i​​ − Experimen​t​ i​​)​​​ 2​​

   ______________________  n − p  ​ ​​	 (16)

where Modeli and Experimenti are the model and experi-
ment values corresponding to mixture i, respectively; n is 
the number of test points; and p is the number of model 
constants. In addition, the correlation coefficient (R2), which 
measures the degree of correlation between the model and 
experiment, was also calculated.

Model prediction
The properties of the concrete mixture listed in Table  2 

were evaluated. Table 3 shows the experimental and 
predicted values for yield stress, plastic viscosity, and 
compressive strength. Errors as a percent difference between 
experiment and model predicted values are also presented. 
Table 4 presents the goodness of fit—that is, σ and R2—for 
non-air-entrained and air-entrained concretes. These results 
provide a reasonable degree of correlation to the experi-
mental data. Figure 1 illustrates graphically the goodness 
of fit of the rheological properties and compressive strength 
prediction models for air-entrained and non-air-entrained 
mixtures. Because the compressive strength model accounts 
for air, the corresponding graph consists of both.

CORRELATION BETWEEN MIXTURE DESIGN, 
RHEOLOGY, AND COMPRESSIVE STRENGTH

Production and potential use of correlation 
nomographs

The identified models provided in this paper were used 
to produce correlation nomographs to illustrate graphically 
the postulation that packing density provides a continuous 
link between concrete mixture, rheology, and strength 
(Moutassem 2010). The input parameters include w/c, water 
content, air content, VCA, and maximum CA size. The nomo-
graphs shown in Fig. 2 to 5 correspond to air-entrained 
concrete mixtures. The nomographs shown in Fig.  6 to 9 
correspond to non-air-entrained concrete mixtures. Each 
figure contains three charts. The dashed lines in chart 1 
correspond to the yield stress versus ϕ/ϕ*conc, whereas the 
solid lines correspond to the water content versus ϕ/ϕ*conc. 
Chart 2 is similar to chart 1 except that the rheological 
property is the plastic viscosity instead of the yield stress. 
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The dashed lines in chart 3 correspond to ϕ/ϕ*conc versus 
ϕ/ϕ*agg, whereas the solid lines correspond to ϕ/ϕ*agg versus 
compressive strength. Following the same procedure, addi-
tional nomographs can be produced to cover a wider range 
of input parameters.

Applicability and adequacy of correlation 
nomographs

Once the mixture design is known, charts 1 and 2 can be 
used to determine ϕ/ϕ*conc and the corresponding yield stress 
and plastic viscosity values. Knowing ϕ/ϕ*conc from charts 
1 or 2, the ϕ/ϕ*agg can be determined using the dashed lines 

shown in chart 3. With ϕ/ϕ*agg determined, the solid lines in 
chart 3 can be used to determine the corresponding compres-
sive strength of concrete. To illustrate the applicability and 
test the adequacy of the correlation nomographs, a concrete 
mixture was randomly selected from Table 2 (No. 2) and 
the relevant nomograph was manually used to ensure that 
it yields rheological and strength results similar to those 
shown in Table 3. Entering the first chart of Fig. 4 with a 
water content of 193 kg/m3 and intersecting the bold line 
corresponding to VCA of 0.62 yields a ϕ/ϕ*conc of approxi-
mately 0.863 on the x-axis. Moving vertically upwards from 
this point and intersecting the dashed line corresponding to 

Table 3—Experimental and predicted rheological properties and compressive strength results

Mixture No. (ϕ/ϕ*)agg (ϕ/ϕ*)conc τoexp, Pa τomodel, Pa Error, % μexp, Pa-s
μmodel, 
Pa-s Error, % fc′exp fc′model Error, %

1 0.741 0.880 1763 1398 21 49 34 30 37.8 ± 2.3 36.5 3

2 0.803 0.863 1046 918 12 12 9 25 23.1 ± 1.2 24.3 5

3 0.716 0.883 1530 1525 0 31 40 31 36.4 ± 1.0 38.1 5

4 0.790 0.855 645 761 18 6 7 17 27.2 ± 1.1 24.9 9

5 0.752 0.895 2228 2200 1 80 84 5 35.7 ± 1.8 37.9 6

6 0.810 0.865 887 962 8 11 10 13 23.9 ± 2.0 23.7 1

7 0.721 0.885 2105 1610 23 56 45 20 38.4 ± 1.4 38.0 1

8 0.796 0.873 600 1182 97 9 13 42 23.8 ± 2.3 27.3 15

9 0.783 0.867 738 1011 37 8 13 63 30.4 ± 0.8 30.0 1

10 0.839 0.864 1391 946 32 — — — 14.9 ± 0.8 14.7 2

11 0.762 0.862 565 902 60 5 11 121 32.9 ± 1.0 31.1 5

12 0.815 0.850 720 680 6 8 5 34 18.4 ± 0.7 16.7 9

13 0.778 0.871 876 1103 26 9 15 66 30.7 ± 2.6 30.6 0

14 0.827 0.856 841 779 7 9 6 30 13.6 ± 0.6 14.8 9

15 0.756 0.865 864 950 10 10 12 19 32.5 ± 0.2 31.4 3

16 0.818 0.861 604 863 43 8 7 11 18.6 ± 2.0 18.7 0

17 0.770 0.867 922 1005 9 9 13 44 31.9 ± 0.6 31.0 3

18 0.761 0.844 759 592 22 7 6 13 26.3 ± 1.0 27.7 5

19 0.755 0.853 742 718 3 9 8 12 25.5 ± 1.3 28.9 13

20 0.763 0.859 794 840 6 — — — 33.1 ± 2.2 30.0 9

21 0.729 0.904 1208 1210 0 20 25 29 42.6 ± 1.5 41.7 2

22 0.803 0.884 607 649 7 — — — 31.0 ± 0.3 30.3 2

23 0.702 0.902 1464 1138 22 26 22 14 43.8 ± 3.5 42.1 4

24 0.788 0.873 728 463 36 6 5 16 29.7 ± 0.3 30.2 2

25 0.744 0.915 2131 2027 5 48 47 2 40.5 ± 2.4 42.4 5

26 0.816 0.888 679 732 8 7 8 22 31.9 ± 2.3 29.8 7

27 0.719 0.910 1134 1560 38 — — — 43.3 ± 1.4 42.9 1

28 0.786 0.877 597 546 8 9 5 40 27.3 ± 0.7 29.8 9

Table 4—Goodness of fit

Plastic viscosity, Pa-s Yield stress, Pa Compressive strength, MPa

Air consideration σ R2 σ R2 σ R2

Air-entrained 6.1 0.92 269 0.74
1.8 0.96

Non-air-entrained 3.9 0.95 250 0.83
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VCA of 0.62 yields a yield stress of approximately 950 Pa. 
Entering the second chart with a water content of 193 kg/m3  
and intersecting the bold line corresponding to VCA of 0.62 
yields a ϕ/ϕ*conc of approximately 0.863 on the x-axis. 
Moving vertically upwards from this point and intersecting 
the dashed line corresponding to VCA of 0.62 yields a plastic 
viscosity of approximately 9.5 Pa-s. Entering the third chart 
with ϕ/ϕ*conc of approximately 0.863 and intersecting the 
dashed line corresponding to VCA of 0.62 yields a ϕ/ϕ*agg 
of approximately 0.805 on the x-axis. Moving vertically 
upwards from this point and intersecting the bold line corre-
sponding to VCA of 0.62 yields a compressive strength of 
approximately 24.6 MPa. Comparison reveals that these 
results are similar to those shown in Table 3. Hence, these 
nomographs demonstrate that there exists a continuous 

link between concrete mixture, rheology, and compressive 
strength through packing density. The small variability 
in the results is due to human error when manually using 
the charts, and because these nomographs for air-entrained 
concrete were constructed from the models by assuming a 
target air content of 5%, whereas the actual air content for 
this mixture is 5.3%.

