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Abstract: Due to the representation of a particular field condition of soil rather than the real time
scenario from laboratory experiments, the selection of unsaturated permeability and flow parameters
becomes challenging when conducting numerical modeling. Keeping this in mind, the objective
of the study was to determine the permeability in both directions along with the unsaturated flow
parameters from field data. Although it is conventional to determine the flow parameters from
the curve fitting of laboratory results, a novel approach was carried out during the course of study,
wherein field soil water characteristic curves were used to determine the unsaturated flow parameters.
Two two-lane roads in Kaufman County and Ellis County, Texas were selected for data acquisition
and monitoring in this study. For the investigation of in situ moisture content and matric suction,
soil moisture and suction sensors were installed at up to a depth of 4.5 m into the ground, while
the precipitation was recorded using rain gauges installed at the sites. Field determination yielded
hydraulic conductivity values in the range of 107 to 107> m/s, representing the rapid flow of
water due to desiccation cracks on expansive soil. Field-generated unsaturated flow parameters also
indicated variability while constructing the SWCC. Finally, PLAXIS 2D was used for the transient
flow analysis. The close agreement of the FE results with the direct field measurements validated
the estimated flow parameters. The approach described in the study can be used for determining
permeability and unsaturated flow parameter values from field data, which offers a dynamic situation
in contrast to the static laboratory condition.

Keywords: flow parameters; unsaturated hydraulic property; FE modeling; PLAXIS 2D; unsaturated
hydraulic conductivity; rainfall response data

1. Introduction

Expansive soils, which are usually clayey in nature, have a tendency of undergoing
shrinkage and swelling due to moisture variation. The stresses developed during the
process result in cracking and settlement in the pavement [1,2] as the moisture content vari-
ation alters the geotechnical properties of soil. Eventually, the service life of the pavement is
shortened. The cost of the damage caused by expansive clay ranges between USD 9 to USD
15 billion as reported by previous studies [3,4]. In addition, 25% of the annual maintenance
and repair budget of the Texas Department of Transportation is invested in the repair and
maintenance of damaged pavements due to expansive soil [5]. As such, severe pavement
cracking can result in maintenance costs higher than the cost of construction [6]. With the
identification of moisture variation as one of the major causes of pavement distresses [7,8],
in situ permeability can be considered an important indicator for a proper understanding
of moisture-flow dynamics beneath the pavement. Many researchers [9,10] have carried
out field-based analyses to correlate subgrade characteristics and environmental factors in
order to incorporate the variation in moisture into the design. Numerical modeling has
appeared as a recent development in the process of providing additional information on
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volumetric deformation. Based on infinite slab and other idealized assumptions, the finite
element method (FEM) can be used to analyze the effect of many practical conditions, which
are more realistic than theoretical solutions [11]. Hedayati (2014) studied both unsaturated
moisture diffusion and volume change in the expansive subgrade [12]. Hasem et al., (2013)
simulated the behavior of flexible pavement construction on expansive soil using numerical
modeling by PLAXIS 2D software [13]. Djellali et al., (2012) concluded that the combined
Mohr—Coulomb model and Soft Soil Model showed the majority of displacements in the
pavement of Algeria to have taken place in the shoulder side of the pavement after a nu-
merical modeling analysis [2]. Generally, there is a trend to use laboratory tested values in
numerical modeling since the field-based values are difficult to access. However, the use of
such soil parameters considers just the specific condition at which the laboratory testing is
conducted. As such, it does not take into consideration the external factors, such as climatic
factors. Consequently, there is less chance of fully understanding the actual behavior of
the pavement built on expansive soil. Therefore, the use of field-based soil parameters
in numerical modeling is a necessity as well as a challenge. The current study is based
on field instrumentation and a numerical analysis for examining the moisture and matric
suction variation of expansive soil two highways in North Texas designated as SH 342 and
FM 2757, for which moisture and suction sensors were installed at different depths. The
objective of the study is to determine the flow parameters and permeability for numerical
modeling. Field data, unsaturated flow parameters and unsaturated soil permeability were
used for FEM analysis in the PLAXIS 2D environment in the flow mode. Finally, the results
from FE were compared with the field data. The approach undertaken in the study can
be applicable for unsaturated flow parameters and permeability determination in various
geotechnical applications, i.e., slope stability and subgrade moisture modeling.

