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Abstract: A soil’s physical properties, mineral types, and pore structure significantly influence the
shape and properties of the soil-water characteristic curve (SWCC). This study investigated the effects
of the soil’s physical properties and mineral types on the SWCC and pore-size distribution (PSD).
Eight different soils from an alluvial deposit in Istanbul and Adapazari/Tiirkiye were used in the
study. The test samples were prepared by compaction at optimum water content (OWC) and wet
side of optimum water content (wet of OWC). The samples were prepared by consolidation from
the slurry. The PSDs of the samples were calculated using the SWCCs and evaluated with scanning
electron microscope (SEM) analysis. In addition, the mineral types of all soils were determined by
X-ray diffraction analysis. The soil which contains illite-type minerals has higher matric suction than
containing kaolin-type. The effect of the clay percentage is more pronounced in silty soils than in
plasticity and activity. Soil suction increased with decreasing compaction water content in clayey
soils. The air entry water contents rose as the void ratio, liquid limit, clay content, and plasticity
increased. The compaction conditions affected the macropore structure more than the micropore
structure. In addition, the ratio of macro-micro pore sizes increased with the rise of the compaction
water content.

Keywords: unsaturated soil; soil suction; SWCC; PSD; fine-grained soils

1. Introduction and Background

Permeability, shear strength, and volume change properties mainly depend on the
water retention capacity of soils. The water-holding capacity of unsaturated soils is defined
as the soil-water characteristic curve (SWCC) [1-4]. The SWCC is expressed as water
content (alternatively degree of saturation) versus suction. It has two critical properties:
air entry value (AEV) and residual water content (6;). The AEV is the suction value where
the water drains starting from the large pores, and thus the air becomes continuous in the
soil [5]. Suction values smaller than the AEV indicate the saturated capillary zone, whereas
those greater than the residual value indicate the residual water zone [6]. The residual
value is the suction value where the drainage in the liquid phase in the soil pores starts to
decrease, and the water evaporates [2,7]. Many soil characteristics, such as soil structure,
stress state, mineralogy, specific surface, chemical composition, initial water content, void
ratio, surface activity, pore water properties, and pore-size distribution (PSD), affect the
engineering properties of unsaturated soils [8,9]. The compaction energy, compaction
method, and initial water content, through their control of the pore structure of the soil,
influence the shape of SWCC in compacted soils [6,10-15]. Marinho (2005) determined that
the slope of the SWCC increased with the increasing plasticity by examining 18 soil samples
between 24% and 95% percent liquid limit and 6-60% plasticity index [16]. Tinjum et al.
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(1997) stated that if high plasticity soils are compacted with higher than OWC using
high energy, the SWCCs will be steeper, and the AEVs will be higher [17]. Increasing
clay content and plasticity in compacted clayey soils resulted in greater suction value
at the same water content and higher AEVs [14,18,19]. The presence of water-absorbing
minerals such as montmorillonite in the mineral composition of the soil causes a higher
water absorption capacity [20-22]. In unsaturated soil, there are many voids filled with
air and water. A meniscus similar to capillary tubes is formed at the air-water interfaces
in the pore structure [23]. The capillary rise in the soil pores is directly dependent on
the sizes of the pores. Several authors posited that soils with smaller pore diameters
could have higher suction [6]. Sillers et al. (2001) defined the relationship between pore
size and soil suction in terms of PSD [24]. Lu and Likos (2004) proposed a method that
calculates the PSD from SWCC [23]. Unsaturated compacted soils have a bimodal pore
structure [25]. Wan et al. (1995) indicated that large pore diameters indicate the dimensions
of the intergranular voids [26]. The bimodal distribution’s first peak (at small diameters)
shows the intragranular pores. Zaffar and Lu (2015) stated that in clay soils, pore sizes in the
range of 0.01-0.1 um represent voids between clay slabs, pore sizes smaller than 0.01 pm
represent voids between layers in clays, and pore sizes greater than 1.0 pm represent
voids between grains [27]. Thom et al. (2007) determined that reducing the compaction
water content increases intragranular voids and decreases the percentage of intergranular
voids [28].

Thieu et al. (2001) stated that SWCC should be determined precisely in order to
estimate the permeability, water retention, and shear strength properties of unsaturated
soils [29]. Various equations are proposed to determine the SWCC. Some commonly used
curve fitting models include [13,30-32]. Sillers et al. (2001) stated that the van Genuchten
(VG) curve fitting model is an SWCC model that provides a continuous water-suction
relationship of the soil at all suction values [24]. VG’s equation is expressed as follows:

o—6, [ 1 '
T -6 [14'(“?)4 o

where 6, = residual water content, 05 = saturated water content, ¢ = suction, «, and n are
fitting parameters. Tinjum et al. (1997) stated that the increase in parameter “n” makes the
SWCC horizontal, while the decrease in the a parameter makes the curve slope steeper [17].

This study was carried out to analyze the effects of physical properties, mineralogy,
and compaction conditions on SWCC and the PSD curves obtained from SWCC in fine-
grained soils. SWCC tests were performed with the filter paper method, and VG's equation
was used to generate the curves. PSD curves were determined using the method of Lu and
Likos (2004) on SWCC experimental data. In addition, micro and macropore sizes obtained

from PSD curves were supported by SEM analysis [23].

