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Abstract

This study aims to experimentally investigate the potential of recycling waste marble powder (WMP) and waste
wood sawdust in green prepackaged composites. Using low-carbon emission slag cement, the study evaluated
the mixtures prepared with different WMP ratios (25%, 50%, and 100%) and sawdust volumes (5%, 7.5%, and
10%). Fresh, physical, mechanical, and durability properties were tested; the effects of sodium silicate (Na,SO,)
exposure, high temperature, and freeze—thaw cycles were investigated. The results show that WMP increases
the flowability of the mixture and provides a homogeneous matrix structure when used with low sawdust ratios.
It was determined that 50% WMP and 5% sawdust ratio provided optimum performance due to tight packing
density and low void ratio. However, using 100% WMP and high-sawdust ratios negatively affected the durabil-
ity performance by disrupting the matrix homogeneity. At high temperatures, the thermal resistance of WMP
decreased, while sawdust’s porosity and microcrack formation increased. In freeze—thaw cycles, WMP and saw-
dust ratios caused significant mass loss and compressive strength changes. SEM analysis has shown that WMP
and sawdust ratios determine microstructural homogeneity, porosity, and microcrack formation, and adversely
affect binder phase thermal stability and mechanical strength, particularly at high temperatures. 25-50% WMP
and 5% sawdust ratios provided the most balanced results between environmental sustainability and mechanical
performance. These findings emphasize that WMP and sawdust ratios should be carefully optimized for sustain-
able construction material production.
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1 Introduction

The global construction industry is evolving as organizations realize the dire need for sustainable practices to
curb environmental degradation and resource depletion [1]. Industrial by-products and unrecyclable substances
are the leading causes of pollution as they deposit in landfills and become stranded in natural settings [2]. With
concerns mounting over the adverse effects of these practices, there is an increasing interest in creating green
construction materials that use waste products in their fabrication [3]. Unlike traditional concrete production
methods [4], prepacked concrete is a type of concrete obtained by injecting the binder material (usually cement
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mortar) after the aggregate materials are placed in the mold [5]. This method is preferred [6], especially in cases
where high-density and homogeneous structures are required [7]. Prepacked concrete provides a more durable
and long-lasting structure by minimizing the void ratio [8]. In addition, this technique offers a quieter and more
controlled production process by reducing the need for vibration [9]. It is frequently used to prevent crack for-
mation, achieve high strength, and optimize the properties of materials used in special projects [10]. Prepacked
concrete offers an important alternative, especially in evaluating waste materials, in developing sustainable build-
ing materials, and in cases where high fluidity is required [11]. This study follows these targets by investigating
the preparation of green prepacked composites using slag cement, micronized waste marble powder (WMP), and
waste wood sawdust.

Under the TS EN 197-1, slag cement falls into the CEM III/B type and is an individually created and favorable
alternative to Portland cement in terms of environmental impact. This lower clinker content—around 30% in
this study—can substantially lower the carbon emissions from cement manufacturing [12]. In addition, the better
durability characteristics [13] and chemical attack resistance [14] associated with using slag cement also make
it a good choice as a binder phase for composite materials used sustainably. Using slag cement in construction
aligns with global goals to mitigate greenhouse gases and circular economy [15]. Micronized waste marble powder
(WMP), an industrial by-product, is another significant part of this study with a particle size distribution modified
for high mortar fluidity [16]. WMP can be modified and used in construction materials [17], which address the
depletion of natural sand resources and remedy the environmental problem of marble waste generation, as the
marble industry produces large quantities of waste [18]. In this investigation, 25%, 50%, and 100% of silica sand
are replaced with WMP. We hypothesize that the high CaCO; content and fine particle size of OPC potentially
improve the mechanical and working properties of the resulting composites.

Moreover, waste wood sawdust, the lightweight aggregate used in the study, originated from pine trees besides
WMP [19]. Sawdust can be effectively used in the frame-up, as mentioned earlier, since it has the following advan-
tages: low density, good thermal insulation, and recyclability of biomass waste [20]. To minimize any adverse
effects on the strength and durability of the composite, pine sawdust, characterized by its lower tannin and tannic
acid levels, was chosen [21]. The study investigates the potential of incorporating sawdust content of 5-10% (by
volume) to find the sweet spot between mechanical behavior and sustainability.

Reducing carbon emissions from buildings and construction, which contribute one-third of anthropogenic
greenhouse-gas emissions, is one of the global challenges motivating this study. Portland cement and silica sand
are traditional construction materials with high embodied energy and contribute to environmental degradation
during extraction, processing, and transportation [22]. This research offers a pathway for developing low-carbon
construction solutions that meet modern infrastructure needs by replacing some of these materials with slag
cement, WMP, and sawdust [23]. This research will likely have a far-ranging impact on the broader construction
industry [24]. First, using high-performance composites without sacrificing structural integrity shows it is possible
to use industrial and natural waste materials [25]. Second, the research indicates the potential cost-effectiveness
of using wastes found in abundance. Finally, the paper adds to the wider debate on sustainable development,
explicitly describing how innovations in material use can help overcome fundamental challenges such as manag-
ing waste, facing the dwindling of resources, and addressing climate change [26]. The various waste materials
in construction have attracted much attention in recent years, mainly due to environmental and economic issues
[27]. The study explores the properties and behavior of green prepacked composites made with slag cement,
micrometric waste marble powder (WMP), and wood sawdust as waste material. With the knowledge of humanity
and the opportunity of the waste of production and knowledge, industrial and natural waste products can be used
instead of traditional raw materials [28]. Having low-carbon emissions and high durability [29], slag cement is
a by-product of steel production [30]. It has certain properties that this study uses to produce composites with
better mechanical and physical properties [31]. WMP is widely used as industrial waste. Fine particles of WMP
are used in place of silica sand due to their helpful composition and particle size, improving the flowability of
mortar mixes [32]. In the same way, sawdust from pine trees is used as an aggregate and recycling wood waste,
providing thermal and mechanical advantages [33].
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The sustainability assessment of the mixture defined as a “green” (environmentally friendly) product in the
study was addressed not only in terms of the amount of Portland cement, but also in terms of the use of alternative
materials, the reduction of carbon footprint, and recycling of waste materials. In terms of strength, it is expected
that mixtures containing alternative materials will have lower compressive strength compared to traditional con-
cretes. However, the aim of this study is not only to achieve high strength, but also to develop a sustainable and
environmentally friendly building material. In addition, sufficient strength levels have been achieved for certain
engineering applications, and these mixtures can be used in various areas such as lightweight building elements,
insulation materials, and secondary building elements. This study aims to experimentally investigate concrete
mixtures’ fresh, mechanical, and durability properties using different proportions of WMP and sawdust. WMP
was replaced with silica sand at 0%, 25%, 50%, and 100% in the mixtures. In addition, sawdust was used at three
different proportions: 5%, 7.5%, and 10%. Flow diameter and sorptivity tests were applied to test the samples’
fresh and transport properties. Apparent porosity, water absorption, and oven-dry density tests were used to
evaluate physical parameters, and compressive strength and flexural strength values were obtained for mechanical
properties. In addition, the 90-day sulfate effect of the samples was also determined. Moreover, freeze—thaw and
high-temperature resistances of the samples were also determined experimentally. Finally, the internal structures
of the samples were examined by SEM analysis.

2 Experimental program
2.1 Raw materials’ properties

This study used slag cement with low-carbon emissions due to its high cement content. CEM III/B 32.5 N type
cement in TS EN 197-1 [34] standard was used. The clinker content of the cement used is approximately 30%.
The chemical composition of slag cement (CEM III/B) is given in Table 1. The specific gravity of slag cement
is 2.97, and the specific surface area (according to the Blaine method) is 5200 cm?/g. The initial setting time of
the slag cement is 240 min [35], and the amount of water consistency [36] is 28.9%.

Most waste materials were used to reduce the carbon emission of the prepacked composites produced in this
study. Therefore, marble powder, an industrial waste, was used instead of silica sand. Micronized waste marble
powder (WMP) was used to produce mortar with high fluidity since the aim was to make a prepacked composite.
90% of the WMP particles are less than 150 um. In addition, the particle size distribution of WMP with an aver-
age particle size (ds;) of 53.1 um is given in Fig. 1a. WMP consists of 56.7% CaCO; and 43.1% loss on ignition.
The sieve opening of the silica sand used is 0—1 mm (Fig. 1b). The specific gravity of silica sand is 2.74, and the
24-h water absorption is 1.33%. The specific gravity of WMP is 2.67. The particle size distribution of WMP was
determined using a Malvern Panalytical Mastersizer 3000. The particle size of silica sand was detected by sieve
analysis according to ASTM C-33 [37].

The prepacked composites’ high fluidity was achieved using a polycarboxylic ether-based (PCE) superplas-
ticizer. PCE’s specific gravity is 1.04 + 0.02, and its solid content is 33.7%. In addition, potable tap water was
used to produce and cure the composites. Sawdust used to produce prepacked composites was collected from
a sawmill’s waste site. The sawdust was obtained from the wastes released during the processing of pine trees.
Pine tree sawdust was preferred because its tannin and tannic acid content is lower than that of other trees. The
waste sawdust was classified in 5-15 mm openings using sieves in the laboratory. Fig. 2 shows the production

Table 1 The chemical composition of slag cement (%)

Ca0 Sio, ALO, Fe,0, MgO Na,O K,O SO, LOI

CEM I1II/B 46.3 34.7 6.1 2.7 5.2 0.2 0.4 29 1.3
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Fig. 1 Particle size distribution of aggregates

Fig.2 Processing of waste
sawdust

process of the sawdust used in prepacked composites. The specific gravity and water absorption of sawdust are
0.99 and 44.7%, respectively [38].

