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Abstract

Calciumsilicate hydrate (CSH) formation is a fundamental process required to enhance the density, strength, and durability
of cementitious materials. However, there is a gap in the research on the structural, physical, and chemical transformations
of CSH. The objectives of this study are to develop a predictive model of CSH formation in cementitious materials and
evaluate the effects of gelatin powder (GP), silica fume (MS), ground coffee (SCG), and peanut shell (PS) on CSH
formation. Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray Spectroscopy (EDS) apply to the study of
the composite cementitious materials. A multiple linear regression model is proposed to predict the changes of key
elements, which improved the qualitative and quantitative understanding of the hydration mechanisms. The results show
that GP significantly accelerates CSH formation by increasing the calcium and oxygen contents, while MS enhances
pozzolanic activity by increasing the availability of silicon, resulting in structural densification. SCG contributes to the
increase of carbon and oxygen by acting as a filler, while PS has minimal effect on hydration or crystallization. A regression
model relating cement mix design proportions and CSH shows strong correlations between admixtures and chemical
changes, particularly for calcium (R?=0.988) and silica (R2=0.985). To fill the existing research gaps, this study goes beyond
previous studies, which primarily focused on individual aspects of CSH formation without considering the convergence of
structural and chemical analysis.
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1. Introduction

Calcium silicate hydrate (CSH) is formed by the reaction of C3S or C2S with water. The most visible CSH is the
crystalline material on the cement matrix. Even using X-ray diffraction, CSH cannot be detected. The composition of
CSH stoichiometrically contains approximately as much SiO, as CaO plus some water [1].
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Microsilica (MS) and silica fume (SF) cause two effects when mixed with the cement matrix. The first is a chemical
effect resulting from the formation of C-S-H gel when silica is added to the pozzolanic reaction of cement with calcium
hydroxide (CH). Second, MS or SF can fill the spaces between cement and aggregates to form a composite material. In
addition, hydrated cement paste increases the compressive strength of the cement matrix [2, 3]. According to the
researchers, normal hydration of cement can form CH and C-S-H, and CH decreases the strength of cement and concrete
matrix, while C-S-H can increase the strength of cement by mixing Nano-SiO, with CH. From another point of view,
when C-S-H is formed in concrete and cement matrix, the aggregate-cement matrix is also strengthened, and this
improves the compressive and flexural strength [4-7]. Some experiments, such as energy dispersive spectroscopy (EDS)
and scanning electron microscopy (SEM), can partially clarify the effect of MS or SF on the formation of CSH. X-ray
diffraction (XRD) and test results show that when SF or MS is mixed with concrete, the amount of un-hydrated cement
phase decreases with the increase in MS or SF content. Moreover, when MS or SF is added to cement, the formation
effect decreases faster than in normal media. The cement paste containing 10 wt.% silica produced 66% CSH in 8 hours
and 25% more CSH in 24 hours, while CH decreased over 32% in 24 hours [8—14]. The chemical component of cement
mainly comprises calcium silicate phases (i.e. C3S and C,S) and calcium aluminate phases (i.e. C3A and C,AF), and in
the process of hydration of tricalcium and dicalcium silicate phases (C5S and C,S respectively) from calcium phases
(C5S and C,S) calcium hydroxide (CSH) and calcium hydroxide (CH) are obtained [15].

According to several studies, there are three stages of the CSH process as the cause of the CSH formation when the
additive is mixed with cement and composite materials. In the first phase, CSH presence is formed by a weak dissolution
and a metastable permeation layer. The formation of etch pits has started at this stage, which is related to the level of
regular and deep erosive alite. In the second phase, the transfer from separation acceleration increases, according to the
second phase, the reason for the decrease and increase of the acceleration of CSH and forming needles in the SEM
images of "ettringites” and relationship between additive materials and formation CSH is discussed. Third phase is
related to the filling pore and voids. The most important index in the third phase is fill voids via additive in composite
materials [16]. An example shows that the water-cement ratio can change the pore solution of hydrating CsS in the first
phase of CSH. According to this study, when the water-cement ratio increased from 0.4 to 0.75 metastable CSH and
CI/S and changed from 1.23 or 1.44 [17]. Moreover, several studies show that a reaction occurs when water comes into
contact with cement hydrate in the first phase. In this way, hydrated layers are also formed, but hydrated layers are not
visible to experimental tools and methods. It seems unlikely that the SEM results show that the crystallographic
orientations exposed to CSH and C5S are different [18-20]. The leading concept in the second phase is Nucleation and
growth with impingement. According to Boundary Nucleation and Growth (BNG), hydrate hydrates form of cement
grains' surfaces rather than uniformly in space. Avrami [21] described how the interaction between CSH hydrates from
adjacent grains leads to a shift from acceleration to deceleration [22]. In general, according to the second phase of
common minerals such as calcium carbonate, calcium sulfate, iron oxides, silica and alumina, the percentage has
changed to follow the non-classical nucleation theory, so the nucleation theory is a valid theory considering some studies
[15, 23, 24]. In addition, more evidence shows that the importance of the lack of water-filled pores is more important
than the limiting critical size, the crystal growth and the depth of the void sizes that are directly related to the crystal
growth. The results show that the small pores have a better effect on the formation of CSH crystals [25, 26].

Several studies were devoted to pozzolan additives to cement and concrete due to increase the CSH process and
decrease the CH process. For example, Zhang et al. [27] found that when Carbon Nano Sheets (CNS), fly ash and SF
were added to concrete, the micro cracks closed, CNS caused more CSH to be produced and affected the denser area of
the Interfacial Transition Zone (ITZ). Gonzalez-Coneo et al. [28] investigated Raman and XRD analysis when SF was
mixed with concrete. They found that the addition of SF to concrete can develop the CSH and hydration process faster
than the normal situation. In addition, when SF is added to cement, the mechanical properties are increased and the
water absorption is reduced. Al-kroom et al. [29] investigated on Dealuminated Kaolin (DK) as Alkali-Activated Slag
(AAS) cement in a new method after activation called (FDK). They found that adding 10% FDK to concrete can fill the
concrete microstructure with voids and also form CSH gel faster. In another example, ljaz et al. [30] examined adding
metakaolin (MK) and calcined clay (CC) to cement. They understood that when CC and MK added to cement, CSH
process was significantly increased. Not only researchers added Micro Silica (MS) due to the formation of CSH, they
added MS, because of improving strengths of concrete and reinforced concrete. For example, Chiadighikaobi et al. [31]
reinforced High-Performance Concrete (HPC) by adding 3D printing trusses. In this way, HPC mixed with Silica to
improved compressive and flexural strengths. In another example, Hematibahar et al. [32] compare results of reinforced
concrete with 3D printing trusses and hyperboloid shell structures. In general, the additive materials application can not
only format CSH but also improve the strength of concrete [33, 34].

Several studies investigated the indirect effects of the various additives on the cement matrix to form CSH. For
example, the study by Shu & Zhang [35] demonstrated that incorporating 0.5% basalt fiber into concrete sped up the
CSH process, as evidenced by SEM images showing distinct CSH crystals. In this case, basalt fibers could improve the
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flexural strength and tensile strength because of the increase in the speed of CSH formation process [36]. Extensive
research on the CSH process has been conducted within the cement and concrete industry [37-41]. Recent studies on the
formation of calcium silicate hydrate by adding various additives (gypsum, calcium hydroxide, carbon nanofiber, fine
recycled aggregate, and various nano-additives) and modeling the processes accompanying such formations have deeply
addressed the microstructural changes of the studied materials, including SEM and EDS analyses. However, they
primarily lacked a largely quantitative prediction of the elementary changes based on mixture proportions. In addition,
there are few studies on the types of additives in cement and concrete [42, 43] and their influence on the CSH formation
that should be detected by laboratory instruments.

The objective of this study is to investigate the effect of additives such as gelatin powder (GP), coffee grounds
(SCG), peanut shells (PS) and silica fume (MS) in composite cementitious materials on the formation of calcium silicate
hydrate (CSH) structure and to construct regression models of chemical elements such as calcium (Ca), silicon (Si),
oxygen (O) and carbon (C) depending on the mixture composition. SEM and EDS are applied to study the composite
cementitious materials. In fact, this study attempts to understand the cause of calcium silicate hydrate (CSH) by using
SEM and EDS analyzes.