(C)

2. Soil Samples and Testing Methods

The effects of soil type, clay content, sample water content, mineral composition, and
pore structure on SWCC were investigated in this study. In the experimental research,
the SWCCs of the compacted samples (using modified Proctor) at OWC and wet of OWC
(wopt+%5) and samples consolidated from slurry under 100 kPa stress were measured.
Matric suction measurements were carried out using the filter paper method. The filter
paper method was preferred instead of the standard pressure plate due to the very high
suction values measured in unsaturated clayey soils. It is seen from the measurement
results that the matric suction values of the samples occurred in the range of 0-10° kPa.
The measured matric suction-water content data of the soils were fitted with the VG
mathematical equation to obtain SWCCs. PSD curves were obtained from the SWCC
with Lu and Likos’s approach. The pore-size analysis of the samples was compared to
the scanning electron microscope images (SEM). Pore structure was observed from the
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SEM images magnified by 3000x. In addition, the mineral composition of the soils was
determined by X-ray diffraction (XRD) analysis.

2.1. Soil Samples

No. 1, No. 2, No. 3, and No. 4 soils were taken from an embankment area in Istanbul,
and No. 5, No. 6, No. 7, and No. 8 soils were taken from the Adapazar: alluvial plain.
The physical properties of soils [33-36] and compaction characteristics [37] are presented
in Table 1. Grain size distribution curves are given in Figure 1a. The results of triangular
soil classification created according to USDA (United States Department of Agriculture)
are shown in Figure 1b. As demonstrated here, the consistency limits are dominant in the
classification of fine-grained soils, are not considered in the triangular classification system,
and are evaluated only according to the grain size. While these soils are classified as clay
according to USCS (Unified Soil Classification System) [38], they are in the silty soil zone
according to USDA. However, though the particles of clay size are low in percentage, soils
show claylike behavior due to their activity.

Table 1. Physical properties of soils.

Optimum Max.Unit

Liquid Plastic Plasticity =~ Specific . ..
Soil Limit Limit Index Gravity %Clay %Silt %Sand USCS Water Weight Activity
(LL)% (PL)% PD% (Go) Class Content (YK, max) (A)
’ @Weop)%  KN/m®
No. 1 48 16 32 2.78 43 50 7 CL 115 19.3 0.74
No. 2 40 16 24 2.79 29 59 12 CL 11.0 20.7 0.83
No. 3 60 25 35 2.75 19 78 3 CH 15.0 18.2 1.84
No. 4 44 14 30 2.76 32 49 19 CL 15.0 18.2 0.94
No. 5 40 24 16 2.66 22 77 1 CL 0.73
No. 6 36 21 15 2.76 18 78 4 CL 0.83
No. 7 33 NP NP 2.67 14 68 18 ML 0
No. 8 34 NP NP 2.78 10 67 23 ML 0
100 100 *No.1
| (a) (b) eNo.2
[ eNo.3
80 *No.4
[ *No.5
E? No.6
——60 L eNo.7
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Figure 1. (a) Grain-size distribution and (b) textural triangle diagram of samples used in the study.

Silt and clay particles are seen in the electron microscope image taken from the surface
of the No. 1 soil in its natural state at 3000 x magnification (Figure 2). It is seen that clay
particles smaller than 2 um are flat and leafy. On the other hand, silt particles are primarily
in polyhedral form.
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Figure 2. Scanning electron microscope analysis of No. 1.

The activities of the soils were calculated with Equation (2), which Skempton (1953)
proposed and uses the linear relationship between plasticity and clay percentage [39].
Activity values are shown in Table 1. The locations of the soils on the Skempton activity
chart are shown in Figure 3.
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Figure 3. Display of soils” activities on Skempton chart.

The mineral composition of the soils was determined by X-ray diffractometry in the
Metallurgical and Materials Engineering Laboratory at Sakarya University. The main
minerals of soils are identified as quartz, calcite, hematite, kaolinite, glauconite, lizardite,
and feldspar and are shown in Table 2. The mineral composition of No. 3 and No. 4
soils includes the illite group glauconite and kaolin-serpentine group lizardite. Other soils
have kaolin group kaolinite minerals. Depending on the minerals in their compounds, the
activities of No. 3 and No. 4 soils are higher. Non-plastic silty soils (No. 7 and No. 8) are in
the inactive zone.
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Table 2. Mineralogical composition of soils.