2.2 Mix design

A high paste volume is also aimed at preparing prepacked composites since high fluidity is desired. Therefore,
the cement dosage was selected as 900 kg/m? in all mixtures. The water/cement ratio (w/c) in all mixes was 0.35,
and PCE was added at 5% of the cement mass. The sawdust was placed in the mold before casting. The amount
of sawdust was used as 5%, 7.5%, and 10% of the mold volume. WMP was substituted for silica sand at 25%,
50%, and 100%. In this context, 12 different prepacked composite mixtures were prepared. The mixing ratios of
the prepacked composites and the masses of the materials used are given in Table 2.
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Table 2 Mix ratio and Mix ID

: <t Mix ratios Masses of material (kg/m®)
material quantities

Sawdust WMP (%) Slagcement Water WMP Silica sand *Sawdust PCE
volume (%)

S5MO 5 0 900 315 0,0 8683 49,5 45
S7TMO0 71,5 900 315 0,0 8683 74,3 45
S10MO 10 900 315 0,0 8683 99,0 45
S5M25 5 25 900 315 217,0  651,1 49,5 45
STM25 15 900 315 217,0  651,1 74,3 45
S10M25 10 900 315 217,0  651,1 99,0 45
S5M50 5 50 900 315 434,1 4341 49,5 45
STMS50 15 900 315 434,1 4341 74,3 45
S10M50 10 900 315 434,1 4341 99,0 45
S5M100 5 100 900 315 846,1 0,0 49,5 45
S7TM100 75 900 315 846,1 0,0 74,3 45
S10M100 10 900 315 846,1 0,0 99,0 45

* Amount placed in the mold

2.3 Casting and curing process of mixes

First, slag cement and 2/3 of the mixing water were mixed at 145 rpm for 1 min and 280 rpm for 1 min. Then, the
remaining water and PCE were added to the mixture and mixed at 145 rpm for 1 min and 280 rpm for 3 min. The
prepared paste was rested for about 2 min. After resting, the paste was mixed at 280 rpm for three more minutes.
In the last step, aggregates were added to the paste and mixed at 145 rpm for 1 min and 280 rpm for 4 min. The
prepared mortar with high fluidity was placed in molds. Before casting, 5%, 7.5%, and 10% sawdust by volume
were placed in the mold. Then, the mortar with fluid consistency was cast on the sawdust in two layers. Each
layer was subjected to vibration with a vibration table for 60 s. Images of the production stages of prepacked
composites are given in Fig. 3. At the end of casting, the mold surfaces were covered with stretch film and kept
under laboratory conditions for 24 h. After 24 h, the specimens were removed from the molds and cured in lime-
saturated water until the test day. The purpose of curing lime with saturated water is to improve the hydration
process of the samples and increase their mechanical properties. It is also aimed to maximize cement hydration

Fig.3 Production stages of
prepacked composites
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Fig. 4 Flow diameter test setup

Fig.5 Test setup for a three-point flexural test and b com-
pressive strength test

by preventing moisture loss at an early age of the samples. The use of water saturated with lime, especially due
to its high pH level, allows the dissolved lime components to be restored to the concrete, thus helping the matrix
to have a more compact structure.

2.4 Test methodologies

ASTM C1437 [39] was used to measure the fresh-state properties of the prepacked composites. A flow table
was used to determine the mix flow diameters (as seen in Fig. 4). Physical properties such as water absorption
and apparent porosity were also specified on the 50 x 50 x 50 mm prepacked composites prepared according to
the ASTM C642 [40] standard. Furthermore, another physical property, the oven-dry density, was determined
on the same samples. At the end of 28 days, physical characteristics were determined. Flexural and compressive
strengths of prepacked composites were determined after 7, 28, and 91 days. To determine the mechanical proper-
ties, prismatic specimens measuring 40 x 40 x 160 mm were made. First, a three-point flexure test was performed
according to ASTM C348 [41] (Fig. 5a), and then compressive strength was measured on the identical specimens
according to ASTM C349 [42] (Fig. 5b).

The mass loss and mechanical properties of prepacked composites were determined at 200, 400, and 800 °C
high temperatures. 40 x 40 x 160 mm prism samples were produced to determine the high-temperature resistance.
After the high-temperature effect, the mass loss of the samples was determined first, followed by the compres-
sive strength. After 28 days of curing, the samples were subjected to high temperatures. A muffle furnace with
a heating rate of 10 °C was used for the high-temperature effect (as seen in Fig. 6). Samples were removed from
the oven and cooled under laboratory conditions for 2 h at the specified temperatures. By TS EN 1015 [43], the
amount of water absorbed by the prepacked composites by capillary action was determined. Cube samples of
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Fig.6 The furnace for high-temperature tests

50 x 50 x 50 mm were prepared for this purpose. After a curing time of 28 days, the sorption properties of the
samples were determined. After 28 days of curing, prepacked composites were exposed to 10% Na,SO, solu-
tions. Prepacked samples were exposed to Na,SO, solution for 90 days. To determine the sulfate resistance of the
specimens, prismatic specimens of 40 x 40 x 160 mm were prepared. First, the mass loss was determined, and
then the specimens’ compressive strength was determined. Every 15 days, the sulfate solutions were renewed.

The prepacked specimens were subjected to freeze—thaw (F-T) cycles following the ASTM C666 [44] standard
(Fig. 7). The freezing process was conducted at — 20 °C in air for 7 h, and the thawing was conducted at +4 °C in
water for 5 h. The specimens were subjected to two different F-T cycles, 30 and 60. For F-T resistance, 40 x 40
x 160 mm specimens were produced, and the F-T effect was initiated after a 28-day curing period. The samples’
weight loss and compressive strength were measured at the end of the cycles.

3 Results and discussion
3.1 Fresh properties

The flow diameter test was applied to determine whether the concrete is hard, plastic, or flowable, and to predict
the behavior of the concrete during casting and compaction. The results in Fig. 8 show the flow levels of green
prepacked composite mixtures containing WMP. The increase in the WMP ratio in the mixture increased the
flow diameter. The highest and lowest flow diameters were reached in the M100 mixture with a value of 341 mm
and in the MO mixture with a value of 287 mm, respectively. The flow diameter of the M100 mixture is 18.8%
higher than the MO mixture. This situation is because WMP has a fine-grained structure, which reduces the
mixture’s viscosity and increases its fluidity. The silica sand ratio decreases with the increase in the WMP ratio
in the mixture. The particle size of WMP is lower than that of silica sand, and WMP has less surface roughness

Fig.7 Freeze—-thaw test setup
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than silica sand. For these reasons, the increase in the WMP ratio (decrease in the silica sand ratio) facilitated
the movement of the particles in the mixture. Thus, a more homogeneous matrix was formed. Cinar et al. [45]
reported that adding waste marble powder up to a concentration of 15% does not influence the mini-slump flow
diameter; however, when the content exceeds 15%, a reduction in the mini-slump flow diameter is observed.

Moreover, WMP, due to its 56.7% CaCO; content, reacted with cement, creating both physical and chemical
effects, decreasing viscosity and increasing fluidity. First, physically, the fine particles of WMP filled the voids in
the cement matrix, resulting in the formation of a more homogeneous matrix. Thus, a more fluid mixture formed
due to decreased friction between the particles. The increase in the WMP ratio in the mix also formed a more
homogeneous matrix, increasing the flow diameter. Chemically, CaCOj; created nucleation points in the cement
matrix. The nucleation point is the starting point of hydration products such as C—S—H gel due to the reaction of
cement and water. CaCO; may have accelerated the hydration process of cement by creating nucleation points.
This process had an increasing effect on the flow diameter of the mixture. Alyamac et al. [46] reported that the
incorporation of marble powder markedly enhances the fresh characteristics of self-compacting concrete (SCC).
WMP has a positive effect on the fresh properties of self-compacting concrete (SCC) and an improving impact
on the flow diameter of green prepacked composite mixtures, according to the results of this study. Giineyisi et al.
[47] reported that incorporating marble powder into self-compacting mortars has been observed to extend both
flow time and setting times. Conversely, adding ground granulated blast furnace slag (GBFS) decreases flow time
and viscosity while prolonging the setting times. This study concluded that although the increase in the WMP
ratio increased the flow diameter, the increase in the silica sand ratio decreased the flow diameter. In the study
of Giineyisi et al. [47], it was concluded that the silica sand in this study caused a similar effect on the fluidity of
concrete when used with GBFS and WMP. Cinar et al. [48] stated that when WMP is proportionally replaced by
fly ash, the flow diameter increases as the WMP ratio in the mixture increases.

3.2 Physical properties

Apparent porosity values increase depending on the WMP replacement rate and the sawdust volume. The apparent
porosity results of the samples are shown in Fig. 9a. When evaluated regarding WMP replacement with silica sand,
the WMP ratio increases the void volume in the mixture matrix. For example, higher apparent porosity values
were obtained in mixtures containing 100% WMP (S5M100, S7TM100, and SI0M100) than in those containing 0%
WMP (S5M0, S7TMO0, and S10MO). This can be attributed to the fact that WMP leaves more unbound voids in the
matrix due to its fine particle size and large surface area. Especially in S10M100, the apparent porosity reached
a maximum of 14.75%. When examined in terms of sawdust volume, the increase in the sawdust ratio (from 5 to
10%) caused a significant increase in apparent porosity. With its organic and porous structure, sawdust creates
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Fig. 9 Physical properties of the tested samples a apparent porosity, b water absorption, and ¢ oven-dry density

voids through which water can penetrate. For example, apparent porosity was 9.43% in SSM50 but increased to
15.11% in S10M50. This is because the sawdust is not distributed homogeneously in the matrix, and a high amount
of sawdust creates unconnected voids. While the increase in WMP makes the microstructure of the matrix more
permeable, the rise in sawdust volume increases the number of pores and unconnected voids at the macro-level.
Both factors have caused an increase in apparent porosity, which can be considered a factor that can negatively
affect the durability performance of the composite.