To fill the existing research gaps, this study goes beyond previous studies, which primarily focused on individual
aspects of CSH formation without considering the convergence of structural and chemical analysis. Although many
studies have examined the effects of additives on cementitious materials, they often lack a comprehensive examination
of both CSH crystallization patterns (via SEM) and chemical composition modifications (via EDS). Furthermore,
previous studies have largely ignored the quantitative prediction of elemental changes based on mixture proportions,
limiting the ability to predict material behavior. By combining structural and chemical data, this study not only confirms
the role of specific additives in accelerating CSH formation, but also identifies the phase-dependent effects of each
material. This integrated approach provides a more complete, accurate, and practical basis for improving the mechanical
and strength properties of cementitious composites, filling a critical research gap left by previous work.

The structure of the article is as follows. Section 2 describes all the materials and methods used in the study, Section
3 presents the results obtained in detail, Section 4 includes a final discussion of the results obtained, Section 5 contains
conclusions on the results obtained in the study, Section 6 includes various declarations, and Section 7 provides
references.

2. Material and Methods

Four different admixtures are used in the study: gelatine powder (GP), coffee grounds (SCG), peanut shells (PS) and
silica fume (MS), moreover samples were cured under laboratory conditions without active control of temperature or
humidity. The experimental process involves mixing these admixtures with the cement matrix and conducting SEM and
EDS tests to observe the structural and chemical changes. For each mix design, SEM and EDS measurements were
performed on three different regions of the sample to account for matrix heterogeneity, and the results were averaged.
The Results section presents the SEM results confirming the crystallization of CSH and the EDS results showing the
changes in the chemical composition. The discussion explains how the different admixtures affect the formation of CSH
and its different stages and their role in changing the properties of cement. Using a regression approach, a predictive
model is developed to accurately estimate changes in chemical composition using R? values. The regression model
framework is adaptable to incorporate hydration time as a dynamic variable for modeling the evolution of CSH over
extended curing periods.

The regression model presented in this study was developed based on the chemical composition and specific
properties of the tested cement samples. Therefore, the high accuracy of the model is mainly guaranteed for ordinary
Portland cements (OPC) and additives used in this study. However, by performing recalibration (i.e., adjusting the
regression coefficients) based on experimental data for other types of cement, such as white cement or pozzolanic
cements, the model can be made applicable to these systems as well. As a result, the model has the potential to be
extended to other types of cement, but requires optimization and revalidation.

Figure 1 shows the process of predicting and modeling the formation of CSH in cementitious materials in a very
step-by-step and systematic structure. It starts with defining the research objective and then selecting additives (such as
gelatin, microsilica, coffee waste, and peanut shells). The next steps include preparing concrete samples, adding
materials to the mixture, and curing the samples. Here, the flowchart is divided into two branches: structural analysis
with scanning electron microscopy (SEM) to observe CSH crystals and chemical analysis with energy dispersive
spectroscopy (EDS) to examine elemental changes. This clever division allows for a simultaneous analysis of the
physical structure and chemical composition of the materials.
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Next, the SEM and EDS results are compared and regression models are built using them. These models are used to
predict chemical changes and then their accuracy is evaluated with the R2 index. The final steps include interpretation
of results, integration of structural and chemical findings, development of optimal formulations, and presentation of

final conclusions.

Figure 2 shows the process of preparing and performing experimental tests on concrete samples step by step and
continuously. In the first stage, the concrete samples are displayed after loading or applying force, which represents the
initial strength or load tests. These samples are then broken into smaller pieces to prepare them for more detailed
analyses. Breaking the samples into smaller pieces allows for increased contact area and accuracy in subsequent tests,
especially SEM and EDS tests.
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Figure 2. Experimental test operation

In the following process, the crushed samples enter the next stage for experimental tests, which is clearly shown in
the image with specialized laboratory equipment.

2.1. Materials

To find the effect of various types of admixtures on CSH, gelatin powder (GP), coffee grounds (SCG), peanut shells
(PS) and silica fume (MS) were used. Table 1 illustrates the mixture composition for each concrete sample.

CO-1 is the control sample when adding GP to concrete. According to Table 1, the control sample with cement is
over 500 kg/m?, fine aggregates are over 600 kg/m?3, coarse aggregates are over 450 kg/m® and super-plasticizer (SP) is
over 10 kg/m?. In addition, gelatin powder (GP) is added to the control sample. The chemical properties of cement are
shown in Table 2. Table 3 illustrates the chemical composition of microsilica by X-ray fluorescence analysis (XRF)
using Philips (Company) PW 2404 (Model).

Table 1. VVarious types of concrete mixtures

samples Ckemerslt Wateg Fine aggreagates Coarse Agggegates, Marble Dsust, Super Plasticiszer GP,3 SCG,3 PS, , MS,3
g/m kg/m kg/m kg/m kg/m (SP), kg/m kg/m kg/m kg/m kg/m
CO-1 500 190 600 450 - 10 - - - -
GP 500 190 600 450 10 70 - - -
CO-2 550 176 - - 1300 275 - - - -
MS 450 148.5 - - 1300 24.75 - - - 100
SCG 450 148.5 - - 1300 29.25 - 40.5 - 100
PS 450 148.5 - - 1300 315 - 40.5 100
CO-3 70 30 1000 - - - - - - -
M.C 70 30 1000 - - . . - - 5

Table 2. XRF results of ordinary Portland cement (OPC) [38]

Oxide, % Relative
Si0, Fe,0; MgO0 SO; ALO; CaO K,O0 LO.1  9ensity
1952 404 436 289 481 6218 06 162 3.14
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Table 3. XRF results of Micro Silica (MS)

Materials  Chemical Composite (%6)

SiO, 91.55
Al,O3 1.024
K,0O 1.73
MgO 1.02
Na,O 0.52
Fe.0s 0.59
CaO 0.45
SO; 0.35
P,0s 0.14
Cl 0.105
MnO 0.074
Zn 0.014
Pb 0.009
Rb 0.005
Sr 0.005
Cu 0.003
Ga 0.002
L.O. 1 2.37

In other samples, CO-2 as another control sample 550 kg/m? cement, 176 kg/m? water, 1300 kg/m® marble dust and
27.5 kg/m3, SP is cement material. In these types of samples, 100 kg/m?3 of MS was added to CO-2 (Figure 3), 40.5
kg/m?® of SCG and PS were added to the cement material.

SEMHV: 1500kV  WD: 6.762 mm MIRAW TESCAN
SEMMAG: 2000 kx  Det: inBeam 2pm ;
View fleld: 10.83 um  Date(m/dry): 03/12/24 /]

SEMHV: 1500 KV  WD:6.761 mm
SEMMAG: 70.00 kx  Det: InBeam 500 l‘

SEM MAG: 10.00 K« Det: inBleam Spm
/] lew fleld: 3.096 jm  Date(middy): 03/12/24

View fleld: 21.67 ym  Date(m/dry): 03/12/24

@) () ©
Figure 3. Micro silica FESEM results; (a) 5 pm, (b) 2 pm (c¢) 500 nm

The last type of concrete sample is Ultra-High-Performance Concrete (UHPC), with and without MS. UHPC-1 has
more than 100 kg/m?, while UHPC-2 is without MS.

2.2. Structural Analysis

The testing method in this paper is divided into two tests, SEM and EDS. According to the SEM experiments, the
formation of crystals is the result of CSH, while the EDS results again show the chemical composition of each spot from
SEM. Finally, these two ways can help us to improve the CSH process, which will be faster if we mix some additive
with concrete or cement materials. The experimental device of SEM is TESCAN, produced by the Czech Republic. The
device model is VEGA3. This model can also investigate the EDS experiments. In this model, the additional vacuum
buffer significantly shortens the running time of the rotary vacuum pump.

2.3. Reliability of Prediction

In this study, R2 is used to evaluate the effectiveness of the regression model in predicting the changes in chemical
composition because of additives in cement materials.

_ S -9t -1
R2_1—m,y—; i=1Yi M)
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Here y; is the actual observed value, y; is the predicted value from the regression model, and y is the average of the
observed values.

To determine the error of the proposed predictive approach, the formula was used;

max|y;—9ilsup @)

Error = —
Visuply1,ynl

Thus, the error was determined in the upper range of y; values.

