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Abstract
This study explored the combined effects of using attapulgite (ATP) as a partial cement replacement and basalt fibers (BF) 
as reinforcement in the development of high-performance foam concrete (FC) with 100% pumice aggregate. The experimen-
tal program included preparing FC mixtures with ATP replacements at 10%, 20%, and 30% by cement weight, and adding 
BF at volume fractions of 0.5%, 1.0%, and 2.0%. Key properties assessed were fresh flowability, compressive and flexural 
strengths, stress–strain behavior, thermal conductivity, and durability under sulfate exposure and high temperatures. Find-
ings revealed a synergistic effect between ATP and BF, leading to significant performance enhancements across various 
parameters. The mixture with 30% ATP and 0.5% BF exhibited the highest compressive strength, reaching 19.45 MPa at 
28 days and 22.11 MPa at 90 days, indicating improvements of 129.3% and 85.3% over the reference mix, respectively. This 
combination also achieved the lowest sorptivity, improved thermal stability, and better sulfate resistance, making it highly 
suitable for structural applications in harsh environments. In addition, the mixture with 10% ATP and 0.5% BF demonstrated 
the lowest thermal conductivity, reducing heat transfer by 4.2% compared to the control, which is beneficial for thermal 
insulation in building materials. Microstructural analysis using Scanning Electron Microscopy (SEM) showed that ATP’s 
pozzolanic reactivity led to a denser microstructure with stronger bonding, while BF effectively bridged micro-cracks, 
enhancing the FC matrix's durability. Overall, these results highlighted the potential of ATP and BF to significantly enhance 
FC’s mechanical, thermal, and durability properties, providing an eco-friendly solution with lower cement use and greater 
resilience to environmental stressors. This study contributes to sustainable construction technology by showcasing how ATP 
and BF can optimize FC performance, supporting its wider use in the construction industry.
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1  Introduction

The building sector has seen a rise in the use of foam con-
crete (FC) during the last few decades [1]. Better work-
ability, reduced weight, improved thermal performance, 
increased fire resistance, and lower cost are some of the 
advantages of FC over traditional concrete [2]. A creative 
and effective construction technique called FC has been suc-
cessfully used in a number of Asian and European nations 
[3]. Alternatively, FC falls into the category of low density 
concrete, cellular concrete, or aircrete, with densities rang-
ing from 300 to 1800 kg/m3. Its exceptional flowability [4], 
low self-weight [5], minimal aggregate consumption [6], 
high porosity [7], fire resistance [8], excellent heat insula-
tion, airborne sound insulation, and required compressive 
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strength are only a few of its unique characteristics. The 
primary components of this lightweight concrete are cement, 
filler, foam, and water [9]. Unlike regular concrete, FC mixes 
do not include coarse materials. This kind of concrete can 
be utilized for a number of projects, such as road embank-
ments, floor insulation [10], soft ground areas, backfilling 
retaining walls [11], and slope filling [12]. Although porous 
concrete has traditionally been made with air-entraining 
agents or lightweight aggregates [13], fresh cement paste or 
mortar is typically combined with manufactured foam, such 
as a foaming agent, to generate FC [14]. FC had a higher 
porosity and a lower density, but the increased porosity also 
contributed to its reduced strength. This made it challenging 
to employ FC in certain circumstances where a significant 
degree of strength was necessary. Due of FC's drawback, 
many attempts have been undertaken to obtain both high 
strength and low density [15]. Using lightweight aggregates 
can contribute to obtain lower density and further reduce the 
heat conductivity of FC and one possible substitute for fine 
aggregate is pumice aggregate (PA) [16]. Pumice, which is 
naturally occurring and has a structure akin to a sponge, is 
formed when molten lava cools quickly and forms granules. 
In certain countries, such as US, Italy, Greece, Turkey, and 
Spain, it is utilized as an aggregate in the creation of light-
weight concrete [17]. Pumice has been particularly used as 
an aggregate in concrete to produce lightweight concrete 
[18]. A practical method for creating lightweight, workable, 
affordable [19], and ecologically friendly concrete is the 
addition of pumice as an aggregate [20]. The application of 
fine and coarse PA in cement-based concrete was examined 
by Gündüz and Uğur [21], who found that the strength of 
lightweight concrete including PA was comparable to that of 
standard weight concrete. Jamal et al. [18] investigated PA 
incorporated geopolymer concrete. The authors reported that 
the thermal conductivity and oven dry density were found to 
be between 0.119 and 0.131 W/m K and 1746 and 1815 kg/
m3, respectively.

The total cost of production could go up if FC uses more 
cement. Thus, it is preferable to have the option of using 
supplemental cementitious materials (SCMs), particularly in 
larger volumes, to lower the amount of cement used and the 
8% global carbon emissions that OPC contributes to [22]. 
Attapulgite (ATP), often referred to as palygorskite mineral, 
is a magnesium aluminum silicate clay that has attracted a 
lot of interest from several study sectors due to a number 
of its properties, including its large surface area, interlayer 
enormous void-texture, and comparatively low cost [23]. 
These benefits allow ATP to be utilized in FC blends as a 
cement alternative. Certain studies suggest that ATP can be 
used as SCMs to reduce the amount of cement clinker con-
sumed. The addition of high-reactivity ATP in conjunction 
with an increase in the curing temperature, for example, has 
been shown in studies by Zghair et al. [24] to enhance the 

compressive strength of cement slurry at later ages. Addi-
tionally, Kawashima et al. [25] examined the impact of a 
tiny quantity of high-purity ATP on the adhesive character-
istics of cement slurry and discovered that ATP increased 
the slurry's cohesion and viscosity.

Many disadvantages affect FC, including excessive poros-
ity, brittleness, low ductility, significant drying shrinkage, 
and poor resistance to breaking and deformation. To increase 
FC's tensile strength and fracture resistance, engineers usu-
ally utilize fibers, such as steel fibers [26], polymer fibers 
[27], and basalt fibers [28] as the recommended reinforce-
ment material [29]. Basalt fibers (BF) is becoming more 
and more popular as a substitute for other fibers like car-
bon fibers because of its enhanced qualities and sustainable 
production, while the manufacture of BF is comparable to 
that of glass fiber, and its low energy consumption and lack 
of chemicals in the process make it more environmentally 
friendly [30]. Even though BF is widely used in applications, 
including fire protection automotive parts, sports equip-
ment, and electrical insulation, more research is needed on 
its use in cement-based materials [31]. When BF is added to 
concrete, it gets stronger and shrinks less [32]. Wang et al. 
[33] investigated the combination of basalt and sisal fib-
ers to increase the durability and mechanical characteristics 
of lightweight roadbed FC. The authors reported that FC 
made with a blend of 0.2% sisal and 0.1% BF had greater 
compressive and flexural strengths, with improvements of 
18.04% and 52.44%, respectively. Shi et al. [28] examined 
the impacts of re-dispersible latex powder and BF on the 
FC's microstructure, water adsorption rate, compressive 
strength, and dry and wet densities. The density and the rate 
of water adsorption were shown to be marginally impacted 
by BF.

The objective of this paper was to enhance sustainable 
construction materials by investigating the combined use 
of ATP and BF in FC made entirely from pumice aggre-
gate. This study addressed several ongoing challenges in 
foam concrete, including the need to improve strength, 
thermal insulation, and durability under various environ-
mental stressors. By utilizing ATP as a partial replacement 
for cement, the research explored the potential for reduc-
ing cement consumption and, consequently, lowering the 
carbon footprint of FC while harnessing ATP's pozzolanic 
properties to fortify the concrete matrix. The incorporation 
of basalt fibers, recognized for their reinforcing capabili-
ties, aimed to enhance FC’s resistance to cracking, brittle-
ness, and deformation-key issues that hindered the broader 
application of FC in load-bearing and high-performance 
scenarios. The research encompassed a thorough series of 
experiments to evaluate the effects of varying proportions 
of ATP and BF on both the fresh and hardened properties 
of FC. Specifically, it examined parameters, such as fresh 
flowability, compressive and flexural strengths, stress–strain 
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behavior, thermal conductivity, and durability in the face of 
sulfate exposure and elevated temperatures. This methodol-
ogy facilitated a detailed understanding of how ATP and BF 
contributed individually and synergistically to the enhance-
ment of FC’s structural and functional characteristics. 
Furthermore, the study employed microstructural analysis 
using Scanning Electron Microscopy (SEM) to investigate 
the changes in internal bonding and pore structure resulting 
from ATP’s pozzolanic reactivity and BF’s fiber-bridging 
effect. By elucidating these impacts, the research aimed 
to present a high-performance, eco-friendly variant of FC 
with improved resistance to harsh environmental conditions, 
making it suitable for structural applications, particularly 
in regions that demanded lightweight, durable, and ther-
mally efficient building materials. Ultimately, this research 
contributed to the advancement of sustainable construction 
materials by demonstrating how ATP and BF could be effec-
tively utilized to optimize FC, providing a practical solu-
tion for reducing cement demand, enhancing resilience, and 
expanding the application of FC in the construction industry, 
especially in challenging environments.

