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Oz

Algt esasli yapt malzemelerinin geoteknik uygulamalarda yeniden kullanimi, zemin iyilestirmesi igin
stirdiiriilebilir bir alternatif sunmaktadir. Bu ¢alismada, sentetik alginin (CaSOs-%2H,0), diisiik plastisiteli bir silt
(ML) tipi kaolin zemininin fiziksel ve mekanik dzellikleri iizerindeki etkileri deneysel olarak incelenmistir. Zemin
iyilestirme igin, kuru zemin agirligina gore %2, %5, %8 ve %11 oranlarinda alg1 kullanilmustir. Alg1 katkist ilave
edilmis ve edilmemis numuneler tizerinde 1 ve 15 giinliik kiir siireleri sonunda Atterberg limitleri, standart Proctor
ve serbest basing dayanimi (UCS) deneyleri gergeklestirilmistir. Deneysel sonuglar, algi ilavesinin zeminin
miihendislik davranisini 6nemli 6l¢iide degistirdigini gostermektedir. Diisiik ve orta diizeyde al¢1 ilavesinin zemin
plastisitesini azalttig1 ve sikigsma dzelliklerini iyilestirdigi, bunun da daha yogun ve daha kararli bir zemin yapisina
isaret ettigi belirlenmistir. Veriler, al¢1 igeriginin optimum bir seviyeye kadar arttik¢a belirgin bir dayanim artisi
meydana getirdigini ortaya koymustur. Bu artig, zemin matrisi igerisinde dane baglanmasinin iyilesmesi ve
puzolanik etkilesimlerin gelismesiyle iligkilendirilmektedir. Buna karsin, daha yiiksek al¢1 oranlarinda dayanimin
azaldig1 ve deformabilitenin arttig1 gézlemlenmis olup, bu durum asir1 baglayici igeriginin zemin dokusunu
bozdugunu ve daha az etkili baglanma olusumuna neden oldugunu isaret etmektedir. Sonu¢ olarak elde edilen
bulgular, yapt malzemesi olarak kullanilan alginin ML tipi zeminler icin orta diizey oranlarda uygulandiginda etkili
bir stabilizasyon malzemesi olarak kullanilabilecegini gostermektedir. Ancak, uygulamada olasi dayaniklilik
sorunlari ile uzun dénem performansin dikkatle degerlendirilmesi gerekmektedir.
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Abstract

The reusage of gypsum-based construction materials in geotechnical applications provides a sustainable alternative
for soil stabilization. In this study, the effects of synthetic gypsum (CaSQO4-¥2H,0) on the physical and mechanical
properties of a low-plasticity silt (ML) type kaolin soil were experimentally investigated. Atterberg limit, standard
Proctor and unconfined compressive strength (UCS) tests were applied on untreated and treated soil samples by
rates of 2%, 5%, 8%, and 11% gypsum by dry weight for curing periods of 1 and 15 days. The results of the
experiments revealed a significant change in the mechanicai behavior of the soil by the usage of gypsum treatment.
The soil plasticity decreased by low to moderate gypsum additive while an improvement was observed for the
compaction characteristics pointing out a denser and more stable particle structure. A clear improvement has been
observed for strength properties of the soil with increasing gyspum content up to an optimum level, pointing out
an enhancement for interparticle bonding and pozzolanic interactions in the soil matrix. Besides, higher gypsum
rates resulted in a strength reduction by increased deformability, pointing out a distortion in the soil fabric and the
formation of less effective bonding at excess rate of binder contents. Consequently, the findings revealed that
construction material type gypsum can serve as an effective stabilizing binder for ML-type soils when applied at
moderate rates. However potential durability problems and long-term performance should be carefully considered
in practical applications.
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1. Introduction

In the last decade, urban transformation projects and post-earthquake reurbanization works increased heavily
leading to an increase in the construction and demolition wastes (C&D) as well. It has been a universal
problem to handle with the management of these waste materials for reusage to contribute to environmental
sustainability. Among different type of C&D waste materials, the plasters and wallboards which are
composed of mainly gypsum, is used so frequently and constitute a major portion in the worldwide. Previous
studies declared that the storage of gypsum-based C&D wastes in the landfill areas results in soil
contaminations and hydrogen sulfide gas emissions [1-3]. Hence, the recycling of these wastes has been
heavily studied lately in geotechnical engineering applications. To be compatible with the mechanical and
physical properties of gypsum utilized from the C&D wastes, this study used commercial powder type
gypsum as an additive materal for kaolin type clay as a treatment material. Accordingly, this study aimed to
define whether the gypsum additive is an effective metarial for the improvement of mechanical and physical
properties of kaolin soil.

Many studies have been interested in the stabilizer performance of recycled gypsum obtained through
C&D wastes for soil improvement. The gypsum material can be found in various structural forms as the
natural form of gypum (CaSQ4-2H,0), bassanite (CaSO4-1/2H,0) and andhydrit (CaS0Q.), recycled form
C&D wastes and as the man-made industrial side-product form such as phospogypsum and flue gas
desulfurization gypsum. These alternative forms provide utilizing gypsum as a cementitious or adhesive
binder for soil stabilization, hence reducing the dependence on high-carbon materials such as cement
and lime, which are responsible for more than 4% of global CO, emissions [4]. By gypsum, the soil
behavior is primarily altered through cation exchange, particle restructuring (flocculation and
agglomeration), and by the formation of cementitious hydration substances [5, 6]. In the first stage of
stabilization, calcium ions coming out of gypsum trigger the cation exchange mechanisms on clay
surfaces and replace monovalent cations such as sodium and potassium, resulting in a thinner diffuse
double layer and flocculation of soil particles [5]. Following this, hydration of calcium sulfate generates
binding structures in the contact points of particles, thus contributing to early-age strength development
[7-9]. This action is particularly important in high-plasticity clays, where the cation exchange capacity
(CEC) controls the optimum gypsum content needed to achieve maximum strength [7-9]. Moreover, the
strength and compaction characteristics of soil alter as well in addition to the change in plastic behavior.
Gradually, these processes lead to rearrangement of soil microstructure by means of void reduction and
increase of particle bonding. Hence, understanding the interaction between the relevant mechanisms
plays a significant role in the accurate interpretation of both mechanical and microstructural behavior
gypsum treated soils.

