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Abstract: Extreme variations in weather patterns have become increasingly common across the
Southern Great Plains of the United States. The soil layer in the active zone above the groundwater
table is often subjected to moisture variations due to seasonal weather changes that will influence
the behavior of soils, including their strength and stiffness parameters. Designing a pile foundation
in seismic-prone areas without considering the moisture changes in soil interacting with piles may
adversely impact the seismic performance of the piles. The main aim of this study is to investigate the
role of soil moisture conditions and suction caused by soil-atmospheric interactions on the dynamic
behavior of the pile foundations interacting with clayey soils. This study uses a stand-alone finite
element computer code called DYPAC (Dynamic Piles Analysis Code) developed using the Beams
on Nonlinear Winkler Foundation (BNWF) approach. The influence of soil suction is incorporated
into the p-y curves and free-field soil displacements using site response analyses by employing the
concept of apparent cohesion. To perform nonlinear site response analyses, DEEPSOIL software V6.1
is utilized. The variation in soil suction with depth along the pile is considered using unsaturated
seepage analysis performed by employing the commercial software PLAXIS LE Groundwater for
three different clayey soils with plasticity ranging from low to medium to high. The analyses were
performed using actual past daily recorded weather data for a testbed that experienced significant
back-to-back flash droughts in 2022. This study found that extreme weather events like flash droughts
can significantly affect the soil suction and seismic performance of the piles interacting with the
unsaturated clayey soils.

Keywords: soil-structure interaction; seismic response analysis; unsaturated clayey soils

1. Introduction and Background

The main aim of this study is to investigate the role of soil moisture conditions
and suction caused by soil-atmospheric interactions on the dynamic behavior of the pile
foundations interacting with clayey soils. In this section, the motivation for this work
is discussed relative to the occurrence of increasingly extreme weather in the form of
flash drought, followed by the impacts of this weather on soil and the behavior of pile
foundations. Particular emphasis is placed on lateral load behavior during earthquakes.
Finally, the method of analysis used in this study to examine dynamic pile-soil interaction,
and the influence of moisture conditions is introduced at the end of this section.

Extreme variations in weather patterns have become increasingly common across
the Southern Great Plains of the United States. The frequency, duration, and intensity of
these events is projected to increase as we progress into the mid-21st century [1]. One of
the many features of these weather patterns is extreme and rapid changes from normal
to drought conditions and vice versa. Rapid changes from normal to drought conditions
have been termed flash droughts. Flash droughts have become a common phenomenon
across the Southern Great Plains. Flash drought was observed in portions of this area for
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26 of the 37 years between 1979 and 2016 [2]. More recently, back-to-back flash droughts
have been observed. These events are characterized by a series of flash droughts in a short
amount of time. The back-to-back flash drought used in this study occurred over five
months. There was a small period of rainfall between the flash droughts indicating the end
of one drought and the beginning of another. Soil moisture contents in the active zone near
the ground surface can change significantly during the wetter and dry periods associated
with these flash droughts, which can significantly influence the soil strength and stiffness.
The active zone generally extends from 3 to 5 m below the ground surface in Oklahoma,
and so changes in soil properties in this zone can have a large impact on the behavior of
foundations interacting with these soils.

It is well established that the behavior of foundations is impacted by changes in
soil moisture content and soil suction. These impacts are most notable in clayey soils
which experience large variations in soil suction and volume change due to changes in soil
moisture. Shallow foundations are much more susceptible to the effects of soil volume
change that results from variations in soil moisture. As a result, shallow foundations have
received much attention with respect to unsaturated soils. Deep foundations, particularly
those that are founded in bedrock, are assumed to be isolated from the effects of varia-
tions in soil moisture content under axial loads. The lateral loading of deep foundations,
however, will depend on soil moisture variations and this dependency has not been very
well investigated.