1.1 � Research significance

This study investigated advancements in sustainable con-
struction materials by analyzing the effects of ATP and BF 
on FC composed entirely of pumice aggregate. Although 
FC was valued for its lightweight and insulating properties, 
its mechanical strength and brittleness posed limitations for 
structural applications. The research incorporated ATP as a 
partial cement replacement and added BF as reinforcement 
to improve the mechanical, thermal, and durability charac-
teristics of FC. ATP, a cost-effective clay mineral, reduced 
the cement content in FC mixes, resulting in a lower car-
bon footprint. Its pozzolanic properties were anticipated 
to enhance the density and bonding of the cementitious 
matrix, thereby improving compressive strength and resil-
ience against environmental stressors, such as high tem-
peratures and sulfate exposure, in line with sustainability 
goals. BF notably strengthened the structural integrity of 
FC by increasing tensile strength, decreasing brittleness, and 
providing resistance to cracking and deformation. Addition-
ally, BF's eco-friendly production processes were consist-
ent with green construction objectives. The study assessed 
various properties of FC, including flowability, compressive 
strength, and thermal conductivity. Microstructural analysis 
using Scanning Electron Microscopy (SEM) illustrated how 

ATP and BF improved internal bonding and pore structure. 
Overall, the findings highlighted the potential of ATP and 
BF to develop a robust, eco-friendly alternative for structural 
applications, thereby fostering more sustainable construction 
practices.

2 � Experimental program

2.1 � Starting materials

According to EN 197-1 standard, CEM I 42.5R cement was 
the principal binder employed in this investigation. The 
cement utilized has a specific gravity of 3.13 and a specific 
surface area of 3300 cm2/g (Blaine fineness). This study used 
attapulgite, a clay-based aluminosilicate precursor material, 
instead of cement. Attapulgite has a specific gravity of 1.35. 
The chemical composition of attapulgite and cement is pre-
sented in Table 1. Figure 1 depicts the XRD pattern of the 
mineral attapulgite. The XRD pattern showed that the atta-
pulgite had peaks of dolomite, quartz, and attapulgite. The 
cement and attapulgite particle sizes are distributed as seen 
in Fig. 2. The average particle size of cement and attapulgite 
is 21.9 and 23.3 µm, respectively. The grain size distribu-
tions of these two powders are close to each other.

Pumice aggregate (PA) with a sieve opening of 0–4 mm 
was used to prepare the mixtures. Pumice aggregate's satu-
rated dry surface density is 1.23 g/cm3, and water absorption 
is 29.9%. The grain size distributions of the pumice aggre-
gate are displayed in Fig. 3, following the ASTM C33 [34] 
standard. Because pumice aggregate absorbs a lot of water, 
a new generation superplasticizer based on polycarboxylic 
ether (PCE) was added to the blends to make the mixes 
more flowable. PCE has a specific gravity of 1.06 ± 2, with 
32% solids by weight. A foaming agent based on an organic 
resin was used to prepare the mixtures further to reduce the 
fresh and hardened unit weight. Basalt fibers (BF) of 12 mm 
length produced foam concrete. The technical specifications 
of the BF are demonstrated in Table 2.

2.2 � Mixing procedure and preparation 
of the specimens

A cement quantity of 500 kg/m3 was used to produce the test 
specimens. Instead of cement, 10, 20, and 30% attapulgite 
was used. The water/binder (cement + attapulgite) ratio of 
all mixtures was 0.25. BF was added to the mixtures at 0.5, 

Table 1   Chemical composition 
(by weight) of attapulgite and 
cement

Oxide (%) CaO SiO2 Al2O3 Fe2O3 MgO Na2O K2O SO3 LOI

Cement 63.8 21.6 4.5 5.6 1.5 0.2 0.3 1.8 0.6
Attapulgite 8.8 65.7 12.3 4.7 5.2 0.9 1.8 0.3 0.2
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1 and 2% by volume. As a result of the preliminary tests, it 
was determined that the optimum foam volume is 480 kg/
m3. When preparing the foam, the foaming agent was used in 
an amount of 3% of the weight of the water. In other words, 
30 g of foaming agent were used for 1 L of water. The foam 
obtained with a high-speed mixer was added to the mixture. 
The first step involved mixing two-thirds of the water with 
the cement (or attapulgite, if it was available) for 1 min at a 
moderate speed and another minute at a high speed. After 
that, the mixture was combined with the remaining water 
and PCE, and it was mixed quickly for 2 min. The third step 
involved adding pumice to the freshly combined slurry and 
mixing it for 1 min at a moderate speed and another minute 
at a fast speed. Following the addition of the foam, the mix-
ture was stirred for 2 min at a low pace. BF was added to 

the mixture in the final phase, and it was mixed for 1 min at 
a moderate speed and 2 min at a high speed. The prepared 
fresh mixture was placed in molds. The surface of all molds 
was covered with cling film. The samples were stored for 
24 h under laboratory conditions. The demolded specimens 
were cured in water until the test day. The mixing ratios and 

Fig. 1   a Grain size distributions of cement and ATP, and b XRD pattern of ATP

Fig. 2   Grain size distributions of pumice aggregate

Fig. 3   Flow diameters of FC mixtures

Table 2   Technical specifications of the BF

Length Diameter Density Elastic 
modulus

Elongation 
at break

Color

12 mm 13 µm 2.65 g/cm3 90 GPa  ~ %3 Golden 
brown
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material quantities of the samples produced in this study are 
listed in Table 3.

2.3 � Experimental method

The flow diameters of the fresh mixtures were determined 
based on ASTM C1437 [35] standard. According to ASTM 
C642 [36], measurements of characteristics, such as oven 
dry density, apparent porosity, and water absorption, were 
made. These experiments were determined after 90 days of 
curing. To determine the physical properties, 50 × 50 × 50 
mm cube samples were produced. After 28 and 90 days, the 
mechanical characteristics of the foam concrete specimens, 
including their compressive and flexural strengths, were 
ascertained. The three-point flexural strength was deter-
mined on the 28th and 90th day on 40 × 40 × 160 mm speci-
mens as per ASTM C348 [37]. ASTM C349 [38] standard 
measured the compressive strength of the specimens bro-
ken during this test. 100 × 200 mm-sized cylinder specimens 
were used to determine the stress–strain curves of foam con-
cretes. In this context, ASTM C469 [39] standard is taken 
as basis. Stress–strain curves of all specimens were drawn 
after 28 and 90 days and these curves were also obtained 
after durability tests.

Foam concretes were exposed to high temperature at 
200, 400, and 600 °C after 28 days curing period. To deter-
mine the specimens' weight loss and compressive strength, 
50 × 50 × 50 mm specimens were produced. After reaching 
the target temperature, the samples were exposed to this tem-
perature for 2 h. Afterward, the samples were allowed to 
cool down (slow cooling) in the furnace. A muffle furnace 
with a heating rate of 5 °C/min was used for these tests.

In addition, 5% MgSO4 solution was prepared to deter-
mine the sulfate resistance of foam concretes. The specimens 
were exposed to this solution for 90 days. Every 15-day 
period, the solution was updated. On the 90th day, weight 
loss and compressive strength of 50 × 50 × 50 mm cube spec-
imens were measured. After 90 days of curing, the thermal 
conductivity of the specimens was determined according to 

ASTM C518 [40] standard. The thermal conductivity coeffi-
cients of the samples were measured after drying at 50 °C for 
3 days. For this test, 200 × 200 × 30 mm-sized plaque speci-
mens were produced. Sorptivity was determined to assess 
the permeability properties of the samples. ASTM C1585 
[41] standard was used for this test and 50 × 50 × 50 mm 
cube specimens were produced. Sorptivity of the specimens 
was also determined after 90 days of curing.

FC sample microstructure analyses were done at the 
MERLAB unit at Munzur University. For microstructure 
studies, SEM pictures were acquired at various magnifica-
tions. For this, Quanta FEG 250 model device was utilized. 
Microstructural analyses were performed on specimens that 
had cured for 28 days and mixes that had been exposed to 
high temperatures and sulfate attack (Table 4).

