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Comparative analysis of volume
change behavior of expansive road
subgrades stabilized with waste
paper sludge
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Expansive soils have a high tendency for volume change in case of fluctuations in moisture content,
potentially causing significant damage to light structures, particularly road pavements. This paper
investigates the influence of waste paper sludge ( W P S) as an alternative sustainable stabilizer on the
volume change behavior of expansive road subgrade soils of different origins. For this purpose, W PS
was added to the expansive soils at ratios of 3%, 6%, 9%, 12%, and 15% by dry weight of the soils. A
series of Atterberg’s limit, swelling, shrinkage, compaction, and consolidation tests were performed
on pure soils and soil specimens with W P S to attain a comprehensive understanding of the role that
W P S plays in the volume change behavior of expansive soils. The experimental test results showed
that the addition of W PS led to a considerable decrease in the plasticity and swell-shrink potentials
of subgrade soils. The consolidation settlement of expansive road subgrades was also reduced to

some extent with W P.S. Moreover, the statistical analysis of the test data indicated a significant
relationship among different swelling-shrinkage parameters. The experimental results presented here
suggest that the W P .S may be a cost-effective, environmentally friendly, and sustainable stabilizer to
reduce the volume change sensitivity of expansive road subgrade soils.
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List of symbols

AASHTO  American Association of State Highway and Transportation Officials
ASTM American Society for Testing and Materials
BS British standard

C. Coefficient of compression

C, Swelling index

e Void ratio

€, Initial void ratio

CH High plasticity clay

CL Low plasticity clay

FSI Free swell index

G, Specific gravity

IS Indian standard

LL Liquid limit

LS Linear shrinkage

MDD Maximum dry density

my, Coefficient of volume compressibility
ML Low plasticity silt

oMC Optimum moisture content

PI Plasticity index

PL Plastic limit
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SEM Scanning electron microscope
USCS Unified soil classification system
VS Volumetric shrinkage

WPS Waste paper sludge

XRD X-ray diffraction

XRF X-ray fluorescence

Expansive soils are one of the most problematic soil types in many engineering applications due to their high
tendency for volume change during fluctuations in moisture content"2 These soils may show excessive volume
changes depending mostly on their interaction with water. They tend to swell as moisture content increases
and shrink as moisture content decreases®. The undesirable volumetric instability of expansive soils causes
great stress and serious damage to the loaded structures, especially road pavements constructed over expansive
subgrade soils, and the annual costs required for the maintenance of such structures exceed billions of dollars
all around the world*®. Hence, the stabilization of expansive soils is of great importance to minimize volume
change-induced damage®.

In the state of practice, there are many techniques proposed to restrain the volume change behavior of expansive
soils, including controlled compaction, reinforcement, replacement, pre-wetting, electrokinetic treatment,
biological, confining moisture changes, chemical treatments, and innovative foundation structures”$. Among
these techniques, chemical stabilization, in which the composition of soil is altered chemically, has attracted
great attention and has become one of the most widely used techniques due to its effectiveness, adaptability, and
affordabilityg’m. Cement, lime, and their blends are the most familiar and preferred conventional stabilizers for
expansive subgrade soil stabilization!"!2. However, considering the adverse effects of these traditional stabilizers
on the ecosystem, triggering global warming and leading to excessive depletion of natural resources, there is an
urgent need to provide cost-effective and environmentally friendly alternative materials'*!'4. Over the years, a
significant research effort has been put into the investigation of waste materials from industrial, agricultural, or
domestic use as a greener way to reduce the volume change potential of expansive subgrade soils'>~17.

