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1. INTRODUCTION

1.1. Problem statement

Integral Abutment Bridges (IAB) are jointless bridges without expansion joints in the
bridge deck or between the superstructure (deck and girders) and the abutments. The
girders are cast into the back wall of the abutment eliminating the need for a bridge
seat and bearings. An IAB provides many advantages during construction and
maintenance of a bridge. Joints and bearings in a conventional bridge are expensive and
costly to install and leaking joints lead to deterioration of girders and bearings and
therefore higher maintenance costs. IABs also provide superior performance during
extreme loading events such as earthquakes and blast loading. Due to these reasons,
IABs are generally being built by agencies at an increasing rate in the U.S.A. The complex
interactions occurring in an IAB between the superstructure, abutments, foundations,
and soils, however, are still not fully understood. Furthermore, there are no national
design standards for IABs and each state has adopted its own design and construction
practice. This has led to a contradictory and confusing array of design and construction
practices. IAB designers in the U.S. Department of Transportation (U.S. DOT) Region 6
states (Oklahoma, Texas, New Mexico, Arkansas and Louisiana) face additional
challenges due to extreme variations in temperature and soil moisture in these states.
The research described in this report builds upon previous work that involved
data collection from an instrumented Oklahoma IAB and subsequent modeling efforts
(Muraleetharan et al. 2012; Kirupakaran 2013). Previous efforts focused on the

influence of temperature extremes on IABs. Research presented herein focused on the



impact of variable moisture conditions on the lateral load behavior of the IAB abutment-
pile system. The goal was to better understand the lateral load behavior of abutments-
piles under varying weather conditions over months to years and develop design
guidelines for IABs in Region 6 and other areas subjected to extreme variations in

weather.

Research work began with the collection of available climate data and expected
temperature, precipitation and other weather conditions across Region 6 were
established for desired time periods. Then using the temporal weather variations as
input, a computer program was used to model unsaturated seepage to predict
variations in moisture content and matric suction in soil profiles over time. Finally, a
soil-structure interaction model was used to study the lateral load behavior due to

thermal loading of the pile-abutment system under varying moisture conditions.

As a part of the soil-structure interaction modeling, a parametric analysis was
conducted to study the influence of different parameters on the lateral load response of
the pile-abutment system. The parameters considered included: types, orientation, and
length of abutment piles; different embankment and foundation soil conditions; various
abutment backfill materials such as compacted and non-compacted granular fill; and
length of the bridge. To model the soil-structure interaction the software LPILE (Ensoft
2007) was used; LPILE is an industry standard program for analysis of lateral loading of
piles. For modeling unsaturated seepage into soil surrounding abutments and piles, the
finite element based software SVFlux (SoilVision 2012) was used. SVFlux has advanced

features for modeling transient moisture movement through soil due soil-atmospheric
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interactions at the ground surface. The results of the modeling and parametric analysis

were used to develop design guidelines for IABs in Region 6.

1.2. Purpose

While many important lessons were learned from prior field research and modeling, the
purpose of this study was to extend the results of the previous work to encompass a
variety of bridge, subsurface, and climatic conditions. Because instrumenting a large
number of bridges and collecting the necessary data over large time frames was
impractical, researchers with support of the SPTC conducted extensive parametric
analyses to investigate important soil-structure interaction variables. A crucial outcome
of the previous work was the calibration and validation of computer models to
successfully mimic the observed behavior of an IAB under thermal loading. Building on
this success, the goal of work described herein was to investigate the behavior of the
IAB abutment-pile system in regard to the effects of bridge configuration (abutment and
bridge length, etc.), foundation and pile type (pile bending stiffness, soil stiffness, etc.),
backfill type (granular, controlled low strength material, etc.), embankment and
foundation materials (type, stiffness, etc.), and impacts of seasonal temperature and
moisture variations in the soil. The results of this extensive parametric analysis provided

valuable insight into analysis and design of integral abutment bridges.

1.3. Research Objectives

The primary goal of the research was to develop design and construction guidelines for
Integral Abutment Bridges in view of extreme variations in climate/weather and its

impacts on the lateral load performance of the abutment-pile system. Research focused



on states associated with the SPTC in Region 6. Specific objectives and tasks of the

research needed to accomplish this goal included:

Objective 1: Establish bridge and soil conditions representative of Region 6 states for use in
the modeling studies.

Objective 1 Tasks: Review published literature and contact DOTs in Region 6 states to
collect information regarding typical IAB bridge configurations and soil conditions.
Objective 2: Establish historical and future weather data that captures temporal variations
across climate zones in Region 6, for use in unsaturated seepage modeling.

Objective 2 Tasks: Gather available weather data from Mesonet in Oklahoma and similar
sources in Region 6 states, use available climate prediction tools to forecast future weather
variations, establish representative weather data patterns for Region 6, and put the
weather data in a format compatible with input into the unsaturated seepage computer
program.

Objective 3: Establish temporal variations in soil moisture content and matric suction based
on weather data established for states within Region 6. Variations in matric suction are
needed as input into the soil-abutment-pile interaction analysis to capture the influence of
variable soil saturation on the system behavior.

Objective 3 Tasks: Using weather data established under Objective 2 as input, conduct
unsaturated seepage analyses using SVFlux, incorporating variations in weather and soil

conditions representative of different climate zones across Region 6.



Objective 4: Reveal lateral load behavior of the abutment-pile system under varying
abutment-pile configurations and varying weather and soil conditions representative of
different climate zones across Region 6.

Objective 4 Tasks: Use LPILE to model abutment-pile-soil interactions under lateral loading
due to thermal variations in the bridge structure, conduct a parametric analysis to
investigate the influence of variable bridge configurations, soil conditions and moisture
conditions representative of climate zones across Region 6. As part of this analysis, p-y
curves had to be developed for lateral pile analysis with consideration given to the influence
of matric suction on strength and stiffness of the soil.

Objective 5: Develop design and construction guidelines for IABs considering extreme
weather variations and their influence on performance of the abutment-pile system.
Objective 5 Tasks: Based on information collected through the first four objectives, develop

recommendations for practitioners to implement during design of abutment-pile systems.



2. BACKGROUND

2.1. Integral Abutment Bridges

Integral Abutment Bridges (IABs) are being increasingly used in Oklahoma and other
parts of the country and have distinct advantages compared to conventional bridges.
IABs are constructed without any expansion or construction joints and are also referred
to as jointless bridges, rigid-frame bridges, and U-frame bridges. They are designed to
transfer applied loads from superstructure through substructure to the stable
foundation. Accommodation of superstructure lateral displacements due to thermally
induced loads is different in IABs and conventional bridges. The expansion joints in
conventional bridges accommodate the lateral displacement using various types of
bearings and corrosion problems among these components is prevalent during their
service life. The gradual degradation of materials used for bridge bearings and joints
results from chemical reactions with surface water that enters the expansion joints. The
replacement and maintenance of the expansion joints requires a costly and a time-
consuming schedule, so the elimination of joints in an IAB is a considerable advantage
over conventional bridges. However, since in an IAB thermal loads in the superstructure
are transferred to the abutment and piles under lateral loading, it is important that the
flexibility of the abutment-pile-backfill-foundation soil system is sufficient to prevent

damage to the pile, abutment and bridge structure.



2.2. Background Information and Examples of IABs in Region 6

A survey of current practices for the design of IABs was performed by Kunin and
Alampalli (2000). According to the survey, Oklahoma and Arkansas in Region 6, among
the other states, were interested in responding to the inquiries. The Oklahoma
engineers believed that the method of thermal loading applied to the bridges was
conservative, resulting in less lateral movement than expected. Fifty IABs built in
Oklahoma and only two IABs constructed in Arkansas until 2000, used precast concrete
girders and steel girders with maximum lengths of 122 m and 91.5 m, respectively. The
AASHTO (1996) standard specifications for highway bridges was followed by the States
of Oklahoma and Arkansas. The recommended range of temperature for metal
structures was 0 to 120°F for moderate climates and -30°F to 120°F for cold climates.
Concrete structures were designed for 70°F variation in moderate climates and 80°F
variation in cold climates.

According to a survey (Paraschos and Amde 2009), New Mexico built its first IAB
in 1955 in an attempt to eliminate spalling of the abutment cap and diaphragms
observed in some conventional bridges. The |IABs were reported to have performed well
largely due to elimination of the joint in the deck at the abutment. As Arkansas started
to build this type of bridges in 2001 and the total number of IABs did not exceed 30 at
the time of the survey, comprehensive assessment about the performance of IABs was
not completed at that time. At the time of the survey, Texas had decided to stop
building IABs due to economic issues. The cost of using steel piling for IABs instead of

typically used drilled shafts or prestressed concrete piling was cited as a primary



economic reason for not building IABs. Oklahoma provided good feedback based on
their experience dating back to 1980, when the first IAB was built in Oklahoma. The only

problem reported was the settlement of the approach slabs across the state.

Information obtained from the State of Louisiana (Voyiadjis et al. 2016) shows
that two fully integral abutment bridges have been built in recent years named Bodcau
Bayou Bridge and Caminada Bay Bridge. The former one was built on a relatively lean
and fat clay and the latter one was constructed on mainly fine sand and silty sand
deposit. The total lengths of concrete deck of Bodcau Bayou Bridge and Caminada Bay
Bridge were 300 feet and the average length of HP steel piles located in the
embankments was 85 and 65 feet, respectively. As an example, Figure 2.1 shows a
section of Bodcau Bayou Bridge. Two bridges were instrumented by the Louisiana
Department of Transportation and Development (LaDODT) to monitor the pile
deformation, soil pressure, and the rotation of the abutment wall for two years. Piles
used in both bridges experienced the bending moments lower than the yielding bending
moments. The numerical analysis for the given bridges showed that the smaller bridge
displacement and backfill pressure were generated due to changing of soil stiffness

surrounding the piles from soft to stiff values.

According to the New Mexico Department of Transportation (NMDOT) response,
this state planned to build a fully integral abutment bridge named NM 122 over 1-40,
which has the total length equal to 180 feet and the average length of the HP steel piles
supporting the abutments is 60 feet as shown in Figure 2.2. NMDOT uses the Current

Edition of the AASHTO LRFD Bridge Design Specifications and the current interims as the
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primary standards for the design of bridges in the State of New Mexico. However, a
general guidance and interpretation of AASHTO LRFD Bridge Design Specifications was
provided as a manual to the New Mexico design practice (2013). The manual describes
the design procedure for materials used in bridges including reinforced concrete,
prestressed concrete, steel, bearing devices and girder anchorages, deck joints, and

substructure.