3 � Results and discussion

3.1 � Fresh characteristics of FC mixtures

The effect of ATP as a cement substitute and the amount 
of BF on the fresh properties of FC mixtures, including 
100% PA, is shown in Fig. 3 in terms of flow diameter 
results. As the percentages of ATP and BF increase, the 
mixes' flow diameters, which range from 25 to 8.4 cm and 
are clearly shown to decrease in Fig. 3. The water/cement 
ratio was maintained at 0.25 throughout the sample prepa-
ration procedure to evaluate the impacts of BF and ATP in 
FC mixes. It was discovered that the high water absorption 
capacity of ATP, which may reach up to 180% of its mass, 
decreased the workability of FC mixes [43] was substi-
tuted for cement and BF was added, as depicted in Fig. 3. 
When ATP was substituted for PC in FC mixes, the flow 
diameter decreased [44], and with a rise in ATP content, 
this decline intensified [45]. The enormous specific surface 
area, water-absorption capacity, and nonporous structure 
of ATP, which reduces flow diameters, all contribute to its 
explanation [46]. Moreover, the fine-grained ATP-induced 

Table 3   Mixing ratios and 
material quantities (kg/m3)

Mix ID BF (%) ATP (%) Cement ATP Water PCE PA Foam BF

A0B0 (Ref.) 0 0 500.0 0.0 125.0 15.0 377.4 96.0 0.0
A10B5 0.5 10 450.0 50.0 125.0 15.0 331.5 96.0 13.3
A10B10 1.0 10 450.0 50.0 125.0 15.0 323.0 96.0 26.5
A10B20 2.0 10 450.0 50.0 125.0 15.0 306.0 96.0 53.0
A20B5 0.5 20 400.0 100.0 125.0 15.0 294.1 96.0 13.3
A20B10 1.0 20 400.0 100.0 125.0 15.0 285.6 96.0 26.5
A20B20 2.0 20 400.0 100.0 125.0 15.0 268.6 96.0 53.0
A30B5 0.5 30 350.0 150.0 125.0 15.0 256.6 96.0 13.3
A30B10 1.0 30 350.0 150.0 125.0 15.0 248.1 96.0 26.5
A30B20 2.0 30 350.0 150.0 125.0 15.0 231.1 96.0 53.0
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increase in the aggregate surface of FC mixes led to a 
decrease in the flow diameters. The lowest workability 
value of 8.4 cm which is lower than the reference mixture 
by about 66.4% was achieved when cement was replaced 
with 30%ATP and with 0.5 and 2%BF included, and the 
reference mixture with 0%ATP and 0%BF had the largest 
flow diameter, measuring 25 cm. BF addition also resulted 
in a decrease in the flow diameters of FC combinations, as 
can be seen clearly in Fig. 3. This is largely because of the 
BF's increased friction force [47] and improved cohesive-
ness with the matrix, which both reduce mixture fluidity 
[48]. FC mixes were shown to become less workable and 
more viscous when fibers were added. This observation 
suggests that the fibers may hinder the aggregates' free 
mobility. The flow diameters of 10%ATP-incorporated 
mixtures reduced to 17, 14.1, and 9.5 cm at 0.5, 1, and 
2%BF content leading to flowability reduction of 47, 43.6, 
and 62%, respectively, compared to the reference mixture. 

Similar reduction in flowability was clearly seen as illus-
trated in Figs. 3 and 5 when 20 and 30%ATP were sub-
stituted for cement. For mixes containing 20% ATP, the 
flow diameters decreased to 11.1, 9.8, and 8.5 cm at 0.5, 
1%, and 2% BF content, respectively, resulting in a reduc-
tion in flowability of 55.6, 60.8, and 66% as per the refer-
ence mixture. The flow diameters for mixes with 30% ATP 
dropped to 8.4, 8.5, and 8.4 cm at 0.5, 1%, and 2% BF con-
centration, respectively. This meant that the mixes' flowa-
bility was reduced by 55.6, 60.8, and 66% in comparison 
to the reference mixture. The reduced workability of the 
mixtures with 30% ATP and BF was attributed to ATP's 
high water absorption and the increased internal friction 
from the fibers, which restricted particle movement and 
significantly decreased the flow diameter compared to the 
reference mixture.

Table 4   Lists the summary of 
test methods, standards, testing 
time, and sample sizes

Test Test time Sample size (mm) Standard

Flow diameter Fresh mortar – ASTM C1437 [35]
Physical properties 90th day 50 × 50 × 50 ASTM C642 [36]
Flexural strength 28th and 90th day 40 × 40 × 160 ASTM C348 [37]
Compressive strength 28th and 90th day Specimen broken in flexural test ASTM C349 [38]
Stress–strain 100 × 200 mm cylinder ASTM C469 [39]
Sorptivity 90th day 50 × 50 × 50 ASTM C1585 [41]
Thermal conductivity 90th day 200 × 200 × 30 ASTM C518 [40]
High temperature 200–400–600 °C 50 × 50 × 50 –
MgSO4 attack Up to day 90 days 50 × 50 × 50 ASTM C1012 [42]

Fig. 4   The slump flow measure-
ments for various FC mixtures
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Figure 4 displays the images obtained from the flow 
diameter tests that were conducted to evaluate the FC 
blends' flowability characteristics.

3.2 � Compressive strength

Figure 5 depicts the impact of BF content and ATP as a 
cement substitute on the 28- and 90-day compressive 
strengths of FC mixes containing 100% pumice aggregate 
(PA). Figure 5 illustrates the strength improve that was seen 
as the curing age increased. The specimens of FC mixtures 
with 10%ATP showed a compressive strength that varied 
from 6.95 to 7.73 MPa and from 8.36 to 8.85 MPa at 28 days 
and 90 days, respectively. As shown in Fig. 5, during both 
curing ages, the FC combinations' compressive strength was 
lower than the reference mixture when cement was replaced 
with 10% ATP. Strength reductions with the addition of 
10%ATP as compared to the reference blend were in the 
range of 8.84 and 18% at 28 days, and 25.81 and 29.92% at 
90 days, showing more strength loss at later ages. On the 
other hand, adding BF reduced the compressive strength loss 
of 10% ATP-incorporated mixes as BF content increased. 
Since the addition of BF enhanced the compressive strength, 
the mixes incorporating 10% ATP and 2% BF at both curing 
ages attained the highest strength. Numerous research have 
reported that the reason for these improvement in compres-
sive strength is because BF occupy the pores of the concrete 
in different orientations, improving the strength of the mate-
rial [49]. Because of their small sizes, BF can lower the 
stress concentrations that cause micro-cracks to propagate 
farther in concrete [50], improve the cracking resistance and 
ductility of the material, and generally enhance concrete per-
formance [51]. Niaki et al. [52] reported that adding BF at a 

dosage of 0.5–3.5 wt% enhanced the compressive strength 
to an ideal fiber content of 2%. At a 2% fiber dosage, the 
compressive strength rose by almost 10% when compared 
to the control mix. Nevertheless, the compressive strength 
decreased by roughly 12% and 21%, respectively, upon the 
additional increase in BF dosage to 2.5% and 3%.

When 20% ATP-incorporated FC mixtures were consid-
ered, all mixtures exhibited higher strength enhancement as 
compared the mixtures with 10%ATP but only the mixture 
with 0.5%BF had a slight lower strength at 90 days than 
the reference blend. The other two 20% ATP-incorporated 
mixtures containing 1 and 2%BF attained higher strength 
than the reference blend. The compressive strength enhanced 
significantly and increased to 17.43 and 20.98  MPa at 
28 and 90 days for the blend comprising 20%ATP and 
2%BF(A20B20). The enhancements in the strength for this 
mixture were 105.54 and 75.85% as per the reference mix-
ture. The American Concrete Institute standard (ACI 318) 
[53] states that concrete is adequate for structural purposes 
if, after 28 days of curing, its compressive strength values 
are equal to or greater than ∼ 17 MPa. The FC mix con-
taining 20%ATP and 2%BF were suitable for structural 
purposes, because it had compressive strength greater than 
17 MPa. The mixture with 20%ATP that performed the best 
in terms of compressive strength was the one that combined 
20%ATP and 2%BF.