Yilmaz [10] studied on the stabilization of high plastic bentonite soils by the natural form of gypsum
and stated that gypsum can improve soil strength and reduce plasticity. However, he declared that
moderate water solubility and the swelling behavior of gypsum under wet conditions may pose durability
concerns. Multiple studies investigated on the use of gypsum as a recycled construction waste or
industrial side-products (in the form of phosphogypsum) with other additives such as fly ash and cement
kiln dust to cure the strength and to increase stability of clayey soils. Degirmenci et al. [11] studied on
the utilization of phosphogypsum together with cement and fly ash and revealed a decrease in plasticity
index and improvements in compaction and unconfined compressive strength for clayey soils of medium
to high plasticity. Ahmed et al., [12] and Khan [13] investigated the unconfined compressive strength
(UCS) of natural and recycled (waste from plasterboard) gypsum-treated clays, revealing an increase in
UCS with gypsum content up to an optimum level (ranging between 7%-15%), and beyond this a
decrease or constancy in UCS. Jang et al. [14] studied the stabilization of soft marine clay with recycled
gypsum board waste, revealing a significant early-period hardening. However, it was stated that
prolonged mixing time led to a reduction in strength. Al-Adili et al. [15] used recycled gypsum which
is collected from various construction sites and crushed by mechanically for testing. They noted that as
the gypsum content increased in the clayey soil-gypsum mixture, liquid limit (LL) and plastic limit (PL)
decreased up to 3% and 7% gypsum rates respectively and then increased, maximum dry density (MDD)
decreased with increasing optimum water content (OWC), and the unconfined compressive strength has
increased up to 5% gypsum content and then decreased. The strength improvement at lower ranges is
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attributed to cation exchange and flocculation, while the continued increase in some studies beyond the
cation exchange capacity is explained by the pozzolanic reactions between calcium from gypsum and
silica/alumina from clay minerals [6, 9]. Conversely, excessive gypsum addition may introduce soft,
coarse recrystallized particles, leading to looser packing, increased pore volume, and reduced UCS [9],
[16] In terms of compaction behavior, most studies agree that gypsum addition modifies both MD) and
OM). For high-plasticity clays, gypsum tends to decrease MDD and increase OWC due to flocculated
structure formation and larger pore volume [17]. In contrast, in low-plasticity or nonplastic soils, finer
gypsum particles can fill interparticle voids, leading to higher density [18, 19].

According to the literature, the gypsum additive in soil stabilization is generally used with other binders
such as concrete, lime or fly ash. However, the number of studies in which the gypsum is used alone as
a stabilizing binder, and the evaluation of microstructural and mechanical behavior together especially
for low plastic silt (ML) type soils, is quite limited. Hence, this study intended to investigate the effects
of different gypsum rates as a stand-alone stabilization binder on mechanical behavior and explain the
strength gain mechanism by revealing the microstructural changes utilizing from the Scanning electron
microscopy (SEM), Energy dispersive spectrometry (EDS) and Fourier transform infrared spectroscopy
(FTIR) analyses. Besides, while the previous studies are mainly focused on natural soils collected from
various regions inholding changeable mineralogical properties and grain distributions, the current study
maintains the mineralogy and grain distribution homogeneous and uniform respectively to reveal the
effect of binder only. Though the binder used in this study is factory-processed, it is recyclable,
contributing to environmental sustainability as well. The reusage of C&D wastes in the context of
reurbanization works especially in earthquake prone regions, contributes to reducing the consumption
of natural resources and provides an environmentally sustainable solution. From an economic
perspective, the low cost of the binder material increases the suitability of the method for large scaled
applications. Moreover, the soil stabilization by gypsum does not require any complicated equipments
and advanced techniques, thus provides ease of application under field conditions. The absence of
harmful and irritating effects on human health also constitutes an important advantage for practical
applications. In this regard, the present study aims to make a significant contribution to the existing
literature on the behavior of gypsum stabilized ML-type soils.

In the context of this study, the physical and mechanical effects of commercially available powdered gypsum
used for plasterboard manufacturing, on kaolin clay were investigated through a series of laboratory
experiments. For this purpose, the kaolin was mixed with varying proportions of gypsum (2%, 5%, 8% and
11%) by dry weight, followed by the determination of consistency limits through Atterberg limits test,
compaction characteristics by standard Proctor test, and unconfined compressive strength (UCS) by uniaxial
compressive tests. In addition, a curing period of 15 days was applied to determine the effect of aging on the
strength development of the gypsum-treated soil. The findings of this experimental study aim to provide
insight into the feasibility of using gypsum-based C&D waste for the stabilization of kaolin clays classified
as low-plasticity clayey silt (ML) in the study.

