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A B S T R A C T   

This paper reports the hydration production, micro structuring, and compressive strength results of Portland 
cement–pumice systems. The compressive strengths of cement mortars examined on the 2nd, 7th, 28th, and 90th 
days in the first stage. In the second step, hydration mechanisms of cement paste samples containing 0%, 10%, 
and 20% pumice at the 2nd, 7th, 28th, and 90th ages were determined by SEM, FT–IR, XRD, and DTA/TGA. In 
addition, the chemical, physical, molecular, mineralogical characterizations of the pumice and Portland cement 
were detected. Water demand, setting time, and volume expansion of paste samples with standard cement tests 
were determined. The XRD and TGA results prove that the pumice–containing cement displays a high hydration 
degree on the 90th day and will continue to hydrate. Furthermore, on the 90th day, the chemically bound water 
content in 10P paste is the same as that in Portland cement. Moreover, SEM images reveal that the usage of 
pumice results in a much denser microstructure as the hydration age increases. The results showed that pumice 
has lower pozzolanic activity in the early period and yet the compressive strength increases with time.   

1. Introductıon 

Mineral additives, which find use in the cement and concrete in
dustry, have become an indispensable product as the preferred basic 
supplementary cementitious materials. They hold significant economic 
and ecological advantages and contribute to the development of prop
erties such as the strength and durability of concrete. Therefore, to 
improve these properties of cement and concrete, natural pozzolanic 
materials (e.g., zeolite, diatomite trass), industrial wastes (e.g., silica 
fume, fly ash, ground granulated blast furnace slag), or heat-treated 
mineral additives (e.g., methacholine, rice husk ash) are used exten
sively [1–11]. 

Pumice is among the rich resources of Turkey, and it is estimated that 
68% of the world’s pumice reserves are in Turkey [12]. Using pumice 
has been studied in many applications such as aggregates for lightweight 
concretes [13–15]; a filler of self–compacting concrete [16,17]; partial 
replacement of cement and concretes [18,19]; as well as other appli
cations [20–23]. 

Pumice is a silicate-based, porous and spongy–looking rock that can 
be found in various colors from dirty white to gray, red and brown to 
black, formed by the sudden cooling of the gases in the hot magma as a 

result of volcanic activities. Pumice is available in two types, i.e., acidic 
and basic. The most used is acidic pumice, and its color is clear. Its 
hardness in the Mohs scale varies between 5 and 6, and its density varies 
between 0.5 and 2 g/cm3. In its chemical composition, besides silicon, 
aluminum, iron, calcium, magnesium, sodium, and potassium, there are 
also trace amounts of titanium and sulfur [24,25]. Using pumice as an 
additive to cement not only improves durability parameters and de
creases the amount of cement but also causes changes in the mineral
ogical and molecular structures. All these are due to the fact that cement 
and pozzolans are materials with hydration reactions that are intricate, 
and no method has been proposed that can detect chemical reactions 
occurring in the structures of these materials. For this reason, in this 
study, X-ray Diffraction (XRD), Differential Thermal and Thermogravi
metric Analysis (DTA/TGA), Fourier Transforms Infrared Spectroscopy 
(FT–IR), and Scanning Electron Microscopy (SEM) analyses were used to 
investigate complex hydration reactions. Furthermore, mechanical, 
physical, and chemical features belonging to PC, pumice–substituted 
cement mortar, and paste samples substituted cement were studied 
through basic cement evaluations. 
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2. Materıals and methods 

2.1. Materials 

The main materials of the study were CEM I 42.5 R Portland cement, 
pumice, standard aggregate, and water. The Portland cement (PC) was 
produced by Eskisehir Cement Plant. Pumice was supplied by the Belmas 
Company (Isparta–Turkey). In the composition of mortars, the sand, 
which is standard CEN type conforming to TS EN 196–1 [26], along with 
regular tap water belonging to Eskisehir, a province of Turkey, was 
utilized. 