Soil Mineral Composition

No. 1 Calcite Quartz Kaolinite
No. 2 Calcite Quartz Kaolinite
No. 3 Quartz Glauconite Lizardite
No. 4 Quartz Glauconite Lizardite
No. 5 Quartz Kaolinite Hematite
No. 6 Quartz Kaolinite Hematite
No. 7 Quartz Feldspar Kaolinite
No. 8 Quartz Feldspar Kaolinite

2.2. Specimen Preparation

The specimens of Nos. 1, 2, 3, and 4 have been brought from an embankment in
Istanbul. Thus, these samples were prepared by compaction. The specimens of Nos. 5, 6,
7, and 8 have been obtained from Adapazari city, lying on approximately 100 m alluvial
deposits. Thus, they were prepared by consolidating from the slurry to simulate the alluvial
formation process. The slurry method is generally recommended for sample preparation
due to the homogeneity in the literature [40-43]. In the compaction method, samples were
compacted at the OWC and the wet side of OWC (wgpt+%5) by modified Proctor energy. In
the slurry method, samples were prepared by consolidation from a slurry. The soils were
slurried at a water content of 1.5 times the liquid limit. Then the slurry was deaired in a
vacuum desiccator. The deaired slurry was placed in a 50 mm diameter consolidation cell
(shown in Figure 4) and consolidated under axial pressure, gradually increasing to 100 kPa.

nof

= | 1A
‘ l [
8 |
H \

Figure 4. Preparation of reconstituted samples by consolidation from slurries.

2.3. Saturation of Samples

Firstly, the ceramic disc with a 1500 kPa air entry value was saturated in the pressure
cell, where degassed pure water was placed. Initially, the disc was saturated by applying
100 kPa of air pressure (Figure 5a). Then, the compacted samples (diameter of 50 mm and
height of 20 mm) were placed on the saturated ceramic disc and brought to 0 matric suction
value. The samples consolidated from the slurry were assumed to be saturated because the
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air was removed by vacuum before consolidating. Degassed pure water was added to the
pressure cell, and samples were saturated under air pressure (Figure 5b).

Figure 5. Saturation of (a) ceramic disc and (b) compacted samples in 15-bar pressure plate cell.

2.4. Filter Papers Measurement of SWCCs

The procedure detailed in ASTM D5298-10 was applied for the filter paper appli-
cation [44]. Whatman No. 42 filter paper with a thickness of 200 pm, a maximum ash
content of 0.007%, a pore size of 2.5 um, a unit weight of 1 g/m?, and a diameter of 55
mm was used in the measurements. First, filter papers were placed in contact (for matric
suction measurement) with saturated samples. The samples are wrapped in plastic film and
aluminum foil and placed in a thermally controlled box to keep the ambient temperature
constant (Figure 6). For the water flow between the soil and the filter paper to reach a
steady state, the samples were kept for seven days in the temperature-controlled room,
and the test phase was completed. The same procedure was repeated for subsequent
measurements. The matric suction value of the soil was obtained using the measured filter
paper water content with the filter paper calibration curve. The calibration curve equation
of the Whatman No. 42 filter paper is given in Equation (3). SWCC data were determined
using the soil’s gravimetric water content and matric suction values for each measurement.

logp = 2.412 — 0.0135 logwy if wy > 45.3%

logp = 5.327 — 0.0779 logwy if wy < 45.3% (©)]

where ¢ is suction and wy is the water content of filter paper.

Figure 6. Insertion of filter paper and protection of samples from evaporation.

2.5. SEM Analysis

The samples used in the SEM analysis were prepared by the same methods as the soil
samples prepared for SWCC measurement. The SEM samples were cut cylindrically with
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15 mm diameter and 10 mm height before drying in a vacuum oven set at 105 °C to remove
the water in their voids. Before imaging, the sample surface was coated with gold and
tested for resistance to high vacuum for approximately an hour, and then the pore structure
was observed in the SEM.

3. Results and Discussions
3.1. SWCCs of Soils

The matric suction measurement results determined by the filter paper method of the
samples in their initial state (at approximately OWC and wet side of OWC) are given in
Table 3. Samples compacted at OWC have much greater soil suction values than samples
that were at the wet side of OWC. The water contents of the compacted samples are higher
than the water content when it comes to the equivalent suction value in the SWCC initiated
after the saturation process. This is because the wetting path is above the drying path
(Figure 7).

Table 3. Matric suction values at compacting water content for compacted samples.

Soil Compaction Water Content (%)  Soil Suction (kPa)
Condition
OWC 10.90 3080.10
No. 1
Wet side of OWC 16.20 750.20
OWC 11.10 1945.90
No. 2
Wet side of OWC 15.80 575.80
OWC 14.70 8651.30
No. 3
Wet side of OWC 20.70 1095.80
OWC 15.20 494490
No. 4
Wet side of OWC 20.20 510.40
25 25
(a) x Nod X (b) x Nod X
e No2 © ° o e No2 ©
o No3 O v ©) © No3 O
| ° v No4 v o s * . I v Nod4 v
E . o . . o ,‘.: v,
c ]
§ 15 ¥ J o Yo 15 x ‘:' v
] ° v x 00 v
'g ) X v o x.o
® X v
£10f -:x,o 10 o v,
£ % v O * v
2 v Y
G sl Ty 5[ %
<« O X
. % x
.
5 Red syrrllbols are Isuction vaflues at OYVC . . * 5 Red syn}bols are §uction vallues at w‘et of OWCl T
0.1 1 10 100 1000 10,000 100,000 1,000,000 0.1 1 10 100 1000 10,000 100,000 1,000,000

Soil suction (kPa)

Soil suction (kPa)

Figure 7. Initial suction of samples compacted at (a) OWC and (b) wet side of OWC and drying
SWCC patterns after saturation.