2. Background of the Study

Field-based parameters, capturing the actual condition of the field, are required for nu-
merical modeling. However, laboratory tested values are used instead due to the difficulty
in accessing the field parameters. For instance, Hedayati et al., (2014) used the saturated
permeability value of 3.54 x 10~® m/s for the numerical modeling [14] of expansive sub-
grades even though the pavement subgrade remained unsaturated most of the time [15].
The laboratory specimens were tested in specific conditions and thus the seasonal variation
that the soil may undergo in real field was not taken into account. The seasonal swelling
and shrinking of expansive soil results in a change in hydraulic conductivity and the flow
parameters of soil, which is further elucidated in the section below.

2.1. Unsaturated Hydraulic Conductivity

Permeability is the ease with which water can pass through the soil and with which
it is affected by the interconnected void space [16]. With the formation of desiccation
cracks, the permeability of expansive soil changes [17]. Previous research indicated that the
flow mechanism of clayey soil changed due to cracks. Hossain (2012) used the laboratory
saturated hydraulic conductivity value of 3.5 x 10~ m/s for both the horizontal and
vertical permeability and found differences between the field and a numerical analysis [18].
The vertical and horizontal permeability, in fact, may not be the same in the field. Zhan
et al., (2007) increased the infiltration rate in open cracks based on an infiltrometer test [19]
and stated that values of permeability are reduced at the crest of the slope. The test result
of Favre et al., (1997) indicated that there was a change in saturation level after rainfall [20].
As such, the laboratory test did not take into account those issues and provided the values
in a controlled condition. However, Hossain (2012) obtained better results with the reduced
values at the crest of the slope; however, they were not in full agreement with the field
condition. Eventually, he performed the analysis with three different permeability values
of 3.54 x 107°m/s,3.54 x 10~7 m/s, and 3.54 x 1078 m/s in the top 3 m of soil for higher
permeability. Khan et al., (2017) conducted a flow analysis on a cracked highway slope [21],
during which the authors related the wetting and drying cycle of expansive soil to the
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wetting and drying test performed by Albrecht and Benson (2001). Albrecht and Benson
(2001) reported that the flow can increase up to 500 times after drying clayey soil with
a change in permeability [22]. As cracks open up in drying weather, new flow channels
are formed, which increase the flow of water. Omidi et al., (1996) also reported a higher
value of hydraulic conductivity after the formation of desiccation cracks and used the
same vertical to horizontal permeability ratio as in 22 [23]. Both of these studies [22,23]
were conducted in laboratory environments and were affected by boundary conditions.
In addition, researchers also obtained permeability values using analytical methods by
performing a calibration procedure. For example, Troncone et al., (2021) predicted landslide
probability by adopting such a method [24]. Moreover, Montrasio et al., (2012) modeled a
shallow landslide forecast using discharge capability, which is similar to soil permeability,
for which the authors adopted analytical methods for soil permeability [25]. Since no
attempts at using the field-based hydraulic conductivity value for numerical modeling
have been made, the current study aims at determining the hydraulic conductivity value in
both the vertical and horizontal direction in the field.

2.2. Determination of Unsaturated Flow Parameters

Any soil can be characterized based on its soil water characteristics curve [SWCC],
which is a unique property of different soil. SWCC depends on particle-size distribution
and pore space present in the soil. Currently practiced methods of determining SWCC
i.e., pressure plate, Tempe cell and filter-paper techniques are time and labor consuming
and highly dependent on the operator as well [26]. Zapata (2000) stated that there are
limited number of geotechnical laboratories that performs suction-based tests [27]. In fact,
researchers have been using statistical analyses, physical tests, Artificial Neural Network
(ANN) and genetic Programming (GP) to determine SWCC [14].

The current study was carried out using a WP4C Dewpoint Potentiometer manufac-
tured by Decagon Devices Inc., the chilled mirror hygrometer technique and by measuring
the matric suction in a relatively short period of time The device takes several readings
until the pre-determined tolerance is reached under ‘precious’ mode. A total of 15-20 min
is required to record a value and obtain a complete SWCC. The specimens were prepared
with de-aired/distilled water because the sole purpose of this test was to obtain the matric
suction only and limit the effect of osmotic suction. There are several non-linear least square
techniques, among which the Fredlund and Xing [28] and van Genuchten [29] equations are
the most popular. The study used both equations for the determination of the unsaturated
flow parameters. However, only the van Genuchten parameters were used in this work.

Fredlund and Xing equation:

¥
i (1+4) 0.
n m
in(1+ 290590) | (1a( 4 (4)7))
where, 6, is the volumetric water content; 6; is the saturated water content; ¢ is the matric

suction; and ¢, «, 1, and m are fitting parameters.
Van Genuchten equation:

O =

)

0 = 0r+ (0s — 0r) { 2)

)"

where, ¢ = soil suction (tensiometer data), 6 = volumetric moisture content (moisture sensor
data). « and 7 are the shape parameters and m =1 — n~1.

