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An earthwork design requires to consider the influence of severe climatic conditions on
enduring performance of soils treated with chemical additives. This study was focused on
investigating the mechanical behavior of a lime and cement-treated cohesive soil under the
effects of repeated cycles of wetting and drying. The soil samples were prepared by adding
different concentrations of cement (2, 6, 10, 12, 16, 20%) and quicklime (2, 4, 6, 8, 10%).
Due to low-plastic nature of the host soil, the effectiveness of cement to reduce the plasticity
of soil was relatively higher compared to lime-treatment. Likewise, an increase in optimum
moisture and decrease in maximum dry unit weight was observed for both the additives and
these effects were significant for lime treated soil compared to cement. Moreover, an increase
in strength from 0.57 MPa to 12.9 MPa at 20% cement and from 0.57 MPa to 2.03 MPa at 2%
lime was observed in unconfined compressive strengths (UCS) tests on soil samples. To
investigate the durability characteristics of the treated soil, the samples were subjected to 12
cycles of wetting and drying with each cycle consisting of 5 hours of immersion in potable
water and subsequent drying in oven for 43 hours. The compressive strength, volume change
and weight loss of soil samples were determined at the 1st, 3rd, 6th, 9th and 12th cycle. It is
observed that the durability behaviour of treated soil is multipart due to parallel processes of
positive aging (hydration process associated with binding agents) and negative aging (induced
weathering). For a sustainable mechanical performance of the treated soil, an optimum dose
of 6% lime or 16% cement is recommended and some correlations are proposed to quantify
the effects of repeated wetting and drying.

1. Introduction

2019; Chakraborty and Nair, 2020; Kamaruddin et al., 2020).
However, using cement or lime as stabilization materials may

Soil treatment has always been considered as an effective and
sustainable approach to make a problematic geomaterial durable
against both normal and severe climate conditions (Wang et al.,
2015; Zhao et al., 2016). The utilization of a wide variety of
stabilizing agents to improve the mechanical performance of
problematic clayey soils have been meticulously investigated in
several studies. Most commonly used materials in this regard are
conventional geotechnical engineering soil binders such as
cement or lime (Al-Bared and Marto, 2017; Al-Bared et al.,

pose environmental concerns due to greenhouse gasses and
hence issues related to sustainability of such materials. More
recently, researchers have focused on environment friendly
geomaterials such as various ash products (Osinubi et al., 2016;
Abdullah et al., 2019), recycled construction materials such as
ceramic tiles (Al-Bared et al., 2018a, 2018b), nanomaterials and
polypropylene fibers (Abdi and Mirzaeifar, 2016; Tajdini et al.,
2018; Tomar et al., 2019; Ali et al., 2020), environmental friendly
biopolymers (Lee et al., 2019) and some other industrial wastes
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(Consoli et al., 2017; Zainuddin et al., 2019; Qureshi et al., 2021).
Likewise, Al-Bared et al. (2020) observed substantial improvement
in mechanical properties of a marine clay treated with cement
subjected to cyclic loading such as traffic, wind and earthquake.
This is a fact that when used in soil stabilization, both the lime
and cement pose environmental threats. Nonetheless, as compared
to the other available additives, there are enormous advantages
of calcium-based soil stabilization still make them a better choice
for ground improvement (Firoozi et al., 2017). It is important to
mention that depending on the nature of admixture used, the
mechanical behavior of a treated soil is severely affected by
weathering due to repeated wetting-drying and freeze-thaw
cycles (Nowamooz et al., 2013; Consoli et al., 2018). Changes in
groundwater table due to successive evaporation and infiltration
of precipitation are the major phenomena that cause moisture
variations in shallow soil deposits. Such multiple cycles of
wetting and drying result in an irregular settlement, surface
cracking, deformation and other failures in the soil. Thus, due to
high impact in geotechnical and transportation engineering
applications, it is very crucial to consider in design phase the
possible effects of hydric cycles on mechanical behavior of
treated soils. According to Stoltz et al. (2014) changes in mechanical
properties is attributed to progressive accumulation of irreversible
strains upon successive wetting and drying of treated soils.
Prusinski and Bhattacharja (1999) reported that lime-treatment
of cohesive soils is relatively more effective in terms of durability
and cost-effectiveness as compared to cement-treatment. They
associated this behavior primarily with the chemical nature of the
admixture. Nevertheless, relatively higher strength gains have
been reported for cement-treated soils compared to those treated
with lime. This is due to the fact that an additional product Calcium-
Aluminate-Hydrate (C-A-H) is formed during the hydration
process which rapidly improves the strength in the early weeks
of mixing, noticeably during the first month. This additional
product formed in cement-treated admixtures is known as
cementitious hydration and such a product is not formed in the
case of lime-treated soils.

Calcium Hydroxide Ca(OH,) is primarily responsible for
enhanced flocculation/agglomeration of clay particles in the
admixture. Therefore, lime treatment make a relatively durable
mixture as it provides 85 — 95% Ca(OH,) by its weight, whereas,
cement provides only 31% of Ca(OH,). Ahmed and Ugai (2011)
have reported that recycled gypsum-stabilized soil with no
cement added could not resist the repeated actions of weathering
very well. Likewise, Rosone et al. (2021) conducted a study on
soil samples retrieved from a lime-stabilized embankment affected
by seasonal variations in water content due to successive
wetting-drying. With the increase in number cycles of wetting-
drying, they observed an increase in incompressibility and
swelling deformation, reduction in yield stress and loss of shear
strength of the treated soil. According to Consoli et al. (2017),
long-term mechanical performance of clays under extreme
climatic conditions i.e., freeze/thaw and wetting/drying can be
significantly enhanced using industrial byproducts such as

carbide-lime and coal fly-ash. Although the mechanical behavior
of clayey soils improves due to continued pozzolanic reactions,
however, the benefits of such stabilization processes are lost
upon intrusion of external water. Similarly, Akcanca and Aytekin
(2012) and Starcher et al. (2016) have also reported that repeated
cycles of wetting and drying considerably affect the durability,
strength and volume change behavior of treated soils.