2. Materials and Methods
2.1. Soil properties

In this study, low-plasticity silt type soil was used. The soil has a white-colored, high kaolinite content and 1t
was purchased from commerial supplier. The kaolinite has a layered structure. And it consists of silica (SiO4)
tetrahedra bonded to Aluminum (AlOg) octahedra. The soil type was characterized through sieve and
hydrometer analyses (ASTM D6913 and ASTM D7928), specific gravity test (ASTM D854), Atterberg
limits tests (ASTM D4318), and standard Proctor tests (ASTM D1557), (Table 1) [20-24]. The results of
these tests and the particle size distribution curve show that the soil is composed by 78% silt and 22% clay
pointing out a low-plasticity clayey silt (ML) soil class based on the Unified Soil Classification System
(USCS), (Table 1 and Figure 1). The relationship between optimum water content (Wop) and maximum dry
density (parymax) Obtained from the standard Proctor test is shown in Figure 2, pointing out the compaction
parameters of paymax=1.34 gr/cm® and OWC=32%. Additionally, X-ray fluorescence (XRF) analysis

421



Firat Univ Jour. of Exp. and Comp. Eng., 5(2), 418-437, 2026
H. B. Gengdal, N. O. Fercan, C. Kartopu, S. M. Gullu

indicated that the ML-type soil is predominantly composed of silicon dioxide (SiO2) and aluminum oxide
(Al203), consistent with its high kaolinite content (Table 2).

Table 1. Physical soil properties of kaolin measured in this study

Property Value Property Value
Silt (%) 78.00 Pdrymax (gr/cm?) 1.34
Clay (%) 22.00 OWC (%) 32
Liquid Limit-LL (%) 44.64 Spesific gravity (Gs) 2.55
Plastic Limit-PL (%) 37.02 USCS ML
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Figure 1. Particle size distribution curve of the kaolin soil
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Figure 2. Standard compaction curve of the kaolin soil

Table 2. XRF analysis results of kaolin

Property SiO; Fe;O3; CaO  Na0 Al,O3 MgO TiO; KyO Cr03
Value (%) 71.00+2.00 0.40 0.15 0.10  20.00+2.00 005 050 035 0.35

2.2. Gypsum
Gypsum is available in various forms, including natural gypsum, synthetic gypsum, hemihydrate, and

anhydrite. The selection of an appropriate gypsum type for the experimental study in the context of soil
stabilization process is guided by several factors, including physical and chemical properties, environmental
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impact, and economic considerations. Among the different types, synthetic hemihydrate gypsum, which is
pronounced as the construction gypsum, is produced by heating natural dihydrate gypsum (CaSQs-2H,0) at
elevated temperatures (approximately 150 °C) to convert it into the hemihydrate form (CaSQO.-2H,0) and
often considered advantageous due to its uniformity, ease of handling, and predictable chemical composition.
In the present study, the construction gypsum was selected for soil stabilization purposes based on its
environmentally friendly characteristics, non-abrasive nature, chemical stability, and cost-effectiveness.
Accordingly, a non-irritant, odorless, white-colored commercial gypsum was employed for soil-treatment.
The physical, mechanical and chemical characteristics of gypsum are given in Table 3. The TS EN 13279-1
standard is the Turkish adaptation of the European norm EN 13279-1, and it serves as the fundamental
European specification that defines the technical properties, material classification, and performance
requirements of gypsum-based binders [25, 26]. The construction gypsum used in this study contains
approximately 50% by weight calcium sulfate hemihydrate (CaSO4-2H-0), a gypsum binder content of less
than 50%, and various additional additives. It is white in color and exhibits a powder-like texture, with a
maximum particle size of 1 mm, which is relatively close to that of the kaolin used (ranging from 0.075 mm
to 0.002 mm) (Figure 3). The similarity in particle size between the soil and gypsum played a key role in
achieving a uniform distribution of gypsum within the soil matrix.

Figure 3. ML type kaolin soil on the left and gypsum on the right

Table 3. Technical properties of the gypsum

Characteristics Value Units
Maximum grain size 1.0 mm
Compressive strength (28 days) >2000 kPa
Flexural Strength >1000 kPa

Calcium Sulfate hemihydrate

CaS04-¥2H,0 495 %
Calcium Hydroxide Ca(OH), 0-2.0 %
Calcite CaCO3 0.015-0.035 %
Tartaric Acid C4HeOs 0.3-1.0 %
Gypsum Binder Content <50 %

2.3. Sample preparation

To evaluate the effect of gypsum on the consistency, compaction, and strength—deformation behavior of ML
soil, Atterberg limits, standard compaction, and unconfined compressive tests were performed. All
specimens, including the untreated soil (0% gypsum) and gypsum-stabilized samples with contents of 2%,
5%, 8%, and 11%, were prepared following the same procedure. The soil was first passed through a No. 200
sieve and then oven-dried at 105°C for 24 hours. After oven-drying, the soil was adjusted to the
predetermined moisture content. For the untreated sample, it was mixed mechanically with distilled water
only, whereas for the gypsum-treated samples, it was mixed with gypsum at proportions of 2%, 5%, 8%, and
11% by weight, along with water. The mixture of soil, gypsum, and distilled water was thoroughly blended
for 15 min. until the surfaces of all soil particles were uniformly coated to provide a homogeneous distribution
of gypsum and water through soil. The soil mixtures were cured for 24 hours in a desiccator after being
placed inside a sealed bag, wrapped with stretch film and aluminum foil, and then enclosed in an additional
sealed bag (Figure 4). This procedure enabled that all particles in the soil-additive mixture were uniformly
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saturated with moisture, brought to be ready for subsequent testing of Atterberg limits, standard compaction
and unconfined compression.

