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exposición a temperaturas elevadas

Jean Jacques Kouadjo Tchekwagep 1, Yiping Qiu 2, Shifeng Huang 3, Shoude Wang 3, and Xin Cheng 3

ABSTRACT
Rapid calcium sulfoaluminate cement concrete (RCSACC) has received increased attention of late because it can be manufactured 
with less CO2 emissions than ordinary Portland cement. In previous studies, RCSACC performed poorly when subjected to elevated 
temperatures, to which fiber-reinforced concrete (FRC) is a potential alternative. This study investigated the impact of incorporating 
two types of fibers, i.e., copper-plated steel microfilament (CPM) and shear corrugated steel (SC), on the engineering, mechanical, 
and microstructural features of RCSACC after exposure to elevated temperatures. Pore size distribution, microstructure, and 
mechanical properties were tested after exposure to temperatures of 100, 200, and 300 °C. The content of each type of fibers 
represented 1% of the concrete. The results showed that the mechanical properties were affected by the addition of either type of 
steel fibers. Adding CPM or SC steel fibers could ensure an adequate resistance of RCSACC when exposed to high temperatures, 
in addition to improving its residual mechanical behavior, spalling resistance, and ductility after heating. Steel fibers contribute 
to enhancing both mechanical properties and resistance to heating effects. However, adding steel fibers also appears to increase 
microstructure damage with heat, reduce workability, entrap air and water, and reduce cracking related to drying shrinkage.

Keywords: mechanical properties, rapid calcium sulfoaluminate cement, copper-plated microfilament fibers, shear corrugated 
fibers, shrinkage

RESUMEN
Últimamente, el hormigón de cemento sulfoaluminato de calcio rápido (RCSACC) ha recibido una mayor atención porque puede 
fabricarse con menos emisiones de CO2 que el cemento Portland ordinario. En estudios anteriores, el RCSACC presentó un mal 
desempeño cuando se sometió a temperaturas elevadas, para lo cual el hormigón reforzado con fibra (FRC) es una potencial 
alternativa. Este estudio investigó el impacto de la incorporación de dos tipos de fibras, i.e., microfilamento de acero chapado 
en cobre (CPM) y acero corrugado (SC), en las características de ingeniería, mecánicas y microestructurales del RCSACC tras su 
exposición a temperaturas elevadas. Se probaron la distribución del tamaño de los poros, la microestructura y las propiedades 
mecánicas tras la exposición a temperaturas de 100, 200 y 300 °C. El contenido de cada tipo de fibras representaba el 1 % del 
hormigón. Los resultados mostraron que las propiedades mecánicas se vieron afectadas por la adición de cualquiera de los dos 
tipos de fibras de acero. La adición de fibras de acero CPM o SC podría garantizar una resistencia adecuada del RCSACC cuando 
se expone a altas temperaturas, además de mejorar su comportamiento mecánico residual, su resistencia al desconchado y su 
ductilidad después del calentamiento. Las fibras de acero contribuyen a mejorar tanto las propiedades mecánicas como la resistencia 
a los efectos del calentamiento. Sin embargo, la adición de fibras de acero también parece aumentar el daño a la microestructura 
con el calor, reducir la trabajabilidad, atrapar el aire y el agua, y reducir el agrietamiento relacionado con la contracción por secado.

Palabras clave: propiedades mecánicas, cemento de sulfoaluminato cálcico rápido, fibras de microfilamentos recubiertos de cobre, 
fibras onduladas de cizallamiento, contracción
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Introduction