The State of Texas experiment regarding the fully integral abutment bridges is
related to a bridge called FM-1905 over Anthony Road. The total length of this bridge
was 222 feet and the average length of HP steel piles supporting the abutments was 36
feet as indicated in Figure 2.3. According to Texas engineers in the Department of
Transportation, weathering steel (non-painted) was used to accommodate a low vertical
clearance situation, and the designer knew that roadway drainage containing deicing
salts leaking through expansion joints would be harmful to the steel. Thus, by making
the bridge integral, the expansion joints were moved away from the steel girders and
thus remove the corrosion potential. The successful performance of this bridge was
related to soil conditions, which allowed the use of steel piles in a sandy soil. Recent
information from Texas (Zornberg, 2016) shows that the department of transportation
tends to continue the construction of IABs and establish a comprehensive research
program across the state including: a review of US and international practices, as well as
of existing data, to assess the applicability to conditions prevailing in Texas; a thorough

evaluation of structures already constructed in Texas, as well as of an integral bridge
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160

that was constructed in 2016 in Texas by FHWA Federal Lands; and a set of design

details for using this technology in Texas conditions.

In the State of Oklahoma, the North-bound I-44 Bridge over Medicine Bluff Creek
in Comanche County near Lawton was instrumented for 40 months starting in June 2009
and was selected as a case study to get preliminary results (Muraleetharan et al. 2012;
Kirupakaran 2013). As shown in Figure 2.4, the 1-44 Bridge has a total length of 210 feet
and HP steel piles at the north and south abutments vary between 43 and 26 feet long,
respectively. The numerical study conducted on the instrumented bridge by Kirupakaran
(2013) showed that the abutment piles experienced bending moments greater than the
yield bending moment, which was consistent with the recorded readings from the field

data.
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2.3. Soil-Pile Interaction Numerical Models

Numerical methods are popular research methods widely used in the analysis of integral
bridge problems. Several studies have been done using this method of analysis
generating useful results. Some studies carried out on the integral bridge using the
numerical method are discussed below.

Two different pile analysis methodologies including linear and non-linear
methods were carried out using LPILE to investigate the influence of the lateral loading
on the piles by Klaiber et al. (2004). They also proposed different abutment and pile
systems such as micropiles, GRS structures, Geopier foundations, and sheet pile
abutments instead of traditional deep foundation systems such as driven pile. In the
linear method developed by Broms (1964a&b), a general uniform reaction of soil based

on the undrained shear strength of soil and the width of pile was assumed in the lateral
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pile analysis, whereas, in the non-linear method, a series of non-linear and horizontal
springs was used to model the soil response. The maximum pile moments obtained
from the linear and non-linear methods were compared; it was determined that the
linear method was more conservative for most lateral load cases associated with bridge
abutments. For stiff cohesive soils, the linear method was more conservative by 7 to 15
percent depending on the magnitude of the lateral pile loadings. However, the linear
method produced less conservative maximum pile moments in soft cohesive soils by
about 3 to 20 percent depending on the lateral pile loading. Finally, the maximum pile
moments in cohesionless soils obtained from the linear method were more conservative
by zero to three percent when compared to the non-linear analysis method.

Frosch and Lovell (2011) conducted a comprehensive study using LPILE and a
finite element program named SAP2000, to investigate the effect of various
characteristics on the long-term behavior of Integral Abutment Bridges (IABs). They
developed and calibrated analytical models for design of IABs using field data obtained
from instrumentation available for three IABs. They created a prototype of IAB in a
quarter scale with 45° skew to study the effect of high degree of skew on the behavior
of an IAB. They observed that the contraction movement of the abutment resulted in
the maximum lateral pile displacement compared to the expansion movement. A
steady-state cyclic movement was observed after approximately seven years of
monitoring. The transverse movement of the abutment was more pronounced when

the skew angle of bridge was greater than 30 degrees.
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Dicleli (2005) employed a finite element software, SAP2000, to make a
correlation between the internal forces in the abutment such as shear forces and
bending moments and the thermal-induced displacements of the bridge. The abutment
height, pile orientation and size, and sandy soil density were incorporated in their
analysis. Dicleli and Albhaisi (2004a, 2004b, and 2005) also investigated the effects of
clay stiffness around piles, pile size and orientation, pile connection to abutment,
abutment height, and bridge size on the performance of integral bridges during thermal
loading using SAP2000. The general results showed that the effect of backfill density
can be negligible on the distribution and intensity of backfill pressure and more
pronounced on the amount of internal forces in the abutment. The effect of size and
orientation of the piles were not significant on the bending moments and shear forces
generated in the abutments when the backfill and foundation soil were in the elastic
zone. They also found the maximum length limits for different bridges supported by
only HP piles driven in clay; the maximum length of concrete integral bridges was
limited to 210 m in cold climates and 260 m in moderate climates and for the steel
integral bridges, the limits were 120 m in cold climates and 180 m in moderate climates.

Abendroth and Greimann (2005) used experimental results to verify a 3-D model
simulated using a finite element package, named ANSYS. They investigated the effects
of loose versus dense sand behind the abutment and the stiffness of the soil around the
piles when different vertical temperature distributions are applied over the depth of the

superstructure. They found that the rotations and longitudinal displacement of
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abutments predicted by ANSYS were more than those measured using the sensors in the
field.

A nonlinear finite element model using GT STRUDL was employed by Civjan et al.
(2007) to investigate the effects of backfill properties, foundation soil properties, and
pile restraint on bridge distortion and pile moments during thermal loading. They found
that the bridge expansion and contraction were influenced by different resisting
elements such as backfill and foundation soil stiffness.

The compaction condition of sandy soil in predrilled holes, depth of predrilled
holes, water table elevation, soil type around a pile and pile orientation were the
parameters considered by Arockiasamy et al. (2004) in their analyses of IABs. They
interpreted the results based on the displacements, moments and shear forces in H-
piles supporting integral bridges subjected to thermal loading, using a finite element
software, FB-Pier, and LPILE. They concluded that the piles installed into the predrilled
holes filled with sand experienced low shear forces and bending moments due to the
high flexibility. The effect of water table was recognized as insignificant based on the
simple assumptions used in LPILE. The piles oriented in weak axis bending allowed larger
lateral displacements before reaching yield bending moments compared to those
installed in strong axis bending.

Using 2D finite element modeling, Arsoy et al. (1999) investigated the effects of
the approach fill on pile stresses, abutment type, magnitude of thermal movement on
the lateral resistance contribution of the abutment relative to the piles, and magnitude

of the thermal induced lateral movement and the extent of settlement in the fill behind
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the abutment. The finite element analyses showed that the vertical settlement in the fill
behind the abutment occurred over a distance at the ground surface of three to four
times the abutment height as measured from the back of the abutment. The low shear
forces of pile head, which were computed around 12% to 26% of the total applied load,
were also attributed to the small relative displacements between the pile and the
surrounding ground.

Kamel et al. (1996) conducted a number of parametric studies addressing the
influence of soil type (e.g. loose sand, dense sand, soft clay, and stiff clay), pile type (e.g.
steel and prestressed concrete), and fixity of the pile head (e.g. hinged and fixed joints)
using LPILE. They determined that the steel piles are more resistant to lateral loading
compared to the prestressed concrete piles.

Faraji et al. (2001) modeled a three-dimensional Integral Abutment Bridge
coupled with nonlinear springs representing the soil behind the abutment and piles
using GT STRUDL. Four combinations of loose/loose, loose/dense, dense/loose, and
dense/dense sand for soil behind the abutment/foundation soil was used in a
parametric study. They found that the degree of compaction of foundation soil affected
the bending moment of piles; however, it did not show any effect on the abutment
moment and displacement.

Khodair and Hassiotis (2005) used a finite element program, Abaqus/Standard,
to model a single HP pile surrounded by a sand-filled corrugated galvanized steel sleeve.
The single pile was subjected to a lateral displacement created by an effective bridge

temperature. The nonlinear form of Mohr-Coulomb failure criterion and elastic-
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perfectly plastic model were assumed for soil and steel pile, respectively. They
concluded that the increase of sand filled sleeve diameter surrounding an HP pile in
finite element analysis increased the capacity of pile against the thermal loading.

Knickerbocker et al. (2005) used ANSYS to model an asymmetric integral
abutment bridge in Tennessee. They conducted parametric studies including abutment
depth, pile depth and skew angles for the sensitivity analysis of integral abutment
bridge under thermal expansion and contraction loading of the superstructure. They
found that in asymmetric bridges with respect to the abutments, the longer abutment
was subjected to more movement due to the thermal loading compared to the shorter
abutment.

Khodair and Abdel-Mohti (2014) conducted parametric studies to investigate the
soil-pile interaction behavior using LPILE and finite element methods Abaqus/Cae and
SAP2000. They have found that it is possible to make a correlation between the
methods through change in parameters such as the soil’s modulus of elasticity, radius of

the soil surrounding the pile in Abaqus/Cae, and the number of springs in SAP2000.

The extensive parametric analyses of soil-pile interaction in the application of
IABs by the former researchers showed that each mechanical component involved in
the construction of an IAB was considered and could be designed effectively. However,
the change of soil properties due to variable climate/weather was not considered in
these studies. Since this is a primary focus of research discussed in this report, the
following Section 2.4 discusses research on soil moisture prediction using different

programs.
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After validating the computer codes LPILE, GROUP (a group piles counterpart to
LPILE) and a finite element code TeraDysac (Muraleetharan et al. 2003) using the 1-44
field data, Kirupakaran (2013) conducted a parametric study to investigate various IAB
configurations and abutment pile types. His results confirmed that I-44 abutment piles
have indeed yielded at shallow depths. His results further revealed biaxial bending of
abutment piles in IABs with skew. He recommended HP piles with smaller sections be
placed in weak axis bending and in pre-drilled holes with low stiffness fill material,
especially at shallow depths, to accommodate thermal movements in IABs and to
reduce pile bending moments. He also recommended that abutment piles be placed in

weak axis bending along the transverse direction for IABs with larger skew angles.

2.4. Soil Moisture Prediction Numerical Models

Several commercial software packages are available to model the moisture flow in soils,
including SoilCover (Unsaturated Soils Group 1996), HYDRUS-2D (Simunek et al. 1999),
Vadose/W (GeoSlope International Ltd. 2005), SVFlux (SoilVision Systems Ltd. 2007) and

FlexPDE (PDE Solutions Inc.).

Scott et al. (2000) modeled one dimensional moisture movement in a soil profile
over 8 years, using the model HYDRUS, which incorporates Richard’s Equation. They
concluded that there is substantial root zone recharge during wetter periods than

normal winters. Modeled moisture fronts migrated as deep as 1.3 m during these years.

Collins and Znidarcic (2004) modeled a one-dimensional soil column using a

saturated/unsaturated seepage finite element code, SEEP/W, to investigate infiltration
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into an infinite slope. They found that the high rate of infiltration in slopes composed of
coarse-grained soils leads to positive pore water pressures resulting in the slope failure
at shallower depths. In contrast, the loss of suction in layers composed of fine-grained

soils triggers the slope failure in deeper layers.