Considering the abundant availability of lime and cement
products as well as widespread soft soils in Pakistan, the utilization
of lime/cement to improve engineering properties of problematic
grounds are usually considered as a feasible and economical
solution. A number of case studies are available where lime and
cement-treatment has been successfully employed to improve
the strength and deformation behavior of weak subgrades of
various projects in Pakistan (Riaz et al., 2014; Mujtaba et al.,
2018; Aamir et al., 2019; Khan et al., 2020). Due to extreme
weathers in Pakistan, endurance performance of soils treated
against freeze-thaw and/or wetting—drying cycles is a serious
geotechnical concern. However, no such studies have been done
so far to investigated the endurance performance of cement and
lime-treated soils considering the local environmental conditions.
Therefore, the behavior of treated soils in a specific region and
the relevant correlations are of prime importance to quantify the
potential impact of repeated hydric-cycles and subsequently the
endurance performance of stabilizing admixtures. Therefore, this
study aimed at assessing the durability characteristics of a lime
and cement-treated fine-grained soil subjected to repeated cycles
of wetting and drying (i.e., severe climatic conditions). The
effects of lime and cement content on durability of treated soil
samples were considered by imparting twelve successive wet-
dry cycles and their correlation with the loss of mass, volumetric
changes and the unconfined compression strength. Nevertheless,
more studies are needed in future to investigate the effects of
increased number of weathering cycles and its impact on
microstructural behavior of the treated soil.

2. Materials and Methods

2.1 Soil Sample and Additives

The bulk soil sample was obtained from a construction site
located in Defense Housing Society (Phase-VI) Lahore, Pakistan
(UTM coordinates: Zone 43R, Easting 448571 m and Northing
3483048 m). The stabilizing additives (lime and cement) were
procured from a single local source to avoid any inconsistency in
the test results. Calcium oxide, commonly known as quicklime
or burnt lime and the ordinary Portland cement of Maple Leaf
brand was used in this study. Different concentrations of Portland
cement (2, 6, 10, 12, 16, 20%) and lime (2, 4, 6, 8, 10%) were
added by dry weight of the host soil to prepare the soil
specimens. The index properties of the soil sample are presented
in Table 1. The soil contained more than 98% fines with inactive
clay of medium plasticity. After pulverizing, the soil was placed
in oven for 24 hours to eliminate the effects of natural moisture
on the subsequent laboratory testing. The particle-size distribution
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Table 1. Physical and Index Properties of Host Soil

Table 2. Physical and Chemical Properties of Stabilizing Agents

Property Value rsr::gldjéd Property Quick lime (L) 21;:1231'{&3)0“1%(1
USCS CL ASTM D2487 Color White Gray

Fine contents (%) 98 ASTM D6913 Texture Amorphous Smooth

Clay-size fraction (%) 28 ASTM D7928 Form Lumped Powdered

Liquid limit (%) 26 ASTM D4318 Specific gravity 33 3.1

Plastic limit (%) 18 ASTM D4318  Bulk density 950 kg/m’ 1,440 kg/m’
Plasticity index (%) 8 ASTM D4318 Heat of hydration 1,140 kl/kg 250 kJ/kg
Activity 0.21 (Inactive) Reaction with metals ~ Not reactive in Not reactive
Specific gravity 2.64 ASTM D854 absence of water in absence of water
Maximum dry unit weight (kN/m®)  19.3 ASTM D1557  Nature Alkaline, pf>12  Alkaline, pH =11
Optimum water content (%) 10.2 ASTM D1557

Unconfined compressive strength (kPa) ASTM D2166

566.5
837.0

(a) At optimum water content
(b) After drying at 71°C for 42 hrs.

curve of the soil is shown in Fig. 1(a) which is classified as a
low-plasticity clay (CL) as per USCS. The optimum moisture
(OWC) and dry density (MDD) as determined from modified
Proctor test were 10.2% and 19.3 kN/m’, respectively. The reference
values of unconfined compressive strengths (UCS) were determined
for an untreated sample at OWC and for a sample dried at 71°C
for 42 hours (Fig. 1(b)). To prepare the lime and cement-treated
soil samples, the dried soil was divided into portions as per
testing scheme and preserved in polythene bags. Each portion of
the soil sample was then thoroughly mixed with pre-defined
quantity of stabilizer until uniform color was achieved. The soil-
additive mixture was finally compacted in layers in a steel mold
to achieve the maximum dry density (as determined earlier
through the modified Proctor tests). The diameter and height of
remolded specimens were kept as 38 mm and 76 mm, respectively

100

80 1

Oven-dried and
pulverized soil

60 1

Percent finer (%)

20 A

0 vt
0.001

0.01 0.1 1
Grain size (mm)
(a)

to maintain an aspect ratio of 2. The physical and chemical
properties of the additives (lime and cement) used in this study
are listed in Table 2.

2.2 Plasticity Limits of Treated Soil

Since the clayey soils in Lahore are prone to change in volume
upon wetting and drying, therefore the effects of adding cement
and lime on index properties is of great interest to practicing
engineers. Atterberg limit tests were conducted (ASTM D4318,
2010) to determine the possible effects of the admixture contents
on plasticity limits of the host soil. The variations in Atterberg
limits at different concentration of admixtures are shown in Fig. 2. It
can be observed that the liquid and plastic limits were initially
slightly increased and were relatively constant with increasing in
lime content and consequently, the plasticity index (PI) initially
decreased followed by an increase afterwards (Fig. 2(a)). Similarly,
with increase in cement content, the liquid limit initially increased
slightly and then decreased, while no change in the plastic limit
was observed. Accordingly, plasticity index initially increased

1000
Sample after 42 hrs. of drying at
71°C (q, = 837 kPa, £,= 3.9 %)
800 -
=
£
= 600 A
g
£ 400 -
<
200 + Sample at OWC
(q, = 566.5 kPa, £,= 5.5 %)
0 T . T . T -
0 2 4 6 8
Strain (%)
(b)

Fig. 1. Host Soil: (a) Particle Size Distribution, (b) UCS Tests on Untreated Soil
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Fig. 2. Plasticity Limits: (a) Lime-Treated Soil, (b) Cement-Treated Soil

which was followed by a subsequent decrease with cement
content (Fig. 2(b)). Sariosseiri and Muhunthan (2009) have
shown similar results on Aberdeen soil from Washington that the
addition of cement and lime improves the workability of fine-
grained soils due to the decrease in their plasticity index. In
general, the Atterberg limits of the soil stabilized with different
concentrations of admixtures (lime and cement) indicated that
both the treatments imparted slight impact on the consistency
properties. Due to low-plastic nature of the host soil used in this
study, the effectiveness of cement to reduce the plasticity of soil
was relatively higher as compared to lime-treatment. Nevertheless,
the reduction in PI of lime and cement-stabilized soil due to
chemical reactions between calcium-based additives (lime and
cement) and cohesive soils are well investigated (Parsons et al.,
2004).

