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Abstract

Foamed cementitious materials are increasingly preferred in energy-efficient building designs. The preferred
designs involve multifaceted targets such as sustainability, carbon emission and energy efficiency. According to
these, the thermal and mechanical performances of lightweight foam paste plates (LFPPs) with zeolite blended
cements were investigated. For blended cements, two different zeolites were used as cement replacement
materials at 0, 10, 30, and 50%. In mixtures, foaming agent/water and water/cement were fixed as 1:30 and
0.40, respectively. Foam was achieved with a foaming agent obtained from hydrolysis of animal proteins. The
LFFPs were produced by adding foam component into fresh slurry obtained with water and blended cement.
The physical, mechanical, thermal properties and microstructural analysis of LFPPs were determined. Thermal
performance tests were carried out using the hot wire method. Microstructural analyses revealed that the
inherently porous structure of zeolite increased the total void volume within the cement matrix, thereby leading
to a reduction in strength. The compressive strengths of LFPPs were 1.52-1.90 MPa. Accordingly, thermal
insulations of LFPPs containing zeolite blended cements improved up to 45.40%. The highest specific heat within
series containing zeolites was in series with 10% analcime. Moreover, thermal improvements were obtained
without compromising strength in standard limit.
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Zeolit Katkili Cimentolu Hafif Kopiik Hamur Plakalarin

Termal ve Mekanik Ozellikleri
0z
Enerji verimli bina tasarimlarinda kdpiik cimento esasli malzemeler giderek daha fazla tercih edilmektedir. Tercih
edilen tasarimlar, sirdirilebilirlik, karbon emisyonu ve enerji verimliligi gibi ¢cok yonliu hedefleri igermektedir.
Buna gore, zeolit katkili ¢imentolarla tretilen hafif kopik macun plakalarinin (LFPP) termal ve mekanik
performanslari arastiriimistir. Katkili gimentolar igin, %0, %10, %30 ve %50 oranlarinda ¢imento yerine iki farkli
zeolit kullanilmistir. Karisimlarda, képurtiici madde/su ve su/cimento oranlari sirasiyla 1:30 ve 0,40 olarak
sabitlenmistir. Kopik, hayvansal proteinlerin hidrolizinden elde edilen bir kopurtiici madde ile elde edilmistir.
LFPP'ler, su ve katkili cimento ile elde edilen taze bulamaca kopiik bileseni eklenerek uUretilmistir. LFPP'lerin
fiziksel, mekanik, termal 6zellikleri ve mikro yapisal analizleri belirlenmistir. Termal performans testleri sicak tel
yontemi kullanilarak gergeklestirilmistir. Mikro yapisal analizler, zeolitin dogal olarak gézenekli yapisinin gimento
matrisi icindeki toplam bosluk hacmini artirdigini ve bunun da mukavemette azalmaya yol agtigini ortaya
koymustur. LFPP'lerin basing dayanimlari 1,52-1,90 MPa arasindaydi. Buna gore, zeolit katkili cimentolar iceren
LFPP'lerin isi yalitimi %45,40'a kadar iyilesti. Zeolit iceren seriler arasinda en yliksek 6zgiil 1s1, %10 analcim iceren
seride elde edildi. Dahasi, standart sinirlar icinde dayanimi tehlikeye atmadan isi yalitiminda iyilesmeler saglandi.

Anahtar Kelimeler: zeolit, hafif koplik hamur plaka (LFPP), 1s1 yalitimi, i1si depolama
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Introduction

The cement based pastes containing foam agent are used in many building applications such as wall
panels, block products, roof layer and precast concrete building element. There are many superior
properties such as lower density, lower thermal conductivity, lightening of building loads, faster
production, and lower transport cost of foam concrete (Gencel et al., 2022; Kumar et al., 2018;
Nambiar & Ramamurthy, 2006). But, their strengths are lower compared to traditional concrete (Fan
et al., 2024). Traditional foam concrete, produced by incorparating a foaming agent into fresh cement
paste, can be further lightened by adding porous and lightweight additives (Amran et al., 2015).
According to this approach, additives such as perlite and fly ash have been used in the production of
foam concrete in the literature (Fang et al., 2025; Jitchaiyaphum et al., 2013; Qu et al., 2025; Song et
al., 2025). Besides these, zeolite is a porous and lightweight material that meets these purposes.
Natural zeolites are materials with high pozzolanic activity due to aluminosilicate content (Caputo et
al., 2008). They are also abundant mineral. Moreover, they present some advantages such as cost-
effectiveness, eco-friendly, and improved thermal and mechanical performance as replacement
additive in the productions of blended cement. Additionally, since clinoptilolite is known as a most
valuable mineral of the zeolite group, it has been widely featured in literature studies on its use as a
cement additive and in mortars/concretes (Akglin &Yazicioglu, 2020; Al-Jabali et al., 2024; Al-Khazaleh
et al., 2024; Muthaiyan & Palaniappan, 2025; Rozhin, 2020). Although analcime is also described in the
literature (Bello et al., 2026) as the second valuable mineral in the zeolite group, studies on its use in
cementitious materials are insufficient. Furthermore, there are no studies on foam concrete containing
analcime yet. The importance of this experimental study is to determine whether it can be used or not
in cement based foam pastes of analcime as an alternative of clinoptilolite. The aim is to determine
the results of the synergistic effect by combining promising zeolites with cement based foam pastes.