Correlations trend
The effect of w/c, water content, VCA, maximum aggre-

gate size, and air content on the properties were investi-
gated to verify their consistence with what is reported in 
literature. These figures reveal that an increase in w/c due 
to an increase in water content or a reduction in the cement 
content results in a decrease in yield stress, plastic viscosity, 

Fig. 1—Prediction capability of yield stress, plastic viscosity, and strength models.
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and compressive strength, which is consistent with literature 
(Quiroga 2003). The volume fraction of solids, ϕconc, can be 
determined from 1–Vair–Vwater. An increase in water content 
or a reduction in cement content reduces ϕconc significantly 
relative to its effect on ϕ*conc, which depends on the mixture 
gradation. This results in a reduction in ϕ/ϕ*conc and a reduc-
tion in the yield stress and plastic viscosity, according to 
Eq. (3) and (6). In addition, an increase in w/c results in a 
reduction in strength due to an increase in the water-filled 
capillary porosity and in accordance with Eq. (8).

These figures also reveal that an increase in the water 
content for fixed w/c results in a reduction in yield stress, 
plastic viscosity, and strength, which is consistent with litera-
ture (Quiroga 2003). The reduction in yield stress and plastic 
viscosity is due to the presence of a larger volume of excess 
paste beyond what is required to fill the voids between the 
particles, which results in further lubrication. An increase 

in VCA for fixed w/c and water content (that is, fixed ϕagg) 
influences the sand-aggregate ratio (S/A), which can result 
in either a decrease or increase in ϕ*agg, depending on the 
total aggregates gradation. Research has shown that there is 
an optimum S/A that equals the maximum binary packing of 
these elements. This optimum S/A corresponds to minimum 
porosity and thus maximum workability and strength 
(Johansen and Andersen 1996; Quiroga 2003). Comparing 
the figures with 14 mm maximum aggregate size to the 
figures with 20 mm maximum aggregate size, it is revealed 
that an increase in the maximum aggregate size results in an 
increase in workability and a slight reduction in compressive 
strength, which is consistent with literature (ACI Committee 
318 2005; de Larrard 1999; Quiroga 2003). The figures also 
reveal that an increase in the air content through air entrain-
ment for fixed mixture constituents results in a reduction 
in yield stress, plastic viscosity, and compressive strength, 
which is consistent with literature (Tattersall and Banfill 

Fig. 2—Linking rheological properties to strength: Nomo-
graph—w/c = 0.40, 14 mm, air-entrained (5% air).

Fig. 3—Linking rheological properties to strength: Nomo-
graph—w/c = 0.40, 20 mm, air-entrained (5% air).
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1983). In the context of packing density, an increase in the 
amount of air results in smaller ϕconc but has no influence 
on ϕ*conc. Therefore, ϕ/ϕ*conc would decrease and lead to a 
reduction in the yield stress and plastic viscosity, according 
to Eq. (3) and (6). An increase in air content would increase 
the porosity and result in a reduction in the compressive 
strength of concrete (ACI Committee 318 2005).

NEW METHODOLOGY FOR CONCRETE MIXTURE 
DESIGN AND CASE STUDY

New concrete mixture design methodology
Recognizing that packing density is a statistically signif-

icant variable for both strength and slump (rheology), and 
that it is a mixture property, it was postulated and then 
confirmed that packing density is a central variable providing 
a continuous link between concrete mixture, rheology, and 

compressive strength. On this basis, the following method-
ology is proposed to integrate packing density and rheology 
in the design of concrete mixture:

Proposed methodology
•	 Design requirements: compressive strength, yield stress, 

plastic viscosity (fc′, τo, μ).
•	 From fc′ required and according to ACI 211.1 guidelines → 

Estimate w/c.
•	 From τo required, compute slump using model (Chidiac 

et al. 2000; Chidiac and Habibbeigi 2005) and from ACI 
211.1 guidelines → Estimate water content.

•	 From w/c and water content → Determine cement 
content.

•	 Determine VCA/Vagg through optimization of ϕ*agg using 
a suitable packing density model such as MTM, CPM, 
or TPM.

•	 From Vagg = 1 – Vw – Vc – Vair and from known  
VCA/Vagg → Calculate VCA.

Fig. 4—Linking rheological properties to strength: Nomo-
graph—w/c = 0.60, 14 mm, air-entrained (5% air).

Fig. 5—Linking rheological properties to strength: Nomo-
graph—w/c = 0.60, 20 mm, air-entrained (5% air).
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•	 Determine Vs remaining and mixture proportions in kg/m3.
•	 Predict fc′ using Eq. (8) or any using any other suitable 

fc′ model or using the nomographs, and then check that 
fc′ > required fc′.

•	 Determine ϕconcrete from mixture and compute ϕ*concrete 
using MTM, CPM, or TPM.

•	 Using rheological models such as Eq. (3) and (6) or by 
using the nomographs → Predict τo and μ and check if OK.

•	 If fc′predicted < fc′required → adjust w/c and iterate.
•	 If predicted τo or μ are not as desired → adjust water 

content and iterate.

Case study
The following design case study demonstrates the applica-

bility and adequacy of the proposed methodology:
Given: fc′required > 35 MPa, τo,required < 1000 Pa, μrequired < 

30 Pa-s, 14 mm maximum aggregate size, air-entrained 
concrete (~5%), materials properties, and gradations.

•	 From ACI 211.1 guidelines → w/c = 0.39
•	 For τo = 1000 Pa → Slump = 200 mm. From ACI 211.1 

guide → W = 205 kg/m → C = 526 kg/m3.
•	 Using CPM → VCA = 0.58 and ϕ*agg = 0.816 → CA = 

914 kg/m3 and FA = 663 kg/m3

•	 Using APT model: APT = 0.208 mm
•	 Using fc′ model: fc′ = 37.8 MPa > 35 → OK
•	 Using rheology models: μ = 29.8 Pa-s < 30 Pa-s → OK; 

τo = 1201 Pa > 1000 Pa → NO → Increase water content
•	 Assume W = 220 kg/m3 → C = 564 kg/m3

•	 From the CPM → VCA = 0.56 and ϕ*agg = 0.816 → CA = 
883 kg/m3 and FA = 620 kg/m3

•	 Using APT model: APT = 0.240 mm
•	 Using fc′ model: fc′ = 36.3 MPa > 35 MPa → OK
•	 And: μ = 20.9 Pa-s < 30 Pa-s → OK; τo = 975 Pa < 

1000 Pa → OK

Fig. 6—Linking rheological properties to strength: Nomo-
graph—w/c = 0.40, 14 mm, non-air-entrained.