Pile foundations are commonly employed to effectively transmit axial and lateral
loads from superstructures to the subsurface in situations where the superstructure loads
are substantial and/or there are weak soil layers near the ground surface. Lateral loads
are important in the structural analysis and design of pile foundations, which serve as
essential support systems for various structures such as tall buildings, bridges, transmission
lines, and offshore installations. Earthquakes have resulted in substantial damage to
civil engineering structures, often due to insufficient lateral load capacity and excessive
deformation of pile foundations that support these structures [3,4]. The moisture content of
the soil in the active zone above the groundwater table fluctuates due to seasonal weather
or water table changes. The groundwater table level can vary seasonally and spatially,
leading to saturated soils transitioning to unsaturated conditions at specific times. A
considerable proportion of many pile foundations are embedded in unsaturated soils, and
the fluctuations in moisture levels in the surrounding soils can impact the characteristics of
the soils, such as their strength and stiffness parameters. Changes in these soil parameters
can have a significant impact on the seismic response of pile foundations. Unsaturated soils
exhibit distinct dynamic properties when compared to soils that are either fully saturated or
completely dry [5,6]. As demonstrated by Hoyos et al. [7], unsaturated soils exhibit greater
shear stiffness but lower damping in comparison to both dry and fully saturated soils. In
addition, it has been found in other studies that the level of soil saturation significantly
influences the settlement of soils caused by seismic activity [8]. Moreover, the seismic
response of sites [9,10] and the response of foundations to seismic events [11-13] have also
been observed to be affected by the degree of soil saturation. The seismic performance of
pile foundations may be negatively affected if the soil moisture changes are not considered
in the soil-pile interaction analyses during the design process.

The literature contains many notable studies about the behavior of laterally loaded
piles. The primary focus of the majority of these studies pertains to the seismic response
of piles in soils that are fully saturated. Insufficient emphasis has been placed on investi-
gating the impact of unsaturated soil conditions on the behavior of laterally loaded piles.
Nevertheless, it is widely recognized that the mechanical properties of soil layers near the
ground surface, often situated above the groundwater table, exert a significant influence
on pile response [14]. Based on the available literature, it appears that limited research
has been conducted on the influence of soil suction on the behavior of laterally loaded
piles in unsaturated soils. Mokwa et al. [15], in their study, presented a methodology
aimed at determining the load versus lateral displacement curves for unsaturated soils.
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This approach was developed by analyzing the outcomes of five comprehensive load tests
conducted at full scale. In their study, Stacul et al. [16] employed the Modified Kovacs
model to develop a hybrid BEM p-y curve methodology for individual piles. This tech-
nique effectively replicates the impact of matric suction by elevating the stress state and
stiffness of near-surface soil layers. Lalicata et al. [11] conducted centrifuge experiments
to investigate the influence of the degree of saturation on the response of laterally loaded
piles. Based on their study, a significant enhancement in soil stiffness and ultimate lateral
resistance was observed in unsaturated soils.

The main aim of this present study is to investigate the role of moisture conditions and
soil suction, as affected by season-to-season weather extremes, on the dynamic behavior
of the pile foundations interacting with clayey soils. This study uses a stand-alone finite
element computer code called DYPAC (Dynamic Piles Analysis Code) developed using
the Beams on Nonlinear Winkler Foundation (BNWF) approach [17]. DYPAC analyzes
the seismic response of a single pile in a layer of soil. This computer code models the
pile as a beam element and the nonlinear soil behavior as springs and viscous dashpots
using a nonlinear p-y element [18]. The influence of soil suction is incorporated into the
p-y curves and site response analyses using the concept of apparent cohesion, which is
a nonlinear relationship as described by Vanapalli et al. [19]. To perform nonlinear site
response analyses, DEEPSOIL software is utilized. The variation in soil suction with
depth along the embedded portion of the pile is also considered in the analysis. To
incorporate these effects, unsaturated seepage analysis was completed using the commercial
software PLAXIS LE Groundwater [20] for three different hypothetical clayey soils with
plasticity ranging from low to medium to high. The soil properties selected for analysis
encompass the range of clayey soil types across the testbed area. The seepage analyses were
performed using actual past daily recorded weather data for this testbed which experienced
significant flash droughts in 2022. An illustrative case study is presented to show how a
pile foundation’s seismic response can be affected in unsaturated clayey soils by changes in
moisture conditions caused by soil-atmospheric interactions.