2.3. SWCC Parameter Values

Schaap et al., (2000) evaluated the unsaturated flow parameters of 12 textural classes of
soil of the USDA textural triangle [30]. Tuller et al., (2004) determined the same parameters
for some classes from the Unsaturated Soil Hydraulic Database [UNSODA] [31]. The



Geosciences 2022, 12,95

40f 15

residual water content (6;), saturated water content (6;), &, and 7 for clay samples were
tabulated as 0.098, 0.459, 0.015 and 1.25, respectively, by the former, whereas the same
parameters were reported to be 0.102, 0.51, 0.021 and 1.20, respectively, by the latter.

However, researchers did not attempt to take into account both the laboratory and
field-based SWCC parameters. Alam et al., (2017) studied both field and lab scale SWCC
parameters [32] and carried out a percolation analysis in vegetated lysimeter in top cover
soil of landfill. The values of «, n and m were stated as 0.0031, 1.6 and 0.375, respectively,
from the laboratory testing using Tempe cell and dewpoint potentiometer while the values
were 0.02, 1.52 and 0.3421, respectively, as obtained from FSWCC. The values obtained
from two curves varied considerably as can be seen from the value of « as stated above.
Therefore, an attempt was made to obtain the field values.

3. Project Background
3.1. Description of Site

The study was carried out for State Highway 342 (SH 342) in Lancaster, Ellis County
and FM 2757 in Kaufman County as provided by the TxDOT, where the cracks could be
clearly seen. These sites are at a distance from the utility lines and are easily accessible. The
collected samples from the site revealed the soil to be high plastic (CH) clay, based on a
sieve analysis and Atterberg limits. More than 85% of the soil passed through the 200 No.
sieve and the Liquid Limit (LL) varied between 50 and 64, while the plasticity index (PI)
ranged between 28 and 42.

3.2. Sensor Selection and Installation

Moisture sensors were installed at both the sites based on a detailed field instrumenta-
tion layout, prepared prior to installation, to monitor the moisture variation in the subgrade
soil (Figure la). Furthermore, in addition to the moisture sensors, suction sensors were also
installed in SH342 site. Decagon 5TM moisture sensors were installed at the site to measure
the volumetric water content while for the suction data, the Decagon WPS-2 water potential
probe was used. Similarly, for the rainfall events, an ECRN-100 high resolution rain gauge
was installed in the field. The data from the sensors and the rain gauge were collected via
an EM50 data logger positioned at the shoulder of the pavement. The sensors were installed
from the center towards the edge below the northbound lane at both sites (Figure 1b).

Rain Gauge §)

Kaufman Site

Inclinometer

FIZONTAL INCLINOMET
PAVEMENT SECTION

Data Loggcr—‘

[B0 DATA LOGGER
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Figure 1. Cont.
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Figure 1. (a) Instrumentation plan for both pavements, (b) Field instrumentation on SH 342 and FM 2757.

4. Methodology
4.1. Determination of Vertical Permeability

The moisture variation was monitored based on the daily averages computed from the
data collected hourly at the pavement of SH 342. Figure 2a shows the moisture variation
across center borehole at depths of 4 ft. (1.2 m), 8 ft. (2.4 m), 12 ft. (3.7 m) and 15 ft.
[4.5 m] where the sensors were installed. Based on the previous studies [1,7], the highest
active zone depth in the North Texas has been reported to be around 4.5 m (15 ft.). As
such, the instrumentation was carried out to up to 4.5 m. Additionally, TM-4 in the figure
denotes the Temperature and Moisture sensor installed at 4 ft. [1.2 m] depth. The sensors
at the shallow depth showed more variation in moisture content than the sensors at a
greater depth. For instance, there was no significant change in moisture content observed
in the sensor located at 15 ft. below the ground surface. The sensors provide the value in
volumetric moisture content. By adopting a weight-volume relationship, the volumetric
moisture content was converted to gravimetric moisture content. The average gravimetric
moisture content at this depth was found to be 19% and this point is considered as the
point of saturation at that depth. The stabilized value of gravimetric moisture content is
considered as the equilibrium moisture content at each depth. The equilibrium moisture
contents for TM 4, TM 8 and TM 12 were 11%, 6% and 15%, respectively. It is interesting to
note that the equilibrium moisture content is different for various depths. From 4 ft. to 8 ft.,
the value decreased and then again increased at depths 12 and 15 ft. Therefore, the 8 ft.
moisture content exhibited a lower value. The natural moisture content of the depths before
installation can explain this phenomenon. The soil at 8 ft. was mixed with solid limestone
which cannot absorb water, whereas clayey particles can absorb more water. As the water
travels down vertically, the moisture content increased from 4 ft. to 12 ft. followed by more
increase at the bottom depth.