2.3 Compaction Characteristics of Treated Soil

The compaction properties of host soil treated with admixtures
were evaluated by modified Proctor tests (ASTM D1557, 2012).
The compaction curves of the treated and untreated soil samples
are shown in Fig. 3 and the relationships between optimum water
content (OWC) and maximum dry unit weight (MDD) of treated
soils are shown in Fig. 4. It can be observed that, generally, the
OWC increased whereas MDD decreased as the cement and lime
contents were increased. Moreover, the variation in compaction
properties are substantial at lower concentrations of the admixtures
and it becomes minimal with further increase in admixture
content. Similarly, the rate of decrease in MDD and increase in
OWC is relatively higher for lime-treated soil compared to the
cement-treated soil. The OWC increased due to the exothermic
reaction between the additives and water. As a result, this reaction
requires additional water to achieve the desired compactness in a
relatively moist condition. However, the maximum compactness
of the treated soil becomes less, which causes a reduction in the
MDD compared to the untreated soil with higher level of OMC.

35
30 /}\0\%\0__@
25 §

20 -
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—{—Plastic limit
—>—Plasticity index

15 4
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Cement content (%)
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Fig. 3. Compaction Curves of: (a) Lime-Treated, (b) Cement-Treated
Soil Samples

As reported by Nabil et al. (2020), this decrease in MDD is
attributed to restructuring of soil due to the particles’ cementation/
aggregation.
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Fig. 4. Effect of Admixtures on Maximum Dry Unit Weight and Optimum
Water Content

2.4 Unconfined Compressive Strength (UCS)

Despite of the limitations of reproducing the field conditions, the
UCS test is still an extensively used laboratory test amongst
many researchers and practitioners across the globe to quantify
the degree of improvement of cohesive soils treated with various
types of admixtures. The UCS tests were conducted as per
ASTM D2166 (2016) on the host soil and the treated soil samples.
Axial force was continuously applied (at a strain rate of 1% per
minute) until the soil sample failed. The UCS of the host soil at
optimum water content and after drying at 71°C for 42 hrs were
recorded as 567 and 837 kPa, respectively. The effect of lime and
cement treatment on mechanical response of the host soil has
been shown in Fig. 5 which shows that with cement content of
20%, the peak axial stress increased significantly (from 0.57
MPa to 12.9 MPa), whereas, the strain at the peak axial stress
decreased from 5.8% to 4.9%. Thus, relatively more brittle
response was observed for cement-treated soil compared to the
non-treated host soil. These results are consistent with the
findings of Elkady (2016), Moayedi et al. (2014) and Horpibulsuk et

—{J—Cement-treated soil
—>— Lime-treated soil

Failure strain, & (%)

0 T T ¥ T T T Ll T
0 4 8 12 16 20
Additive content (%)
(a)

al. (2006). Similarly, with 2% lime added to the host soil, the
peak axial stress increased from 0.57 MPa to 2.03 MPa which
then decreased to 0.78 MPa with further increase of lime up to
10%. The strains at maximum axial stress initially increased
from 5.8% to 13.8% which decreased to 6.8% at lime content of
10%. Thus, lime treated soil exhibited a ductile behavior at low
additive content (i.e., 2%) and the behavior changed from ductile
to brittle with increase in additive content from 2% to 10%.
Khazaei and Moayedi (2019) have also observed that the effect
of lime on increasing UCS and other geotechnical properties of
an expansive soil is more considerable than the other additives.
According to ASTM D7762 (2018), soil treatment is considered
to be effective if the increase in UCS value is 345 kPa or more
and the slaking of specimens is prevented during water immersion
which is true for both the additives used in this study. This
increase in strength, especially for cement-treated soil, explains
the reaction between soil and calcium-based additives (lime and
cement) which eventually forms C-S-A-H and C-S-H (Nabil et
al., 2020). The decrease in UCS after 2% lime content is mainly
due to the fact that these samples were tested without any curing
and the increase in lime content without curing made the treated
soil softer as depicted by the sudden drop in failure strain.

3. Durability of Treated Soil against
Wetting-Drying Cycles

3.1 Methods and Procedures

Using the respective MDD and OWC as obtained from Proctor
tests (Fig. 3), the samples were prepared and cured at constant
water content with quicklime content ranging from 0 to 10% and
cement content from 0 to 20% by dry weight of the soil. The
nomenclature of soil samples used in this study is given in Fig. 5.
After curing period of 7 days and in accordance with the ASTM
D559 (2015) test procedure, cement and lime-treated samples
were subjected to 12 wetting-drying (W-D) cycles with each
cycle consisting of 5 hours of immersion in potable water at a

16

—{3-Cement-treated soil
1 —>—Lime-treated soil

UCS (MPa)

0 T T T T T T T T T T
0 4 8 12 16 20
Additive content (%)

(b)

Fig. 5. UCS Tests on Treated Soil Samples with No Wet-Dry Cycles: (a) Effects of Additives on Failure Strain, (b) Effects of Additives on Compressive

Strength
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Sample for UCS tests
C = Cement
2 = Percent of cement
I = No. of wet-dry cycles

C2-A = Sample for volume
change measurement

C2-B = Samples for weight
loss measurement

Fig. 6. Soil Samples for Durability Tests and Their Nomenclature

room temperature of 20°C with subsequent drying in oven at
71°C for 43 hours. The compressive strength, volume change
and weight loss of soil samples were determined at the first, third,
sixth, ninth and twelfth W-D cycles (Table 3). The apparatus used
for wetting-drying and UCS tests have been shown in Fig. 7 and
typical samples disintegrated during successive cycles of wetting-
drying have been shown in Fig. 8. The size of soil samples (height
and diameter) were carefully measured to assess associated
volume changes during each cycle. The weight loss of soil samples
due to repeated W-D cycles was also recorded. The samples
were buffed with a wire brush to remove the disintegrated (about
to detach) particles/lumps from the specimen. It is important to
mention here that Nabil et al. (2020), based on their experimental
study on durability of lime-treated highly plastic clay (CH), have
reported that the positive aging (due to on-going hydration

Table 3. Soil Samples Prepared for Durability Tests

(b)

Fig. 7. Experimental Setup Used in This Study: (a) Water Tank for
Wetting, (b) Oven for Drying, (c) UCS Test Apparatus

process associated with binding agents) and negative aging (due
to induced weathering) acting parallel, in general, make such
type of study complex.