2. Method of Approach

This section begins with a brief introduction to moisture migration analysis. It is
followed by the DYPAC modeling description with a discussion of the Winkler model used
in DYPAC as a soil-pile interaction analysis method and Hilber-Hughes-Taylor (HHT)-oc
method as a numerical method to solve the governing equation. This section proceeds with
a description of site response analyses and will end with an explanation to clarify how the
effects of unsaturated conditions are incorporated into DYPAC modeling to estimate the
seismic response of pile foundations in clayey soils subjected to seasonal weather changes.
The next section is an illustrative case study to show how a comprehensive study can be
conducted using real weather data.

2.1. Moisture Migration Analysis

The effects of back-to-back flash droughts on soil moisture were incorporated in
this study using seepage analysis performed with PLAXIS LE Groundwater. PLAXIS LE
Groundwater allows the user to import weather data for the study duration which act as the
input for the soil-atmospheric interaction analysis. The weather data can include average
daily temperatures, wind speed, solar radiation, relative humidity, and daily precipitation.
The potential evaporation is estimated by the software according to Penman [21]. The
weather loading is then applied in the soil model as a series of time steps. Pertinent
information such as soil moisture content, soil suction, moisture flux, and evaporation can
be obtained from the software at different times of the analysis.

2.2. DYPAC Modeling

DYPAC is a stand-alone finite element computer code developed using the Beams on
Nonlinear Winkler Foundation (BNWF) approach. Winkler [22] developed a simplified



Geosciences 2024, 14, 234

40f17

method called Beams on Elastic Foundation (BEF) that is commonly used in civil engineer-
ing practice today to analyze soil-pile interactions. This approach models the pile as a beam
element and the interaction with the soil through an infinite number of discrete spring

“u_ 1

elements with the interactions described using a p-y curve. Here, “p” denotes lateral soil
resistance per unit length of the pile, and “y” denotes the lateral pile displacement. Later,
this concept was extended as the BNWF and used discrete nonlinear springs to account for
the nonlinearity of soils. DYPAC analyzes the seismic response of a single pile in a layer of
soil. This computer code models the pile as a beam element and the nonlinear soil behavior
as springs and viscous dashpots using a nonlinear p-y element [18].

It is important to consider factors such as soil yielding, gapping, radiation damping,
and soil cave-in and recompression when employing BNWF for seismic problems [23]. The
integration of these elements into the nonlinear p-y components poses a notably intricate
and demanding challenge, even in cases where the soil system exhibits homogeneity.
DYPAC utilizes the Boulanger et al. [18] model for its p-y representation. This model
features a nonlinear p-y element comprising elastic, plastic, and gap constituents (Figure 1)
interconnected in series. The elastic component simulates the far-field soil motion through
a linear spring and a dashpot in parallel, mimicking radiation damping. The plastic
component simulates the near-field motion of the soil adjacent to the pile using a nonlinear
spring that accounts for stiffness and strength degradation. The gap component simulates
the drag force on the pile when it moves within the gap by using a nonlinear drag spring.
The transition from the gap to contact is made smooth by a parallel nonlinear closure
spring. Free-field soil displacements (soil displacements relative to the base) obtained using
a site response analysis are input to the free end of elastic spring/dashpot to solve the
nonlinear governing differential equation at every time step using an iterative numerical
algorithm. The governing differential equation contains mass, damping, and stiffness of the
pile, stiffness due to soil-pile interactions (stiffness from the p-y curves), and the applied
base acceleration time history [15]. The y in the p-y curve is the difference between the pile
displacement relative to the base and the soil displacement relative to the base. For this
study, the input parameters p,;; and ys59 were based upon Matlock’s [24] Equations (1)—(3):