In summary, in the study, some tests were performed on lightweight foam paste plates (LFPPs)
produced using zeolite blended cements and foam agent. It was determined the effects of analcime
and clinoptilolite on mechanical and thermal characteristics of LFPPs. Thus, expectations regarding
improvement of the thermal and mechanical behavior of cement-based foam pastes and energy
efficiency were examined.

Materials and Methods

The materials and methods of the study are presented below. The cement replacement materials are
analcime and clinoptilolite which are natural zeolite. In addition, the replacement ratios are 0, 10, 30
and 50%. The analcime and clinoptilolite were supplied from Ordu/Persembe and Manisa/Gérdes
region of Turkey, respectively. The chemical determination of zeolites was made using X-Ray
Fluorescence (XRF) analysis. The fineness and density of zeolites were carried out according to EN 197-
1 (CEN, 2012). These findings of natural zeolites are given in Table 1. The analcime and clinoptilolite
have pozzolanic activity. Their pozzolanic activities were determined with Strength Activity Index (SAl)
test method in the ASTM C311 (ASTM, 2017). In addition, SEM images and elemental analysis of
analcime and clinoptilolite were obtained using Scanning Electron Microscope (SEM) with Energy
Dispersive X-Ray Analysis (EDX). Moreover, thermal behavior tests, comply with DIN 51046 (DIN, 1976)
and EN 993-15 (CEN, 2006), of zeolites were made by hot wire method based device. It was applied
test procuders according to EN 1SO 8990 (CEN, 1989) and EN ISO 6946 (CEN, 2017). The device is
referred to as ISOMET 2104 in the market. It measures thermal conductivity (A), specific heat (c,) and
thermal diffusivity (a) with precision in the range of 5-15%. In thermal performance tests performed
on zeolites, the thermal conductivity (A) and volumetric specific heat capacity (C) of analcime and
clinoptilolite were determined to be 1.13 W/mK and 0.61 W/mK, 1.76x10° J/m3K and 1.64x10° J/m3K,
respectively. During the measurements, the temperatures of test medium were in the range of 28.00
—28.35 °C. In the present study, Portland Cement (PC) coded CEM 142.5 R was used in the productions
of LPPPs. Some properties regarding PC were given in Table 2. Besides, a foaming agent supplied by
hydrolysis of animal proteins was used in the productions. The density of agent is 1.09 + 0.01 g/cm?,
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The component amounts of LFPPs mixtures are given in Table 3. For productions of test series, foaming
agent/water and water/cement are fixed as 1:30 and 0.40, respectively. The productions were
performed in accordance with EN 196-1 (CEN, 2016). The standard cubes (150 x 150 x 150 mm) for
strength tests and plates (20 x 60 x 150 mm) for thermal performance tests were used as sample
molds. All of tests were applied on samples at 28 days. The workability and consistency values of LFPPs
were determined using mini slump and spread tests, comply with ASTM C143/C143M-20, (ASTM,
2026). The results of test series were comparatively discussed. The cube samples were subjected UPV
testing, comply with ASTM C597-22 (ASTM, 2023), before compressive strength testing. Afterwards,
the SEM-EDX analysis was performed on powder samples of LFPPs. Thus, SEM images were taken and
elemental identities were determined. Finally, thermal performance tests were performed to
determine thermal effects of zeolite blended cements on LFPPs. This time, the temperatures of test
medium were in the range of 26.54—-27.62 °C. The meanings of thermal property variables determined
in the study are as follows. The A value of a material, which has high insulation capability, is low. The C
and cp values of a material, which has good heat storage ability, are high. In addition, the low a means
good heat storage medium and good heat absorption by material (Dincer&Rosen,2002). These
variables have priority for energy efficient building design.