Stretch film+aluminum

Soil+gypsum+water foil+sealed bag

Figure 4. Sample preparation procedure

3. Experimental Studies

Following the sample preparation procedure, the consistency limits were determined for the untreated soil
(0% gypsum) and for gypsum-stabilized samples containing 2%, 5%, 8%, and 11% gypsum by weight. The
homogeneous mixtures were subsequently compacted using standard compaction energy to obtain
compaction curves and determine the corresponding optimum moisture contents. To assess the unconfined
compressive strength of both untreated and gypsum-stabilized samples, the soil-gypsum mixtures were
compacted at their respective optimum moisture contents, and cylindrical specimens with dimensions of 36
mm x 80 mm were prepared for unconfined compressive testing. For each gypsum rate and curing period,
three soil specimens were prepared to ensure the repeatability and reliability of the experimental results,
hence the experiments were performed on these three specimens. The findings of this study are interpreted
based on the average values; thus the reliability of experimental results was ensured. During the measurement
of the compressive strength of the soil-gypsum mixtures, a curing procedure was applied. For this purpose,
the cylindrical specimens unmolded from the compaction mold were wrapped with stretch film to prevent
moisture loss and placed in a desiccator for curing period of 1 and 15 days (Figure 4). Upon completion of
the relevant curing periods, the specimens were subjected to unconfined compressive test. At the end of the
tests, the strength-strain relationships were investigated. Effect of gypsum content and curing durations are
compared for each sample. The main reason for choosing 1- and 15-days curing periods in this study, is to
evaluate the apparent early-age strength gain of gypsum based binders and the effects of short-term reactions.
The gypsum binder shows a fast hydration process when exposed to water, hence significant changes occur
in its inner microstructure in the first 24 hours. The curing period of 1 day was selected to observe early-age
behavior and to evaluate the initial bonding mechanisms. Besides, 15 days curing period was selected to
evaluate the difference between early-age strength gain and intermeadiate behavior, and to assess the
continuity of stabilization effect. This period presents a time period that can be used efficiently in short and
intermediate term engineering applications.

During the experiments, the results obtained from the untreated specimens (0% gypsum) were used as
reference values. The data of the gypsum-treated samples containing 2%, 5%, 8%, and 11% gypsum were
compared against these reference results. A specific labeling system was developed to compare the
unconfined compressive test results of the soil-gypsum mixtures based on the gypsum content and curing
duration (Table 4).
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Table 4. Specimen test labeling scheme

Additive Cure Durations (days)

Tests gypsum

ratio (%) ! 15

0 S0-1 S0-15
Unconfined 2 S2-1 S2-15
Compressive 5 S5-1 S5-15
Strength 8 S8-1 S8-15

11 S11-1 S11-15

In the specimen test labeling scheme presented in Table 4, the first term represents the gypsum content
incorporated into the soil, whereas the second term indicates the curing duration. Accordingly, “S8—15”
denotes a specimen containing 8% gypsum that was cured for 15 days. Following the completion of the
designated curing periods (1 and 15 days), unconfined compressive tests were performed on both untreated
(0% gypsum) and gypsum-treated (2%, 5%, 8%, and 11% gypsum) specimens in accordance with ASTM
D2166. During testing, a constant displacement rate of 1.27 mm/min was applied to determine the
relationship between unconfined compressive strength (q.) and axial strain. The results of experimental
program are presented under several subsections below, taking into account the influence of gypsum additive

content (%) and curing period on the consistency limits (e.g., Atterberg Limits), compaction characteristics
and strength-strain behavior.

3.1. Effect on atterberg limits

Liquid limit and plastic limit tests were performed on gypsum-treated soil samples containing 2%, 3%, 5%,
8%, and 11% gypsum by weight (Figure 5a). As illustrated in Figure 5, the addition of 2% gypsum reduced
the liquid limit by approximately 3%. However, higher gypsum contents (5%, 8%, and 11%) did not result
in any significant change in the liquid limit and plastic limit. The plasticity index decreased by approximately
4%, 2%, 0.32%, and 1.17% with increasing gypsum contents, respectively. Notably, the only meaningful
change in the consistency limits occurred at the 2% gypsum content, and the soil classification (ML)
remained unchanged in the Casagrande plasticity chart (Figure 5b).
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Figure 5. Atterberg limit tests on untreated (0% Gypsum content) and Gypsum-treated soil samples (2%, 5%,
8%, and 11% additives)

3.2. Effect on compaction characteristics

The relationships between the optimum water content and the maximum dry density, determined under
standard Proctor energy for both untreated and gypsum-treated soils, are presented in Figure 6 and Table 5.
As shown in the experimental results, the addition of 2% gypsum to the kaolin reduced the optimum water
content while increasing the maximum dry density. In contrast, higher gypsum contents of 5%, 8%, and 11%
resulted in an increase in the previously reduced optimum moisture content and a corresponding decrease in
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the maximum dry density. Nevertheless, the optimum water content and maximum dry density of kaolin
treated with 5% and 8% gypsum remain lower and higher respectively, than those of the untreated kaolin.

1.50

1.45 1

1.40 7

1.35 1

1.30 A

pdry (gr/cm?)

A ——50 ——S2
1059 ——gg S11
= =-5=%00 ---=5=2405 —S=2%100

10 15 20 25 30 35 40 45 50
W (%)

Figure 6. Standard compaction curves of gypsum-treated (2%, 5%, 8%, 11% additives) and untreated samples

Table 5. Compaction characteristics for gypsum-treated and untreated samples

Gypsum additive (%) 0 2 5 8 11
Pdrymax (@/cm?3) 1.34 1.37 1.36 1.35 1.34
OWC (%) 32 29 30 31 32

3.3. Effect on strength-strain behavior

Unconfined compressive strength (UCS) tests were performed on soil specimens, prepared for each gypsum
content (e.g., SO, S2, S5, S8 and S11 corresponding to 0%, 2%, 5%, 8%, and 11%), and subsequently
subjected to curing periods of 1 and 15 days (Figure 7 and Figure 8), [27]. For each gypsum content, three
replicate cylindrical specimens were taken from the same compacted mold to be tested under unconfined
compression. The axial stress () and strain (g) relations for the specimens are presented both individually
and as mean curves for 1- and 15-day curing periods, revealing very similar trends (Figure 7 and Figure 8).
The initial portion of the compressive stress—strain curves (i.e., up to 1-2% strain) does not accurately reflect
the fundamental mechanical properties, as the rough surfaces at both ends of the specimens prevented full
contact with the loading platens during compression. The compressive stress was observed to increase
approximately linearly with axial strains in the initial loading phases. Beyond the elastic region, the rate of
stress increase accelerated; however, this trend gradually diminished as the specimens approached their peak
strength, after which the stress decreased with further straining. All axial stress-strain curves exhibited a
distinct strain-softening response following the attainment of peak strength (i.e., unconfined compressive
strength, q.). Moreover, increases in both gypsum content and curing duration influenced the stiffness of the
elastic region. This led to variations in the initial stress-strain slope.
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Figure 7. Stress-strain relations of the treated and untreated soils for 1-day curing period (a) without gypsum
(S0); (b) S2; (c) S5; (d) S8; (e) S11

