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Abstract

Condensed silica fume (CSF), a highly reactive pozzolanic material, is produced as a by-product of silicon and ferrosilicon alloy
manufacture. It is well known for its high silica content and ultra-fine particle size, which make it useful for improving the cement
performance. The present study aims to investigate the impact of CSF on the properties of lightweight concrete composites (LWC).
CSF was utilized to partially replace cement by up to 8 wt% in order to improve the strength properties of LWC. To produce LWC
with a density of 800-900 kg/m?, recycled expanded polystyrene foam (re-EPS) was incorporated at 53 Vol% of the total LWC volume.
Compressive strength, density, thermal conductivity, and time lag were investigated. The results indicated that the compressive strength
of LWC blended with CSF increased significantly at early ages, while the density was notably lower than that of the control LWC.
Although the thermal conductivity did not significantly change with increasing CSF content, all values remained within the acceptable
range for insulating materials. In addition, the re-EPS lightweight concrete containing CSF demonstrated a longer time lag in heat
transfer from the exterior to the interior of the building wall, which potentially improving energy efficiency for building applications.
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1. Introduction

Lightweight concrete (LWC) is widely used as a construction material due to their good thermal properties, low density, and fire
resistance [1]. LWC can be classified based on its production method into no-fines concrete, aerated concrete, and lightweight aggregate
concrete [2-4]. Generally, LWC is produced by mixing lightweight aggregate materials such as vermiculite, pumice, calcined diatomite
[5], or an air-entraining agent in concrete. As well as, expanded polystyrene (EPS) is a well-established insulation material used in
construction because it is a lightweight, rigid foam with excellent thermal insulating properties [6]. EPS foam is a cellular plastic
consisting of spherical-shaped particles containing about 98% air, which is commonly used for packaging or thermal insulation [7].
According to a prior report, huge amounts of incorrectly graded EPS foam are produced as plastic waste during manufactures, estimated
at over 32.7 x 10° kg/year annually worldwide [8]. When EPS waste decomposes, it forms microplastics (<5 mm) that include
carcinogenic styrene monomers, which pose serious risks to aquatic organisms through accidental ingestion [9, 10]. Although EPS is
beneficial for improving thermal insulation in lightweight concrete, its incorporation often leads to a reduction in mechanical strength,
limiting its use in structural applications [7]. To address this limitation, recent studies have investigated the use of natural and industrial
waste materials as aggregates or binders to enhance the performance of LWC [5, 11]. These materials not only improve mechanical
strength but also contribute to the development of sustainable and thermally efficient lightweight concrete.

As well known, supplementary cementing materials (SCMs) are widely used in concrete production, which reduce water demand,
enhance long-term strength and contributed durability [12-14]. Pozzolans are a category of SCMs such as fly ash, bottom ash, silica
fume, palm oil fuel ash and natural pozzolans, which defines as a material composed of silica or silica and alumina components, in the
presence of water, that react with calcium hydroxide to form cementitious materials [12]. Condensed silica fume (CSF), a highly
reactive pozzolanic by-product from silicon and ferrosilicon alloy production, which contains over 85% amorphous silica [12, 15].
Typically, CSF consists of agglomerated particles with a spherical shape and a size of approximately 100 um. Since its ultrafine particle
size, the pozzolanic reaction of CSF is well known to increase the strength and durability [16, 17]. Several studies have reported that
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using CSF in small amounts can increase concrete strength by up to 170% [18] and also improve durability of concrete by refining the
pore structures and promoting additional calcium silicate hydrate via pozzolanic reactions [19]. Moreover, the incorporation of CSF in
alkali-activated mortars has been shown to enhance strength and chemical resistance, presenting its versatility in sustainable
construction applications [20].

This research focuses on incorporating recycled materials, such as expanded polystyrene (EPS) foam, into lightweight (LWC), not
only to divert plastic waste from landfills but also to contribute to the circular economy by reusing materials in buildings. Nevertheless,
the relationship between the amount of CSF incorporated in EPS lightweight concrete and its resulting properties has not been well
reported. Therefore, this study investigates the influence of CSF on the mechanical and thermal properties of EPS-based lightweight
concrete. This research aims to enhance compressive strength, reduce thermal conductivity, and improve energy efficiency through
increased time lag in heat transfer. The properties evaluated including compressive strength, density, thermal conductivity, and thermal
time lag, which are critical parameters for assessing the suitability of LWC in sustainable building envelopes and thermally efficient
wall systems.