Waste paper sludge (W P.S) is a by-product of recycling waste paper and continues to be disposed of in
landfills. Hence, a beneficial application of such material would be advantageous in many ways such as reducing
waste disposal costs, minimizing the adverse environmental effect due to waste storage, providing a sustainable
stabilizer for the construction of green highways, and so on'®. The quality of cellulose fiber from recycled paper
continues to decline after each recycling process, leading to unusable paper sludge after 7-8 cycles, which is then
disposed of in landfills'. An estimated 6 million tonnes of paper sludge are reportedly produced annually in
Europe? and approximately 40,000 tonnes per annum in Tiirkiye. Recent studies have predominantly focused
on the utilization of W PSS for the production of concrete and cementitious mixtures?!~2°. An extensive review
of the published literature indicates that studies regarding the use of W PS for the stabilization of expansive
soils are quite rare?®?”. The majority of the few studies on soil stabilization with W P.S have focused solely on
evaluating the effect of W PSS on the strength properties of expansive soils?®-32. However, there is a gap in the
literature in terms of studies that comprehensively examine the effect of W P.S on the volume change behavior
(plasticity, swelling, shrinkage, consolidation) of expansive subgrade soils. In a such study, Surya et al.* reported
that LL increased and PI decreased as W P.S content when an highly swelling soil was stabilized with W PS
. Patel et al.* investigated the effect of W PS content on the free swell potential of swelling soil and reported
that an increase in the W P.S content resulted in a systematic decrease in the swelling potential. Further studies
are required to gain a comprehensive understanding of the effects of W P.S on the volume change behavior of
expansive soils. Only in that case, it can be reliably used in engineering projects. In particular, the impact that

W PSS has on the volume change behavior of the expansive subgrade soils needs to be clarified, and laboratory-
based research studies will be quite useful to achieve this goal.

The study presented hereby investigated the effect of W PSS on the volume change behavior of expansive

subgrade soils of different origins. A series of laboratory experiments were conducted to examine the plasticity,
swell-shrink characteristics, compaction, and consolidation parameters of expansive soils with and without
W PS. Moreover, the relationship between different swelling-shrinkage parameters was examined to assess
whether there is any meaningful correlation between each other. The test results are expected to provide useful
insights into the effective use of W PSS in improving the volume change behavior of expansive subgrade soils.
The study is believed to be a step towards exploring new beneficial applications of W P.S to produce possible
sustainable subgrade for road pavements.

Materials and methods

Materials

The test materials used during the experimental work were expansive subgrade soils and waste paper sludge
(W PS). Three different types of expansive subgrade soil, labeled Soil-A, Soil-B, and Soil-C, were utilized. The
Soil-A and Soil-B were collected from two different road cuts located in Mus province, Tiirkiye. These two local
soils were obtained from a depth of 1.5-2 m after removing organic residues. Soil-A and Soil-B can be classified
as high plasticity clay ( C H) and low plasticity clay ( C'L), respectively. The Soil-C is a commercially available
soil purchased from a kaolin company in Eskisehir province, Tiirkiye. It is specified as kaolinite clay that can
be classified as C'L. The geotechnical and engineering properties of expansive subgrade soils are presented in
Table 1.

The W PS was obtained from Varaka Paper Mill, Balikesir province, Tiirkiye. It has a specific gravity ( G's) of
1.57 and was utilized as a non-traditional additive in this study. The W PS was received from the factory in wet
form. It was dried in the oven until it reached a constant weight and then ground to the desired size in a blade
mill. The particle size distributions of soils and W PS are given in Fig. 1. The chemical composition of soils and
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Property Soil-A Soil-B Soil-C
Sand (%) 19.99 17.24 4.00
Silt (%) 39.81 35.76 67.50
Clay (%) 40.20 47.00 28.50
Specific gravity 2.59 2.72 2.54
Liquid limit (%) 50.55 42.75 41.13
Plastic limit (%) 25.10 23.23 21.73
Plasticity index (%) 25.45 19.52 19.40
Linear shrinkage (%) 13.22 11.07 7.43
Free swell Index (%) 42.00 28.71 11.63
One-dimensional swell (%) | 6.49 5.51 3.75
Swelling potential (%) 3.91 2.63 2.10
USCS classification CH CL CL
AAHSTO classification A-7-6 (16) | A-7-6 (13) | A-7-6 (12)
MDD (kN/m?) 14.61 17.75 15.61
OMC (%) 17.62 15.70 19.37

Table 1. Geotechnical and engineering properties of expansive soil.

W PSS were analyzed through X-ray Fluorescence ( X RF'), which is given in Fig. 2. Based on the explanations
given in ASTM 4318 and literature, such as the inability to open a groove and the material piece continuing to
slide within the container in the liquid limit test, it has been stated that W P.S can be classified as non-cohesive
and non-plastic material**3°.