In Figure 7a, the mean unconfined compressive strength (UCS) of the untreated soil (S0) was measured as
221 kPa. This is corresponding to an axial strain of approximately 9.2%. The addition of 2% gypsum occured
a substantial increase in strength. The strength reached average value of 376 kPa. The corresponding strain
remained virtually unchanged at 8.5% (Figure 7b). The mixture containing 5% gypsum exhibited the highest
strength (412.7 kPa). It is at a strain level of 12.3% and indicating that this rate of additive provides the most
effective improvement in mechanical behavior (Figure 7c). When the gypsum content is 8%, the strength
decreased to 333 kPa; however, this mixture reached the highest strain (14.5%) among the specimens cured
for 1-day (Figure 7d). At a gypsum content of 11%, strength (345 kPa) and strain (7.3%) decreased (Figure
7e). These results suggest that increasing the gypsum content beyond an optimal level leads to higher stiffness
and, consequently, more brittle behavior.
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Figure 8. Stress-strain relations of the treated and untreated soils for 15-days curing period (a) without gypsum
(S0); (b) S2; (c) S5; (d) S8; (e) S11

The stress-strain curves for the specimens cured for 15 days exhibit trends similar to those observed in the 1-
day cured samples (Figure 8). The average unconfined compressive strength of the untreated soil (S0) is 196
kPa and an axial strain of 12.53% (Figure 8a). The average unconfined compressive strength of the addition
of 2% gypsum soil (S2) is 196 kPa and an axial strain of 6.74%. This led to a substantial improvement (Figure
8b). The mixture containing 5% gypsum (S5) attained the highest strength, with an average value of 414 kPa
and a corresponding strain of 7.49% (Figure 8c). When the gypsum content was increased to 8% (S8), the
strength decreased to an average of 296 kPa, whereas the strain increased markedly to 11.72% (Figure 8d).
The samples with 11% gypsum (S11) obtained an average value of 272 kPa, with a mean strain of 7.99%
(Figure 8e). In general, these findings indicate that, after a 15-days curing period, moderate gypsum content
(approximately 5%) provide the most effective enhancement in soil strength, while higher gypsum content
tends to reduce strength.

3.4. Effect of cure treatment on the stress-strain behavior of gypsum treated kaolin

A comparison of the 1-day and 15-day curing results reveals the significant influence of curing time on the
strength behavior of gypsum-treated soils (Figure 9 and Figure 10). For all gypsum contents, curing for 15
days led to notable variations in both strength and strain response. While the untreated soil exhibited a slight
reduction in unconfined compressive strength after 15 days, gypsum-stabilized samples generally showed
strength gains or maintained comparable values relative to the 1-day results (Figure 9a). The most substantial
improvement with curing time was observed for the 2% and 5% gypsum mixtures (Figure 9b-9c). In both
curing conditions, the 5% gypsum content consistently yielded the highest unconfined compressive strength,
confirming the moderate gypsum addition provides optimal binding and pozzolanic interaction within the
soil matrix. Conversely, higher gypsum contents (8% and 11%) exhibited reduced strength after prolonged
curing, suggesting that excessive gypsum may disrupt soil fabric or increase brittleness, leading to diminished
load-bearing capacity (Figure 9d-9e). Additionally, while moderate gypsum contents (2%-5%) showed
reduced strain, indicating stiffer and more brittle behavior (i.e., lower plastic deformation capacity), higher
contents (particularly 8%) tended to increase ductility after 15 days of curing (Figure 9f-9g). It is noteworthy
that, 1-day curing period resulted in higher compressive strength and larger strains for gypsum contents
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ranging from 3% to 10%, indicating a more ductile response characterized by an increased deformation
capacity. Overall, the comparative assessment highlights that curing time enhances the stabilization
performance of gypsum at moderate contents, whereas excessive gypsum continues to have a detrimental
effect on strength despite extended curing. In addition, the fracture patterns of the specimens were examined
using the images taken before and after the tests (Figure 11 and Figure 12). The fracture patterns observed
after 1- and 15-days of curing are presented in Figure 11 and Figure 12, respectively.
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Figure 9. The effect of curing time on the stress-strain relations of treated and untreated soils
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Figure 11. Before and after images of the treated and untreated soils for 1-day curing period
(a) without gypsum (S0); (b) S2; (c) S5; (d) S8; (e) S11

Figure 12. Before and after images of the treated and untreated soils for 15-days curing period
(a) without gypsum (S0); (b) S2; (c) S5; (d) S8; (e) S11

The failure planes for 2% and 11% gypsum additives are observed notably all along the soil specimens
supporting the brittle behavior seen in Figure 11 and Figure 12. Besides, the cylindirical specimens of
both 5% and 8% gypsum additives turned into a more elliptical form by the effect of compressive
strength as a results of ductile behavior (Figure 11 and Figure 12).