Puit = cubNp 1)
/
N,,=<3+7x+]x>§9 2
Cy b
Y50 = 2.5bes) 3)

where b = pile diameter, N, = lateral bearing capacity factor, 94/ = average buoyant unit
weight, x = depth, ¢, = undrained shear strength, and es5( = strain corresponding to a stress
of 50% of the ultimate stress in a laboratory stress—strain curve. €5y was taken as 0.005 for
cy > 96 kPa based on the typical values proposed in the literature for stiff clay. Also, ] was
taken as 0.25 according to Matlock’s recommendations for stiff clay.

——, Drag
Plastic Elastic
3 W
Closure

Figure 1. Nonlinear p-y element that includes elastic, plastic, and gap components interconnected
in series to simulates the far-field soil motion, near-field soil motion, and drag force on the pile,
respectively [18].

In addressing nonlinear dynamic issues, a robust time-stepping approach proves
effective in mitigating the spurious effects of high-frequency modes and achieving rapid
convergence, thereby enhancing computational efficiency. The Hilber-Hughes-Taylor
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(HHT)- method [25], also known as the x-method, stands out as a widely utilized numeri-
cal integration technique in structural dynamics. A precursor to the HHT-« method is the
Newmark time integration method. Notably, the HHT-« method exhibits superior accuracy
and favorable numerical damping characteristics when compared to the Newmark method.
Muraleetharan et al. [26] applied a time integration scheme based on the HHT-« method
to address the dynamic behavior of saturated soils governed by nonlinear equations. In
this present study, the HHT-o method is combined with the Newton-Raphson method
to solve the nonlinear governing equations in DYPAC similar to the approach used by
Muraleetharan et al. [26].

Nonlinear site response analyses to obtain free-field soil displacements were conducted
using the DEEPSOIL computer code [27]. The curves representing G/Gmax and damping
ratio (%) were established as functions of shear strain (%) for clayey soils using the nonlinear
approach proposed by Darendeli [28] and Equation (4). Dickenson [29] introduced an
empirical relationship for the shear wave velocity (vs) in cohesive soils as follows in

Equation (5):
Gmax
Vg =4 —— 4)
Ve

05 = 18(cy, )47 ()

where v; is shear wave velocity in m/s, G,y is the maximum shear modulus of the soil,
p is the density of the soil, and c, is undrained shear strength in kPa. In free-field soil
displacement analyses, the impact of suction was considered by adjusting the shear strength
and consequently the shear wave velocity for each suction value based on Equation (5). For
simplicity, G/ Guax and damping ratio curves are kept constant across all suction values.
Free-field soil displacements were determined for each suction level and subsequently
utilized as input for DYPAC analyses.

The influence of soil moisture is incorporated into the p-y curves and site response
analyses using a nonlinear relationship that was proposed by Vanapalli et al. [19] as follows
in Equation (6):

T ="+ (0% — ug)tang¢’ + (uq — ) (tan ¢') <130_SFST) ©

where T is the shear strength of an unsaturated soil, ¢’ denotes the effective cohesion for a
saturated soil, ¢’ represents the effective internal friction for a saturated soil, (05, — u,) is the
net normal stress on the plane of failure, (1, — 1) is the matric suction of the soil on the
plane of failure, S is the degree of saturation, and S, is the residual degree of saturation. An
approximation of ¢, ~ T has been used here based on the assumption that 7 is reasonably
close to the top of the Mohr’s circle and ¢, is equal to one-half the difference in major
and minor net principal stresses [30]. Hence, the values of T were used for c,, as a close
approximation, in Equations (1) and (2) to calculate the p,;; values and were also used in
the Dickenson equation (Equation (5)) to assess the shear wave velocities for DEEPSOIL
analyses. This implies that changes in matric suction leads to changes in shear strength (c,),
shear wave velocity, and free-field soil displacements. Furthermore, changes in suction
results in updates to the p,;; in the p-y model. These modifications collectively impact
the seismic response of a pile foundation as the moisture conditions in unsaturated soil
undergo changes.