With each rainfall event, there was a peak in the moisture content as recorded in the
sensors. The highest increase in moisture content was recorded from February 2015 to
May 2015 due to continuous rainfall events which prevented the dissipation of moisture
for a long time. Sensors close to the ground surface experienced a greater rise in moisture
content. For example, the moisture content experienced by TM 8 was higher than TM 12.
The rise in moisture contents was from 1% to 15% in amplitude which was limited to the
temporary saturation point at each respective depth. There was a decrease in moisture
content as soon as the rainfall ceased. This variation in moisture content for a short period
of time can induce volumetric deformation in expansive soil, which makes it crucial to
know the temporary rise in moisture content. It should be mentioned that the moisture
logger went off reading due to a malfunction in the particular sensor port in the data logger.
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Figure 2. (a) Moisture variation at center and edge borehole of SH 342 and (b) Moisture variation in
center borehole in FM 2757.

The vertical permeability was determined from the real time moisture data of two
different rainfall events, as shown in Table 1. Peaks in moisture content were observed at
different depths and different times based on the rainfall intensity. Furthermore, Table 2
shows the moisture variation at two different depths, of 1.2 m and 2.4 m, with time. The
rainfall event of 17 July 2014 increased the moisture content in sensors at 1.2 m at 2 p.m.
while sensors at 2.4 m experienced the increase at 4 p.m., with a time lag of two hours.
The vertical field permeability was computed by finding the ratio of the vertical distance
traveled by the water to the time required to travel that distance. Therefore, a 2 h of time
lag for the water to travel 1.22 m between the sensors at the same borehole resulted in a
vertical permeability of 1.69 x 10~* m/s.
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Table 1. Duration and Intensity of Rainfall in SH 342.

. Rainfall . Rainfall . Rainfall
Time Time Time
(mm) (mm) (mm)

17 July 2014 11:00 a.m. 14 22 November 2014 6:00 p.m. 1.4 23 November 2014 1:00 a.m. 0.2
17 July 2014 12:00 p.m. 1.8 22 November 2014 7:00 p.m. 1.0 23 November 2014 2:00 a.m. 0.2
17 July 2014 1:00 p.m. 0.5 22 November 2014 8:00 p.m. 14 23 November 2014 3:00 a.m. 0.2
17 July 2014 2:00 p.m. 1.2 22 November 2014 9:00 p.m. 1.4 23 November 2014 4:00 a.m. 0.0
17 July 2014 3:00 p.m. 2.0 22 November 2014 10:00 p.m. 1.0 23 November 2014 5:00 a.m. 0.2
17 July 2014 4:00 p.m. 0.2 22 November 2014 11:00 p.m. 0.6 23 November 2014 6:00 a.m. 0.0
23 November 2014 12:00 a.m. 0.2 23 November 2014 7:00 a.m. 0.2

Table 2. Variation of Volumetric Moisture Content (m?/m?) in Response to Rainfall in SH 342.

Time 1.2m 24m Time 1.2m 24m

17 July 2014 12:00 p.m. 0.174 0.366 22 November 2014 11:00 p.m. 0.176 0.338

17 July 2014 1:00 p.m. 0.174 0.366 23 November 2014 12:00 a.m. 0.176 0.337

17 July 2014 2:00 p.m. 0.217 0.366 23 November 2014 1:00 a.m. 0.176 0.338

17 July 2014 3:00 p.m. 0.274 0.385 23 November 2014 2:00 a.m. 0.210 0.338

17 July 2014 4:00 p.m. 0.273 0.461 23 November 2014 3:00 a.m. 0.244 0.338

17 July 2014 5:00 p.m. 0.270 0.468 23 November 2014 4:00 a.m. 0.245 0.338

23 November 2014 5:00 a.m. 0.248 0.338

23 November 2014 6:00 a.m. 0.249 0.339

23 November 2014 7:00 a.m. 0.249 0.343

23 November 2014 8:00 a.m. 0.247 0.392

23 November 2014 9:00 a.m. 0.245 0.415

23 November 2014 10:00 a.m. 0.243 0.417

During 23 November 2014, a similar trend was seen in the same borehole for another
rainfall event, where a sensor at 1.2 m experienced an increase in moisture at 2 a.m. while
the sensor at 2.4 m recorded the increase at 8 a.m. (bold lines in Table 2). Given a time lag
of 6 h (21,600 s), the vertical permeability value was computed as 5.65 x 107> m/s with a
recorded time delay of 6 h for the moisture to move through a vertical distance from 1.2 m
to 2.4 m. The vertical permeability value obtained from the first rainfall was found to be
three times higher than the second rainfall event which is noteworthy.