The water absorption results are shown in Fig. 9b. The water absorption rate increases with the increase of
the WMP ratio and sawdust volume, parallel to the apparent porosity. As the WMP ratio increases (especially
at 50% and 100% levels), a remarkable increase in the water absorption rate is observed. For example, while
water absorption is 8.25% in S5MO, this rate increases to 8.32% in SSM100. Although this increase is limited,
it becomes more pronounced at higher WMP ratios (10.65% in SIOM100). The calcium carbonate-dominated
structure of WMP increases the water absorption rate of the matrix by increasing its reaction capacity with water.
The increase in water absorption of a matrix with the CaCOs-dominated structure of WMP is because they create
more voids and unbound surface area within the microstructure of the matrix.

The WMP is rich in CaCOs, which has low density and high specific surface area characteristics. This results
in a tighter cover arrangement of the grains in the blend and increases the degree of unbonded pores. As porosity
increases, water has better access to the matrix, leading to high water absorption. The presence of WMP in the
mortar causes less filling and packing efficiency compared to silica sand because of its fine-grained structure and
irregular particle shape. Its non-uniform structure gives the matrix higher porousness, leading to more capillary
voids, which augments water retention. Calcium carbonate indirectly increases the number of surfaces where
water molecules may be held because it has a high surface area that interacts with other objects in the matrix. In
particular, unbound particles physically absorb water, increasing the overall water absorption rate of the matrix.
WMP can reduce the matrix’s chemical bonding with other binding components (e.g., cement). This leads to
deterioration of homogeneity and an increase in microporosity. As a result, these pores allow water to penetrate
deeper. The effect of sawdust on water absorption rate is quite significant. The porous structure of sawdust allows
water to penetrate more into the matrix. For example, water absorption in the SI0M25 mixture reached 12.34%,
considerably higher than in the SSM25 mixture containing 5% sawdust. The combined use of WMP and sawdust
increases the water absorption capacity of the matrix at both micro- and macro-levels. The fineness and surface
area of WMP increase the surface area of the matrix in contact with water, while the sawdust volume creates
larger channels through which this water can penetrate.

The oven-dry density decreases with both the displacement rate of WMP and the volume of sawdust. The oven-
dry density results are shown in Fig. 9c. The density value is shown as the loss of the WMP ratio. For example,
while the dispersion in SSMO was 1945 kg/m?, this value was 2023 kg/m® in SSM100. In this case, the degrada-
tion of WMP may be lower than that of silica sands. The fact that the degradation of WMP is lower than that
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of silica sand is one of the main factors for the reduction of the degradation of the matrix. The density of WMP
is about 2.67 g/cm?, while the density of silica sand is 2.74 g/cm?. This difference means that WMP is a lighter
material compared to silica sand.

The amount of WMP in the mixture instead of silica sand is formed at a lower density per unit volume, which
reduces the overall composition of the mix. WMP forms a lower temperature microstructure due to the small-
ness of the diseases (90% < 150 um, ds;, = 53.1 um). These minor irregularities cannot be tightly packed in the
matrix, and more units remain between them. This has a direct effect on the preservation of density. The lower
WMP density means less material is provided per unit volume. Therefore, the characteristics of WMP usage
and the total density of the mixture are reduced. A significant distribution decrease is observed, especially in
mixtures containing 100% WMP (e.g., SSM100 and S10M100). Silica sand provides a more rigid and denser
structure, while the light and fewer rigid regimes of WMP can disrupt the homogeneity of the matrix. This leads
to an increase in micro- and macro-protection and, therefore, a lower matrix distribution. When the low density
of WMP is combined with another low-density material, such as sawdust, the total content of the mixture is fur-
ther reduced. For example, the minimum value was reached with 1654 kg/m® in the S10M100 (10% sawdust and
100% WMP) mixture. The fact that the degradation of WMP is low compared to silica sand is a critical factor in
the structure of the total parts of the matrix.

The low density of WMP causes the distributions among the diseases and the structure of its total mass to set
off. While this feature provides the advantage of producing lightweight models, it is a situation that should be
evaluated in terms of mechanical strength and long-term performance. It is seen that the sawdust ratio distribu-
tion values are more pronouncedly reduced. For example, mixtures containing 10% sawdust volume (S10M25,
S10M50, and S10M100) exhibited lower distributions than those containing 5% sawdust volume. Especially in
S10M50, the distribution decreased to 1582 kg/m® minimum. This is due to the low-density structure of the saw-
dust and the large volume in the matrix, causing less mass. WMP and sawdust in the matrix form a low hardness
structure; the general parts of the composite do not fall. This is an advantage in terms of material loosening, but
at the same time, it is a situation that will negatively affect the mechanical performance. The use rate of WMP
instead of silica sand and the sawdust volume play a role in the physical properties of prepackaged composites.
By balancing these two parameters at an optimum level, both the performance benefits and the physical perfor-
mance of the composites can be optimized. Madrid et al. [49] stated that increasing the sawdust ratio increases
the water absorption rate of concrete, which is in line with the results of this study. Rasool et al. [50] stated that
increasing the WMP ratio in the mixture increases the apparent porosity ratio.

3.3 Transport properties

The sorptivity results of tested samples are shown in Fig. 10. Partial or complete replacement of silica sand
with WMP increased the mixture’s porosity and water absorption capacity and changed the sorptivity values.
This situation is related to the fact that the optimum rate of WMP used provided the mixture to form a dense
matrix structure. However, a significant increase in sorptivity values was observed in mixtures containing 100%
WMP (§S5M100, STM100, and SIOM100). A high WMP rate increases porosity and negatively affects matrix
homogeneity. The negative effect of the high WMP rate on matrix homogeneity is mainly due to the physical
and chemical properties of WMP. Since WMP is a fine-grained material with high CaCOs content, it tends to
agglomerate when an appropriate distribution is not provided in the mixture. Agglomeration tendency refers to
the tendency of fine-grained materials to come together and form clusters or agglomerates, especially when they
are not homogeneously distributed. This situation is due to the physical and chemical attraction forces between
particles. For example, due to their high surface area, fine and surface-active materials such as WMP can stick
together when added to the mixture. Agglomeration prevents the formation of a homogeneous matrix and creates
micropores and weak areas in the mix. These weak areas make it difficult for the binder material and aggregates
to combine effectively, negatively affecting mechanical strength and water permeability properties. Therefore,
ensuring that fine-grained materials are well distributed in the mixture is extremely important, especially in terms
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Fig. 10. Sorptivity results of tested samples WMP rate increases from 0% to 100%
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of homogeneity and strength. At high WMP ratios, the inability of the binder phase to effectively bond with the
aggregates also supports this porous structure. As a result, an inhomogeneous matrix structure emerges, negatively
affecting the mixture’s physical strength and water permeability.

Increasing the sawdust ratio significantly increased the sorptivity values of the mixture. Mixtures containing
5% sawdust (SSMO, S5M25, SSM50, and SSM100) had lower sorptivity values in all cases. The increase in the
sawdust ratio and the increase in water absorption capacity and porosity explain this result. Sorptivity results
show that WMP ratio and sawdust volume should be optimized. 50% WMP and 5% sawdust ratio provided the
best performance in terms of sorptivity by providing both low porosity and low water absorption capacity. How-
ever, excessive usage cases such as 100% WMP and 10% sawdust ratio caused adverse effects by disrupting the
integrity of the matrix. Therefore, using WMP as a sustainable additive and keeping the sawdust volume at low
levels can increase the long-term durability of building materials. Munir et al. [51] investigated using WMP as
a partial substitute for clay in brick production, finding that this substitution decreased strength and increased
porosity. Bourema et al. [52] concluded that the sorptivity of the cellular concrete diminishes as the quantity of
WMP and aluminum rises.

3.4 Mechanical properties
3.4.1 Compressive strength

The compressive strengths of tested samples for 7 days, 28 days, and 91 days are shown in Fig. 11. The 7-day
compressive strength varies significantly based on the replacement of WMP with silica sand and the sawdust
volume in the mixture. For mixtures with 5% sawdust, the 7-day strength is higher than those with 7.5% and 10%
sawdust. For example, SSM50 exhibits the highest value (15.01 MPa), highlighting the optimal WMP and silica
sand balance at 50% replacement. However, with increasing WMP replacement to 100%, a reduction is observed
(S5M100 = 12.11 MPa), likely due to reduced particle packing efficiency. For mixtures with 10% sawdust, such
as S10M25 and S10M50, the 7-day compressive strength drastically declines (4.12 MPa and 4.61 MPa, respec-
tively), suggesting excessive sawdust disrupts the matrix cohesion.

The variations in 7-day compressive strength across mixtures are influenced by several factors related to
replacing WMP with silica sand and sawdust volume. At 50% WMP replacement (e.g., SSM50), the combina-
tion of silica sand and WMP improves the matrix’s particle packing density and microstructure. Silica sand,
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Fig. 11 Compressive strength of samples a 7 days, b 28 days, and ¢ 91 days

with its pozzolanic properties, contributes to secondary hydration reactions, forming additional calcium silicate
hydrate (C—S—H) gel, which enhances early-age strength. However, at 100% WMP replacement (e.g., SSM100),
the absence of silica sand eliminates these pozzolanic contributions. The WMP’s lower reactivity and higher
carbonate content result in a less cohesive matrix, reducing early-age strength. Mixtures with 5% sawdust (e.g.,
S5M50) maintain better strength due to minimal disruption of the matrix continuity. The cement paste sufficiently
surrounds the sawdust particles, preserving the bond strength. At higher sawdust volumes (e.g., 10% in SI0M25
and S10M50), the increased organic material introduces voids and reduces the effective bonding area between the
paste and aggregate. This leads to a weaker matrix and significantly lower compressive strength at 7 days. The
superior performance of mixtures like SSM50 is due to the synergistic interaction of partial WMP replacement
and low sawdust volume. The improved matrix density from 50% WMP replacement complements the minimal
interference caused by 5% sawdust. The detrimental effects accumulate in mixtures with high WMP replacement
(e.g., 100%) and high-sawdust content (e.g., 10%). The matrix becomes porous and weak, as seen in mixtures like
S10M25 and S10M50, where strength drops significantly. At 7 days, hydration reactions are still incomplete. Mix-
tures with silica sand benefit from its fine particles filling voids and accelerating early strength gain. Conversely,
mixtures dominated by WMP lack this reactivity, leading to lower early-age strengths. Sawdust’s organic nature
can also absorb water, potentially reducing the water available for hydration in high-sawdust mixtures, further
compromising early compressive strength.

