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Abstract

This research focused on the inclusion of spent coffee grounds (SCGs) and peanut shell ash (PSH) as variable additives
and marble dust as a constant additive to cement materials to substitute aggregates and determine the effect of each variable
on the properties of cement materials. To determine the influence of PSH and SCGs, these were added to mortar in 0.1,
0.2, and 0.3% proportions and were combined with microsilica and superplasticizer. To analyze the results, the compressive
and flexural strengths during three-point bending were investigated. The chemical composition and microstructure of the
mortar mix were investigated using Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray (EDX)
spectroscopy. The results showed that incorporating microsilica into the mortar mix increased the compressive strength to
over 35.42 MPa compared to the control sample's 33.4 MPa. Adding 0.1% and 0.3% of SCGs and PSH improved the
compressive strength of the mortar mix to over 39.48 and 38.09 MPa, respectively. Including 0.2% SCGs and 0.1% PSH
increased the flexural strength to over 4.52 and 6.0 MPa, respectively. The SEM and EDX results showed that adding 0.3%
SCGs slowed down the formation of calcium silicate hydrates (C-S-H), consequently slowing down the hydration
processes, and the strength gain was slower compared to microsilica. The addition of 0.3 PSH stimulated the formation of
C-S-H, additionally supplying the cement matrix with such elements as Si and Al. Overall, adding SCGs and PSH has a
positive effect on the mechanical and chemical properties of the mortar mix, although adding PSH is more beneficial than
adding SCGs.

Keywords: Cement; Mortar; Scanning Electron Microscope (SEM); Energy-Dispersive X-Ray; Spent Coffee Grounds; Peanut Shell;
Compressive Strength; Flexural Strength.

1. Introduction

Improving the load-bearing capacity of concrete using materials like fibers, nano-additives, and structural
reinforcement is a significant trend in the construction industry [1]. For example, incorporating fibers at varying volume
fractions is a good way to enhance concrete's mechanical properties [2]. Several studies have explored using
Trichoderma Reesei fungi to boost the compressive strength of self-healing concrete. Another way to improve the
mechanical properties of concrete is reinforcement using 3D-printed structures [3-5].
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Meanwhile, many studies have focused on improving the mechanical or chemical properties of concrete by adding
organic materials to cement [5, 6]. To explore how organic materials can enhance concrete, Pan et al. [7] investigated
the effects of carrot extract on tunneling concrete. The authors found that carrot extract can increase the compressive
and tensile strengths of concrete by more than 20.8% and 36.5%, respectively. Furthermore, the authors recognized that
incorporating carrot extract into tunnel concrete enhanced hydration more effectively than incorporating it into
traditional concrete. In fact, some scientists want to use waste materials to improve the mechanical properties. In another
example, Hakeem et al. [8] examined the impact of adding nano-sesame stalk ash (NSSA) and rice straw ash (RSA),
which are by-products of bio-energy production, to High-Strength Concrete (HSC). They found that when 20% of RSA
and 5% of NSSA were added to concrete, the compressive strength improved to 88.9 and 90.7 MPa, respectively. In
another example, researchers added fulvic acid and humic acid as organic additives to concrete. It was found that the
curing time of reinforced concrete with these acids increased. Two other types of organic materials were added to
concrete: wheat straw and corncob granules. These two concrete compositions had a higher performance than other
types of concrete with added organic materials [9, 10]. Liu et al. used rice husks, sawdust, and the grains of corn distillers
and unhulled rice distillers as four materials to reinforce concrete. The study showed a reduction in concrete porosity
when organic materials were added [11].

Siddique [12] added wood ash to concrete to find the mechanical and chemical properties of concrete. Higher wood
ash percentages correlated with lower flexural and compressive strengths. D’Eusanio et al. [10] explored the use of
apricot (AS), peach (PS), and plum shells as sustainable aggregates in lightweight non-structural concrete, characterizing
its mechanical and chemical properties. Concrete containing additional AS exhibited the highest compressive and
flexural strengths. According to the results, the compressive strength of concrete when AS was added to it was over 6.98
MPa, and its flexural strength was more than 7.71 MPa. Traore et al. [13] attempted to find the mechanical properties
of concrete when oil palm shells (OPSs) were added to it. Its compressive and flexural strengths decreased by over 18%
with the addition of OPSs. However, these materials can improve concrete’s mechanical properties, while peanut shell
(PSH), spent coffee grounds (SCGs), and marble dust are more available in the world.

For example, peanut shell (PSH) is a by-product of the removal of groundnuts and has a very slow decomposition
as an agricultural and industrial waste product. It not only has various bioactive and functional components but also has
many commercial advantages. For instance, it serves as a raw material, food source, fertilizer filler, and even bio-filter
medium; however, significant PSH volumes are incinerated or landfilled, contributing to environmental pollution [14,
15]. PSH, a by-product of agriculture and industry, annually contributes over a million tons of waste to the environment.
These shells are rich in lignin and degrade slowly in the natural environment. Due to its fibrous nature and widespread
availability, PSH serves as a valuable additive for cement and concrete [16].