Fig. 7—Linking rheological properties to strength: Nomo-
graph—w/c = 0.40, 20 mm, non-air-entrained.
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CONCLUSIONS
The experimental and analytical study undertaken to 

investigate the postulation that packing density provides a 
link between the concrete mixture, the rheological proper-
ties, and the compressive strength has revealed the following:

1. The model analogy developed to investigate the desired 
link was evaluated and has shown to provide good degree of 
correlation to the experimental data. The correlation factors 
for yield stress, plastic viscosity, and compressive strength 
models were 0.74, 0.92, and 0.96 for air-entrained concrete 
and 0.83, 0.95, and 0.96 for non-air-entrained concrete, 
respectively.

2. The correlation nomographs demonstrate a continuous 
link between concrete mixture, rheology, and compressive 
strength through packing density.

3. The model correlation trends show that an increase in 
water-cement ratio (w/c), water content, maximum aggregate 
size, or air content through entrainment results in a reduc-

tion in the yield stress, plastic viscosity, and compressive 
strength whereas an increase in coarse aggregate volume 
can result in either a decrease or increase in the properties, 
depending on the corresponding maximum packing density 
of concrete. These trends were found consistent with what 
has been reported in literature.

Consequently, an improved version of the ACI 211.1 
mixture proportioning methodology that incorporates the 
rheological properties and optimizes packing density of 
aggregates was proposed, and a case study was conducted 
to test for its applicability and adequacy. This research 
outcome, which provides a quantitative approach to design 
concrete mixtures to meet specific strength requirements and 
rheology, can also be used to ensure quality control before 
concrete is cast for more sustainable structures.

Fig. 8—Linking rheological properties to strength: Nomo-
graph—w/c = 0.60, 14 mm, non-air-entrained.

Fig. 9—Linking rheological properties to strength: Nomo-
graph—w/c = 0.60, 20 mm, non-air-entrained.
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The use of three-dimensional (3-D) printing with cementitious 
materials is increasing in the construction industry. Limited infor-
mation exists on the freezing-and-thawing (FT) performance of the 
3-D-printed elements. A few studies have used standard FT testing 
procedures (ASTM C666) to assess the FT response; however, 
ASTM C666 is insensitive to anisotropy caused by printing direc-
tionality. This paper investigates the FT response of 3-D-printed 
cement paste elements using thermomechanical analysis (TMA) to 
examine the influence of directionality in comparison to cast coun-
terparts. Cement paste with a water-cement ratio (w/c) of 0.275 
was used. The critical degree of saturation (DOSCR) as well as the 
coefficient of thermal expansion (COTE) were determined for spec-
imens with varying degrees of saturation (DOS). Micro-computed 
tomography (micro-CT) was conducted to quantitatively under-
stand the heterogeneities in the pore microstructure of 3-D-printed 
materials. For the specimens fabricated in this study, the COTE 
and DOSCR are independent of the 3-D-printing directionality and 
were comparable to conventionally cast specimens. For samples 
at 100% saturation, the FT damage was higher in the 3-D-printed 
samples as compared to the cast samples. The use of a low w/c 
in the 3-D-printed materials, desired from a buildability perspec-
tive, led to low capillary porosity, which thus decreased the amount 
of freezable pore solution and increased the FT resistance of the 
3-D-printed materials. Micro-CT analysis demonstrated a signif-
icant 4.6 times higher average porosity in the interfacial regions 
compared to the filament cores.

Keywords: anisotropy; coefficient of thermal expansion (COTE); freez-
able solution; freezing-and-thawing (FT) performance; three-dimensional 
(3-D)-printed cement paste.

INTRODUCTION
There have been growing advancements in the fabrication 

of concrete elements made using additive manufacturing.1-8 
Additive manufacturing fabrication may improve produc-
tivity in the construction industry,9,10 enable construction 
in remote areas using local materials,11 reduce waste and 
costs associated with formwork,12 and enable the creation of 
concrete components with complex architectures and novel 
performance.1,13,14

Studies have primarily focused on mixture designs and 
process development.15-21 Other studies have examined 
the influence of processing parameters, such as speed and 
the time gap between the layers, on the mechanical prop-
erties of printed concrete specimens and on the interlayers’ 
adhesion.14,19,22-26 The durability of three-dimensional 
(3-D)-printed concrete structures is only recently being exam-
ined.27-35 The layer-wise process of additive manufacturing 

with cement-based materials may lead to microstructural 
heterogeneities such as weak interfaces.14,25,36 Further 
research is necessary to understand whether 3-D-printed 
cement-based elements can be assumed to behave as a 
homogenous material with an isotropic material response.

This study will focus on one aspect of durability: the 
freezing-and-thawing (FT) response of printed cementitious 
materials. The presence of cold joints, macropores, and 
interfaces in the printed cementitious elements may influ-
ence their FT response.30,31,36 In addition, the quality of the 
entrained air (that is, shape, size, and spacing), commonly 
used in conventional concrete to increase its FT resistance37,38 
may be altered due to the shearing process, the processing 
parameters such as extrusion pressure, and the interaction 
of air-entraining admixtures with other admixtures typi-
cally used in the mixture design of printed materials, such 
as high-range water-reducing admixtures (HRWRAs) and 
accelerators.35,39,40

Few studies have investigated the FT response of printed 
cementitious specimens.27,30,34,35,41,42 Das et al.35 used 
protected paste volume analysis to predict similar perfor-
mance for the cast and printed specimens under freezing 
conditions. Das et al.30 measured the FT resistance of printed 
and cast specimens using ASTM C666 Procedure  B and 
concluded that printed specimens have lower resistance to 
FT cycles as compared to cast specimens due to high capil-
lary porosity at the interface between the printed filaments.30 
Zhang et al.34 measured higher FT damage in printed spec-
imens as compared to cast samples using the dynamic 
elastic modulus; they concluded that the FT-induced damage 
occurred along weak printed interfaces, and the aggregates 
were more difficult to dislodge from the surface of printed 
specimens than cast samples due to the extrusion pressure 
leading to a densely packed surface in printed materials. 
Assaad et al.41 concluded that the interface between filaments 
is more vulnerable to FT cycles as compared to the bulk of 
the printed mortar filaments. They observed that the rate of 
decrease in the interlayer bond was two to three times higher 
than the rate of decrease in the compressive and flexural 
strengths with the FT cycles.41 Wangler et al.27 showed the 
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first study on the field performance of printed cementitious 
materials exposed to an FT environment, where FT damage 
was assessed by a visual inspection of cracks development. 
Wang et al.42 concluded that anisotropy influences the FT 
resistance of 3-D-printed mortar specimens.

The aforementioned studies evaluated the FT performance 
of 3-D-printed cementitious materials that were partially or 
fully immersed in water. However, an alternative approach, 
based on critical saturation theory, has been proposed to 
describe the FT response of conventional concrete by sepa-
rately taking into account the water absorption and resis-
tance of the specimen to freezing at a given degree of satu-
ration (DOS).43-46 The critical saturation theory states that 
concrete as a porous media is susceptible to FT damage only 
if its DOS is higher than a critical DOS level of saturation 
(that is, DOS > DOSCR). The time it takes concrete to reach 
the critical limit state (tCr) (that is, the onset of FT damage) 
can be computed using Eq. (1)47

	​ DO ​S​ CR​​  =  DO ​S​ N​​ + ​S ̇ ​​√ 
_

 ​t​ Cr​​ − ​t​ N​​ ​​	 (1)

where DOSN is the DOS where pores in the cement matrix 
are saturated48; Ṡ is the rate of water absorption in a specimen 
after matrix pores have been filled (that is, filling of the air 
voids); tN is the duration of time needed to reach DOSN (typi-
cally a few days); and tCr is the duration of time needed for 
the sample to reach critical saturation (ASTM C1585-1349).

