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Abstract

SEISMIC RESPONSE AND DEFORMATION ANALYSES
OF EARTHEN DAMS
by

Leila Mosadegh

The University of Texas at Arlington, 2019

Supervising Professor: Anand J. Puppala

Assessment of the response of earthen structures, such as dams and levees, during earthquake
events, is crucially important to geotechnical engineers. It is imperative to perform seismic
response analysis to assess the stability and serviceability of these structures during probable
seismic events. Before performing a seismic response analysis, an engineer or a researcher needs
to select between two-dimensional (2D) plane strain analysis and a computationally intensive three
dimensional (3D) analysis of an infrastructure. The 3D analysis should closely capture the
behavior of infrastructure seismic response than a simplistic 2D analysis. Furthermore, a dilemma
remains regarding the choice of a suitable method to incorporate the effect of the non-linear
behavior of geomaterials at different induced strain levels. The non-linear behavior can be
incorporated into the analysis using a fully-coupled non-linear method that can capture the soil
behavior more accurately as compared to the simple equivalent linear method. However, the
calibration of the non-linear models requires extensive high-quality test data, which is seldom

available for most projects.



A comprehensive study was planned and formulated to identify the conditions/scenarios
which warrant a 3D analysis over a 2D analysis and would require a fully-coupled analysis instead
of an equivalent linear type of non-linear analysis. Real and hypothetical earthen dams with widely
different geometric configurations and material variabilities were exposed to a broad spectrum of
earthquake excitations, and the behavior of the structures was studied using the aforementioned
analyses methods. Different parameters such as natural frequency, earthquake-induced
accelerations, shear stresses, excess pore water pressure, and post-earthquake deformations are
used to evaluate the conditions where the comparatively simple analyses methods can be

considered sufficient without incurring appreciable errors.

The estimation of liquefaction-induced lateral deformation of the foundation layers of dams
and levees plays a vital role in evaluating the post-earthquake performance of these structures.
Post-earthquake deformations are estimated by numerical modeling or using well-known semi-
empirical equations that were developed based on real case-history data. A comparative study was
performed by estimating the lateral displacements of the downstream foundation of an earthen dam
in north Texas. The lateral displacements were computed using both numerical analyses and semi-
empirical equations for earthquakes of different magnitudes and peak ground accelerations. The
scenarios where both the analyses methods yield similar results were identified, and the post-

earthquake performance of the dam was evaluated based on the lateral displacement values.

The findings of this research are expected to facilitate researchers and the geotechnical
earthquake engineering fraternity in selecting the appropriate analysis method depending on the
characteristics of the site and earthquake scenarios to be used for the analyses. Results suggest that
when extensive information is available at the site 3D analysis should be performed and the 2D

analysis may overlook potential stability issues of an earthen dam. Also, for dams with dense sand



shells experiencing earthquakes with low intensity of excitation, without chances of near-
resonance condition, equivalent linear analysis was recognized to show similar results as non-
linear method. Furthermore, estimated lateral displacement in the foundation of studied dam was

measured to be small and no concern about the stability of this dam was observed.

Vi
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Chapter 1:

Introduction and Background

1.1 Earthen dams

The stability of earthen structures is crucially important to geotechnical engineers (Seed et al.
1978, Chowdhury et al. 2009, FEMA 2017). Induced forces during seismic events may affect the
structure and have a detrimental impact on their stability and serviceability (Seed and Martin 1966,
Seed 1981, Fell et al. 2005, Hack et al. 2007, Choudhury et al. 2007, Meehan and Vahedifard 2013,
Chatterjee and Choudhury 2014). Therefore, it is of utmost importance to analyze the response of

earthen structures such as dams and levees during probable seismic events.

Earthen dams can be primarily classified into three major categories: homogeneous earth-
fill dams, rock-fill dams (zoned earth) and hydraulic-fill dams (Council 1983, Pelecanos 2013,
MacGregor et al. 2014a) (Figures 1.1, 1.2 and 1.3). Homogeneous earth-fill dams have the same
material throughout and they have the simplest type of construction (Pelecanos 2013, Chakraborty
2018). Rock-fill dams have zones of rock-fill which each zone has a specific effect on the stability
of the structure (Pelecanos 2013, MacGregor et al. 2014b, Chakraborty 2018). Hydraulic-fill dams
are constructed by discharging the mixture of excavated soil and water along the edges of the
embankment (Heinz 1976, Klpper 1991, Vick 1996, Wiltshire 2002, Nazarian et al. 2015). In this
method of construction, the coarse-grained particles get deposited at first to form the shell and
fine-grained particles eventually settle to form the impermeable core of the dam (Vick 1996)