3. Results
3.1. Composite Cementitious Materials Crystallization Results

Figures 4-a to 4-f shows that the crystal formation occurs rapidly when gelatin powder (GP) is added to concrete.
Some studies prove that CSH crystals and needle crystals can be formed when GP is added to concrete [44]. Moreover,
this acceleration of increase is related to the admixtures, which are related to the formation of CSH in concrete.
According to Figures 4-d, 4-e and 4-f, the maximum crystal formation is shown, according to Scrivener et al. [16],
crystallization occurred in the second phase of the three phases of CSH formation in cementitious materials, and the best
CSH crystallization-related performance is observed at the water/cement ratio of 0.4 to 0.8 [45]. SEM analysis shows
that the initial core of the CSH crystal formation process is close to crystals with sizes between 3 and 6 nm. Therefore,
crystallization is also related to the nucleation and formation of CSH [46]. According to Figure 2-f, the maximum crystal
size is less than 10 pm. A coarse and porous microstructure in the GP-modified cement matrix indicates that hydration
reactions are still occurring. Dense crystalline structures resembling calcium silicate hydrate (CSH) formations are
observed. A few acicular and cluster-like crystalline formations indicate the presence of secondary hydration phases,
possibly ettringite or other hydration by-products. Small voids and cracks are present, which may be the result of
shrinkage effects caused by the inclusion of gelatin powder. Needle formations indicate an increase in CSH and confirm
that hydration processes are actively occurring. The presence of dense crystalline formations indicates an increase in the
mechanical cohesion of the hydration products. Improved bonding with aggregates, a stronger interphase transition zone
(ITZ) between the aggregates and the cement paste, shows an improvement in mechanical properties (Figures 4-a to 4-

f).

SEM MAG: 500 X WD:15.71 mm VEGAN TESCAN
SEM HV: 20.00 k¥ Det: SE + BSE 7
Date(m/idfy): 03/29/23 Vac: HIVac RAZI u
(a
A~

SEM MAG: 1.00 ko WD 1103 mm T VEGAN TESTAN
SEM HY, 20,00 kY Det: SE + BSE 20pm r
Jatedmidh) 032923 Vac: Hivac RAZI“

SEM MAG: 500 x WD: 14.30 mm
SEM HV: 20.00 k¥ Det: SE + BSE
Date(midly): 03/29/23 Vac: HiVac RAZI

© (d)

SEM MAG: 2.00 WO 11.00 mm L] VEGAN TESCAN
SEM HY: 20.00 kY Det: 5E + BSE 10 pm H
Date(midiy): 03/29/23 Vac: Hivac FEAZIy
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Figure 4. Concrete with Gelatin Powder as additive; (a) CO-1 50 um, (b) CO-1 20 pm, (c) CO-1 10 um, (d) GP 50 pm, ()
GP 20 um, (f) GP 10 pm

Visible cracks and micro voids indicate possible effects of early shrinkage or reduced water retention, which may be
related to the organic nature of the gelatin powder. CSH formation is a key hydration product in cementitious materials,
which significantly affects the development of strength and durability. The microstructure photographs in Figure 2 show
the formation of colloidal gels, which are visible as amorphous clusters in SEM, and the initial nucleation of CSH
crystals on the surface of the cement grains as well as the interaction of gelatin powder and hydration compounds. The
growth of dense interconnected crystalline structures improves the strength of the material and strengthens the bonds
between cement pastes and aggregates. A decrease in the number of voids because of continuous hydration is noticeable.
The formation of denser CSH layers increasing the compressive strength and crystallization helps to improve the load-
bearing capacity. Including gelatin powder (GP) in the cement matrix affects the microstructural characteristics due to
the increased formation of CSH. SEM images confirm the denser growth of needle-like crystals, indicating rapid
hydration.

In the CO-1 sample, a highly porous structure with larger pores due to slower hydration and incomplete gel formation
and less C-S-H crystallization with fewer acicular formations was observed. A weaker bond between the cement pastes
and aggregates was observed, resulting in more crack formation. A rough textured surface with unreacted cement grains
was observed, indicating slower hydration reactions, while a dense, well-structured surface morphology with more C-
S-H formations was characteristic of the modified GP sample. The structure showed smaller and more uniformly
distributed pores, indicating higher hydration efficiency and more acicular structures of C-S-H, which enhanced
crystallization. The gel-like hydration products visible in the matrix indicated better water retention (Table 4).

Table 4. SEM Comparison between CO-1 and GP

Feature CO-1 GP
CSH Formation Less dense, slower growth Faster growth, more CSH crystals
Crystal Shape Fewer needle-like formations More structured CSH needles and gel
Pore Structure Larger voids, more microcracks Denser matrix, reduced porosity

Hydration Efficiency ~ Slower reaction, incomplete hydration ~ Accelerated hydration with more hydration products

Bonding Strength Weak interfacial zones Improved cohesion between paste and aggregates

Kaya [47] and Suksiripattanapong et al. [48] found that the addition of SCG to composite cementitious materials
caused the accelerated formation of CSH crystals. According to their results, this process would occur in the first and
second phase of the CSH formation process. In another example, when Ballesteros et al. [49] added SCG to composite
cementitious materials, they found that CSH crystals increased rapidly.

When SCG and PS were added to the composite cementitious materials, the crystals with the size less than 10 pm
were formed. The crystal size of CSH is related to the depth and size of the voids in the cement matrix. While the pores
of the cement matrix are small, more specific crystals are formed, and while the pores of the cement matrix are larger,
the formed crystals do not affect the mechanical properties [28] (Figure 5). The optimum growth size of CSH solution
in the pores is about 10 nm, while the maximum size of CSH is less than 10 um. This occurs when the voids are filled
with water and partially saturated with cement. Therefore, the crystal structure is almost anisotropic [50, 51]. Figure 4
shows a similar situation. In Figure 4, when SCG and PS are added to the composite cementitious materials, the CSH
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crystals have a similar situation. At low magnification (1300x), the overall surface appears uneven and heterogeneous,
indicating a mixture of particles of different sizes. There are voids and micro cracks which may affect the mechanical
strength and durability. Possible particles of anhydrated cement and embedded marble dust are visible, indicating an
incomplete reaction in some areas.

At higher magnifications (1500x and 2500x), the hydrated products (CSH gel and Ca(OH),) are more obvious. Small
acicular or fibrous structures may indicate the formation of ettringite, which is common in the early stage of hydration
but may promote shrinkage cracking if present in excess. Marble dust particles appear to be embedded in the cement
matrix and act as fillers. Some smooth areas indicate areas where the superplasticizer may be affecting the uniformity
of hydration. SEM shows noticeable porosity, which affects the mechanical strength and permeability. Some
interconnected pores indicate the risk of water penetration, which may affect the long-term strength. Cracks may be due
to shrinkage due to hydration reactions. Insufficient adhesion is observed between the cement and marble dust. CaCO3
(calcium carbonate) from marble dust appears in clusters, which probably reduces shrinkage, but also creates some
unconnected areas. It acts as a filler, cleaning the pore structure, but excessive amounts can weaken the cement bond.
The distribution of hydration products changes, which may be due to the dispersion of water by the super-plasticizer.
This may explain some smoother areas in the microstructure, indicating better workability, but probably delays hydration
in some areas.

The images show a dense and compact structure, indicating improved particle packing and a more refined matrix
compared to CO-2. The presence of silica fume plays a critical role in reducing porosity and enhancing the formation of
hydration products, particularly calcium silicate hydrate (CSH), which is responsible for the strength and durability of
the material. At 1300x magnification, the surface appears significantly more cohesive, with fewer visible voids and
cracks. The granular texture suggests that the hydration process is well advanced, resulting in the formation of tightly
bonded particles. In contrast to CO-2, where unreacted cement particles and larger pores were observed, the MS sample
exhibits a more continuous microstructure. This is likely due to the pozzolanic reaction of silica fume, which refines the
pore structure by consuming calcium hydroxide and forming additional CSH gel. At 2500x magnification, the
morphology reveals a more complex network of hydration products with fine, acicular and gel-like formations
suggesting the presence of secondary CSH phases and possible ettringite formations. The fine particle distribution
indicates improved dispersion of the silica fume, which increases the packing density and mechanical interlocking within
the cement matrix.