Table 1. Some Properties of Natural Zeolites

Physical Properties Chemical Properties
Zeolites Density (g/cm?3) Blaine (cm?/g) SiO, ALO; Fe,03 CaO MgO Nax0 K20
Analcime 2.28 4780 46.71 17.24 9.21 3.03 529 484 408
Clinoptilolite 2.11 4079 64.70 1121 138 2.08 0.79 0.38 3.78

Table 2. Some Properties of CEM42.5 R

Chemical (%) Clinker (%) Physical Mechanical
SOz 3.34 Na;O 0.34 CsS 54,83 Density (g/cm?®)  3.10
cr 0.0154 K20 1.20 GCS 26,12 Blaine (cm?/g) 3911
Si0, 19.68 AlLOs 537 GCA 11,91 |Initial Set(min.) 147 (28 Days) 51.30 MPa
Ca0 62.57 Fex03 3.36 CsAF  0.94  Vol. Exp. (mm) 1.9

(2 Days) 33.60 MPa

Table 3. The Component Amounts of LFPPs

Labels /(kg/m3®) FPO FPA10 FPA30 FPA50 FPC10 FPC30 FPC50

Cement 500 450 350 250 450 350 250
Zeolite - 50 150 250 50 150 250
Foam Agent 4 4 4 4 4 4 4

Water” 200 200 200 200 200 200 200
Water** 120 120 120 120 120 120 120

*for mix of dry components, **for activation of foaming agent

Results and Discussion

As mentioned above, zeolites are minerals with microporous, crystalline, aluminosilicate contents.
They have pozzolanic activity. Moreover, they are good heat storage medium and have lower density
than cement (Zhen et al., 2026). The densities of foam pastes are much lower. They are good thermal
insulation material due to pore structure. Accordingly, with the results of study, it has been discussed
the synergistic effects created by these positive properties of zeolites and foam pastes. SEM-EDX
analysis and pozzolanic activity test results of zeolites are presented below. According to SEM-EDX
analysis on zeolites, the crystalline morphologies of both zeolites were clearly observed in the SEM
images (Figure 1). In addition, EDX characterizations of zeolites support aluminosilicate structure. Si/Al
ratios are 2.25 for analcime and 4.15 for clinoptilolite. The high ratios correspond to the high silica
contents of the zeolites. They show degree of pozzolanic activity. They also means more C-S-H
formation capacity, which is necessary for strength. The pozzolanic activities of zeolites determined
with SAl test method were 77% for analcime and 81% for clinoptilolite. These activation values of the
zeolites are above the 75% limit of the standard in the ASTM C 618-22 (ASTM, 2023). Also, the total
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mass percentage of silica alumina and iron oxides 73.1% for analcime and 77.30% for clinoptilolite.
Sufficient pozzolanic activity limit is 70% in the ASTM C618-03 (ASTM, 2003). In addition, pozzolanic
activation of mixtures is closely related to fineness of additives. As seen Table 1, zeolites are finer than
PC. The reaction between the high free lime (Ca0) content of PC and the zeolites begins in this finer
case (Perraki, et al., 2010). The results obtained from mini slump, spread, density, water absorption,
UPV, compressive strength, thermal tests and SEM-EDX anaysis of LFPPs are presented in Figures 2-9.
According to mini slump and spread values, since analcime is finer than clinoptilolite (see Table 1), the
workabilities of the FPA series are lower than those of the FPC series. Increasings in zeolite
replacement levels led to a concomitant reduction in the workability of the mixtures (Figure 2).
According to obtained density and water absorption values, the densities of LFPPs were varied with
densities of components in the mixtures. Since the densities of zeolites are lower than that of PC, an
increase in the zeolite replacement ratio reduced the density of the mixtures (Figure 3). And, the water
absorption values were changed due to slightly denser of cement paste with zeolite contents (Figure
3). The compressive strengths of LFPPs were between 1.52 and 1.90 MPa (Figure 4). The strength
values of LFPPs were above the limit value, which is 1.5 MPa in the TS EN 13655 (TSI, 2015). The
decreases in strengths of LFPPs containing zeolites at high ratio are attributed to binder lacking
(Compaore et al., 2025). But, the strengths of LFPPs containing clinoptilolite are higher than those of
LFPPs containing analcime due to higher silica content of clinoptilolite. This situation can be explained
with their both EDX characterizations of LFPPs and their decreasing of Ca/Si ratios (Figure 5).
Additionally, these strength results are for 28-day-old samples. An increase in the late-age strength of
LFPPs is expected due to the pozzolanic activity of the zeolites (Hilal et al., 2015; Ozen&Uzal, 2021). It
was seen similar trends between UPVs and strengths.