3.2. Van Genuchten SWCC Models of Soils

The VG model (Equation (1)) was fitted to the data obtained from SWCC tests. Fitting
the VG equation to the experimental results, SWCCs fully reflect the suction-water content
relationship in 0-10° kPa. The VG curve models of clayey soils (No. 1, No. 2, No. 3, and
No. 4) prepared by different methods are shown in Figure 8. Table 4 presents the VG
parameters of the SWCCs.
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Figure 8. SWCCs of different soils with different sample preparation methods: (a) compacted at
OWCG, (b) compacted at the wet side of OWC, (c) consolidated from slurry.
Table 4. SWCC properties of soils (w,e = air entry water content, AEV = air entry value, w;, = residual
water content, @ and n = VG fitting parameters).
Soil Preparation Method Wae (%) AEV (kPa) wy (%) % n
Compacted at OWC 17.2 81 0.06 0.0016 0.7362
No. 1 Compacted at wet of OWC 19.8 113 0.01 0.0004 0.5310
Consolidated from slurry 31.9 240 0.15 0.0008 0.7835
Compacted at OWC 13.6 242 0.13 0.0003 0.7344
No. 2 Compacted at wet of OWC 18.0 392 0.01 0.0001 0.6914
Consolidated from slurry 30.5 33 0.15 0.0019 0.5188
Compacted at OWC 19.6 73 0.12 0.0052 1.0084
No. 3 Compacted at wet of OWC 222 169 0.04 0.0002 0.6836
Consolidated from slurry 43.6 69 0.09 0.0028 0.7788
Compacted at OWC 17.5 62 0.03 0.0025 0.6494
No. 4 Compacted at wet of OWC 20.6 107 0.01 0.0007 0.5575
Consolidated from slurry 32.0 75 0.10 0.0026 0.7336
No. 5 Consolidated from slurry 32.0 114 0.07 0.0010 0.8046
No. 6 Consolidated from slurry 27.1 98 0.05 0.0003 0.6835
No. 7 Consolidated from slurry 24.9 70 0.01 0.0048 1.1498
No. 8 Consolidated from slurry 22.6 49 0.03 0.0067 1.2594

The VG equation created curves compatible with all test results regardless of soil type
and sample preparation method. The air entry water contents produced by the VG method
are equal to saturated water content. The SWCCs of the samples compacted at OWC and
the wet side of OWC (subsequently saturated) converged at suction values higher than
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the AEV (except No. 4). This situation was also reported by Vanapalli et al. (1999) [11].
They stated that although the void ratio of samples at OWC is smaller, the air entry value
of wet OWC is equal to or higher than OWC samples. The SWCCs of the wet side of OWC
samples are separated from saturation with a steeper slope than OWC samples [17]. The
samples prepared by consolidating from a slurry reached residual values at higher water
contents than the compacted samples.

Figure 8c shows the SWCCs of the soil samples from Adapazari (Nos. 5, 6, 7, and
8) prepared by consolidating from a slurry. As can be seen from the SWCCs of these
samples of similar origins, the AEVs and the slopes of the curves separated from saturation
are close. It is also that both the initial water content value and the AEV decreases with
decreasing plasticity.

According to Figure 8, although the No. 1 sample has the highest clay content, it does
not have the highest suction at the same gravimetric water content. On the other hand, the
SWCC of No. 3, which has the lowest clay content, generally has higher suctions at the
same water contents and is located further to the right than the other samples (excluding
the residual zone in the SWCC of the sample at the wet of OWC). For example, the OWC
sample of No. 3 at 10% water content has a suction above 10* kPa. Instead, the other
samples have suction values of 10%10% kPa. Expressing the analysis in reverse, the No. 3
sample reaches a suction of 10 kPa at a water content of 14.5%. The water contents in this
suction for No. 1, No. 2, and No. 4 are 11.2%, 10.5%, and 13.1%, respectively.

SWCCs of No. 3 are at the top due to high plasticity and activity. This result shows
that it would be inaccurate to evaluate the SWCC location using only the clay ratio without
considering the plasticity and activity values (Figure 8). No. 2’s curve is positioned at the
bottom because of the lowest plasticity. In addition, among the samples with similar clay
content, No. 4 has higher suction than No. 2 at the same water content because of higher
plasticity and activity. For example, in OWC samples, No. 2, with a clay percentage of
29%, has a suction of 1500 kPa at 10% water content, while No. 4, with a clay percentage of
32%, has a suction of 6000 kPa (Figure 8a). In addition, the SWCCs of No. 1, No. 2, and
No. 4, prepared by consolidating from the slurry, have a close water content-matric suction
relationship in the saturated and the residual zones (Figure 8c). In contrast, No. 1, with a
higher clay percentage and plasticity, reached the same suction at higher water content than
No. 2 and No. 4 in the transition zone. Tinjum et al. (1997) stated that decreasing plasticity
or activity increases the SWCC slope [17]. The plasticity effect on the SWCC slope (OWC
and wet of OWC) determined in the study is consistent with this approach (Figure 8a,b). In
addition, No. 2, with the lowest plasticity, has the highest curve slope.