For conventional concrete, it has been shown that the DOSCR 
typically varies from 75 to 91% depending largely on the 
quality (the volume, size, and spacing) of the air-void system 
in concrete.46,50 DOSCR can be determined by measuring the 
FT damage in concrete at varying DOS from 100% to lower 
values at which no FT damage is detected.45,51 The most 
common procedure consists of assessing the reduction in 
the dynamic modulus of elasticity by either using frequency 
measurements46,52 or by using ultrasonic wave velocity 
measurements.53-55 Length change can be used to assess 
DOSCR for both cement paste and mortar specimens.56-59 A 
residual change in dimension (that is, an increase in sample 
length) after a thermal cycle is an indicator of FT damage.56-59 
The thermomechanical analysis (TMA) measurements can 
be performed on specimens with various DOS and thus allow 
for the determination of DOSCR.56-59

Previous TMA studies58,59 examined cast specimens. This 
study investigates the influence of printing directionality on 
the FT response of 3-D-printed cement paste specimens, 
which encompass a heterogeneous microstructure with hori-
zontal and vertical porous interfaces.25,36 FT damage was 
measured using TMA in cast and printed specimens precon-
ditioned to various DOS. This approach aims to determine 
whether microstructural heterogeneities and their direction-
ality (interfaces parallel or perpendicular to the length of the 
specimen under investigation) influence the FT performance 
of printed elements at various levels of saturation. The coef-
ficient of thermal expansion (COTE) is also extracted from 
this experimental data to assess any potential influence of 
layered heterogeneity and its directionality on the thermal 
expansion characteristics of 3-D-printed materials. This 
paper focuses on assessing “well-printed specimens” with 

a solid design of materials architecture (that is, “best-case 
scenario” specimens in which the filaments are printed close 
together with ~20% overlap and no intentional or few unin-
tentional defects).

RESEARCH SIGNIFICANCE
The FT performance of 3-D-printed elements is important 

as they are increasingly being developed in cold climates. 
Previous studies have examined 3-D-printed materials using 
test methods (ASTM C666) designed for conventional 
concrete. This paper examines the influence of printing 
directionality on the FT response of specimens with different 
DOS. The TMA test method is proposed and enables the FT 
response to be measured with respect to the printing direc-
tion. DOSCR is evaluated for potential use in the critical satu-
ration model. The influence of 3-D-printing direction is also 
evaluated for the COTE.

EXPERIMENTAL PROCEDURE
Materials and mixture design

A Type I/II ordinary portland cement (OPC) (ASTM C150-
07)60 was used in this study, and its chemical composition 
and physical properties can be found in Table 1. The Blaine 
fineness of the OPC used in this study was 412 m2/kg, and 
its fineness No. 325 sieve (passing) was 91.4%. An HRWRA 
and viscosity-modifying admixture (VMA) were used in this 
study (ASTM C494/C494M-08).61 The water-cement ratio 
(w/c) of the cement paste was 0.275. The mixture consisted 
of 250 g of cement, 1.47 g of HRWRA, 2.38 g of VMA, and 
65.50 g of water.

Mixture preparation, sample curing, and  
sample geometry

After weighing the materials, water was placed in the 
mixing bowl, then the VMA and HRWRA were added and 
dispersed using a spatula. Cement was then added to the 
liquid solution and mixed for 90 seconds at 400 revolutions 

Table 1—Properties of cement used in this study

Cement oxides

Type I/II cement (OPC)

Percentage by mass, %

Silicon dioxide (SiO2) 19.60

Aluminum oxide (Al2O3) 4.40

Ferric oxide (Fe2O3) 2.90

Calcium oxide (CaO) 60.70

Magnesium oxide (MgO) 3.70

Sulfur trioxide (SO3) 4.50

Equivalent alkali (Na2Oeq) 0.75

Loss on ignition (LOI) 2.30

Bogue phase composition Percentage by mass, %

Tricalcium silicate (C3S) 52.00

Dicalcium silicate (C2S) 17.00

Tricalcium aluminate (C3A) 7.00

Tetracalcium aluminoferrite (C4AF) 9.00

Specific gravity 3.15
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per minute (rpm) in a programmable vacuum mixer at a 70% 
vacuum level. The vacuum was stopped for 15 seconds to 
scrape down in the mixing bowl any paste that may have 
collected on the side of the bowl. The cement paste was then 
mixed for an additional 90 seconds at 400 rpm at a 100% 
vacuum level. Further details of the mixing process can be 
found in the earlier work of the authors.21

The cast cement paste was prepared in 3-D-printed poly-
lactic acid (PLA) rectangular molds of 50 x 40 x 12 mm.

For the preparation of the 3-D-printed cement paste 
samples with rectilinear (lamellar) architecture, the cement 
paste mixture was gradually filled in a 60 mL syringe into 
different layers, and each layer was manually consolidated 
to reduce the entrapped air. The syringe was then mounted 
on a stepper motor-driven extrusion system, which was 
connected to a 3-D printer.14 A stainless-steel nozzle with an 
internal diameter of 1.36 mm was used in this study and was 
mounted to the printer using a customized nozzle holder. A 
polyethylene tube with an internal diameter of 4.3 mm and 
length of 450 mm was used to connect the syringe and the 
nozzle and ensure the transfer of the paste from the syringe 
to the nozzle.36 The G-code commands for the 3-D printer 
were generated by the commercially available slicer using 
the dimensions of the prismatic sample (50 x 40 x 12 mm in 
length, width, and height), a solid infill (100%), a lamellar 
filament geometry, and suitable speed and extrusion printing 
parameters.25 The printing speed of 750 mm/min (corre-
sponding to a layer deposition time of 1.6 minutes) and the 
filament height of 1 mm were selected. The nominal width 
of the filament was 1.63 mm, which is 20% larger than the 
internal diameter of the nozzle due to the swelling of the 
extrudate known as the die-swell effect, which leads to 
approximately a 20% overlap between the filaments.

Both the cast and printed cement paste samples were 
transferred immediately after preparation to a sealed curing 
chamber that was maintained at 93 ± 2% relative humidity 
(RH) using saturated solutions of potassium nitrate62 
according to the procedure introduced in Moini et al.36 
Twenty-four hours after printing, the specimens were sealed 

for 91 days in double bags. It is recommended for future 
studies to keep the specimens at an RH higher than 93 ± 2% 
during the first 24 hours after printing to minimize carbon-
ation and increase hydration.

Freezing-and-thawing damage quantification 
using thermomechanical analyzer

Length change measurements were collected using a ther-
momechanical analyzer.58,59 After curing, five specimens 
were cut from each cement paste sample using a high-precision 
saw with a water-cooled diamond-tipped blade. First, the 
outer edges of the samples were cut along the dotted lines 
(Fig. 1(a)). Then, the specimens were cut along the solid 
lines as illustrated in Fig. 1(a). The dimensions of the cut 
prismatic specimens were 7.2 ± 0.3 mm wide, 11.6 ± 0.3 mm 
deep (corresponding to 12 3-D-printed layers), and 20.3 ± 
0.5 mm tall. These dimensions were selected to capture 
several filaments in each specimen and based on the require-
ments of the TMA stage illustrated in Fig. 2.