Chao et al. (2010) used Vadose/W to study the effect of precipitation, irrigation
and deep underground water sources on the movement rate of a wetting frontin a
column of soil. The lowest, average, and the highest annual precipitation were used as
three different climate conditions in the seepage analysis. Despite having soil layers with
relatively low permeability, the results of the water seepage analyses indicated that

depth of wetting continued to increase over a period of 40 years.

Rajeev et al. (2012) employed a finite element program, Vadose/W to predict
the soil moisture and temperature variation due to real climate conditions. A one-
dimensional model with an atmospheric boundary condition at the top and an
impermeable boundary condition at the bottom was assumed for the seepage analysis.
The required soil properties and initial conditions for the model were determined from
samples collected from the field and tested in the laboratory. The soil moisture and
temperature computed by the model were compared with the field data to validate the
reliability of the model capabilities. Finally, the model was used to predict the long-term
soil moisture variation using 20 years of weather data. They found that the soil moisture
fluctuation in the layers close to the ground surface was more pronounced by the
rainfall pattern compared to the relatively deep layers. However, the increase of

moisture changes in the relatively deep layers associated with the fluctuation were
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observed in the field measurement after an intensive rainfall preceded by a long period

of drying.

Vanapalli et al. (2010) used Vadose/W to model a fully coupled transient
seepage analysis of a soil profile that consisted mostly of expansive clay, and the
predicted values of soil suction were then compared to published results. They observed
that soil suction variations correlated well with environmental conditions on the surface

boundary, such that these fluctuations decreased with depth.

Kang et al. (2014) conducted 1-D and 2-D seepage analyses using Vadose/W and
compared the obtained results with 3-D seepage output implemented by the MODFLOW-
SURFACT program. They conducted several field investigations and laboratory testing to
characterize the subsurface soil profile such as determining the plasticity index, water
content, percentage passing #200 sieve, the saturated hydraulic conductivity, and the
depth of the ground water table. The minimum and maximum temperature,
precipitation, maximum relative humidity, and wind speed were collected from weather
stations and used as atmospheric boundary parameters. They concluded that the
numerical seepage modeling can be conducted in one direction in cases that have

minimal water flows from other perpendicular directions.

Gitrana et al. (2006), employed two commercial finite element packages, SVFlux
and Vadose/W, to analyze seepage in a soil column due to precipitation, runoff, and
evaporation. They described the development of partial differential equation (PDE)

solutions in the packages to calculate the runoff and evaporation rate. Analyses
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conducted using Vadose/W showed an overestimation and underestimation of runoff

and actual evaporation rate, respectively, compared to using SVFlux.

Park and Fleming (2006) conducted a steady-state seepage analysis using
SEEP/W to investigate the migration of moisture through an engineered cover system.
The loss of suction through the cover soil due to infiltration was more pronounced when
materials beneath the cover soil were composed of various barriers with different

hydraulic conductivity functions (e.g. geotextile with rock flour).

Vadose/W and UNSAT-H were used by Benson et al. (2005) to predict a water
balance for a one-dimensional soil column over three years by solving the modified
Richard’s equation. As a first note regarding the difference between two codes, they
mentioned that Vadose/W uses the finite element method, whereas UNSAT-H utilizes
the finite difference method to solve the water balance equation. The precipitation,
evaporation, and vegetation parameters were measured at a research site as input
parameters. The surface runoff overestimation was observed using the finite difference
method, whereas the surface runoff predicted using finite element method was close to
reality. The discrepancy between two codes to predict the surface runoff were
attributed to the precipitation intensities, which were applied as a sinusoidal pattern

and a constant default rate for Vadose/W and UNSAT-H, respectively.

The studies on the unsaturated seepage analysis conducted by the previous

researchers showed that the good estimation of soil properties such as the hydraulic
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conductivity and the water storage functions and modeling of proper boundary

conditions are among the most important considerations for making good predictions.
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3. WEATHER DATA COLLECTION IN REGION 6

3.1. Introduction

Historical and future weather data are required to predict soil moisture changes over
depth and time. The Oklahoma Mesonet (www.mesonet.org) is a valuable resource for
detailed historical weather data. The Oklahoma Mesonet consists of 120 automated
stations throughout Oklahoma. There is at least one Mesonet station in each of
Oklahoma’s 77 counties. At each station weather parameters including: air temperature,
relative humidity, total solar radiation, and wind speed are measured by a set of
instruments at regular time intervals. The weather data are available from 1994 until
now. Among the above-mentioned data from the weather station only precipitation and
air temperature on a monthly basis are available from climate projections of future
weather. The projected future weather data can be downloaded from the U.S.
Geological Survey (USGS) using the National Climate Change Viewer (NCCV).

NCCV is a model visualization web application developed by Alder and Hostetler
(2013). It includes the historical and future climate projections from 30 of the
downscaled models for two of the Representative Concentration Pathway (RCP)
emission scenarios for the years 1950-2099; RCP4.5 (Stabilized Emissions) and RCP8.5
(Unchecked Emissions) scenarios. The former emission scenario was employed in this
report. RCP4.5 is one of the possible emissions scenarios in which atmospheric
greenhouse gas (GHG) concentrations are stabilized so as not to exceed a radiative
equivalent of 4.5 Wm after 2100, about 650 ppm CO; equivalent. RCP8.5 is the most

aggressive emissions scenario in which GHGs continue to rise unchecked through the
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end of the century leading to an equivalent radiative forcing of 8.5 Wm2, about 1370
ppm CO; equivalent.

According to Alder and Hostetler (2013), “worldwide climate modeling centers
participating in the 5% Climate Model Intercomparison Program (CMIP5) provide climate
information for the ongoing Fifth Assessment Report (AR5) of the Intergovernmental
Panel on Climate Change (IPCC). The output from the CMIP5 models is typically provided
on grids of ~1 to 3 degrees in latitude and longitude (roughly 80 to 230 km at 45°
latitude). To derive higher resolution data for regional climate change assessments,
NASA applied a statistical technique to downscale maximum and minimum air
temperature and precipitation from 33 of the CMIP5 climate models to produce the NEX-
DCP30 dataset on a very fine, 800-m grid over the contiguous United States (CONUS).
The full NEX-DCP30 dataset covers the historical period (1950-2005) and 21st century
(2006-2099) under four Representative Concentration Pathways (RCP) emission
scenarios developed for AR5”.

3.2. Historical Weather Database
The historical weather data from four counties named Comanche, Beaver, Nowata, and
McCurtain available in the Mesonet were selected and assumed to represent the variety
of weather patterns in Oklahoma. Data from these four counties were utilized to
conduct unsaturated seepage analyses representing the variety of weather conditions in
Oklahoma. The locations of these counties are shown in Figure 3.1. The weather
parameters including precipitation, average air temperature, relative humidity, total

solar radiation, and wind speed measured in these four counties are shown in Figures
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3.2(a) &(b), 3.3 (c)&(d), and 3.4(e). These figures and the seepage analyses discussed in
Chapter 4, show that Beaver and McCurtain counties represent the driest and wettest
counties, respectively. In the soil-pile interaction analyses discussed in Chapter 5, it is
seen that the differences in pore water pressure distribution resulting from these
differences in wetting play a key role in determination of soil stiffness and pile response.
The historical weather data was used to calibrate models for predicting future
seepage based on future temperature and rainfall data. These calibrations, discussed in
Chapter 4, developed for Oklahoma counties were applied to selected counties in
neighboring Region 6 states based on similarities between projected future weather

discussed in the next section.
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Figure 3.1. Oklahoma counties selected for seepage analysis (http://geology.com/state-

map/oklahoma.shtml)
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Figure 3.2. Weather data from Jan.1, 1994 to Jan.1, 2001. (a) Rainfall rate, (b) Average Air
Temperature
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Figure 3.4. Weather data from Jan.1, 1994 to Jan.1, 2001. (e) Wind Speed

3.3. Future Weather Database

As mentioned, the future weather data available from the USGS NCCV was limited to air
temperature and precipitation. Several counties in Region 6 states neighboring
Oklahoma, as shown in Figure 3.5, were selected to represent the broad range of
weather patterns across Region 6. Selected counties in other states in Region 6 were
compared to weather patterns in the selected counties in Oklahoma to see if there were
similarities that could be exploited in the seepage analysis. Because of the significant

computing time involved with unsaturated seepage analysis, it was not practical to run
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the seepage analyses for all of the Region 6 counties highlighted in Figure 3.5. Thus, to
cut down the number of analyses, if weather patterns in selected counties in states
neighboring Oklahoma were reasonably similar in terms of precipitation and average air
temperature to one of the weather patterns in Oklahoma, then the same Oklahoma
weather pattern was assumed for both. Given the large uncertainty in the projected
future weather, this approach is practically warranted.

The selected counties for Arkansas and Louisiana showed a reasonably similar
weather pattern compared to McCurtain County from Oklahoma as shown in Figures 3.6
through 3.9 and Figures A.1 through A.3 in Appendix A. All selected counties in New
Mexico except one county (San Juan) showed similar weather to Beaver County,
Oklahoma as shown in Figures 3.10 to 3.14. Two counties picked as representatives of
the state of Texas were similar to McCurtain and Beaver counties from the State of

Oklahoma as shown in Figures A.4 and A.5 in Appendix A.
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Figure 3.5. Region 6 counties selected for climate comparison (http://ichizoku.us/county-
map-of-us.html)
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Arkansas and Oklahoma (Clark and McCurtain counties)
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4. SEEPAGE ANALYSIS FOR SOIL MOISTURE PREDICTION IN REGION 6

4.1. Soil Moisture Prediction around a Typical Pile

Seepage involving two-phase flow in unsaturated soil is characterized by non-linear
partial differential equations. Among the soil properties required for unsaturated
seepage analysis are the water coefficient of permeability and the water storage
functions, which are highly non-linear. Both soil properties can be represented as a
function of negative pore water pressure or suction. The water coefficient of
permeability is a measure of ability of soils to conduct water. This coefficient is a
function of the volumetric of water content, which is, in turn, a function of soil suction.
The water storage is an index of amount of water absorbed or released by the change of
pore water pressure in the soil and it is measured by the slope of soil water
characteristic curve.

SVFlux, developed by SoilVision Systems Ltd. (2012), is a finite element program
used to model transient flow of water, heat, and vapor in unsaturated soil. The program
has been built around fundamental equations governing the exchange of water
between the soil and atmosphere at the ground surface (e.g. Penman 1948, Wilson et al.
1994) and it can account for variations in the soil state (dry, frozen, saturated,
unsaturated), soil type, soil temperature, extent, and type of vegetative cover among

other things.

Basically, the user is required to input a number of different parameters that
govern the movement and storage of water (in liquid and vapor forms) within a soil

profile as well as information about the type and temporal variation of vegetative cover
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at the site. In addition, the initial soil moisture conditions in the profile are required. The
output generated from the program provides predicted moisture (and suction) profiles

as a function of time.