2. Materials and methods
2.1 Raw materials

This study used Portland cement type I (PC) as the primary binder. Condensed silica fume (CSF), which was obtained from
Sikament Co., Ltd., Thailand, was utilized as a partial cement substitute at up to 8wt%. The chemical composition of PC and CSF are
presented in Table 1. River sand with a specific gravity of 2.65 was used as a fine aggregate. The recycled expanded polystyrene foam
(re-EPS), a recyclable material in manufacturing classified as Politerm Economic Recycle grade, was obtained from Cebau Industries
Co., Ltd., Thailand. The re-EPS foam used in this study had a specific gravity of 0.02, with varied shapes—predominantly spherical—
and particle sizes ranging from 3 to 10 mm. It was used as a fine aggregate at 50 Vol% to produce lightweight concrete (LWC). The
microstructure was analyzed using a scanning electron microscope (SEM; JOEL/Leo 1455VP) along with energy dispersive X-ray
spectroscopy (EDS; AMETEK).

Table 1 Chemical compositions of Portland cement and CSF using EDS technique.

Sample Element content (Wt%) LOI

Ca (0] Si Al C P K Fe Mg (%)

Cement 43.6 27.7 6.9 2.0 15.6 0.8 0.5 2.9 - 2.2
CSF 1.2 40.5 53.5 0.8 0.5 - - 1.7 1.8 -

2.2 Sample preparation and test

The LWC mixtures were designed in accordance with the Thai Industrial Standard (TIS 2601-2013) for cellular lightweight
concrete block using performed foam type C9. A compressive strength of over 25.5 kg/cm? and dried density of between 801 and 900
kg/m? are required. The mix design and flows are given in Table 2, by fixing the water-to-binder (w/b) and sand-to-binder (s/b) ratios
of 0.46 and 2.5, respectively. First, the binders were combined with sand and water to create a homogeneous mixture. The EPS foam
was then added gradually to ensure uniformity. Remarkably, segregation may occur during the casting process since re-EPS foam has
a lower density than water. This was accomplished by maintaining a flowability range of approximately 110 to 150 mm using a high-
range water-reducing admixture.

For compressive strength and density testing, cube specimens of 10 cm x 10 cm x 10 cm was prepared. Flat samples (20 cm x 20
cm x 2 cm) were used to evaluate time lag and decrement factor. Additionally, cylindrical samples (4 cm diameter x 10 cm height)
were cast for thermal conductivity testing. All LWC specimens were kept in molds for 24 hours, and then cured in saturated limewater
until testing. Density were conducted following the standard test method ASTM C642 [21]. Compressive strength was performed using
a compression machine with a loading rate of 1.2 kN/s. For thermal analysis, the specimens were oven-dried at 60 °C for 72 hours, and
then stored at room temperature for 24 hours before testing. The thermal conductivity was evaluated at using a KD2 PRO Thermal
Properties Analyser.

Table 2 Mixture design of the EPS-CSF lightweight concrete.

Mix Mix proportions of EPS concrete (kg/m?) Flow
PC CSF water sand EPS Superplasticizer (mm)
PC 436 0 202 353 10 2 141
CSF2 426 9 202 352 10 2 130
CSF4 417 17 202 352 10 2 121
CSF6 408 26 202 351 10 2 114
CSF8 399 35 201 351 10 2 113

2.3 Time lag and decrement factor test

The time lag, which is the delay in heat transfer from the exterior to interior through lightweight concrete (LWC), was analyzed in
a laboratory setup using a thermal sensor (DS1820) connected to an Arduino UNO. The experimental setup is illustrated in Figure 1a.
A steel plate (Room 1) was heated by a 100 W halogen lamp for continuous heat transfer to the LWC sample. Temperature sensors
were positioned as shown in Figure 1a. Before testing, the LWC sample was oven-dried at 11045 °C for 24 hours and allowed to cool
in air to room temperature. During testing, the steel surface temperature was kept at 70°C by adjusting the heat source for temperature
uniformity. After that, the halogen lamp was turned off for 1.5 hours, allowed to cool, and then turned back on. Each sample was
evaluated five test cycles using a data logger. Figure 1b illustrates the relationship between temperature and time. The time difference
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between the highest temperature on the outer surface (fe.max) and the inner surface (¢max), as shown by Eq. (1), was used to calculate
the time lag (¢). The decrement factor (f) was calculated by Eq. (2), which represents the attenuation of temperature between the
exterior and interior surfaces, where 4; and 4. are the amplitudes of temperature fluctuations on the inner and outer surfaces,
respectively. Furthermore, measurements were taken of the outside surface’s maximum temperature (7emax) and its minimum
temperature (7emin) as well as the internal surface’s maximum temperature (7imax) its minimum temperature (7;mi»). The heat gain time
(7) was computed by Eq. (3), representing the amount of time required for heat transfer to reach the outside surface’s maximum
temperature. This was calculated by using the times of the exterior surface’s maximum (femax) and minimum (Ze,min) temperatures [22].
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Figure 1 (a) Schematic representation of time lag testing apparatus and (b) the time lag analysis (T1, T2, T3 and T4 represent the
temperature of the steel surface, the upper sample surface, the bottom sample surface, and inside Room 2, respectively, as indicated by
the sensor positions shown in Figure 1a).
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3. Results and discussion
3.1 Microstructure