Ordinary Portland cement concrete (OPCC) has been 
adopted in multiple projects around the world, making 
it the most widely used material on Earth (Chang et al., 
2020). The content of OPCC consists of Portland cement 
(PC), coarse aggregate, water, and sometimes an admixture 
(Cheng et al., 2020). Experts do not consider OPCC to be 
an environmentally friendly material, since its production 
and manufacture releases a large portion of the world’s 
overall CO2 emissions (Venkatesh and Wasim, 2011). In 
this vein, the development and implementation of rapid 
calcium sulfoaluminate cement (RCSAC) constitute an 
encouraging option to decrease carbon dioxide emissions, 
which account for 7% of the global levels in the cement 
industry alone. Depending on its performance, RCSAC has 
several applications. Since the 1970s, cement research in 
China has managed to produce different types of calcium 
sulfoaluminate (CSA) cement, which are categorized as 
the third cement series. The advantage of their large-scale 
production lies in an abundance of resources and the reduced 
research funding required from the Chinese government (Li 
et al., 2020, 2021; Michels et al., 2016). Thus, China has 
gradually applied third-series cement in multiple engineering 
projects. Both China and India have successfully managed to 
use this binder to build waterproof pipes (Afroughsabe et al., 
2017; Augusto et al., 2019).

RCSAC is mainly composed of ye’elimite (C4A3Š) 
(Afroughsabe et al., 2016; Wang et al., 2020). Increasing 
the ye’elimite content results in a faster early strength. 
As the largest and most widely used material in China 
and India, RCSACC is increasingly being used in current 
construction projects (Kohoutková et al., 2017). When using 
this material, many issues can arise, such as those involving 
safety and sustainable development (Cheng et al., 2020). 
Materials made with a cement base are generally weak in 
tension, including RCSACC (Barreto et al., 2019; Chalioris 
et al., 2018). Cracks appear when RCSACC is heated to 
high temperatures, as shown by Azzabi et al. (1993) and 
Bjegović et al. (2015). Moreover, it may crack when exposed 
to elevated temperatures, resulting in reduced mechanical 
properties (Tanyildizi and Yonar, 2016). A solution to 
this issue could be the addition of shear corrugated (SC) 
or copper-plated microfilament (CPM) fibers, aiming to 
increase the properties of RCSACC when exposed to heat 
(Aguilar et al., 2015; Aravinthan et al., 2018). Fibers have 
been shown to decrease early-age shrinkage by enhancing 
the cohesion between the concrete matrices (sand, cement, 
coarse aggregate, water, and fibers) (Li, 2019). There is 
ongoing research on the use of fiber in concrete materials, 
with the aim of reducing the damage inflicted by elevated 
temperatures on infrastructure. The effectiveness of using 
fibers depends on the type of fiber used, its elastic modulus, 
and its aspect ratio (Hong et al., 2017).

The purpose of this article is to investigate the effect of 
SC and CPM on the behavior of RCSACC after exposure 
to elevated temperatures. In previous studies, we have 

assessed the dehydration effects of increased temperature 
(Cheng, Huang, et al., 2020a, 2020b). No other works 
have evaluated the impact of CPM and SC fibers on the 
features of RCSACC. A fiber content of 1% was used, and 
24 RCSACC mixes were made with a 0.4 water-to-cement 
ratio. Mechanical properties were assessed after exposure 
to elevated temperatures. SEM and 3D microscopy were 
employed to explore the microstructural properties of the 
RCSACC samples used.

Test raw materials 

Rapid calcium sulphoaluminate cement
For all preparations, we utilized RCSAC produced by China 
United Cement Jining Co. Ltd. (Shandong, China). Table 1 
presents its chemical composition. 

Table 1. Composition of the RCSAC used

Oxide
compositions Weight% Mineralogical phase 

compositions Weight%

CaO 45.2 C2s 18

Al2O3 17.5 C4A3Š 60

SO3 15.7 C11A7F 4.4

SiO2 9.19 CaSO4 9.9

Fe2O3 2.50 2.5

Fluorescence

4.5

MgO 1.90. 1.9

TiO2 0.7 0.7

K2O 0.4 0.4 Others

Na2O 0.4 0.4 3.2

Specific gravity (g/cm3)
3.1 Specific surface (m2/kg) 450

Source: Authors

Table 2 presents the aggregate used in this study (crushed 
limestone and silica sand).