2.2. Methods 

Chemical analyses in equivalent oxides of PC and pumice were 
performed by ARL 9900 Intellipower X-ray Analyzer. The Rikagu 
SmartLab XRD was utilized, and Cu Kα (λ = 1.54 A◦) radiation was used 
to detect the mineralogical properties. FT–IR analyses were conducted 
using Shimadzu IRPrestige 21. DTA/TGA curves were determined using 
a simultaneous thermal analysis instrument (Shimadzu DTG 60H–DSC 
60) under nitrogen atmosphere by heating from 20 ◦C to 1000 ◦C with 
10 ◦C/min steps. An FEI Quanta FEG 250 model was used for the anal
ysis of the microstructure of paste samples. Surface areas by Toni 
Technik 7202 Blaine, specific gravity by Quanta Chrome MVP–1, and 
fineness determination by Hosokawa 200 LSN (air jet sieve) were 
determined. 

In this study, PC was used for preparing reference paste and mortar, 
which was named R. The pumice was grounded in a ball mill for 30 min, 
and, it was added as a partial substitution for PC at a weight level of 10% 
and 20%, respectively, demonstrated as 10P and 20P. The prepared 
samples are shown in Table 1. 

Paste specimens were prepared by using the laboratory-type mixer in 
accordance with TS EN 196–1 [26]. Water demands, volume expansion, 
and setting times of paste specimens were verified conforming to TS EN 
196–3 [27]. Water demands and setting times were determined with 
Vicat’s needle apparatus on the paste specimens. XRD, FTIR, DTA/TGA, 
and SEM paste samples were created by using a constant water-cement 
ration (W/C) of 0.35 based on these findings. The pastes were grounded 

on the 2nd, 7th, 28th, and 90th days. 
Mortars prepared to determine the compressive strengths were 

placed into three–segmented rectangular prism molds of size 40x40x160 
mm in compliance with TS EN 196–1. The mortar was placed in a mold 
shaking device and shaken considering the principles specified in the 
standard. These produced samples were secured in a laboratory envi
ronment at 90% humidity and 20 ± 1 ◦C temperature for 24 h. The 
samples were taken from the molds at the end of this time and placed in 
a curing pool at a temperature of 20 ± 1 ◦C until the test days. Specimens 
were gathered from the pool on the 2nd, 7th, 28th, and 90th days, and 
were duly broken in half. The compressive strengths of these six sam
ples, which were later broken in the middle, were determined according 
to TS EN 196–1 [26], averaged, and calculated as the final compressive 
strength. 

3. Experımental results and dıscussıon 

3.1. Chemical and physical analysis 

The chemical and physical characteristics of PC and pumice are on 
display in Table 2. SEM/EDS images were given in Fig. 1. 

By comparing the chemical compositions of materials, the PC com
prises CaO, SiO2, Al2O3, SO3, Fe2O3, MgO, and traces of K2O, Na2O, 
respectively. The main components of pumice are SiO2 and AlO2, 
respectively. Also, the pumice contains K2O, Na2O, CaO, Fe2O3, and 
MgO and traces of SO3. According to chemical composition, it is 
detectable that the mass fractions of S + A + F are 76.76% for pumice 
(Table 2), and it complies with the stated requirements (>70%) for a 
natural pozzolan [28]. The specific weights of the PC and pumice are 
3.18 and 2.70 g/cm3. Their specific surfaces (Blaine) are 3822 and 2645 
cm2/g, respectively. Furthermore, residue on 45 and 90 µm sieve of the 
PC and pumice are 3.2–0%, and 40.5–7.8%, respectively. As seen from 
Fig. 1(a and b), cement and pumice have porous structures comprising 
rough and accidental micropores. Moreover, it is possible to see its 
amorphous structure (glassy form), non–uniform plate shape, and 
irregular morphology of the pumice from its microstructure image 
[12,23]. Cement and pumice are mostly made up of the elements Ca and 
Si, according to EDS analysis (Fig. 1a and b). 

3.2. Mineralogical structure 

XRD analyses were performed to detect the mineralogical structures 
of PC and pumice. The XRD patterns of the materials are given in Fig. 2. 