At 28 days, the compressive strength generally improves as hydration and curing effects are more pronounced.
Mixtures with 5% sawdust demonstrate superior results, with SSM50 achieving the highest strength (17.43
MPa). Increasing the sawdust volume to 10% causes noticeable reductions, such as in SI0MS50 (7.72 MPa) and
S10M100 (8.89 MPa). The replacement of WMP with silica sand impacts performance significantly, where inter-
mediate replacements (e.g., 50%) yield better results than extremes such as 0% or 100%. This suggests partial
WMP replacement enhances matrix filling while maintaining adequate bond strength. At 28 days, compressive
strength trends become more pronounced as hydration progresses and the matrix develops further. At 50% WMP
replacement (e.g., SSM50), the pozzolanic activity of silica sand continues to refine the microstructure, enhanc-
ing matrix densification. This results in higher strength than mixtures with 0% or 100% WMP replacement. The
partial replacement balances matrix compaction and chemical contributions, allowing the strength to peak.

On the other hand, 100% WMP replacement eliminates the silica sand’s ability to contribute to secondary
hydration reactions. The lower reactivity and weaker bonding properties of WMP limit strength gain at 28 days,
as seen in mixtures like S1I0M100. Mixtures with 5% sawdust (e.g., SSM50) maintain better compressive strength
because the organic material’s interference in the matrix is limited. The sawdust does not significantly disrupt the
bond between the paste and aggregate at this level. With 10% sawdust (e.g., SI0OM25 and S10M50), void forma-
tion and reduced matrix continuity become more pronounced. These mixtures suffer from reduced compressive
strength, as the organic material absorbs water during hydration, weakening the bonding potential of the paste.
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The 28-day curing period allows the hydration reactions to proceed, resulting in denser matrix formation. Mix-
tures with silica sand benefit the most due to the continuous formation of C—S—H gel. However, mixtures with
high WMP content do not capitalize on this effect as their contribution to hydration is limited. Mixtures with 50%
WMP replacement and 5% sawdust volume (e.g., SSM50) achieve the best strength at 28 days, as the balance
between densification from silica sand and the limited interference of sawdust creates an optimal microstructure.
Conversely, excessive WMP and sawdust disrupt the matrix, lowering compressive strength.

The 91-day results show further improvement in strength across most mixtures due to prolonged curing.
However, the trend observed at earlier curing stages persists. Mixtures with 5% sawdust and intermediate WMP
replacements exhibit the highest strength (e.g., SSM50 = 19.61 MPa). Excessive sawdust (10%) leads to significant
strength reductions, as seen in SIOM25 (5.54 MPa) and S10M50 (7.72 MPa). Full WMP replacement (100%)
yields mixed results, while SSM100 achieves a moderate strength of 20.23 MPa, increasing sawdust disrupts
matrix strength as in SI0OM100 (8.89 MPa). At 91 days, compressive strength trends reflect the long-term devel-
opment of the matrix. At 50% WMP replacement (e.g., SSM50), the long-term pozzolanic activity of silica sand
maximizes strength development. The continued formation of C—S—H gel and matrix refinement contributes to
the highest strengths.

In contrast, mixtures with 100% WMP replacement (e.g., S1I0M100) show limited long-term gains due to the
absence of silica sand’s chemical contributions. The carbonate-rich WMP does not actively contribute to hydra-
tion, leading to lower strength than mixtures with partial replacement. The compressive strength remains high at
5% sawdust (e.g., SSM50) because the matrix maintains sufficient continuity and cohesion. The organic material
has minimal disruptive effects at this level, allowing long-term hydration to strengthen the composite. Mixtures
with 10% sawdust (e.g., SI0M25 and S10M50) exhibit significantly lower compressive strengths at 91 days. The
high-sawdust content increases voids and reduces the effective paste—aggregate interface.

In addition, the organic material may have degraded over time, weakening the matrix. Over 91 days, the con-
tinued curing allows mixtures with silica sand to achieve maximum densification. Mixtures with WMP alone,
however, do not benefit as much from long-term curing due to its limited reactivity. The long-term strength is,
therefore, dependent on the chemical activity of the replacement material and the physical integrity of the matrix.
Mixtures such as SSM50 with 50% WMP replacement and 5% sawdust volume outperform others in long-term
strength due to their optimized balance of densification, hydration, and minimal interference from sawdust.

Conversely, mixtures with excessive sawdust or complete WMP replacement fail to achieve similar gains, as
voids and weaker bonds limit their strength potential. These evaluations highlight the importance of carefully
balancing WMP replacement and sawdust volume to achieve short-term and long-term strength in prepacked
composites. The results of Madrid et al. [49] stated that increasing the mixture’s sawdust and wood ash ratios
decreased the compressive strength between 86 and 17%. Mohammed and Aswin [53] studied the effect of sawdust
with fly ash and silica fume in interlocking brick production. From the results of Mohammed and Aswin [53], it
was stated that using sawdust with fly ash and silica fume in optimum ratio increases the compressive strength.
Rasool et al. [50] and Saravanan and Rao [54] pointed out that increasing the WMP ratio in the mixture produc-
tion of brick reduces the compressive strength. Ibrahim et al. [55] investigated sawdust as a partial substitute for
clay, with replacement levels ranging from 0 to 10%. Their findings indicated that incorporating sawdust resulted
in lighter bricks; however, this substitution significantly decreased the compressive strength, dropping from 14.5
MPa to 6.7 MPa at the 10% replacement level. In the studies in the literature, WMP and sawdust are generally
preferred for producing bricks. However, this study investigated the effect of WMP and sawdust in the concrete
mixture on the compressive strength.

The relationship between apparent porosity, oven-dry density, and compressive strength is shown in Fig. 12.
Replacing silica sand with WMP significantly affects both physical and mechanical properties. An increase in
apparent porosity was observed when WMP was used instead of silica sand at 25%, 50%, and 100% rates. The
reason for this increase is that the fine-grained structure of WMP reduces the density of the mixture and forms a
porous matrix. As a result, the oven-dry density decreased, and the material gained a lighter structure. However,
these increases hurt the compressive strength. As the WMP ratio increased, a significant decrease in compressive
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strength was observed, especially in mixtures containing 100% WMP. This is because WMP is an additive that
provides lower mechanical strength than silica sand. The increase in the sawdust volume (5%, 7.5% and 10%)
increased the material porosity and apparent porosity. This is due to the low density and water-absorbing structure
of the sawdust. In addition, a decrease in oven-dry density was observed as the amount of sawdust increased. It
was determined that especially in mixtures containing 10% sawdust, density and mechanical strength decreased
to the lowest level. Sawdust disrupting the matrix’s homogeneity and not establishing a sufficiently good bond
with the binder-paste phase contributed to this decrease in compressive strength. The use of WMP instead of silica
sand and the increase in the sawdust ratio show that both parameters increase apparent porosity, reduce the density
of the material, and negatively affect mechanical strength. However, while using WMP provides advantages in
terms of environmental sustainability, increasing the amount of sawdust can reduce the weight of the material and
allow the production of lighter structural elements. The optimum balance of mechanical strength and lightness
can be achieved by appropriately optimizing the WMP ratio and sawdust volume.

3.4.2 Flexural strength

The flexural strength results of samples for 7 days, 28 days, and 91 days are shown in Table 3. Partial or complete
replacement of silica sand with WMP resulted in significant changes in the flexural strength of the mixture. In

Table 3 Flexural strength Mix ID

7-day flexural 28-day flexural 91-day flexural 7 qay/Tos-day  T7-day/To1-day

of samples a 7 days, b 28 strength (f;_g,,) strength (f55.4,y) strength (fo;_4,,)