4.2. Effect of Rainfall Duration and Intensity on Vertical Permeability

The difference in rainfall duration and intensity must have resulted in two different
values of vertical permeability, as presented in table. The cumulative rainfall in July 14 was
7.1 mm in six hours, whereas for November 23, it was 8 mm in thirteen hours. As such,
there was an additional 1.2 mm of rainfall after a cumulative rainfall of 3.7 mm, which led
to an increase in the moisture content at a depth of 4 ft. on 17 July 2014. The volumetric
moisture content was found to increase by up to 0.217 m3/m3 from 0.174 m3/m3. However,
the sensors at 8 ft. experienced an increase in the moisture content with a lag time of two
hours from when the sensor at 4 ft. experienced the increase in moisture. The increment
was from 0.366 m3/m3 to 0.461 m3/m3. A similar phenomenon was witnessed in the
month of November 2014 as well. The computed value of the vertical permeability for two
different rainfall events suggests that for an equal amount of rainfall, a shorter period of
rainfall resulted in higher permeability through the soil, while the longer period resulted
in lower permeability with respect to the intensity of rainfall. However, for the numerical
modeling later in the manuscript, an average value of 1.13 x 10~* m/s was used.

4.3. Determination of Horizontal Permeability

The horizontal permeability was determined by adopting a similar approach as that
applied for vertical permeability. The time lag between the moisture readings in two
boreholes at the FM 2757 Kaufman site was utilized for finding horizontal permeability.
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Furthermore, Figure 2b reveals the moisture distribution in response to rainfall in the edge
and center borehole. The reason behind adopting such an approach is the edge crack of the
expansive subgrade pavement. Due to the continuous wetting and drying of the expansive
soil, a desiccation crack occurs at the edge of the pavement which acts as a passage for
water intrusion beneath the pavement [3,7]. The water then travels towards the center of
the pavement and causes swelling at the center. For this phenomenon of moisture intrusion
from the edge travelling towards the center, the time difference between the edge and
center sensor moisture peak was used to calculate the horizontal permeability.

A similar response to the rainfall was found to occur for both the sensors at the edge
and center. The increased moisture content value due to rainfall declined as the rainfall
ceased, thereby stabilizing in its equilibrium value. The center borehole experienced a 3-4%
increase in moisture content after rainfall, where the equilibrium moisture was around
15-16%. An identical trend was observed in the borehole at the edge; however, the average
moisture content was higher at the edge than at the center, probably due to the moisture
intrusion from the side slope. An increase in moisture content depends on the saturation
status of the soil too. If the soil is near saturated, the increase might not be significant after
heavy rainfall. Again, the sensors provide point reading, not continuous reading. For these
reasons, the increase in moisture might be delayed. As can be seen in Figure 2b, the moisture
content of the sensors did not increase instantly after heavy rainfall in June 2012. Before this
heavy rainfall, there were some small rainfall events which brought the soil near saturation.
Once the soil pore was available after draining the water to lower depths, an increase in
moisture was observed. In order to determine the horizontal permeability, two different
rainfall events were considered (Table 3). A time lag of five hours and an additional rainfall
of 26.8 mm was observed between moisture content increases at the edge and center sensors
installed at the same depth, i.e., 1.2 m for August 18 rainfall event (bold lines in Table 3).
The moisture content at the edge sensor reached the highest value at 1 a.m., whereas the
sensor at the center experienced its peak value at 6 a.m. The water travelling to a distance
of 3.29 m in five hours resulted in a horizontal field permeability of 1.83 x 10~% m/s.

Table 3. Rainfall events with Volumetric Water Content (m?/m3) of 18 August 2012 and 29 September 2012.