Mix proportion and experimental methods

A series of laboratory tests were conducted on pure soils and soil specimens with 3%, 6%, 9%, 12%, and 15%
W PS by dry weight of soils to reveal the effect of W P.S on the volume change behavior of expansive subgrade
soils. The selection of the W PS ratio range (0-15%, with 3% increments) used in the study was based on
preliminary experiments and literature findings?*=3!. In general, the procedures and methods described in
ASTM standards were followed during the tests. The soil and WPS grains were first air dried for 7 days, and
then the specimens were exposed to oven drying at 105 °C until completely dry conditions were accomplished.
W PSS grains were ground to the desired size. Before each test, the required amount of oven-dried soil, W PS
, and clean water were weighed and mixed until a uniform mixture was achieved. The Atterberg’s limits of each
soil and soil-WPS mixtures were determined following the AST M D4318 standard®*. Different test methods
were employed to evaluate the effect of W PS addition on the swelling potential of soils. Free swell index ( F'ST
), one-dimensional swell and swelling potential of each soil and soil-WPS specimens were determined as per 1.5
2720%, ASTM D4546*” and AST M D1883 standards, respectively. The linear and volumetric shrinkage of
pure soils and soils with W P.S were measured according to the B.S 1377 standard®. Modified proctor tests
were conducted to calculate the maximum dry density ( M/ D D) and optimum moisture content (OMC') of
each soil and soil-WPS specimen following the AST M D698 standard*. The one-dimensional consolidation
test was applied to the soils and soil-WPS specimens prepared at their each respective M DD and OMC in
accordance with the AST M D2435 standard*!. The binary correlations among swelling/shrinkage parameters
of pure soils and soil specimens with T¥ P.S were assessed. Experimental tests used in this study are summarized
graphically in Fig. 3.

Results and discussion
Atterberg’s limits
A high liquid limit ( LL) combined with a high plasticity index ( PI) value may indicate the swelling, in other
words, volume change potential*?. The plasticity index (PI = LL — PL) of each respective specimen was
determined, and the changesin LL, PL,and PI of each soil and soil- W P'S mixtures are presented in Fig. 4.
It can be observed from the test results that when the W PS content increased from 0 to 15%, the LL
of each soil specimen decreased while the PL increased, resulting in a consistent decrease in the P1I of soil
specimens. Considering the specimens with 15% W PS content, the reduction in LL and PI was by 7.09%
and 64.6% for Soil-A, 8.75% and 65.57% for Soil-B, and 8.51% and 38.87% for Soil-C. The reduction rate in LL
and P1I appeared to be relatively higher for Soil-B. The decreasing trend observed in PI of soil specimens
with the addition of W PS can be attributed to the increased flocculation and agglomeration caused by cation
exchange between the soil and W PS grains. This situation is also likely to be observed in the stabilization of
clayey soils with calcium-rich stabilizers****. During the cation exchange process, the Ca*2 ions in the calcium
from the stabilizer replace Na*, K* and other cations resulting in a flocculated structure causing a decrease in
the surface activity of clay particles and reducing plasticity*>*°. This results in the formation of coarser-sized
particles and therefore a reduction in plasticity. The non-cohesive and non-plastic characteristics of W P.S also
significantly contributed to the decrease in the plasticity of soil specimens. In a study, the reduction in PI of
expansive soils stabilized construction and demolition waste was associated with the non-cohesive and non-
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Fig. 1. Particle size distribution of soils and WPS.

plastic characteristics of waste?”. A study by Singh and Bisen*® reported similar results regarding the increase in
LL and decrease in P of an expansive soil stabilized with W PS.

The position of the expansive soils having different percentages of W PSS is plotted on Casagrande’s plasticity
chart in Fig. 5. It is seen that Soil-A can be classified as high plasticity clay (C H), while Soil-B and Soil-C are
classified as low plasticity clay (CL). The position of each soil specimen gradually shifted towards the low
plasticity silt ( M L) with increasing W P.S content. This also proves that flocculation and agglomeration occur
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Fig. 2. Chemical composition of soils and WPS.

through stabilization due to the presence of calcium in W PS, resulting in a much coarser size of the soil
mixture.