(Figure 1.3).
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Figure 1.1: Cross-sections of earth-fill dams
(after Fell at al. 2005)
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Figure 1.3: Formation of shell and core of a hydraulic-fill dam
(Source: http://community.dur.ac.uk/~desOwww4/cal/dams/cons/conss4.htm )
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Several dams such as the Fujinuma and the lower and upper San Fernando dams have
experienced extensive damage because of earthquakes (Seed et al. 1975a, 1975b, 1978, Heinz
1976, Seed 1979b, 1981, Castro et al. 1985, 1992, Gu et al. 1993, Puppala et al. 2004, 2014). Due
to the catastrophic consequence of an earthen dam failure, seismic response, stability and post-
earthquake deformation analyses of these water-retaining structures remain as one of the most
important field of research in the domain of geotechnical earthquake engineering. The first step in
any seismic analysis of a dam is characterization of the geomaterial properties that can be used as
input parameters required for the analysis (Seed 1979a). In the next section, important parameters

for seismic response analysis are introduced.
1.2 Material properties for dynamic analysis

Small strain shear modulus (Gmax) and damping ratio (D) are two important parameters required
for analyzing any geotechnical earthquake engineering problem (Mayne and Rix 1995, Chaney et
al. 1996, Kayen et al. 2013, Correia et al. 2016). Small strain shear modulus is defined as the shear
modulus of soil at strain levels less than 0.001%. At such small strain levels, the soil exhibits
maximum shear modulus and is therefore denoted by Gmax (Robertson et al. 1986, Stokoe et al.
1991, Mayne and Rix 1995). The Gmax values of subsurface layers can be determined from the
shear wave velocity profile is available using equation 2.1. Gmax = pVs? Where p is the mass density
and Vs is shear wave velocity. Different methods are available to estimate the shear wave velocity
of subsurface soil layers such as laboratory tests, in-situ tests and empirical/semi-empirical
equations. Since providing undisturbed samples for laboratory tests is difficult, empirical/semi-
empirical equations developed based on in-situ tests are mostly used for shear wave velocity
determination (Anderson et al. 1978, Hryciw 1990, Mayne and Rix 1995, Hoyos et al. 2004, Saride

et al. 2010).



Another important parameter is dynamic response analysis is damping ratio. Loss of energy
in soil bodies subjected to excitation is called damping (Richart et al. 1970). The damping ratio
which often is used in geotechnical earthquake engineering is the ratio of coefficient of damping
to the critical damping of a system (Richart et al. 1970). Tests like torsional shear, resonant column
and cyclic triaxial can be used for damping determination (Ashmawy et al. 1995, Lentini and
Castelli 2017). Performing “half-power method” on the response of the soil on resonant column
test data can also be used to determine damping (Kramer 1996, Wu 2015). Figure 1.4 presents the
area that can be used for the estimation of the hysteretic damping ratio after performing laboratory

tests (Teachavorasinskun et al. 1991, Ashmawy et al. 1995, Chittoori et al. 2013).

Figure 1.4: Relationship between shear stress-strain and hysteresis loop
(after Ishihara 1996)

The damping ratio for natural soils is reported to have the range of 0.5-5% (Vucetic and
Dobry 1991, Kallioglou et al. 2008). Another way of damping ratio determination is based on
Rayleigh damping which depends on frequency, as presented in Figure 1.5 (Gazetas 1987,
Woodward and Griffiths 1996, Amorosi et al. 2008, Parish et al. 2009, Song and Su 2017). After
seismic parameters determination, seismic response analysis can be performed and earthquake

induced deformation can be measured which are mentioned in the next section.
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Figure 1.5: Mass and stiffness term in Rayleigh damping

(Source:https://www.orcina.com/SoftwareProducts/OrcaFlex/Documentation/Help/Content/html/
RayleighDamping,Guidance.htm)

1.3 Seismic response and earthquake induced deformation of earthen dams

Numerical analyses techniques such as finite element/finite difference methods of analyses are
frequently used to perform seismic response analysis where the variations of material properties,
geometric configurations and diverse loading conditions can be included (Chopra 1967, Gazetas
1987). Although these numerical methods have the capability of predicting accurate behavior of
the structure, the accuracy of the results depends on the accuracy of the modeled structure. Several
researchers have performed seismic response of dams by modeling the dams in 2D or 3D (Mejia
and Seed 1983, Woodward and Griffiths 1993, Mejia and Dawson 2010, Ozel and Arici 2012,
Tahar Berrabah et al. 2012, Dulinska 2013, Mahesh et al. 2015, Bybordiani and Arici1 2017). The
geometric configurations of the dam, canyon geometry, properties of the material and nature of
input motions have been reported to be the major reasons that affect the dynamic response of an
earthen (Mejia and Seed 1983). The response of different dams during seismic events is usually

studied by estimating the natural frequencies of the structure and evaluating the stresses and


https://www.orcina.com/SoftwareProducts/OrcaFlex/Documentation/Help/Content/html/RayleighDamping,Guidance.htm
https://www.orcina.com/SoftwareProducts/OrcaFlex/Documentation/Help/Content/html/RayleighDamping,Guidance.htm

accelerations induced at different pre-defined locations of the dam (Chopra 1967, Makdisi 1976,

Mejia and Seed 1983, Cetin et al. 2005, Parish et al. 2009, Albano et al. 2015).