The SWCCs of samples prepared with consolidation from the slurry examined in the
study are given together (Figure 8c). As expected, these silty samples’ curves are below the
clayey samples’ curves. The initial water content values and the characteristic curves are
shifted downward as they move from high plasticity to low plasticity. Non-plastic soils are
located at the bottom. In addition, the large pores formed in the silty soils cause decreasing
water loss resistance of the soil as the fines content decreases. SWCCs are placed at the
bottom, resulting in smaller suctions at the same water content (Figure 8c). Related to
this, AEV decreases as the fine content or clay percentage decreases, as shown in Table 4.
Furthermore, the residual water content values of the silts are significantly lower than those
of the clayey samples. In addition, the slopes of the separation from the saturation zone are
higher in the silty samples because of losing water more quickly as suction increases.

The fact that the clay percentages of the soils are different is insufficient to explain
the difference in the SWCC shapes. The percentage of clay in the clayey soils alone is
insufficient to explain SWCC shapes. Moreover, plasticity and activity differences are found
to have a real effect on the shapes. On the other hand, the influence of fine content or clay
percentage is more pronounced on the SWCC of the silty soils.
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3.3. Effects of Initial Water Content on SWCCs

Samples compacted at OWC absorb more water during saturation than samples at the
wet side of OWC. For example, the water contents of the OWC and wet of OWC samples
of No. 3 were 14.7% and 20.7%, respectively. In comparison, the saturated water contents
of these samples were 19.6% and 22.2% (Figure 8). The SWCCs of the compacted samples
converged as the water content decreased during drying. Similar results were found by
Vanapalli et al. (1999) and Marinho and Chandler (1993) [11,45]. However, Marinho and
Stuermer (2000) stated that compacted soils at OWC have less suction than the wet side
of OWC [12]. In this study, the pores in the samples compacted at the OWC are generally
smaller than the wet of OWC. This led to greater suction at the same water content closer to
the residual zone. For example, the compacted at OWC of the No. 3 sample has a suction
of 12,000 kPa at 10% water content, and the compacted at wet of OWC sample has a soil
suction of 3000 kPa.

Samples prepared from slurry have the highest saturated water content since the
pores are larger than the compacted samples. For this reason, the SWCCs of the samples
prepared from the slurry showed a different trace, and the AEVs for the slurry samples
decreased. The SWCCs of the consolidated clayey samples from the slurry as the suction
value increased in all soils and coincided in the residual zone (Figure 9¢). A similar situation
is valid for silty samples. The SWCC traces are separate in the capillary saturated and
transition zone and close together in the residual zone.
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Figure 9. Relationship between SWCC water contents and soil properties: (a) void ratio, (b) clay (%),
() liquid limit (%), (d) plasticity (%).

It was stated that the SWCC becomes steep, and the AEV increases as the OWC is
moved upwards [17]. A similar approach was used by Meerdink et al. (1996), who reported
that reducing the compaction water content resulted in a lower AEV and a shallower form
of SWCC [46]. In this study, SWCC slopes and AEVs of the samples compacted at wet
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OWTC are higher in all soils. For example, the AEVs for No. 2 are 242 kPa and 392 kPa
for OWC and wet of OWC, respectively. Similar results are valid in No. 1, No. 3, and No.
4. However, in No. 2 and No. 3 soils, the AEVs of the consolidated samples from slurry
are the lowest, it is the highest in No. 1, and it is close to the OWC sample of No. 4. No.
3 sample prepared from the slurry separated from the other soil samples and positioned
very high up to the residual zone. No. 3 remains at a higher water content than other soils
during slurry preparation and consolidation due to its high water absorption mineral.

3.4. Effects of Soil Properties on SWCCs

It is stated that the clay percentage of the soil and its minerals affect the shape of
SWCC [18]. Water-absorbing minerals such as smectites (e.g., montmorillonite) in the
soil affect plasticity and activity [17]. These parameters are the distinctive features that
determine the resistance of soils against water intake and loss and affect permeability and
pore structures [20,21]. It has been reported that larger absorption values are correlated with
increasing clay percentage [15]. Significant correlations with void ratio, clay percentage,
liquid limit, and plasticity on the SWCCs of different soils are shown in Figure 9. The fitted
equations to these relationships and corresponding R? values are listed in Table 5, with
values between 0.70 and 0.93. The air entry water content increased almost linearly as the
void ratio increased (R? = 0.99) (Figure 9a). A similar relationship is valid for the residual
water content-void ratio relationship (No. 3 is not taken into account in the residual water
content-void ratio relationship because of being separated from other samples according to
activity properties). Increasing the liquid limit, plasticity index, and clay percentage causes
the air entry and residual water contents to increase (Figure 9b—d).

Table 5. Correlations of SWCC parameters with soil properties.