When FC mixes containing 30% ATP were taken 
into account, all of the mixtures showed greater strength 
enhancement when compared to the reference blend, the 
mixes comprising 10% ATP and the 20%ATP-incorporated 
mixtures with 0.5 and 1%BF. The A30B5 mixture, com-
prising 30% ATP and 0.5% BF, achieved the highest com-
pressive strength, showing remarkable gains of 129.3% at 
28 days and 85.33% at 90 days compared to the reference 
mix. This enhanced performance results from the synergistic 
effects of ATP’s pozzolanic reactivity combined with the 
optimal reinforcement level of BF, which together strengthen 
the FC matrix. The FC mixes containing 30%ATP and 1%BF 
were also suitable for structural purposes, because they had 
compressive strength greater than 17 MPa. At 30%ATP 
content, increase in BF content decreased the compressive 
strength slightly at 1%BF and more decrease was measured 
at 2% BF. The rise in compressive strength was verified by 
the thermos-gravimetric study's data, which also demon-
strated that ATP shows increased the pozzolanic reactivity 
at later ages after 28 days [43]. ATP functioned as a pozzo-
lanic material, reacting with calcium hydroxide generated 
during cement hydration to produce additional calcium sili-
cate hydrate (C–S–H) gel. This secondary C–S–H formation 
led to a denser, more robust matrix by filling micro-pores 
and enhancing the overall cohesion and strength of the FC. 
The pozzolanic reaction of ATP was especially effective at 
later ages (beyond 28 days), accounting for the continued 

Fig. 5.   28- and 90-Day compressive strength of FC mixtures
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strength gains observed at 90 days. The addition of 0.5% 
BF offered effective crack-bridging and reinforcement while 
preserving the concrete matrix’s homogeneity. Basalt fibers 
enhanced the tensile and compressive properties of FC by 
inhibiting crack propagation and improving load distribution 
within the matrix [54]. At this optimal fiber content, the 
fibers were evenly dispersed, maintaining good workability 
and efficiently bridging cracks, which led to an increase in 
compressive strength [55]. Utilizing 30% ATP and 0.5% BF 
created a balance between the matrix densification provided 
by ATP and the crack resistance offered by BF. This equilib-
rium was crucial, as ATP strengthened the matrix through 
additional C–S–H formation, while BF reinforced it without 
the risk of excessive fiber content, which could lead to clus-
tering, voids, or decreased workability. Increasing the fiber 
content would have upset this balance, while reducing the 
amount of ATP would have lessened pozzolanic reactivity 
and matrix densification.

3.3 � Stress–strain curves after 28 and 90 days curing

Figure 6 depicts the impact of BF content and ATP as a 
cement substitute on the 28- and 90-day axial stress–strain 
behavior of FC mixes. Stress enhancement was noticed with 
an increase in curing age, as shown in Fig. 6, but strain was 
generally reduced with the increase in curing age. Peak stress 
values were the same as the compressive strength values 
illustrated in Fig. 5. Observations reveal that the reference 
combination containing 0%ATP and 0% BF reached the peak 
strength then it failed without no much strain, a brittle failure 
occurred. However, the mixtures with BF exhibited strength 
loss gradually with increasing strain after peak stress. When 
the content of ATP decrease in FC mixtures, the specimens 

demonstrated the ability to support load at increasing strains 
once the compressive peak strength was attained. As a result 
of the fiber reinforcement creating connection bridges on 
the concrete, it stopped cracks from growing, which was the 
behavior that was linked to the specimens' increased integ-
rity. More strains were reported after peak strains with the 
increase in BF content at both curing age of 28 and 90 days. 
Particularly, for the specimens with BF fractions of 1% and 
2%, the improved integrity of the specimens due to the fiber 
reinforcement is more noticeable.

3.4 � Flexural strength

Figure 7 depicts the impact of BF content and ATP as a 
cement substitute on the 28- and 90-day flexural strength of 
FC mixes containing 100% pumice aggregate (PA). As the 
curing age increased, strength augmentation was observed, 
as Fig. 7 illustrates. The addition of BF and the substitution 
of ATP for cement greatly increased the flexural strength; 
all ATP-incorporated mixes with BF showed greater flex-
ural strength than the reference combination. More flexural 
strength was enhanced with increases in BF and ATP con-
tent; the maximum flexural strength was reached at 2% BF at 
each ATP content. The highest flexural strength was attained 
with 2% BF, where this fiber content offered optimal rein-
forcement. Furthermore, the pozzolanic reactivity of ATP 
helped form a denser and more robust matrix, enhancing 
resistance to flexural stresses. The reference mixture had the 
lowest flexural strength at both curing age of 28 and 90 days 
and the largest flexural strengths were found for the 30%ATP 
and 2%BF incorporated mixture which exhibited strength 
enhancement of 96.28 and 91.11% at 28 and 90 days, respec-
tively, when compared to the reference mixture. According 

Fig. 6.   28- and 90-Day stress–strain behavior of FC mixtures
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to Liu et al. [54], the compressive and flexural strengths 
of cement paste were improved by incorporating nano-ATP 
in the appropriate amount. This was partially explained by 
alterations to the mortar's pore structure, which reduced 
potentially hazardous pores and porosity. Alternatively, the 
pores can be filled in by the disorganized nano-attapulgite 
hydration activity of ATP, and its potential to boost cement 
paste's early stage bonding strength as well as its rod-like 
fibrous architecture, that could enhance fracture resistance, 
are the other reasons why it increases the flexural strength 
of the mortar [56]. The increase in flexural strength due to 
the BF can be attributed to the prevention of crack propaga-
tion by BF. Further emphasis was placed on the role that the 
fiber–matrix interfacial transition zone plays in the propaga-
tion of fractures [57]. Since BF had a high tensile strength, 
the enhancement in flexural strength can also be attributed to 
this property of BF. It was shown that the flexural strength of 
BF was positively correlated with its resistance to the mortar 
sample breaking [58]. Prior research has indicated that the 
flexural behavior of concrete and mortar can be markedly 
enhanced by the addition of fibers [59] ascribed to the excel-
lent adherence of cementitious material to mixed BF, which 
helps to efficiently stop fracture propagation and improve 
flexural strength [33].

When 10% ATP-incorporated FC mixtures were consid-
ered, the mixture A10B20, which was incorporated with 
2% BF, exhibited the maximum strength of 4.88 MPa and 
5.02 MPa after 7 and 28 days of curing. This represents a 
64.86% and 59.36% enhancement above the reference mix-
ture. Similarly, when 20% ATP-included FC mixes were 
taken into account, the mixture A20B20—which was com-
bined with 2% BF—showed the highest strength at 7 and 
28 days of curing. Above the reference combination, this 

indicates an improvement of 81.08% and 75.23%. Combined 
use of ATP and BF improved the flexural strength notably 
due to the increase in the strong interface areas between the 
BF and binder matrix.

Figure 7b depicts the findings of measurements taken 
over 7 and 28 days for compressive strength and flexural 
strength. For each of the correlation factors, R2 was deter-
mined to be 1.00 for all FC mixtures with 0.5,1 and 2% BF 
content at 28 and 90 days. There was a strong link between 
the FC mixes' compressive and flexural strengths.

3.5 � Oven dry density

Figure 8 illustrates the impact of BF content and ATP as a 
cement substitute after 90 days on the oven dry density of 
FC mixtures containing 100% PA. The FC mixes displayed 
oven dry density values ranging from 1130 to 1642 kg/m3, 
as illustrated in Fig. 8. According to the findings, the FC 
combinations with 20% ATP and 2% BF had the highest dry 
density (dry density enhancement of about 20%) in contrast 
to the reference combination that is devoid of BF and ATP, 
while the mixtures with 10% ATP and 0.5% BF had the low-
est dry density with the dry density reduction of about 17% 
as compared to the reference blend. The dry density varia-
tion in this investigation was quite similar to the compressive 
strength change, since the w/b ratio and quantity of the foam 
agent were fixed. Put another way, the dry density increased 
as the compressive strength increased. Three mixtures 
A20B20, A30B5, and A30B10 which exhibited dry density 
values above 1600 kg/m3 also indicated the largest com-
pressive strength above 20 MPa at 90 days. The other two 
mixes containing 1 and 2% BF likewise showed a density 
drop of 3.5 and 7.4%, respectively, at 10% ATP content in 

Fig. 7   a Results of flexural strength and b compressive vs. flexural strength



	 Archives of Civil and Mechanical Engineering (2025) 25:7474  Page 10 of 25

comparison to the reference mixture. At 20% ATP content, 
the mixtures with 0.5 and 1% BF also revealed the density 
decline of 3.5 and 7.4%, respectively, but 2% BF incorpo-
rated mixture exhibited the largest dry density of 1642 kg/
m3 with a density enhancement of 20%. This improvement 
can be attributed the more compact, dense structure, and less 
porosity of the mixture.

At 30% ATP content, all mixtures exhibited larger dry 
density than the reference blend, the blends with 10% ATP, 
and 20%ATP-incorporated mixtures with 0.5 and 1%BF. 
Two mixes with 0.5 and 1% BF (A30B5 and A30B10) 
showed dry densities above 1600 kg/m3 very slightly lower 
than the mixture with the largest density. These two mixtures 
depicted density enhancement of 19.59 and 19.66% as per 
the reference mixture. The combination containing 2% BF 
showed the dry density of 1489 kg/m3 which also higher 
than the reference mixture with an enhancement of 8.8%. 
Combined use of 20%ATP in place of cement and 2%BF 
and 30%ATP with 0.5 and 1% BF was found to have the 
highest compressive strength that satisfies the criteria for 
structural bearing load strength, which ASTM C 330-17a 
[60] states must be greater than 17 MPa with densities above 
1600 kg/m3. It may be possible to employ the expressed FC 
mixtures in building applications. The FC blend contain-
ing 20% ATP and 2% BF achieved the highest dry density. 
This was due to ATP’s pozzolanic reaction, which densi-
fied the matrix by filling voids with additional calcium sili-
cate hydrate (C–S–H) gel, and the 2% BF content, which 
reinforced the structure by minimizing larger air gaps. In 
contrast, the blend with 10% ATP and 0.5% BF exhibited 
the lowest dry density, as the lower ATP content resulted 
in less densification, and the limited fiber reinforcement led 
to a more porous structure with increased air-filled spaces.