When coffee was discovered in Ethiopia about 1000 years ago, many of its benefits were uncovered. As coffee
consumption is a habit around the world and coffee consumption has increased, global coffee consumption in 2015/2016
was equivalent to 151.3 million 60 kg bags, and more than 90% of brewed coffee ended up as so-called spent coffee
grounds (SCGs) [17, 18]. The widespread availability of SCGs worldwide allows for their use as a cement and concrete
additive, demonstrating a noticeable effect. Since this study examines the effect of adding PSH and SCGs to concrete
and cementitious materials, the literature review in this section focuses on this type of concrete. As an example,
Roychand et al. [19] attempted to add SCGs to concrete to increase its mechanical properties, finding that its compressive
strength decreased. Na et al. [20] attempted to add the activated carbon manufactured from waste coffee grounds. They
added coffee grounds to cement in 0.5, 1, 1.5, 5, and 10% weight fractions. Their results showed that the compressive
strength decreased, but a weight fraction of 10% of the coffee grounds had the best results compared to other percentages.
Mohamed & Djamila [21] added the coffee grounds to concrete with 0, 5, 10, 15, and 20% by volume of the sand. They
found that the thermal characteristics improved when 15 and 20% of coffee grounds by volume of the sand were added
to concrete. Most investigations indicate that adding coffee grounds to concrete reduces its compressive strength. In
addition, adding peanut shell achieves different mechanical properties. For example, Horma et al. [22] added crushed
PSH to concrete from 0 to 6%. They found that this not only improved the thermal condition of concrete but also had a
direct effect on the mechanical properties of concrete. In another study, PSH was replaced by cement in percentages of
5, 10, 15, 20, and 25%. According to the results, after 28 days of curing in sulfuric acid, the compressive strength
decreased more than 0.18% when 10% of GSA was added to concrete [23]. Usman et al. [24] added PSH to cement
pastes in percentages from 0 to 50%, finding the best percentage to be 10%. The literature review on the addition of
PSH to concrete and cementitious materials showed that 10% of additional PSH can significantly improve the
mechanical properties, such as compressive strength and thermal performance, of concrete.

Marble dust is usually used as a material to replace cement or sand to reduce natural hazards, and it can be combined
with agricultural waste [25]. Adding marble dust to cement material and concrete can improve durability and
compressive strength. The maximum compressive strength reached when marble dust was added to concrete was more
than 10% [26].
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Microsilica can improve the mechanical properties of concrete and cement material due to the creation of C-S-H
after hydration in cement. Shooshpasha et al. [27] studied the effect of sand—cement-silica fume samples with different
percentages. Their research revealed a positive correlation between the proportion of silica fume and the mechanical
properties of the concrete. In another experiment, Shooshpasha et al. [28] determined what percentages of silica fume
fill or close the pores of sand—cement mixtures. This method can help improve the mechanical properties and durability
of cementitious materials.

Superplasticizer (S.P.) can reduce the amount of water usage and improve the mechanical properties of concrete at
the same time, provided that the ratio of S.P. to water is controlled [29]. Overall, the addition of S.P. can improve the
mechanical properties and reduce the porosity of concrete while not affecting the hydration [30].

Thus, there are already many studies examining the effects of SCGs and PSH, as well as marble dust and microsilica
separately. That is, the positive and negative effects of adding these components separately to concrete are already
known [14, 15, 19, 26, 28]. However, gaps have been identified in the literature regarding the study of the use of a
complex of such additives. There are very few studies examining the use of several types of additives from industrial
and agricultural waste (three or more) in concrete, complementing each other and multiplying the effect [31-34]. The
use of marble dust in combination with SCGs and PSH when replacing part of the cement or fine aggregates will reduce
the overall carbon footprint of the material. This approach is in line with modern trends in green construction, where
minimizing cement consumption while maintaining structural integrity is a key goal. Ultimately, the use of SCGs and
PSH in this study offers a unique balance between strength enhancement, sustainability, and durability, making them an
excellent alternative to many traditional biowaste additives.

To systematically analyze the impact of SCGs and PSH on cementitious materials, this paper is structured as
follows. First, the Materials and Methods section describes the composition of the mortar mix, including the types
and proportions of cement, marble dust, microsilica, superplasticizer, SCGs, and PSH (0.1, 0.2, and 0.3%), along with
the experimental procedures for sample preparation and testing. Next, the Results and Discussion section presents the
mechanical properties of the mortar, including compressive and flexural strengths, supported by stress—strain curves
and statistical analysis. The Fracture Mode Analysis section follows, investigating the failure mechanisms of different
mixtures under load, while the Scanning Electron Microscope (SEM) and Energy-Dispersive X-Ray (EDX) Analysis
section explores the microstructural and chemical changes induced by the additives. Finally, the Discussion section
contextualizes the findings within the literature, and the Conclusion summarizes key takeaways and suggests avenues
for future research.

2. Materials and Methods
2.1. Materials

To mix concrete, ordinary Portland cement, tap water, marble dust, microsilica, and superplasticizer (S.P) were used.
PSH and SCGs were added with percentages of 0.1, 0.2, and 0.3% to the mortar mix. The amount of S.P and water was
changed according to the change in the percentage of PSH and SCGs (Table 1). Figure 1 shows the microsilica
microstructure obtained by Field Emission Scanning Electron Microscopy (FESEM) (maximum of 150 nm and
minimum of 72 nm). Table 2 shows the chemical composition of microsilica via X-ray fluorescence analysis (XRF)
through a Philips (company) PW 2404 (Model) device.

Table 1. Mixture design of concrete samples

samples %fgr/”rf]?)t (‘an/‘;i{) M?LZ'/‘:“%““ PSH (kg/m?) (fg(/:rﬁs) M('ﬁ;/ﬁ']!')ca S.P (kg/m?)

c 550 176 1300 - . - 275

M.S 450 1485 1300 - . 100 24.75

c1 450 1485 1300 - 13,5 (0.1%) 100 24.75

c-2 450 1485 1300 - 27 (0.2%) 100 27

c-3 450 1485 1300 - 40.5 (0.3%) 100 29.25
p-1 450 1485 1300 135 (0.1%) - 100 27

p-2 450 1485 1300 27 (0.2%) - 100 29.25
P-3 450 1485 1300 40.5 (0.3%) - 100 315

* PSH: peanut shell, SCG: spent coffee ground, S.P: superplasticizer.
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Figure 1. SEM results of microsilica

Table 2. Chemical composition of microsilica

Materials Chemical Composite (%)

SiO, 91.55
Al,O; 1.024
K0 1.73
MgO 1.02
Na,O 0.52
Fe,0; 0.59
CaO 0.45
SO; 0.35
P,03 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. I 2.37

2.2. Methods

This research investigated the influence of two variables, PSH and SCGs, on the alterations in mechanical properties.
Accordingly, both PSH and SCGs were added to the mortar mix in percentages of 0.1, 0.2, and 0.3%. To understand the
cause-and-effect relationship, SEM and EDX were performed to determine the fractured surface and chemical
composition of the cement.