3. Illustrative Case Study

An illustrative case study is presented to show how a pile foundation’s seismic re-
sponse can be affected in unsaturated soils by changes in moisture conditions induced by
soil-atmospheric interactions. The testbed for this case study is Pittsburg County, Okla-
homa. Pittsburg County is in southeast Oklahoma. The site was chosen because it is home
to expansive soils and experienced back-to-back flash droughts in 2022. The soils in the
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testbed are diverse, ranging from moderate to high PI clayey soils to non-plastic silty sands.
A wide range of PI and percent of fines (w) were chosen to characterize the soils for this case
study (see Table 1). Based on the literature, there are some correlations between effective
cohesion/friction angle and the plasticity index of clay. Given the utilization of unsaturated
soils, which commonly display overconsolidated characteristics, Equations (7) and (8) have
been chosen. These equations are recommended for application in overconsolidated clays.
To estimate the effective cohesion Equation (7), which is proposed by Tchakalova [31], is
used. For friction angle estimation, Equation (8), proposed by Sorensen [32], is used. Values
of effective cohesion and friction angle obtained using these equations are listed in Table 1.

¢/ = 8.476 +0.776 PI %)

¢' = 45— 15log PI ®)

where ¢’ denotes the effective cohesion for a saturated soil, ¢’ represents the effective
internal friction for a saturated soil, and PI is the plasticity index of the soil.

Table 1. Characteristic soil properties.

Clay Type w PI wPI Effective Cohesion (kPa) Effective Friction Angle (°)
Low-plasticity 0.60 5 3 12 34
Medium-plasticity 0.75 20 15 24 25
High-plasticity 0.90 35 32 35 22

Soil water characteristic curves (SWCCs) were developed for each of the study soils
according to the relationship developed by Fredlund and Xing [33]. This relationship
requires four fitting parameters that can be estimated based on the soil PI and percent fines
according to Zapata [34]. The SWCCs for each of the soils according to these relationships
are shown in Figure 2.
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Figure 2. SWCCs for study soils obtained using Fredlund and Xing [33] model.

The base motion event used in this study is a scaled version of a motion recorded
during the 1979 El Centro earthquake in California. Figure 3 shows the base motion
acceleration time history used in DEEPSOIL analyses and DYPAC modeling.
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Figure 3. El Centro earthquake acceleration time history used in the current study with a PGA (Peak
Ground Acceleration) of 0.313 g.

The testbed experienced back-to-back flash droughts in 2022. The first flash drought
peaked in August and the second started in September and drought conditions lasted
through October [35]. The variation in flash drought across Oklahoma in 2022 is shown in
Figure 4. Pittsburg County is indicated by the white star in the image. It can be observed
from the images that the back-to-back flash droughts resulted in exceptional drought
conditions for the testbed.

>

N

July 12, 2022 Tuly 26, 2022

August 16, 2022 October 11, 2022
None D1 (Moderate Drought) I D3 (Extreme Drought)
DO (Abnormally Dry) D2 (Severe Drought) Il D4 (Exceptional Drought

Figure 4. Variation in exceptional drought conditions across Oklahoma in 2022 [35] that shows the
back-to-back flash droughts. Testbed indicated by white star.