The main components of PC, regarding the XRD pattern, are C3S 
(3CaOSiO3), C2S (2CaOSiO3), C3A (3CaO.Al2O3), and C4AF (4CaO. 
Al2O3 3.Fe2O3) (Fig. 2-a). As observed from the patterns of pumice, it has 
an amorphous structure comprising amorphous quartz (SiO2) substance 
at 2θ = 20–32◦ and some crystalline phases as albite (NaAlSi3O8), calcite 
(CaCO3), anorthite (CaAl2Si2O8) [18,29] (Fig. 2-b). The components 
observed in the crystalline structure of PC and pumice with XRF and 
XRD analyses are compatible. 

3.3. FT–IR analysis 

The surface structures of the molecules of PC and Pumice were 
determined by FT–IR studies, and the FT–IR diagram of the materials is 
displayed in Fig. 3. 

In FT–IR spectroscopy of PC, peaks of vibration are observed at wave 
numbers of 507, 735, 902, 1124, 1413, and 1385 cm− 1 (Fig. 3). The 
Al–O bond appearing along with Si-O may be responsible for the major 
FT–IR band at 507 cm− 1. The band that appeared at 902 cm− 1 is affili
ated with Si–O bonds in cage structures. Bands at 735 and 1124 cm− 1 in 
the existence of Sulfur–Oxygen (S–O) bonds, showing the plaster in PC. 
Bands at around 1413 cm− 1 are associated with CO3

-2 (Fig. 3) [30–32]. 
The FT–IR spectrum data of pumice are 457, 548, 708, 997, and 

1424 cm− 1, as Fig. 6 displays. In the FT–IR spectrum, the strong band at 

Table 1 
Composition of mixtures prepared in this study.  

Kod Cement, 
g 

Cement, 
% 

Pumice, 
g 

Pumice, 
% 

Standart sand, 
g 

w/c 

R 450 100 0 0 1350 0.5 
10P 405 90 45 10 
20P 360 80 90 20  

Table 2 
Chemical and physical characteristics of PC and pumice.  

Materials PC Pumice 

Chemical composition, wt.% SiO2 (S) 20.36 56.32 

Al2O3 (A) 4.6 16.51 
Fe2O3 (F) 2.56 3.93 
CaO 62.57 4.84 
MgO 1.53 1.87 
SO3 3.32 0.23 
Na2O 0.26 5.18 
K2O 0.66 5.09 
Loss on ignition 2.38 2.65 
Cl- 0.018 0.010 
Free CaO 1.78 – 
S + A + F – 76.76 

Physical characteristics Specific gravity, g/cm3 3.18 2.70 
Blaine, cm2/g 3822 2645 
Retained on 45–µm, % 3.2 40.5 
Retained on 90–µm, % 0 7.8  
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Fig. 1. The images of PC and pumice by SEM and EDS area.  

C3S C3A
C2S C4AF

Fig. 2. XRD patterns of PC and pumice.  

Fig. 3. FT–IR diagram of PC and pumice.  
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Fig. 4. Water demand, volume expansion, and setting time of pastes.  

Fig. 5. XRD patterns of pastes.  

İ. Pınarcı and Y. Kocak                                                                                                                                                                                                                       



Construction and Building Materials 335 (2022) 127528

5

Fig. 6. FT–IR diagram of pastes.  

Fig. 7. DTA/TGA patterns of pastes.  
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997 cm− 1 is attributed to Si–O–(Si, Al) bonds. Weaker bands in the re
gion 708 cm− 1 are associated with Si–O bending strength vibrations of 
amorphous quartz. The band at 1424 cm− 1 is attributed to CH bonds. 
The Al–O bond appearing along with Si–O may be responsible for bands 
at 435 and 542 cm-1 [12,29,33]. Results were confirmed by the XRF and 
XRD results. 

3.4. Water demand, volume expansion and setting time 

The water demand, volume expansion, and the time necessary for 
paste specimens to set are shown in Fig. 2. 