Swelling properties

Figure 6 shows the variation of the free swell index ( F'SI) with WPS content. It is seen that the stabilization
of each soil with W PS caused a decrease in the free swell index. The F'SI (%) value of pure Soil-A, Soil-B,
and Soil-C specimens were 42.00%, 28.71%, and 11.63%, respectively. The F'SI of Soil-A, Soil-B and Soil-C
decreased to 7.97%, 4.86%, and 7.02% with the 15% W P.S addition, respectively. These results indicate that the
addition of W PSS to soil specimens is effective in controlling and minimizing the swelling potential. Similar
results were reported in a study by Surya et al.33, where it was observed that the F'ST of highly expansive soil
decreased with increasing W PSS content.

Figure 7 depicts the change in the one-dimensional swell of soil specimens with the W PS content.
Apparently, the addition of W PSS significantly altered the one-dimensional swell potential of soil specimens.
The one-dimensional swell (%) of each pure soil specimen decreased consistently with increasing WPS
content. In the case of soil specimens with 15% W PS content, the reduction in the one-dimensional swell (%)
was approximately 35%, 41%, and 50% for Soil-A, Soil-B, and Soil-C, respectively.

Analogous results were observed during the swelling potential tests. Figure 8 shows the decreasing trend in
the swelling potential of soils with increasing W PS content. The swelling potentials of pure soils were 3.91%,
2.63%, and 2.10% for Soil-A, Soil-B, and Soil-C, respectively. These values were reduced to 2.78%, 1.25%, and
1.09% with 15% W PSS addition for Soil-A, Soil-B, and Soil-C, respectively.

The decreasing swelling tendency of soil specimens with increasing W PS content can be explained by
the non-plastic and non-expansive properties of W PS. Cation exchange occurring between the soil and
W PS grains is also expected to reduce the swelling potential of soils. The cation exchange process, replacing
the Ca*? ions with Na*, K* and other ions, resulted in a decrease in the diffuse double layer thickness of clay
particles and reduced swelling potential***. Moreover, the formation of coarse particles with the flocculation
and agglomeration, associated with calcium content in W PSS, is another factor that resulted in a decrease the
surface activity caused the swelling potential of soil specimens.

Shrinkage properties
Figure 9 presents the change in the linear shrinkage ( L.S) and volumetric shrinkage (V'.S) potentials of soils
with W PS content. It is evident that the shrinkage potentials of soils consistently reduced with increasing
W PS ratio. The LS and V'S values were recorded to be 13.22% and 22.56% for Soil-A, 11.07% and 18.04%
for Soil-B, and 7.43% and 10.12% for Soil-C. These values decreased to 10.58% and 14.23% for Soil-A, 11.07%
and 18.24% for Soil-B, and 7.43% and 10.12% for Soil-C as W PS content was increased from 0 to 15%. The
reduction rate in the shrinkage potentials of soils was relatively higher for Soil-C.

The decrease in the shrinkage potential of soils can be attributed to the non-shrinkage and non-plastic
characteristics of W PS. Moreover, the pozzolanic reactions taking place between calcium in W PS and
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Fig. 3. Experimental tests employed in the study.

silica in soil are more likely to cause the formation of calcium silicate hydrate (C'SH) and calcium aluminate
hydrates (C AH) cementitious compounds*®, improving the compactness of the soil-WPS mix and reducing the
shrinkage potential of the samples.

Compaction parameters

Figure 10 gives the relationships between dry unit weights and moisture content of each soil specimen having
different WPS content. The changes in the maximum dry density ( MDD) and optimum moisture content
(OMCO) at different WPS ratios are also depicted in Fig. 11. For Soil-A, the MDD appeared to decrease in a
consistent manner as OMC increased, as seen in Fig. 11a. In the case of the Soil-A specimen with 15% WPS
content, MDD decreased from 14.61 to 13.86 kN/m?, while OMC increased from 20.79 to 28.64%. Similarly,
an increase in the WPS content resulted in a consistent decrease in the MDD values. Figure 11(b, ¢) show the
experimental results for Soil-B and Soil-C, respectively. For soil specimens with 15% WPS content, the MDD
decreased from 17.75 to 16.29 kN/m? for Soil-B and decreased from 15.61 to 14.48 kN/m? for Soil-C. As different
from Soil-A, the OMC values of Soil-B and Soil-C initially showed a decreasing trend up to 6% WPS content
and then an increasing trend with the further addition of WPS. The OMC of Soil-B seemed to decrease from
15.70 to 14.76% as WPS content increased from 0 to 3%. It then increased gradually and reached 19.69% with a
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Fig. 5. Position of soil mixtures on the Casagrande’s plasticity chart.