3.2 Effects of Wetting-Drying Cycles on Compressive
Strength

The mechanical behavior of lime and cement-treated soil samples
after the Ist, 3rd, 6th, 9th and 12th W-D cycles was investigated
through UCS. However, the soil sample treated with 2% lime
was completely disintegrated at the eighth wetting cycle whereas
the soil sample treated with 2% cement disintegrated at the
fourth wetting (Fig. 8) and for this reason the subsequent W-D
cycles and UCS tests could not be performed on these samples.
From the stress-strain curves of lime-treated (Fig. 9) and cement-
treated (Fig. 10) soil samples at various W-D cycles, the variations

Tests Lime-treated specimens (L) Cement-treated specimens (C)

ucCs L2-0 L4-0 L6-0 L8-0 L10-0 C2-0 C6-0 C10-0 C12-0 C16-0 C20-0
L2-1 L4-1 L6-1 L8-1 L10-1 C2-1 Cé6-1 C10-1 Cl2-1 Cl6-1 C20-1
L2-3 L4-3 L6-3 L8-3 L10-3 C2-3 C6-3 C10-3 Cl12-3 Cl16-3 C20-3
L2-6 L4-6 L6-6 L8-6 L10-6 C2-6 C6-6 C10-6 Cl12-6 Cl16-6 C20-6
L2-9 L4-9 L6-9 L8-9 L10-9 C2-9 C6-9 C10-9 C12-9 C16-9 C20-9
L2-12 L4-12 L6-12 L8-12 L10-12 C2-12 C6-12 C10-12 Cl2-12 Cl6-12 C20-12

Volume stability — L2-A L4-A L6-A L8-A L10-A C2-A C6-A Cl10-A Cl2-A  Cl6-A  C20-A

Weight loss L2-B L4-B L6-B L8-B L10-B C2-B C6-B C10-B CI12-B Cl16-B C20-B
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in peak axial stresses (g,) and corresponding strains (&) with
increase in additive content and number of W-D cycles were
computed and are presented in Fig. 11. It is evident that both the
lime and cement-treated soil samples had alternate trend of
increase and decrease in g, and & values over the first, third,
sixth, ninth and twelfth W-D cycles. However, the g, and &;
values increased with an increase in additive contents as depicted
by the respective regression models given in Table 4. Knowing
the desired additive content, these regression models can be used
to predict the average mechanical properties (g, and &) of treated

(@) “ )

Fig. 8. Disintegrated Soil Samples during Wetting-Drying Cycles:
(a) Cement-Treated Soil, (b) Lime-Treated Soil
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Fig. 9. UCS Tests on Lime-Treated Soil Samples at Different W-D Cycles: (a) W-D Cycles = 0, (b) W-D Cycles = 1, (c) W-D Cycles = 3, (d) W-D
Cycles = 6, (e) W-D Cycles = 9, (f) W-D Cycles = 12
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Fig. 10. UCS Tests on Cement-Treated Soil Samples at Different W-D Cycles: (a) W-D Cycles = 0, (b) W-D Cycles = 1, (c) W-D Cycles = 3, (d) W-

D Cycles = 6, (e) W-D Cycles = 9, (f) W-D Cycles = 12

soils at 12th cycle of wetting and drying. Moreover, a higher
order coefficient of determination (R? value) of these models
justifies the goodness of data fit. The overall increase in g, can be
attributed to the hydrated products (CSH and/or CAH) formed
due to soil-lime and soil-cement reactions. Similar results have
also been reported by Aldaood et al. (2014) on the effects of
hydric cycles on engineering properties at micro-structure level
of a lime stabilized gypseous soils. A significant decrease was
reported in UCS of treated soil samples at wetting state with an

increase at subsequent drying state. However, an overall increase
in ¢, was observed after repeated wetting and drying cycles.
Fig. 12 shows relative change (increase/decrease) in compressive
strength at various wetting-drying cycles. The UCS of both lime
and cement-treated soil samples significantly increased during
the first W-D cycle with an alternate decrease and increase in
UCS for subsequent W-D cycles. The highest increase in UCS
after the first cycle was 762% and 153% for soil samples treated
with 10% lime and 2% cement, respectively. The greatest
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Table 4. Regression Models for Mechanical Properties of Treated Soils Subjected to Wetting-Drying Cycles

Lime-treated soil

Cement-treated soil

Properties

Model R? Model R?
Compressive strength, ¢, (MPa) = 0.482L+ 2.188 0.773 0.642C +2.192 0.846
Failure strain, & (%) = 0.167L + 3.452 0.784 0.221C +3.495 0.758
Volume change, AV (cm’) = 0.038N? - 0.562N + 2.059 0.898 0.025N? - 0.365N + 1.486 0.712
Weight loss (%) = 54675 0.925 1.054¢0205¢ 0.958

L = Lime content (%), C = Cement content (%), N = Number of wetting-drying cycles

reduction in compressive strength (from 762% to -38% for lime-
treated soil and from 153% to -55% for cement-treated soil) were
recorded at 3rd wetting—drying cycle.

The increase in compressive strength after the 1st cycle is
attributed to the hydration of calcium silicates (an ongoing
reaction after curing of treated soil samples) which is primarily
formed during the initial stages of hydration (Bozbey, 2018). In
this study, the samples were tested after completion of each
wetting-drying cycle (i.e., drying state only). A point to mention
in this regard is that the compressive strength of treated soils in
drying state is greater than those samples tested in wetting state

which further decreases with increased hydric cycles. The results
reveal that the lime-treated soils are much more sensitive to loss
of strength upon the wetting-drying cycles, particularly during
the 1st cycle compared to a relatively stable behavior of cement-
treated soils.