The following initial hypotheses of reinforced concrete with PSH and SCGs were made.

SCG: When SCGs are added to cement material, hydration increases faster. Although the inclusion of SCGs in the
mortar mix can improve the mechanical properties, the greatest effect of SCGs is on the microstructure
behavior.

PSH: The addition of PSH can improve the compressive and flexural strengths due to the nature of the fibers, which
gives the best results as the performance of the cement beam is improved.

This research attempted to prove these two initial hypotheses. In addition, due to the use of marble dust, PSH, and
SCGs, this cementitious material is known to be sustainable. We attempted to replace this cementitious material with
waste material aggregates such as marble dust, fillers such as SCGs, and fibers such as PSH (Figure 2).
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Figure 2. Methodology of current study

2.3. Laboratory and Experimental Methods

For cement samples, all materials were first weighed and then mixed together. The mixing order was as follows:
marble dust, cement, and microsilica were first mixed until a homogeneous mixture was obtained, PSH or SCGs were
added, and the mixture was mixed again until a homogeneous mixture was obtained before adding water. Finally, water
was added to the mixture. After adding S.P., mixing was continued. In general, the mixing process continues for more
than 15 minutes with a manual cement mixer.

Following the mixing process, compression cubes and flexural bending prisms were filled with cementitious
materials. Two mechanical experiments were performed to find the compressive and flexural strengths of the
cementitious materials. All samples were tested more than three times. Compressive strength was determined according
to ASTM C109 with the dimensions of 50x50x50 mm, and flexural strength was determined according to GB/T 17671
using three-point bending experiments with the dimensions of 160x40x40 mm [35, 36].

3. Results
3.1. Compressive Strength

Initially, the compressive strength results of cementitious materials with and without microsilica were compared, as
shown in Table 3. Subsequently, the remaining samples were analyzed.

Table 3. Compressive strength of control sample and control sample with microsilica

sample Compressive Strength Average of Compressive Maxirr_lum Error
(MPa) Strength (MPa) Strain (MPa)
cQ) 33.63 0.64
cQ©) 32.95 334 0.63 +0.37
c@®) 33.61 0.75
M.S (1) 35.31 0.063
M.S (2) 34.61 35.42 0.055 +0.86
M.S (3) 36.34 0.056

According to Table 3, the compressive strength of C (control sample) was more than 33.4 MPa, and when microsilica
was added to the control sample, the compressive strength of MS increased to more than 35.42 MPa. According to the
table, the maximum strain values for the C samples surpassed those of the MSs. Figure 3 shows the stress—strain
compressive strength. It is found that the MSs have stronger elastic behavior than the C samples do. Nevertheless, the
MSs demonstrate sudden failure because of the straining softening process.
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Figure 3. Stress—strain curve: (a) control sample; (b) control sample with microsilica

Figure 3 shows a peak stress point at 33.6 MPa, which represents the maximum compressive strength of the control
sample. A post-peak softening region, where the material experiences gradual failure and load redistribution, is shown.
The curve also includes error bars that indicate variations in the experimental data. The strain at peak stress (~0.04)
highlights the stiffness and ductility behavior of the mortar. This stress—strain curve helps in evaluating the mechanical
response of the control mixture before comparing it with the modified mortar samples containing SCGs and PSH.

According to Table 3, the average compressive strength of the control sample (C) is 33.4 MPa. The MS, which
contains microsilica, shows an average compressive strength of 35.42 MPa.

The increase in strength (~6%) in the MS confirms that microsilica enhances the cementitious bond by improving
C-S-H formation [37].

The strain values show that the MS has a greater elastic response than the control sample does, indicating better
structural integrity. The table also includes error margins, which assure the reliability of the results. Figure 3 visually
illustrates the mechanical behavior, while Table 3 quantitatively presents the strength values. As can be seen in the table,
the addition of microsilica increases the compressive strength.

SCGs with 0.1, 0.2, and 0.3% percentages were added to cementitious materials. Considering the results of C-1
(cementitious material with 0.1% of SCGs added), the compressive strength was more than 39.48 MPa, while the strain
was 0.06. This shows that adding 0.1% of SCGs increases the compressive strength compared to adding M.S. and C.
samples. As illustrated in Figure 4-a, the elastic deformation of the concrete, as depicted by the C-1 stress—strain curve,
shows a gradual increase.
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Figure 4. Compressive strength: (a) C-1 with addition of 0.1% of SCGs; (b) C-2 with addition of 0.2% of SCGs; (c) C-3 with

addition of 0.3% of SCGs
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When 0.2% (C-2) of SCGs was added to the cementitious materials, the compressive strength decreased to more
than 35.53 MPa, the error was +0.88, and the maximum strain was more than 0.056. The stress—strain curve shows the
process of strain softening after the maximum stress to the ultimate strain (Figure 4-b).

Table 4 shows that the addition of 0.3% SCGs to cementitious materials reduces the compressive strength to more
than 27.31 MPa. The elastic phase of the stress—strain curve of C-3 is steep, and after the maximum compressive stress
occurs, strain softening is observed (Figure 4-c).