15% WPS addition. Similarly, the OMC of Soil-C decreased from 19.37 to 18.01% as WPS content increased
from 0 to 3%, then increased evenly and reached 22.14% with 15% W PS addition.

The reduction in M DD of soil specimens with increasing W P.S content may be attributed to the lower G's
of W PS particles compared to each soil. The increase in OM C' of soil specimens with W PS content may be
associated with the higher water attractiveness of W PS compared to soil particles. In general, the higher W PS
content causes an increased water attractiveness due to the high water affinity of W P.S, leading to an increase
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in the OMC of the soil specimens. Additionally, the increase in OM C' can be attributed to the need for more
water for hydration of the calcium-based stabilizer®>2 For Soil-B and Soil-C samples, relatively lower OMC
values were observed with 3% and 6% W PS. This can be attributed to the rearrangement of soil particles at the
corresponding W PS ratios, leading to a compact structure with fewer voids. In a study, conducted by Elias*®,
focusing on the stabilization of clayey soil with W PS, it was reported that M DD decreased and OMC
increased with further addition of W PS, and this decrease in M DD was attributed to the lower specific
gravity of W PS compared to soil. Kumar and Gupta® also reported in their study that as W PS increases,
MDD and OMC follow a decreasing and increasing trend, respectively. Similar results were reported in their
studies performed by Singh and Bisen*® and Akshatha et al.>!.

Consolidation test

The consolidation tests were performed to reveal the time-dependent settlement behavior of pure soil and
soil-WPS specimens. In each test, the specimens were prepared at the relevant M DD and OMC values
in a consolidation ring with a diameter of 50 mm and a height of 20 mm. The effective stresses during the
consolidation test were selected as 25 kPa, 50 kPa,100 kPa,200 kPa,400 kPa,and 800 kPa,and eachload
was applied to the samples for 24 h. The consolidation parameters including void ratio ( e), compression index
(Ce), coeflicient of volume compressibility (m.), swelling index ( Cs) and settlement (mm) were determined
for each soil and soil-WPS specimen.

Figure 12 presents the change in the initial void ratio (o) of soil specimens with W PS content. The eg
values of Soil-A, Soil-B, and Soil-C were 0.825, 0.845, and 0,894, respectively. For Soil-A, the eo value was
observed to increase to 1.001 as W PS content increased from 0 to 15%. This increase can be due to the
increasing water content of the soil mix. On the other hand, the eg of Soil B and Soil C decreased up to a
threshold value (3% WPS content). It started to increase with a further addition of W P.S, eventually exceeding
the eg of the pure soil.

The eg values for Soil-B and Soil-C specimens with 15% W P.S content were 0.958 and 1.016, respectively.
The reduction observed in the eg of specimens having 3% and/or 6% W PS compared to the pure soils content
may be due to the rearrangement of soil particles that probably resulted in a compact soil mix with lesser void.
On the other hand, e increased with a much higher WPS content (above 6%) compared to the pure soils,
causing higher water attraction to increase the void ratio.

Figure 13 gives the change in the void ratio ( e) of specimens with increasing effective stress obtained during
the consolidation tests. Figure 14 presents the change in the compression index ( C.) of soils and soils- W PS
samples measured from the slope of e versus logo " under different effective stress. As expected, the e of each
soil and soil- W P.S' specimens reduced with increasing effective stress (Fig. 13). The compression index ( C.) of
Soil-A specimens increased with increasing W P.S content, which indicated the increase in the consolidation
settlement of soil. This behavior can be associated with the increase in the void ratio with W PS content,
resulting in the increase of compressibility under applied pressure (Fig. 14).
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Fig. 9. Change in the linear and volumetric shrinkage potential with WPS content.