The reduction in porosity at this scale suggests lower permeability, which is beneficial for long-term strength and
resistance to aggressive environmental conditions. At 5000x magnification, the microstructure becomes even more
detailed, revealing ultrafine hydration products with closely packed gel phases. Smooth areas visible in some regions
indicate the influence of the superplasticizer, which improves workability by improving particle dispersion and reducing
water requirements. Some nanoscale voids and small agglomerations of silica particles can be observed, but their
minimal presence suggests a well-controlled reaction process. The overall microstructure at this magnification level
confirms the increased density and homogeneity of the MS specimen compared to CO-2. The combination of cement,
marble dust and silica fume results in a finer and less porous structure, which contributes to improved mechanical
properties. The addition of silica fume effectively refines the hydration process by filling the voids and strengthening
the overall matrix. Compared to CO-2, the presence of a denser network of CSH gel and pozzolanic reaction products
suggests that the MS specimen will exhibit superior compressive strength, reduced permeability and increased durability.
The interaction of the superplasticizer with the hydration products provides a homogeneous microstructure that
minimizes weak zones and potential defects (Figures 5-d, 5-e and 5-f).
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Figure 5. CO-2, M.S, SCG and PS samples SEM; (a) CO-2 50 pm, (b) CO-2 40 um, (c) CO-2 20 um, (d) MS 50 pm, (e) MS
40 pm, (f) MS 20 pm, (g) SCG 50 pm, (h) SCG 40 pm, (i) SCG 20 pm, (j) PS 50 pm, (k) PS 40 pm, (1) PS 20 pm

Scanning electron microscope (SEM) analysis of the SCG sample, composed of cement, water, marble dust,
superplasticizer (SP), coffee grounds (SCG) and silica fume, provides significant information on its microstructural
characteristics. The surface morphology reveals a highly porous and loosely packed structure, distinguishing it from the
CO-2 and MS samples. The presence of coffee grounds (SCG) appears to influence the microstructure, resulting in large
surface roughness and particle agglomeration. In contrast to the more compact and well-formed microstructures
observed in MS, the SCG sample exhibits a fragmented and coarse texture, which may affect both the mechanical
performance and the durability. At 1300x magnification, the microstructure consists of large, rough clusters with visible
gaps and weak bonding between the hydration products. The presence of SCG particles introduces organic matter into
the cement matrix which may interfere with the hydration process, resulting in an increase in overall porosity. Compared
to the denser MS sample, where the presence of microsilica improved the packing density, the SCG sample appears to
have more voids and microcracks, suggesting reduced cohesion and weaker bonding between particles.

The hydration process appears to be less uniform, probably due to the influence of organic residues from the SCG
which may have created localized areas of poor cement hydration. At 2500x magnification, the irregularity of the
structure becomes even more apparent. The hydration products, including calcium silicate hydrate (CSH) and calcium
hydroxide (Ca(OH),), appear dispersed, with loosely packed crystalline and gel-like formations. The pozzolanic
reaction from the silica fume is visible in some areas, promoting additional CSH gel formation, but its effect does not
seem to fully compensate for the degradation caused by the used coffee grounds. Compared to CO-2 and MS, where
hydration was more developed, SCG shows a less well-defined distribution of hydration phases, promoting a more open
and less compact structure. At 5000x magnification, the microstructure is dominated by small, loosely attached particles
with less visible crystal growth compared to MS. The surface appears rough and fissured, indicating higher internal
stress and greater potential for microcrack formation. The interaction of the superplasticizer (SP) with the hydration
products appears inconsistent, as some areas exhibit smoother, well-hydrated surfaces, while others remain granular and
underdeveloped. This variation suggests incomplete hydration due to the organic content of the SCG which may have
absorbed water, limiting its availability for cement hydration. Additionally, some small voids and entrapped air pockets
are visible, likely introduced by the spent coffee ground particles, which may have affected workability and compaction
during specimen preparation. From this SEM analysis, it is evident that the SCG specimen has significantly higher
porosity compared to the CO2 and MS, which is a result of the influence of the spent coffee grounds on the hydration
kinetics and microstructure formation. The addition of microsilica does aid compaction in some areas, but the disruptive
effect of the organic SCG particles results in an overall weakening of the higher permeability cement matrix.

Scanning electron microscope (SEM) analysis of PS sample, composed of peanut shell, cement, water, marble dust,
superplasticizer (SP) and silica fume, provides critical insights into its microstructural characteristics and the influence
of its organic component on hydration and matrix formation. The overall microstructure appears highly porous and
irregular, indicating that the addition of peanut shell significantly disrupts the cement matrix, resulting in weaker particle
bonding and increased voids. Compared with CO-2, MS and SCG samples, PS sample exhibits a more open and loosely
compacted structure, which may affect both mechanical performance and durability. At 1300x magnification, the
microstructure is fragmented, with visible voids and weak interparticle bonding. The organic nature of the peanut shell
particles appears to have affected the hydration process by introducing gaps between the cement phases and reducing
the overall cohesion of the matrix. The presence of large aggregates with visible cracks and air pockets suggests that
water uptake by the peanut shell fibers may have affected the hydration kinetics, resulting in uneven phase development
and a weaker cement bond.
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In contrast to MS, where microsilica improved compaction, the PS sample appears to have a more disrupted matrix
due to the interference of organic components. At 2500x magnification, the hydration products, primarily calcium
silicate hydrate (CSH) and calcium hydroxide (CaOH,), appear to be less uniformly distributed, with areas of poor
cohesion and ruptures. The microstructure texture remains coarse and disordered, with poorly integrated hydration
phases and weak interfacial bonding between the peanut shell fibers and the cement matrix. Microsilica particles do
promote hydration enhancement in some areas, but the overall structure remains less dense compared to MS and SCG
specimens. Superplasticizer (SP) can improve the initial workability, but its effect on hydration uniformity seems
inconsistent due to the influence of the organic component. At 5000x magnification, specimen PS exhibits fine, loosely
attached hydration products with numerous visible voids and porous structures. Unlike MS, where microsilica produced
a well-packed microstructure, specimen PS exhibits poorly packed hydration products, resulting in a higher likelihood
of microcracks and long-term structural weakness. The organic nature of the peanut shell particles appears to prevent
complete bonding between the cement matrix and the hydration phases, creating weak zones that may adversely affect
the mechanical properties. From this SEM analysis, it is evident that the addition of peanut shells significantly increases
the porosity and disrupts the homogeneity of the hydration phases, resulting in a more open and weaker structure
compared to the MS and SCG samples. While the silica fume promotes densification in localized areas, the organic
nature of the polystyrene fibers creates weak interfacial zones that adversely affect the compressive strength and
durability.

Sometimes the crystals are deformed into “needles” due to the curing conditions, in which case the needles grow on
the surface around the peak heat release time [26]. Figure 5 shows that when MS was added to the composite
cementitious materials, the needle state occurred. Some studies show that the acceleration period, curing periods and
gradual nucleation are related to the growth and length of the needle. They realize that the growth of the deceleration
period of CSH is related to the growth and length of the needle [52]. According to Figure 5-f, the maximum size of the
needles is more than 2.5 um, which shows that the size of the needles is related to the CSH crystals and their formation.
Although Figure 6-c shows fewer needles than Figure 6-f, but when MS is added to sand cement, the volumes of the
needles increase.
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Figure 6. Sand Cement with Micro Silica; (a) CO-3 50 pm, (b) CO-3 20 pm, (¢) CO-3 2 pm, (d) MC 50 um, (¢) M.C 20 pm,

(f) M.C 2 pm

Scanning electron microscope (SEM) analysis of CO-3 sample, which is composed of cement, water and cement
sand (maximum 1000 kg/m3), provides significant information about its microstructural characteristics, hydration
behavior and porosity. The microstructure has a more compact and homogeneous morphology compared to CO-2, MS
and SCG, indicating better particle packing and hydration efficiency due to the presence of cement sand as a filler. At
1000x magnification, the surface appears relatively dense and continuous, with fewer visible voids and cracks compared
to organically modified samples such as SCG and PS. The presence of well-integrated fine particles indicates a strong
cement matrix, indicating efficient progress of the hydration process. Compared to the previous organically-added
specimens, CO-3 exhibits a more cohesive structure, likely due to the fine-grained nature of the cement sand, which
helps to reduce large air voids. At 2000x magnification, the surface texture reveals a fine network of hydration products
including calcium silicate hydrate (CSH) and calcium hydroxide (Ca(OH),).

The CSH gel appears well distributed, forming a continuous binder phase that enhances strength development. The
hydration phases are more compact, with less pronounced cracks and fewer interfacial gaps, suggesting that the cement
sand helps to reduce internal stresses and shrinkage cracks. The uniform hydration of the cement particles further
supports the improved mechanical stability of the specimen. At 5000x magnification, the microstructure shows well-
developed hydrate gel formations, indicating advanced hydration reactions and strong bonding between the sand
particles and the cement matrix. The porosity is significantly lower compared to SCG and PS, which had organic
inclusions disrupting the microstructure. In CO-3, the cement sand particles appear embedded in the matrix, providing
mechanical reinforcement and promoting compaction. Fine sand particles probably serve as nucleation sites for CSH
formation, leading to a more compact structure. Several isolated voids and small microcracks are still visible, but their
distribution was significantly reduced compared to the other samples, suggesting higher compressive strength and lower
permeability. From this SEM analysis, it is evident that CO-3 has a well-compacted and purified microstructure with
lower porosity and better integration of the hydration phase compared to samples containing organic materials such as
SCG or PS.