Table 4. Compressive strength of cementitious materials obtained by adding SCGs with different percentages

samples Compressive Strength Average of Compressive Maximum Error
(MPa) Strength (MPa) Strain (MPa)

C-1(1) 39.42 0.062

C-1(2) 38.71 39.48 0.061 +0.77

C-1(3) 40.25 0.061

C-2(1) 35.16 0.056

C-2(2) 36.91 35.53 0.058 +0.88

C-2(3) 35.07 0.058

C-3(1) 27.31 0.061

C-3(2) 27.59 27.31 0.064 +0.27

C-3(3) 27.03 0.054

Table 4 shows that C-1 (0.1% SCG addition) provides the highest compressive strength at 39.48 MPa, indicating the
positive effect of a small amount of SCGs on the cementitious materials. C-2 (0.2% SCG addition) shows a decrease in
compressive strength to 35.53 MPa, indicating that the increase in SCG content begins to inhibit the hydration process.
C-3 (0.3% SCG addition) has the lowest compressive strength at 27.31 MPa, indicating that excessive SCGs reduce the
mechanical performance, probably due to the interference of organic content with cement hydration. Figure 4 shows the
stress—strain curves for the cementitious materials modified with 0.1% SCGs: a relatively steep elastic phase indicates
improved strength compared to the control. The stress—strain curve shows a gradual decrease after the peak, indicating
that 0.1% SCGs improves the mechanical properties without excessive brittleness. The maximum compressive stress of
C-2 is lower than that of C-1 and the strain softening effect becomes more prominent, indicating that excessive SCGs
begin to disrupt the cement bond. C-3 (0.3% SCGs) shows a sharp decrease after the peak, indicating brittle failure. The
slope of the elastic phase is steeper, but the peak strength is significantly lower, confirming that higher SCG content
weakens the mortar structure.

The compressive strength of cementitious materials containing 0.1, 0.2, and 0.3% PSH exhibited significant
variation. According to the results, when 0.1% of PSH (P-1) was added to cementitious materials, the compressive
strength was 32.52 MPa. The maximum compressive strength of the P-1 sample was over 35.32 MPa and the minimum
compressive strength was 30.82 MPa; in this case, the error was £2.26 MPa. Figure 5-a shows the stress—strain curve of
P-1, showing that P-1 has a steep slope. The compressive strength of P-2 was over 35.09 MPa and the maximum and
minimum compressive strengths were more than 36.12 and 34.4 MPa, respectively. Table 5 shows that the maximum
error for compressive strength was +0.86. The stress—strain curve of the P-2 specimen shows the error in the elastic
phase (Figure 5-b). The compressive strength of the P-3 specimen was over 38.08 MPa and the maximum and minimum
compressive strengths were more than 38.83 and 36.98 MPa, respectively. Cementitious materials with the addition of
0.3% PSH exhibited a higher compressive strength compared to the other samples.

Table 5 illustrates P-1 (0.1% PSH addition). The average compressive strength is 32.52 MPa, with a maximum of
35.32 MPa and a minimum of 30.80 MPa. The higher error margin (£2.26 MPa) suggests variability in sample
performance. P-2 (0.2% PSH addition) shows a moderate increase in compressive strength to 35.09 MPa, with a lower
variability than P-1. The highest recorded value is 36.12 MPa. P-3 (0.3% PSH addition) exhibits the highest compressive
strength at 38.08 MPa, with the lowest error margin (£0.92 MPa), indicating consistent mechanical performance. The
results suggest that increasing PSH content enhances compressive strength, contrasting with SCG-modified samples
where excessive SCGs led to strength reductions. This improvement is likely due to PSH’s pozzolanic activity,
contributing to additional calcium silicate hydrate (C-S-H) formation, which strengthens the cement matrix.
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Figure 5. Compressive strength: (a) P-1 with addition of 0.1% of PSH; (b) P-2 with addition of 0.2% of PSH; (c) P-3 with

addition of 0.3% of PSH
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Table 5. Compressive strength of cementitious materials obtained by adding PSH with different percentages

samples Compre(slf/il\lgea )Strength Average of Ccznl\;lrlj:’r:)ssive Strength Maximum Strain (E’\;;%r)
P-1 (1) 35.32 0.073
P-1(2) 31.43 32.52 0.065 +1.26
P-1(3) 30.80 0.063
P-2 (1) 34.74 0.068
P-2(2) 344 35.09 0.067 +0.86
P-2 (3) 36.12 0.070
P-3 (1) 36.98 0.045
P-3(2) 38.83 38.08 0.046 +0.92
P-3(3) 38.44 0.045

The stress—strain curve in Figure 5-a for P-1 has a steep slope, indicating enhanced load-bearing capacity. However,
strain softening occurs post-peak, suggesting that while strength increases, the material remains somewhat brittle. Figure
5-b shows that P-2 (0.2% PSH) displays a higher peak stress than P-1, confirming that a moderate amount of PSH further
improves compressive strength. The stress—strain curve also shows a well-defined elastic phase, followed by a gradual
decline in load capacity. Figure 5-c shows that P-3 (0.3% PSH) demonstrates the highest compressive strength, with a
more uniform stress distribution and delayed failure. The increased ductility compared to lower-PSH samples suggests
that PSH acts as a reinforcing agent, reducing brittleness.

3.2. Flexural Strength

The flexural strength was analyzed using the three-point bending test, and the first control sample (C) and the
microsilica sample (MS) were evaluated. Table 6 shows the flexural strength of concrete of sample C and M.S., and
Table 7 illustrates the flexural strength of cementitious material when SCGs with 0.1, 0.2, and 0.3% percentages were
added to cementitious materials.