4. Microscobic Analyses

The macrostructural changes observed in the experimental studies are primarily dependent on the
microstructure of the soil. For this reason, the microstructure of soil-gypsum mixtures was examined in
detail and correlated with the macrostructure. Chemical (Fourier transform infrared spectroscopy
analyses, FT-IR and energy dispersive spectrometry, EDS) and microscopic (Scanning electron
microscopy, SEM) analyses were performed on soil-gypsum mixtures. The analyses revealed the
physical and chemical reactions between the soil and additive, grain-void layer structure, and elemental
content of the samples.

4.1. Fourier transform infrared spectroscopy analyses (FT-IR)

FT-IR spectroscopy method can be used to determine the chemical structures of organic compounds. In
this study, FT-IR analyses (Perkin EImer Spectrum 100) were carried out on ML type soil, gypsum, and
the kaolin-gypsum mixtures of S2, S5, S8 and S11 to identify atoms with different functional groups
and chemical bonds. The chemical structures, functional groups and compounds of ML, gypsum and
mixtures were determined and subsequently possible chemical and/or physical interactions between soil
and different gypsum rates were investigated (Figure 13).
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%T

Soil

4000 3500 3000 2500 2000 1500 1000 500 ]
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Figure 13. FT-IR spectra of gypsum, kaolin SO and mixtures of S2, S5, S8 and S11
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The soil used in this study is predominantly composed of silica and alumina, as confirmed by XRF
analysis, which reveals high SiO; (~71%) and Al.O3 (~20%) contents (Table 2). In addition, minor
amounts of Fe;0s, TiO2, K20, and CaO are also detected. These oxide components suggest the formation
of an aluminosilicate framework with possible Si—-O-Al, Si—-O—-Fe, and Si—O-Ti structural linkages. The
relatively low CaO content indicates that the soil does not contain a significant calcium-based binding
phase. XRD analysis further supports this composition by indicating the dominance of silicate-based
mineral phases. However, the absence of sharp and well-defined peaks corresponding to crystalline
kaolinite suggests that the soil structure is not fully ordered, and may instead consist of partially
amorphous or poorly crystalline aluminosilicate phases. This interpretation is also consistent with SEM
observations, which indicate a heterogeneous and less ordered microstructure. The FT-IR spectrum of
the soil (Figure 13) is in good agreement with the XRF findings. The bands observed in the range of
3600-3650 cm™ are attributed to O—H stretching vibrations associated with structural hydroxyl groups
and adsorbed water. These bands appear relatively broad, indicating a less ordered hydroxyl
environment compared to well-crystallized clay minerals. A broad band in the 3400—3450 cm ™ region
corresponds to hydrogen-bonded O-H stretching vibrations of physically adsorbed water molecules,
while the band near ~1650 cm™ is assigned to H-O—-H bending vibrations, confirming the presence of
moisture within the soil matrix. The most prominent bands are located in the 1000-1100 cm ™ range and
are attributed to Si—O stretching vibrations. These bands clearly indicate the dominance of silicate
structures in the soil and are consistent with the high SiO, content obtained from XRF analysis. At lower
wavenumbers, bands observed in the 500-600 cm™ range are associated with Al-O, Fe-O, and Ti-O
vibrations, reflecting the contribution of minor oxide components to the overall structure. Additionally,
bands in the 400-500 cm™ region correspond to the bending vibrations of Si—-O-Si and Si-O-Al
linkages, indicating the presence of a complex and heterogeneous aluminosilicate network.

In the spectrum of pure gypsum, distinct bands are observed. The broad band in the 3400-3500 cm™
range corresponds to O—H stretching vibrations of bound water related to the hydration of gypsum. The
peak around ~1650 cm™ is associated with the bending vibrations (H-O-H bending) of the bound water
molecules. Sharp bands observed in the 1140-1110 cm™* region reflect the symmetric and asymmetric
stretching vibrations of the SO4> group. Bands in the 670-610 cm™ range correspond to bending
vibrations of SO42-, confirming the sulfate content of gypsum. A weak peak around 500 cm™ is attributed
to Ca—O bonds. No additional characteristic peaks are observed in the spectrum, indicating that the
crystal structure of gypsum is typically identifiable by FT-IR.

The FT-IR spectra of gypsum-stabilized soil samples (S2, S5, S8 and S11) reveal clear changes as the
gypsum content increases. In sample S2, the O—H stretching band at 3400-3500 cm™ is still weak, and
the H-O—H bending band at 1650 cm™ is limited, while the Si—O stretching bands in the 1000-1100
cm™! range remain dominant. This indicates that the spectral features are still mainly controlled by the
soil matrix, with only minor contributions from gypsum. In S5, the O—H and H-O-H bands become
more pronounced, and the SO4? stretching bands around 1140-1110 cm! start to appear, reflecting an
increasing influence of gypsum in the system. In S8, the O—H stretching and H-O—H bending bands are
further intensified, and the SO,* bending bands at 670-610 cm™' become stronger, confirming the
growing role of gypsum in the mixture. In S11, gypsum-related bands dominate the spectrum, whereas
the silicate bands are still present but relatively weaker. This demonstrates a gradual shift from a silicate-
dominated structure toward a gypsum-influenced system as the gypsum content increases. Across all
samples, the broad O—H bands at 3400-3500 cm™ and the peaks around 1650 cm™ become more intense
with higher gypsum content, corresponding to an increased presence of bound water and hydroxyl
groups associated with gypsum hydration. Similarly, the SO4>~ bending bands in the 600-700 ¢cm™
region show a clear increase in intensity. No new characteristic peaks are observed, indicating that no
new crystalline phases are formed. The interaction between soil and gypsum is primarily physical, likely
involving ionic interactions rather than the formation of new chemical bonds. Overall, the FT-IR results
indicate that as the gypsum content increases, the system gradually transitions from a silicate-dominated
structure to a gypsum-influenced one, with sulfate and hydroxyl groups becoming progressively more
significant in the spectral response.
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4.2. Scanning electron microscopy (SEM) analyses

SEM analyses were conducted to investigate the grain-void structure of materials. Due to the very small
sample sizes used in SEM analyses (~2-3 g), obtaining a sample fully representative of the entire soil
structure is challenging. For this reason, in this study, SEM (Zeiss EVO LS 10) examinations were
performed on pure soil (S0) and soil with 5% gypsum (S5, representing the optimum gypsum ratio). The
grain-void structures were observed at different magnifications (1 KX, 5 KX, and 10 KX), and the
corresponding images for SO and S5 are presented in Figure 14a-14d and Figure 14e-14g, respectively.
In addition to visualizing the microstructure, energy dispersive spectrometry (EDS) analyses were
performed simultaneously to identify the elemental composition of the samples, with results summarized
in Table 6.