Table 2. Physical properties of the aggregates

Aggregate 
type

Maximum 
size aggregate 
(mm)

Water 
absorption

Specific 
gravity

Fineness 
modulus

Fine 
aggregate 4.75 1.1 2.65 2.9

Coarse 
aggregate 19 0.96 2.74

Source: Authors

We employed CPM and SC fibers with aspect ratios of 26.5 
and 69.4, respectively. Figure 1 shows these fibers, and 
Table 3 lists their characteristics.
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Table 3. Properties of the steel fibers

Type and shape 
of fiber

Length
L (mm)

Diameter
D (mm)

Aspect
ratio L/D

Density 
(g/cm3)

Tensile 
strength
(N/mm2)

Copper-plated 
microfilament 

(CPM) 13.3 0.5 26.6 7.8 2300
Shear 

corrugated (SC) 
fiber

37.5 0.54 69.4 7.8 1050

Source: Authors

Figure 1. Two kinds of steel fibers
Source: Authors

RCSACC preparation
Table 4 shows the slump of the RCSACC-CPM and RCSACC-
SC preparations. In this work, we established 18 ± 2 cm 
as the acceptable slump value. After they were produced, 
the preparations were placed in the molds. Three samples 
were prepared for each temperature range. After one day, 
the samples were demolded and cured at 23 ± 2 °C (Gashti 
et al., 2020) for 672 hours. Then, they were left exposed in 
the lab for 125 h.

Table 4. Mix proportions of the fiber-reinforced concrete mixes

Mixture ID
W/C

Water RCSA FA CA
(kg/m3)

RCSACC
12 cm (slump) 0.4 216 540 622 727
1% retarder
RCSACC-CPM
CPM fiber volume 
fraction (%)

   0 1 1
0.4 216 540 622 727

12.5 cm (slump)
1% retarder
RCSACC-SC

SC fiber volume 
fraction (%) 0.4 216 540 622 727
    0 1 1
12 cm (slump)
1% retarder

CPM: copper-plated microfilament fibers; SC: shear corrugated fibers.
Source: Authors

Then, the samples were placed in an electric furnace for 
heating at the rate of 4˚C/min until they reached the target 
temperature, which was maintained for 4 h. This time 
proved to be enough to ensure the effective decomposition 
of all the important ingredients forming the RCSAC, i.e., AFt 
and Al(OH)3 (Aluko et al., 2020; Bai et al., 2019).

Testing properties  

Measuring the drying shrinkage
It is important to study the shrinkage behavior of expanded 
RCSACC for a more pertinent assessment. The Chinese 
standard GB-T50082 was used for evaluating the drying 
shrinkage of the concrete. Three specimens of each 
composition, with a size of 100 × 100 × 515 mm, were 
used to measure the shrinkage. The test piece was poured 
and maintained in a molded state, at a temperature of 28 
± 0.5 °C and 75% relative humidity. While this state was 
maintained, the effective length was measured, and the 
shrinkage rate was determined. The test result was calculated 
based on the average of the three specimens.

Surface image analysis 
Surface images of the different RCSACC specimens were 
captured using a high-resolution optical zoom camera. 
Afterwards, the images underwent a treatment process, with 
the aid of a software named GelAnalyzer (Ahmed, 2021). 
Crack images were generated and drawn with the aid of 
vellum paper, and the Lightroom software helped to clear up 
the images. Following that, a description of the crack areas 
was constructed in the ImageJ software.

Ultrasonic testing
Waveform variations can serve as an important indicator of 
the internal characteristics of each sample, both before and 
after conditioning (Błaszczyński et al., 2012; Mehta et al., 
2006).​ In the context of ultrasonic testing, the frequency was 
set at 50 kHz, and the input voltage at 10 V.

Flexural strength-displacement 
In accordance with GB/T50081-2019, the national testing 
standard for the physical and mechanical properties of 
concrete, this experiment used specimens with side lengths 
of 100 × 100 × 400 mm. We calculated the flexural strength 
(ff) by means of the formula ff = Fl/bh², where ff is the 
flexural strength; F is the failure load of the specimen (N); l 
is the span between supports (mm); b is the cross-section 
width of the specimen (mm); and h is the cross-section 
height of the specimen.