Scanning electron microscope (SEM) analysis of MC sample, which is composed of cement, water, sand (maximum
1000 kg/m?3), silica fume (5 kg/m?3) and cement sand, provides a detailed evaluation of its microstructural characteristics,
hydration and compaction behavior. The addition of silica fume plays an important role in increasing the compactness
of the cement matrix, improving the particle distribution and reducing the porosity compared to other samples, such as
CO-3 and SCG. At 1000x magnification, the surface appears to be closely packed with small hydration products
distributed throughout the matrix, indicating efficient cement hydration and pozzolanic activity. The well-bonded
structure suggests that silica fume has effectively filled the voids between cement particles, reducing the porosity and
improving the durability. Compared to CO-3, which had a more granular and sandy texture, sample MC appears more
refined, with fewer visible cracks and air voids. At 2000x magnification, the hydration products, primarily calcium
silicate hydrate (CSH) and ettringite, form a tightly interwoven network that enhances mechanical strength and
volumetric stability.

The CSH gel appears thinner and more uniformly distributed, supporting the hypothesis that sample MC has
undergone an advanced hydration reaction due to the presence of microsilica. Acicular formations of ettringite are
evident, suggesting an early stage of hydration that contributes to the initial development of strength and fracture
toughness. The smaller particle size and increased surface area of the silica fume appear to have accelerated the
pozzolanic reaction by consuming calcium hydroxide (Ca(OH)2) and forming additional C-S-H which further
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strengthens the matrix. At 20,000x magnification, the microstructure shows a highly refined and well-compacted
hydration phase with distinct ettringite crystalline formations and a dense C-S-H gel network. The presence of fine silica
fume particles in the matrix is evident, further confirming their role in enhancing the microstructure. In contrast to the
coarse and porous textures observed in SCG and PS specimens, MC specimen exhibits a smooth, highly compacted and
well-connected microstructure, indicating reduced permeability and increased compressive strength. The ettringite
needle-like structures, along with the uniform distribution of CSH, suggest that the hydration process was efficient,
resulting in the formation of a strong and durable cement matrix. From this SEM analysis, it is evident that MC has a
highly compact and fine microstructure with superior hydration performance compared to CO-3 and SCG samples. The
presence of microsilica significantly increased the compactness, reduced the porosity and improved the homogeneity of
the hydration products.

3.2. Results of Chemical Composition of Composite Cement Materials

With the detection of CSH sign in concrete and the results of EDS, the first concrete with the addition of gelatin
powder (GP) was investigated. GP can change the chemical properties inside the concrete due to the formatted crystals
of CSH, this process is related to the second phase of the formation process of CSH [53]. Wang et al. [54] realized that
in the formation process of CSH, Ca(OH),, CaCOs, CsS and C,S are the causes of crystallized composite cement
materials. It is obvious that when the formation of CSH is accelerated, the composite cement materials change.
According to the results of Wang et al. [54], the chemical elements of calcium and oxygen increase. The results of EDS
illustrate that when GP is mixed with concrete, the chemical elements of carbon, calcium and oxygen increase. Figure
7 shows the increase of the chemical elements of carbon, calcium and oxygen, and Table 5 shows the change of the
chemical percentages of each element. Since, the formation of CSH is related to the curing time, the nanoscale of CSH
is formed within 7 days, the maximum acceleration of CSH process occurs within 7 days of curing period, in addition,
after 28 days of curing period, the acceleration of CSH is reduced, however, the maximum effect of increasing oxygen
and calcium in EDS analysis is improved by Ca(OH)s..

Therefore, the maximum increase of oxygen and calcium in concrete after adding GP to concrete occurs between 7
and 28 days of curing period [55]. With the addition of GP to concrete, the weight percentage of calcium increases from
1.48% to 31.39%, and the weight percentage of oxygen improves from 45.96% to 52.89%. Overall, the addition of GP
to concrete increases the chemical elements related to the formation of CSH, and GP is effective in the formation of
CSH. Ca and O are the dominant elements, confirming the active hydration reactions. The high presence of Ca suggests
the accelerated crystallization of CSH, which leads to early strength development. The high oxygen content confirms
the interaction of hydration water forming CSH and Ca(OH),. Silicon is the key element in the CSH gel and is critical
for cement strength. The presence of 7.45% Si suggests good pozzolanic reactivity, potentially due to the interaction of
microsilica or GP. Si0, increases the density of the matrix, reducing porosity and improving long-term strength. The
increase in carbon (2.56%) confirms the effect of gelatin powder (GP). GP, an organic additive, affects the retention of
hydration water and shrinkage. Higher presence of C can reduce early shrinkage but can also delay setting time.
Potassium (K, 0.61%): probably from superplasticizers, improves cement dispersion. Magnesium (Mg, 2.50%):
contributes to sulfate resistance, improves durability. Aluminium (Al, 1.48%): plays a role in ettringite formation,
contributing to initial set and early strength. 12% Fe is present mainly as coarse aggregates or cement impurities with
minimal effect on hydration, but may affect concrete color and durability. Interpretation of EDS data for cement
hydration phases based on EDS composition (Figure 7, Table 5). When GP is added to concrete, the formation of CSH
is accelerated due to the increase in calcium, oxygen and carbon.
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Figure 7. EDS results of concrete with additional Gelatin Powder (GP); (a) CO-1, (b) GP
Table 5. EDS results of concrete with additional GP
Sample/ Elements Carbon Oxygen Sodium Aluminum  Silicon Potassium Calcium Iron Magnesium
CO-1 (norm wit%) 1.11 45,96 2.99 11.01 31.43 5.10 1.48 0.93
GP (norm wt%) 2.56 52.89 - 1.48 7.45 0.61 31.39 1.12 2.50

With the addition of MS to the composite cementitious materials, the percentage of silica increased significantly
from 1.79% to 6.12% according to Table 5, moreover, Figures 8-a and 8-b also confirm this increase. Berenguer et al.
[56] added microsilica to concrete, they realized through EDS analysis that with the addition of microsilica to concrete,
the percentage of silica increased significantly. Some studies show that 50% to 60% of the CSH formation phase in
cement is due to the reaction of silicon, so the addition of microsilica and microsilica can accelerate the formation of
CSH in composite cementitious materials [57]. Therefore, with the addition of microsilica to the control sample, the
percentage of silica was improved (Table 5). According to Table 6 and Figure 8-c, the percentage of carbon and oxygen
increased while the percentage of calcium and silicon decreased when SCG was added to the composite cementitious
materials. Some studies show that SCG has more than 66.85% and 33.15% of the percentage of carbon and oxygen,
respectively [58]. In fact, the increase in carbon and oxygen percentage in Table 6 due to the addition of SCG is due to
the improvement of carbon and oxygen by the addition of SCG.
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Figure 8. EDS results of: (a) CO-2, (b) M.S, (c) SCG, (d) PS
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Table 6. EDS results of cement materials with additional Micro Silica, SCG and PS

Sample/ Elements  Carbon  Oxygen  Sodium  Aluminum  Silicon  Potassium  Calcium Iron  Magnesium  Molybdenum

CO-2 (norm wt %) 10.80 48.92 - 0.39 1.79 0.64 17.35 0.66 141

M.S (norm wt %) 7.45 48.75 - 0.59 6.12 1.09 32.75 0.27 0.95 1.58

SCG (norm wt %) 13 51.60 - 0.40 5.05 091 27.40 0.20 0.70 0.74
PS (norm wt %) 9.33 49.74 0.07 0.61 6.53 1.04 29.76 0.54 0.96 1.42

Therefore, the role of SCG in the formation of CSH is in the third stage, and its greatest effect is to fill the voids
[59]. The addition of PS instead of adding MS did not affect the percentage of silicon and calcium. According to Table
5 and Figure 8-d, when PS was added to the composite cementitious materials, the percentage of calcium and silicon
did not change much instead of adding MS. However, PS did not affect the CSH formation process, biochar, a material
derived from PS, can accelerate the formation of CSH in the first phase [60]. In fact, the produced active carbon from
PS in biochar can accelerate the formation process of CSH [61].