Fig. 1—(a) Cutting sample into smaller specimens for FT damage assessment using TMA for length change measurements. 
Schematic representation of three geometries tested in this study: (b) 3-D-printed solid lamellar specimens with filaments 
perpendicular to length change measurements; (c) 3-D-printed solid lamellar specimens with filaments parallel to length 
change measurements; and (d) specimen obtained from cast cement paste with no filaments and interfaces. Filaments are 
drawn at 1:1 scale.

Fig. 2—Representative image of 3-D-printed specimen on 
glass testing stage of thermomechanical analyzer as it is 
prepared to be lowered into chamber.
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The 3-D-printed specimens with two different filament 
orientations (relative to the length change testing direction) 
and cast specimens were prepared for TMA as follows:
•	 Prismatic specimens with 3-D-printed filaments and 

interfaces perpendicular to the direction of the length 
change measurements (Fig. 1(b)).

•	 Prismatic specimens with 3-D-printed filaments and 
interfaces parallel to the direction of length change 
measurements (Fig. 1(c)).

•	 Prismatic specimens that do not contain filaments and 
interfaces that are obtained from the conventional 
casting of cement paste (Fig. 1(d)).

A comparison between the measurements collected from 
these three types of specimens was performed to determine 
the influence of printing and printing directionality on the FT 
response and the COTE.

For the three geometries illustrated in Fig. 1, specimens 
with DOS varying from 100 to 91% were prepared to be 
tested for FT damage using TMA. Upon cutting, the spec-
imens were vacuum saturated according to the procedure 
described in AASHTO TP 135-20.63,64 After saturation, 
the specimens intended to be tested at 100% DOS were 
taken out of the solution, saturated surface-dried, and their 
vertical sides were sealed with aluminum tape, as illustrated 
in Fig. 2, to minimize moisture loss during the test. Imme-
diately thereafter, the specimens were placed in the ther-
momechanical analyzer for FT damage measurement. The 
samples prepared to be tested at lower DOS values were left 
out of the solution at room temperature until reaching the 
targeted DOS for testing, which was determined by contin-
uously tracking their mass. Immediately after reaching the 
targeted DOS, the specimens were wrapped in shrink wrap 
and sealed in double bags at 23 ± 1°C for 7 days to allow for 
an equilibrium of moisture distribution inside the specimen. 
After 7 days, the specimens were taken out of the bags for a 
final mass measurement, sealed with aluminum tape on their 
vertical sides, and placed in the thermomechanical analyzer 
to measure their FT damage.

Upon mounting the specimen in the TMA chamber, a 
temperature ramp—cooling from 24 to –40°C followed by 
heating back up to 30°C at a 1°C/min cooling and heating 

rate—was applied.59 The test was performed under a  
50 mL/min nitrogen purge rate. A high-precision linear vari-
able differential transformer (LVDT) was used to contin-
uously measure the length change of the specimen. This 
was done by measuring the movement of the quartz macro- 
expansion probe that is touching the upper surface of the 
specimen (Fig. 2).59 Figure 3(a) illustrates the length change 
(reported as strain evolution in the longitudinal direction) 
with respect to temperature obtained from the TMA for a 
specimen at 100% DOS. During the cooling cycle (from 
24 to –40°C), the specimen initially decreases in length 
as anticipated. However, when ice formation occurs (at 
approximately –14.5 ± 2.4°C), there is an increase in the 
specimen length. The specimen then continues to shrink as 
the temperature is further reduced. After reaching a tempera-
ture of –40°C at the initiation of the heating cycle, the spec-
imen is heated and expanded. As the temperature increases, 
the ice begins to melt, leading to a decrease in specimen 
length, as observed in Fig. 3(a). After the ice has completely 
thawed (that is, at approximately 0.5 ± 1.9°C), the specimen 
continues to expand until the heating cycle is complete (at 
30°C).

In specimens where the DOS is either below the DOSCR 
or close to DOSCR, the length change of the specimens as 
they heat and cool follows a similar path, with no ice forma-
tion and melting during the cooling and heating (Fig. 3(b)). 
In contrast, and as illustrated in Fig. 3(a), in DOS higher 
than DOSCR where ice forms and FT damage occurs, the 
specimen will not return to its original length at the end 
of the first FT cycle. As such, a residual strain remains in 
the specimen and serves as a direct indication of the FT 
damage (Fig. 3(a)).59,65 The COTE during cooling (αC) can 
be determined by calculating the slope of strain-temperature 
obtained during cooling and before ice formation (Fig. 3(a)). 
The COTE during heating (αH) can also be determined by 
calculating the slope of measurements obtained after ice 
melting (Fig. 3(a)). While the COTE is generally thought 
of as linear, a local nonlinearity in the COTE is observed 
immediately at the end of the ice melting (Fig. 3(a)) and is 
further discussed later in this paper.

Fig. 3—Strain evolution with respect to temperature in 3-D-printed specimen at: (a) 100% DOS; and (b) 92% DOS.
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Ice quantification using low-temperature 
differential scanning calorimetry

The percentage of freezable pore solution was quantified 
for both the 3-D-printed and cast cement paste specimens 
with the various DOS ranging from 100 to 75% using a 
low-temperature differential scanning calorimeter (LT-DSC). 
Slab-shaped specimens (48.5 ± 2.3 mg) were extracted 
from both the 3-D-printed and cast cement paste samples 
and immersed in saturated lime solution for a duration of 
48 ± 2 hours. The slab-shaped specimens contained two 
interfaces. The slab-shaped specimens were then removed 
from the lime solution, saturated surface-dried, and sealed 
in a high-volume platinum pan after reaching the targeted 
DOS. For the tests that were intended to be performed at 
100% DOS, the slab-shaped specimens were sealed imme-
diately inside the pan after being saturated surface-dried, 
while for lower DOS, the specimens were kept at room 
temperature until reaching the targeted DOS per continuous 
mass measurements. The sealed pan was then loaded in the 
LT-DSC equipment, followed by a cooling ramp from 25 to 
–70°C at a 0.1°C/min cooling rate. The specimen was then 
kept at –70°C for 3 hours before following a heating ramp 
up to 24°C at 0.1°C/min (Fig. 4(a)). The test was performed 
under a 50 mL/min nitrogen purge rate. The percentage of 
freezable pore solution that developed in the cement paste 
was then quantified using Eq. (2)

	​ I  =    ​ 
​q​ m​​

 _ ​q​ i​​ ​​	 (2)

where I is the gram of ice that was measured per gram of 
saturated paste (gice/gsaturated_paste); qm is the heat released 
during the ice melting per gram of paste (J/gsatuarted_paste) and 
was quantified by calculating the area under the peak corre-
sponding to ice melting (Fig. 4(b)); and qi is the latent heat 
of ice equal to 334 J/gice (that is, the energy required to melt 
1 g of ice at 0°C).