Water demand varies with regard to the porosity values, Blaine, and 
chemical composition of PC and pumice. Compared with pure paste, the 
water demand of the 10P and 20P coded paste specimens was decreased 
by 18% and 34%, respectively (Fig. 4-a). Excessive levels of free lime, 
magnesia, and calcium sulfate in the cement may cause expansions, 
which can cause cracking and damage to the concrete. The volume 
expansion was detected using Le Chatelier’s technique. As seen from 
Fig. 4-b, values of volume expansion were 1 mm. Therefore, each value 
was less than 10 mm, which corresponds to the TS EN 1963- cutoff value 
[27]. It is observed that the addition of pumice decreases both initial and 
final setting times of pastes, compared with pure paste (Fig. 4). 
Compared to pure paste, the initial setting time of the 10P and 20P 
coded paste specimens was decreased by 3% and 6%, and the final 
setting time was decreased by 2% and 5%, respectively (Fig. 4c). 
Regarding the setting times, it was determined that all pastes are above 
the minimum initial setting time, which is 60 min for 42.5 R type cement 
in the standard [34]. 

3.5. XRD analysis of the cement pastes 

XRD patterns of the pastes on the 2nd, 7th, 28th, and 90th days are 
given in Fig. 5. 

Because of its amorphous structure, in the XRD spectra of the 

Fig. 8. Result of TGA of pastes cured for different hydration days.  

Fig. 9. The whole content of CH.  
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hydrated calcium silicate gel, there are no diffraction bonds, and XRD 
spectra cannot reveal the amorphous SiO2 content of Pumice either. 
Crystalline phases in the hydration products of R, 10P, and 10D pastes 
are mainly CH (portlandite), unhydrated calcium silicate (C3S or C2S), 
and ettringite (AFt). CH, the main hydration product in the three pastes, 
represents the cement hydration degree. Fig. 5 reveals that the charac
teristic peak of CH in R, 10P, and 20P paste samples on the 2nd day has 
almost the same affinity. On the 7th, 28th, and 90th days, however, the 
intensities of CH diffraction bands of 10P and 20P compared with R is 
weaker, so the amount of CH in 10P and 20P is lesser than R. The reason 
for this is that the pumice’s pozzolanic reaction often consumes the 
coarse plate-like CH crystals to form C–S–H gel in cement-based pastes. 
Thus, lower CH concentration improves the mechanical characteristics 
of 10P and 20P [35,36,37]. 

3.6. FT–IR analysis of the cement pastes 

The FT–IR spectra of the pastes on the 2nd, 7th, 28th, and 90th days 
of hydration are given in Fig. 6. 

As most paste hydration products are amorphous C–S–H, FT–IR is a 
frequently utilized tool that enables measuring the hydration products 
and their relative quantities through stimulation of their usual wave 
numbers and transmittance [37]. The predominant mid-FT–IR bands at 
949–960 cm− 1 in hydrated pastes are attributable to antisymmetric Si–O 
stretching vibrations and in-plane Si–O bending vibrations in SiO4 
tetrahedra, which indicate C–S–H formation, respectively. The peak that 
appeared at 1080–1110 cm− 1 can be attributed to Si–O due to the for
mation of ettringite. The C–O stretching at around 1400–1419 cm− 1 and 
a weak shoulder band at 823–867 cm− 1 are associated with antisym
metric stretching and out–of–plane bending modes of CO3

2– ions, which 
is the product resulting from carbonation. Bands at 3379–3394 cm− 1 

and 1640–1652 cm− 1 can be attributed to O–H stretching and molecular 
water, respectively. The wide absorption band at wave number 
2800–3700 cm− 1 depicts the presence of CaCO3, which displays a 
diminishing tendency as hydration progresses. The bands at 3583–3634 
cm− 1 can be attributed O–H, which are associated with the formation of 
CH appears (Fig. 6) [33,37–40]. This result complies with the XRD 
analysis results. 

3.7. Thermal analysis of the cement pastes 

Fig. 7 displays the outcomes of DTA/TGA analysis of the pastes 
during the 2nd, 7th, 28th, and 90th days after hydration. 

Utilization of cement hydrated products such as C–S–H and CH has 
been investigated using DTA/TGA analyses (Fig. 7). Different endo
thermic peaks can be seen in the DTA curves, and a significant weight 
loss may occur in the TG curves. The endothermic peak in the temper
ature range 25–200 ◦C is due to the vaporization of free water and 
dehydration of C–S–H and AFt. The endothermic peak around 
400–500 ◦C is associated with dehydration of CH. Due to the decom
position of CaCO3 from the carbonization of CH while preparing the 
samples, the peak around 700 ◦C’ occurs [41]. In addition, the chemi
cally bound water content, which is the dehydration of cement hydra
tion products, including C–S–H gel, portlandite, and other hydrated 
products, is determined by weight loss between 105 ◦C and 1000 ◦C 
[42,43]. 