Natural frequency obtained by 2D and 3D analyses has been reported to be similar in long
earthen dams in rectangular canyons, with the length of the dam being greater than six times the
height of the dam (L/H >6) (Mejia and Seed 1983) (Figure 1.6). More comprehensive studies were
done by considering different canyon geometries and the effect of width of canyon on natural
frequency, amplification and acceleration response of the crest of the dam (Dakoulas and Gazetas
1986, 1987, Woodward and Griffiths 1993). The stiffening effect of the canyon, which can be only
incorporated in a 3D analysis, significantly affects the natural frequency and response of a dam,
especially in very narrow canyons (Mejia and Seed 1983). Hence the current state of practice is to
perform a 3D analysis for dams build in narrow canyons and perform a 2D analysis for long earthen
dams in rectangular canyons (Mejia and Seed 1983, Mejia and Dawson 2010). However, all these
studies considered the same distribution of material properties along the length of the dam. This
assumption is frequently adopted in practice and may be considered as an acceptable

approximation for wetted and rolled dams.
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Figure 1.6: Comparison of obtained frequencies in 3D and 2D modeling
(after Mejia and Seed 1983)

In addition to deciding the suitability of performing a 2D or 3D analyses, it is also required to
select between an equivalent-linear method and non-linear method to incorporate the effect of
non-linear behavior of soils at different induced strain levels. The equivalent linear analysis tries
to present the non-linear behavior of the soil by performing an iterative analysis (Gazetas 1987,
Jibson 2011b) (Figure 1.7). Shear modulus and damping ratio variations with strain depend
primarily on the mean effective confining pressure, plasticity index and type of soil (Seed and
Idriss 1970, Vucetic and Dobry 1991, Ishibashi and Zhang 1993, Puppala 2016). The procedure
outlined by Lee and Albaisa (1974) and De Alba et al. (1976) is widely used in practice to
estimate the earthquake-induced excess pore water pressure in conjunction with the equivalent
linear method of analysis (Krahn 2004, Dash and Sitharam 2009). Several studies have
confirmed that predictions obtained from the equivalent linear method are satisfactorily (Abdel-

Ghaffar and Scott 1979, Mejia and Seed 1983, Rathje and Bray 2000). However, the equivalent



linear method of analysis is effectively a linear-elastic method of analysis and may not accurately

capture the actual behavior of the soil layers during seismic shaking (Seed et al. 1986).

Nonetheless, this method has been found to provide acceptable results for most practical

purposes, other than for very strong seismic excitations (Rathje and Bray 2000).
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Figure 1.7: (a) Typical modulus degradation curve, and (b) change in shear modulus with each
iteration (after Krahn 2004a)

In the fully non-linear analysis, the changes in pore water pressure and strain are computed
at every time-step of the earthquake loading and the subsequent changes in shear modulus is also
computed at every time-step (Prevost et al. 1985, Abouseeda and Dakoulas 1998, Krahn 2004).
Hence, the non-linear analysis is expected to capture the actual behavior of the soil layers during
earthquake shaking. However, suitable pore-pressure models along with non-linear constitutive
relations are required to compute the increase in pore water pressure and associated changes in
shear modulus due to different strain levels induced at every time-step of the earthquake (Martin
et al. 1975, Beaty and Byrne 1998, Boulanger and Ziotopoulou 2015). These models need to be
calibrated based on extensive laboratory tests on undisturbed samples collected from the site

(Boulanger and Montgomery 2016). However, using advanced constitutive models with assumed



values of the different input parameters does not guarantee the accuracy of the estimated excess

pore water pressure and associated deformation results.

One of the common post-earthquake consequences is lateral displacement. Lateral
displacement occurs on gently sloping ground as a result of liquefaction of soil layers during an
earthquake event (Figure 1.8). Empirical/semi-empirical equations and numerical analysis can be
used to predict lateral displacement and the extent of possible movements can be judged based on
criteria developed by previous researchers (Youd and Perkins 1987, Bartlett and Youd 1992, Youd
et al. 2002, Zhang et al. 2004). Empirical/semi-empirical are developed based on past earthquake
events (Youd and Perkins 1987, Bartlett and Youd 1992, Youd et al. 2002, Zhang et al. 2004).
These equations are frequently used around the world to predict the lateral displacements which

can be compared with numerical lateral displacement predictions.
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Figure 1.8: Lateral displacement caused by liquefaction-induced softening of soils
(after Youd 1993)
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1.4 Problem statement and research objective