Time VMC VMC Rainfall Time VMC VMC Rainfall
(Edge) (Center) (mm) (Edge) (Center) (mm)
18 August 2012 12:01 a.m. 0.314 0.229 7.0 29 September 2012 6:00 a.m. 0.290 0.221 0.2
18 August 2012 1:00 a.m. 0.373 0.229 5.8 29 September 2012 7:00 a.m. 0.290 0.221 0.1
18 August 2012 2:00 a.m. 0.367 0.229 0.0 29 September 2012 8:00 a.m. 0.290 0.221 0.0
18 August 2012 3:00 a.m. 0.367 0.228 0.0 29 September 2012 9:00 a.m. 0.387 0.222 0.5
18 August 2012 4:00 a.m. 0.383 0.228 19.6 29 September 2012 10:00 a.m. 0.392 0.221 0.8
18 August 2012 5:00 a.m. 0.365 0.228 7.2 29 September 2012 11:00 a.m. 0.380 0.222 0.5
18 August 2012 6:00 a.m. 0.352 0.262 0.0 29 September 2012 12:00 p.m. 0.361 0.222 0.8
18 August 2012 7:00 a.m. 0.354 0.271 0.0 29 September 2012 1:00 p.m. 0.355 0.222 0.8
18 August 2012 8:00 a.m. 0.355 0.269 0.0 29 September 2012 2:00 p.m. 0.352 0.222 0.0
18 August 2012 9:00 a.m. 0.354 0.268 0.0 29 September 2012 3:00 p.m. 0.352 0.222 0.8
29 September 2012 4:00 p.m. 0.351 0.222 2.8
29 September 2012 5:00 p.m. 0.351 0.228 4.6
29 September 2012 6:00 p.m. 0.351 0.273 2.4
29 September 2012 7:00 p.m. 0.350 0.269 3.8
29 September 2012 8:00 p.m. 0.348 0.267 52
29 September 2012 9:00 p.m. 0.348 0.265 4.0

Likewise, a horizontal permeability of 1.02 x 1074 m/s was obtained due to a time lag
of nine hours and 13.5 mm of rainfall between the sensors at the edge and center boreholes
on 29 September 2012 (Table 3), yet again showing that higher rainfall intensity results
in higher field permeability. A rainfall event on 18 August 2012 with 39.6 mm of rain in
9 h exhibited a higher permeability value than that of 29 September 2012 with 27.3 mm
in 15 h. The permeability increased 1.8 times, with an increased rainfall intensity from
1.82 mm/h to 4.4 mm/h. However, an average value of 1.43 x 10~* m/s was used for
numerical modeling.
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4.4. Field Soil Water Characteristic Curve (FSWCC)

The saturated volumetric moisture content (fs) was found to be 0.46 based on labora-
tory investigation. Additionally, using the van Genuchten equation, the values of shape
parameters, « (=0.06) and n (=1.8) were determined.

Since the laboratory-determined parameters cannot address all kinds of heterogeneity
present in the field, FSWCCs were used based on the field instrumented moisture sensors
and tensiometer to obtain more realistic values. A similar approach to that adopted by
Alam et al., (2017) was used in the current study [32]. The author determined three curves
in total with the help of field-based SWCC in vegetated lysimeter, for the upper bound,
lower bound and the average. Furthermore, Figure 3 shows the FSWCC curve obtained
from the instrumented pavement and the data from each of these curves were fitted with
van Genuchten’s equation [29].

10,000

1 000

100

Matric Suction () kPa

=t
L=

0 0.1 02 0.3 0.4 0.5 0.6

Volumetric Moisture Content (8)
Figure 3. Field SWCC from SH 342 sensor data.

Based on FWSCC, the saturated VMC (6;) and residual VMC (6,) were found to be 0.46
and 0.11, respectively. The shape parameters were determined using the average curve in
Figure 3 and the values, after being fitted with the van Genuchten equation were « (=0.089),
n (=3.8) and m (=0.74).

There exists a distinct variation between the fitting parameters determined from field
and laboratory SWCC. As discussed earlier, the laboratory results do not take into account
the heterogeneity and some of the undetermined factors present in the field. Hence, field
SWCC was considered for numerical modeling and accordingly, the fitted parameters were
used for the analysis.

5. Numerical Modeling Results

The following paragraphs present the instrumented results, numerical flow analysis,
model calibration, and a comparison of the FEM output to the field measurements. Al-
though the validation section is only presented for suction data, the results section discusses
both the moisture and suction data.

5.1. Instrument Results

The recorded moisture content and corresponding suction values show significant
variations at shallower depths (1.2 m) which become stable at a deeper depth (4.5 m) as
shown in Figure 4. The moisture values that were recorded on a volumetric basis were
converted into gravimetric values. These moisture content values at shallower depths were
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constant at 6%, followed by periodic increases up to 10% due to precipitation. Conversely,
constant moisture content values of 20% were recorded at a 4.5 m depth. The corresponding
suction values showed a similar trend with fluctuations at shallower depths and constant
values with a negligible response to environmental loading at deeper depths. It must
be noted that the suction sensors used in the study have a lower limit of —10 kPa, and
do not provide a lower reading value than this. The instrumented clearly indicated the
instantaneous rise of moisture and a fall of the suction value in response to a rainfall event.
For example, before the rainfall of 14 November 2014 the moisture content at a 1.2 m depth
was 6%, whereas the suction value was —15 kPa. Shortly after the rainfall, the moisture
content increased to 10% followed by a decrease in suction to —10 kPa.
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Figure 4. Moisture and suction variation in center borehole of SH 342 site.