The input parameters required for the analysis using the program are divided
into four categories: precipitation data, evaporation data, vegetation data, and soil data.
As for the output, the program is used to provide variations in volumetric water content
over time at specific depths in the soil profiles. A geometry similar to the southern
embankment for the 1-44 Bridge in Oklahoma, including the soil foundation and backfill,
adopted for the purpose of seepage modeling is shown in Figure 4.1. While this 2-D
representation of the embankment and abutment does not capture the three-
dimensional features of the pavement and sloped vegetated embankment surfaces next
to the pavement, it provides a starting point for examining unsaturated seepage in the
embankment and backfill behind the abutment. In the model, the ground surface
behind the abutment to the left side of pile axis in Figure 4.1 was treated as the flux
boundary that was subjected to atmospheric conditions based on real local weather

data.
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Figure 4.1. Finite element mesh and boundary conditions for the south abutment of 1-44 Bridge
in Oklahoma

Historical weather data available from the Mesonet for 1994 to 2001 (7 years) at
Comanche County, Medicine Park, OK, which is close to the |-44 bridge, was
downloaded to use as the atmospheric loading on the ground surface. As a starting
point, the boundary condition on the sloped ground surface located to the right side of
pile axis, under the bridge, was assumed to be impermeable. However, as this surface
was under shaded conditions due to the bridge deck location a modified atmospheric
loading can be defined in the parametric study. The soil water characteristic curve

(SWCC) was assumed using Zapata’s model (1999), which was based on the grain size
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distribution (percent passing #200) and plasticity index (PI) as shown in Figure 4.2 for

clayey layer.
100000
PI=18.6%
10000 | Passing#200=83.3%
©
£ 1000 }
c
=)
o 100
=
(7]
10 |
1 : '
0 20 40 60

Volumetric water content (%)

Figure 4.2. Soil Water Characteristic curve (SWCC) for clayey soil
The saturated permeability of backfill, sandy, and clayey layers were assumed to
be 1x10°®, 1x107, and 1x108 m/s, respectively. These assumptions were made based on
the classification of soils as moderate to very low degrees of permeability (Terzaghi and
Peck 1967). The infiltration and evaporation components from the local weather station
are shown in Figures 4.3 and 4.4. The estimated and computed transpiration

components associated with vegetation are shown in Figure 4.5.
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Figure 4.5. Daily transpiration related data from 1994 to 2001: (a) leaf area index (b) plant limiting
function (c) potential root uptake



While it is possible to utilize the Penman Method to predict evaporative flux at the
ground surface using historical climate data obtained from weather stations, the
projected future climate data is limited to temperature and rainfall and does not
include relative humidity, solar radiation, and wind speed. Thus, only the
Thornthwaite Method can be applied for future years. The differences between
these two methods are discussed in detail in Section 4.2. To overcome this
limitation, finding logical ways to use historical data sets to develop a calibration
procedure between the Penman and Thornthwaite methods was a primary purpose
of this research. The calibration method developed is discussed in Section 4.3.
4.2. Atmospheric Boundary Condition

In addition to precipitation data, the potential evaporation and transpiration are

required to predict the moisture variations in foundation soil and abutment backfill

material in a typical IAB. The potential evaporation can be determined in different ways

including use of measured data, or by calculation using available methods including:

Penman’s Equation (1948), or Thornthwaite’s Equation (1948), or Priestley-Taylor’s

Equation (1972).

Among the above-mentioned equations, Thornthwaite’s Equation (1948) is the
only one that functions on a single parameter, the monthly air temperature and some
empirical parameters as shown in Equation 4.1. Since available data for the future are
limited to monthly maximum and minimum air temperature, Thornthwaite’s equation
(1948) was selected as the method to predict the moisture changes for the current

research. The equation is,
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10T\%
PET=16 Ly (=) (4.1)
where: PET is the monthly potential evapotranspiration (cm), L, is the daytime length or

time from sunrise to sunset in multiples of 12 hours, T is the monthly mean air

temperature(°C),

a=6.75x10"713-7.71x 1075 I?+ 0.01791I" + 0.49239,

and /is the annual heat index, which is computed from the monthly heat indices.

o T\ 1514
=320 5=(2) (a.2)

Tj is the mean air temperature in °C for month j forj=1to 12.

To compare and partially validate the results obtained using Thornthwaite’s
Method (1948), Penman’s Method (1948) having more variables, such as relative
humidity, solar radiation, and wind speed as well as air temperature was used to
calculate the potential evaporation using historical data and compared to Thornthwaite
based predictions. The Penman Model predicts potential evaporation as shown in the

following equation,

_TQntnE,

PE (4.3)
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where: PE is potential evaporation in m/day, E, is flux, which is calculated in m/day
using Equation 4-4, Q,, is net radiation at the water surface in m/day, I’ is slope of
saturation vapor pressure vs. temperature curve in kPa/°C, 1 is the psychrometric

constant equal to 0.06733 kPa/°C.

E, = 0.35(1+0.146 W,,) Cri,o(1-h;) (4.4)

where: W, is wind speed in km/hr, C¢= conversion factor, u,, is saturated vapor
pressure in the mean air temperature with the units of kPa, and h,. is relative humidity

in the air above the ground.

Evaporation associated with transpiration, which is a process of water migration
through a plant results in evapotranspiration. The amount of water flux is controlled by
transpiration through parameters such as bare soil potential evaporation, leaf-area
index (LAI), plant limiting function (PLF), which is related to soil suction, and the root
zone profile. Since these parameters were not routinely available for the sites
considered, some assumptions were used to incorporate them in the numerical

modeling.

There is an atmospheric moisture flux balance that must be satisfied at the ground
surface when calculating actual evaporation. The water on the ground surface either
infiltrates the soil (or runs off) or rises to the sky through the process called actual

evaporation. Actual evaporation used in an atmospheric moisture flux balance for the
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Thornthwaite (1948) Method was assumed to be equal to potential evaporation, which
is @ maximum amount of evaporation. In contrast, a modified Wilson-Penman’s Method
(1994) was used for calculation of actual evaporation in Penman’s method (1948).

4.3. Calibration of soil moisture prediction models
The potential evapotranspiration obtained from Thornthwaite Equation is calibrated
against results derived from the Penman Equation. To calibrate the equations, the slope
of the regression between potential evapotranspiration derived from two methods was
forced to pass through the origin for each month for the calibration period. This
calibration procedure was discussed by Moeletsi et al. (2013). The calibration coefficient
was then obtained by calculating the product of the slope of the regression lines (forced

to pass at 0, 0) and the original coefficient.

Cr = Slope X 1.6 (4.5)

where, Cris a new constant for the Thornthwaite Equation, which is substituted for the
constant number or 1.6 used in Equation 4.1. A monthly potential evapotranspiration
estimated from two methods before calibration is shown in Figure 4.6 using the

historical dataset from 1994 to 2001.
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Figure 4.6. Thornthwaite potential evapotranspiration and Penman potential evapotranspiration from
1994-2001

The Thornthwaite potential evapotranspiration (TPET) calibrated with the slopes
calculated from each month as shown in Figures 4.7 and 4.8 is in good agreement with
Penman potential evapotranspiration (PPET) as shown in Figure 4.9. The actual
evapotranspiration, which is a modified potential evapotranspiration, is required to
contribute to the net infiltration as a soil-atmosphere boundary condition. Wilson-
penman (1994) Equation was used for modifying Penman potential evapotranspiration.
A method using transpiration (vegetation) parameters was proposed by the author of
this research to calibrate the Thornthwaite actual evapotranspiration (TAET) with the
Penman actual evapotranspiration (PAET). Three different Leaf Area Index (LAI) curves
were designated as variables to obtain the actual evapotranspiration from the

Thornthwaite potential evapotranspiration as shown in Figure 4.10. Three calibrated
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curves of the TAET resulted from three different LAl alternatives; these are shown in

Figure 4.11 and compared with the PAET. In Figure 4.12, results of unsaturated seepage

modeling for the I-44 Bridge are presented based on the Penman and calibrated

Thornthwaite actual evaporation.
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Figure 4.10. Leaf Area Index for different trials
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Figure 4.12. Pore water pressure change around soil surrounding the pile head from 1994-2001

The pore water pressure variations shown in Figure 4.12 for the calibration

period indicate that the calibration using the leaf area index is a reasonable method for
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adjusting the Thornthwaite Method to match Penman Method. Therefore, a pattern of
leaf area index for 150 years from 1950 to 2099 analogous to the 3™ trial of calibration
method was used to predict the pore water pressure changes at the top of the pile from
past to future. It can be seen in Figure 4.13(a) that the negative pore water pressure
(suction) increased with time and the calibrated suctions were less than the original
amounts of suction predicted with the uncalibrated Thornthwaite Method. In addition,
it can be seen in Figure 4.13(b) that the predicted profile of maximum suction from the
calibrated Thornthwaite method was much lower than the uncalibrated model with a
maximum difference of about 34,000 kPa at the pile head. These predictions based on
the projected climate data are consistent with the projected increases in temperature
during the 21% century under essentially constant projected rainfall amounts for the
same period. While there is a great deal of uncertainty in climate projections, the
preceding method provides a rational basis for examining the variations in soil moisture
content, positive and negative pore water pressures, and hence soil stiffness resulting
from different climate change scenarios. This allows for an analysis of changes in lateral
loading behavior of the bridge abutment system due to projected variations in moisture

conditions, as described in Chapter 5.
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4.3.1. 1-D and 2-D Seepage Modeling
In preceding discussions, the unsaturated seepage analysis results were based on the
two-dimensional (2-D) bridge abutment model shown in Figure 4.1. It was decided for
the purpose of the unsaturated seepage parametric study of moisture changes around a
pile to utilize a one-dimensional (1-D) soil model instead of the 2-D model shown in
Figure 4.1. This was done based on the following compelling reasons. 1) While
geometrically the 2-D model in Figure 4.1 better resembles the true bridge abutment
geometry, there are many three-dimensional aspects of the actual bridge abutment that
are not accounted for, such as the overlying pavement structure, sloped embankment
surface, flux boundary conditions under the bridge, variable ground water conditions,
etc. Thus, there is considerable uncertainty regarding whether the 2-D model would be
better than a 1-D model in representing the actual 3-D seepage conditions. 2) There is
great uncertainty in the predicted future weather data associated with the climate
modeling in the NCCV tool. 3) 1-D modeling is much more computationally efficient
compared to 2-D modeling. 4) Comparisons of results of 1-D and 2-D models, shown
subsequently, are reasonably similar in light of other sources of uncertainty in the soil
moisture predictions. Thus, it was decided that the 1-D modeling would serve the
purpose of the research in investigating how future changes in weather and soil
moisture around a pile will impact the pile behavior. The additional modeling complexity
of a 2-D model is not warranted in light of other sources of uncertainty.