PM

Element

Weight (%) | 50 86| 7.98 30 7.05 (Wel 0.46 B 8.07 33.46 3.00

Figure 1. SEM Images and Elemental Characterizations of Analcime (a) and Clinoptilolite (b)
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Jlements FPA10 FPA30 FPAS0 FPC10 FPC30 FPC50
/Atomic %
9.30 10.39 13.90 16.08 9.39 9.28
3.99 6.12 5.25 5.82 8.17 8.69
1.16 1.25 1.56 1.40 1.47 1.87
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Figure 5. SEM Images, Elemental Characterizations and Atomic % Values of LFPPs

Subsequently, it was performed SEM-EDX analysis to LFPP samples. Figure 5 presents the SEM images,
EDX characterizations and atomic % values of LFPPs. These images provide informations of
morphological structure regarding a positional surface of LFPPs. Thus, these help in understanding the
reasons for both mechanical and thermal behavior. In addition, the Ca/Si ratios given in Figure 5 are
important for interpreting the strength variations of cement-based foam materials. This ratio indicates
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the Ca-Si content of the CSH gel. As this ratio decreases, the strength increases. The optimum Ca/Si
ratio is approximately in the range of 1.0-1.5. Accordingly, similar trends between the strengths
obtained from mechanical test results and the findings obtained from EDX analyses are seen in Figure
5. The macro and micro pores rearding microstructure of LFPPs are seen from Figure 5. The porous
medium is decreased strength. Besides these, the porous nature of zeolite altered the microstructure
by increasing structural porosity, which consequently caused a decline in mechanical performance. As
known porosity causes to lightness. The mentioned porous medium is seen in the SEM images of LFPPs.
The pore structure corresponds to thermal insulation (Jia et al., 2023; Wei et al., 2013). The lightness
of LFPPs has been further enhanced with zeolites, which have lower densities than that of cement due
to high porosity. This caused to better thermal insulation behavior (Figure 6). There is consistency
between SEM images of LFPPs and their measured thermal conductivity results. The average thermal
conductivity coefficient of the test series containing zeolites was up to 45.10% for analcime and 45.40%
for clinoptilolite lower than that of the test series containing PC. These results mean improved of
thermal insulation capability of LFPPs. Furthermore, this improvements were occurred with sufficient
strength values. On the other hand, as known from literature, zeolites have high heat storage
capacities (Kandilli et al., 2025). The volumetric specific heat capacities analcime and clinoptilolite
determined for present study were 1.76x10° J/m3K and 1.64x108J/m3K, respectively. The heat storage
parameters (c, and C) of LFPPs decreased depending on the density of theirs (Figure 7-8). In the test
series containing zeolites, the highest average specific heat value was observed in the FPA10 test
series. FPA10 series has a heat storage capacity only 4.42% lower than compared to the FPO serie. And,
heat storage capabilities of LFPPs with analcime were better than those of LFPPs with clinoptilolite.
Because, heat storage capacity of analcime is higher than that of clinoptilolite. The thermal diffusivities
of LFPPs have decreased depending on heat absorption occurred on cement paste, which is located as
proportional to the irregular pore distribution (Figure 9). Even so, for future studies, it is thought that
the heat storage capabilities of test series will be produced in the homogeneous pore distribution with
different foam volumes can be further improved.
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Conclusion

Based on the experimental investigation conducted on lightweight foam paste plates (LFPPs)
incorporating natural zeolites, the following primary conclusions can be drawn:

e The incorporation of porous zeolite additives, which exhibit a lower density than cement,
successfully reduced the overall density of the LFPPs. An increase in the zeolite replacement
ratio progressively reduced the workability of the mixtures due to fineness of zeolites.

e The compressive strengths of the LFPPs comply with the minimum strength requirements
specified in the relevant standards.

e Thethermal conductivities of the LFPPs decreased by up to 45.40%. This reduction is attributed
to both the air voids induced by the foaming agent and the intrinsic structural porosity of the
zeolite additives.

e Among the test series containing zeolites, the test series with 10% analcime exhibited the
highest specific heat capacity.

These findings suggest that the developed foam concretes hold significant potential for achieving
enhanced thermal performance for different targets. In conclusion, the developed LFPPs within the
lightweight densities successfully optimize, within limits specified in the relevant standards, the trade-
off between mechanical strength and thermal insulation, presenting a highly viable and sustainable
solution for energy-efficient modern construction.
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