Relationship Equation R? Notes
Air entry water content (wg,)-void ratio (e) 5.8023¢% + 25.704¢ + 4.7207 0.99
Residual water content(w;)-void ratio (e) 1.3633¢2 — 1.6643¢ + 0.5277 0.77 Except for No. 3
Air entry water content (wg,)-liquid limit (LL) —0.0007LL2 + 0.7473LL + 0.6405 0.91
Residual water content (w;)-liquid limit (LL) —0.0005LL? + 0.453LL — 0.9863 0.77 Except for No. 3
Air entry water content (wy.)-plasticity (PI) 0.0082PI% + 0.1139PI + 24.153 0.73
Residual water content (w,)-plasticity (PI) —0.00007PI2 + 0.0053PI + 0.154 0.70
Air entry water content (wy.)-clay (C%) —0.0159C2 + 1.1229C + 12.811 0.93 Except for No. 3
Residual water content (w;)-clay (C%) —0.00008C2 + 0.0085C — 0.0646 0.79
VG a parameter-plasticity (PI) 0.00001PI? — 0.0005PI + 0.0056 0.81
VG « parameter-activity (Ac) 0.0038A.2 — 0.0084A, + 0.0057 0.81
VG n parameter-plasticity (PI) 0.0011PI% — 0.0492PI + 1.2099 091
VG n parameter-activity (Ac) 0.3773A.2 — 0.9277A. + 1.207 0.88

"1

VG parameters “«” and particularly “n” significantly correlate with soil activity and
plasticity (Figure 10). Parameters o and n display relatively large values in non-plastic and
non-active soils. « and 7 values tend not to change after plasticity and activity reach 25 (%)
and 1.0, respectively.
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Figure 10. Relationship between VG fitting parameters and mineralogical properties: (a) plasticity
(%) and (b) activity.

3.5. Pore-Size Distributions (with SEM Images)

The size, shape, and distribution of soil pores are critical features that determine soils’
engineering behavior. This study calculated the PSDs of soils from SWCC using a procedure
proposed by Lu and Likos (2004) [23]. The PSDs were calculated by incremental and
cumulative distributions. The Kelvin radius (r) was calculated from the experimentally
measured suction using Equation (4). Kelvin radius refers to the radius of the pore filled

with air.
2T,

(g — tiw)
T, is the surface tension, and (u; — i) is the measured suction. The surface tension

was given 72 MN/m for water at 25 °C (298.16 K) by Weast et al. (1981) [47]. The actual
pore radius (r,) was calculated by Equation (5).

(4)

Te =

rp=ri+t @)

where ¢ is the thickness of the water film adhered to the grain surface with matric suction
and calculated with the Halsey equation (Equation (6)):

where 7 is the effective water molecule diameter and is assumed as 2.77 x 10~% pum [48,49].
In this study, the universal gas constant is taken as 8.314 J/molK at atmospheric
pressure, and the molar volume of liquid water is taken as 0.018 m3 /kmol.
The change in the pore volume (pore volume per unit mass) (AV)) with the increase
in matric suction is calculated by Equation (7).

AV, = — @)
A,

where Aw is the change in water content, py, (1 g/cm?) is the density of water.

Zaffar and Lu (2015) stated that the peak values at incrementally obtained PSD cor-
respond to the pore dimensions dominant in the soil [27]. They noted that the valleys
between the peak values are the boundaries between the pore dimensions, and pore sizes
smaller than 5 um in clayey soils could be considered micropores. Pedarla et al. (2013)
expressed 6-60 um size gaps in the cumulative PSD relationship as large pores, 0.01-6 um
size range as medium pores, and 0.002-0.01 pm size range as small pores [20]. According
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Pore volume per unit mass (cm’/g)

Pore volume per unit mass (cm®/g)

to Wan et al. (1995), since the dimensions of the middle pores refer to the voids between
the grains, they can be considered large pores [26]. The pore-size analysis in this study was
made over the peak values of the PSD curves. Small pores refer to intragranular voids, and
large pores indicate voids between grains. The first peak shows the small pore mode, and
the second peak is the large pore mode.

Incremental PSD fitting curves were obtained with the chi-square method from
the data. The samples compacted or consolidated from slurry showed a bimodal PSD
(Figure 11). This distribution indicates that the specimens have small and large pore modes.
This result coincides with compacted clayey soils having a bimodal or multimodal pore
structure, as Thom et al. (2007) reported [28]. PSD properties of soils are provided in
Table 6.

0.04
(a) No.1

0.01 |

—— Compacted at OWC (b) No.2
—— Compacted at wet of OWC
— Consolidated from slurry

0.00
0.0001 0.001
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0.01 0.1 1 10 100 0.0001 0.001 0.01 0.1 1 10 100

(c) No.3

0.03

0.01

0.00

(d)No.4

0.0001 0.001

0.01 0.1 1 10 100 0.0001 0.001 0.01 0.1 1 10 100
Pore radius (um) Pore radius (pm)

Figure 11. Effects of initial conditions on PSDs: (a) No. 1, (b) No. 2, (c) No. 3, and (d) No. 4.

Different preparation methods of clayey samples (Nos. 1, 2, 3, 4) affected the PSDs. The
largest intergranular pore radius (the second peak) was in the samples consolidated from
the slurry. The samples compacted at wet of OWC generally have a bigger second peak
radius than those compacted at OWC. It was determined that the peak values indicate that
the intragranular pores involve pore radius close to each other for one soil. For example,
the values showing the small pore modes of No. 1 (compacted at OWC, compacted at the
wet side of OWC, consolidated from a slurry) are up to 0.013 um, 0.025 pum, and 0.028 pm,
respectively (Figure 11a). Large pore sizes begin from this valley point value. The second
peak value indicates large voids increases from compacted samples to consolidated from
the slurry. The first peak is close to each other for all three samples.
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Table 6. Properties of PSD curves.