The availability and use of commercially available finite element/finite difference method-based
software packages have provided engineers with powerful tools to model and analyze the seismic
response of earthen dams with different geometric configurations, material variability, and diverse
loading conditions. However, very often an engineer needs to decide on the type of analysis that
is suitable to obtain acceptable results. The analysis may be performed by modeling the dam as a
2D plane strain model or by creating a more complex and computationally intensive 3D model of
the dam. Furthermore, a dilemma remains regarding the choice of using an equivalent linear
method or a non-linear method of analysis to present the behavior of the geomaterials at different
earthquake-induced strain levels. The decision of the type of analysis primarily depends on the
importance of the project, site details and data available to capture the field conditions, available
technical knowledge and computational capability of the software package. Even though the final
objective of any numerical analysis is to try to model the problem close to reality, different
constraints such as inadequate quality of field or laboratory test data and computational capability
of the software package make it difficult to accurately analyze the problem (Gazetas and Uddin
1994, Baker et al. 2006, Shukha and Baker 2008, Jibson 2011a). In this research the suitability of
performing a 2D analysis according to the current state of practice and the need of performing a
3D analysis for a long hydraulic fill dam (L/H = 80) to incorporate the effect of material variability
existing in similar heterogeneous dams is studied. Furthermore, comparative study between
selecting the suitable approach for seismic analysis and post-earthquake deformation
measurements are studied for different scenarios using equivalent linear method, non-linear

method and semi-empirical equations.
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1.5 Dissertation organization

This dissertation consists of three manuscripts one of which is accepted in Geocongress 2020 and
the other two are ready for submission. This dissertation starts with an overall introduction of the
topic in chapter 1. In chapter 2 seismic response analysis of an earthen dam, Eagle Mountain (EM),
located at Fort Worth, Texas, USA is performed. 2D and 3D modeling of EM, including its
extensive material variability is considered to observe and interpret different seismic parameters
such as natural frequency, max crest acceleration and shear stresses in scenarios where low-level
earthquakes occur. In chapter 3 the effect of different methods of analysis in the case of high-level
earthquake occurrence is studied. A hypothetical typical zoned earthen dam was modeled and the
effect of using the equivalent linear method and the non-linear method in the excess pore water
pressure and associated deformations estimations were compared. Since extensive CPTu data was
available for EM dam, in chapter 4 the study on this dam was further continued considering higher
magnitude earthquakes in 2D numerical modeling to recognize liquefiable areas at this site and the
horizontal movements which can occur due to liquefaction were measured and compared with
predictions from semi-empirical equations. And finally, in chapter 5 conclusion and
recommendations for future studies are provided. This comparative study considering different
scenarios can help researchers who need to select the appropriate method of seismic response

analysis based on available data in specific projects.
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Chapter 2:

2D and 3D Seismic Response Analyses of an Earthen Dam: A Comparative Study

Abstract

The seismic response of a 1463m long, highly heterogeneous, hydraulic fill earthen dam, was
evaluated by performing two-dimensional (2D) plane strain and three-dimensional (3D) analyses.
Twenty-eight cone penetration test (CPTu) soundings were available along the crest of the dam to
characterize the geomaterials. Two different scenarios were considered for the comparative study
based on the extent of information used to characterize the dam: (i) Case 1 — using 6 CPTu data,
with one CPTu available every 244m of the dam, and (ii) Case 2 — using all the 28 CPTu data.
These two scenarios indicate the extent of information available for a particular project to
characterize the material properties of the dam are: limited data and extensive information,
respectively. Both 2D and 3D finite element models of the dam were developed for these two
scenarios, and the seismic response analyses were then performed using two different earthquake
excitations. The differences in natural frequencies, crest accelerations, and shear stresses were

calculated and used to study the seismic response of the dam.

The analyses results suggest that the natural frequencies estimated from both 2D and 3D
analyses are significantly different for Case 2. A drastic change in material properties along the
longitudinal axis of the dam has a prominent effect on the differences in the 2D and 3D natural
frequencies. Furthermore, a 2D analysis was observed to underestimate the peak crest

accelerations and shear stresses as compared to a 3D analysis for both the scenarios. The findings
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of this study emphasize the vital role of material variability on seismic response analyses, and

enable engineers and researchers to assess the conditions that warranted a 3D analysis.

2.1 Introduction and Background

Stability and serviceability of earthen embankment structures such as dams and levees are of
paramount importance to geotechnical engineers. The instability and excessive deformation of
these structures can have catastrophic consequences on the wellbeing of the society (Seed et al.
1978, Resendiz et al. 1982, Ambraseys 1988, Harder 1991, Chakraborty et al. 2018a, 2018b).
Hence, seismic response analyses are usually performed to have a better understanding of the
structural behavior during potential earthquake events that may transpire in the future. One of the
primary steps in seismic response analyses is the determination of natural frequency and the mode
shapes of vibration. Every dynamic system has natural frequencies for different modes of
vibration. If the predominant frequency of any natural or artificial source of vibration is close to
the natural frequency of the structure, amplification of the vibration can result in resonance. This
necessitates the determination of the natural frequency of water-retaining structures such as
earthen dams and levees (Dakoulas and Gazetas 1985, Gazetas 1987, Jibson 2007, Parish et al.
2009, Zhu and Zhou 2010a, Chakraborty et al. 2018b, 2018a). Several methods are available for
determining the natural frequency of structures. These methods include, analytical methods (shear
beam), numerical methods (finite element or finite difference), ambient and forced vibration tests
(Mononobe et al. 1936, Ishizaki and Hatakeyama 1962, Clough and Chopra 1966, Chopra 1967,

Okamoto et al. 1969, Okamoto 1984, Gazetas 1987, Cetin et al. 2005).