One of the main elements influencing compressive 
strength of foam concretes is density. Age, porosity, and 
dry density were found to affect the compressive strength 
of foamed concrete [61]. Figure 8b reveals that there was 
a 0.91 correlation coefficient between the dry density and 
compressive strength. The test findings reveal an excellent 
relationship between compressive strength and dry density.

3.6 � The porosity and water absorption

Figure 9a illustrates the impact of BF content and ATP as 
a cement substitute after 90 days on the porosity and water 
absorption of FC mixtures containing 100% PA. Figure 9a 
illustrates the porosity range of the FC mixes, which was 
9.7–16.6%. There was a range of 6.1–15.6% found in the FC 
mixes' water absorption. The mixture containing 30%ATP 
and 0.5%BF had the lowest porosity and water absorption 
with reductions of 40.0 and 56.73%, respectively, with 
respect to the reference mixture. This decline makes sense by 
the mixture's more compact and dense structure, which also 
had the highest compressive strength. However, the blend 
with 10%ATP and 1%BF had the largest porosity with an 
increase of 4.4%, and the mixture with 10%ATP and 0.5%BF 
had the largest water absorption with an increase of 10.6%. 
All 10%ATP-incorporated mixtures exhibited larger poros-
ity and water absorption that the reference mixture. Con-
versely, all 20 and 30%ATP –incorporated mixtures revealed 
lower porosity and water-absorption results with respect to 
the reference mixture. Addition of BF affected the porosity 
and water absorption positively or negatively depending on 
the ATP and BF content. At 10%ATP content, inclusion of 
2%BF resulted in lowest porosity and inclusion of 1%BF led 
to the lowest water absorption. At 20%ATP content, increase 

Fig. 8   a The results of dry density and b) the relation between compressive strength and dry density
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in BF content reduced the both values notably and the lowest 
results were achieved at 2%BF incorporated mixtures. On 
the other hand, at 30% ATP content, increase in BF con-
tent enhanced the both values and the largest results were 
achieved at 2%BF incorporated mixtures. Fiber insertion 
has two distinct effects on porosity. First, a larger pore size 
results from the infiltration of fiber into the aggregate disper-
sion. The enlargement is usually influenced by the elasticity 
of the fiber modulus. Nonetheless, by filling the empty space 
with fiber, the porosity might be reduced [62]. As expressed, 
using 10% ATP in place of cement enhanced the porosity 
and absorption slightly but replacing cement with 20 and 
30%ATP decreased the water absorption and porosity. The 
hydration reaction of the cement mortar may be accelerated 
by the nano-attapulgite, producing more calcium C–S–H 
gels, according to a study by Lindgreen et al. [63]. This 
would result in a decrease in the size and quantity of pores 
in the mortar while also increasing its density. Through the 
promotion of cement secondary hydration, the pozzolanic 
activity of calcined nano-ATP can significantly increase the 
compressive strength of concrete while reducing its poros-
ity and water absorption. The mixture containing 30% ATP 
and 0.5% BF had the lowest porosity and water absorption, 
attributed to ATP’s high pozzolanic reactivity at this level, 
which densified the matrix by filling voids with C–S–H gel. 
In contrast, mixtures with 10% ATP showed higher poros-
ity and water absorption, because the lower ATP content 
resulted in less matrix densification. Furthermore, the blend 
with 10% ATP and 1% BF likely exhibited increased poros-
ity due to fiber clustering, while the 10% ATP and 0.5% BF 
mix had the highest water absorption due to limited matrix 
compaction.

One of the main elements influencing compressive 
strength of foam concretes is density. Age, porosity, and 

dry density were found to affect the compressive strength 
of foamed concrete [61]. Figure 9b reveals that there were 
0.93 and 0.83 correlation coefficients between the porosity, 
compressive strength, and dry density, respectively. The test 
findings reveal that the porosity, compressive strength, and 
dry density are clearly correlated. The porosity increased as 
the compressive strength and dry density decreased.

3.7 � Thermal conductivity

One of the most important aspects of building design and 
construction is making sure there is enough thermal insu-
lation. Foam concrete's cellular structure gives it excellent 
thermal insulation qualities. The degree to which thermally 
conductive foam concrete is affected by pore size, density, 
aggregate type, fiber content, and mineral admixtures [2].

Figure 10a illustrates the impact of ATP as a cement sub-
stitute and the amount of BF on the thermal conductivity of 
FC mixtures containing 100% PA after 90 days. The results 
displayed in Fig. 10a demonstrate that the FC mixes' thermal 
conductivity ranged from 0.606 to 0.741 (W/mK). Because 
the porosity and dry density of the specimens have a signifi-
cant impact on thermal conductivity, lower dry density cor-
responds to higher porosity and lower thermal conductivity. 
The blend with 10%ATP and 0.5%BF which had the lowest 
dry density exhibited the least thermal conductivity 4.2% 
lower than the reference blend. With the lowest porosity, the 
blend containing 30% ATP and 0.5% BF showed the maxi-
mum thermal conductivity, 17.06% more than the reference 
mixture. The differences in thermal conductivity between 
the FC blends containing 10% and 30% ATP and 0.5% BF 
were due to variations in density and porosity. The blend 
with 10% ATP and 0.5% BF had a lower density and higher 
porosity, which created additional air pockets that served as 

Fig. 9   Apparent porosity and water absorption (a), and correlation between porosity, strength, and dry density (b)
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insulators, leading to a 4.2% reduction in thermal conductiv-
ity compared to the reference mixture. Conversely, the blend 
with 30% ATP and 0.5% BF featured a denser, less porous 
matrix as a result of ATP’s pozzolanic reaction, which filled 
voids and enhanced heat transfer through the solid material, 
causing a 17.06% increase in thermal conductivity. All mix-
tures containing 10%ATP as a cement replacement revealed 
lower thermal conductivity values varying from 0.606 to 
622 (W/mK) compared to the reference mixtures. Having 
higher porosity, lower dry density, and compressive strength 
of these mixtures supported these results. The mixtures con-
taining 0.5 and 1% BF similarly showed very slightly greater 
and lower thermal conductivity values than the control mix-
ture at 20% ATP concentration, respectively, but the thermal 
conductivity of the mixture with 2%BF increased by 15.6% 
parallel to the incline in the dry density and compressive 
strength.

At 30%ATP content, thermal conductivity values of 
the blends with 0.5 and 1%BF were the highest with the 
enhancement of about 17% parallel to the increase in the 
dry density and compressive strength with respect to the 
control blend and the thermal conductivity of the blend 
with 2%BF decreased slightly as compared to the other two 
blends with 30%ATP. The blend with 10% ATP and 0.5% BF 
exhibited the lowest thermal conductivity, attributed to its 
higher porosity and lower density, which formed insulating 
air pockets that limited heat transfer. In contrast, the blend 
with 30% ATP and 0.5% BF displayed the highest thermal 
conductivity due to its denser, less porous structure, enabling 
easier heat flow through solid material pathways.

Figure 10b reveals that there were 0.95 and 0.93 correla-
tion coefficients between the thermal conductivity, dry den-
sity, and porosity, respectively. The results of the tests indi-
cate that the thermal conductivity, dry density, and porosity 

are clearly correlated. The thermal conductivity increased as 
the dry density increased and porosity decreased.

3.8 � Sorptivity

Sorptivity is the capacity of a porous material to extract 
water from a free water source and transfer it through capil-
larity. All three methods are highly dependent on the pore 
volume and the pore network's connection [64]. The water 
sorptivity/absorption rate is a suitable measure of the fluid 
transport properties of building materials and, hence, a trust-
worthy indicator of material durability [65]. A decline in this 
rate consistently indicates increased durability. Sorptivity 
seems to be a more helpful criterion than permeability for 
categorizing the performance of concrete [66].