Figure 14. SEM analyses of SO and S5

Figure 14a-14d shows that the SO soil has a layered structure with voids between the layers, variable
grain sizes, and a non-homogeneous soil with a wide range of grain sizes. Besides, the images of the SO
show an irregular and loosely packed grain-void structure. This corresponds to the particle size diameter
distribution curve presented in Figure 1. At lower magnifications (1 KX) in Figure 14a, the soil particles
appear heterogeneously distributed with noticeable interparticle voids, indicating a porous matrix. As
the magnification increases (5 KX and 10 KX) in Figure 14b-14d, individual grains can be observed
with rough, angular surfaces, and micro-voids are clearly visible between particles. This microstructure
suggests limited particle cohesion in the untreated soil, which may correspond to lower compressive
strength. In contrast, the SEM images of the S5 reveal a more compact and cohesive structure (Figure
14e-14h). The particles appear to be partially bonded, with reduced interparticle voids and a denser
arrangement, especially evident at higher magnifications (5 KX and 10 KX). The gypsum addition seems
to promote flake-like and sheet-like structures on the particle surfaces, suggesting early cementation and
potential improvement in mechanical stability. Overall, the incorporation of 5% gypsum modifies the
microstructure by reducing porosity and enhancing particle connectivity, which aligns with expected
improvements in strength and durability.

432


https://acikders.ankara.edu.tr/mod/resource/view.php?id=61071
https://acikders.ankara.edu.tr/mod/resource/view.php?id=61071

Firat Univ Jour. of Exp. and Comp. Eng., 5(2), 418-437, 2026
H. B. Gengdal, N. O. Fercan, C. Kartopu, S. M. Gullu

Table 6. EDS results of SO and S5

SO S5
Weight (%) Atomic (%) Weight (%) Atomic (%)
0] 48.9 62.8 50.4 65.8
Mg - - 0.1 0.1
Al 94 7.2 10.1 7.8
Si 40.1 29.3 22.3 16.6
S - - 6.3 4.1
K 0.4 0.2 0.5 0.2
Ca 0.2 0.1 9.9 5.2
Ti 0.3 0.1 0.1 0.1
Cr 0.2 0.1 0.1 0.0
Fe 0.4 0.1 0.3 0.1

The EDS results presented in Table 6 reveal the main elemental composition, which is consistent with
the soil and gypsum compositions shown in Tables 2 and Table 3. In particular, Si, O, and Al were
detected at high levels in both analyses. The high abundance of elements and their chemical bonds in
the soil and gypsum are also consistent with the chemical bonds and functional groups identified in the
FT-IR spectra. In addition, the FT-IR spectra support the chemical bonds of the observed elements and
phases, reinforcing the SEM and EDS findings as well as the material’s structural and chemical integrity.
These mutually supporting observations enhance the reliability of the data and provide a comprehensive
characterization of the material.

5. Results

The present study provides originality by means of using gypsum alone as a soil treatment additive
compared to previous studies which mostly used gypsum with cement or another binder (e.g., additives).
Hence this study aimed to contribute toward filling this gap, the experimental evidence for gypsum-
alone stabilization effects on ML-type clayey soil. The results of the present study are compatible with
the results of Al-Adili et al. [15] for CL soil, Al-Hokabi et al. [28] for ML soil, Zha et al. [9] for CH
soils, investigated soil stabilization by gypsum-alone for clayey soils revealing a decrease and then
increase in LL with increasing gypsum content. The reduction in LL and hence plasticity of soil is related
to the cation exchange mechanism on clay particles where the cations such as sodium and potassium in
clay structure are replaced by higher valence cations like calcium in the structure of gypsum, that
resulted in thinner water diffusion around the clay particles [5]. Besides, especially the rate of additives
in the structure of gypsum may increase the water absorption of low-plasticity soils [9]. For this study,
these two mechanisms explain the initial decrease in LL and PI up to a certain range of gypsum content
and then increase. The results obtained through compaction tests were evaluated as compatible with the
trends declared in the literature. Especially in low plasticity soils, it has been stated that fine grained
gypsum particles may fill the voids of soils resulting an increase in MDD [18, 19]. In this study, it was
observed that the low rates of gypsum additives increased the MDD and decreased the OWC. Moreover,
the decrease in MDD in higher rates of gypsum additive exhibits a compliant behavior with the literature
in which the excess rates of gypsum resulted in the distortion of void structures [6, 29, 30]. Gypsum
additive changes the mechanical soil properties as well by restructuring the soil particles (e.g.,
flocculation and agglomeration) and bonding the particles together (e.g., cementitious hydration and
pozzolanic reaction) [6]. Especially pozzolanic reactions and hydration process contribute to the
development of a hardened soil matrix, thereby increasing shear strength. Numerous previous studies
primarily investigated on the clayey soils employing a curing period of 7 to 28-days, have reported two
distinct trends in the strength behavior of gypsum-treated soils. The first trend indicates a continuous
increase in unconfined compressive strength (q.) with increasing gypsum content, whereas the second
trend reveals the existence of an optimum gypsum content, generally within the range of 5%-15%,
beyond which g, decreases as the gypsum content continues to rise [8, 12, 13, 31]. In the present study,
similarly the maximum strengths for 1-day and 15-day curing periods are consistent with the second
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trend, indicating that the optimum gypsum content was determined as 5%, beyond which the unconfined
compressive strength (q.) decreased with further gypsum addition. The optimum 5% gypsum rate
defined in this study, is compliant with the lower limits for low plasticity ML-type soils, as reported in
the literature, however it may vary due to soil mineralogy and cation exchange mechanisms [7, 8, 9],
[12, 13]. Besides, the curing period of 15 days was found to slighlty reduce the g, values once the
optimum gypsym content was exceeded, exhibiting a trend that is broadly consistent with previous
studies. The microstructural analyses results also demonstrate findings that are consistent with the
mechanisms reported in the literature. Especially in SEM analyses of 5% gypsum included soil sample,
the observed void reduction and increase in interparticle bonding show similarities with the development
of a denser microstructure declared by the previous studies [8, 9]. These microstructural changes are
believed to play a key role in the strength increase observed in the UCS tests. Furthermore, the increase
in sulfate bands observed in the FTIR analyses is associated with gypsum hydration and consistent with
the binder formation mechanisms reported in the literature.