For comparison, 1-D and 2-D seepage modeling was conducted using the

historical weather dataset from Comanche County (Oklahoma) from 1994 to 2003. A
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sketch of the 1-D model geometry simulating the soil layers around the abutment and
the pile in Figure 4.1, is shown in Figure 4.14. Figures 4.15 and 4.16 show the 2-D and 1-
D pore water pressure variations with respect to time at a point around the pile head

based on the Penman and the Thornthwaite methods, respectively.
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Figure 4.14. 1-D model geometry and properties
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The same 1-D model was used for the selected counties in the state of Oklahoma and
seepage results obtained are shown in Figures 4.17 through 4.19, which display the pore
water pressure variation with time for a point around the pile head. The weather
conditions for Beaver county resulted in higher suction (negative pore water pressure)

compared to other counties in Oklahoma.

Time (day from Jan.1994)
0 500 1000 1500 2000 2500 3000
0 =}

= T ———— . o
2000 I N m ? iy TR '!
4000 | " r'l i ; I: /
6000 | ! -

8000 |

-10000 |

-12000 | i

-14000 |

Pore water pressure (kPa)

-16000 |

P
o

-18000 F Beaver-Penman

20000 F -——-- Beaver-Calibrated Thornthwaite

T
ik

-22000

Figure 4.17. 1-D seepage analysis in Beaver County, Oklahoma, conducted using Penman’s and
calibrated Thornthwaite’s methods
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Figure 4.18. 1-D seepage analysis in McCurtain County, Oklahoma, conducted using Penman’s
and calibrated Thornthwaite’s methods
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Figure 4.19. 1-D seepage analysis in Nowata County, Oklahoma, conducted using Penman’s
and calibrated Thornthwaite’s methods
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5. NUMERICAL MODELING OF INTEGRAL ABUTMENT PILES IN UNSATURATED
SOIL

5.1. Finite Difference Modeling using LPILE

LPILE was utilized to investigate the pile-soil interaction for abutment piles in soil under
unsaturated conditions. Since LPILE was not developed for specific application to the
unsaturated soil condition, the concept of apparent cohesion proposed by Fredlund and
Rahardjo (1993) and Vanapalli (1996) were used in the modeling. Stiffness variations in
soil around an abutment pile may result from changes in moisture content in the soil. To
investigate the abutment pile behavior caused by soil moisture changes, the predicted
suction corresponding to different moisture contents obtained from the unsaturated
seepage analysis was used to determine the apparent cohesion. The apparent cohesion
depends on suction and the unsaturated shear strength parameters. The apparent
cohesion and unsaturated strength parameters are used to define p-y curves in LPILE.
Clayey soils are more vulnerable to the moisture related mechanical property changes
than sandy soils, so only the clayey soil layers used in the model were assigned soil

properties dependent on suction.

In LPILE, soil response to pile lateral displacement at a particular point on the
pile depends on the p-y curve, which is a function of soil shear strength parameters
among other things. The p-y curves for LPILE were developed using the equations
proposed by Evans and Duncan (1982) and Mokwa et al. (2000) for unsaturated soils as
shown in Figures 5.1 and 5.2. The p-y curve for c-¢ soil proposed by Evans and Duncan

(1982) and as incorporated in LPILE consists of combining soil resistance from the Reese
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et al. (1974) sand p-y curve and Matlock (1970) clay p-y curve. The early portion of the
p-y curve is obtained by the soil modulus at small displacements. The soil modulus is the
product of the modulus coefficient, k, and the depth below the ground surface. The
modulus coefficient for sand and clay are based on friction angle and cohesion,
respectively. To draw a p-y curve using this method, two restricted points on the
displacement axis are defined in which the peak soil resistance and the residual soil
resistance take place. The displacement coordinates of y=b/60 and y=3b/80 (b=
foundation diameter) are where the peak and residual soil resistance occur,
respectively. It is also assumed that the soil resistance decreases from the peak to the

residual linearly.

Mokwa et al. (2000) proposed the following equation using a cubic parabola:

]0.33

p = 0.5purt [ (5.1)

A€50D

where p is the soil resistance, purt is the ultimate resistance, y is the lateral foundation
displacement at a particular depth, A is an empirical coefficient, eso is the strain at 50%
of the ultimate soil strength obtained from a triaxial shear test, and D is the foundation
diameter. The ultimate soil resistance, pur, is calculated using Brinch-Hansen’s theory
(1961) and modified based on results from full-scale tests. The equation of pur is as

follows:

Puit = MymDzKy + McDK, (5.2)
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where M is an empirical modification factor = 0.85, ym is the soil moist unit weight, D is
the foundation diameter, z is the depth below the ground surface, Kq is a coefficient for
the frictional component of the soil resistance, c is the soil cohesion and K is a
coefficient for the cohesive component of the soil resistance. Five load tests conducted
on relatively short drilled shaft foundations embedded in unsaturated silty (ML and MH)
and clayey (CL and CH) soils were used to back-calculate the parameters required for

the above equations.

Both p-y curves exhibited a similar linear trend at very low displacements.
Softening and hardening behaviors were captured using the former and the latter
equations. These behaviors were more pronounced at higher suction. A simple linear
extended Mohr-Coulomb failure model was used with these methods, and soil
properties for the unsaturated clay were assumed based on experimental tests. For the
purpose of developing p-y curves for the c-¢ soil using the LPILE program, the effect of
suction was incorporated into the cohesion intercept using the following equations from
Fredlund and Rahardjo (1993) and Vanapalli (1996), respectively. It should be noted that
the Equations 5.3 and 5.4 were used for the case study and parametric study,

respectively.

c=c'+ (ug — uy)tan@® (5.3)

where: ¢’ is the effective stress cohesion intercept and represents the saturated soil
condition, (ua-uw) is suction, and ¢® is the friction angle with respect to suction. For the

saturated condition, c=c’.
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(95_91‘)

c=c"+ (ug —uy)tan@’[ (5.4)

where: ¢’ is the effective stress cohesion intercept and represents the saturated soil
condition, (ua-uw) is suction, ¢'is the effective friction angle, and 0 & O are the residual

and saturated volumetric water contents, respectively. For a saturated condition, c=c’.

A model of the previously mentioned bridge abutment next to Medicine Bluff
Creek along I-44 in Lawton, OK was developed for use with LPILE. The geotechnical
properties of the soil layers obtained from SPT and CPT correlations and laboratory
testing and compatible with typical soil properties available in LPILE are listed in Table

5.1 (Reese et al. 1974, 1976; Detournay and Cheng 1993).

Table 5.1. Properties of typical soli layers

2 T . | 8 20 | 22T
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Figure 5.1. p-y curves for the clay layer obtained from Evans and Duncan (1982) equation
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Figure 5.2. p-y curves for the clay layer obtained from Mokwa et al. (2000) equation

67



5.2. Comparison of pile response using Evans and Duncan (1982) and Mokwa et al. (2000)
p-y curves

According to a study conducted by Kirupakaran (2013), the I-44 bridge deck was
subjected to an average temperature variation of 95°F (35 °C) over a six-month period.
Assuming the thermal deformation of the bridge was symmetric to the center of the
bridge, the thermally induced deformation of the superstructure at the abutment due to

the change in temperature of the superstructure can be calculated by Equation 5.5.

6 = a X AT xL/2 (5.5)

where, « is the coefficient of thermal expansion, AT is the change in temperature and L
is the total length of the bridge. Thermal expansion coefficient of the reinforced
concrete superstructure was considered as 11.21x10°%/°C. Therefore, thermally induced
deformation of the superstructure based on Equation (5.5) at the abutment will be
0.019 m. The average movement of the superstructure based on crack meter readings
was 0.022 m. Since the calculated superstructure movement was in the range of the
measured readings from the crack meter, thermally induced deformation at the
abutment was assumed to be 0.022 m. The displacement of the abutment was directly
applied as the boundary condition at the top of abutment in LPILE modeling. The
connection between the abutment and the bridge deck was assumed to be fixed. The
boundary condition of having a displacement without any rotation at the top of the

abutment was compatible with the performance of IABs both in practice and theory.
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The axial load on the pile due to the superstructure was considered as 136.6 kN

(Kirupakaran 1983).

The results of the LPILE analysis revealed that bending moments obtained using
the Evans and Duncan (1982) model were less than those obtained using the Mokwa et
al. (2000) model at high suctions. The hardening behavior of soil in the high suction
range observed in the p-y curves of Mokwa et al. (2000) in Figure 5.2 can lead to
increase in bending moments at large displacements compared to those obtained from
the Evans and Duncan (1982) model in Figure 5.1. On the other hand, Evans and Duncan
(1982) p-y curves give slightly larger bending moments at low suction values. The
response of an abutment pile in a soil with high stiffness results in higher bending
moments as shown in Figures 5.3 and 5.4. The lateral deflections at the pile head
showed that a soil layer with higher suction and stiffness provides greater resistance to
lateral displacement at the top of the pile, which resulted in more abrupt curvature

changes and greater bending moment.

The bending moments and the lateral deflections only in the piles are shown in
Figure 5.5 and 5.6. Note that in these Figures the depth is measured from the top of the
pile at the bottom of the abutment. It is important to note that for the both models,
even at low or zero suction, the bending moments at the top of the pile exceed the
theoretical yielding moment of the pile. This is attributed to the soil stiffness and
extreme curvature that occurs where the pile enters the bottom of the abutment. This

finding suggest that a soft soil would be beneficial at reducing bending moments near

69



the top of the pile, which could be accomplished by placing the piles in predrilled holes

around the upper portion of the pile and backfilling them with a compressible material.
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Figure 5.3. (a) Bending moments and (b) lateral deflections in the abutment and the pile using p-y
curves from Evans and Duncan (1982)
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Figure 5.4. (a) Bending moments and (b) lateral deflections in the abutment and the pile using p-y
curves from Mokwa et al. (2000)
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Figure 5.5. Bending moment variations for the top of the pile using (a) Evans and Duncan
(1982)and (b) Mokwa et al. (2000) p-y curves
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(1982) and (b) Mokwa et al. (2000) p-y curves
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6. PARAMETRIC ANALYSIS OF ABUTMENT PILE LATERAL LOADING