The effects of BF content and ATP as a cement sub-
stitute on the sorptivity of FC mixes containing 100% 
PA after 90 days are shown in Fig. 11a. As illustrated in 
Fig. 10a, the sorptivity of FC mixtures ranges from 3.22 
to 6.88 kg/m2. The statistics on porosity, oven dry density, 
and compressive strength that were previously discussed 
in the sections above were perfectly consistent with the 
sorptivity results. The blend with the greatest compres-
sive strength, 30%ATP and 0.5%BF, also had the lowest 
sorptivity, 50.53% less than the reference blend. With the 
largest porosity, the mixture containing 10% ATP and 1% 
BF showed the maximum sorptivity, 5.7% higher than 
the reference mixture. At 10%ATP content, the sorptiv-
ity increased by 3.2 and 5.7% at 0.5 and 1%BF content, 
respectively, and decreased by 0.3% at 2%BF content 
compared to the reference mixture. When 20%ATP was 
added instead of cement, all mixtures had lower sorptivity 
and 2%BF incorporated mixture achieved the sorptivity of 
3.89 kg/m2 showing the 40.2% reduction with respect to 

Fig. 10   a The results of thermal conductivity and b thermal conductivity vs. dry density and porosity
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the reference mixture. All mixes exhibited also reduced 
sorptivity when 30% ATP was added in place of cement; 
the mixture incorporating 0.5% BF which had also the 
largest compressive strength attained the lowest sorptiv-
ity of 3.22 kg/m2 due to the formation of more compact 
and dense structure resulting from the combined use of 
30%ATP and 0.5%BF [62], indicating a 50.53% drop in 
comparison to the reference mixture. Through the pro-
duction of additional calcium silicate hydrate (C–S–H), 
the nano-attapulgite can accelerate the hydration reaction 
of cement mortar, reducing the amount and size of pores 
while increasing the density of the mortar. The pozzolanic 
activity of calcined nano-attapulgite can promote the sec-
ondary hydration of cement, increasing the unit weight and 
compressive strength of regular concrete [63].

Figure 11b illustrates the relation between the compres-
sive strength and the sorptivity values and a very strong 
correlation coefficient R2 of 0.99 was found between them 
indicating a clear correlation between sorptivity and com-
pressive strength as demonstrated by the test results.

3.9 � Microstructure analyses for 28‑day water‑cured 
specimens

Figure 12 reveals the microstructure of the reference blend 
A0B0 at various magnifications. SEM images show that 
the cement matrix is dense. In addition, pumice aggregates 
embedded in the matrix are visible. It was determined that 
the cellular structure was formed thanks to the foam used in 
the mixtures. Because the presence of independent spherical 

Fig. 11   a Sorptivity outcomes and b strength vs. sorptivity of FC mixtures

Fig. 12   Microstructure of A0B0 mixture
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air bubbles was observed. The diameter of these voids 
decreases up to 20 µm. The thermal conductivity coefficient 
of the A0BO mixture was 0.633 W/m K, and the 28-day 
compressive strength was measured as 8.48 MPa.

Figure 13 shows the microstructure of the A10B10 mix-
ture. SEM image with 250 × magnification shows the sur-
face of pumice aggregate. It is observed in these images that 
the pumice aggregate has a porous structure. In addition, the 
presence of BF was frequently observed in SEM analyses. 
The presence of hydration products formed due to the reac-
tion of cement with water was detected on the BF surface. 
It was observed that these products adhered to the fiber sur-
face during fiber debonding. This proves that the adherence 
between BF and matrix is relatively good. Comparing the 
A10B10 mixture to the reference blend, the 28-day flexural 
strength rose 1.85 times.

Figure 14 depicts the SEM of the A30B20 blend at dif-
ferent magnifications. SEM images at 250 × magnification 
show that BFs are locally densified. This appearance is due 

to the agglomeration tendency of BF. In addition, the hol-
low surface of the pumice aggregate was also observed in 
SEM images. These voids are usually independent of each 
other. This situation affects the thermal performance of foam 
concretes. For instance, the A30B20 blend's thermal conduc-
tivity coefficient rose by around 1.1 times when compared 
to the reference combination. This is because the attapulgite 
used in the blends enhances the cake volume and decreases 
the pumice content. As a result, the thermal conductivity 
coefficient increases relatively.

3.10 � The resistance of FC mixtures to high 
temperature

3.10.1 � Compressive strength

Figure  15a illustrates the impact of ATP as a cement 
substitute and basalt BF concentration on the average 
compressive strength of FC mixtures containing 100% 

Fig. 13   Microstructure of A10B10 mixture

Fig. 14   Microstructure of A30B20 mixture
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PA following exposure to high temperatures. Figure 15b 
shows the strength fluctuations when comparing the com-
pressive strength values obtained on exposure to high 
temperatures with those cured after 90 days. When the 
compressive strength on the exposure to 200 °C was com-
pared to the strength at 90 days, the reference mixtures 
and the blended mixtures of ATP and BF both shown 
an increase in strength. Results demonstrate that apply-
ing 200 °C to FC specimens increased their compressive 
strength. This improvement was mostly ascribed, in the 
literature, to the hydration of anhydrous cement and the 
accelerated pozzolanic process [67]. The strength of all 
mixtures, however, decreased when they were subjected 
to the high temperature of 400 and 600 °C. Regular expo-
sure to extremely high temperatures weakens concrete for 
a number of causes, all of which have been extensively 
studied in the literature. It is thought that several physico-
chemical alterations inside the concrete matrix are what 
lead to degradation in the case of a fire. The main causes 
of strength loss are aggregate disintegration, dehydration 
with concurrent matrix cracking, and the breakdown of 
calcium hydroxide (CH) and calcium silicate hydrate gel 
(CSH) [3]. The thermal performance of FC mixtures was 
reduced by substituting 10%ATP for cement when com-
pared to the reference combination at 400 and 600 °C. The 
blend containing 10%ATP and 1%BF demonstrated the 
highest thermal performance across all high temperature 
exposures, demonstrating a 9.5% rise in strength at 200 °C 
and strength loss of 16.7 and 35.5% at 400 °C and 600 °C. 
10%ATP-incorporated mixture with 0.5%BF which had 
also the lowest compressive strength exhibited the worst 

thermal performance at 600 °C with a strength loss of 
47.7%.

When 20% ATP was substituted for cement, the thermal 
performance of FC mixtures with 0.5 and 1%BF was much 
lower than that of the reference combination at 400 and 
600 °C. However, the mixture containing 2% BF demon-
strated the best thermal performance across all high tem-
perature exposures, with a 6.4% strength increase at 200 °C 
and a 10.7% and 26.9% strength loss at 400 °C and 600 °C, 
respectively. FC mixes with 0.5%BF provided the highest 
thermal performance with the least amount of strength loss 
at 600 °C when 30% ATP was used in place of cement. How-
ever, the mixture containing 2% BF demonstrated the worst 
thermal performance, with a 46.9% strength loss at 600 °C.

When ATP was used in place of cement, the strength loss 
upon exposure to high temperatures was frequently reduced, 
especially at 10% ATP content, as Fig. 15 illustrates. This 
is due to the fact that high temperatures, between 400 and 
600 °C, alter the mineral composition of ATP and lead to the 
calcination and dissolution of SiO2, which alters the hydra-
tion activity of materials that contain cement [68].

3.10.2 � Stress–strain behavior after high temperature

Figure 16 depicts the impact of basalt fibers (BF) content 
and attapulgite powder (ATP) as a cement substitute on the 
axial stress–strain behavior of FC mixes at 200, 400 and 
600 °C. As expected, Stress decrease was noticed with an 
increase in high temperature, as shown in Fig. 16 but strain 
was enhanced with the increase in high temperature. Peak 
stress values were the same as the compressive strength 

Fig. 15   a The compressive strength outcomes and b change in strength variations on exposure to high temperature
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values illustrated in Fig. 15. At 200 °C, the blend containing 
30%ATP and 0.5%BF (A30B5) exhibited a sharp increase 
in stress values with a very small strains. After reaching 
peak stress, a large strains happened with a slight increase 
in stress then failed at strain value of above 0.02. On the 
other hand, other mixtures generally exhibited large strains 
with a low stress increment during the initial loading period 
and then stress increase up to the peak stress. More strains 
can be recorded for the mixtures comprising 10%ATP with 
relatively low stress values. With an increase in BF content, 
more strains were also observed following peak strains. At 
400 °C, all mixtures had lower peak stress than the mix-
tures exposed to 200 °C, but as expected, more peak and 
ultimate strains were gained for the mixtures containing BF 
due the high-temperature resistance of BF showing bridg-
ing behavior and prevented high-temperature-induced cracks 

[69]. The reference mixture exhibited the lowest ultimate 
strain, whereas the blend with 10%ATP and 2%BF indicated 
the largest ultimate strain on exposure to 400 °C. The mix-
ture with 0.5%BF and 30%ATP which had one of the largest 
peak stress indicated an approximately linear stress–strain 
behavior until the peak stress then failed without strain after 
peak stress. On the other hand, the mixture with 2%BF and 
20%ATP which had the largest peak stress exhibited more 
rigid stress–strain behavior until the peak stress then the 
strain increased with a slight decrease in stress and reached 
the strain of nearly 0.04 before failure. At 600 °C, all mix-
tures exhibited more peak stress loss than the mixtures 
exposed to 200 and 400 °C but as expected, because BF 
exhibits bridging behavior at high temperatures and inhib-
its cracks caused by high temperatures, mixtures contain-
ing BF achieved greater peak and ultimate stresses. Strains 

Fig. 16   Stress–strain behavior of FC mixtures after a 200, b 400, and c 600 °C
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increased more with the slight increase in stress. When 
exposed to 600 °C, the blend comprising 10% ATP and 2% 
BF showed the biggest ultimate strain, whereas the reference 
mixture showed the lowest ultimate strain. The combination 
containing 0.5%BF and 30%ATP had the highest peak stress 
values, suggesting a somewhat linear stress–strain behavior 
up until the peak stress, after which the mixture broke with-
out strain.