Similar trends were observed for Soil-B and Soil-C specimens with 3% and 6% W PS content. For both
Soil-B and Soil-C, the C. decreased up to 6% W PS content compared to the pure soils, corresponding to
a decrease in the consolidation settlement of soil specimens. Further addition of W PSS, on the other hand,
increased the C; of Soil-B and Soil-C (Fig. 14). Comparable results obtained in a study performed by Akbulut™
that C. of expansive soil increased with increased calcium rich sewage sludge content.

Figure 15 displays the variation of consolidation settlements with W PS under different effective stresses.
The settlement values measured during the consolidation tests, in fact, supported the aforementioned findings
related to C. measurements. It seems that consolidation settlement of Soil-A consistently increased with
increasing W PSS content. The increase in OM C of Soil-A mixtures containing W PSS caused the void ratio
of the soil mixture to increase and as a result, the compressibility and thus the consolidation settlement to
increase. On the contrary, consolidation settlement of Soil-B and Soil-C initially decreased as W PS content
was raised up to 6% compared to the pure soils and then increased with further addition of W PS. The decrease
in the consolidation settlement of the Soil-B and Soil-C with up to 6% W P.S content compared with the pure
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Fig. 10. Dry unit weight and moisture content relationships of soil mixtures.

soils can be attributed to the lower water affinity of soil mixture with the rearrangement of soil particles at the
corresponding W PSS ratios, leading to a compact structure with fewer voids.

Figure 16 presents the change in the coefficient of volume compressibility (m,, m?/kN) of soils with
various W PSS content under different effective stresses. It can be seen that for Soil-A, the m,, increased under
each effective stress with increasing W PS content, which may be ascribed to the increase in the void ratio of the
soil. For both Soil-B and Soil-C, the m,, showed a decreasing trend up to 3% W P.S content and then increased
with a further increase in the W PSS ratio. The decrease in m,, at 3% and 6% W PS contents compared to the
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Fig. 11. Change in the MDD and OMC of soil specimens with WPS content.

pure soils may be explained by the reduction in the void ratio caused by the rearrangement of soil particles in
their respective W PS contents. Nevertheless, further addition of W PS (above the threshold value of 3%)
caused the void ratio to rise as a result of the increase in water affinity of the soil mixture and thus enhanced
compressibility.

Figure 17 depicts the change in the swelling index ( C) of soil specimens with various ratios of W P.S under
different effective stresses. It can be seen from the figure that the C values decreased for each soil specimen with
increasing W PSS content. The observed behavior can be linked to the non-swelling characteristics of W PS
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and cation change between soil and W PS particles, which probably causes a decrease in the swelling potentials
of soil specimens. Similar findings were observed in a study performed by Okoro et al.” that the C' of clayey soil
decreased with increasing calcium based stabilizer content. Comparable results were observed by Chenarboni et
al.%” that the C. increased while C decreased of cement stabilized expansive soil with zeolite content.”

Relationship between swelling/shrinkage parameters

Figure 18 presents the relationships between the investigated swelling/shrinkage parameters of the pure soils and
soils with W P.S. It is seen that there was a strong linear relationship (with an R-square value over 0.90) between
one-dimensional swell and linear shrinkage; swelling index (800 —200 kPa) and one-dimensional swell. On the
other hand, there were moderate to strong linear relationships (with relatively lower R-square values ranging
from 0.73 to 0.86) between one-dimensional swell and swelling potential; swelling index (800 —200 kPa) and
swelling potential; swelling index (800 — 200 kPa) and linear shrinkage; swelling index (800 —200 kPa) and free
swell index; free swell index and swelling potential; free swell index and one-dimensional swell; and swelling
potential and linear shrinkage. Besides, there was a relatively poor linear relationship (with an R-square value
lower than 0.70) between free swell index and linear shrinkage. These findings indicate that the experimental
results presented in this study were not obtained by chance, but obtained through a systematic experimental
program.