Equation (1) can enable computing the overall CH content in pastes 
by using the mass of CH dehydration and CaCO3 decomposition: 

CH(%) = x*
74
18

+ y*
74
44

(1) 

In equation (1), x represents the weight losses due to dehydration of 

Fig. 10. SEM images of R coded pastes.  
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CH, and y represents the breakdown of CaCO3. The molecular weights of 
CH, H2O, and CO2 are 74, 18, and 44, respectively [42,43]. 

The amounts of free water, AFt, and C–S–H on the 2nd, 7th, 28th, and 
90th days calculated by the TGA analysis of the R paste samples are 
13.0–13.4–15.4–14.1%; that in 10P are 12.6–9.4–15.8–13.3%; in 20P 
are 11.4–8.4–15.9–11.3, respectively (Fig. 8a). In Fig. 8 (b, c), weight 
losses resulting from dehydration of CH and disintegration of CaCO3 in 
paste samples on the 2nd, 7th, 28th, and 90th days are given. The 
content of CH on the 2nd, 7th, 28th, and 90th days in R paste samples 
calculated by the equation are 22.1–21.4–20.5–19.3%; that in 10P are 
21.8–20.9–20.4–18.8%, and in 20P are 22.2–21.6–21.2–18.7%, 
respectively (Fig. 9). With the addition of 10% and 20% pumice, the 
content of CH is reduced gradually. The content of chemically bound 
water on the 2nd, 7th, 28th, and 90th days in R paste samples calculated 
by the equation are 17.5–19.1–19.2–23.1%; that in 10P are 
16.6–17.2–19.0–23.1%, and in 20P are 16.2–17.0–18.6–22.1%, 
respectively (Fig. 8). Results indicate that the highest percentages of 
total chemically bound water on the 2nd, 7th, and 28th days are ob
tained for the mixture with R paste. However, on the 90th day of hy
dration, the 10P paste was reached the same percentage of chemically 
bound water as the reference paste. This may indicate that more hy
dration products are formed in the pumice–substituted paste and have a 
more compact structure later age. 

3.8. Microstructure analysis of the cement pastes 

SEM images of R, 10P, and 20P coded pastes hydrated for the 2nd, 
7th, 28th, and 90th days are given in Figs. 10, 11, and 12, respectively. 

According to the early hydration of Portland paste, Fig. 10(a, b) re
veals that the radiating fibers of C–S–H surrounded the clinker grains. 

This fibrillar morphology of C–S–H rich in lime seen in Fig. 8a–b shows a 
comparatively high porosity when compared to pozzolan-added pastes 
with crumpled C–S–H foils. Elongated needle-shaped AFt (ettringite) 
crystals were found in gaps and cracks, while portlandite crystals 
emerged as stacked massive morphology (Fig. 10a). On the 7th day of 
hydration, a reticular network morphology is clear with interaction and 
bridging between grains (Fig. 10b). In the paste, the amorphous gel, 
which suffuses the whole gap among particles, provides the building 
absolute stability, takes on the dominant role on the 28th and 90th days, 
and the classic fusion of layered CH with Type III gel becomes observ
able (Fig. 10c, d) [19,44,45]. 