Pore-size distribution using dynamic  
vapor sorption

The influence of the presence of interfaces in the 
3-D-printed specimens on the pore-size distribution was 
determined by comparing the pore-size distribution of the 
3-D-printed cement paste specimens with that of the conven-
tionally cast specimens. Slab-shaped specimens (110.2 ± 
4.6 mg) were extracted from both the 3-D-printed cement 
paste and the cast samples at the end of the curing period. 
The slab-shaped specimen extracted from the 3-D-printed 
sample contained three interfaces. The specimens were then 
vacuum saturated in saturated lime simulated pore solu-
tion according to AASHTO TP 135-20.63 After 48 hours 
of immersion in the lime simulated pore solution, the slab-
shaped specimens were removed from the saturated solu-
tion, saturated surface-dried, and placed in a tared quartz pan 
that was immediately loaded in the environmental chamber 
of the dynamic vapor sorption (DVS) analyzer to assess the 
desorption response of the specimens. The specimen mass 
was continuously monitored during the desorption while the 
specimens were exposed to the following RH points until 
the equilibrium point was reached: 97.5, 95, 92.5, 90, 87.5, 
85, 82.5, 80, 76, 70, 60, 50, 40, 30, 20, 11, and 0%. The 
specimens were considered at equilibrium for each RH step 
when the weight change was less than 0.001% for a dura-
tion of 15 minutes or when the RH value was maintained for 
98 hours. The measurements were performed at a constant 
temperature of 23°C and 10 mL/min nitrogen purge rate.

The pore radius corresponding to each RH step is esti-
mated as the sum of the Kelvin radius, calculated using 
the Kelvin-Laplace equation66,67 and the absorbed water 
film thickness (that is, the t-curve determined for each RH 
value).68-70 The details of the pore-radius calculation can be 
found in Qiao et al.71 For each RH, the DOS of the speci-
mens was calculated at equilibrium using Eq. (3)

	​ DO ​S​ i​​  =    ​  ​m​ i​​ − ​m​ 0​​ _ ​m​ 100​​ − ​m​ 0​​ ​​	 (3)

Fig. 4—(a) Temperature ramps during FT cycle in LT-DSC; and (b) ice quantification using heat flow, released during ice 
melting normalized with respect to gram of saturated cement paste.
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where DOSi is the DOS of the specimen at each RH step;  
m0 is the mass of the specimen at an RH of 0%; and m100 is 
the saturated surface-dry mass of the specimen at the begin-
ning of the desorption test.

This test quantifies the percentage of capillary pores as 
well as gel pores for both the 3-D-printed and cast cement 
paste specimens. This is an important parameter to assess, 
as based on the Gibbs-Thomson equation, the smaller the 
pore size, the lower the temperature needed for ice to begin 
forming.72 The results obtained from this measurement were 
correlated with the percentage of freezable pore solution 
measurements and FT damage measurements.72

Pore characteristics and size distribution using 
micro-computed tomography

Micro-computed tomography (micro-CT) was used to 
capture a series of two-dimensional (2-D) X-ray images by 
rotating the specimen at various angles and reconstructing 
the images into 2-D slices that can be further analyzed to 
represent the interior volume of the material.73,74 The varia-
tion in the grayscale intensities assists in the identification of 
the 3-D spatial distribution of distinct microstructural phases 
in the specimen.

In this study, an X-ray microscope was used to conduct the 
microstructural investigations. A wide field of view (FOV) 
at 0.4× geometric magnification technique was used to 
allow for scanning the entire 3-D-printed sample (40 x 50 x 
12 mm), which involved the suitable relative positioning of 
the source, sample, and detector. The 0.4× magnification 
corresponded to a resolution of 36.25 μm (per 1 pixel); thus, 
the quantification of the percentage of larger capillary pores, 
with a radius greater than the resolution, present in either the 
filaments or the interfaces of the 3-D-printed cement paste 
materials, could be performed. The technique provided a 
suitable bridge to characterize the capillary pore sizes (in 
the orders of tens of micrometers) that are not captured by 
DVS (in the orders of tens of nanometers). The beam energy 
of 140 keV, power of 10 W, the exposure period of 1 second, 
and complete 360-degree rotation were employed. The data 
was post-processed using Avizo 201675 to obtain the 3-D 
reconstructions as well as the 2-D-sliced images.

Binary segmentation of the 2-D slices of the pore and solid 
phases was conducted by manual thresholding of grayscale 
intensities using ImageJ software.76 The binary segmenta-
tion was chosen over segmentation with a higher number of 
phases given the coarse resolutions at 0.4× magnification. 
The tangent-slope method was employed to determine the 
upper threshold intensity limit of pores, which is the inter-
section point of the tangents at the initial region of the gray-
scale histogram and the upper region of the hydrated product 
peak.77 The binary segmented image was converted to a 
matrix using MATLAB 2022,78 where each element corre-
sponded to the grayscale value of each pixel. This matrix is 
further used to produce the spatial distribution of phases in 
the 2-D slices.

RESULTS AND DISCUSSION
Freezing-and-thawing damage and coefficient of 
thermal expansion

The length change over the cooling-and-heating cycle, 
reported as strain evolution with respect to temperature, 
is illustrated in Fig. 5 for the three types of cement paste 
specimens tested at 100% DOS. Figures 5(a) and (b) repre-
sent the results collected on the 3-D-printed cement paste 
specimens with the filaments perpendicular and parallel to 
the longitudinal direction of length change measurements, 
respectively. Figure 5(c) demonstrates the results obtained 
on a conventionally cast cement paste specimen with no fila-
ments and interface. The residual strain, as the direct indi-
cator of FT damage,58,59,65,79 was determined for each of the 
plots in Fig. 5. In addition, the COTE of the three types of 
specimens (perpendicular filaments, parallel filaments, and 
cast specimens without discrete filaments) were determined 
during both cooling and the heating cycles.

The residual strain measured on the cast cement paste 
specimen is lower than the values measured on the 
3-D-printed cement paste specimens in both the parallel 
and perpendicular directions (Fig. 5). However, at 100% 
DOS, this difference between cast specimens and specimens 
with filaments parallel to the longitudinal direction does not 
appear to be significant based on the t-test. At this DOS of 
100%, the specimens tested with filaments perpendicular 
to the longitudinal direction (Fig. 5(a)) showed the highest 
residual strain value as compared to the other two types of 
specimens (Fig. 5(b) and (c)), which is in accordance with 
the findings of Wang et al.42 This could be due to the fact 
that FT damage is primarily localized along the weak inter-
faces, as stated in the literature,30,34,41 which are perpendic-
ular to the length change measurements for this type of spec-
imen (Fig. 5(a)). However, more data points are required to 
confirm if the difference observed in residual strain values 
recorded on specimens with perpendicular filaments direc-
tion and the other two types of specimens is significant, and 
this is due to the inherent statistical variability in the FT 
response of cementitious materials at full saturation (that is, 
100% DOS).58

The difference observed between the 3-D-printed and cast 
values of αC and αH are insignificant and within the statis-
tical variation (that is, a standard deviation of 1.3 μm/(m∙°C) 
and 0.7 μm/(m∙°C), respectively). It should be noted that 
these observations are valid for the specimens tested in this 
study, with a 0.275 w/c and no printing defects (that is, 20% 
overlap between filaments31). Further work is in progress 
to investigate the effect of interfacial and layered heteroge-
neities on the FT response and COTE for specimens with 
unintentional printing defects (that is, processing parameters 
that lead to lower overlap or ultimately macroscopic gaps 
between filaments).