6.1. Introduction

The parametric analysis of piles involved two separate parametric studies. The first
utilized the unsaturated seepage modeling using SVFlux to evaluate the unsaturated
flow of moisture in different soil profiles to establish the suction distributions to be used
in LPILE modeling. The second involved LPILE to examine the response of abutment piles
for different soil and pile conditions. The variables considered for the parametric studies
were based on some basic information from the states in Region 6 as shown in Table
6.1. Based on the information in Table 6.1, some basic parameters used for the
sensitivity analysis are summarized in Table 6.2. Generally, relatively short and long piles
with lengths of 10 m and 20 m were considered in the parametric studies. The relatively
short piles were surrounded by 5 m of soil and 5 m of rock to restrain the piles at the
bottom. The relatively long piles were surrounded by different soil layers. The studies
related to the seepage analysis involved a combination of different hydraulic properties
and depth of soil layers. The soil water characteristic curves (SWCC) for a typical fine-
grained and coarse-grained soil used for the seepage analysis were obtained based on
the Zapata’s model as shown in Figure 6.1. The atmospheric boundary condition for all
cases was identical and included the relatively driest condition, resulting in high
suctions. The lateral displacement used for the mechanical analyses of piles was based

on the maximum calibrated temperature differences experienced in the counties.
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Table 6.1. General information of IABs built

in Region 6

il Profil cs/l hick i
Casftiosr':]udy Pile Bridge Soil Profile (USCS/layer thickness in m)lth
H st nd th
Different Pile Type Length Length 1° Layer 2" Layer 3™ Layer Layer
st (m) (m)
ates
Oklahoma | HP10x42 | 7.9 64.0 CL/2.4 | sm/0.6 sand
' ' ' ' Stone/4.85
Texas HP 12x53 12.5 67.6 Sand/125| - | = - -
Louisiana HP 14x89 29.9 914 CL/3.65 SC/0.75 CL/9.1 SM/25.5
New Mexico HP 14x89 21.3 54.8 SM/12 CL/3 SC/3 CL/3.2
Table 6.2. Pile and soil variables
Parameter Variable-1 Variable-2 Variable-3 Variable-4
Pile Type HP 10x42 HP 12x53 HP 14X89 ----
Pile Orientation Weak axis Strong axis
Pile Length(m) 10 20 -—-- -—--
Bridge Length (m) 50 70 90 -
Backfill Thickness 15 3
(m)
Soil Profile (USCS)- CL- SM- CL- SM-
Thickness (m) 5 5 15 15
Backfill 3 4 -5
1 —-
Permeability (m/s) 1x10 1x10 1x10
Soil Profile (USCS)- CL- SM -
Permeability (m/s) 1x108 1x10°®
100000 100
(b)
(a)
10000 -
PI=18.6% _ D60=0.21mm
T Passing#200=83.3% | & 10
X 1000 =
c
5 o
£ 100 | T
g g 1r
)
10
1 f f 0.1 [ [ [
0 20 40 60 0 10 20 30

Volumetric water content (%)

Volumetric water content (%)

Figure 6.1. SWCC for (a) fine-grained soil and (b) coarse-grained soil
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6.2. Seepage Parametric Analysis

6.2.1. Relatively Short Pile

Two main parameters, depth and hydraulic conductivity of different soils were variables
in this parametric study. The first layer of the model included three different backfill
materials with two different thicknesses (1.5 and 3 m). The second layer was clayey or
sandy soil with a thickness of 5 m. The atmospheric boundary condition derived from
Beaver County was considered for the transient seepage analyses. The weather data
from Jan. 2015 to Jan. 2099 were used. The calibrated Thornthwaite’s method was
utilized for all cases. A typical pore water pressure variation on the ground surface
during the given time as plotted in Figure 6.2 shows that the negative pore water
pressure reached the peak value in a period time between 2090 and 2095. The
maximum negative pore water pressure distributions are shown in Figures 6.3 through
6.6. The changes of pore water pressure in the clay layers were approximately bilinear,
whereas the sand layers showed relatively uniform changes of pore water pressure. The
high negative pore water pressures in the sand layers indicate the sand is in a relatively

dry condition and in the residual moisture regime of the soil water characteristic curve.
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Figure 6.2. Pore water pressure variation on the ground surface from 2015-2099
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Figure 6.3. Case-1 pore pressure profiles: clay layer beneath different backfill materials
with a thickness of 1.5 m
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Figure 6.4. Case-2 pore pressure profiles: clay layer beneath different backfill materials
with a thickness of 3 m
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Figure 6.5. Case-3 pore pressure profiles: sand layer beneath different backfill materials
with a thickness of 1.5 m
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Figure 6.6. Case-4 pore pressure profiles: sand layer beneath different backfill materials
with a thickness of 3 m

6.2.3. Relatively Long Pile
The relatively long pile was assumed to be 20 m long. The first layer of the model
surrounding the abutment included three different backfill materials with two different
thicknesses (1.5 and 3 m). The second layer of soil surrounding the pile was either one
single layer with a thickness of 20 m as a first alternative or was divided in two different
layers with a thickness of 5 m and 15 m as a second alternative. Again, the atmospheric
boundary condition derived from Beaver County was applied for the transient seepage
analyses. The weather data from Jan. 2015 to Jan. 2099 were used. The calibrated
Thornthwaite’s method was utilized for all cases. The negative pore water pressure
reached the peak value in a time period similar to the case studies conducted for the

relatively short piles.
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Figures 6.7 through 6.14 show the maximum negative pore water pressure
distributions. The change of pore water pressure or moisture reached a depth of
approximately 16 m and 12 m for the single clay and the single sand layers, respectively.
However, the extent of influence of changes for the cases having two different layers
(sand-clay and clay-sand) were approximately at the same depth with different
magnitudes of pore water pressures.
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1.5tto21.5m o
18
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24

Figure 6.7. Case-5 pore pressure profiles: clay layer beneath different backfill materials with a
thickness of 1.5 m
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Figure 6.8. Case-6 pore pressure profiles: clay layer beneath different backfill materials
with a thickness of 3 m
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Figure 6.9. Case-7 pore pressure profiles: sand layer beneath different backfill materials
with a thickness of 1.5 m
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Figure 6.10. Case-8 pore pressure profiles: sand layer beneath different backfill materials
with a thickness of 3 m
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Figure 6.11. Case-9 pore pressure profiles: clay and sand layers beneath different backfill
materials with a thickness of 1.5 m
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Figure 6.12. Case-10 pore pressure profiles: clay and sand layers beneath different
backfill materials with a thickness of 3 m
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Figure 6.13. Case-11 pore pressure profiles: sand and clay layers beneath different backfill materials
with a thickness of 1.5 m
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Figure 6.14. Case-12 pore pressure profiles: sand and clay layers beneath different backfill materials
with a thickness of 3 m

6.3. Soil-Pile Interaction Parametric Analysis

The relatively short and long piles with different properties and orientations were
considered for the parametric studies as shown in Table 6.2. To produce the p-y
curves using LPILE and the proposed method (e.g. Mokwa et al. 2000), the effect of
suction was considered through using the concept of apparent cohesion from the
Equation 5.4 for the driest condition. The saturated condition (i.e. suction=0) was
considered as the wettest condition. The average temperature change was obtained
from temperature variations in Beaver County as a representative county for the
driest condition. This temperature change was calibrated using the temperatures
measured on a typical bridge (i.e., Lawton Bridge) and the weather station close to

the bridge as shown in Figures 6.15 and 6.16. The calibration factor was calculated
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as the ratio of seasonal maximum bridge temperature change to the seasonal
maximum weather station temperature change. Using the information in Figures
6.15 and 6.16, a calibration factor of 1.08 was used to convert the weather station
temperature change to the average bridge temperature change. The effective stress
strength parameters used for the soil layers are summarized in Table 6.3.

Table 6.3. Effective Stress Properties

Soil Type Effective Effective Friction Angle with
Cohesion respect to Net Normal
(c) (kPa) Stress (¢))
Backfill material 0 35
Clay 10 25
Sand 0 30
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Figure 6.15. Temperature variations measured on the bridge (obtained from Kirupakaran 2013)
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Figure 6.16. Temperature variations measured at the weather station close to the bridge

The apparent cohesion was derived based on the driest condition or the highest
suction distribution along the soil layer for each case from the seepage analyses. The
suction was assumed to be zero for the backfill material for all lateral load modeling
cases. This assumption was reasonable based on the following factors: 1) the
relatively high stiffness of the abutment relative to the backfill sand, 2) the fact that
fixed displacement was applied to the top of the relatively rigid abutment, and 3)
the relative insensitivity of the sand to suction changes. The apparent cohesion
developed in each of the model soil layers is shown in Figures 6.17 through 6.22. The
“X” symbols in these figures indicate the predicted apparent cohesion at points
where significant changes in the slope of the trends was observed at the top and

bottom of each layer. Apparent cohesion values used to develop the p-y curves at
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specific depths along the pile were found by linear interpolation between these
points.
The results of LPILE parametric analyses are summarized in Tables 6.4, 6.5 and 6.6.
For each analysis scenario described above, the tables include the bridge length,
lateral displacement applied to the top of the abutment, and the ratio of the
maximum bending moment in the pile to the yield moment for different HP piles
with weak and strong axis bending orientations. The ratios of maximum bending
moments to the yield bending moments of different HP piles are summarized in
Tables 6.4, 6.5, and 6.6. It should be noted that the yield bending moment of steel
piles were calculated from the following equation:
M, =f, XS (6.1)

where, S is elastic section modulus for bending about the axis considered (weak or
strong axis), and fy is yield strength of steel, which is equal to 0.276 GPa. The yield
bending moment for weak axis (strong axis), M,, of steel HP 10x42, HP 12x53, and
HP 14x89 piles were calculated as 64.30 (196.20), 95.50 (301.70), and 200.40
(592.60) kN.m, respectively.

A comprehensive review of the results presented in Tables 6.4 through 6.6
results in several important observations as follows:

1) Larger cross-section piles performed better than smaller piles in terms of
resisting bending moments. Of the 72 scenarios investigated for the largest pile
cross-section (HP14x89), 52 out of 72 resulted in bending moments less than the

yield moment for strong axis bending and 23 out 72 for weak axis bending. For the
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smallest pile cross-section (HP10x42) the corresponding values were 31 and 15 for
strong and weak axis bending.

2) As noted above, piles in strong axis bending developed bending moments less
than the yield moments more often than piles in weak axis bending. Of the 216
strong axis bending scenarios summarized in Tables 6.4 to 6.6, 119 out of 216
resulted in maximum bending moments less than the yield moments; however, for
the weak axis bending scenarios the corresponding value was 57 out of 216. While
this may suggest that piles might be better oriented for strong axis bending, one
must consider since the analysis was performed with a fixed lateral displacement
applied to the top of the abutment, significantly greater forces will be developed in
the bridge structure and abutment due to the bending resistance of the larger piles
and stiffer bending direction. This must be considered in the overall analysis since
excessive forces due to an overly stiff pile system may lead to damage to abutment
backwall, deck, and girders. The overall goal is to have a relatively flexible pile
system with bending moments less than yield moments.

3) Overall, short piles performed slightly better than long piles with respect to
maximum bending moments. Of the 144 scenarios involving short piles in single
layers of sand or clay, 62 resulted in bending moments less than the yield moments,
while for long piles the number was 54 out 144. Long piles performed marginally
better than short piles in the saturated single soil layer scenarios; 47 out of the 72
scenarios resulted in bending moments less than the yield moment while for short

piles the number was 45 out of 72. However, for the unsaturated scenarios the short
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piles outperformed the long piles with 17 out of 72 scenarios resulting in bending
moments less than the yield moments compared to 7 out of 72 for the long piles.
These results show that the pile response is not dependent on only the length of the
piles but also the nature of the soil and changes in the soil due to moisture
variations.