Table 6. Flexural strength of control sample and control sample with microsilica

Samole Maximum Flexural Average Maximum Flexural Maximum Force error (kN)
P Strength (MPa) Strength (MPa) Displacement (mm)
c(@) 2.99 0.47
C(2) 2.89 2.90 0.46 +0.047
C@) 2.83 0.41
M.S (1) 2.53 0.125
M.S (2) 248 2.48 0.136 +0.032
M.S(3) 243 0.135

Table 7. Flexural strength of mortar mix obtained by adding SCGs with different percentages

Samoles Maximum Flexural Average of Maximum Maximum Force error
P Strength (MPa) Flexural Strength (MPa) Displacement (mm) (kN)

C-1(1) 2.69 0.22

C-1(2) 2.66 2.65 0.212 +0.77
C-1(3) 2.61 0.21

C-2(1) 452 0.184

C-2(2) 4.39 4.45 0.175 +0.029
C-2(3) 443 0.184

C-3(1) 3.25 0.109

C-3(2) 3.01 3.10 0.098 +0.021
C-3(3) 3.06 0.097

According to Table 6, the flexural strength of the control sample (C) was over 2.99 MPa and the minimum was 2.83
MPa; moreover, the average flexural strength was more than 2.90 MPa. The maximum displacement was more than
0.46 mm. The flexural strength of M.S was more than 2.53 MPa and its maximum displacement was between 0.125 and
136 mm. The flexural stress—strain diagram for C and M.S indicates that the C specimen did not exhibit a softening or
hardening phase, because of the sudden failure, unlike the case when microsilica was substituted with cement, causing
a softening phase in the flexural-displacement mortar mix (Figure 6).
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According to Table 6 for the control sample, the average flexural strength is 2.90 MPa, with values ranging from
2.83 to 2.99 MPa. The maximum displacement observed is 0.47 mm, indicating that the control sample exhibits a
moderate level of ductility. The force error values suggest minor variations in strength between the tested samples.

For the microsilica sample, the average flexural strength is 2.48 MPa, which is lower than that of the control sample.
Maximum displacement values for M.S range from 0.125 to 0.136 mm, significantly lower than those of the control
sample, indicating reduced ductility. The error margins are minimal, reflecting consistent test results.

The stress—strain curve for the control Sample (C) shows a more ductile behavior, as shown in Figure 6-a, with a
gradual increase in stress followed by a softening phase before failure. No sharp drop is observed, indicating that the
control sample undergoes plastic deformation before fracture, making it more resilient under bending forces. Moreover,
Figure 6-b shows that the curve for the microsilica sample exhibits a sudden failure mechanism, indicating brittle
fracture. The peak stress is lower than that in the control sample, confirming that microsilica decreases flexural strength
despite improving compressive strength. The reduction in maximum displacement confirms that MS-modified samples
are stiffer but less flexible, making them more prone to sudden breakage.
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Figure 6. Flexural strength of cementitious material: (a) control sample (C); (b) control sample with microsilica (M.S)

When SCGs were added in percentages of 0.1, 0.2, and 0.3% to the mortar mix, the flexural strength and flexural
displacement changed. The average maximum bending strength for sample C-1 was more than 2.69 MPa, and the
maximum displacement was 0.22 mm (Table 7). Figure 7-a shows that the mortar mix had a softening phase after the
maximum flexural strength points. The average maximum flexural strength for sample C-2 was over 4.52 MPa and the
maximum displacement was 0.184 mm. In addition, the flexural displacement diagram of C-2 shows that this sample
had three phases: elastic, inelastic, and plastic. The inelastic phase of P-2 was created after the production of the mortar
mix (Figure 7-b). The average maximum bending strength of C-3 was more than 3.10 MPa and the maximum
displacement was 0.109 mm. The error of the bending strength for sample C-3 was more than +0.021. The elastic phase
of specimen C-3 is known, and the plastic phase of C-3 of this specimen after yielding shows that the brittleness
collapsed (Figure 7-c).
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Figure 7. Flexural strength of (a) C-1 with addition of 0.1% of SCGs, (b) C-2 with addition of 0.2% of SCGs, and (c) C-3

with addition of 0.3% of SCGs

According to Table 7, the average flexural strength of C-1 (0.1% SCG addition) is 2.65 MPa, with individual values
ranging from 2.61 to 2.69 MPa. The maximum displacement is 0.22 mm, showing that this sample has some degree of
flexibility under bending loads. The C-2 sample shows the highest flexural strength in this sample, reaching an average
of 4.45 MPa. The maximum displacement is 0.184 mm, indicating that the material maintains good structural integrity

974



Civil Engineering Journal Vol. 11, No. 03, March, 2025

under bending forces. The stress—strain behavior shows well-defined elastic, inelastic, and plastic phases, demonstrating
that SCGs at 0.2% contribute to increased flexural strength and ductility. Moreover, the C-3 sample illustrates that the
flexural strength drops to 3.10 MPa, lower than that of C-2 but still higher than that of the control sample. The maximum
displacement is 0.109 mm, indicating that the material becomes stiffer and more brittle at this higher SCG concentration.
The force error for C-3 is £0.021 kN, showing minor variations between test samples.

According to Figure 7, the stress—strain curve of C-1 shows a moderate increase in stress followed by a gradual
softening phase. The material exhibits some degree of plastic deformation before failure, indicating improved flexural
strength over the control sample. C-2 shows the highest peak flexural strength among all SCG samples. The stress—strain
curve reveals three distinct phases, elastic, inelastic, and plastic, confirming enhanced mechanical performance. The
ductility of this sample is higher, making it less prone to sudden failure under bending loads. For C-3, the stress—strain
curve exhibits a steep elastic phase followed by a sharp drop, indicating brittle failure. The material becomes more rigid
with increasing SCG content, reducing flexural capacity beyond 0.2% SCGs. The plastic phase is almost absent,
confirming that higher SCG percentages negatively affect flexural performance.