Energy dispersive spectroscopy (EDS) analysis of the CO2 sample provides important information about its
elemental composition, which directly affects its microstructural behavior and performance. The most dominant element
detected is calcium (Ca), which is expected given the presence of cement and marble dust. The high intensity of the
calcium peak confirms the significant presence of calcium-based compounds, mainly derived from calcium silicate
hydrates (CSH), calcium hydroxide (Ca(OH),) and calcium carbonate (CaC05) from marble dust. This indicates that
the hydration reaction has occurred to a significant extent, although the presence of unreacted particles suggests that a
portion of the cement material remains unhydrated.

Oxygen (O) and carbon (C) are also present in significant quantities. Oxygen is essential for the hydration of the
cement and is associated with the formation of C-S-H, which provides the mechanical strength of the material. Carbon,
on the other hand, is probably derived from calcium carbonate in the marble dust, which acts as a filler. The presence of
carbonates confirms that the marble dust is not completely dissolved in the cement matrix, which means that although
it contributes to compaction, it can also act as an inert material in some regions. Silicon (Si) and aluminum (Al) are
found in moderate quantities, indicating the existence of silicate phases, in particular C-S-H, which is responsible for
the binding properties of the cement system. The presence of aluminum may be associated with aluminate phases, which
can affect the early stage of hydration and setting time. The balance between these elements is critical, as silicates
contribute to long-term strength development, while aluminates are often associated with early-stage reactions.

Magnesium (Mg), potassium (K) and iron (Fe) appear as minor elements. Magnesium may originate from cement
impurities or additional materials, and its presence in small quantities does not significantly affect the mechanical
properties. Potassium is commonly found in the clinker phases of cement and may influence alkali-silica reactions,
although in this case, its low concentration suggests that it is not a serious problem. Iron, found in trace amounts, may
be attributed to impurities or minor additions to the cement, contributing to coloration or minor hydration reactions.

From this EDS analysis, it can be concluded that the CO-2 sample is predominantly composed of calcium-rich
phases, with secondary presence of silicates and aluminates supporting hydration processes. The significant amount of
carbon suggests that the marble dust remains as a filler rather than an active participant in hydration. The presence of
minor elements does not indicate any significant changes in the hydration of the cement, but may slightly affect the
setting and durability properties. The interaction between the superplasticizer and the hydrated phases may have
influenced the distribution of these elements, especially the formation of smooth areas observed in the SEM analysis
(Figure 6-a). Energy dispersive spectroscopy (EDS) analysis of the MS sample consisting of cement, water, marble dust,
super-plasticizer and microsilica provides a detailed insight into its elemental composition and the interactions between
its components. The most dominant peak corresponds to calcium (Ca), indicating a strong presence of calcium-based
compounds such as calcium silicate hydrate (CSH), calcium hydroxide (Ca(OH),) and calcium carbonate (CaC03) from
both cement and marble dust. The intensity of the calcium peak suggests significant hydration and the presence of a
well-developed cement phase, confirming the effective binding nature of the matrix.

Oxygen (O) is present in large quantities, as expected due to the formation of hydration products such as C-SH and
ettringite, both of which contribute to the mechanical strength of the material. Carbon (C) is also detected, mainly
originating from calcium carbonate (CaC0s) in the marble dust, as well as potential organic residues of the
superplasticizer. The presence of carbon further confirms that some amount of marble dust remains as a filler,
influencing the microstructure by compacting the matrix, but does not actively participate in the hydration reactions.
Silicon (Si) shows a significant peak, which distinguishes the MS sample from CO-2. This is explained by the presence
of microsilica, which plays a decisive role in the pozzolanic reaction by consuming calcium hydroxide (Ca(OH)) and
forming additional C-SH gel. The presence of higher silicon content suggests that the silica-rich phases have reacted
efficiently, contributing to increased density, reduced porosity and improved mechanical properties. This confirms that
the inclusion of microsilica results in a finer and more compact microstructure, as previously observed in the SEM
analysis.
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Aluminum (Al) is detected in moderate amounts, indicating the presence of aluminate phases that influence the early
stages of hydration reactions and help control setting time. The formation of ettringite and other aluminate-based
hydration products plays a role in the development of strength and long-term durability of the material. Magnesium
(Mg) is also present, although in smaller amounts, probably due to cement impurities or minor additives. Its presence
does not significantly affect the mechanical properties, but may slightly affect the hydration kinetics. Potassium (K) and
iron (Fe) appear in trace amounts, probably due to cement clinker phases and mineral impurities. The presence of these
elements suggests that the alkali-silica reaction potential is minimal, which is beneficial for long-term durability.
Molybdenum (Mo), although present in small amounts, may be due to trace impurities or chemical additives included
in the super-plasticizer formula. From this EDS analysis, it is evident that the MS sample exhibits a higher silicon to
calcium ratio compared to CO-2, confirming the contribution of microsilica to the pozzolanic reaction. The reduction in
free calcium hydroxide content, inferred from the high silica content, suggests a more advanced and refined hydration
process, resulting in a denser and stronger microstructure. The presence of secondary hydration products, enhanced CSH
formation and reduced porosity further support the hypothesis that the MS sample will exhibit superior mechanical
properties, increased strength and lower permeability compared to CO-2 (Figure 8-b).

Energy dispersive spectroscopy (EDS) analysis of an SCG sample consisting of cement, water, marble dust,
superplasticizer (SP), coffee grounds (SCG) and silica fume provides a detailed insight into its elemental composition
and the interactions between its components. The dominant peak corresponds to calcium (Ca), confirming the strong
presence of calcium-based compounds such as calcium silicate hydrate (CSH), calcium hydroxide (Ca(OH),) and
calcium carbonate (CaC03) from cement and marble dust. The intensity of the calcium peak suggests that the cement
phase remains the main binder, but the irregular hydration patterns observed in the SEM images indicate that the overall
hydration process might have been disturbed by the presence of SCG particles. Oxygen (O) is present in significant
quantities, mainly related to the hydration process and the formation of CSH gel and ettringite. The relatively high
oxygen content suggests ongoing hydration, but SEM analysis showed less uniform hydration products, implying that
the distribution of water in the cement matrix may not have been optimal.

Carbon (C) also appears in high quantities, significantly higher than in CO-2 and MS, which is a direct result of the
addition of spent coffee grounds (SCG). The organic nature of the SCG contributes additional carbon to the mixture,
confirming that some organic residues remain even after hydration. This increased carbon content correlates with the
higher porosity observed in the SEM, as the organic particles may have interfered with hydration, leading to the
formation of localized voids and weak zones in the matrix. Silicon (Si) appears in significant amounts, mainly attributed
to the silica fume and silicate phases in the cement. The presence of silica fume promotes pozzolanic reactions by
consuming calcium hydroxide (Ca(OH),) and forming additional C-S-H gel, which is expected to increase strength and
reduce porosity. However, the irregular hydration patterns observed in SEM indicate that the pozzolanic effect may not
have completely neutralized the negative impact of SCG on the hydration process. Compared to MS, where silica fume
effectively compacted the matrix, the SCG sample shows a more dispersed silica phase, suggesting that the interaction
of silica fume with cement may have been less effective due to interference from the SCG particles.

Aluminium (Al) is found in moderate concentrations, indicating the presence of aluminate phases such as ettringite,
which play a role in the early setting reactions. The distribution of aluminium suggests some level of phase separation,
possibly related to the uneven hydration process observed in the SEM. Magnesium (Mg) is present in smaller amounts,
probably due to cement impurities or trace additives. The low Mg content suggests that it does not significantly influence
the hydration process. Potassium (K) and iron (Fe) appear in trace amounts, mainly from cement clinker phases and
natural impurities. Potassium, as an alkaline component, can influence alkali-silica reactions (ASR), but its low
concentration suggests a minimal effect in this case. Molybdenum (Mo) is found in minor amounts, possibly introduced
through chemical impurities or SCG residues. From this EDS analysis, it is evident that the SCG sample has a
significantly higher carbon content, confirming the organic influence of the used coffee grounds on the hydration
process. While calcium and silica remain dominant, suggesting continued CSH formation, disturbances caused by the
organic matter appear to interfere with the normal hydration sequence. The higher oxygen content confirms the presence
of hydration phases, but their uneven distribution, as seen in the SEM, suggests a less compact and more porous
microstructure. Energy dispersive spectroscopy (EDS) analysis of the PS sample, consisting of peanut shells, cement,
water, marble dust, super-plasticizer (SP) and silica fume, provides detailed insight into its elemental composition and
hydration behavior. The dominant peak corresponds to calcium (Ca), confirming the strong presence of calcium-based
compounds such as calcium silicate hydrate (CSH), calcium hydroxide (Ca(OH)) and calcium carbonate (CaCOs; ),
mainly derived from cement and marble dust. The high calcium intensity suggests that the cement phase remains the
main binder, but the porous microstructure observed in SEM suggests that the hydration process was influenced by the
presence of peanut shell particles.