4) For the soil properties assigned to clay and sand layers used in the analysis,
the pile bending in the sand layers resulted in lower bending moments compared to
the clay layers. These results cannot be considered as the norm since sand and clay
layers can have widely varying strength and stiffness characteristics depending on
the relative density of sand, stress history, and undrained strength of clay among
other factors. However, these results do show that stiffer soils will result in higher
bending moments depending on the assumed soil properties.

5) The presence of significant matric suction in the soil profile results in
significant increases in bending moments in laterally loaded piles in clay but
relatively much lower increases in bending moments for piles in sand. This is
attributed to the large increases in apparent cohesion in the clayey soils compared
to the sandy soils as shown in Figures 6.17 to 6.22.

6) For many of the cases involving saturated soil, maximum bending moments
exceeded the yield moments of the piles. This is an important observation because
the saturated case is a “best case” scenario where soils offer less bending resistance
resulting in more gentle curvature of piles and lower maximum bending moments.

This observation suggests that careful attention should be given to reducing the soil

88



stiffness around the top of the pile for all soil conditions, even those of modest

strength and stiffness.
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Figure 6.17. Case-1 and 2 for relatively short pile: Clay layer beneath different
thicknesses of backfill materials
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Figure 6.18. Case-3 and 4 for relatively short pile: Sand layer beneath different
thicknesses of backfill materials
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Figure 6.19. Case-5 and 6 for relatively long pile: Clay layer beneath different
thicknesses of backfill materials
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Figure 6.20. Case-7 and 8 for relatively long pile: Sand layer beneath different
thicknesses of backfill materials
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Figure 6.21. Case-9 and 10 for relatively long pile: Clay and Sand
layers, respectively beneath different thicknesses of backfill materials
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Figure 6.22. Case-11 and 12 for relatively long pile: Sand and Clay layers, respectively
beneath different thicknesses of backfill materials
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Table 6.4. Ratio of Maximum Bending Moment of Pile Head to Yield Bending Moment-Relatively

Short Pile (5 m-single soil layer)

Short Pile (Backfill thickness=1.5 m)-Saturated-Single Clay Layer

Bridge Lateral HP10*42 | HP10*42 | HP12*53 | HP12*53 | HP14*89 | HP14*89
Length(m) | displacement (S) (W) (S) (W) (S) (W)
(m)
50 0.013 0.94 1.72 0.82 1.53 0.28 1.13
70 0.018 1.17 2.14 1.03 1.89 0.35 1.41
90 0.023 1.38 2.52 1.22 2.23 0.42 1.67
Short Pile (Backfill thickness=3 m)-Saturated-Single Clay Layer
Bridge Lateral HP10*42 | HP10*42 | HP12*53 | HP12*53 | HP14*89 | HP14*89
Length(m) | displacement (S) (W) (S) (W) (S) (W)
(m)
50 0.013 0.89 1.68 0.76 1.46 0.56 1.06
70 0.018 1.12 2.09 0.96 1.83 0.71 1.33
90 0.023 1.33 2.47 1.14 2.17 0.86 1.58
Short Pile (Backfill thickness=1.5 m) -Saturated-Single Sand Layer
Bridge Lateral HP10*42 | HP10*42 | HP12*53 | HP12*53 | HP14*89 | HP14*89
Length(m) | displacement (S) (W) (S) (W) (S) (W)
(m)
50 0.013 0.43 0.74 0.42 0.67 0.39 0.56
70 0.018 0.55 0.92 0.55 0.84 0.52 0.72
90 0.023 0.67 1.08 0.67 0.99 0.65 0.88
Short Pile (Backfill thickness=3 m) -Saturated-Single Sand Layer
Bridge Lateral HP10*42 | HP10*42 | HP12*53 | HP12*53 | HP14*89 | HP14*89
Length(m) | displacement (S) (W) (S) (W) (S) (W)
(m)
50 0.013 0.42 0.73 0.40 0.65 0.36 0.54
70 0.018 0.54 0.91 0.53 0.82 0.48 0.69
90 0.023 0.65 1.08 0.65 0.98 0.59 0.85
Short Pile (Backfill thickness=1.5 m)-Unsaturated-Single Clay Layer
Bridge Lateral HP10*42 | HP10*42 | HP12*53 | HP12*53 | HP14*89 | HP14*89
Length(m) | displacement (S) (W) (S) (W) (S) (W)
(m)
50 0.013 3.20 6.20 2.68 5.32 1.89 3.74
70 0.018 3.96 7.68 3.33 6.59 2.36 4.65
90 0.023 4.65 9.00 3.92 7.73 2.78 5.47
Short Pile (Backfill thickness=3 m)-Unsaturated-Single Clay Layer
Bridge Lateral HP10*42 | HP10*42 | HP12*53 | HP12*53 | HP14*89 | HP14*89
Length(m) | displacement (S) (W) (S) (W) (S) (W)
(m)
50 0.013 2.68 5.66 2.11 4.66 1.32 3.00
70 0.018 3.47 7.21 2.76 5.98 1.76 3.92
90 0.023 4.19 8.62 3.36 7.19 2.17 4.76

Short Pile (Backfill thickness=1.5 m)-Unsaturated- Single Sand Layer
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Bridge Lateral HP10*42 | HP10*42 | HP12*53 | HP12*53 | HP14*89 | HP14*89
Length(m) | displacement (S) (W) (S) (W) (S) (W)
(m)
50 0.013 0.55 0.96 0.51 0.87 0.45 0.69
70 0.018 0.69 1.20 0.66 1.09 0.58 0.88
90 0.023 0.83 1.42 0.79 1.29 0.72 1.06
Short Pile (Backfill thickness=3 m)-Unsaturated- Single Sand Layer
Bridge Lateral HP10*42 | HP10*42 | HP12*53 | HP12*53 | HP14*89 | HP14*89
Length(m) | displacement (S) (W) (S) (W) (S) (W)
(m)
50 0.013 1.04 1.95 0.88 1.69 0.64 1.23
70 0.018 1.30 2.44 1.12 2.13 0.81 1.55
90 0.023 1.55 2.88 1.33 2.53 0.98 1.85

Table 6.5. Ratio of Maximum Bending Moment of Pile Head to Yield Bending Moment-Relatively Long
Pile (20 m-one soil layer)

Long Pile-(Backfill thickness=1.5 m)-Saturated-Single Clay Layer
Bridge Lateral HP10*42 | HP10*42 | HP12*53 | HP12*53 | HP14*89 | HP14*89
Length(m) | displacement (S) (W) (S) (W) (S) (W)
(m)
50 0.013 1.04 1.35 0.70 1.23 0.54 0.96
70 0.018 0.98 1.70 0.88 1.55 0.68 1.21
90 0.023 1.17 2.03 1.05 1.84 0.81 1.43
Long Pile-(Backfill thickness=3 m)-Saturated-Single Clay Layer
Bridge Lateral HP10*42 | HP10*42 | HP12*53 | HP12*53 | HP14*89 | HP14*89
Length(m) | displacement (S) (W) (S) (W) (S) (W)
(m)
50 0.013 0.94 1.79 0.79 1.55 0.57 1.11
70 0.018 1.18 2.24 1.00 1.94 0.72 1.39
90 0.023 1.39 2.64 1.19 2.29 0.86 1.65
Long Pile-(Backfill thickness=1.5 m)-Saturated-Single Sand Layer
Bridge Lateral HP10*42 | HP10*42 | HP12*53 | HP12*53 | HP14*89 | HP14*89
Length(m) | displacement (S) (W) (S) (W) (S) (W)
(m)
50 0.013 0.36 0.63 0.32 0.57 0.25 0.44
70 0.018 0.45 0.79 0.41 0.72 0.31 0.56
90 0.023 0.53 0.94 0.48 0.85 0.37 0.66
Long Pile-(Backfill thickness=3 m)-Saturated-Single Sand Layer
Bridge Lateral HP10*42 | HP10*42 | HP12*53 | HP12*53 | HP14*89 | HP14*89
Length(m) | displacement (S) (W) (S) (W) (S) (W)
(m)
50 0.013 0.41 0.77 0.36 0.67 0.26 0.49
70 0.018 0.51 0.95 0.45 0.83 0.33 0.62
90 0.023 0.61 1.12 0.53 0.98 0.39 0.73
Long Pile-(Backfill thickness=1.5 m)-Unsaturated-Single Clay Layer
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Bridge Lateral HP10*42 | HP10*42 | HP12*53 | HP12*53 | HP14*89 | HP14*89
Length(m) | displacement (S) (W) (S) (W) (S) (W)
(m)
50 0.013 2.28 3.93 2.03 3.60 1.53 2.79
70 0.018 2.89 4.99 2.58 4.57 1.94 3.54
90 0.023 3.45 5.97 3.07 5.46 2.32 4.22
Long Pile-(Backfill thickness=3 m)-Unsaturated- Single Clay Layer
Bridge Lateral HP10*42 | HP10*42 | HP12*53 | HP12*53 | HP14*89 | HP14*89
Length(m) | displacement (S) (W) (S) (W) (S) (W)
(m)
50 0.013 2.75 5.93 2.14 4.81 1.33 3.05
70 0.018 3.51 7.45 2.76 6.09 1.75 3.93
90 0.023 4.19 8.85 3.33 7.27 2.13 4.73
Long Pile-(Backfill thickness=1.5 m)-Unsaturated-Single Sand Layer
Bridge Lateral HP10*42 | HP10*42 | HP12*53 | HP12*53 | HP14*89 | HP14*89
Length(m) | displacement (S) (W) (S) (W) (S) (W)
(m)
50 0.013 0.85 1.41 0.79 1.32 0.55 1.07
70 0.018 1.08 1.79 1.00 1.67 0.79 1.36
90 0.023 1.29 2.15 1.19 2.00 0.95 1.62
Long Pile-(Backfill thickness=3 m)-Unsaturated-Single Sand Layer
Bridge Lateral HP10*42 | HP10*42 | HP12*53 | HP12*53 | HP14*89 | HP14*89
Length(m) | displacement (S) (W) (S) (W) (S) (W)
(m)
50 0.013 1.22 2.33 1.03 2.01 0.72 1.43
70 0.018 1.53 291 1.30 2.52 0.92 1.81
90 0.023 1.82 3.43 1.54 2.99 1.09 2.15

Table 6.6. Ratio of Maximum Bending Moment of Pile Head to Yield Bending Moment-Relatively

Long Pile, (20 m-two different soil layers)

Long Pile-(Backfill thickness=1.5 m)-Saturated-5 m Clay and 15 m Sand Layers

Bridge Lateral HP10*42 | HP10*42 | HP12*53 | HP12*53 | HP14*89 | HP14*89
Length(m) | displacement (S) (W) (S) (W) (S) (W)
(m)
50 0.013 0.78 1.35 0.69 1.23 0.54 0.96
70 0.018 0.98 1.70 0.88 1.55 0.68 1.21
90 0.023 1.16 2.03 1.04 1.84 0.81 1.43
Long Pile-(Backfill thickness=3 m)-Saturated-5 m Clay and 15 m Sand Layers
Bridge Lateral HP10*42 | HP10*42 | HP12*53 | HP12*53 | HP14*89 | HP14*89
Length(m) | displacement (S) (W) (S) (W) (S) (W)
(m)
50 0.013 0.93 1.80 0.79 1.55 0.57 1.11
70 0.018 1.17 2.24 0.99 1.94 0.72 1.39
90 0.023 1.39 2.64 1.18 2.28 0.86 1.64