Compressive strength 
This experiment used standard cube specimens with a side 
length of 100 х 100 х 100 mm. The percent strength variation 
(Q) as the temperature increased was defined as follows: 
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Q= 
0

0

   - ×100%σ σ
σ . In this formula, 0σ  is the compressive 

strength of the specimens at ambient temperature (20 °C), 
and σ  is the strength of the sample after thermal exposure.

Mercury porosimetry (MIP) and micromorphology 
(SEM) analysis 
We tested the different samples using MIP and SEM tools, 
aiming to observe the pore distribution and microcrack 
patterns. Small squares with a side length of 10 ± 1 mm were 
taken from the crushed sample for MIP testing. For the SEM 
observation, we used a diamond saw to create small sections 
(typically 1-2 cm), focusing on areas of interest (e.g., cracks 
and fiber-matrix interfaces). Using a vacuum oven, we made 
sure that the samples were completely dry to prevent water 
vapor interference during imaging. Finally, we placed the 
samples in the vacuum chamber of a QUANTAFEG250 field 
emission scanning electron microscope (SEM) for analysis.

Results 

Workability
In accordance with ASTMC143, we determined the 
workability of the fresh RCSACC-CPM, RCSACC-SC, and 
RCSACC samples. RCSACC’s fresh workability was seen to 
be negatively affected by the addition of CPM and SC fibers. 
Figure 2 shows the slump of each blend.

Figure 2. Workability of RCSACC mixes
Source: Authors

Fiber characteristics play an important role in how the fibers 
blend into the matrix. ​In this study, the workability observed 
was found to be relatively consistent across all samples.​ 
Moreover, fibers tend to reduce workability because of their 
large specific area, which adheres some of the available 
cement paste, thereby reducing the availability of excess 
paste to reduce inter-particle friction. As for the slump 
test results, the 1% value obtained more or less meets the 
workability goal for the fresh RCSACC mixture, as set at the 
beginning of the study. 

Free shrinkage
In the control samples (RCSACC), thin cracks appeared 
approximately 2 h 30 min after casting, spreading all over the 
samples. This is a consequence of strong water absorption 
during setting, which continues throughout curing. In the 
case of the RCSACC samples with a 1% CMP or SC fiber 
content, the emergence of the first crack took more than 
10 h. Thus, the emergence period for the RCSACC-CMP 
and RCSACC-SC samples was four times longer than that 
of the control sample. The free shrinkage strain can be 
substituted into the following formula to find the stress in 
the reinforcements:

cs S
sc

S

C

Ef A1
A

ε
α=

+

where fsc stands for the stress in the reinforcements, as 

caused by the shrinkage (N/mm2); 
S

cm

E
E

α = ,with Es and Ecm 
being the modulus of elasticity of the fiber and concrete 
– it is a non-dimensional term that accounts for the non-
uniform distribution of stress in the concrete section due 
to cracking, with values of 0.184 for RCSACC-CMP and 
0.123 for RCSACC, and it indicates the shrinkage-related 
stress in the reinforcements and the relationship between 
the reinforcement used and the stress in RCSACC; As stands 
for the cross-sectional area of the fiber reinforcement; and 
AC stands for the cross-sectional area of the concrete. The 
tension for both types of reinforced fibers is negligible and 
could be applicable when the RCSACC is partially restrained 
by reinforcements. As for the free shrinkage strain, RCSACC 
must be stretched to cover the strain caused by shrinkage. 
The restraint values obtained for RCSACC-CMP and 
RCSACC-SC are greater than the partial restraint regardless 
of the fiber content. This suggests that the addition of the 
steel fibers is not helpful to RCSACC exposed to elevated 
temperatures. Figure 3 illustrates the cracking on the three 
specimens as the sample shrinks. Here, Figure 3c presents 
the case of RCSACC-SC, wherein very thin, slight cracks 
appeared. The assessment focused on the width and area 
covered by the cracking. This manifestation of cracks is 
the reason why water was observed on the surface of the 
different samples.