days, and 91 days (MPa) (MPa) (MPa)
S5MO 2.46 2.98 3.28 0.83 0.75
S7MO0 1.96 2.65 3.09 0.74 0.63
S10MO 1.68 2.32 2.76 0.72 0.61
S5M25 2.52 2.87 3.32 0.88 0.76
S7TM25 2.06 2.60 2.92 0.79 0.71
S10M25 0.90 1.41 1.59 0.64 0.57
S5M50 3.01 3.64 3.89 0.83 0.77
S7TM50 2.32 2.94 3.40 0.79 0.68
S10M50 1.12 2.03 2.23 0.55 0.50
S5M100 232 2.87 3.44 0.81 0.67
S7M100 1.96 2.60 2.95 0.75 0.66
S10M100  1.66 2.34 2.65 0.71 0.63
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general, increasing the WMP ratio improved the long-term flexural strength of the mixtures. The SSM50 mixture
reached the highest values of 7-, 28-, and 91-day strengths (3.01 MPa, 3.64 MPa and 3.89 MPa, respectively). This
is because WMP provides better matrix bonding and homogeneous distribution than silica sand. However, the
strength values showed a relative decrease in mixtures containing 100% WMP (S5M100, STM100, and S10M100).
This indicates that high amounts of WMP may negatively affect the bonding capacity by increasing the void ratio
of the material. As the sawdust volume increases (from 5 to 10%), a significant decrease in the flexural strength
values was observed. For example, when the SSMO0, STMO, and S10MO mixtures were examined, the strength of
S10MO containing 10% sawdust (2.76 MPa at 91 days) was lower than that of SSMO containing 5% sawdust (3.28
MPa). The low-density structure and water retention capacity of the sawdust negatively affected the homogene-
ity and bonding strength of the mixture and caused this decrease. When the sawdust ratio reached 10%, it was
observed that the 7-day strength values were very low, especially (e.g., 0.90 MPa for S1I0M25). Combining WMP
and sawdust ratios created a complex effect on the flexural strength. The mixtures containing 50% WMP (S5M50
and S7M50) generally provided the highest flexural strength. However, these positive effects decreased with the
increase in sawdust ratio, and the strength decreased. Therefore, optimizing the ratio of sawdust and WMP plays
a critical role in both environmental sustainability and mechanical performance. In particular, the 50% WMP
and 5% sawdust ratio are optimal for strength and environmentally friendly material production. Rasool et al.
[50] reported that increasing the WMP ratio in brick production reduces the flexural strength. Rasool et al. [50]
indicated that using a 15% WMP ratio in the mixture reduces the flexural strength by approximately 50%. Ku
et al. [56] stated that increasing the sawdust size in the mixture decreased the bending strength, which is in line
with the results of this study. However, the results of Cabanillas et al. [21], Batool et al. [57], and Ahmed et al.
[58] stated that increasing the WMP ratio in the mixture caused a decrease in flexural strength.

Moreover, Cabanillas et al. [21] pointed out that the accumulation of sawdust particles at the prism’s edges has
been determined to create vulnerabilities in specific areas. This phenomenon occurs because the particles are not
evenly distributed, a situation exacerbated by the disparity in density between the sawdust and the aggregates.
Similarly, this study concluded that increasing the sawdust ratio in the mixture decreased the flexural strength.

3.5 Durability performance
3.5.1 Sodium sulfate effect

The results of the compressive strength and mass loss of samples exposed to Na,SO, are shown in Fig. 13. Mix-
tures containing 25% WMP compressive strength results generally increased after 90 days of Na,SO, exposure.
Especially in the SSM25 sample, the strength reached 17.23 MPa, which is higher than the silica sand reference
mixtures (SSMO). This shows that WMP strengthens the matrix—cement bond with the micro-filling effect.
However, in the S10M25 sample, the strength decreased to 6.84 MPa with 10% sawdust content. This indicates
that high-sawdust content may negatively affect the strength by reducing the matrix density. The increase in the
WMP content provides a positive effect, especially when combined with low sawdust content. However, when the
sawdust content increased to 10% (S10M50), the strength decreased to 8.99 MPa. Among the mixtures containing
100% WMP, the SSM 100 sample stood out with 17.32 MPa. However, when the sawdust ratio increased to 7.5%
and 10% (S7M100, SIOM100), the strengths decreased to 11.58 and 9.78 MPa, respectively. This shows that
high-sawdust volumes balanced the positive effect of WMP. Mass losses generally remained at lower levels at low
sawdust ratios (SSMO, S5M25, SSM50, and SSM100). This indicates that WMP can increase chemical resistance
compared to silica sand. Mass losses increased significantly as the sawdust ratio increased. Among the mixtures
containing 10% sawdust, the SIOM 100 sample containing 100% WMP showed the worst performance, with 7.12%
mass loss. This indicates that sawdust, an organic component, tends to degrade more when exposed to Na,SO,.

In general, it was observed that the strengths showed an increase compared to the 91-day reference strengths
after 90 days of Na,SO, exposure in all samples. Zhang et al. [59] and Mota et al. [60] reported that this
indicates that Na,SO, solution can increase the strength by accelerating the chemical reactions of the matrix
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Fig. 13 a Compressive strength, b mass loss results of samples exposed to Na,SO,

in the early period. However, this increase became less pronounced as the sawdust ratio increased. For exam-
ple, while the 91-day strength in the SSM50 sample was 17.43 MPa, this value increased to 18.51 MPa after
Na,SO, exposure. In contrast, the 91-day strength in the SI0M50 sample increased from 7.72 MPa to only
8.99 MPa.

In conclusion, using WMP instead of silica sand, especially when combined with low sawdust ratios, increased
the resistance to Na,SO, solution and improved the compressive strength. However, the increase in sawdust ratio
increased the mass loss and caused adverse effects on the mechanical properties. This highlights the importance
of optimizing WMP and sawdust ratios in the design of prepacked composites. Rasool et al. [50] stated that the
resistance of the bricks to efflorescence diminished with an increase in the percentage of WMP. Carlos et al. [20]
stated that the findings suggest that substituting fine aggregates with locally sourced materials such as ground
glass and sawdust leads to a slight enhancement in the mechanical properties over the short term.

The 90-day exposure of Na,SO, to the internal structure of the samples can significantly affect both the micro-
structure and the macrostructure through chemical reactions. Na,SO, reacts with Ca(OH), in the cement matrix
in the samples, causing the formation of gypsum (CaSO,.2H,0) and ettringite (C;A.3CaS0O,.32H,0). These
reactions create crystal accumulation in the internal structure of the matrix. These crystals accumulate and expand
in the pores of the matrix. This expansion can lead to the formation of microcracks and the loss of the binding
properties of the matrix. Especially in mixtures containing high-sawdust content, more voids are formed in the
internal structure due to the interaction of the organic material (sawdust) and the cement matrix. These voids
allow the Na,SO, solution to penetrate deeper. As a result, chemical degradation occurs in the broader area. For
example, in samples with high-sawdust content, such as SIOMS50 and S10M100, mass losses were measured as
7.73% and 7.12%, respectively. This indicates that Na,SO, causes more damage in these samples. WMP can par-
tially bind sulfate ions in the solution due to its high CaCO; content, thus limiting the degradation of the matrix.
This effect is especially evident in mixtures containing 25% and 50% WMP. In samples such as SSM25 and
S5M50, the strengths after exposure to Na,SO, have reached 17.23 MPa and 18.51 MPa. This shows that WMP
strengthens chemical resistance by increasing the binding properties. However, this protective effect decreases in
samples containing 100% WMP (such as SI0M100) as the sawdust content increases. This shows that although
WMP increases the matrix density, it cannot sufficiently compensate for the weak areas created by high-sawdust
content. As an organic material, Sawdust tends to absorb water and chemical solutions. The solution of Na,SO,
weakens the cement matrix around the sawdust and allows the solution to penetrate further. This process was
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particularly evident in mixtures containing 10% sawdust (e.g., SIOM25 and S10M100). High sawdust content
increased porosity and decreased the resistance of the matrix to Na,SO,.

The crystal expansions caused by Na,SO, created microcracks in the samples. These cracks allowed the solution
to penetrate deeper into the sample. In mixtures containing 50% and 100% WMP at low sawdust content (SSM50
and S5M100), the partial filling of the pores by WMP limited the formation of these microcracks. However, when
the sawdust content increased (S7M100 and S10M100), the increase in voids accelerated the formation of cracks.
Especially in mixtures with high-sawdust and medium WMP content, such as SI0M25 and S10M50, reactions
caused by Na,SO, and organic content decreased the matrix density. This caused a significant decrease in strength.
As porosity increased, the surface area through which Na,SO, could penetrate increased. This further acceler-
ated strength losses and mass loss. The porous structure created by high-sawdust content worsened this situation.

In the samples containing 10% sawdust, irregular porosity and cracks are more pronounced on the surfaces. The
voids formed due to the sawdust’s organic structure increased the penetration of sulfate ions into the material and
triggered surface deterioration. The surfaces in samples containing 5% sawdust are more homogeneous and less
cracked. Lower sawdust volume increased the density of the material and reduced the sulfate effects on the surface.

The images of samples after Na,SO, effect are shown in Fig. 14. The surface images of the samples exposed
to Na,SO, reveal the damage caused by sulfate ions on the material: in the samples containing 100% WMP,
significant cracks, flaking, and loss of surface smoothness are noticeable on the surfaces. This may be due to the
high calcium carbonate (CaCOs) content of WMP reacting with sulfate ions to form expansive products (e.g.,
ettringite or calcium sulfate). Such expansive products accelerated crack formation by increasing surface tension.
Fewer cracks and surface deterioration are observed in the samples containing 25% or 50% WMP. This is because
silica sand has a more chemically stable structure and limits the harmful effects of sulfate ions.

3.5.2 High-temperature resistance

The compressive strengths of the tested samples after high temperatures of 200 °C, 400 °C, and 800 °C are
shown in Fig. 15. At 200 °C, increasing the WMP content generally increased the compressive strength. For
example, in mixtures containing 5% sawdust (S5), the compressive strength increased from 13.32 MPa (S5M0)

Fig. 14. The images of sam-
ples after the Na,SO, effect

S10M25
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Fig. 15. Compressive strength of tested samples after high temperature a 200 °C b 400 °C ¢ 800 °C

to 14.58 MPa (S5M50) as the ratio of WMP to silica sand increased. However, when 100% WMP was used,
the strength decreased to 12.82 MPa (S5M100). This situation shows that WMP has a strength-increasing
effect up to a certain amount. Still, when used excessively, it can negatively affect the strength by creating
voids in the microstructure. A similar trend was observed when the sawdust content was 7.5% and 10%. High
sawdust content generally decreased the strength. This shows that sawdust negatively affects the strength by
increasing porosity. The compressive strength at 200 °C represents a temperature range where the effect of
high temperature is limited, and the original structure of the mixture is largely preserved. At this temperature,
except for the evaporation of some of the water and some physical changes, the general binding structure of the
cement matrix is not damaged. When we evaluate according to the mixing ratios, the mixture containing 5%
sawdust and 50% WMP (S5M50) showed the highest strength (14.58 MPa). The micro-filling effect of WMP
provided a significant advantage here. However, a decrease in strength was observed in mixtures containing
100% WMP (12.82 MPa, SSM100). This situation shows that completely removing silica sand weakens the
grain structure and binding capacity. The increase in the amount of sawdust (such as 10%, SI0M50) increased
the mixture’s porosity, disrupted the internal structure’s tightness, and reduced the strength. Aigbomian [61]
and Islam and Islam [62] stated that the fact that sawdust is a low-density and flammable material left fewer
effective binding points in the cement matrix. In addition, the incompatibility of the surface properties of
sawdust with WMP may have led to microcracks in the microstructure.