The shear beam method considers the dam to be composed of variable wedge-shaped cross-
sections and closed-form analytical solutions are used for determining the natural frequencies and

mode shapes of vibration. This method was initially used to analyze one-dimensional models, and
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was later improved to solve 2D analysis problems (Mononobe et al. 1936, Hatanaka 1955,
Ambraseys 1960, Okamoto 1984). The assumptions made to derive the analytical solutions are not
valid for analyzing the response of heterogeneous zoned earthen dams, exposed to seismic
excitations with both horizontal and vertical components of disturbances. Moreover, the
assumptions are valid only for the first mode when the dam experiences low intensities of seismic
excitation. Numerical methods using finite element or finite difference analyses overcome the
shortcomings of the shear beam method and provide a viable technique for analyzing real-field
problems accurately (Ishizaki and Hatakeyama 1962, Clough and Chopra 1966, Chopra 1967,
Parish et al. 2009). Seismic response analyses of earthen dams can also be studied using data
recorded by seismographs placed at different locations of the dam during an earthquake event
(Okamoto et al. 1969, Abdel-Ghaffar and Scott 1979a, 1979b, Cetin et al. 2005, Pelecanos et al.
2015, Yang et al. 2017). In the absence of field data recorded during earthquakes, ambient and
forced vibration tests are also performed to study the response of a dam (Abdel-Ghaffar and Koh
1981, Castro et al. 1998, Jafari and Davoodi 2006, Sevim and Altunisik 2018). Natural frequency
and mode shapes of the dam are then determined by analyzing the recorded induced accelerations
and displacements (Petrovski et al. 1974, Abdel-Ghaffar and Scott 1981). However, the forced
vibration test requires sophisticated instrumentations that are typically not available in every

project (Jafari and Davoodi 2006).

Among the different analyses methods mentioned above, numerical analyses such as finite
element /finite difference method (FEM/FDM) are capable of incorporating effects of variation in
material properties, geometric configurations and arbitrary seismic loading conditions (Chopra
1967, Gazetas 1987, Yiagos and Prevost 1991). Hence, FEM/FDM are most frequently used to

study the response and stability of earthen embankments during seismic loadings. These analyses
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are performed either by modeling the dam as a two-dimensional (2D) plane strain model or three-
dimensional (3D) model. Makdisi (1976) investigated the stiffening effects of narrow canyons on
the natural frequencies and the dynamic response of dams using 3D finite element modeling. Mejia
and Seed (1983) performed a comparative seismic response study using 2D and 3D analyses. Dams
with different canyon shapes and dimensions were analyzed using 2D and 3D numerical modeling
and the differences in natural frequencies were analyzed. The geometric configurations, dynamic
properties of the material of dam, and nature of input motions were identified as the major factors

that affect the seismic response of an earthen dam (Mejia and Seed 1983).

Many researchers have studied seismic response of earthen dams using 2D and 3D
modeling. Majority of the studies emphasized the pronounced effects of 3D modeling on the results
when the length to height (L/H) ratio of the dam is less than six (Mejia and Seed 1983, Woodward
and Griffiths 1993, Boulanger, R.W. et al. 1995, Mejia and Dawson 2010). Hence, 2D plane strain
analysis is typically considered to be valid and sufficient for analyzing long earthen dams (L/H >
6) with the same distribution of material properties (Makdisi 1976, Mejia and Seed 1983, Griffiths
and Prevost 1988, Dakoulas 1993, Boulanger, R.W. et al. 1995, Parish et al. 2009, Mejia and
Dawson 2010, Ozel and Arici 2012, Bybordiani and Arici 2017). However, long earthen dams
with homogenous material properties are rarely found in reality. Especially, the effect of material
variability is pronounced in earthen dams built with the hydraulic fill method of construction

(Caballero et al. 2017a, Puppala et al. 2018a, 2018b).

In hydraulic fill method of construction, the excavated soil is mixed with water, transported
through pipes and discharged along outer edges of the embankment (Heinz 1976, Kipper 1991,
Vick 1996, Chatterjee and Choudhury 2014). The coarse-grained particles settle first to form the

shells. The finer particles remain in suspension and eventually settle to form the core of the dam
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(Vick 1996). This gradual deposition of particles under gravity result in high variability in the
material properties present in the body of the dam (Morgenstern and Kiipper 1988, Kiipper 1991,
Vick 1996). Several hydraulic-fill dams around the world have experienced stability issues during

earthquake events in the past (Seed et al. 1975a, 1975b, Tezcan et al. 2001).