3.10.3 � Weight loss on the exposure of high temperature

Figure 17a shows the impact of ATP as a replacement for 
cement and BF amount on the mean loss of weight of FC 
blends, comprising 100% PA, upon exposure to high tem-
peratures. The reduction in weight is a result of decomposi-
tion, spalling, and moisture loss through hydration products. 
The weight loss increases as temperature rises and accel-
erates beyond 200 °C, as evident in Fig. 17a. The weight 
loss of FC mixes was mainly dependent on the amount of 
BF and ATP. The weight loss of FC mixtures after high 
temperatures is influenced by density. Greater mass loss in 
foamed concrete is also a function of increased porosity and 
moisture content [70]. This is the reason that the mixtures 
that showed the biggest porosity and lowest dry density 
also showed the largest weight loss. It seems that replacing 
cement with ATP tends to decrease the weight loss of the 
mixtures and 30%ATP-incorporated mixtures exhibited the 
lowest weight loss. The ATP concentration was the primary 
determinant of the effect of BF on the weight loss of the 
combinations following high temperature. When cement was 
replaced with 10%ATP, all mixtures revealed larger weight 
loss than the reference mixture and the mixture with 0.5%BF 
which had the lowest compressive strength demonstrated the 

maximum weight loss on temperature exposure of 200, 400 
and 600 °C. Increasing content of BF tended to decrease the 
weight loss for the mixtures with 10%ATP. The mixes with 
0.5 and 1%BF showed greater weight loss than the reference 
mixture when cement was substituted with 20%ATP, and 
the blend with 2%BF, which had the compressive strength 
above 20 MPa at 90 days, had lower weight loss at 200, 400, 
and 600 °C than the reference mixture. For the mixes with 
30%ATP, all mixtures showed lower weight loss than the 
reference blend and the blends with 10%ATP. Adding more 
BF tended to increase the weight loss and maximum weight 
loss was determined for the 2%BF incorporated blend. Fig-
ure 17b indicates the compressive strength and weight loss 
relation on exposure to high temperature. Extremely high 
correlation values R2 of 0.98, 0.94, and 0.97 were ascer-
tained between the compressive strength and weight loss of 
the samples at 200, 400, and 600 °C, respectively, showing 
a parabolic relationship with the increase in strength cor-
responding to the weight loss decrease.

3.10.4 � Microstructure after 600 °C

The A0B0 mixture's microstructure alterations after being 
subjected to 600 °C are depicted in Fig. 18. It became 
apparent that the effect of the high temperature led to the 
formation of micro-cracks in the matrix. Nonetheless, it 
was noted that the matrix remained dense. Even its adher-
ence to pumice was observed to be good. In SEM images, 
it was observed that spherical air bubbles were formed, 
and these bubbles were independent of each other. In this 
way, the heat propagation caused by high temperatures 
is reduced. This reduced the damage to the microstruc-
ture. High-temperature exposure led to the formation of 

Fig. 17   a Weight loss and b compressive strength vs. weight loss of FC samples after high temperature
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micro-cracks in the cement matrix; however, the matrix 
remained relatively dense, and the bond between the 
cement and pumice particles was well preserved. Spheri-
cal air voids were also observed, potentially enhancing the 
material's thermal insulation properties. Micro-cracks are 
a common response of cementitious materials to heat, as 
thermal expansion induces internal stresses that can lead 
to cracking. The extent of cracking depends on factors, 
such as material composition, heating rate, and maximum 
temperature. The maintenance of matrix density indi-
cates that the structural integrity was not significantly 
compromised, contributing to the material's mechanical 
strength and durability. Strong adherence between the 
cement matrix and pumice is crucial for stress transfer and 
preventing particle detachment. The spherical air voids 
further improve thermal insulation by reducing thermal 
conductivity and minimizing stress concentrations, which 
lowers the risk of additional cracking. The A0B0 mixture 
exhibits reasonable thermal stability and resistance to high 

temperatures. Although micro-crack formation is not ideal, 
it did not significantly degrade the material's properties. 
The effective bond between the matrix and pumice, along 
with the presence of air voids, positively influences the 
material's overall performance.

The microstructure of the A10B10 blend exposed to high 
temperature is given in Fig. 19. As in other blends, it was 
observed that BF agglomerated in some regions. In addi-
tion, pumice aggregate with a hollow structure was observed 
in 50 × magnification SEM images. Micro-cracks were not 
observed in the matrix. The reason for this is that BF pre-
vents crack propagation. The A10B10 blend reached a com-
pressive strength of roughly 5.5 MPa at 600 °C after that.

The SEM image of the A30B20 mixture is shown in 
Fig. 20. Fiber agglomeration was observed in this blend 
using 2% BF. The distance between two BFs was meas-
ured as 35 µm in the SEM image. Spherical air bubbles 
formed in other blends were also observed in this blend. BF 
and these air bubbles reduced the damage caused by high 

Fig. 18   Microstructure of A0B0 mixture

Fig. 19   Microstructure of A10B10 mixture
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temperatures. As a matter of fact, map cracks that may occur 
due to high temperature were not observed in the matrix.

3.11 � Resistance to sulfate attack

3.11.1 � Compressive strength

A prevalent issue with concrete's durability is sulfate attack, 
which can lead to various problems such spalling, increased 
permeability, cracking, and loss of strength. Once sulfate 
ions and hydration products penetrate interior pores, a chem-
ical reaction takes place that produces ettringite and gypsum 
as the final products [71]. Following 90 of exposure to 5% 
MgSO4, the compressive strength and weight loss of FC 
mixtures were evaluated to determine the effect of the attack.

The effects of ATP as a cement substitute and BF con-
centration on the average compressive strength of FC blends 
comprising 100% PA after being subjected to the sulfate 
assault over a 90-day period are depicted in Fig. 21a. Fig-
ure 21b illustrates the differences in compressive strength 
between the 90-day FC combination results and the results 
following sulfate attack. All FC mixtures exhibited strength 
loss ranging from 6.2 to 40.1% on the exposure to sulfate 
attack. The blend comprising 10% ATP and 1% BF indicated 
the least strength loss, whereas the blend containing 20% 
ATP and 1% BF produced the greatest strength loss. The 
blend containing 10% ATP and 1% BF exhibited the least 
strength loss due to an optimal combination of matrix den-
sification and crack resistance, which effectively limited sul-
fate ingress and expansion. In contrast, the blend with 20% 
ATP and 1% BF experienced the greatest strength loss, likely 

Fig. 20   Microstructure of A30B20 mixture

Fig. 21   a The compressive strength findings and b change in strength on the exposure of sulfate attack
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because the higher ATP content led to a less cohesive matrix, 
rendering it more susceptible to sulfate-induced damage, 
even with the reinforcement provided by BF. Strength loss 
mainly depended on the BF content. When cement was 
replaced with 10%ATP, the mixture with 0.5%BF revealed 
the worst sulfate resistance showing strength loss of 35%. On 
the other hand, the greatest sulfate resistance was found in 
the mixture containing 1%BF, which showed a 6.2% strength 
decrease. When 20%ATP was used in place of cement, the 
combination containing 1%BF showed the weakest sulfate 
resistance, with a 40.1% reduction in strength. However, the 
mixture with 2%BF, which had a 12.2% strength loss, had 
the highest sulfate resistance. The mixture containing 2%BF 
exhibited the worst sulfate resistance when 30%ATP was 
substituted for cement, with a 26.9% drop in strength. How-
ever, sulfate resistance was best in the mixture containing 
0.5%BF, with an 8.3% strength loss. The principal reason for 
this low strength loss is because the pozzolanic and filling 
properties of 30%ATP and 0.5%BF restrict the permeabil-
ity of concrete, impeding the ingress of harmful ions and 
postponing the degradation of concrete subjected to harsh 
conditions like acid and sulfate attacks [72].