3.3 Volume Change during Wetting-Drying Cycles

Similar to the UCS behavior, relative change in the volume (DV)
of lime and cement-treated soil samples were observed at the 1st,
3rd, 6th, 9th and 12th wetting-drying cycle. The diameter and
height of the soil samples were measured after the respective W-
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Fig. 12. Relative Change in UCS with Wetting-Drying Cycles: (a) Lime-
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D cycle to determine the volume change variations as shown in
Fig. 13. As mentioned earlier that the soil sample treated with
2% lime was completely disintegrated at the 8th wetting cycle
and the 2% cement-treated sample disintegrated at the 4th
wetting and that is why the subsequent W-D cycles and volume
change measurements could not be done. It can be observed in
Fig. 13 that with both the additives (i.e., cement and lime) there
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Fig. 14. Overall Decrease in Volume from 1st to 12th Wetting-Drying
Cycle

is a sudden and significant decrease in the volume of soil
specimens until the 6th W-D cycle and volumetric expansion
takes place after the 6th cycle for all concentrations of the
additives. Moreover, there is a net reduction in volume at the
12th cycle when compared to the 1st cycle (Fig. 14) which is
relatively higher for cement-treated soil samples. The volumetric
shrinkage of soil specimens during the initial cycles of wetting
and drying is attributed to continued hydration of lime and cement
and subsequent reduction in voids due to the agglomeration of soil
particles during this phase. However, after certain number of W-
D cycles, the disintegration process dominates which creates
large voids with an overall increase in the volume of soil
specimens. The regression models of this behavior have been
presented in Table 4. The average regression model has been
developed for cement-treated soil and likewise for lime-treated
soil because each concentration of the additive induced quite a
similar volume change behavior over the repeated cycles of
wetting and drying. These models (with a significantly high
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Fig. 13. Effects of Wetting-Drying Cycles on Volume Change: (a) Lime-Treated Soil, (b) Cement-Treated Soil
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value of R?) can be used to estimate the change in volume of a
treated soil for a given number of hydric cycle.

3.4 Weight Loss during Wetting-Drying Cycles

The cumulative weight loss of soil samples at 12th wetting and
drying cycle were also recorded. The soil samples were buffed
with a wire brush to remove the disintegrated (about to detach)
particles/lumps. With the increased number of hydric cycles for
each specimen, it was observed that the weight loss increased at
arelatively constant rate. However, as shown by the relationships in
Fig. 15, the increase in additive content made the soil samples
relatively more agglomerated and hence improved their endurance
against the loss of weight due to repeated wetting and drying.
Hoy et al. (2017) and Consoli et al. (2018) established similar
correlations between cumulative loss of mass and the imparted
W-D cycles on fly ash and geopolymer-mixed reclaimed asphalt
pavement and cement-treated fine grained soils, respectively.
From the respective regression models for lime and cemented
treated soil specimens presented in Table 4, it can be noted that
the cement-treated soil showed more endurance with a gradual
but lesser weight loss relative to lime-treated soil samples
showing an abrupt and greater loss of weight upon wetting and
drying. Knowing the desired additive contents, these models can
be used to estimate the weight loss of a treated soil at 12th cycle
of wetting and drying. According to Stoltz et al. (2014), a physio-
chemical analysis should be carried out to supplement the
understanding of the loss of bonding in treated soils subjected to
repeated W-D cycles.

4. Conclusions

Considering the abundant availability of lime and cement
products as well as widespread soft soils in Pakistan, the utilization
of such admixtures to enhance mechanical performance of
problematic grounds has been considered a sustainable solution
by the construction industry. However, due to severe local climatic
conditions, there are geotechnical concerns related to how to

quantify the endurance performance of a treated soil against
freeze-thaw and/or wetting—drying. An experimental study was
conducted to assess mechanical properties of a lime and cement-
treated cohesive soil undergoing repeated wetting-drying cycles,
and to propose possible correlations of such hydric cycles with
the loss of mass, volume change and unconfined compressive
strength. Regarding the effects of admixtures on index properties
and compression behaviour, it is observed that:

1. The effectiveness of cement to reduce soil plasticity was
relatively higher as compared to lime mainly due to the
low-plastic nature of the host soil. Nevertheless, this
decrease in plasticity index has an advantage of better
workability of such soils in the field.

2. The effects of lime and cement on compaction properties
are significant at lower percentages (i.e., 4% lime, 10%
cement) which becomes minimal with further increase in
additive content. Similarly, it has been shown that for lime-
treated soil, the rate of increase in OWC and decrease in
MDD is relatively higher as compared to cement-treatment.

3. An increase in strength from 0.57 MPa to 12.9 MPa at 20%
cement and from 0.57 MPa to 2.03 MPa at 2% lime was
observed in UCS tests on soil samples. Compared to the
non-treated soil, cement-treatment indicated relatively
brittle response, whereas, lime-treated soil showed a ductile
response at low additive content (i.e., 2%) and the behavior
changed to brittle with further increase in its concentration
up to 10%.

Regarding the effects of repeated cycles of wetting-drying on
the endurance performance of treated soil samples, the following
conclusions are drawn:

1. Compressive strength of both lime and cement-treated soil
samples significantly increased during the first wetting and
drying cycle with an alternate decrease and increase in
strength in the subsequent cycles. The highest increase in
compressive strength after the first cycle was 762% and
153% for soil treated with 10% lime and 2% cement,
respectively. The greatest reduction in compressive strength
(from 762% to -38% for lime-treated soil and from 153%
to -55% for cement-treated soil) were recorded after third
wetting—drying cycle.

2. An abrupt and significant decrease in the volume of both
lime and cement-treated soil specimens was observed until
the 6th wetting-drying cycle with subsequent volume
expansion for all concentrations of the additives. However,
there is a net reduction in volume at the 12th cycle when
compared with the 1st cycle and this phenomenon is more
prominent for cement-treated soil compared with the soil
treated with lime.