Seepage analysis for each soil profile was conducted using the finite element software
PLAXIS LE Groundwater [20]. PLAXIS LE Groundwater models seepage within the context
of continuum mechanics and therefore assumes that soil phases can be described according
to continuum mechanics. Furthermore, pore air including water vapor is assumed to behave
as an ideal gas, thermodynamic equilibrium between liquid and vapor phases exists at all
points in the soil and during all times of the analysis, and atmospheric pressure gradients
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are negligible. The software estimates the variation in soil moisture conditions as a function
of weather input at the soil surface. Weather input for this study included precipitation,
relative humidity, radiation, air temperature, and wind speed. The initial pore-water
pressure is calculated according to hydrostatic conditions using the following equation:

Uw = Yw (h - ]/) )

where 1y, is the pore-water pressure, 7, is the unit weight of water, & represents the total
water head, and y is the elevation. The phreatic surface occurs when & = y, saturated regions
occur when & >y, and unsaturated regions occur when h < . The initial groundwater table
for the soil model was set at a depth of 50 m resulting in an initial maximum soil suction
of 490.5 kPa at the surface. The initial moisture profile was identical for each soil profile
since the pore-water pressure was initialized independent of soil properties according
to Equation (9). The soil moisture profiles quickly deviated from the initial values as a
function of soil properties and weather loading on the model.

Daily weather data collected by the Pittsburg County Mesonet station was used in the
seepage analysis to capture the impacts of weather variations on soil suction. The Mesonet
network is a system of weather stations throughout Oklahoma that are monitored and
maintained by the University of Oklahoma and Oklahoma State University [36,37]. The
weather data collected at the Pittsburg County Mesonet and used in this study are shown
in Figure 5. The potential evaporation as estimated by PLAXIS LE Groundwater during
the analysis for this weather data is also included in the figure. The flash droughts can be
observed in Figure 5 according to the rainfall data. There is a delay between dry conditions
and droughts. The same is true for ending the drought. Rainfall events occurred during
August, but the drought persisted during this time.

Drought #1 Drought #2

f] |

gl Jna )J‘ J ln il @""‘ L
20: M\W WM 7 el / |

30 +

Rainfall (cm)

Temp. (c)

LN TP b

i 7w
BN o JUNL

-20
11/22 3/1/22 5/1/22 Ti1i22 9/1/22 11/1/22 1/1/23

Solar Radiation
(MJ/m?)

Potential
Evaporation (m3)

Date

Figure 5. Pittsburg Co. Oklahoma weather data and potential evaporation as estimated by PLAXIS
LE Groundwater.
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The permeability of unsaturated soils is related to the soil suction according to the
SWCC for the soil. The change in permeability with respect to soil suction was estimated by
the software according to Fredlund et al. [38]. The seepage analysis was conducted using
1D conditions. The 1D column of soil had a height of 50 m and contained 100 elements with
a uniform height of 0.5 m. The suction for the wPI = 3 soil was found to vary erratically for
shallow depths (less than 1 m) throughout the analysis. The variation in suction throughout
the analysis at a depth of 1.5 m is shown in Figure 6. At this depth, most of the erratic
variations in suction are not present. The effects of the first flash drought are shown as the
first large increase in suction during July. A series of rain events in August provides some
moisture to the soil reducing the suction between the two events. The rain events occurred
on 8, 17,21, 29, and 31 August. The total rainfall from this series of events was 8.3 cm. It
should be noted that for events such as these, the suction remains elevated above baseline
conditions despite the temporary brake in the drought. The second flash drought begins
shortly after these rain events and takes the soils to higher suction levels than the first flash
drought. The effects of back-to-back flash droughts are apparent from Figure 6. Without
proper time to return to the baseline conditions, the soil will dry out more than it would
have otherwise.

2400 ~

WPI=3
— — wPI=15
sesssse WP|=32

2000 A

1200 A

Suction (kPa)

5t h

|
|
|
|
1600 I
|
|
800 :

400

|
0 I I I
1/1/2022 4/1/2022 7/1/2022 10/1/2022 1/1/2023

Date

Figure 6. Variation in suction for 1.5 m depth that clearly shows the first and second flash droughts
on 23 August and 17 October.