In this research study, seismic response analyses were performed for the Eagle Mountain
(EM) dam, a hydraulic fill earthen dam located in north Texas. The effects of variations in material
properties were incorporated in the analyses using extensive cone penetration tests (CPTu)
conducted along the crest of the dam. Commercially available 2D and 3D FEM software packages
were used to model the dam. This research study attempts to verify the applicability and limitations
of the current practice that suggests 2D analysis to be sufficient for analyzing long earthen dams.
The first natural frequency, earthquake-induced crest accelerations, and shear stresses estimated
using 2D and 3D seismic response analyses were used to evaluate the sufficiency of 2D plane
strain analysis for a long, highly heterogeneous earthen dam. The following section presents the

methodology adopted and salient findings of this research study.

2.2 Methodology

2.2.1 Site details and material characterization

The seismic response analyses were performed for Eagle Mountain (EM) dam, a 1463 m long
hydraulic fill earthen dam located on the West Fork Trinity River in Fort Worth, Texas, USA. The
construction of this dam started in the early 1930 and was completed in 1932. It currently serves
as a water supply resource and caters to industrial, municipal, and irrigation needs for the city of
Fort Worth, Texas. Figure 2.1 presents the different zones of the EM dam based on the construction
method adopted to build the dam. A 175 m stretch of the dam was constructed by wetting and

rolling the soil, 225 m of it has a hydraulic fill core, with wetted and rolled shells, and the remaining
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1063 m was entirely built by hydraulic fill method (Figure 2.1). Due to the lack of sophisticated
construction machinery and equipment in the late 18" and early 19" centuries, the hydraulic fill

method was frequently used to construct earthen dams.

Twenty-eight cone penetration tests with pore water pressure measurements (CPTu) were
performed along the crest of the dam. Additional undisturbed samples were obtained from different
sections of the dam from five exploratory boreholes. The unit weight (y) of different soil types
were obtained from the undisturbed samples (Table 2.1). Average unit weight of 20.3 kN/m® was

used to model the soil layers present throughout the dam.

Table 2.1. Unit weight of different soil types present in the dam

Lean Silty
Soil Sandy clay clay Lean Sandy Fat C lay Clayey
lean . Fat clay . . with
type with with clay silt sand
clay sand
sand sand
Number
of 27 5 3 6 2 3 3 3
samples
Mean
(kN/m?) 20.6 20.2 18.9 20.7 19.0 20.0 19.2 21.2
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- Wetted and rolled shell with hydraulic fill core

- Hydraulic fill

Figure 2.1: Plan view of different zones of EM dam based on the method of construction
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In addition to the unit weight of the soil layers, two additional important input parameters
are required for any seismic response analyses. The first parameter is the small strain shear
modulus (Gmax) (Gmax = p¥s> where p is the mass density of the soil and Vs is shear wave velocity)
which governs the propagation of seismic waves through the dam (Mayne and Rix 1995, Chaney
et al. 1996, Kayen et al. 2013). Vs in this study was estimated using the correlation equations
developed by Hegazy and Mayne (1995) (equation 2.1). This correlation equation was
categorically used because of its applicability in determining the shear wave velocity profiles for

both sandy and clayey materials.
Vs (m/s) =[10.1 * (log q,) - 11.4]1-67[(5—5) x 100]°3 2.1)
t

The 2D and 3D models were divided into 12 layers (each with a thickness of 1.5 m), and
average Vs values for each layer were used to estimate the corresponding Gmax values. Since this
study was performed considering the application of low-intensity ground accelerations (peak
ground acceleration (PGA) = 0.01g), the soil layers were modeled as a linear elastic material. The

Young’s modulus (E) for different layers of the dam was obtained using equation 2.2.
E (kPa) = 2 X (Gmax) X (1+J1) where Poisson’s ratio () is 0.33 (2.2)

The second important input parameter for seismic response analyses is the damping ratio.
The damping ratio of natural soils typically ranges between 0.5-5% (Vucetic and Dobry 1991,
Kallioglou et al. 2008). A damping ratio (D) of 5% was used for all the soil layers that constitute

the dam body.
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2.2.2 Construction of numerical models of the EM dam

The availability of data from 28 CPTus provided a rich source of information about the different
properties of the geomaterials present in the body of the dam. However, such extensive information
is seldom available for all projects. Hence the usual practice is to assign material properties
available from the nearest CPTu for linear interpolation to estimate the material properties at a
section where CPTu data is unavailable. An attempt was made in this research study to evaluate
the suitability of a 2D analysis in studying the seismic response of a long heterogeneous earthen
dam (L/H=80) when (a) limited information is available and (b) when extensive information is
available about the material variability existing in the dam. The 2D and 3D numerical models of

the dam were developed for two different scenarios:

1) Case 1: A total of 6 CPTu data are available with one CPTu available for every 244 m
segment of the dam (Figure 2.2a). This represents a scenario where limited information is

available about the dam material properties.