At early ages, the central structure of PC–pumice mixture is slightly 
crystallized foils of C–S–H phase in a pattern pertaining to C–S–H Type I 
(Fig. 11a, 12a). AFt phase appeared as stubby rods, and thin flakes of 
aluminate hydrates filled the porous areas in the paste (Fig. 11a). 10P 
and 20P coded pastes exhibited a dense structure at 7 hydration days, 
with most of the spaces between pumice and matrix filled with the 
formation of acicular features indicative of Type 1C–S–H (Fig. 11b, 12b). 
From the 7th to the 28th and 90th days, a slight increase in hydration 
products and densification in the C–S–H structure were observed 
(Fig. 11c-d, 12c-d). AFt, igneous crystals were not observed at this hy
dration age. This is due to the conversion of AFt to AFm (mono sulfoa
luminate) after the depletion of sulfate (Fig. 11c-d, 12c-d). Furthermore, 
after the 7th day of hydration, it was observed that all hydration prod
ucts overlap and intertwine, resulting in the emergence of a progres
sively higher-strength, dense structure (Fig. 11c-d, 12c-d). When the 
microstructure results of the pumice-replaced pastes are evaluated, it 
can be expected that there is a good agreement between the pore 
structure of the hardened cementitious pastes and the mechanical 
properties of mortars [19,44,45]. 

Fig. 11. SEM images of 10P coded pastes.  
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3.9. Compressive strength 

Compressive strength tests were performed on the mortar specimens 
in accordance with TS–EN 196–1 [26]. The 2nd, 7th, 28th, and 90th 

days compressive strength experiments results of mortar specimens were 
given in Fig. 13. 

The compressive strength of the mortar samples depends on the type 
of hydration time, replacement rate, particle size, and specific surface 
areas. The compressive strength of the produced mortar specimens 
reduced by 18.5% after the 2nd day; 15.1% after the 7th day; 9.2% after 
the 28th day; and 1.4% after the 90th day, in comparison to the mortar 
samples PC produced. After adding 20% pumice to PC, the compressive 
strength of the produced mortar specimens diminished by 33.7% after 
the 2nd day; 26.9% after the 7th day; 17.8% after the 28th day; and 
4.5% after the 90th day, in comparison to the mortar samples PC pro
duced. The data of the conducted test revealed that the compressive 
strength obtained for each pumice replacement rate is lower than the 
value obtained for PC mortar. However, a constant and rapid increase 
can be observed in the compressive strength of mortars containing 
pumice, notably in the following ages. The pumice consumes more CH to 
form C–S–H gel at a later age (Fig. 9), resulting in a microstructure that is 
denser in comparison to Portland paste (Figs. 10-12). Furthermore, the 
chemically bound water content and its compressive strength on the 
90th day are the same as those in Portland paste and mortar. Further
more, the values of compressive strength on the 28th day for all mortar 
samples with 10% and 20% pumice were found to be higher than the 
minimum value of 42.5 MPa, which can help save up to 20% on Portland 

Fig. 12. SEM images of 20P coded pastes.  

Fig. 13. Compressive strength of mortars.  
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cement (Fig. 13). 

4. Conclusıons 

In this study, XRD, SEM, FT–IR, and DTA/TGA methods were 
employed to examine the hydration mechanisms and mechanical 
properties of pumice substituted cementitious binder on the 2nd, 7th, 
28th, and 90th days. According to the findings obtained in this study, the 
following conclusions can be reached:  

• Pumice–added pastes require a litle more mixing water than pure 
paste.  

• The volume expansion values of each paste emerged to be less than 
10 mm, indicating that the expansions were less than the maximum 
value TS EN 196–3 proposed.  

• Regarding the time, it was determined that all pastes are above the 
minimum initial setting time, which is 60 min for 42.5 R type cement 
in the standard.  

• The XRD and TGA results prove that the pumice–containing cement 
reveals a high hydration degree at 90th days and will continue to 
hydrate. Furthermore, on the 90th day, the chemically bound water 
content in 10P paste is the same as that in Portland cement.  

• SEM images indicated that their hydration products were mainly 
AFt, CH, and C–S–H gels and a much denser microstructure of pastes 
with pumice as the hydration age increases. 

• The improvement effect on the compressive strength of pumice ap
pears mainly on the 90th day. While mortars with pumice show a 
continuous increase in compressive strength particularly on the 28th 
and 90th days, they exhibit a significant loss of compressive strength 
on the 2nd and 7th days. The results showed that pumice has lower 
pozzolanic activity at early ages but at later age increases. This is 
leading to an increase in compressive strength. Furthermore, the 
compressive strength values at the end of the 28th day for all mortar 
samples with 10% and 20% pumice were measured above the min
imum value of 42.5 MPa, which will save up to 20% of Portland 
cement. 
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