Soil suction profiles for the soil column were obtained on three dates: 5 January,
23 August, and 17 October. The first date represents the soil under initial conditions. The
second and third dates occur when the first and second droughts are at their maximum
with respect to soil moisture. It should be noted that the second profile occurs after several
of the rain events that caused the end of the first drought. However, at this time only 3.7 cm
of rain has entered the model. These small rain events set the stage for ending the drought,
but the suction remains relatively high in the soil during this time. This can be observed
in Figure 6 by the spikes in soil suction proceeding the valley in the profile between the
two events. Soil suction profiles for the three study soils on these dates are shown below in
Figure 7. As shown in the figure, the variations between different soil types are minimal for
the 5 January profile and become pronounced for the 17 October profile. During drought
periods, higher values of suction are observed for the higher wPI soils in the top 5 m of the
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Figure 7. Soil suction profiles for three different clayey soils in various seasons.

As shown in Figure 7, the pile has a length of 18 m and 2 m of the pile was assumed to
be above the ground surface. The pile diameter was assumed to be 0.3 m. The analysis also

includes a seismic mass of 660 kg on top of the pile.

4. Results and Discussion
The results obtained from the investigation of the role of moisture conditions and soil

suction on the seismic response of pile foundations in clayey soils are presented and key
findings are discussed in this section. The primary focus is to illustrate the impact of varying
moisture content, driven by extreme weather patterns, on free-field soil displacements,
p-y curves, and ultimately on the response of pile foundations. The results presented
here are derived from simulations using DEEPSOIL and DYPAC, incorporating realistic
soil suction profiles obtained by PLAXIS LE as shown in Figure 7. The results of these
analyses are presented in Figures 8-15 and observed trends and patterns are systematically
discussed. The discussion starts with the site response analyses followed by the effects of
moisture variations on the p-y curves, illustrating how changes in soil moisture content
influence free-field soil displacements and the lateral soil resistance, respectively. Finally,
these findings are integrated to evaluate the seismic response of pile foundations impacted
by moisture variations. The results underscore the significance of moisture variations on
soil-pile interactions, highlighting the necessity for incorporating these factors in seismic

design considerations.
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Figure 8. Free-field surface displacement time histories predicted by DEEPSOIL for medium-plasticity
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Figure 15. Maximum pile top displacements for various clays in different seasons.

Site response analyses were performed using DEEPSOIL to obtain the free-field soil
displacements as input for DYPAC analyses. As shown in Figures 8 and 9, the free-
field soil displacements at the node on the ground surface are compared for different
suction scenarios based on the weather conditions. These serve as examples of free-field
soil displacement analyses conducted to prepare input for DYPAC analyses. Figure 10
compares the maximum free-field surface soil displacement in different seasons for different
soil types. As shown, for each soil type, the minimum displacement is associated with
17 October when the maximum drought occurs, which is reasonable because of the high
value of soil suction in dry seasons. In all three soil types, the maximum free-field surface
soil displacement on 5 January is almost 1.5 times that of 17 October. Soil suction is
incorporated into the free-field displacement analysis through modification of the shear
wave velocity according to Equation (5). According to Equations (5) and (6), higher suctions
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will result in larger shear strengths and shear wave velocities. Higher shear wave velocities
result in higher shear modulus (Gmax) values and, in general, result in lower displacements
at the ground surface.

The influence of soil suction is also incorporated into the p-y curves to consider the
effects of seasonal moisture changes in soil-pile interaction. The p-y curves for various
weather and soil-type scenarios were evaluated using the Boulanger et al. model [18]. As
shown in Figure 11, the ultimate lateral soil resistance increased with the soil suction in
the dry period for each soil type. The wPI = 15 soil had lower p,;; values for each of the
conditions considered, which is counter intuitive. We would expect that the wPI = 3 profile
would have the lowest p,;; values for the range of conditions. The observed behavior is
a function of the moisture migration analysis, the initial parameters, and the relationship
used to define c,. It can be observed from Equations (1)-(3) and (5) that the soil’s effective
friction angle and suction have a profound influence on the calculation of p,;;. For example,
the wPI = 3 soil had the highest value of p,;; on January 5 despite the suction being very
similar for each profile. This soil also has the highest effective friction angle. At the height
of the droughts the wPI = 32 soil had the largest value of p,;; despite having the lowest
effective friction angle. The wPI = 15 soil had an effective friction angle in between the
other two soils but had the lowest calculated maximum p,;; value on each of the dates.
This interesting relationship highlights the complexity of the problem since there are many
parameters influencing the behavior of the soil.