The evolution of the residual strain (that is, FT damage) 
with respect to the range of DOS (91 to 100%) of speci-
mens for the three types of geometries tested in this study 
is illustrated in Fig. 6. It can be noted that the DOSCR for 
both the cast and 3-D-printed specimens is approximately 
91% and appears to be generally independent of the printing 
directionality. In addition, based on the statistical analysis 
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of variance (ANOVA) single factor and Tukey test, there 
is no significant difference in the FT response of the cast 
and 3-D-printed specimens independent of the printing 
directionality.

Figures 7(a) and (b) demonstrate the measured COTE (α) 
based on the cooling and heating phases during the TMA test 
according to the approach illustrated in Fig. 3(a). The linear 
fitted lines are with an average coefficient of determination, 
R2, of 0.992 ± 0.005 and 0.995 ± 0.005 during cooling and 
heating, respectively. The observed nonlinearity immedi-
ately at the end of the ice melting phase, commented on in 
Fig. 3(a), is local and does not significantly influence the R2 
values of the linear fitted lines. It can be noted that both αC 
and αH increase with the decrease in the DOS for both the 
cast and 3-D-printed cement paste specimens. The COTE 
of all the specimens tested in this study fall within the range 
of values measured on mature cement paste in the literature 
(that is, range between 8 × 10–6°C–1 and 22 × 10–6°C–1).80-85 
No significant difference can be noted between the COTE 
values measured on the cast specimens as compared to the 
printed specimens independent of the printing directionality.

Based on the results of Fig. 6 and 7, it can be concluded 
that for this mixture design (0.275 w/c), and for specimens 
with no printing defects (that is, 20% overlap between fila-
ments31), the printing directionality does not influence the 
DOSCR of these specimens or FT response at DOS below 

Fig. 5—Strain evolution with respect to temperature for cement paste specimens at 100% DOS with: (a) printed filaments 
perpendicular to length change measurements; (b) printed filaments parallel to length change measurements; and (c) cast 
specimen with no filaments.

Fig. 6—Residual strain measurements with respect to DOS 
for three various geometries tested in this study.
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100%. As such, well-printed specimens have isotropic 
COTE and DOSCR values. Ongoing work is underway exam-
ining the influence of printing defects by varying filament 
overlap. 3-D-printed samples with 100% DOS appear to 
have a higher FT damage as compared to their cast coun-
terpart samples; however, due to the inherent variability in 
the FT damage at 100% DOS, additional data points are 
needed to confirm if this observed difference is statistically 
significant.

For all specimens, αH values are either similar to or lower 
than αC, as illustrated in Fig. 8(a), and the difference between 
αH and αC increases with the decrease in the DOS of the 
specimen (Fig. 8(b)).

A typical nonlinearity in the strain evolution response was 
observed, immediately at the end of the ice melting phase 
and before the linear temperature up-ramp (Fig. 9(a)). To 
more clearly illustrate this, Fig. 9(b) illustrates the derivative 
of the strain evolution (that is, the COTE) with respect to the 
temperature during the entire cooling-and-heating cycle. The 
derivative of the strain evolution with temperature highlights 

the ice formation point (Fig. 9(c)), ice melting, and nonlinear 
after-melting points (Fig. 9(d)). This nonlinear response at 
the end of the ice melting phase, magnified in Fig. 9(d), can 
be explained by the redistribution of water inside the pores 
of the cementitious matrix.86,87 During the cooling phase, 
water moves from the smaller to larger pores.86,87 During the 
heating phase, water moves from larger to smaller pores,86 
explaining differences between αH and αC (αH being lower 
than αC, as shown in Fig. 8(a)).

In this study, for specimens at full saturation (100% in 
this study), cracks can form due to FT damage, which would 
decrease the COTE88 (that is, during the heating cycle). This 
explains the decrease in the difference between αC and αH 
with the increase in DOS (that is, an increase in FT damage) 
(Fig. 8(b)).

Influence of interface on ice formation and pore-
size distribution

Figure 10 illustrates the percentage of freezable pore solu-
tion (obtained from LT-DSC) with respect to the DOS of both 

Fig. 7—Coefficient of thermal contraction and expansion from cooling-and-heating cycles of TMA test, plotted with respect to 
DOS for three types of geometries under: (a) contraction; and (b) expansion.

Fig. 8—(a) Coefficient of thermal expansion of 3-D-printed and cast cement paste specimens during heating compared to coef-
ficient of thermal expansion during cooling; and (b) comparison of difference between coefficients of thermal expansion during 
cooling and heating with respect to DOS.
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the 3-D-printed and cast cement paste specimens with a w/c 
of 0.275. It can be noted based on Fig. 10 that the percentage 
of freezable pore solution in the 3-D-printed and cast spec-
imens is closely comparable. The statistical ANOVA single 
factor and Tukey test confirmed that there is no significant 
difference between these two data sets. In addition, the 
percentage of freezable pore solution decreases with the 
decrease in the DOS in all specimen types, as expected. This 
is in accordance with the correlation observed between the 
DOS and the residual strain values (that is, FT damage), as 
illustrated in Fig. 6.

Pores with a pore radius greater than 5 nm correspond to 
large pores such as capillary pores, air voids, and directional 
interfacial pores in the case of 3-D-printed samples. Pores 
with a pore radius below 5 nm can be filled with gel water, 
surface water, and phase water.89 Water in capillary pores 
can freeze during an FT cycle, while only a portion of gel 
pores solution is able to freeze.90,91 The desorption curves 
and pore-size distribution curves measured in this study 
for both the 3-D-printed cement paste and cast specimens 
are illustrated in Fig. 11(a) and (b), respectively. A coarser 
pore structure is measured for the 3-D-printed cement paste 
specimens, which may be related to the interface porosity. 
For the cast cement paste specimens, only 13% of the pores 
have a pore radius above 5 nm, and this percentage explains 
the low percentage of freezable pore solution in Fig. 10. 
The 3-D-printed specimens showed a higher percentage of 
coarser pores (>5 nm), equal to 28% of the pores (Fig. 11). 
However, the total porosity of the samples tested in this 
study with a w/c of 0.275 is low (that is, ~27% of the spec-
imen volume obtained from Powers’ model48).

In summary, using a low w/c in the mixture design of 
3-D-printed cement paste may be beneficial for increasing the 
FT resistance of the materials by decreasing the percentage 
of freezable pore solution.

Influence of interfacial heterogeneity of 
3-D-printed materials on FT response

Reconstructions of the 3-D-printed cement paste spec-
imens and the representative 2-D slices in two different 

Fig. 9—(a) Strain evolution with respect to temperature (100% DOS); and derivative of strain with respect to temperature: 
(b) for entire FT cycle; (c) before ice formation; and (d) after ice melting.