The microstructure of the EPS-CSF lightweight concrete is depicted in Figures 2. In the PC mix, the microstructure of the cement
paste presents a dense matrix, whereas the EPS foam exhibits a porous matrix that resembles a honeycomb (Figure 2a). Furthermore,
calcium silicate hydrate phases (needle-like or fiber-like) are visible at the interface between the cement paste and EPS foam, and also
insert into the EPS matrix’s pores. Although cement particles cannot penetrate the closed-cell matrix of the re-EPS foam, there appears
to be a strong bond at the interface of both matrices. Figure 2b also shows the microstructure of the EPS-CSF lightweight concrete. It
was found that CSF particles filled the cement paste matrix. Similar to the control mix, the cement matrix not only filled the EPS foam
but also exhibited a dense interface with hydration products. According to a previous study [19], the significant pozzolanic activity of
CSF improves the microstructure of cement paste. The formation of CSH gel, which is the product of the reaction between CSF and
Ca(OH):2 during hydration in an alkaline environment, reveals this binding activity. The resulting CSH gel fills voids and decreases the
porosity of cementitious matrix.

3.2 Compressive strength

The compressive strength and relative compressive strength of EPS lightweight concrete are presented in Figure 3. For all mixtures,
the compressive strength of the EPS-CSF lightweight concrete was found to increase with increasing curing time. Notably, as compared
to the control (PC mix), the LWC with CSF exhibited a greater compressive strength. In particular, the mix containing 8wt% CSF was
found to be the highest compressive strength (Figure 3a). This is attributed to the dual effects of CSF particles acting as fillers and the
pozzolanic reaction, which increases the formation of calcium silicate hydrate phase (C-S-H) and thereby enhances the compressive
strength of the concrete [23-25]. These results are consistent with prior studies that adding CSF significantly enhances the compressive
strength of mortar and concrete [25]. Moreover, the degree of hydration and pozzolanic reactions was assessed using the relative
compressive strength comparing to the control concrete (Figure 3b). It can be observed that all mixes containing CSF demonstrated
relative strengths exceeding 100%, especially the CSF8 mix having the highest strength at up to 136% for 3 days and 123% for 28
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days. Previous researches have suggested the use of 10wt% CSF as an additive, which improves the strength [13, 17] and durability
[25-27] of the concrete. These finding demonstrate that CSF can significantly improve the mechanical properties of EPS lightweight
concrete.

Figure 2 Microstructure of the lightweight concrete after curing at 28 days; (a) the PC lightweight concrete and (b) the EPS-CSF
lightweight concrete.
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Figure 3 (a) Compressive strength and (b) relative compressive strength of EPS lightweight concrete with CSF of 0-8 wt% after curing
at 3, 7, 28 and 90 days.
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Figure 4 Density of LWC with CSF of 0-8 wt% after curing at 3, 7, 28 and 90 days.



78 Engineering and Applied Science Research 2026;53(1)
3.3 Density

Figure 4 represents the density of EPS-CSF lightweight concrete after curing at 3, 7, 28 and 90 days. The density of the control
concrete was 870-900 kg/m3, which is comparatively higher than that of the EPS-CSF lightweight concretes (790-840 kg/m?). A
decrease in density was observed, when the amount of CSF increased. This finding may be due to the different specific gravities of the
concrete components (cement and CSF of 3.15 and 2.2, respectively [12]), which result in a decrease in the density of the EPS
lightweight concrete. Moreover, all mixes represented a slight increase in density as cuing times increased. However, the densities of
all mixtures conformed to the Thai Industrial Standard (TIS. 1505-2541) for air-entranced lightweight concrete block types C8 and C9,
with dried density of between 701 and 900 kg/m?.

3.4 Thermal properties

The time lag (@), decrement factor (f), and heat gain time (7) of the EPS-CSF lightweight concrete at 28 days and 90 days are shown
in Table 3. The time lag and decrement factor are key factors that affect the thermal performance of the lightweight concrete. The time
lag is the time of heat wave takes to move from the exterior surface to the interior surface, while the declining ratio in the temperature
amplitude is known as the decrement factor [22, 28]. The EPS lightweight concrete presented a slightly decreased in decrement factor
with increasing curing time. Moreover, there was no discernible difference in the decrement factor of the LWC when the CSF
concentration increased. Regarding, it was found that the time lag of PC mix decreased as the curing time increased. This trend was
also evident in the EPS lightweight concrete containing CSF. The CSF8 mix showed the greatest time lag, with values of 14.9 minutes
for 28 days and 13.2 minutes for 90 days. Additionally, the time lag of the CSF8 mix was higher than that of the PC mix, with relative
time lag of 132% at 28 days and 131% at 90 days. These findings suggest that increasing the CSF in LWC improves its insulating
properties. Notably, the CSF8 mix demonstrates optimal performance by significantly extending the heat wave propagation time from
the outer to the inner surface. This extended delay not only reduces peak indoor temperatures but also contributes to lower energy
demand for cooling.