The results obtained in this study presents practical insights that can be used in ground improvement
design. Especially, defining the optimum gypsum content as 5% may help in selecting an economical
and effective stabilization rate for low-plasticity ML-type soils. The strength increase at low rates of
gypsum binder together with the development of a dense microstructure, provide an advantage for
increasing the soil bearing capacity. Also, the soil stability is improved by by limiting the deformations
under seismic loading. The results of this study may be used as a guideline for engineering design of
short-and intermediate-term ground improvement applications for shallow foundations and
enbankments in low-plasticity soils. Finally, the utilization of gypsum from C&D wastes in ground
improvement contributes to sustainable engineering by reducing traditional binder usage and promoting
recylable materials.

6. Conslusions

The transformation of gypsum-based plasterboard materials, commonly used as interior design
components of the constructions, into C&D waste following urban renewal projects has promted
consideration of their reuse in soil stabilization from a sustainability perspective. This study aimed to
investigate the change of physical and mechanical properties of low-plasticity silt (ML) type kaolin soil
by commercially used powdered synthetic hemihydrate gypsum (CaSO4-1/2H,0) sold in construction
markets. Within the context of this study, 2%, 5%, 8% and 11% rate of gypsum additives were used for
treatment of kaolin soil for 1 day and 15 day curing periods, meanwhile applying Atterberg limits,
standard Proctor and unconfined compressive tests. Through these assessments, the optimum gypsum
content that yields effective soil improvement was identified, and the influence of curing duration on
the mechanical response of the treated soil was determined.

The conclusions of this study are summarized as follows:

(1) This study contributes to the existing literature since it reveals short and intermediate period
strength gain behavior on ML-type soils stabilized solely with gypsum through mechanical and
microstructural analyses. In particular, microstructural evaluations supported by SEM, EDS and
FTIR analyses provided valuable insights into the underlying the strength gain mechanisms.

(2) Despite the shorter curing periods of 1 and 15 days compared to the commonly used 7-28 days,
the strength development trends observed in this study are consistent with the literature findings.
The maximum strength was achieved at 5% gypsum content, confirming the comparability of
the observed behavior with reported mechanisms.

(3) Consistency limit tests indicated that the liquid limit (LL) and plasticity index (PI) decreased
with the addition of gypsum up to 5% content and then increased. Besides, the plastic limit (PL)
increased continuously with increasing gypsum content. Accorgingly, the highest decrease in
Pl and LL were obtained at gypsum contents of 2% and 5% in descending order.

(4) The highest maximum dry density and the lowest optimum water content was observed at
gypsum contents of 2%, 5% and 8%, respectively, in descending order. This behavior can be
attributed to the filling of interparticle voids in the low-plasticity soil by the finer gypsum
particles, leading to a denser packing structure. In contrast, a higher gypsum content of 11% did
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not lead to significant change in the compaction characteristics. This is because largely filled
interparticle voids tend to form weak clusters rather than contributing to a denser packing
arrangement.

(5) For both curing durations (1 and 15-days), the unconfined compressive strength increased with
increasing gypsum content, reaching a peak value at 5% gypsum. The strength (qu.) declined
with further gypsum addition beyond 5% gypsum. While moderate gypsum contents (2-5%)
were associated with lower axial strains, reflecting a more brittle response, higher gypsum
contents (particularly 8-11%) led to increased strain values, indicating a tendency toward more
ductile behavior. According to the results of consistency limits tests, compaction characteristics
and stress-strain response, the optimum gypsum content for kaolin was identified as 5%. The
microstructural observations through SEM analyses are in compliance with the mechanical
behavior obtained by UCS tests as well. Especially the increase in particle bonding and void
reduction by pozzolanic and cementitious interactions is consistent with the highest strength
values obtained at this gypsum rate. This findings suggests that low to moderate gypsum
addition promotes cation exchange and flocculation mechanisms, resulting in microstructural
curing hence development of enhanced strength. In contrast, excessive gypsum contents (8%-
11%) and extended curing periods, results in alteration of the soil fabric adversely, leading to a
reduction in unconfined compressive strength.

(6) Although moderate gypsum addition improves the short-term strength of kaolin including rapid
strength gain and potential for sustainable reuse of gypsum-based construction waste, its use as
a soil improvement material should be carefully evaluated due to durability concerns. Gypsum’s
moderate solubility and the swelling potential of anhydrite by wetting may cause long-term
strength loss and deformation. Therefore, gypsum-based stabilization appears more suitable for
controlled or short-term applications where moisture exposure is limited and long-term
durability requirements are not critical.
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