Adding PSH in percentages of 0.1, 0.2, and 0.3% to the mortar mix had a significant effect on the mechanical
properties of the mortar mix. Table 8 illustrates that when 0.1% of PSH was added to cementitious material, the flexural
strength improved to more than 6.11 MPa, while the maximum displacement was 0.16 mm. The flexural strength—
displacement diagram of P-1 illustrates that after the yielding of the sample, mortar mix ductility continued until an
ultimate point (Figure 8-a). The flexural strength of P-2 was over 3.8 MPa and the maximum displacement was 0.31
mm. The flexural strength—displacement curve shows that the maximum phase of cementitious material with the addition
of 0.2% of PSH had elastic and inelastic phases before the point of ultimate strength (Figure 8-b). The results of P-3
show when 0.3% of PSH was added to the mortar mix, the maximum flexural strength was 3.93 MPa, while the
maximum displacement was 0.93 mm (Figure 8-c).

Table 8. Flexural strength of mortar mix obtained by adding PSH with different percentages

Samples Maximum Flexural Average of Maximum Maximum Force error
P Strength (MPa) Flexural Strength (MPa) Displacement (mm) (kN)
P-1 (1) 6.06 0.14
P-1(2) 5.89 6.02 0.15 +0.22
P-1(3) 6.11 0.16
P-2 (1) 381 0.31
P-2 (2) 3.39 341 0.29 +0.25
P-2 (3) 3.05 0.31
P-3 (1) 3.76 0.91
P-3 (2) 3.64 3.77 0.9 +0.094
P-3 (3) 3.93 0.93
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Figure 8. Flexural strength of (a) P-1 with addition of 0.1% of PSH, (b) P-2 with addition of 0.2% of PSH, and (c) P-3 with
addition of 0.3% of PSH

According to Table 8, the average flexural strength is 6.02 MPa, with individual values ranging from 5.89 to 6.11
MPa. The maximum displacement is 0.16 mm, showing that this mix provides improved load-bearing capacity while
maintaining some flexibility (P-1). P-2 shows that the flexural strength decreases to 3.41 MPa, significantly lower than
that of P-1. The maximum displacement increases to 0.31 mm, suggesting that, while the material becomes more
flexible, it loses some strength. The higher displacement values indicate better ductility compared to the control and
SCG-modified samples. Finally, P-3 illustrates that the average flexural strength is 3.77 MPa, slightly higher than that
of P-2 but still lower than that of P-1. The maximum displacement reaches 0.93 mm, confirming that this sample is the
most ductile among the PSH-modified mixes. The force error is £0.094 kN, reflecting minimal variations between test
samples.

3.3. Fracture Mode Analysis

This section presents the examination of the fracture model of the mortar mix with and without M.S, SCGs, and
PSH. In this regard, the first cube fracture model under compressive load and subsequent flexural strength prisms was
investigated.

Figure 9 illustrates the fracture model of the mortar mix under compression loading. According to Figure 9, the
control sample and the mortar mix with the addition of microsilica and SCGs were brittle, as shown by the fracture
model in Figures 9-b to 9-d. By contrast, when PSH was added to the mortar mix, the fracture model was soft, as
shown in Figures 9-f to 9-h. These brittle and tough fractures were due to the fact that adding SCGs as a filler
improved the chemical properties of concrete, while the addition of PSH acted as a fiber and prevented the separation
of the cement matrix.
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(@) (h)
Figure 9. Fracture modes of compressive strength: (a) C, (b) M.S, (c) C-1, (d) C-2 (e) C-3, (f) P-1, (g) P-2, and (h) P-3

The prism fracture model shows that most fractured samples start with a crack and continue until the fracture prism
is complete. In Figure 10, a small, almost horizontal crack is evident under the prism. In fact, this figure shows the
moment before the specimens fractured. In this way, most of the prism fractures were brittle and sudden.
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Figure 10. Fracture models of flexural strength: (a) C; (b) M.S; (c) C-1; (d) C-2; (e) C-3; (f) P-1; (g) P-2; (h) P-3

3.4. Scanning Electron Microscope (SEM) and Energy Dispersive X-Ray (EDX) Analysis

Due to the absence of aggregates and the replacement of marble dust, the cement matrix consists of cement and
marble dust in Figure 11-a. The voids are clear in Figure 11-b because of insufficient shaking and a lack of filler. As
shown in Figure 11-a and Table 9, the effect of PSH on the C-S-H and calcium aluminate hydrate (C-A-H) phases
indicates that Si and Al from PSH combine with Ca (OH). released during cement hydration, leading to the formation
of additional C-S-H and calcium aluminate hydrate (C-A-H) phases. This reaction increases compressive strength,
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reduces porosity, and improves durability, while SCGs introduce organic matter and carbon-based particles into the
cement matrix. These organic compounds can coat cement grains, interfere with ion diffusion, delay the hydration of
tricalcium silicate (C3S) and dicalcium silicate (C.S), and inhibit the formation of C-S-H. Yee et al. [38] found that
SCGs contain more than one-third oxygen and two-thirds carbon, improving the oxygen in C-3. The EDX analysis
results were related to the rich source of SCGs from oxygen. Figure 11-c shows the C-S-H crystals. Lee et al. [39] also
added SCGs to concrete and found similar SEM images using a similar crystal; however, in the current study, the amount
of crystal is greater due to the use of microsilica.
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Figure 11. SEM pictures. Control sample (C): (a) 700x, (c) 1300%, and (e) 2500x; microsilica sample (M.S): (b) 600x, (d)
1300x%, and (f) 2500%; C-3: (g) 600x, (i) 1300x, and (k) 2500x; and P-3: (h) 600x, (j) 1300x%, and (I) 2500x

Adding PSH was the cause of increasing Si to more than 6.53%, Al to more than 0.61%, and added sodium (Na) to
more than 0.07% in the chemical composition of P-3. In any case, adding 0.3% of PSH improved C-S-H because of Si
and Al in the cement matrix (Table 9, Figure 12-d). In addition, crystals were clear in the P-3 samples, although when
SCGs were added as a filler, PSH was used as a fiber agent and improved the C-S-H process (Figure 11-d).