The heat gain time of the EPS lightweight concrete containing CSF cured at 28 and 90 days is presented in Table 3. This value
demonstrates the heat accumulation time on the exterior surface of the samples, from the minimum to the maximum temperature. The
results show that the heat gain time of the PC mix was 62.0 minutes at 28 days and 55.4 minutes at 90 days, while the heat gain times
of the EPS-CSF lightweight concrete ranged from 57.8 to 58.9 minutes at 28 days and from 50.6 to 54.2 minutes at 90 days. It is
noticeable that the EPS-CSF lightweight concrete had a shorter heat gain time than the PC mix. Furthermore, the heat gain time of all
mixtures decreased when the curing time increased.

Table 3 Decrement factor, time lag and heat gain time of the EPS-CSF lightweight concrete.

Mix f @ (min) 7 (min)
28 days 90 days 28 days 90 days 28 days 90 days
PC 0.554 0.516 11.3 10.2 62.2 55.4
CSF2 0.602 0.601 12.9 113 58.9 542
CSF4 0.579 0.554 13.4 12.7 58.9 52.3
CSF6 0.564 0.551 14.4 12.7 58.2 51.9
CSF8 0.573 0.548 14.9 13.3 57.8 50.6
Heat gain time at 28 days --p--Thermal conductivity at 28 days
Heat gain time at 90 days ---W--- Thermal conductivity at 90 days
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Figure 5 Heat gain time and thermal conductivity of EPS-CSF lightweight concrete.
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For additional investigation, the thermal conductivity of the EPS-CSF lightweight concrete at 28 and 90 days is presented in Figure
5. The control lightweight concrete mix (PC mix) had a thermal conductivity of approximately 0.33-0.37 W/m-K, while the EPS-CSF
lightweight concrete mixes showed values between 0.32 and 0.46 W/m-K. The obtained thermal conductivity values were slightly
lower than those reported in previous research [11], but remained close to the value specified for insulating lightweight concrete (AAC
brick) in the ASTM C332-17 standard [29]. Moreover, it was observed that the thermal conductivity of all mixtures at 28 days was
lower than that at 90 days. Extended curing times generally lead to increased cement hydration and the formation of hydration products
that fill the voids between cement particles [13, 19]. Although, the CSF2 mixture exhibited a slight increase in thermal conductivity,
no statistically significant differences were observed with further additions of CSF from 4 to 8 wt%. This result may be attributed to
the microstructural refinement achieved at 2 wt% CSF, which reduces the number of micropores and enhances matrix densification in
the cement paste, thereby improving the continuity of the solid thermal pathway). In contrast, higher CSF contents may promote particle
agglomeration, leading to increased heterogeneity and the formation of larger pores. However, it is suggested that macro-pores in the
range over 50 pm within the cement matrix exert a significant influence on the thermal conductivity of concrete [30]. Additionally, the
presence of macro-pores introduced by re-EPS had a greater impact on the thermal conductivity of the lightweight concrete than the
relative volume fraction of the CSF additive. This is evident from the volumetric proportions used in the mix design, where CSF
constitutes only approximately 2 vol% (at 8wt% replacement), compared to 53 vol% for re-EPS. However, prior research [22] has
noted that decreasing the thermal conductivity of envelope materials is crucial for reducing heat transmission loads and achieving
energy-saving goals.

4. Conclusions

The incorporation of condensed silica fume (CSF) as a partial replacement for Portland cement in recycled expanded polystyrene
(re-EPS) lightweight concrete demonstrated significant improvements in both mechanical and thermal performance. The enhanced
compressive strength, particularly at early ages, was attributed to the pozzolanic reaction and filler effect of CSF, while the slight
reduction in density remained within the Thai Industrial Standard for lightweight concrete (classified as C8 and C9). Although the
additional of CSF did not significantly reduce the thermal conductivity of EPS lightweight concrete, the values remained within the
acceptable range for insulating materials and close to the ASTM standard for ACC bricks. Furthermore, a higher CSF content resulted
in a longer time lag with no significantly change in a decrement factor, suggesting improved thermal resistance and potential for energy
saving. Consequently, these findings support the usage of CSF as a sustainable additive for producing high-performance lightweight
concrete with enhanced structural strength and thermal properties, promoting its application in environmentally friendly and energy-
efficient construction.
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