Compressive strengths generally decreased at 400 °C. In mixtures containing 5% sawdust, the strength
decreased from 7.43 MPa (S5MO) to 7.12 MPa (S5M50) with increasing WMP content but became 6.10 MPa
(S5M100) at 100% WMP. At this temperature, the strength-increasing effect of WMP decreased, and the
replacement ratio with silica sand caused a more significant strength loss. The strength values in 7.5% and
10% sawdust in mixtures remained at lower levels. The strength of the mixture containing 10% sawdust and
100% WMP was 3.45 MPa (S10M100), which shows the negative effect of high-sawdust content and WMP on
strength. When 400 °C is reached, calcium hydroxide (Ca(OH),), a hydration product in the cement matrix,
begins to decompose. At this temperature, water loss increases and the bonding properties in the cement
structure weaken. For example, the strength of the mixture containing 5% sawdust and 50% WMP (S5M50)
decreased to 7.12 MPa. WMP has lower thermal stability than silica sand, which may have caused the forma-
tion of voids in the microstructure due to high temperature. While silica sand was observed to provide a more
stable structure, the increase in WMP caused the microstructure to become brittle. This brittleness became
more apparent as the sawdust content increased. For example, the mixture containing 10% sawdust and 100%
WMP (S10M100) showed only 3.45 MPa strength. The transition of the sawdust to a structure close to burn-
ing increased porosity and expanded the heat conduction paths, accelerating crack formation. This explains
why the strength at 400 °C decreased significantly as the sawdust content increased.

€\ Springer Archives of Civil and Mechanical Engineering (2025) 25:170


https://doi.org/10.1007/s43452-025-01231-5

https://doi.org/10.1007/s43452-025-01231-5 Page 190f32 170

At 800 °C, the strengths decreased significantly for all mixtures. This shows that high temperatures cause
severe deterioration in the microstructure and that sawdust and WMP further increase this deterioration. 800 °C
is a temperature range where the internal structure of the cement matrix is seriously deteriorated, Ca(OH), is
wholly decomposed, and the binder structure is significantly weakened. In addition, the intensification of thermal
expansion and shrinkage cracks weaken the physical integrity of the matrix. For example, the mixture containing
5% sawdust and 50% WMP (S5M50) showed a strength of 3.62 MPa at this temperature. This value indicates
that WMP in the mix is a filler in the microstructure to a certain extent, but this effect disappears entirely at high
temperatures. Mixtures using 100% WMP (such as SSM100 and S10M100) caused the strength to decrease even
more due to the lack of thermal resistance of silica sand (e.g., 2.89 MPa, SSM100). The carbonized structure
formed by the burning of sawdust caused serious microcracks and weak areas in the microstructure under high
temperatures. When the sawdust ratio was 10% (S10M100), the strength decreased to a very low level of 2.42
MPa. This shows that sawdust entirely negatively affects the structural bonding at high temperatures.

A significant decrease in compressive strength was observed in all mixtures from 200 °C to 400 °C. For exam-
ple, in the mixture containing 5% sawdust and 50% WMP, the strength decreased from 14.58 MPa (S5M50) to 7.12
MPa. This decrease rate became more pronounced as the amount of sawdust increased. This result shows that the
temperature of 400 °C has a more negative effect on the microstructure, mainly due to the explosive properties of
sawdust. In addition, the protective effect of WMP on strength at high temperatures partially decreases at 400 °C.

The strengths decreased significantly from 400 to 800 °C. For example, the strength decreased from 7.12 MPa
to 3.62 MPa in the mixture containing 5% sawdust and 50% WMP. This shows that 800 °C destroyed the binding
properties of both WMP and sawdust in the microstructure. The increase in the amount of sawdust further aggra-
vated this deterioration. The strength decreased from 3.45 MPa (S10M100, 400 °C) to 2.42 MPa (S10M100, 800
°C) in the mixture containing 10% sawdust and 100% WMP. The replacement of WMP with silica sand showed
a strength-enhancing effect, especially at low temperatures. However, this effect decreased at high temperatures
and negatively affected the strength.

The amount of sawdust increased porosity at increasing rates and decreased compressive strength at all tem-
peratures. Especially, high temperatures (400 °C and above) made the damaging effect of sawdust on the micro-
structure more apparent. These findings show that the usage rates of sawdust and WMP should be carefully opti-
mized. Although WMP provides a micro-filling contribution to the cement matrix at low temperatures (200 °C),
its binding function weakens at high temperatures. Significantly, at 400 °C and above, the thermal stability of
WMP decreases, causing it to lose its binding properties in the microstructure. The durability of silica sand offers
a more significant advantage at these temperatures. Sawdust is a factor that reduces strength at all temperatures
due to its low density and porous structure. Especially, at temperatures of 400 °C and above, sawdust creates voids
and microcracks in the internal structure due to combustion and carbonization processes in the cement matrix.
This situation reduces the tightness of the microstructure and causes structural weakness, further exacerbated by
thermal expansion. Khan et al. [63] stated that sawdust high-strength concretes (SD-HSC) demonstrate remark-
able compressive strength even when exposed to high temperatures, showing minimal sensitivity to spalling.
However, this study concluded that increasing the sawdust ratio reduces the compressive strength of precast
concretes exposed to high temperatures. Moreover, Bayer et al. [64] pointed out that using waste marble powder
as a partial replacement for cementitious composites may enhance their high-temperature resistance and reduce
cement consumption and CO, emissions. Tiwary et al. [65] showed that no significant influence on concrete
residual properties was noted in the case of marble dust and foundry sand substitutions to 400 °C, while above this
temperature, their decomposition quickly worsens concrete properties. Memon et al. [66] concluded that sawdust
concrete with lower amounts of sawdust performs well in fire resistance but decreases in workability and strength.

The mass loss of the tested samples after high temperatures of 200 °C, 400 °C, and 800 °C is shown in Fig. 16.
The mass losses of prepacked composites tested at 200 °C vary depending on the sawdust ratio in the mixtures
and the replacement percentage of WMP with silica sand. When silica sand was used entirely (SSMO0, S7TMO0, and
S10MO0), the mass loss increased as the sawdust volume increased (from 4.03 to 5.46%). When the WMP ratio
increased, the mass losses decreased at low sawdust ratios (SSM25 and S5M50); this suggests that WMP has a
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Figure 16. Mass loss of tested samples after high temperature a 200 °C, b 400 °C, and ¢ 800 °C

lower thermal effect than silica sand. However, mass losses were observed as the sawdust volume increased (such
as S1I0M100). This may suggest that WMP undergoes thermal deterioration at lower density or provides a more
stable structure at high temperatures. However, this situation changes as the temperature increases (such as 400
°C and 800 °C), and it is observed that the mass losses of WMP become more pronounced. Therefore, “lower
thermal exposure” only emphasizes the limited observation at 200 °C. At 400 °C, mass loss increased in all
mixtures. When the sawdust content increased to 10% (S10MO0, S10M25, SIOMS50, and S1I0M100), mass losses
reached the highest values (9.84—11.82%). Especially, in mixtures with 25% and 50% WMP content (S10M25 and
S10M50), mass losses were higher compared to the mix without WMP. This shows that both WMP and sawdust
are subject to more deterioration at 400 °C due to their organic content. Mass losses reached the highest values
at 800 °C. This shows that the thermal deterioration of organic content increases at high temperatures, and WMP
does not provide thermal resistance in this temperature range compared to silica sand.

Mass losses increased significantly from 200 to 400 °C. While the increase was more moderate in mixtures with
low WMP content (SSMO and S7TMO), the mass loss increased rapidly as the WMP content increased (S10M50
and S10M100). This shows that the thermal stability limits of WMP and sawdust are around 400 °C, and the
decomposition rates increase in this temperature range. Mass losses increased more dramatically from 400 to 800
°C. Especially, in mixtures with 10% sawdust content (S10M25, S10M50, and S10M100), the mass loss increases
are remarkable. This shows that the high-temperature resistance of WMP is lower than silica sand and that the
organic sawdust ultimately enters the carbonization process in this temperature range.

The relationship between mass loss and compressive strength after high temperature is shown in Figure 17.
As the WMP ratio increases (e.g., 50% and 100%), it is observed that the mass loss generally increases. Still, this
increase has a more significant adverse effect on the compressive strength than the silica sand mixtures. Thermal
decomposition of CaCO; in WMP increases the mass loss at temperatures such as 400 °C and 800 °C while also
decreasing the compressive strength. However, in mixtures where WMP is wholly replaced by silica sand (100%),
it is observed that the high-temperature resistance becomes stable at a certain point because WMP has a finer
particle structure and provides a homogeneous distribution to the mixture. As the sawdust volume in the mixture
increases, adverse effects are observed in mass loss and compressive strength. The organic structure of sawdust
increases the mass loss due to carbonization at high temperatures while decreasing mechanical strength. Mixtures
with low sawdust content (5%) and medium WMP content (50%) (e.g., SSM50) showed the best performance
at high temperatures in terms of both mass loss and compressive strength. This can be explained by the fact that
although WMP provides limited resistance to thermal deterioration, it reduces the void ratio in the mixture and
increases thermal strength. In contrast, mixtures using only silica sand (S5MO0) are more disadvantageous regard-
ing strength loss at high temperatures despite the low mass loss.