Table 9. EDX results of C, M.S, C-3, and P-3 samples

Sample\Elements

C O Mg Al Si K Ca Fe MO Na

C (norm Wit%)

M.S (norm Wt%)

C-3 (norm Wt%)
P-3 (norm Wit%)

10.80  48.92 1.38 0.39 1.79 1.25 34.80 0.66 - -
7.45 48.75 0.95 0.59 6.12 1.09 32.75 0.72 1.58 -
13.00  51.60 0.70 0.40 5.05 0.91 27.40 0.20 0.74 -
9.33 49.74 0.96 0.61 6.53 1.04 29.76 0.54 0.54 0.07

cps/eV

(e}
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Figure 12. EDX: (a) control sample (C), (b) microsilica sample (M.S), (c) C-3, and (d) P-3

4. Discussion

According to the results, adding SCGs and PSH influenced the mechanical properties, fracture model, and chemical
composition of the cement matrix. Figure 13 illustrates the compressive strength and flexural strength of all the samples.

The maximum compressive strength corresponded with C-1 with 39.48 MPa, followed by P-3 with 38.09 MPa.
Considering Figure 13-a, the compressive strength of C-1 and P-3 improved more than 18.1 and 14% rather than C
(control sample). The compressive strength trend of the mortar mix grew when PSH was added, while this trend declined
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when SCGs were added. Figure 13-b shows that when SCGs and PSH were added to the mortar mix, the flexural
strengths of C-2 and P-1 improved to the maximum. However, adding PSH and SCGs showed good performance, as
well as adding PSH to cementitious materials.
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Figure 13. Mechanical properties of mortar mix: (a) compressive and (b) flexural strengths

Other studies have shown different results. For example, Gwarah et al. [40] added different percentages of Bambara
groundnut shell ash to concrete in percentages from 0 to 50%. They found that by increasing the Bambara groundnut
shell ash, compressive strength was significantly reduced. Their results showed that when 10% of Bambara groundnut
shell ash was added to concrete, the compressive strength reduced more than 22%, and when 50% was added, the
compressive strength decreased more than 84%. Unlike Ikumapayi et al.’s [41] results, adding PSH to the mortar mix
in the current study improved the compressive strength by more than 14%. In another study, the researchers added 8%
of groundnut shell ash to the concrete and found that the compressive strength was slightly increased after 28 days of
curing [42]. For instance, samples at 28 days of curing had a compressive strength of 21.34 MPa. However, extending
the curing time to over 56 days resulted in a 10% increase in the compressive strength of concrete samples when adding
extra groundnut shell ash [42].

This study, like previous research, shows that adding SCGs to concrete lowers its compressive strength. A previous
study shows that when SCGs are added to cement ventilation blocks, compressive strength decreases. Thus, by
increasing the amount of salt added, the compressive strength of the concrete decreases [43]. Other studies have
attempted to combine grinding powder (OS.P) or crushed-granular (OS.G) forms with SCGs with a special ratio to find
the best composite. Le et al. [44] showed that when the ratio of OS.P/SCGs increased, the compressive strength improved
too, while according to other studies and the current study, when SCGs increased, the compressive strength increased.
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Overall, adding SCGs and PSH to the mortar mix is comparable. Considering the results, SCGs acted as a filler;
moreover, it helped improve the compressive strength when 0.1% was added to the mortar mix. On the other hand,
when PSH was added to the mortar mix, compressive strength increased. It is clear that adding PSH to the mortar
mix can improve compressive and flexural strengths. Finally, this study proves the initial hypotheses: adding SCGs
has the greatest impact on the chemical properties and on improving the mechanical properties, while adding PSH
to the mortar mix increases the compressive and flexural strengths due to the nature of PSH and the geometry, such
as fibers. Moreover, this study proves that using cementitious material is sustainable due to adding PSH, SCGs, and
marble dust.

PSH has better mechanical properties than SCGs. PSH contains a high percentage of silica (SiO2) and alumina
(Al203), which are reactive pozzolanic components. These elements react with the Ca(OH), released during hydration
to form a C-S-H adduct gel that improves compressive and flexural strengths. By contrast, SCGs lack significant
amounts of Si and Al, making it ineffective in promoting hydration and secondary cementitious reactions. PSH has a
fibrous morphology that acts as a micro-reinforcement in the cement matrix. The fibrous nature of PSH helps distribute
stress more effectively, reduce crack propagation, and improve ductility. SCGs, on the other hand, act primarily as a
filler, meaning it modifies the pore structure but does not contribute to tensile strength or crack bridging. PSH particles
intertwine with cement hydrates and strengthen the bond between particles, resulting in a denser and more cohesive
microstructure. This cohesive effect improves mechanical performance by reducing weak spots in the mortar mix. SCGs,
due to their fine and amorphous nature, fill voids but does not create the same interlocking effect and is less effective in
increasing strength. The failure mode analysis in this study showed that PSH-modified samples showed more gradual
failure patterns, while SCG-modified samples at higher concentrations had brittle failures. This confirms that PSH
improves toughness and energy absorption capacity, making it a better structural additive. PSH helps reduce porosity
by actively participating in hydration reactions and filling voids with C-S-H gel. SCGs, when added in excess, increase
porosity due to their organic nature, which can hinder hydration and create weak zones.