Void Major I(’ore Radius Cumulative Pore Small Large

Soil Clay (%)  Preparation Method Ratio (¢) pm) Volume per Unit Pores Pores
1st Peak  2nd Peak  Mass (cm®/gr) (%) (%)
Compacted at OWC 0.48 0.005 0.10 0.155 14.8 85.2
No. 1 43 Compacted at wet of OWC 0.56 0.008 0.12 0.194 36.0 64.0
Consolidated from slurry 0.89 0.005 0.20 0.237 51.9 48.1
Compacted at OWC 0.40 0.015 0.10 0.116 50.8 49.2
No. 2 29 Compacted at wet of OWC 0.51 0.011 0.25 0.178 63.5 36.5
Consolidated from slurry 0.87 0.008 0.40 0.225 409 59.1
Compacted at wet of OWC 0.55 0.003 0.11 0.139 40.3 59.7
No. 3 19 Compacted at wet of OWC 0.62 0.012 0.38 0.216 51.4 48.6
Consolidated from slurry 1.19 0.008 0.45 0.352 42.6 57.4
Compacted at wet of OWC 0.51 0.005 0.07 0.135 57.0 43.0
No. 4 32 Compacted at wet of OWC 0.59 0.004 0.09 0.166 63.2 36.8
Consolidated from slurry 0.92 0.005 0.22 0.236 424 57.6
No. 5 22 Consolidated from slurry 0.85 0.012 0.21 0.261 27.9 721
No. 6 18 Consolidated from slurry 0.75 0.012 0.22 0.239 17.2 82.8
No. 7 14 Consolidated from slurry 0.66 0.018 0.20 0.223 28.3 71.7
No. 8 10 Consolidated from slurry 0.63 0.030 1.50 0.200 442 55.8

The intergranular pore radius of No. 3 is larger than about 0.008 pum, 0.075 um, and
0.034 um, respectively, for the samples compacted at OWC, wet of OWC, and consolidated
from slurry (Figure 11c). No. 3 showed a different curve than the other samples. The large
and small pore modes are shifted to the right in No. 3.

Electron microscope images of No. 3 at 3000 x are given in Figure 12. SEM analyses for
all samples used in this study confirmed that compacted soils have bimodal pore structures.
It is seen that the pore sizes between the grains are 10-30 times the size of the intragranular
pores. The images obtained for No. 3 generally confirm the pore size obtained from the
SWCC. Like the pore sizes calculated from SWCC, the intergranular pore dimensions of
the consolidated sample from the slurry are larger than those of the compacted samples.
Similarly, the sample compacted at wet of OWC has a larger intergranular pore size than
the sample compacted at OWC. There is no definite difference between the observed (SEM)
and calculated pore sizes for intragranular pores. The sample preparation method and unit
volume weight do not significantly affect the intragranular pore sizes. The intragranular
pore analysis in this study is supported by Wan et al. (1995) [26]. In addition, the initial
water content change does not substantially affect the intragranular pore sizes. Still, it
increases the radius of intergranular pores (the second peak). This situation was also
indicated by Thom et al. (2007) [28].
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Figure 12. Measurement of pore diameters with a scanning electron microscope of No. 3.

The cumulative PSDs are presented in Figure 13. The pore volume in the unit mass
decreases for the samples prepared at the OWC and increases for the samples consolidated
from a slurry. The cumulative pore volume increases as the void ratio increases. The
samples consolidated from a slurry differ significantly from the compacted samples. This
difference was limited to No. 1. However, the PSD curves after the valley point followed
similar trends. Burton et al. (2014) stated that the cause of this situation is not known
precisely, but sample preparation may be the cause [50]. The distinctness of the PSD of No.
1 may be due to the differences in grain sizes of the samples taken from the compaction
and the impact of sample scalping.

PSD curves of clayey samples prepared with the same method are presented in
Figure 14. The effect of void ratio on PSD curves decreased from slurry samples to samples
prepared at OWC. No. 3 has a larger void ratio in all cases and has a close macropore size
to other specimens compacted at OWC. Still, the PSDs of No. 3 are generally differentiated
from other soil samples by shifting up and to the right at the level of macropores. The
second peak values of No. 1 and No. 4, which have similar void ratios and initial water
content, are close. This situation is also valid for samples prepared at OWC and the wet side
of OWC of the same soils. These results show that soils have unique micro and macropore
structure. Namely, the pore-size structure and distribution of different clayey soils with
similar water content, void ratio, or unit weight per volume can be substantially different.
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Figure 13. Cumulative pore volume-pore radius relationship of clayey samples: (a) No. 1, (b) No. 2,
(c) No. 3, and (d) No. 4.