Figures 12-14 show pile top displacement obtained by DYPAC for specific low-,
medium-, and high-plasticity clays in different seasons, facilitating a comparison of the
impact of seasonal weather changes on the seismic response of piles in diverse clayey soils.
Figure 15 provides a summary comparison of maximum pile displacements for various
scenarios leading to the following findings:

e  The most significant pile displacements occurred on 5 January, the wettest period of
the year, while the lowest pile displacements occurred on 17 Oct, coinciding with the
maximum suction values due to compounded flash droughts. Higher suction values
are directly linked to a higher p,; for each soil through Equations (1)—(3) and (6).
In lateral pile analysis, p,; serves as the maximum lateral resistance for soil and
defines the p-y curve. For a given y50 parameter, a larger p,;; will result in smaller
pile displacements.

e Seasonal weather changes notably influence pile response in low- and medium-
plasticity clay. The disparity between pile responses during the wet period and
dry period is negligible for high-plasticity clays. In low- and medium-plasticity clay,
pile displacement during the wet period is nearly 1.5 times that during drought.

e  The minimum pile displacement in the wet period is associated with piles in high-
plasticity clays. However, the pile displacement in low-plasticity clays is the lowest one
compared to the medium- and high-plasticity clays in the dry period. This observation
can be explained by the relatively high p,;; values found for the low-plasticity clay
paired with the low free-field motion estimated by DEEPSOIL during the dry period
for the low-plasticity clay.

e  The most substantial pile displacement occurred in medium-plasticity clay on 5 Jan-
uary, almost twice that of the lowest pile response related to low-plasticity clay on
17 October. This significant variation underscores the influence of seasonal weather
changes on the seismic response of pile foundations in low- and medium-plasticity
clays. It can highlight the importance of understanding the impact of seasonal weather
conditions on the seismic design of pile foundations.

5. Conclusions

It is well established that the behavior of foundations is impacted by changes in soil
moisture content and soil suction due to extreme variations in weather patterns that have
become increasingly common across the Southern Great Plains of the United States. The
main aim of this study was to investigate the role of moisture conditions and soil suction,
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as affected by season-to-season extreme weather variations, on the dynamic behavior of the
pile foundations interacting with clayey soils. This study used a stand-alone finite element
computer code called DYPAC (Dynamic Piles Analysis Code) developed using the Beams
on Nonlinear Winkler Foundation (BNWF).

Predicted suction values corresponding to different moisture contents were used to
determine the p-y curve parameters needed for DYPAC modeling. The free-filed soil
displacements were also obtained using the affected soil shear strength and shear wave
velocity values based on the moisture migration analyses. The variation in soil suction
with depth along the embedded portion of the pile was also considered in the analysis. To
incorporate these effects, unsaturated seepage analysis was completed using the commercial
software PLAXIS LE Groundwater for three different clayey soils with plasticity ranging
from low to medium to high. The seepage analysis used past daily recorded precipitation
and other realistic weather data for a testbed that experienced back-to-back flash droughts
in 2022.

This study found that soil suction variation due to the changing moisture conditions
induced by soil-atmospheric interactions can significantly affect the seismic performance
of the piles in unsaturated clayey soils. Results showed that the best seismic performance
of the pile with the minimum lateral pile displacement occurred in low-plasticity clays
when experiencing back-to-back flash droughts, while the maximum pile displacement
occurred in medium-plasticity clays during the wettest period. In medium-plasticity
clay, pile displacement during the wet period is nearly twice that in low-plasticity clay
during drought. The seasonal variations in pile displacements were minimal for the
high-plasticity clays.
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