3.11.2 � Stress–strain behavior

Figure 22 depicts the impact of BF content and ATP as 
a cement substitute on the axial stress–strain behavior of 
FC mixes after sulfate attack for 90 days. Stress loss was 
noticed for all mixtures when compared the strength val-
ues at 90 days. The reference mixture exhibited a linear 
stress–strain behavior until the peak stress then failed with-
out strain. The reference mixture also exhibited the low-
est ultimate strain, whereas the blend with 10%ATP and 
2%BF indicated the largest ultimate strain on exposure to 

sulfate attack. The blend with 0.5%BF and 30%ATP which 
had the largest peak stress indicated an approximately lin-
ear stress–strain behavior until the peak stress. The mixture 
with 0.5%BF and 30%ATP also had the second lowest ulti-
mate strain after the reference mixture. However, the blend 
with 2%BF and 10%ATP revealed the largest ultimate strain 
with a modest rise in strain after peak stress before failure. 
The worst stress–strain behavior was observed for the blend 
comprising10%ATP and 0.5%BF showing an increase in 
stress and strain up to the peak stress and then declined in 
stress with increasing strain. The mixture with 2%BF and 
20%ATP exhibited the second largest peak stress with an 
approximate stress–strain behavior with a strain value of 
about 0.035.

3.11.3 � Weight loss from exposure to sulfate attacks

The influence of BF concentration and ATP as a cement 
substitute on the mean weight loss of FC blends compris-
ing 100% PA following sulfate exposure ranging from 8.79 
to 12.76% is displayed in Fig. 23a. Very similar response 
in weight loss to the compressive strength was observed. 
Replacing cement with 10%ATP exhibited higher weight 
loss than the reference blend and the largest weight decline 
of 12.76% was assessed for the blend comprising 10%ATP 
and 0.5%BF. Cement replacement with 20%ATP showed 
also greater weight reduction than the reference mixture at 
0.5 and 1%BF content; but the mixture 2%BF showed lower 
weight loss indicating that the two substances can increase 
the durability of FC blends to sulfate assault and effectively 
lower the rate of sulfate attack while producing less ero-
sion products. Cement replacement with 30%ATP showed 
the lowest weight reduction at 1%BF content and other two 
mixtures with 0.5 and 2%BF showed also lower weight loss 
than most of the mixtures including the reference blend and 
the blends with 10, 20% ATP.

After the samples were exposed to the sulfate assault, 
their weight loss and compressive strength showed very 
significant correlation coefficient (R2 of 0.94), indicating 
a parabolic connection with the increase in strength cor-
responding to the decrease in weight loss as illustrated in 
Fig. 23b.

3.11.4 � Microstructure after MgSO4 effect

According to Fig. 24, the A0B0 mixture's microstructure 
after being exposed to the MgSO4 action. Ettringite crystals 
were seen in densely packed areas inside the matrix in SEM 
images. Because they expanded, these sulfate-formed crys-
tals caused tiny fissures to appear in the matrix. Nonetheless, 
the impact of MgSO4 caused the compressive strength to 
drop 1.1 times when compared to the compressive strength 
after 90 days.Fig. 22   Stress–strain behavior of FC mixtures after sulfate attack
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Fig. 23   a Weight loss and b compressive strength vs. weight loss of FC samples after high temperature

Fig. 24   Microstructure of A0B0 mixture

Fig. 25   Microstructure of A10B10 mixture
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Figure  25 shows the microstructural changes of the 
A10B10 mixture. It was noted that BF was present in the 
matrix. Thanks to BF, micro-cracks caused by sulfa-induced 
expansions were significantly reduced. However, MSH 
structures were observed in the matrix. MSH was formed 
by replacing Ca in CSH. Due to this cation exchange, The 
A10B10 mixture's compressive strength dropped 1.5 times.

Similar results were seen in Fig. 26 for the A30B20 blend. 
2% BF significantly reduced the micro-crack network in the 
matrix. It was observed that the pumice and BF embedded in 
the matrix adhered well to the matrix. Because of the impact 
of MgSO4, the compressive strength of the A30B20 blend 
dropped by around 1.4 times. This decrease is again thought 
to be related to MSH formation. Due to the lack of frequent 
observations of the micro-crack network within the matrix, 
it was also determined that the matrix has a dense structure.

4 � Conclusion

This study investigated the performance enhancements of 
FC modified with ATP as a partial cement substitute and 
BF as reinforcement, utilizing 100% pumice aggregate. By 
addressing the typical limitations of FC—such as low tensile 
strength, brittleness, and susceptibility to thermal and chem-
ical degradation—the research aimed to develop a more 
robust and sustainable concrete variant suitable for demand-
ing construction applications. Based on a comprehensive 
experimental program assessing mechanical, thermal, and 
durability properties, the following conclusions were drawn:

(a)	 The combined use of ATP and BF significantly 
improved the compressive and flexural strengths of 
FC. Mixtures with higher ATP content (up to 30% 
cement replacement) and BF inclusion showed nota-
ble increases in both strengths compared to the refer-

ence mix. The mixture containing 30% ATP and 0.5% 
BF achieved the highest compressive strength, dem-
onstrating improvements of 129.3% and 85.3% at 28 
and 90 days, respectively, over the control mix. This 
strength enhancement supports the feasibility of using 
this FC blend in load-bearing applications, meeting 
the strength requirements for structural purposes as 
per standard guidelines. The improvements in tensile 
properties due to BF inclusion addressed the inherent 
brittleness of FC, making it more resilient and expand-
ing its potential for applications requiring enhanced 
load-bearing capacity and fracture resistance.

(b)	 Thermal conductivity tests indicated that the inclu-
sion of ATP and BF affected the insulation proper-
ties of FC. The mixture with 10% ATP and 0.5% BF 
achieved the lowest thermal conductivity, showing a 
4.2% reduction in heat transfer compared to the con-
trol mix. This reduction suggests that ATP-modified 
FC can provide superior insulation, making it ideal 
for energy-efficient buildings where thermal perfor-
mance is essential. In contrast, higher ATP contents 
(e.g., 30%) led to increased thermal conductivity due 
to a denser microstructure, which, while beneficial for 
structural strength, was less effective for insulation.

(c)	 Durability assessments demonstrated that ATP and BF 
significantly enhanced FC’s resistance to sulfate expo-
sure and high-temperature conditions. The mixture 
with 30% ATP and 0.5% BF exhibited the best overall 
durability, showing reduced sorptivity, weight loss, and 
compressive strength retention even after prolonged 
exposure to sulfate and heating at elevated tempera-
tures. The pozzolanic activity of ATP contributed to a 
denser matrix, reducing permeability and limiting the 
ingress of harmful ions, thus improving sulfate resist-
ance. The presence of BF further enhanced durability 
by bridging micro-cracks and inhibiting crack propaga-

Fig. 26   Microstructure of A30B20 mixture



Archives of Civil and Mechanical Engineering (2025) 25:74	 Page 23 of 25  74

tion under thermal stress, particularly in mixtures with 
higher ATP content, such as 20% or 30%.

(d)	 Scanning Electron Microscopy (SEM) analysis revealed 
that ATP and BF induced microstructural densifica-
tion and improved internal bonding within the FC 
matrix. ATP’s pozzolanic reactivity led to the forma-
tion of additional calcium silicate hydrate (C–S–H) gel, 
strengthening the bond between particles and reduc-
ing porosity. BF contributed to a more interconnected 
and durable microstructure, with fibers acting as crack 
arrestors, enhancing overall cohesion and preventing 
the growth of micro-cracks. These microstructural 
changes underpinned the enhanced mechanical and 
durability properties observed in the experimental tests.

(e)	 The successful substitution of cement with up to 
30% ATP, without compromising and often enhanc-
ing the mechanical and durability properties of FC, 
supports the study’s sustainability objectives. By 
reducing cement content, this approach contributes 
to a decrease in carbon emissions associated with FC 
production, promoting environmentally friendly con-
struction practices. The use of BF, which has a low 
environmental impact and energy-efficient production, 
further enhances the eco-friendliness of the proposed 
FC blends.

This research demonstrates that the combined use of 
ATP and BF in FC results in a sustainable, high-perfor-
mance material that addresses key limitations of traditional 
foam concrete. The resulting FC variant offers improved 
strength, durability, and thermal properties, making it 
suitable for structural applications in environmentally 
demanding conditions, such as regions with high sulfate 
concentrations or thermal stress. By aligning with sustain-
able construction goals, these findings provide a viable 
pathway for the broader adoption of FC in applications 
where both mechanical resilience and eco-friendliness are 
critical. Future research could further optimize ATP and 
BF proportions for specific applications and investigate 
the long-term performance of ATP-BF-modified FC under 
real-world conditions.
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