Fig. 10—Percentage of freezable pore solution with respect 
to DOS.
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orientations along with their binary segmented images are 
presented in Fig. 12(a) to (c). The 2-D slices of the specimen 
in the parallel (orientation 1) and perpendicular (orienta-
tion 2) are shown in Fig. 12(b) in rectangular boxes and illus-
trated in Fig. 12(a) and (c), respectively. These raw 2-D slices 
are obtained from the horizontal interface between the two 
3-D-printed layers, as presented in Plane A-A in Fig. 12(b). 
In the raw 2-D slices in both orientations, the pore phase is 
demonstrated by the darker gray regions, and the solid phase 
(that is, hydrated and unhydrated cement) is represented as 
brighter gray regions. These darker regions qualitatively 
illustrate the presence of pores at the filament interfaces, 
highlighting the concentration of pores surrounding the fila-
ments (that is, interfacial regions around the filament cores). 
Using binary segmentation, the 2-D distribution of the pore 
phase versus the solid phase is plotted in Fig. 12(a) and (c) 
to quantitatively capture the heterogeneous characteristics 
of 3-D-printed materials. In these segmented images, the 
pore phase and solid phases are represented by the orange 
and cyan colors, respectively. The cumulative distribution 
of the pore phase as the phase of interest is shown along 

the x-direction as a function of distance from the bottom 
of the segmented images in the y-direction. (Fig. 12(a) and 
(c)) The amount of porosity in the 2-D-sliced images alters 
quite significantly from as high as 45% in the interfacial 
regions to as low as 0.2% in the core filament regions. This 
is a frequent heterogeneity that is commensurate with the 
qualitative observations of the frequency of darker regions 
in the raw sliced images. This spatial variation in the pore 
heterogeneity was found to be nearly uniform given the 
pore peaks were located at a relatively constant spacing of 
1.64 mm (ranging from 1.56 to 1.7 mm) corresponding to 
the nominal filament width used in slicing (1.63 mm). This 
pore peak spacing associated with the (cumulative) porosity 
at the interfacial regions corroborates well with the pore 
plateau spacing of the (cumulative) porosity associated with 
the core filament regions.

To better capture the microstructural heterogeneity, the 
average pore phase in the interfacial region versus the core 
filament region is quantified and plotted in Fig. 12(d). The 
values plotted in Fig. 12(d) are also shown as brown and red 
dashed lines in Fig. 12 (a) and (c). The interfacial and filament 

Fig. 11—(a) Sorption isotherm collected on 3-D-printed and conventionally cast cement paste specimens; and (b) pore-size 
distribution of 3-D-printed and conventionally cast cement paste specimens.

Fig. 12—(a) 2-D-micro-CT raw and segmented images in parallel direction; (b) 3-D-micro-CT rendering of additively manu-
factured cement paste; (c) 2-D-micro-CT raw and segmented images in perpendicular direction; (d) comparison of pore phase 
in interfacial region and core filament region; and (e) percentages of total pore and solid phases in 3-D-printed materials.
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core regions of equal width (along the y-axis) were assumed 
based on the cumulative distribution of porosity along the 
2-D-sliced images, with the peaks in the pore distribution 
plots taken as the center of the interfacial region. Using the 
moving averages of the data in Fig. 12(a) and (c), it was 
observed that the average porosity in the interfacial region 
is 10.8% compared to the 2.3% average porosity at the fila-
ment core regions. The 4.6 times higher average interfacial 
porosity additionally indicated significant heterogeneity in 
the bulk-layered microstructure of the 3-D-printed cement 
paste materials. Such a significant heterogeneity in the pore 
microstructure of the 3-D-printed materials is exacerbated 
by the underlying nonuniform distributions observed in 
Fig. 12(a) and (c) and can directly impact the characteris-
tics of FT response compared to the cast counterparts with a 
homogeneous microstructure. This finding confirms that the 
coarser pore-size distribution in the 3-D-printed specimens 
observed using the DVS at the nanoscale is related to the 
interfacial porosity.

The total porosity based on the 2-D-sliced images is char-
acterized and presented in Fig. 12(e). The total bulk pore 
phase was quantified as 6.7%, which closely corresponds to 
6.6% as the mean of the two average data points for the inter-
facial and core filament regions presented in Fig. 12(d). It 
should be noted that the resolution of the 0.4× magnification 
limits the size of quantifiable pores at 36.25 μm, and imaging 
at higher magnification is a subject of ongoing research to 
better capture the smaller spatial pore distribution.

CONCLUSIONS
This paper examined the influence of the printing direc-

tionality on the freezing-and-thawing (FT) response, critical 
degree of saturation (DOSCR), and coefficient of thermal 
expansion (COTE) of three-dimensional (3-D)-printed 
cement paste specimens with various degrees of saturation 
(DOS) in comparison with conventionally cast specimens. 
The FT response measurements were performed using ther-
momechanical analysis (TMA) on a mixture design with a 
water-cement ratio (w/c) of 0.275. The pore microstructure 
was characterized by using micro-computed tomography 
(micro-CT).

For the mixtures tested (0.275 w/c), the DOSCR, COTE, 
and FT response of the 3-D-printed cement paste specimen 
with a DOS less than 100% were independent of the printing 
directionality and were comparable to the conventionally 
cast cement paste. The DOSCR was approximately 91% for 
all specimens tested, which is at the upper end of various 
types of conventional concrete.

The COTE of both the 3-D-printed and cast cement paste 
specimens increased with a decrease in the DOS from 100 
to 91%. The COTE values measured during the heating 
phase of the specimens were lower than the values measured 
during the cooling. This is likely caused by the redistribution 
of water inside the pores.

The 3-D-printed specimens with a 100% DOS appear to 
have higher FT damage as compared to the cast specimens. 
The 3-D-printed specimens with perpendicular filaments 
showed the greatest FT damage at 100% DOS as compared 
to the other two types of specimens (that is, filaments in the 

parallel direction and cast specimens). However, due to the 
inherent variability in the FT damage at 100% DOS, addi-
tional data points are needed to confirm if this observed 
difference is statistically significant.

The percentage of freezable pore solution with respect to 
the DOS was measured to be comparable for both the cast 
and 3-D-printed cement paste specimens. This percentage of 
freezable pore solution was small (~4gice/100gpaste at 100% 
DOS), mainly due to the low w/c of the mixture design. 
Consequently, the low w/c in the mixture designs of the 
3-D-printed cement paste can be beneficial in increasing the 
FT resistance due to a reduction in the capillary porosity and 
the percentage of freezable pore solution.

The 3-D-printed specimens showed a coarser pore-size 
distribution as compared to conventionally cast specimens 
(mainly due to the presence of interfacial porosity).

The micro-CT analysis demonstrated that the amount of 
porosity in the two-dimensional (2-D)-sliced images signifi-
cantly alters from 45% in the interfacial regions to 0.2% in 
the core filament regions, with a nonuniform pore distribu-
tion but a rather uniform filament spacing in each region. 
This is a frequent heterogeneity in 3-D-printed material and 
is commensurate with the observations of the frequency of 
darker interfacial regions in the raw sliced images. Such 
a significant heterogeneity in the pore microstructure of 
3-D-printed materials can directly impact their FT response. 
The uniform spatial variation of the pore phase was found at 
a relatively constant frequency of 1.64 mm corresponding to 
the nominal filament width used in slicing. Moving averages 
indicated that the mean porosity in the interfacial region is 
10.8% compared to the 2.3% average porosity at the fila-
ment core regions. The 4.6 times higher average interfacial 
porosity additionally supports the significant heterogeneity 
in the bulk-layered microstructure of 3-D-printed cement 
paste materials.

In conclusion, 3-D-printed cement paste specimens with a 
low w/c (0.275) and no visible printing defects (20% over-
lapping between printed filaments) have a similar DOSCR 
to conventionally cast specimens. The performance of the 
3-D-printed specimen was independent of the printing direc-
tionality for DOS below 100%. However, the anisotropy in 
the FT performance of the layered fabrication process and 
printing-induced interfaces and defects is an area of ongoing 
study. In addition, the influence of filament porosity on the 
rate of water absorption is still being studied.
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