In the data in Fig. 17, R? values are generally observed at medium to high levels (e.g., around R? ~ 0.8). This
shows a significant decrease in compressive strength as mass loss increases, but this relationship is not perfectly
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valid for all mixtures. In particular, it is observed that R* values are lower in mixtures with high-sawdust content
(10%) and 100% WMP content compared to other mixtures. This is because the mass loss in such mixtures is
not only due to the combustion of organic components but also increased porosity and microstructural weaken-
ing. Furthermore, most of the data points lie below the parabolic line. This shows that the compressive strength
decreases disproportionately as the mass loss increases. Especially when exposed to high temperatures, the
structural integrity of the mixtures is affected by mass loss. Mixtures with low sawdust ratios (5 and 7.5%) and
partial replacement of WMP with silica sand (25 and 50%) show a distribution closer to the parabolic line. This
indicates that the relationship between mass loss and compressive strength of these mixtures is more proportional,
and they respond more balanced against the temperature effects.

The images of samples after 200 °C, 400 °C, and 800 °C high temperature are shown in Fig. 18. In samples
with a high WMP ratio and exposed to 200 °C, slight color change and minimal cracking were observed on the
surface. Since samples with a high silica sand ratio have a more stable structure, surface deterioration was more
limited at this temperature. More pronounced cracks and increased surface roughness were observed in samples
with a 100% WMP ratio and exposed to 400 °C. This may be due to the decomposition of WMP’s calcium carbon-
ate content with temperature and gas release. In samples with an increased silica sand ratio, surface deterioration
was less because silica sand has a higher thermal stability. In samples with a 100% WMP ratio and exposed to
800 °C, serious surface cracks, color change, and even partial shedding occurred. When the silica sand ratio was
increased, it was observed that the surface remained more uniform, but partial cracks still formed due to the high
temperature.

In samples with 10% sawdust ratio and exposed to 200 °C, it was observed that pores became apparent on the
surface and slight cracks started. The surface exhibited a more homogeneous and solid structure in samples with
a sawdust ratio of 5%. In samples exposed to a temperature of 400 °C with a high sawdust ratio, cracks and sur-
face deformations were increased due to the effect of temperature due to porosity. In samples with a low sawdust
ratio, these effects were more limited. Intensive pores and serious surface deteriorations were observed in samples
with a sawdust ratio of 10% and exposed to a temperature of 800 °C. When this ratio was reduced to 5%, surface
deteriorations were less, but significant damage was observed in all samples at this temperature.

3.5.3 Compressive strength and mass loss after freeze—-thaw

Compressive strength and mass loss results of tested samples after 30 cyclic and 60 cyclic freeze—thaw tests are
shown in Table 4. The replacement of WMP with silica sand and the sawdust ratios significantly affect the mass
loss after freeze—thaw cycles. The increase in the WMP ratio generally increased the mass loss because the water
absorption capacity of WMP is higher than that of silica sand, which creates a structure that is less resistant to
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Fig. 18. The images of samples after a 200 ° C, b 400 ° C, and ¢ 800 ° C high temperature

Table4 Compressive Mix ID Mass loss (%) Compressive strength (MPa)

strength and mass loss of

samples after 30 cyclic and 30 cyclic 60 cyclic 30 cyclic 60 cyclic

60 cyclic freeze—thaw test S5MO 256 621 12.78 10.87
STMO 3.52 8.21 10.51 9.25
S10MO 3.99 8.11 9.11 7.88
S5M25 2.05 5.76 12.90 9.23
STM25 3.84 8.59 10.78 7.65
S10M25 5.45 11.76 5.12 4.60
S5M50 121 3.66 15.14 11.65
STM50 3.63 8.22 10.23 7.45
S10M50 4.67 12.34 6.18 5.35
S5M100 3.17 6.78 11.78 9.87
STM100 459 9.82 8.60 743
S10M100 429 10.73 755 533

internal pressures generated during freeze—thaw. In addition, the increase in the sawdust ratio also increased the
mass loss. This is because the organic structure of sawdust is more sensitive to freeze—thaw cycles and creates
voids in the microstructure.
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Compressive strength varies according to the replacement rate of WMP with silica sand and the amount of
sawdust. A decrease in compressive strength was generally observed with the increase in the WMP ratio. This is
because the binding properties of WMP are not as strong as those of silica sand and weaken the microstructure
of the mixture. It was observed that mixtures using 100% WMP, mainly, had lower compressive strength than
those using 25% WMP. Similarly, increasing the sawdust ratio decreased the compressive strength. Since the
mechanical strength of sawdust is low, the overall strength decreases as its ratio in the mixture increases. How-
ever, a striking point is that the effect of the sawdust ratio on the compressive strength is less pronounced at low
WMP (25%) ratios. This shows that WMP and sawdust can form a more homogeneous microstructure together.

During freeze—thaw cycles, significant physical and microstructural changes occur in the internal structures
of the samples. These changes are directly related to the components and pore structure of the material. During
freezing, the water in the pores of the samples turns into ice. During this transformation, the volume increases by
approximately 9%. This causes high internal pressures, especially in fine pores. Continuous freeze—thaw cycles
can cause these internal pressures to create cracks in the material microstructure and widen existing cracks. The
repetition of internal pressure during freeze—thaw causes initially small microcracks to merge and grow over time.
These cracks first form in weak areas of the material (e.g., in the binding areas between WMP and sawdust). Since
the elasticity of the organic structure of sawdust is limited, crack formation in these areas can be more pronounced.
In cases where WMP is used instead of silica sand, the binding matrix is more sensitive to freeze—thaw cycles.
Since WMP is a material with a high water absorption capacity, it retains more water during freezing and shows
less resistance to internal pressure. This may cause the matrix to decompose and lose strength. The increase in
pressure in the pores and the formation of cracks may cause mass loss over time. Small particles breaking off from
the surface and the decomposition of the matrix accelerate the mass loss in the later stages of the freeze—thaw
cycles. High WMP and sawdust ratios significantly increase mass loss because these materials are more sensitive
to internal pressures due to their porous structure. The cracks and material loss formed during the freeze—thaw
increase the overall porosity of the samples. This increase leads to easier water penetration into the material and
further increases the damage in the subsequent cycles.

High WMP ratios and sawdust amounts may accelerate the increase in porosity. Thermal expansion coefficients
of materials such as WMP and silica sand differ. These materials’ different expansion and contraction during
freeze—thaw cycles may cause bond breaks and heterogeneous stress distribution in the microstructure. Rasool
et al. [50] stated that increasing the WMP ratio of WMP-containing briquettes exposed to freeze—thaw increased
the mass loss. Celik et al. [67] indicated that it had been found that replacing a part of ordinary Portland cement
and white cement with waste marble powder leads to improved mechanical attributes before freeze—thaw. How-
ever, the mechanical characteristics of white cement and Portland cement decline drastically after freeze—thaw.
Ince et al. [68] concluded that adding waste marble dust to pozzolanic concrete increases long-term resistance to
freeze/thaw cycles at the expense of a limited reduction in compressive strength.

The images of samples after 30 cyclic and 60 cyclic freeze—thaw tests are shown in Fig. 19. Freeze—thaw tests
performed on samples provide essential clues for evaluating the durability and continuity of the material against
environmental conditions. Significant cracks and flaking were observed on the surface in samples with a high
WMP ratio (100% WMP) after 30 and especially 60 cycles. This is because WMP creates a more sensitive struc-
ture against water penetration and volume changes during the freeze—thaw process due to its calcium carbonate
content. In samples with increased silica sand ratio (0-50% WMP), it was determined that the surface integrity
was better preserved, and fewer cracks and deteriorations were observed as the silica sand ratio increased. The
fact that silica sand provides a more inert and mechanically stable structure increases the resistance against the
freeze—thaw effect.

In samples with a high sawdust ratio (10%), irregular porosity and material losses were observed on the surface.
This is related to the fact that sawdust increases the material’s porosity, facilitates water penetration, and causes
volume expansion during freezing. Fewer cracks and deterioration were observed after freeze—thaw cycles in the
samples with a low sawdust ratio (5%). Keeping the sawdust ratio low increased the material density and limited
water penetration.
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Fig. 19. The images of samples after a 30 cyclic and b 60 cyclic freeze—thaw tests

3.6 Microstructure
3.6.1 Microstructures of samples cured for 28 days

In Fig. 20a, needle-like CSH structures are observed. Such structures indicate early hydration products. This
shows that the matrix has reacted favorably (clinker and slag grains) to form CSH, the primary binder phase that
increases the strength. The dense CSH represents the compact binder phases formed by the progression of hydra-
tion. These dense structures contribute significantly to the mechanical strength of the composite. The regular and
wide distribution of these structures in the SEM image indicates the cement’s effectiveness in the mixture and the
appropriate w/c ratio. Cement particles clearly defined in the SEM image can be considered incompletely hydrated
or unreacted zones. This effect has been attributed to factors such as low w/c ratio in the mix, insufficient hydration
time, or restricted access to water for the dense cement phases. These unreacted particles can cause localized voids
or bond weaknesses in the microstructure. However, these particles may have positive effects later because they
react slowly and increase strength over time (delayed hydration). The dense CSH phases observed in the SSMO
mixture increased the compressive strength by providing high bond strength in the microstructure. However,
unhydrated cement particles and incomplete densification of some needle-like CSH structures may adversely
affect the strength. In addition, the low volume of sawdust in this mixture is another crucial factor that increases
the compressive strength. The density and dispersion of the CSH phases reduce the void ratio in the mix, thereby
reducing porosity. Accordingly, the water absorption rate also decreases. However, if micropores or microcracks
are formed around the unreacted cement particles, this factor will increase the water permeability. The presence
of sawdust is a factor that is not observed in the microstructure but affects the bond quality. Sawdust can partially
prevent the formation of CSH phases or delay the completion of hydration by absorbing water. Although SEM
images did not directly reflect the possible effects of sawdust on binder phase formation, they suggest that this
effect is minimal in regions where dense CSH phases are formed. SEM images show the coexistence of needle-
like and dense CSH phases, indicating the presence of both early and mature hydration products. This reveals
that hydration progressed markedly in the SSMO mixture, but some particles did not fully react.