3. With the number of W-D cycles for each specimen, it was
observed that the weight loss increased at a relatively
constant rate. However, the increase in additive content
made the soil relatively more agglomerated and hence
improved its endurance against the loss of weight due to
successive hydric cycles.
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4. For a sustainable mechanical performance of the treated soil,
an optimum dose of 6% lime or 16% cement is recommended
and some correlations are proposed to quantify the effects
of repeated wetting and drying. However, further studies
are recommended to assess the effects of prolonged curing
of soil specimens and increased number of weathering
cycles along with their impact on microstructural behavior
of the treated soil.

Acknowledgments

The laboratory facilities provided by the Geotechnical Engineering
Laboratory at the Department of Civil Engineering, UET Lahore
Pakistan is gratefully acknowledged.

ORCID

Mubashir Aziz @ http://orcid.org/0000-0002-1581-6163

Farooq Naveed Sheikh @ http://orcid.org/0000-0002-5888-6161
Mohsin Usman Qureshi @ http://orcid.org/0000-0002-6932-6944
Ali Murtaza Rasool @ http://orcid.org/0000-0003-4187-2609
Muhammad Irfan @ http://orcid.org/0000-0001-9976-602X

References

Aamir M, Mahmood Z, Nisar A, Farid A, Khan TA, Abbas M, Ismaeel
M, Shah SAR, Waseem M (2019) Performance evaluation of sustainable
soil stabilization process using waste materials. Processes 7:1-16,
DOI: 10.3390/PR7060378

Abdi MR, Mirzaeifar H (2016) Effects of discrete short polypropylene
fibers on behavior of artificially cemented kaolinite. International
Journal of Civil Engineering 14(4):253-262, DOI: 10.1007/s40999-
016-0022-5

Abdullah HH, Shahin MA, Walske ML (2019) Geo-mechanical behavior of
clay soils stabilized at ambient temperature with fly-ash geopolymer-
incorporated granulated slag. Soils and Foundations 59(6):1906-
1920, DOI: 10.1016/j.sandf.2019.08.005

Ahmed A, Ugai K (2011) Environmental effects on durability of soil
stabilized with recycled gypsum. Cold Regions Science and Technology
66(2-3):84-92, DOI: 10.1016/j.coldregions.2010.12.004

Akcanca F, Aytekin M (2012) Effect of wetting-drying cycles on swelling
behavior of lime stabilized sand-bentonite mixtures. Environmental
Earth Sciences 66(1):67-74, DOI: 10.1007/s12665-011-1207-5

Al-Bared MAM, Harahap ISH, Marto A, Abad SVAN, Ali MOA (2019)
Undrained shear strength and microstructural characterization of treated
soft soil with recycled materials. Geomechanics and Engineering
18(4):427-437, DOI: 10.12989/gae.2019.18.4.427

Al-Bared MAM, Harahap IS, Marto A, Mohamad H, Abad SVANK,
Mustaffa Z (2020) Cyclic behavior of RT-cement treated marine
clay subjected to low and high loading frequencies. Geomechanics
and Engineering 21(5):433-445, DOI: 10.12989/gae.2020.21.5.433

Al-Bared MAM, Marto A (2017) A review on the geotechnical and
engineering characteristics of marine clay and the modern methods
of improvements. Malaysian Journal of Fundamental and Applied
Sciences 13(4):825-831

Al-Bared MAM, Marto A, Latifi N (2018a) Utilization of recycled tiles
and tyres in stabilization of soils and production of construction

materials — A state-of-the-art review. KSCE Journal of Civil
Engineering 22(10):3860-3874, DOI: 10.1007/s12205-018-1532-2

Al-Bared MAM, Marto A, Latifi N, Horpibulsuk S (2018b) Sustainable
improvement of marine clay using recycled blended tiles. Geotechnical
and Geological Engineering 36:3135-3147, DOI: 10.1007/s10706-
018-0525-8

Aldaood A, Bouasker M, Al-Mukhtar M (2014) Impact of wetting-drying
cycles on the microstructure and mechanical properties of lime-
stabilized gypseous soils. Engineering Geology 174:11-21, DOI:
10.1016/j.enggeo.2014.03.002

Ali M, Aziz M, Hamza M, Madni MF (2020) Engineering properties of
expansive soil treated with polypropylene fibers. Geomechanics and
Engineering 22(3):227-236, DOI: 10.12989/gae.2020.22.3.227

ASTM D559 (2015) Standard test methods for wetting and drying compacted
soil-cement mixtures. ASTM D559, ASTM International, West
Conshohocken, PA, USA, DOI: 10.1520/D0559 D0559M-15

ASTM D854 (2014) Standard test methods for specific gravity of soil
solids by water pycnometer. ASTM D854, ASTM International, West
Conshohocken, PA, USA, DOI: 10.1520/D0854-14

ASTM D1557 (2012) Standard test methods for laboratory compaction
characteristics of soil using modified effort (56,000 ft-Ibf/ft’ (2,700
kN-m/m®)). ASTM D1557, ASTM International, West Conshohocken,
PA, USA, DOI: 10.1520/D1557-12E01

ASTM D2166 (2016) Standard test method for unconfined compressive
strength of cohesive soil. ASTM D2166, ASTM International, West
Conshohocken, PA, USA, DOI: 10.1520/D2166_D2166M-16

ASTM D2487 (2017) Standard practice for classification of soils for
engineering purposes (unified soil classification system). ASTM D2487,
ASTM International, West Conshohocken, PA, USA, DOI: 10.1520/
D2487-17E01

ASTM D4318 (2010) Standard test methods for liquid limit, plastic limit,
and plasticity index of soils. ASTM D4318, ASTM International, West
Conshohocken, PA, USA, DOI: 10.1520/D4318-10

ASTM D6913 (2017) Standard test methods for particle-size distribution
(gradation) of soils using sieve analysis. ASTM D6913, ASTM
International, West Conshohocken, PA, USA, DOI: 10.1520/
D6913 _D6913M-17

ASTM D7762 (2018) Standard practice for design of stabilization of soil
and soil-like materials with self-cementing fly ash. ASTM D7762,
ASTM International, West Conshohocken, PA, USA, DOI: 10.1520/
D7762-18

ASTM D7928 (2017) Standard test method for particle-size distribution
(gradation) of fine-grained soils using the sedimentation (hydrometer)
analysis. ASTM D7928, ASTM International, West Conshohocken,
PA, USA, DOI: 10.1520/D7928-17