2) Case 2: 28 CPTu data are available along the length of the dam (Figure 2.2b). This
represents a scenario where extensive information is available about the dam material

properties.
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(b)
Figure 2.2: Locations of CPTu conducted along the crest of EM dam (red circles) for (a) Case 1 and (b) Case 2
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2.2.2.1 Development of 2D models

Available as-built drawing of the dam was used to determine its geometric configuration and was
used to develop the finite element model of each section. The models were divided into 12 layers
of 1.5 m thickness, and soil properties such as y, E and D were assigned to different layers basing
on the tests on the undisturbed samples. Rigid base boundary condition was used assuming the
earthquake time-history data represent “within motion” and was obtained by the superimposition
of both upward and downward propagating components of the seismic wave (Mejia and Dawson
2006). The mesh size selected for the analyses was smaller than one-tenth of the wavelength of
the highest frequency component of the input wave, in accordance with the recommendations
made by Kuhlemeyer and Lysmer (1973). A mesh convergence study indicated an element size of

1 m to be sufficient for performing the 2D analysis (Figure 2.3).

102 m

Figure 2.3: 2D finite element mesh of a typical section of the EM dam

2.2.2.2 Development of 3D models

The transverse cross-section of the dam was drawn using the as-built drawing, and it was expanded
along the longitudinal axis of the dam to make the three-dimensional model. The model was
divided into horizontal layers of 1.5 m thickness and was further divided into vertical segments to

model the dam for the two analyses scenarios - Case 1 (6 segments) and Case 2 (28 segments).
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The properties were assigned to each layer based on the material properties interpreted from the

CPTu available for the respective segments.

Case 1l

To make the 3D model of the dam with limited information available (Case 1), six CPTus at
distances of 152.4, 381, 609.6, 883.9, 1066.8, 1249.7 m, were selected (Figure 2.2a). Subsequently,
the length of the dam was divided into six segments; one CPTu data was assumed to be available
for each 244 m long segments. Shear wave velocity profile obtained for Case 1 is presented in

Figure 2.4.

Each of these six segments was horizontally divided every 1.5 m, and p, W, and E were
assigned to the layers in each segment. Figure 2.5 presents the 3D model of the dam with the effect

of material variability captured using a limited number of in-situ tests (i.e., 6 CPTus).
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Figure 2.4: Shear wave velocity profile of the EM dam for Case 1
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Upstream

Downstream

Figure 2.5: 3D model of the EM dam for Case 1
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Case 2

A total of 28 segments with unequal lengths were considered, with one CPTu data available in the
middle of each segment. Similar to Case 1, each section was horizontally divided every 1.5 m, and
the corresponding material properties (p, p, and E) were assigned to the layers in each segment.
The shear wave velocity profile obtained for Case 2 is presented in Figure 2.6. A stark difference
in the shear wave velocity profile of the same dam can be observed from Figures 2.4 and 2.6, for
Case 1 and Case 2 analyses. Figure 2.7 shows the heterogeneous model of the dam with material

variability portrayed using data interpreted from 28 CPTus.

The extreme ends along the longitudinal axis of the dam were fixed in the z-direction, and
the base was fixed in all directions. Similar to 2D model, a mesh convergence study was performed
to determine the appropriate mesh size and 3 m element size was suitable for the 3D analysis

(Figure 2.8).

Distance (m)
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Figure 2.6: Shear wave velocity profile of the EM dam for Case 2
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Figure 2.7: 3D model of the EM dam for Case 2
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Upstream
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Figure 2.8: 3D finite element mesh of the EM dam
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2.2.3 Estimation of natural frequency

The natural frequency determination is one of the essential steps in any seismic response analyses.
This study was performed considering scenarios where low-intensity earthquakes occur (PGA =
0.01g). The contribution of the second and higher modes of vibration of a dam is usually not
significant under such low-PGA earthquake events (Chopra and Chakrabarti 1972, 1973, Prevost
et al. 1985, Charatpangoon et al. 2014). Therefore, the scope of this research study was limited to
estimating the first natural frequency of the EM dam. The natural frequency of 2D and 3D models
of the dam were compared to identify the scenarios where the natural frequency values are widely
different. It was hypothesized that a significant difference in natural frequency values would also
be associated with a widely different response when subjected to earthquake excitations. A
synthesized multi-sine base excitation (sum of sines), obtained by superposition of sinusoidal
waves of frequencies from 0.01Hz to 25 Hz, was applied at the base of the 2D model to determine
the natural frequency of the 2D dam model sections. The sum of sines method relies on the premise
that earthen dams act as filters to seismic waves, and only those waves having frequency close to
the natural frequency of the structure are amplified at the crest (Zhu and Zhou 2010b, Chakraborty
et al. 2018b). Since Eigenvalue analysis and the sum of sines method provide similar results,

Eigenvalue analysis was not performed for the 2D analysis (Chakraborty et al. 2018b).