Table 6 illustrates that when MS was added to the composite cementitious materials (sand cement) only the
percentage of silica increased from 21.73% to 26.77%. Therefore, the water to cement ratio in this mixture was lower
than other mixtures, it is important to analyze the effect of water on the formation process of CSH. MS with high
potential of SiO- is able to interact with water molecules very effectively through hydrogen bonding, thus the interaction

2477



Civil Engineering Journal Vol. 11, No. 06, June, 2025

of MS with water molecules in cementitious materials is related to the capacitive aspect of the nature of cement [62].
According to Table 6 and Figure 9, MS plays a role of filler after accelerating the CSH process. Some studies prove that
the increase in the surface contact of cement and MS with water is one of the important aspects as a filler effect and is
responsible for the high dispersion of cement grains in the fresh state. Therefore, the role of MS in this sample is more
than the role of filler to accelerate CSH [63, 64].
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Figure 9. EDS results of: (a) CO-3, (b) M.C

Energy dispersive spectroscopy (EDS) analysis of a CO-3 sample consisting of cement, water and cement sand
(maximum 1000 kg/m?) provides a detailed insight into its elemental composition, hydration behaviour and material
properties. The most dominant peak in the spectrum corresponds to calcium (Ca), confirming the presence of calcium-
based compounds such as calcium silicate hydrate (CSH), calcium hydroxide (Ca(OH),) and calcium carbonate
(CaCO03), all of which contribute to the bonding and strength development of the cement matrix. The high calcium
intensity suggests a well hydrated structure in which the cement reactions have taken place efficiently. Oxygen (O) is
detected in high quantities, indicating the formation of hydration products such as CSH and ettringite, which play a
decisive role in the mechanical strength and durability. The strong presence of oxygen suggests a well-developed
hydration phase, confirming the observations made in the SEM analysis where a dense and compact matrix was visible.
The presence of carbon (C) is relatively low compared to SCG and PS samples, indicating the absence of significant
organic interference in this sample, which facilitates better hydration and reduced porosity. Silicon (Si) appears in
significant amount, derived from both cement and cement sand. The presence of silicon-rich phases supports pozzolanic
reactions where silica reacts with calcium hydroxide to form additional C-S-H gel, resulting in increased strength and
durability. Compared to SCG and PS samples, in which hydration was impaired due to organic components, sample
CO-3 exhibits a higher Si/Ca ratio, indicating a more developed cement phase with improved structural integrity.
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Aluminium (Al) is present in moderate quantities, confirming the presence of aluminate phases such as calcium
aluminate hydrates (CAH) and ettringite, which contribute to setting time control and early strength development. The
distribution of aluminium is relatively uniform, suggesting that cement hydration has occurred efficiently without phase
separation. Magnesium (Mg) is found in smaller quantities, probably originating from cement clinker phases or
impurities in the cement sand, but its influence on the hydration behavior remains minor. Potassium (K) and iron (Fe)
are present in trace quantities, mainly from cement clinker phases and mineral impurities. The low concentration of
potassium suggests a minimal risk of alkali-silica reactions (ASR), which is beneficial for long-term strength. The
presence of iron (Fe) is also minor, indicating that it does not significantly influence hydration, but may contribute to
color changes or minor phase modifications. Molybdenum (Mo) is found in trace amounts, possibly introduced via trace
mineral impurities. From this EDS analysis, it is evident that the CO-3 exhibits a well-balanced elemental composition
with a strong calcium silicate presence contributing to a well-hydrated and structurally stable cement matrix (Figure 9-

a).

Energy dispersive spectroscopy (EDS) analysis of MC sample consisting of cement, water, sand (maximum 1000
kg/m3), silica fume (5 kg/m?3) and cement sand provides essential information on the elemental composition, hydration
behaviour and performance characteristics of the material. The dominant peaks correspond to silicon (Si) and calcium
(Ca), indicating a high presence of calcium silicate hydrate (CSH), calcium hydroxide (Ca(OH),) and silicate-based
compounds, which are crucial for the development of strength and durability. Compared with CO-3, the higher silica
intensity in MC suggests an enhanced pozzolanic activity, probably due to the inclusion of silica fume. The Si/Ca ratio
in MC is markedly higher than in CO-3, which generally correlates with a denser microstructure, improved mechanical
properties and reduced porosity.

Oxygen (O) appears in high amounts, confirming the formation of hydration products such as CSH and ettringite,
which contribute to mechanical strength and durability. The strong presence of oxygen suggests a well-developed
hydration phase, consistent with SEM analysis, where a highly compact structure with purified hydration products was
observed. The relatively low carbon (C) content compared to organically modified samples such as SCG and PS
confirms that no significant organic interference is present, which is beneficial for hydration homogeneity and reduced
void formation.

Silicon (Si) is a major element, mainly contributed by microsilica and silicate phases in cement. The higher silica
content compared to CO-3 indicates a stronger pozzolanic reaction, where silica reacts with calcium hydroxide to form
additional CSH, resulting in increased strength and durability the fine dispersion of silica in the cement matrix results
in better particle packing and reduced permeability, as seen in the SEM images. Aluminium (Al) is found in moderate
amounts, indicating the presence of aluminate-based phases such as calcium aluminate hydrates (CAH) and ettringite,
which affect the early stage of hydration, setting time and long-term durability. The uniform distribution of aluminium
suggests that the hydration process was uniform, enhancing structural stability. Magnesium (Mg) is found in smaller
amounts, probably derived from cement clinker phases or minor impurities. Although its effect on hydration is relatively
minor, it can contribute to minor phase changes and additional hydration products. Potassium (K) and iron (Fe) are
present in trace amounts, mainly from cement clinker and mineral admixtures (Table 7). The low concentration of
potassium implies a minimal risk of alkali-silica reaction (ASR), which is beneficial for long-term strength. The presence
of iron (Fe) is also minor and does not significantly affect hydration, but can contribute to discoloration or minor changes
in the stability of the microstructure. From this EDS analysis, MC exhibits a high silicon content compared to calcium,
confirming the increased pozzolanic activity and the role of silica fume in improving the cement matrix (Figure 7-b).

Table 7. EDS results of cement materials with additional Micro Silica, SCG and PS

Sample/ Elements Carbon  Oxygen  Aluminium Silicon Potassium Calcium Iron  Magnesium
CO-3 (norm wt%) 9.03 27.19 4.83 21.73 0.45 19.25 1.18 1.72
M.C (norm wt%) 5 25.36 7.02 26.77 1.05 15.33 1.75 2.03

When MS, SCG and PS were added to composite cementitious materials, microsilica caused the development of
silicon and played a major role in accelerating the formation of CSH. When adding SCG to composite cement materials,
the percentage of oxygen and carbon increased. Although this situation is the reason for the acceleration of CSH
formation, but this process is likely to fill the voids in the third phase of CSH formation process. Moreover, mixing PS
has no positive effect on the acceleration of CSH according to the EDS results. In general, microsilica formed CSH
process in the first and second phases. SCG plays the role of a filler in the formation of CSH and accelerates the CSH
process by increasing the chemical elements of carbon and oxygen.

3.3. Predicting Chemical Elemental Composition Using EDS and Mix Materials

To create a general prediction equation for the EDS elemental composition based on concrete mix materials, we need
a generalized model that includes the mix proportions and EDS weight percentages of key elements such as calcium
(Ca), silicon (Si), oxygen (O), and carbon (C).
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In this situation, Equation 3 is:

CX = f + aWC + bWFA + CWCA + dWSP + eWA (3)

here, Cy is the predicted weight percent of chemical element X (e.g. Ca, Si, O, C) from EDS analysis, W, is the cement
content (kg/m3), Wy, is the fine aggregate content (kg/m3), W,, is the coarse aggregate content (kg/ms3), Wsp is the
super-plasticizer content (kg/m?) and W, is the additive content (e.g. Gelatin Powder (GP), Micro Silica (MS), Coffee
Grounds (SCG), Peanut Shells (PS)), a, b, ¢, d, e and f are the regression coefficients.