Bozbey 1 (2018) Microfabric evaluation of lime-treated clays by mercury
intrusion porosimetry and environment scanning electron microscopy.
International Journal of Civil Engineering 16(4):443-456, DOI:
10.1007/s40999-017-0151-5

Chakraborty S, Nair S (2020) Impact of curing time on moisture-induced
damage in lime-treated soils. International Journal of Pavement
Engineering 21(2):215-227, DOI: 10.1080/10298436.2018.1453068

Consoli NC, da-Silva K, Filho S, Rivoire AB (2017) Compacted clay-
industrial wastes blends: Long term performance under extreme
freeze-thaw and wet-dry conditions. Applied Clay Science 146:404-
410, DOI: 10.1016/j.clay.2017.06.032

Consoli NC, Quifidnez-Samaniego RA, Gonzalez LE, Bittar EJ, Cuisinier
O (2018) Impact of severe climate conditions on loss of mass, strength,
and stiffhess of compacted fine-grained soils — Portland cement blends.
Journal of Materials in Civil Engineering 30(8):04018174, DOI:


https://doi.org/10.3390/PR7060378
https://doi.org/10.1007/s40999-016-0022-5
https://doi.org/10.1007/s40999-016-0022-5
https://doi.org/10.1016/j.sandf.2019.08.005
https://doi.org/10.1016/j.coldregions.2010.12.004
https://doi.org/10.1007/s12665-011-1207-5
https://doi.org/10.12989/gae.2020.21.5.433
https://doi.org/10.12989/gae.2019.18.4.427
https://doi.org/10.1007/s12205-018-1532-2
https://doi.org/10.1007/s10706-018-0525-8
https://doi.org/10.1007/s10706-018-0525-8
https://doi.org/10.1016/j.enggeo.2014.03.002
https://doi.org/10.1016/j.enggeo.2014.03.002
https://doi.org/10.12989/gae.2020.22.3.227
https://doi.org/10.1520/D1557-12E01
https://doi.org/10.1520/D2166_D2166M-16
https://doi.org/10.1520/D2487-17E01
https://doi.org/10.1520/D2487-17E01
https://doi.org/10.1520/D4318-10
https://doi.org/10.1520/D0559_D0559M-15
https://doi.org/10.1520/D6913_D6913M-17
https://doi.org/10.1520/D6913_D6913M-17
https://doi.org/10.1520/D7762-18
https://doi.org/10.1520/D7762-18
https://doi.org/10.1520/D7928-17
https://doi.org/10.1520/D0854-14
https://doi.org/10.1007/s40999-017-0151-5
https://doi.org/10.1007/s40999-017-0151-5
https://doi.org/10.1080/10298436.2018.1453068
https://doi.org/10.1016/j.clay.2017.06.032
https://doi.org/10.1061/(asce)mt.1943-5533.0002392

3318 M. Azizetal.

10.1061/(asce)mt.1943-5533.0002392

Elkady TY (2016) The effect of curing conditions on the unconfined
compression strength of lime-treated expansive soils. Road Materials
and Pavement Design 17(1):52-69, DOI: 10.1080/14680629.2015.
1062409

Firoozi AA, Guney OC, Firoozi AA, Baghini MS (2017) Fundamentals
of soil stabilization. International Journal of Geo-Engineering 8:26,
DOI: 10.1186/s40703-017-0064-9

Horpibulsuk S, Katkan W, Sirilerdwattana W, Rachan R (2006) Strength
development in cement stabilized low plasticity and coarse grained
soils: Laboratory and field study. Soils and Foundations 46(3):351-
366, DOI: 10.3208/sandf.46.351

Hoy M, Rachan R, Horpibulsuk S, Arulrajah A, Mirzababaei M (2017)
Effect of wetting—drying cycles on compressive strength and
microstructure of recycled asphalt pavement — Fly ash geopolymer.
Construction and Building Materials 144:62-634, DOI: 10.1016/
j.conbuildmat.2017.03.243

Kamaruddin FA, Anggraini V, Kim-Huat B, Nahazanan H (2020) Wetting/
drying behavior of lime and alkaline activation stabilized marine
clay reinforced with modified coir fiber. Materials 13(12):2753,
DOI: 10.3390/mal3122753

Khan TA, Taha MR, Khan MM, Shah SAR, Aslam MA, Wagar A, Khan
AR, Waseem M (2020) Strength and volume change characteristics of
clayey soils: Performance evaluation of enzymes. Minerals 10(1):52,
DOI: 10.3390/min10010052

Khazaei J, Moayedi H (2019) Soft expansive soil improvement by eco-
friendly waste and quick lime. Arabian Journal for Science and
Engineering 44(10):8337-8346, DOI: 10.1007/s13369-017-2590-3

Lee S, Im J, Cho GC, Chang I (2019) Laboratory triaxial test behavior of
xanthan gum biopolymer-treated sands. Geomechanics and Engineering
17(5):445-452, DOI: 10.12989/gae.2019.17.5.445

Moayedi H, Kassim KA, Kazemian S, Raftari M, Mokhberi M (2014)
Improvement of peat using Portland cement and electrokinetic
injection technique. Arabian Journal for Science and Engineering
39(10):6851-6862, DOI: 10.1007/s13369-014-1245-x

Mujtaba H, Aziz T, Farooq K, Sivakugan N, Das BM (2018) Improvement
in engineering properties of expansive soils using ground granulated
blast furnace slag. Journal of the Geological Society of India
92:357-362, DOI: 10.1007/512594-018-1019-2

Nabil M, Mustapha A, Rios S (2020) Impact of wetting — Drying cycles
on the mechanical properties of lime-stabilized soils. International
Journal of Pavement Research and Technology 13(1):83-92, DOI:
10.1007/542947-019-0088-y

Nowamooz H, Jahangir E, Masrouri F (2013) Volume change behaviour of
a swelling soil compacted at different initial states. Engineering
Geology 153:25-34, DOI: 10.1016/j.enggeo.2012.11.010

Osinubi KJ, Eberemu AO, Akinmade OB (2016) Evaluation of strength
characteristics of tropical black clay treated with locust bean waste
ash. Geotechnical and Geological Engineering 34(2):635-646, DOLI:
10.1007/s10706-015-9972-7