Figure 3. Shrinkage cracking for different RCSACC specimens in a 2.7 
× 2.7 cm area 
Source: Authors

(1)
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the control sample. This may be because, when the fiber is 
added into the mixture, the microstructure is not as dense 
as that of the RCSACC with natural fine aggregate. Moisture 
can thus evaporate and migrate out of the sample more 
easily. The introduction of steel fibers in RCSACC reduces 
the strain during shrinkage, regardless of the fiber type. SC 
fibers reduce the shrinkage considerably. The development 
of RCSACC has two stages: rapid growth during the early 
hours of curing, when more than 86% of the total shrinkage 
takes place; and a slow development after 8 h.

Appearance of color and cracks after heating
Figure 6 shows the samples’ variations in color, crack 
spreading, and spalling. In the RCSACC-CPM and RCSACC-
SC samples exposed to 100, 200, and 300 °C, no large-scale 
spalling took place. CPM and SC helped to stop the spalling 
of the concrete when exposed to heat. In the control sample, 
the inner pore pressures are not released, leading to large-
scale spalling. In contrast, in the samples with fibers, as the 
temperature rises, canals are formed on the bed of the fibers. 
These serve as a corridor to let compressed air escape and 
thereby reduce spalling through decreasing pore pressure.

Figure 6. Exterior surface of the different RCSACC samples after 
exposure to a heat treatment
Source: Authors

The introduction of a 1% fiber content obviously helped 
to control the crack width in comparison with the control 
specimen (Figure 4). The crack width was reduced by an 
average of 30.89% and 51.75% with the introduction of 1% 
CPM and SC fiber content, respectively. As stated in the ACI 
224R.01 standard (ACI Committee, 2011), a width between 
0.1 and 0.3 mm is acceptable for the cracks provoked during 
plastic shrinkage. However, this requirement was not met by 
the control sample, unlike the 1% fiber-reinforced samples.

Figure 4. Shrinkage in different types of concrete (drawn in tracing 
paper from a printed image)
Source: Authors

Table 5 summarizes the characteristics of the cracks found 
in the samples with CPM and SC fibers.

Table 5. Crack characteristics of the reinforced RSACC

Concrete 
type

Total 
cracks
(%)

Aver. crack 
width
(mm)

Crack 
reduction 
(%)

Fiber 
content

RCSACC 11.40 1 - 0%

RCSACC-CMP 9.15 0.21 30.89 1%

RCSACC-SC 5.90 0.12 51.75 1%

Source: Authors

Figure 5 shows the shrinkage over 14 days of curing. The 
shrinkage of the RCSACC-CPM and RCSACC-SC samples 
differed from that of the RCSACC. The average shrinkage of 
the fiber-reinforced concrete (FRC) was larger than that of 

Figure 5. 14 days of free shrinkage in RCSACC with 0%, 1% CPM, and 1% SC fiber content
Source: Authors
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Ultrasonic testing
The time required to transmit a pulse and the magnitude 
values from peak to peak, as obtained from the ultrasonic 
waveform (UW), are shown in Figure 7. 

Figure 7. Ultrasonic waveforms
Source: Authors

As a result of exposure to elevated temperatures, the 
arrival time increased and the magnitude for the RCSACC 
sample decreased after being exposed to 100 and 200 °C. 
At 300 °C, the arrival time and magnitude decreased for 
the RCSACC-CPM and RCSACC-SC samples (Table 6). This 
evinces the presence of cracks caused by dehydration as the 
temperature increases.