The regression models (4) — (7) developed to predict the weight percent of calcium (Ca), silicon (Si), oxygen (O)

and carbon (C) in cementitious materials were estimated using the R? index on a sample of 1000 values for each
parameter.

Cc = 6.80 + 0.0008W, — 0.00473 W, — 0.00721W,, + 0.00622Wsp + 0.0923W,, R? = 0.924 ()
Cea = 17.58 4 0.00164W, — 0.01732W;, — 0.02558W,, + 0.5157Wp — 0.1318W,, R? = 0.988 (5)
Cs; = 18.05 — 0.00177W, + 0.01409W;, + 0.02124W,, — 0.3960Wsp + 0.0140W,, R? = 0.985 (6)
Co = 45.58 + 0.00044W, — 0.00044W;, — 0.00122W,, + 0.1061Wp + 0.0405W,, R? = 0.910 @

The R2 value measures how well the independent variables (cement, fine aggregate, coarse aggregate and
admixtures) explain the variance in EDS weight percent. A value close to 1 indicates a stronger correlation between
the model predictions and the actual experimental data. The results show that calcium (Ca) has the highest R2 value
of 0.988, followed by silicon (Si) with 0.985, indicating that the regression model does a good job of predicting
these elements. Carbon (C) has an R2 value of 0.924, which is still acceptable but shows some bias. Oxygen (O) has
the lowest R? of 0.910, indicating that the model has difficulty accurately predicting oxygen content, possibly

because of variations in hydration reactions and uncontrolled environmental factors affecting oxygen levels in the
cement matrix.

From a practical perspective, the model provides a useful assessment tool for predicting EDS composition in
cementitious materials, especially for calcium and carbon, which are critical for assessing cement hydration and strength
development. However, refinements such as inclusion of water to cement ratio, curing time, and additional chemical
reactions affecting oxygen and silicon content can improve the accuracy of prediction. The reliability of prediction in
the form of the coefficient of determination R? (Figure 10) and the maximum deviation measured in the upper range of
Error values, % are presented in Table 8.
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Figure 10. The comparison of experimental and predicted values: (a) for carbon C; (b) for calcium Ca; (c) for silicon Si; (d)
for oxygen O

Table 8. Reliability of chemical element prediction

Element R? Error, %
Ca 0.988 15
Si 0.985 9
0.910 11
C 0.924 18

Figures 10-a to 10-d show that all regression lines pass through the center of the diagram. This means that the
estimate is unbiased. The slope of the regression line in all graphs is close to 45°, i.e. the predicted value corresponds to
the actual value according to the average estimate. The general trend is stable and corresponds to the actual values within
the measurement error. The regression model performs best for calcium (Ca) and silicon (Si), showing strong
predictability with relatively low errors. Carbon (C) and oxygen (O) predictions show moderate accuracy, indicating
that additional influencing factors such as hydration level, porosity, and weathering may need to be considered
improving the model.

4. Discussion

Considering the results of the present study, mixing admixtures with composite cementitious materials may
accelerate the CSH formation process in different stages or have no effect on the CSH formation process.

The results of the current study show that when GP is added to concrete, the formation of CSH is accelerated due to
the increase of calcium, oxygen and carbon in EDS analysis, even the CSH crystals formed by the CSH process are
obvious by SEM analysis. Adding GP admixture to concrete can induce the CSH process in concrete. According to the
results, it is obvious that the formation of CSH is mostly affected in the second phase of CSH formation process. In this
phase, CSH crystals are formed and the chemical elements are changed. When MS, SCG and PS were added into the
composite cementitious materials, microsilica caused the development of silicon and played a major role in accelerating
the formation of CSH (EDS analysis results), therefore, the SEM image results showed that when microsilica was added
into the composite cementitious materials, the CSH crystals began to grow. The EDS results illustrated that when SCG
was added into the composite cementitious materials, the percentage of oxygen and carbon increased, although this
situation is the reason for accelerating the formation of CSH, but this process is likely to fill the voids in the third phase
of CSH formation process. Moreover, mixing PS has no positive effect on the acceleration of CSH according to the EDS
results.

In general, microsilica formed the CSH process in the first and second phases. The summary of the EDS and SEM
results on the addition of microsilica into the composite cementitious materials illustrates that the main reason for the
formation of crystals in these samples is the addition of microsilica. SCG plays the role of filler in the formation of CSH
and accelerates the process of CSH by increasing the chemical elements of carbon and oxygen. PS has no effect on
accelerating the formation of CSH, and the crystallization is caused by the addition of microsilica, as shown by the SEM
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results. In the third sample, when MS was added to the composite cementitious materials (sandy soil), the formation
process of CSH was accelerated. Meanwhile, in the third sample, the ratio of cement and water was smaller than other
samples. According to the results of SEM and EDS, the needles formed the crystals of CSH, moreover, the chemical
properties showed that the percentage of silica increased by less than 5%. The effect of water on MS is obvious from
the convergence of the results of EDS and SEM. When the ratio of MS, cement and water was less than the optimum
percentage, CSH played the role of filler and needle instead of changing the chemical properties and crystallinity. In
general, when the chemical elements Silicon and Calcium increased the formation of CSH in the first phase, such as the
formation of CSH gel was improved, also the second phase occurred with the results of crystallization, when Carbon
and Oxygen increased the formation of CSH in the second phase, while they had the greatest influence.

In the third stage, the formation of CSH is the formation of CSH as a filling of voids. Considering other studies, the
formation aspect of CSH crystallization and chemical properties occurred due to different reasons. Like Scrivener et al.
[16], the nucleation theory is most restrained in finding the acceleration of CSH due to the change of chemical
composition elements, while the boundary nucleation and growth (BNG) theory presented by Avrami [23] was not
masked. In this study, sometimes the depth of voids depends on the presence of water and cement [50]. Ragalwar et al.
[59] realized that the microsilica-cement water interface is the void filling aspect in the CSH formation process which
is related to the third process of CSH while Hanpongpun et al. [26] believed that the void depth and size are related to
the growth of CSH crystals, this idea was correct in some places but when GP was added to concrete it was not acceptable
based on the SEM analysis results. This study opinion is close to the opinion of Oey et al. [63] since the void filling by
microsilica in the CSH formation process. In another analysis, Kumar [46] found that most of the CSH crystals were
less than 10 nm in size while according to the current study result, most of the CSH crystals were less than 10 um in
size unless the 10 nm CSH crystals were formed in the first phase of CSH. Overall, on the one hand, this study proved
that some materials can be effective in the process of CSH formation in the first or second phase, that is, the change
changes the chemical properties or crystallization occurs. Furthermore, the formation of CSH acts as a void filler in the
third phase. On the other hand, this study proved that the SEM and EDS analysis can be completed together as the
identification of the CSH process in different phases, which has not been done, for example, in the works that studied
the microstructural transformation in cementitious materials in detail [37, 39, 40].

5. Conclusion

This study presents a comprehensive investigation of the role of different admixtures in accelerating the formation
of calcium silicate hydrate (CSH) in cementitious materials. By integrating scanning electron microscopy (SEM) and
energy dispersive X-ray spectroscopy (EDS), the study confirms the structural and chemical transformations induced
by different types of admixtures. The results confirm that gelatin powder (GP) significantly enhances CSH formation
by increasing the availability of calcium and oxygen, while microsilica (MS) promotes silicon enrichment, leading to
enhanced pozzolanic reactions. However, coffee grounds (SCG) and peanut shells (PS) have limited direct effects on
CSH nucleation. Moreover, SCG acts more as a filler than as an accelerator of the hydration process. Introducing a
regression-based predictive model further strengthens the study by quantifying the changes in chemical composition in
response to the addition of admixtures. The R2 model estimates confirm the robustness of the predictions, particularly
for calcium (Ca) and carbon (C), while identifying additional factors influencing oxygen (O) variability due to hydration
and environmental influences. It should be noted that minor environmental fluctuations during curing, such as variations
in temperature and humidity, could partially contribute to the variability observed in the oxygen content measured by
EDS.

This predictive approach provides a new analytical framework for optimizing additive selection in cementitious
composites, thereby enhancing mechanical strength, durability, and stability. By addressing gaps in previous research,
particularly the lack of combined SEM-EDS structural analysis and predictive modeling, this study establishes a more
comprehensive, quantitative, and actionable understanding of the mechanisms of CSH formation. The results contribute
to the development of more efficient and sustainable cementitious materials, delivering improved performance in
construction and infrastructure applications.
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