Parsons RL, Kneebone E, Milburn JP (2004) Use of cement kiln dust
for subgrade stabilization. Final Report No. KS-04-03. Kansas
Department of Transportation, Topeka, KS, USA

Prusinski JR, Bhattacharja S (1999) Effectiveness of Portland cement
and lime in stabilizing clay soils. Transportation Research Record:
Journal of the Transportation Research Board 1652(1):215-227,
DOI: 10.3141/1652-28

Qureshi, MU, Alsaidi M, Aziz M, Chang I, Rasool AM, Kazmi ZA
(2021) Use of reservoir sediments to improve engineering properties
of dune sand in oman. Applied Sciences 11(4):1620, DOI: 10.3390/
app11041620

Riaz S, Aadil N, Waseem U (2014) Stabilization of subgrade soils using
cement and lime: A case study of Kala Shah Kaku, Lahore, Pakistan.
Pakistan Journal of Science 66:39-44

Rosone M, Megna B, Celauro C (2021) Analysis of the chemical and
microstructural modifications effects on the hydro-mechanical behaviour
of a lime-treated clay. International Journal of Geotechnical Engineering
15(4):447-460, DOI: 10.1080/19386362.2019.1639351

Sariosseiri F, Muhunthan B (2009) Effect of cement treatment on
geotechnical properties of some Washington State soils. Engineering
Geology 104(1-2):119-125, DOI: 10.1016/j.engge0.2008.09.003

Starcher RD, Gassman SL, Pierce CE (2016) The durability of chemically
treated soils subjected to cycles of wetting and drying. Proceedings
of Geo-Chicago, August 14-18, Chicago, IL, USA, 728-737, DOL:
10.1061/9780784480144.072

Stoltz G, Cuisinier O, Masrouri F (2014) Weathering of a lime-treated
clayey soil by drying and wetting cycles. Engineering Geology
181:281-289, DOI: 10.1016/j.engge0.2014.08.013

Tajdini M, Hajialilue-Bonab M, Golmohamadi S (2018) An experimental
investigation on effect of adding natural and synthetic fibres on
mechanical and behavioural parameters of soil-cement materials.
International Journal of Civil Engineering 16(4):353-370, DOI:
10.1007/s40999-016-0118-y

Tomar A, Sharma T, Singh S (2019) Strength properties and durability
of clay soil treated with mixture of nano silica and Polypropylene
fiber. Materials Today: Proceedings 26:3449-3457, DOI: 10.1016/
j-matpr.2019.12.239

Wang D, Abriak NE, Zentar R (2015) One-dimensional consolidation of
lime-treated dredged harbour sediments. European Journal of
Environmental and Civil Engineering 19(2):199-218, DOI: 10.1080/
19648189.2014.939309

Zainuddin N, Mohd Yunus NZ, Al-Bared MAM, Marto A, Harahap ISH,
Rashid ASA (2019) Measuring the engineering properties of marine
clay treated with disposed granite waste. Measurement 131:50-60, DOL:
10.1016/j.measurement.2018. 08.053

Zhao H, Zhou K, Zhao C, Gong BW, Liu J (2016) A long-term investigation
on microstructure of cement-stabilized handan clay. European Journal
of Environmental and Civil Engineering 20(2):199-214, DOL:
10.1080/19648189.2015.1030087


https://doi.org/10.1061/(asce)mt.1943-5533.0002392
https://doi.org/10.1080/14680629.2015.1062409
https://doi.org/10.1080/14680629.2015.1062409
https://doi.org/10.1186/s40703-017-0064-9
https://doi.org/10.3208/sandf.46.351
https://doi.org/10.1016/j.conbuildmat.2017.03.243
https://doi.org/10.1016/j.conbuildmat.2017.03.243
https://doi.org/10.3390/ma13122753
https://doi.org/10.3390/min10010052
https://doi.org/10.1007/s13369-017-2590-3
https://doi.org/10.12989/gae.2019.17.5.445
https://doi.org/10.1007/s13369-014-1245-x
https://doi.org/10.1007/s12594-018-1019-2
https://doi.org/10.1007/s42947-019-0088-y
https://doi.org/10.1007/s42947-019-0088-y
https://doi.org/10.1016/j.enggeo.2012.11.010
https://doi.org/10.1007/s10706-015-9972-7
https://doi.org/10.1007/s10706-015-9972-7
https://doi.org/10.3141/1652-28
https://doi.org/10.3390/app11041620
https://doi.org/10.3390/app11041620
https://doi.org/10.1080/19386362.2019.1639351
https://doi.org/10.1016/j.enggeo.2008.09.003
https://doi.org/10.1061/9780784480144.072
https://doi.org/10.1061/9780784480144.072
https://doi.org/10.1016/j.enggeo.2014.08.013
https://doi.org/10.1007/s40999-016-0118-y
https://doi.org/10.1007/s40999-016-0118-y
https://doi.org/10.1016/j.matpr.2019.12.239
https://doi.org/10.1016/j.matpr.2019.12.239
https://doi.org/10.1080/19648189.2014.939309
https://doi.org/10.1080/19648189.2014.939309
https://doi.org/10.1016/j.measurement.2018.08.053
https://doi.org/10.1016/j.measurement.2018.08.053
https://doi.org/10.1080/19648189.2015.1030087
https://doi.org/10.1080/19648189.2015.1030087

	Experimental Study on Endurance Performance of Lime and Cement-Treated Cohesive Soil
	ARTICLE HISTORY
	ABSTRACT
	KEYWORDS
	1. Introduction
	2. Materials and Methods
	2.1 Soil Sample and Additives
	2.2 Plasticity Limits of Treated Soil
	2.3 Compaction Characteristics of Treated Soil
	2.4 Unconfined Compressive Strength (UCS)

	3. Durability of Treated Soil against Wetting-Drying Cycles
	3.1 Methods and Procedures
	3.2 Effects of Wetting-Drying Cycles on Compressive Strength
	3.3 Volume Change during Wetting-Drying Cycles
	3.4 Weight Loss during Wetting-Drying Cycles

	4. Conclusions
	Acknowledgments
	ORCID
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.33333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