Table 6. Ultrasonic wave analysis

Samples Aver. arrival 
time (µs)

Aver. 
amplitude 

(mV)

Change in 
amplitude 

(mV)

20 ˚C
Before 
heating

RCSACC 300 3.35
CPM 296.7 2.33
SC 304 3.19

100 ˚C
After 

heating

RCSACC 296.7 2.33 1.02
CPM 300.4 1.6 0.97
SC 349.6 1.5 1.69

200 ˚C
After 

heating

RCSACC 407.9 0.7 2.56
CPM 408 0.79 1.54
SC 325.2 1.3 1.89

300 ˚C
After 

heating

RCSACC 311.9 0.8 2.52
CPM 234.4 0.69 1.64
SC 327.9 0.59 2.6

Source: Authors

All the samples, when tested at room temperature, exhibited 
a short transit time with a large magnitude, suggesting that, 
before heat exposure, the specimens had greater continuity 
and density. After the heating treatment, the difference 
between the exposed and unexposed specimens reflected 
the internal characteristics of the different RCSACCs. The 
waveform change could originate from waves spreading 
and coming into contact with many pores and microcracks. 
The attenuation was well explained by the presence 
of microcracks on the surface, which emerged as the 
temperature increased.

Compressive strength 
Figure 8 shows the failure patterns of each specimen under 
compressive testing. The maximum strength was recorded 
for the samples at room temperature; they exhibit wide and 
significant spalling as well as characteristic cracks at higher 
temperatures. The specimen cracks were significant because 
they resulted from an applied load. Although lower strength 
and negligible cracking were observed in the samples heated 
to 100-300 °C, they performed adequately during the test 
due to the initial cracking caused by the heat. Moreover, 
the RCSACC-CPM and RCSACC-SC samples, when heated 
above 100°C, exhibited an impressively large propagation 
of cracks and significant spalling, an evidence of the poor 
compactness between the different component matrices. 

Adding CPM and SC fibers to RCSACC enhances some 
engineering properties after heat exposure. At room 
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temperature, a 3.6% increase in strength was recorded after 
adding 1% CPM; at 100°C, 32.03% of the strength was 
retained. However, the introduction of 1% SC negatively 
impacted the sample’s compressive strength.

 

Figure 8. Strength of the fiber-reinforced concrete
Source: Authors

Flexural strength 
The cracks observed in the reinforced samples during 
flexural testing are quite different from those of the control. 
CPM and SC resist the spread of the cracks uniformly. This 
suggests that crack propagation will concentrate in the zones 
with fewer fibers. Figure 9 shows that the FRC containing 1% 
SC has the highest flexural strength, greater than that of the 
sample with 1% CPM. The RCSACC-SC specimens showed 
a better flexural strength capacity because of the enhanced 
bond formed by the corrugations; as a consequence, 
the steel fibers could bridge small cracks more quickly. 
When cracks appeared, the corrugations remained solidly 
embedded on each side, acting as stress transfer media. 
When the maximum bond strength was reached, the pull-out 

effect fully activated, allowing the adjacent fibers to delay 
the growth of the cracks. However, there was no significant 
difference between the strength of the control and that of 
the FRC with 1% CPM fiber exposed to 300 °C. 

 

Figure 9. Flexural strength values
Source: Authors

Figure 10 shows the fracture deflection (fbb) of the three 
types of RCSACC at different temperatures. For RCSACC-
CPM, between 20 and 300 °C, there was a gradual 
difference in fbb. The fbb of the SC fibers varied greatly with 
temperature. A higher fracture deflection means more and 
longer cracks, as well as greater damage to the RCSACC 
sample. CPM fibers have a lower individual volume and 
can be more evenly distributed in the RCSACC. In contrast, 
the large volume of SC fibers and their corrugated structure 
make an even distribution more difficult.

 

Figure 10. Fracture deflection
Source: Authors

At a normal temperature of 20°C, the strength of the two 
FRCs was higher than that of the control sample, and 
there was little difference in fbb. In a high-temperature 
environment, the structure of RCSACC-SC was destroyed. 
It is important to highlight that uneven SC fibers cause a 
greater fbb. In addition, although their corrugated structure 
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macroscopically supports the flexural strength of RCSACC, 
SC fibers’ ability to bond with RCSACC is greatly reduced. 
This indicates, to a certain extent, that the structure of 
RCSACC-SC is loose, which is another reason for the 
increase in deflection.

Figure 11 shows the load displacement curves of RCSACC-
CPM and RCSACC-SC. The latter (Figure 11b) shows cracks 
when loaded, and its behavior evidence softening. It has a 
higher flexural strength than RCSACC-CPM (Figure 11a), 
exhibiting hardening.