According to this investigation, SCGs and PSH were chosen for different reasons. The combined effect of SCGs and
PSH not only enhances the mechanical properties of the mortar but also contributes to its long-term durability. The
microstructural analysis (SEM and EDX) confirmed that PSH actively participates in the hydration process, increasing
the formation of calcium silicate hydrate (C-S-H), which is responsible for strength development. Additionally, PSH
introduces alumina and silica compounds, further promoting pozzolanic activity, thereby improving compressive and
flexural strengths.

On the other hand, SCGs, acting as a filler, refine the pore structure of the mortar mix. The porosity reduction
observed in SCG-modified samples is attributed to the carbon-rich composition of coffee grounds, which fills voids in
the cement matrix. However, excessive SCG content (0.3%) was found to slow down hydration reactions, leading to a
decline in compressive strength. This effect highlights the importance of optimal dosage when incorporating SCGs into
cementitious materials. Another critical advantage of using SCGs and PSH over other waste materials is their
compatibility with microsilica. The addition of microsilica (SiO,) was observed to enhance the mechanical performance
of the mortar by further refining the cement matrix. However, without PSH, microsilica alone did not provide significant
improvements in flexural strength, as brittle failure was still observed. The synergistic effect of PSH and microsilica
reduced this brittleness, ensuring a more ductile fracture behavior. Moreover, thermal resistance and chemical durability
are important factors in assessing the feasibility of SCGs and PSH in construction applications. Unlike other organic
additives such as carrot extract or humid acid, which primarily impact hydration kinetics, SCGs and PSH contribute
directly to structural reinforcement. The presence of lignin in PSH further enhances its thermal resistance, making it a
more robust additive compared to traditional agricultural waste materials.

The use of marble dust in combination with SCGs and PSH further contributes to the sustainability of the mix by
replacing a portion of cement or fine aggregates, reducing the overall carbon footprint of the material. This approach
aligns with modern trends in eco-friendly construction, where minimizing cement consumption while maintaining
structural integrity is a key objective. Ultimately, the findings of this study demonstrate that SCGs and PSH offer a
unique balance between strength enhancement, sustainability, and durability, making them superior alternatives to many
conventional bio-waste additives. The optimized incorporation of these materials into cementitious mixes can pave the
way for cost-effective and environmentally friendly construction solutions.

By keeping marble dust as a constant additive, this study ensured that the observed changes in mechanical and
chemical properties could be directly attributed to the different ratios of SCGs and PSH rather than fluctuations in the
base materials. This methodological decision also allowed for a more accurate comparison of how organic waste
additives interact with the cement matrix while taking advantage of the void-filling properties of marble dust.

Furthermore, the interaction between marble dust, PSH, and SCGs showed distinct patterns in hydration kinetics and
microstructural development. While marble dust acts primarily as a passive filler, PSH actively participates in the
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pozzolanic reaction, leading to the formation of additional C-S-H gels that contribute to the development of long-term
strength. The higher silica and alumina contents in PSH facilitated stronger bonding in the cement matrix, which was
reflected in the increased flexural and compressive strengths of PSH-modified specimens.

On the contrary, SCGs affected the hydration process differently. At low concentrations (0.1%), it contributed to a
denser microstructure, reduced porosity, and increased strength at early ages. However, at higher doses (0.3%), SCGs
interfered with hydration, slowing down the formation of C-S-H, which led to a decrease in compressive strength. This
suggests that the role of SCGs is more microstructural than chemical, as it does not actively participate in pozzolanic
reactions like PSH, but instead modifies the pore distribution and density.

The range of 0.1 to 0.3% was strategically chosen to maximize the benefits while minimizing the disadvantages.
Lower doses produce minimal measurable effects, while higher doses can compromise workability, hydration, and
structural performance. The results of this study reinforce that an optimal ratio of SCGs and PSH can effectively enhance
the mortar’s properties, but their use must be carefully controlled to avoid negative trade-offs. The findings of this study
confirm that controlling the SCG and PSH doses within the selected range (0.1-0.3%) results in measurable
improvements in additional mechanical properties associated with the additional materials. The results indicate that each
dose level has distinct effects, confirming the necessity of a controlled experimental approach.

5. Conclusions

A sustainable cement material, incorporating cement, marble dust, microsilica, peanut shell, spent coffee grounds,
water, and superplasticizer, was investigated in this study. To compare mechanical (compressive and flexural strengths)
and microstructure properties, SEM and EDX analyses were performed. According to results, adding microsilica can
improve the compressive strength while decreasing the flexural strength. The most important effect of the addition of
microsilica is the formation process of C-S-H in order to increase the compressive strength, although the excessive
addition of SCGs has a negative effect on the effectiveness of this process, while the increase in the addition of PSH to
the mortar mix has a positive effect on this process. Accordingly, the following points summarize this paper:

e The inclusion of microsilica in the mortar mixture increases the compressive strength by more than 35.42 MPa
compared to 33.4 MPa of the control sample.

o Most of the stress—strain curves and flexural load—displacement graphs have strain softening characteristics. When
PSH is added to the cement material, strain softening changes to strain hardening, especially in flexural loading.

e Adding PSH to cement material produces a greater effect than adding SCGs, because PSH exhibits fibrous
properties, whereas SCGs function as a filler.

e Because PSH has a fibrous structure, samples with PSH addition fractured gradually, unlike the other samples,
which fractured suddenly.

o According to the results, adding 0.3% SCG decreased the compressive strength and reduced the effect of C-S-H
processes, while adding 0.3% PSH increased the compressive strength and improved the effect of C-S-H processes.
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