5.2. Model Details and Calibration

The recent development of the specified geotechnical software (i.e., PLAXIS 2D) has
made numerical modeling quicker and more precise. In comparison to the other FEM
software such as ABAQUS and ANSYS, PLAXIS offers the easy modeling of complicated
geometries along with discontinuities. Therefore, PLAXIS was used for this analysis in
which the soil was considered homogeneous. A plain strain model was selected for the
analysis as it is used for geometries with a cross section that us more or less uniform. Soil
model was selected as elastic-perfectly plastic Mohr-Coulomb model. As the study did
not consider the displacement of the pavement subgrade, other complicated models were
not considered. The 15-node triangular elements were considered for the model, with
standard fixities applied at the edges of the geometry as boundary conditions. Horizontal
displacement was restrained on the lateral sides. At the top of the soil body, both horizontal
and vertical displacement were applied. The top of the symmetric model was considered
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as a free surface where rainfall was applied. The bottom boundary was modeled as a fixed
boundary. In case of meshing, the 15-node triangular element was adopted.

Based on the collected soil, it was classified as high plastic clay (CH). There was no
groundwater table observed. The bulk density of the soil was 19.9 kN/ m?3 and the void
ratio was 0.54 at a 1.2 m depth. Additionally, the saturated hydraulic conductivity from
laboratory testing was 3.53 x 1077 m/s. It must be mentioned that while all other soil
properties described were used as input parameter, for permeability, the abovementioned
saturated value was not used. The horizontal and vertical permeability obtained from the
previous sections were used during numerical modeling. In addition, the following fitting
parameters obtained from FSWCC were used in the analysis:

After carefully investigating the moisture and suction results, attempts were under-
taken to calibrate the results in the numerical environment. The rainfall and suction value of
12 August 2014 to 12 September 2014 was used for the calibration of the model. Parameters
from the field SWCC (Table 4) were used for flow analysis in PLAXIS to integrate the
unsaturated flow state. This is the main difference between this numerical model and oth-
ers. Where the other study used laboratory-generated permeability and unsaturated flow
parameters, this study incorporated the field horizontal and vertical permeability along
with the unsaturated flow parameters from FSWCC. A triangular element with 15 nodes
and 12 stress points was used, whereby the standard fixities were applied as a boundary
condition. Due to the symmetrical nature of the pavement, only half of the geometry was
used for modeling. Numerous trials were performed until good agreement was found
between the observed suction values and sensor recordings. When building the initial
model in the PLAXIS environment, the model exhibited some moisture and suction values
before running the model, by applying rainfall based on the input parameter. For example,
the model might show a moisture content of 31% before applying the rainfall, whereas the
field moisture content was 6% before applying the rainfall, which is why there needs to
be some change in the pressure head in the input parameter. Once good agreement was
found between the field and model data, rainfall was applied. The variations in saturation
and suction values before and after rainfall are demonstrated in for the typical model
outputs (Figure 5).

Table 4. Unsaturated Flow Parameters used in the Study.

Fitting Parameters
Os Or

& n m

Field SWCC 0.089 3.8 0.74 0.46 0.11

As can be seen in Figure 5, the variation of suction and moisture was captured from the
color change responding to a rainfall event. In the first two images (Figure 5a,b), the satura-
tion level was recorded as 30% before rainfall, which jumped to 70% following the rainfall
after 4 days. Similarly, in the suction figures (Figure 5c,d), the red zone showed highest
suction before rainfall, whereas the blueish zone exhibited a lower suction value. The
reason for the instant rise in the saturation and drop in suction is the moisture infiltration.
The moment rainfall enters into the subgrade soil, the soil reaches near saturation values
and the suction values drop immediately. Furthermore, Figure 5 shows the qualitative
output. In order to better compare the results, a quantitative evaluation is required, which
is presented in the next section.
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Figure 5. (a) Saturation level before rainfall (b) Saturation level after 4 days of rainfall (c) Suction
level before rainfall (d) Suction level after 4 days of rainfall.

5.3. Finite Element Results

The numerous rainfall events occurring between 21 October 2014 and 17 December
2014 were reflected by the corresponding moisture and suction changes in the subgrade
moisture sensors. Less variation at a greater depth was seen from both the FE results and the
sensors. A comparison between the numerical model and field data is shown in Figure 6.

- = = = Model Field - — = — Model

2014-10-30 2014-11-07 2014-11-24  2014-12-02 2014-12-10 2014-12-18 2014-12-26

Change in Suction (kPa)

Time (Days) Time (Days)

(a) (b)

Figure 6. Field and numerical model comparison for rainfall event of (a) October 2014 and
(b) November 2014.