Figure 11. Load displacement curves of the samples with CMP and SC 
fibers at various temperatures
Source: Authors

MIP and SEM observations
Pore size curves are shown in Figure 12. The pore size of 
RCSACC-CPM and RCSACC-SC gradually increased with 
increasing temperature, and high temperatures promoted 
the deterioration of the microscopic pore structure. The 
microscopic observation of RCSACC-SC showed a higher 
mercury intrusion in the 100-1000 nm pore range when 
compared to RCSACC-CPM, which indicates that the 

addition of steel fibers effectively emptied the 200-1000 nm 
pore size range, resulting in increased porosity. 

Figure 12. Pore structure results
Source: Authors

The sample reinforced with CPM steel fibers had a more 
constant increase in pore size distribution (PSD) as the 
temperature increased, in comparison with the control and 
the RCSACC-SC sample. Figure 13 shows that RCSACC is 
more compact at room temperature, which evidences the 
better homogeneity of the different matrices. Above 100 °C, 
RCSACC-CPM and RCSACC-SC exhibited a less compact 
internal structure, with the gradual appearance of macro- 
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and microcracks and pores as the temperature approached 
300 °C. Numerous pores were observed in the different 
samples at 300 °C.

Figure 13. Different RCSACC samples as viewed through SEM
Source: Authors

A large number of pores and microcracks was observed 
in RCSACC-SC at 100 °C, mainly due to the crystalline 
transformation of the hydration products. Steel fibers exhibit 
an interwoven fiber network, which causes a significant 
increase in the flexural strength of fiber-reinforced RCSACC 
after high-temperature treatment.

Discussion 

Significance of the results 
When fiber is added to the mixture, the microstructure is not 
as dense as that of RCSACC with natural fine aggregate. This 
differs from literature reports of increased microstructure 
integrity under dry conditions (Abdulaziz et al., 2020; 
Kaczmarek et al., 2021), as well as from other works 
highlighting the increased failure of RCSACC microstructures 
after high-temperature exposure (Jacek et al., 2021). 
Increased microstructure failure may affect the strength 
of the samples and their ability to resist high-temperature 
exposure (Abbass et al., 2022). Given their ideal aspect ratio, 
the use of CPM and SC steel fibers in this study facilitated 
a more effective evaporation and migration of moisture out 
of the sample in comparison with hooked-end steel fibers, 
which have a significantly higher failure rate (Bibiana et al., 
2017; Ferdous et al., 2018). 

In general, fibers can bridge cracks and contribute to 
mitigating shrinkage cracking (Amin et al., 2022).Our results 
show the effectiveness of CPM and SC fibers in restraining 
the shrinkage of the mixture. Adding these materials to 
RCSACC slightly improved the strength of the sample when 
compared to other steel fibers with higher aspect ratios (An 
et al., 2017). Temperature was seen to be associated with 
changes in the suitability of RCSACC-CPM and RCSACC-SC 
at multiple scales. However, it was clear that adding a 1% 
steel fiber content was beneficial for flexural strength and 
crack expansion (i.e., FRC containing 1% SC exhibited the 
highest flexural strength). RCSACC-SC showed the highest 
normalized strengths at all temperatures. This suggests that 
the brittleness decreased at high temperatures, whereas the 
ratio of flexural to compressive strength (F/C) increased with 
increasing temperature.

This study suggests that adaptive SC or CPM fibers may 
allow RSACC to resist high-temperature exposure. The 
strength ratio data suggest that the brittleness decreased 
with increasing temperature regardless of the type of fiber 
used. The normalized flexural strength generally decreased 
above 100 ˚C. For the SC specimens, the normalized 
flexural strength was much greater than that of the other 
two types. Our results highlight the potential for increasing 
the flexural strength of RCSACC by adding 1% SC or CPM 
fiber content to structures susceptible to heat exposure 
(Bang et al., 2022).This addition increased the strength 
at 20 ˚C. Heating weakened the compressive strength 
of RCSACC with 1% SC more than it weakened that of 
RCSACC-CPM. For the latter, heating created pores in the 
structure (internal voids), which led to the unbonding of 
the aggregate, CPM fibers, and RCSAC paste that constitute 
the matrix. This, in turn, weakened, resulting in reduced 
compressive strength.