Differential and cumulative PSD curves of silty samples are given in Figure 15. The
intragranular pores are larger in silty samples than in clayey samples. The pore sizes of silty
samples are about 0.06 pm and smaller than 0.03 um in clayey samples. No. 8 appears to
be differentiated from other specimens. The void ratio is the lowest in No. 8, but the micro
and macropore sizes are the largest. The PSD curves of silty samples generally showed a
close distribution than clayey samples. In addition, decreasing the clay content minimized
the cumulative void volume.

The cumulative pore volume rises with the increase in the void ratio (Figure 16). There
was an almost linear increase in the void ratio-cumulative pore volume relationship from
compacted at OWC to wet of OWC and consolidated from a slurry. It was possible to
capture the closest relationship with a quadratic equation. The relationship between the
clay fraction and the first peak value in the PSD is presented (Figure 17). The increase in
the clay content leads to a decrease in the size of the first peak value.
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The pore radius where the rapid matric suction change occurs and the water content
range in which this change occurs were estimated by examining the SWCC and the PSD
curve (Figure 18). No. 1, with 93% fine content, has an intergranular pore radius of less
than 1.0 pm. The total pore volume of the sample consolidated from the slurry consists of
0.0004-1 pm radius pores, and the intergranular pore size is in the range of 0.03-1.0 pm.
Matric suction showed a rapid change in the valley region (approximately 0.03 pm pore
radius). This rapid change in matric suction occurred in 22-25% water content. The total
pore volume of the sample prepared at wet of OWC consists of pores with a radius of
0.003-1.0 um. Intergranular pore size is between 0.03 pm and 1.0 um. The pores in the
sample compacted at OWC have a radius of 0.002-1.0 um, and the radii of intragranular
pores are between 0.002 and 0.015 um. The rapid change in the matric suction of both
samples prepared by compaction occurred in a pore radius of 0.015-0.025 um. The rapid
matric suction change occurred at 4-8% water content for the OWC and 5-10% water
content for the wet of OWC. Compacted samples showed rapid matric suction change at
smaller pore sizes and lower water contents than the sample consolidated from the slurry.
The change in water content decreased as it moved away from the valley regions toward
the micropore peaks, and the suction values increased tremendously. The difference in
water content continued with evaporation from the micropores after the residual value
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Figure 18. Relationship with (a) SWCC and (b) PSD of No. 1.

4. Conclusions

SWCCs and PSDs of eight different fine-grained soils were investigated. The effects of
the physical properties on the SWCC, micro and macropore structure, and the relationship
between SWCC-PSD were examined. The samples were prepared by two different methods:
compacted at OWC or wet of OWC (then saturated) and consolidated from slurry (assumed
saturated). Matric suction and SWCC were measured using the filter paper method, and
the VG mathematical model was fitted to the SWCC data. The PSDs were determined
from the SWCCs using the procedure given by Lu and Likos (2004) [23]. SEM was used to
observe the pore structure of the samples. XRD analysis was performed to determine the
mineral types of the soils.

The following conclusions are advanced:

1.  Clayey soils compacted at OWC have greater soil suction than soils compacted at wet
of OWC. The SWCCs of the samples prepared at OWC and wet of OWC converged
beyond the AEV;

2. The mineral type of the soil affects SWCC. Illite-type mineral-containing soil has a
higher matric suction than that containing kaolin-type minerals;

3. The soil with high plasticity and activity reached a higher matric suction depending
on its mineral type, although the clay content was lower. AEV decreased as plasticity
decreased in cognate samples;

4. The effect of the clay percentage is more pronounced in silty soils than in plasticity.
The lower the clay percentage in these soils, the lower the suction value at the same
water content. The resistance to water loss and the AEV decreased as the clay content
decreased. The SWCCs of the compacted samples converged as the water content
decreased,;

5. SWCCs of the clayey samples consolidated from slurry were located above the com-
pacted samples. Notably, the SWCCs of the samples consolidated from the slurry
in clayey and silty soils converge in the residual zone. The AEVs of these samples
were lower than those of the compacted samples. Compaction properties affect the
properties and shape of the SWCC;

6. The air entry and residual water contents rose as the void ratio, liquid limit, clay
content, and plasticity increased. VG « and n parameters have high values in non-
plastic or non-active soils. These values decreased up to 25% plasticity and 1.0 activity,
after which they showed a partial increase or remained constant;

7. Samples prepared showed bimodal PSDs irrespective of the preparation method.
SEM images of the samples confirmed that situation. Compaction conditions strongly
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affected the intergranular spaces, but this effect was limited to the intragranular pores.
The largest intergranular pore radius was encountered in the sample consolidated
from slurry, and the smallest intergranular pore radius in the compacted at OWC.
This situation is also supported by SEM analysis. Macropore sizes in slurry samples
are close to 100 times the micropore sizes. This ratio is around 10 in samples prepared
with OWC;

8.  The cumulative pore volume of the samples consolidated from the slurry is higher
than that of the compaction samples. The pore sizes of silty samples dominating the
micro and macropore modes are twice that of the clayey samples. The cumulative pore
volume decreased as the clay content decreased in silty samples. There is a quadratic
relationship between the void ratio and the cumulative pore volume. In addition,
the micropore mode peak decreased with increasing clay content. An exponential
relationship was found between them.
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