The needle-like CSH structures in the SEM images were identified as early cement hydration products
(Fig. 20b). The density of such structures is one of the main factors affecting the efficiency of the hydration
reaction and the mechanical properties of the matrix. Dense CSH structures, on the other hand, indicate that the
binder phase in the mixture has matured and offers mechanical strength-enhancing effects. Portlandite crystals
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Fig. 20. Microstructures of 28-day water-cured mixtures
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(CH) are a by-product of the hydration process and indicate the concentration of calcium ions in the matrix. How-
ever, excess CH causes the formation of weak regions in the microstructure and has adverse effects on strength.
According to the test results, the compressive strength of the STM25 mix is at a medium-high level and partially
decreased compared to the SSMO mix. The decrease in compressive strength is related to the increase in sawdust
volume. However, the observation of portlandite crystals may limit the strength to a specific limit because CH
phases form weak points.

Dense CSH (calcium silicate hydrate) phases are noticeable in the image. This indicates that the cement hydra-
tion has taken place effectively, and the microstructural bonding strength of the matrix is high. On the other hand,
cement particles that are not wholly hydrated are still recognizable. This indicates that the hydration process may
not be complete or that the cement/water ratio is not ideal for adhesion. Despite the proportion of sawdust in the
mixture, the coating of the cement grout on and around the sawdust surfaces created a dense binding structure
and minimized the formation of microcracks. The mechanical load-carrying capacity of the binder matrix was
relatively reduced, and the mixture showed low strength. The compressive strength of 8.89 MPa reflects adequate
performance for such mixtures.

3.6.2 Microstructures of samples exposed to high temperatures (800 °C)

The SEM picture in Fig. 21a reveals that the CSH (calcium silicate hydrate) phase is severely degraded and has
a spongy structure. This is owing to the thermochemical reactions that occur at 800 degrees Celsius. The heat
instability of the CSH phase caused water loss and weakening of calcium silicate linkages. This significantly
lowered the binder matrix’s adhesion ability. The spongy structure suggests that the material grew more porous,
resulting in the production of microcracks. These pores were identified as scattered, and irregular structures were
visible in the SEM image. The SSMO blend shows limited thermal stability to high temperatures due to the lack
of sawdust. Damage to the CSH led to severe reductions in the strength performance of the blend. The data in
Fig. 15c show that the compressive strength of the SSMO blend at 800 °C decreased to 3.87 MPa. Thermal expan-
sion and degradation of the CSH phase resulted in the production of fractures and pores, lowering the compressive
strength. The porous structure sped up the cracking process by boosting energy density under mechanical load.
The absence of sawdust in the SSMO0 mixture precludes the creation of any added binder phase via carbonization.
This deficiency caused the strength to remain at a low level. The irregular structures in the SEM image indicate
that the mixture lost its homogeneity at the microscopic level, which exacerbated the loss of strength. The saw-
dust content further reduced the mechanical strength by forming additional pores by carbonization. Using higher
proportions of WMP led to a decrease in thermal resistance because decomposition also occurs in WMP at these
temperatures.

In Fig. 21b, microcracks are widely visible. These cracks were formed due to stresses in the binder phase due to
thermal expansion. Microcracks were concentrated both between the aggregates and around the WMP particles.
This indicates that the thermal stability differences caused the accumulation of stress between the binder material
and the aggregates. In the image, there is noticeable insufficient integration with the binder in the areas around
the WMP particles. The WMP particles create segregation in the binder phase, which may cause microvoids
and cracks. The high calcium carbonate (CaCOs) content of WMP may have undergone thermal degradation at
800 °C, releasing gases. This both increased microcrack formation and weakened the mechanical strength. In the
image, it was observed that the matrix lost its homogenous structure and disintegrated with microcracks. This
situation is combined with the adverse effects of the 7.5% sawdust ratio in the STM25 mixture on the binder
matrix. The 7.5% sawdust ratio lowered the density of the matrix, resulting in microvoids. The development of
carbonization products from sawdust burning expanded the pores while weakening the mechanical strength. The
fraction of WMP in the STM25 mix (25%) demonstrated less degradation than in mixes, including 100% WMP
(e.g., SI0M100). The micro-filling effect of WMP contributed to the structural integrity.

The S1I0M100 blend with 100% WMP (waste marble powder) and 10% sawdust content exhibits a very dif-
ferent microstructural behavior. SEM images show that exposure to 800 °C causes severe structural distortion
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with high porosity and intense microcracks (Fig. 17c). The phase identified as ‘damaged CSH (spongy)’ in the
images clearly indicates thermal degradation. This structure indicates that the binder phase has lost heat stability,
and the hydration products have suffered significant damage. The spongy structure shows that the binder matrix
has lost its integrity, allowing more voids to emerge. This is a critical component in the reduction of mechanical
strength. Extensive and widespread microcracks are visible in the SEM images. These cracks result from stress
accumulation due to thermal expansion at 800 °C and degradation of WMP—the microcracks combined with
voids, especially those caused by sawdust carbonization, to create structural weakness. Although using 100%
WMP provided a micro-filling effect, it made a significant disadvantage against thermal degradation. The CaCO:s
content of WMP decomposed at 800 °C, causing gas release (CaO + CO,) and weakening the integrity of the
matrix. The binder matrix around the WMP decomposed under the influence of temperature and lost homogene-
ity in the microstructure.

The 10% sawdust content created a high amount of pores in the matrix and facilitated the propagation of
microcracks. The organic structure of the sawdust was carbonized by thermal effects, which weakened the bond
between the binder phase and the aggregates. Fig. 15¢ shows the compressive strength of the SI0M100 blend at
800 °C, which was 2.42 MPa. This is one of the lowest values of all blends. Microcracks in SEM pictures are an
essential aspect of determining mechanical strength. These cracks result from stress building induced by high
temperatures, severely reducing load-carrying ability. Finally, decreasing the WMP and sawdust ratios and partial
silica sand recovery can improve thermal and mechanical qualities.

4 Conclusion

This study aims to experimentally investigate the potential of recycling waste marble powder (WMP) and waste
wood sawdust in green prepackaged composites. Using low-carbon emission slag cement, the study evaluated
the mixtures prepared with different WMP ratios (25%, 50%, and 100%) and sawdust volumes (5%, 7.5%, and
10%). Fresh, physical, mechanical, and durability properties were tested; the effects of Na,SO, exposure, high
temperature, and freeze—thaw cycles were investigated. The following findings were reached in the study:

i. The increase in the WMP ratio in the prepacked composite mixture increased the flow diameter. Increasing
the WMP ratio from 0 to 100% improved the flow diameter by 18.8%. Due to the positive effect of WMP on
the flow diameter, it is valuable for both ease of production and obtaining a homogeneous mixture. However,
it should be noted that a high increase in the flow diameter may also increase the risk of segregation, which
should be considered in future studies.

ii. The 7-day compressive strength results highlight the importance of optimizing WMP replacement and
sawdust volume. Partial WMP replacement (50%) and low sawdust content (5%) allow for better early-
age performance due to enhanced packing density, hydration, and minimized voids. In contrast, excessive
replacement and sawdust disrupt the matrix, leading to significant strength reductions.

iii. Using 50% WMP and 5% sawdust volume increased flexural strength and provided the best performance.
However, increasing the WMP ratio to 100% or the sawdust ratio to 10% led to a significant decrease in
flexural strength due to the deterioration of matrix homogeneity and increased porosity. These findings
emphasize that optimum ratios of WMP and sawdust should be used to produce sustainable building mate-
rials.

iv. The effect of Na,SO, on the internal structure of the samples for 90 days disrupted the chemical components
of the matrix, causing microcracks with crystal formations and increased voids. Although WMP was seen
to play a protective role in some mixtures with its micro-filling effect, high sawdust ratios balanced these
effects negatively. They increased the weaknesses of the porous structure. Therefore, WMP and sawdust
ratios should be carefully optimized to increase the resistance of prepacked composites against Na,SO,.
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v. The temperature increase from 200 to 800 °C significantly weakened the internal structure of the mix-
tures. The low thermal resistance of WMP and sawdust at high temperatures increased porosity and crack
formation in the internal structure. When the mixture ratios were evaluated, it was seen that the optimum
performance was obtained at 5% sawdust and 50% WMP (S5M50) levels. Still, this resistance decreased
significantly at temperatures of 400 °C and above. These results emphasize that sawdust and WMP ratios
should be carefully optimized in composites for high temperatures.

vi. SEM images obtained under normal curing conditions showed that the binder phase of the blends exhibited
a homogeneous structure, but high sawdust ratios created microcrack initiation points. SEM images analyzed
at 800 °C revealed that the thermal stability of WMP was low, and the binder matrix turned into a porous
structure, resulting in the formation of microcrack networks. SEM images confirm that a ratio of 50% WMP
and 5% sawdust provides optimum performance under standard cure and high-temperature conditions.

vii. The effect of replacing WMP with silica sand and sawdust ratios on mass loss and compressive strength
after freezing—thawing is quite significant. Optimizing these parameters is vital for both environmental
sustainability and mechanical performance. It is evaluated that 25-50% WMP and 5% sawdust ratios can
give the most balanced results regarding durability.
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