Conclusions

The increase in waste generation with rapid industrialization and urbanization has urged societies to develop
a sustainable approach to waste management. Waste materials from industrial and agricultural activities have
become a good alternative to traditional stabilizers for the stabilization of expansive subgrade soils. Waste paper
sludge (W PS) is one of the alternative stabilizers originating from paper mill plants. The study presented
hereby focused on investigating the effect of waste paper sludge on the volume change behavior of different
sourced, locally and commercially available, expansive subgrade soils. The Atterberg’s limits, swelling-shrinkage
properties, and consolidation parameters of pure soils and soil specimens with 3%, 6%, 9%, 12%, and 15% W PS
contents were evaluated. Based on a detailed examination of the experimental data, the following conclusions
were drawn:

o Atterberg limits test results revealed that the P1I of expansive soil specimens decreased with an increase in
W PS content. It was observed that with the addition of 15% W PS, PI decreased by approximately 65%,
71%, and 39% for Soil-A, Soil-B, and Soil-C, respectively.

o The swelling potential of soil specimens, examined with different test methods, was shown to decrease re-
markably with increasing W P.S content. In the case of soil specimens having 15% W PS content, free swell
index ( F'SI) decreased by 81.02%, 83.07%, and 7.02%; one-dimensional swell (%) decreased by 34.51%,
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Fig. 13. Change in the void ratio with WPS content under different effective stresses.

41.02%, and 49.60%; and swelling potential (%) decreased by 28.90%, 52.47% and 48.10% for Soil-A, Soil-B,
and Soil-C, respectively.

« The shrinkage potential of soil specimens was considerably affected by W PS content. Linear shrinkage ( LS
) potential of Soil-A, Soil-B, and Soil-C decreased by about 20%, 23%, and 52% with the addition of 15%
W PS, respectively. Volumetric shrinkage ( V'S) potential reduced from 22.56 to 14.23% for Soil-A; 18.24-
10.87% for Soil-B; 10.12-6.99% for Soil-C when 15% W PS was added to the soil specimens.
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« Compaction parameters showed different trends depending on the type of soil. For soil-A, the M DD de-
creased and OM C increased consistently with increasing W P.S content. For Soil-B and Soil-C, the M DD
decreased steadily with increasing W P.S content. On the other hand, the OMC of soil specimens initially
decreased until 6% W PS content was reached, and then started to increase and eventually exceeded the
OMC of the pure soil specimen with further addition of W PS.

« Consolidation test parameters indicated that the time-dependent settlement increased with increasing W P.S
content for Soil-A. However, for Soil-B and Soil-C, the settlement of soil specimens containing 3% and 6%
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Fig. 15. Variation of consolidation settlements with WPS content under different effective.

W PS initially showed a decreasing trend, then started to increase with further addition of W PS. This
pointed out that the Soil-B and Soil-C specimens with lower W PS content ( < 6%) exhibit lower compress-
ibility than the pure soil specimens.

« The statistical analysis of the test data obtained in this study suggested that a moderate to strong linear rela-
tionship existed between investigated swelling/shrinkage parameters.

« The overall test results showed that stabilization, particularly reducing the volume change potential, of soils
through W P.S appears to be more effective and feasible for the low-plasticity clay soils than the high-plas-
ticity clay soils. In this study, except for consolidation settlements, W P.S with content up to 15% can be used
to minimize volume change flocculations for C'H soil. For C'L soil types used here, W P.S with content up
to 6% can be effective in controlling consolidation-induced settlements and however, it can perform well in
reducing volume change behavior with W P.S content up to 15%.

« The experimental results presented in this paper indicated that W P.S possesses a high potential to signif-
icantly reduce the volume change potential of subgrade soils, especially for soils classified as C'L. The data
presented in this study covers only a limited range of W PS content (0-15%) due to its complex structure
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Fig. 16. Variation of coefficient of volume compressibility with WPS content.

and further experimental studies at much higher rates may be useful to fully explain the volume change be-
havior of such soils. There is also a research avenue to investigate long-term volume change fluctuations of
soils stabilized using W P.S. Comprehensive experimental studies on the strength properties of such soils,
which are underway, may be useful in fully clarifying the usability of W P.S for the stabilization of expansive
subgrade soils.

In engineering applications, the volumetric instability of expansive soils is generally treated by traditionally
used chemical stabilizers such as cement and lime throughout the world. However, due to the environmental
concers arised the greenhouse gases during the production of these traditional stabilizers and financial con-
siderations, researchers and sector representatives look for waste materials that can be alternatively used in
the stabilization of expansive soils. Replacing these types of conventional stabilizers with WPS, which has the
potential to be a cost-effective, environmentally friendly and sustainable material, would be a good approach
at this point.
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