Although there were very little discrepancies between the suction values from the
model and field observation, the suction change pattern was analogous, signifying the
similarity of the model behavior with the field data. Since there was no variation in
the suction values recorded by the sensors located at a 4.5 m depth, only the data from
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the sensors at 1.2 m were used for comparison. The plots between October-November
and November-December (Figure 6) clearly show that the suction values increased in the
absence of a rainfall event, and then dropped immediately after the rainfall event, which
was seen in the numerical modeling as well.

Both of the cases had minor differences in the change in suction values. This might
be due to the exclusion of the effect of evaporation and lack of heterogeneity in the soil in
the numerical environment. Regardless, the numerical model was successful in capturing
the variation of suction with changing rainfall events. However, it must be stated that the
comparison data presented here are only for 1 month for each case. Moreover, the spatial
variability of the hydraulic properties and evaporation were not considered during the
numerical modeling. That might be another reason for the agreement between the field
and model data for a shorter duration. Long term comparison, i.e., six months to one year
comparison that includes the spatial variability and evaporation, could capture a greater
variation in the subgrade moisture and suction, thereby resulting in a more comprehensive
numerical model. The specific aim of this manuscript was to present a new technique
to determine the field permeability in both directions along with field unsaturated flow
parameters. As such, extensive numerical modeling was outside the scope of the study.

6. Limitations of the Study

While determining the field soil water characteristic curve (FSWCC), the hysteresis
phenomenon was not fully considered. Hysteresis is a very well-known but poorly under-
stood phenomenon in unsaturated soil mechanics. The most typical example of hysteresis
is exhibited by the wetting and drying curve of the SWCC curve. There is no unique
equilibrium between moisture content and soil suction to describe the hysteresis behavior.
Instead, soil tends to retain a higher water content during the drying process (i.e., evapo-
ration, gravity drainage) than for the same magnitude of suction during wetting process
(i.e., infiltration, capillary rise). As can be seen (Figure 3), there is an upper bound and
lower bound curve in the FSWCC. Albright and Benson (2002) labelled this kind of upper
bound and lower bound curve as a wetting and drying curve of SWCC [33]. Zhai et al,,
(2020, 2021) determined the wetting hydraulic conductivity for unsaturated sandy soil in
their study, in which they discussed the hysteresis phenomenon [34,35]. Hedayati et al.,
(2020) also discussed one method for observing the hysteresis effect using field data [36].
However, as there is no agreed methodology on capturing hysteresis from field data, its
effect was not included in the study. In addition, a comparison between the effect of the
lab- and field-generated SWCC values on moisture and suction output was also not carried
out in the study. A comparison between lab- and field-generated data coupled with the
verification data could yield more interpretable and distinguishable field values.

7. Conclusions

Monitoring of moisture and suction change through field instrumentation and model-
ing in numerical environment was conducted in the subgrade of a two-lane state highway.
The site instrumentation comprised of moisture and suction sensors along with a rain
gauge for hourly rainfall data. The rainfall response of the moisture sensors was used
for the evaluation of both horizontal and vertical permeability. While both field data and
laboratory testing were utilized for the determination of SWCC of the soil, SWCC parame-
ters based on field data were used for numerical modeling due to its resemblance to the
actual site condition. Although the numerical modeling exhibited similarities with the field
data for a specific rainfall event, a further performance-monitoring study that considers a
continuous period of time is required. The major outcomes from this study are as follows:

e  The vertical permeability from the field was a function of rainfall intensity and du-
ration. The two values of vertical permeability obtained from the field data were
1.69 x 1074 m/s and 5.65 x 102 m/s. This is a clear distinction from the laboratory-
generated saturated permeability in the order of 1077 m/s.
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e A similar observation was found for horizontal permeability from instrumentation
data. The two values calculated for field horizontal permeability were 1.83 x 10~* m/s
and 1.02 x 10~* m/s. Horizontal value exhibited less variation than the vertical
permeability values due to desiccation crack, which affects the vertical movement of
water considerably.

e  There were differences recorded between the values obtained from the laboratory
testing and field SWCC. The van Genuchten parameters were x (=0.089 kPa—1),n (=3.8)
and m (=0.74) from the field, whereas these were 0.06 kPa~!, 1.8, and 0.45, respectively,
from laboratory determination.

e  Field-rainfall data were used to calibrate the numerical model. It showed a similar
suction variation value captured from field data. However, the comparison was for
a one month period. Long term comparisons and further validation is required to
achieve a comprehensive numerical model.
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