The samples exposed to 100 °C exhibited a compressive 
strength 6.7 MPa lower than that at 20 ̊ C. Previous research 
(Dong et al., 2022) found that the primary chemical 
decomposition product is generated after extended 
exposure to elevated temperatures. This was confirmed 
by the observed compressive strength reduction and the 
increase in the number of capillary pores, as well as in 
the length and width of the microcracks. RCSACC-CPM’s 
flexural strength was lower than that of RCSACC-SC. 
However, in comparison with the control, there was an 
increase in flexural strength as the temperature rose. An 
increase in the load-bearing capacity and the ductility of the 
sample was observed in the FRC samples after extended 
heat treatment. RCSACC-SC, with a significant L/D value, 
increased its ability to resist crack propagation, given the 
large bonding area of SC fibers with the surrounding matrix 
(mortar). The specimens made with steel fibers showed a 
higher displacement resistance capacity and a high tensile 
strength. This observation agrees with previous research 
(Abdulkader et al., 2017).

Adding SC fibers or CPM improved the flexural strength 
at elevated temperatures. The SC fibers increased the 
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flexural tensile strength of the sample after exposure in 
comparison with the control. FRC showed a post-exposure 
flexural traction strength comparable to that of RCSACC 
before exposure. RCSACC-CPM had a substantially greater 
load-bearing capacity after the treatment when compared 
to the control. RCSACC-CPM and RCSACC-SC introduced 
a pseudo-plastic state, suggesting that they could play 
a positive role in structures built with RCSACC that are 
susceptible to heat exposure. 

Conclusions

According to the results and the analysis, the following 
conclusions can be drawn:

1.	 Ultrasonic wave testing could serve as a quick tool for 
monitoring and predicting the behavior of RCSACC 
at high temperatures; after extended conditioning, 
weakened properties were detected. Ultrasonic 
wave tests found that the quality of the samples was 
seriously compromised beyond 100 °C, leaving only 
RCSACC-SC in suitable condition. With the addition of 
1% steel fiber content, the crack width was decreased 
by 72-93%. In RCSACC-SC, the cracks were almost 
eliminated, whereas the control showed much wider 
cracks.

2.	 The addition of 1% SC reduces the workability and, as a 
result, the slump of RCSACC. This could be due to the 
D/L value of SC fibers. The aspect ratio of these fibers 
caused the RCSACC and sand to wrap around them, 
creating sturdy fiber-matrix bonds. The ultimate result 
of this bonding was reduced strength.

3.	 The aforementioned addition improves the mechanical 
properties of RCSACC after heat exposure depending 
on the type of fiber used. At 20 °C, there was a 3.6% 
increase in compressive strength for RCSACC-CPM, 
and its flexural strength improved by 8.14%. Overall, 
a 1% fiber content enhanced the flexural strength of 
RCSACC.

4.	 SC and CPM steel fibers aid in transferring stress, 
which results in increased strength after the treatment 
when compared to the control. At 100°C, RCSACC-
CPM showed an average compressive strength of 41.2 
MPa and a flexural strength of 3.5 MPa, compared to 
the 28 and 2.43 MPa values obtained by the control. 
The SC and CPM steel fibers enhanced the samples’ 
ductility.

5.	 SEM and MIP observations revealed that, at the 
conditioning temperatures, cracks tended to propagate 
throughout the RCSACC matrix. The pore size increased 
as the temperature increased, regardless of the sample, 
resulting in reduced strength.

Overall, based on these data, a 1% CPM or SC steel fiber 
content cannot be regarded as an adequate addition, since 
the paste did not bond sufficiently with these materials, 
resulting in a more porous concrete with many microcracks, 
leading to poor performance after conditioning.
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