Long Pile-(Backfill thickness=1.5 m) -Saturated-5 m Sand and 15 m Clay Layers
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Bridge Lateral HP10*42 | HP10*42 | HP12*53 | HP12*53 | HP14*89 | HP14*89
Length(m) | displacement (S) (W) (S) (W) (S) (W)
(m)
50 0.013 0.36 0.63 0.33 0.57 0.27 0.45
70 0.018 0.46 0.79 0.42 0.72 0.35 0.57
90 0.023 0.54 0.94 0.51 0.85 0.43 0.68
Long Pile-(Backfill thickness=3 m)-Saturated-5 m Sand and 15 m Clay Layers
Bridge Lateral HP10*42 | HP10*42 | HP12*53 | HP12*53 | HP14*89 | HP14*89
Length(m) | displacement (S) (W) (S) (W) (S) (W)
(m)
50 0.013 0.41 0.77 0.37 0.67 0.29 0.50
70 0.018 0.52 0.95 0.47 0.84 0.38 0.64
90 0.023 0.62 1.12 0.57 0.99 0.46 0.77
Long Pile-(Backfill thickness=1.5 m)-Unsaturated-5 m Clay and 15 m Sand Layers
Bridge Lateral HP10*42 | HP10*42 | HP12*53 | HP12*53 | HP14*89 | HP14*89
Length(m) | displacement (S) (W) (S) (W) (S) (W)
(m)
50 0.013 2.29 3.96 2.04 3.61 1.54 2.80
70 0.018 2.90 5.01 2.58 4.59 1.95 3.55
90 0.023 3.46 5.99 3.08 5.47 2.32 4.23
Long Pile-(Backfill thickness=3 m)-Unsaturated-5 m Clay and 15 m Sand Layers
Bridge Lateral HP10*42 | HP10*42 | HP12*53 | HP12*53 | HP14*89 | HP14*89
Length(m) | displacement (S) (W) (S) (W) (S) (W)
(m)
50 0.013 2.74 5.93 2.13 4.79 1.33 3.04
70 0.018 3.49 7.43 2.74 6.08 1.74 3.91
90 0.023 4.17 8.83 3.31 7.24 2.12 4.70
Long Pile-(Backfill thickness=1.5 m)-Unsaturated-5 m Sand and 15 m Clay Layers
Bridge Lateral HP10*42 | HP10*42 | HP12*53 | HP12*53 | HP14*89 | HP14*89
Length(m) | displacement (S) (W) (S) (W) (S) (W)
(m)
50 0.013 0.73 1.18 0.69 1.12 0.56 0.93
70 0.018 0.94 1.51 0.88 1.43 0.72 1.19
90 0.023 1.12 1.81 1.06 1.71 0.87 1.43
Long Pile-(Backfill thickness=3 m)-Unsaturated-5 m Sand and 15 m Clay Layers
Bridge Lateral HP10*42 | HP10*42 | HP12*53 | HP12*53 | HP14*89 | HP14*89
Length(m) | displacement (S) (W) (S) (W) (S) (W)
(m)
50 0.013 1.12 2.09 0.96 1.83 0.69 1.33
70 0.018 1.41 2.62 1.22 2.29 0.88 1.68
90 0.023 1.68 3.10 1.45 2.73 1.05 2.00
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7. CONCLUSIONS AND RECOMMENDATIONS

7.1 Summary

Research presented in this report explored the impact of variable soil saturation on the
lateral load behavior of integral abutment piles. In particular, the research used
unsaturated seepage modelling to predict the variations in soil moisture content using
climate forecasts of weather through the end of this century. To do this, a technique for
calibrating the future weather predictions was developed using historical weather data.
Then, the calibrated weather information was used in the unsaturated seepage
modeling to predict future moisture content variations and the associated matric
suction profiles surrounding abutment piles. Next, techniques were used to incorporate
matric suction into the lateral load analysis of abutment piles. In this way, the impact of
suction variations over time on lateral load behavior of piles was investigated. Finally, a
sensitivity analysis of other parameters affecting the lateral load behavior of integral
abutment piles was conducted. The sensitivity analysis involved considerations of
climate patterns and integral abutment bridge construction methods in Oklahoma and
other Region 6 states. The following sections present some conclusions and
recommendations on lateral load analysis of integral abutment piles in a changing

climate.

7.2 Conclusions

1. A historical weather survey for selected counties in Oklahoma using Mesonet data
showed that Beaver and McCurtain counties located at the northwestern and the

southeastern parts of Oklahoma, respectively, reasonably represent the driest and
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the wettest counties, especially based on the amounts of precipitation for a given
period.

2. A future weather survey of Region 6 demonstrated that selected counties
representing the State of New Mexico had a climate pattern close to that of Beaver
County and the counties selected in the States of Arkansas and Louisiana had a climate
pattern analogous to the McCurtain County. The variety of climate patterns observed
for the State of Texas were similar to the State of Oklahoma. Thus, Beaver County
weather and projected climate was used in the parametric analysis to establish the
maximum future suction conditions.

3. Historical potential evapotranspiration obtained from Thornthwaite’s equation was
calibrated using correction factors developed for each month using Penman’s
equation for a case study in Oklahoma. The correction factors were observed to vary
for each month.

4. Actual evapotranspiration was modified by Leaf Area Index (LAI) for the Thornthwaite
method. Variations of LAl from 0.8 for first and last quarter of the year and 2.6 for the
rest of the year created reasonable calibrated results in comparison with the Penman
method.

5. 1-D and 2-D seepage analyses conducted using Penman’s and calibrated
Thornthwaite’s methods showed that the 1-D model overestimated the drying
condition resulting in more suction changes compared to the 2-D model.

6. The pile-soil interaction analysis for an IAB subjected to temperature and moisture

variations indicated that the pile bending behavior during lateral loading was sensitive
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to suction changes of the foundation soil. The bending moment increased when the
suction increased due to an increase of soil stiffness.

. In the parametric study involving pile lateral loading analysis, piles in strong axis
bending experienced bending moments less than the yield moments more often than
piles in weak axis bending. However, since the analysis was performed with an applied
displacement at the top of the abutment that was the same in both cases, the forces
developed in the bridge abutment, deck, and girders will be much greater for strong
axis bending.

Generally, the parametric study in this report showed that the pile orientations and
soil foundation stiffness due to suction changes have a significant effect on the
bending moment and lateral displacement behavior of abutment piles.

Of particular note, is that for many of the piles and soil scenarios investigated through
the parametric analysis, yielding moments in the piles were exceeded by the predicted
bending moments even for the saturated conditions. The saturated condition
represents the softest soil response and is expected to produce the least amount of
curvature and reduced bending moments relative to stiffer soils. It should also be
noted that the soil properties assumed in the analysis are quite typical and don’t
represent overly strong or weak soils in the saturated condition. This finding indicates
that a soft soil near the top of the pile is desirable to reduce bending moments. This
could be achieved through predrilling a hole around the top of pile and backfilling it

with compressible material.
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7.3 Recommendations

Generally, results of this work show that changing climate over the long term may result in net
drying of soil profiles and increased matric suction around the top of the piles. Increases in
matric suction in soil around the piles increases the strength and stiffness around the piles,
which results in increased resistance to pile bending and greater curvature near the top of the
pile where it enters the abutment. This in turn, increases the maximum bending moments near
the top of the pile. However, even for soils in the saturated condition, the soil resistance can be
significant enough to cause excessive curvature and bending moments near the top of the pile
where it enters the abutment. The excessive curvature at the pile top results from the contrast
between the very rigid abutment and relatively flexible pile. The analysis shows that there is
relatively little rotation and bending curvature in the abutment due to the bridge movement,
which translates to minimal rotation at the top of the pile. This in turn leads to significant
bending in the pile over a relatively short distance below the top of the pile. Some

recommendations for practice and additional research follow.

Recommendations for Practice:

1. For integral abutment bridges, engineers should perform lateral loading analysis of
abutment piles in light of the expected soil conditions and changes in soil conditions
(i.e. moisture content variations) around the piles, pile length and properties,
abutment and backfill conditions, and expected abutment displacements due to

thermal loading. If bending moments are expected to be excessive, additional analyses
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should be performed incorporating methods to reduce the soil stiffness around the
top of the piles or incorporating different pile configurations.

2. To reduce induced forces in the abutment and bridge structure, the bending
resistance of the abutment pile system should be addressed. If added flexibility is
needed, piles for integral abutment bridges can be oriented for weak axis bending.

3. To improve the performance of abutment piles, engineers may consider using
different piles with greater bending resistance or consider using soil (or other
material) surrounding the top of the pile that is relatively compressible over a
sufficient depth to reduce the abrupt curvature that can lead to excessive bending
moments. The latter may be more cost effective and result in lower forces in the
abutment and bridge structure as compared to using larger piles. Possibly a
combination of the two approaches may be desirable. The use of predrilled holes with
a compressible material around the top of the piles is a viable approach.

Recommendations for future research:

1. For the lateral load analysis, the connection between the top of the abutment and
bridge was assumed to be rigid. This is a conservative assumption in that it limits the
rotation of the abutment. While this assumption is more realistic than a pinned
connection given the fact that the bridge girders are integral with the abutment, it
would beneficial to investigate other boundary conditions such a rotational spring to
see the influence of this assumption. In this way, the influence of abutment backfill
properties may become more apparent. For example, one could examine more

closely the question of how a compressible elastic material between the backfill and
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abutment affects the abutment rotation and pile behavior. To answer this question, a
more sophisticated finite element modeling approach may be needed to develop the
interaction of the bridge, abutment and backfill components.

. A detailed investigation of the forces developed in the abutment and bridge structure
would provide greater insight into the about of flexibility needed in the abutment-
backfill-pile system. Such an investigation would necessarily include a comprehensive
finite element analysis of the entire system.

. The seepage and soil-pile interaction analyses were conducted separately in this
report. The Winkler foundation finite difference solution incorporated in LPile for
pile-soil interaction analysis in unsaturated conditions can be compared with a
continuum mechanics based solution such as those found in finite element programs
TeraDysac and Code Bright, where hydro-mechanical coupling problems are solved
simultaneously.

. A pile group analysis considering suction changes of soil surrounding a pile group using
3-D seepage analysis is recommended for future work to compare with a single pile

analysis conducted in this research.
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Figure A.2. Average air temperature (a) and precipitation (b) comparison between Louisiana and

Oklahoma (Jackson and McCurtain counties)
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