Previous research studies have not demonstrated the applicability of the sum of sines method to
estimate the natural frequency of 3D models of earthen dams. Therefore, the natural frequencies
of the 3D models were determined using both Eigenvalue analysis and the sum of sines method.
Figure 2.9 depicts the schematic of the process involved in estimating the natural frequency by

applying the sum of sines excitation at the base of the 2D and 3D models.
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Figure 2.9: Natural frequency estimation using ‘sum of sines’ method for a typical (a) 2D section and (b) 3D segment
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The first natural frequency was obtained by identifying the location of the first strong peak
in the Fast Fourier Transform (FFT) plot of the acceleration history recorded at the crest of the

dam.

2.2.4 Seismic response when subjected to earthquakes

The first natural frequency of the dam models was estimated by applying the sum of sines
excitation - a synthesized wave with a wide range of frequency components having an equal
contribution from each of the constituent frequencies. However, real earthquake data are typically
random in nature and consist of waves of different frequencies with unequal contributions. Hence,
responses of the dam were also analyzed considering two real earthquake events. Figure 2.10
presents the time history data and FFT plots of two induced seismic events in Oklahoma (OK),
USA, recorded at stations Pawnee, OK (M4.5, USGS Station OK044, Nov 1, 2016) and Norfolk,
OK (M5.0, USGS Station OK034, Nov 6, 2016), respectively. The earthquake data recorded at
Pawnee and Norfolk had predominant frequencies of 4.74 Hz and 11.87 Hz, respectively. These

earthquake data were scaled to PGA of 0.01g and were applied at the base of the models.

Peak accelerations on the crest of each section were determined for both 2D and 3D models.
This will provide a better understanding of the impact of earthquake excitation on the structural
response while considering the material variability along the dam. Also, average crest
accelerations were determined to comprehend the overall response of the dam during the entire
time duration of the earthquake. Besides estimating the natural frequency and crest accelerations,
the shear stresses at select sections were analyzed at the time-step corresponding to the peak crest
acceleration (which was similar for 2D and 3D). The earthquake-induced shear stress dictates the
chances of failure of a dam section, and hence was computed and compared for the 2D and 3D

analyses. Two segments located at distances of 175 m and 1250 m from the origin were selected

38



to study the differences in the earthquake-induced shear stress along the vertical centerline. These
segments were selected to study the impact of segment widths; the segments at 175 m and 1250 m
had widths of 38 m and 244 m, respectively. The following section presents the analyses and

discussion of the results and highlights the salient findings of this research study.
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Figure 2.10: Acceleration-time data and FFT plot for Oklahoma earthquake, November 2016
recorded at stations (a) Pawnee, OK and (b) Norfolk, OK
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2.3 Results and Discussion

This section presents the results of the 2D and 3D seismic response analyses of the Eagle Mountain
dam. These analyses were performed under two different scenarios; Case 1 — with limited
information available to portray the variation in material properties existing at the dam site and
Case 2 — extensive information available to comprehensively incorporate the effect of material
variability into the FEM models of the dam. The different parameters considered to study the
behavior of the dam during seismic events include (i) the first natural frequency, (ii) peak and
average crest acceleration values, and (iii) shear stress at the time of peak crest acceleration. The
differences in the results obtained from the 2D and 3D analyses and the scenarios which warrant

a 3D analysis instead of a simplistic 2D analysis are elucidated in the following sections.

2.3.1 Estimation of first natural frequency

The first mode of transverse vibration of a dam is typically characterized by a unidirectional lateral
movement of the entire structure. However, for the EM dam model, no such deformed mode shape
was observed from Eigenvalue analysis results shown in Figure 2.11. Rather, the deformed mode
shapes for Case 1 analyses were localized at the individual six segments, for different frequencies
ranging between 3.7 Hz and 5.6 Hz (Figure 2.12). This localized deformation suggests that the
notion of a single first natural frequency is solely applicable for earthen dam models with the same
material properties along the length of the dam. However, for a heterogeneous earthen dam model,
the first natural frequency depends on the shear moduli of the different segments and varies along

the length of the dam.

In addition to performing Eigenvalue analysis, the first natural frequency of the 3D model

of EM dam was estimated using the sum of sines method. The results indicate that the first natural
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frequency values obtained from the two methods are nearly similar (Figure 2.12). This suggests
that the sum of sines method is capable of providing an accurate estimate of variation in the first

natural frequency of a 3D heterogeneous earthen dam model.

Unlike the Case 1 analyses, the deformed mode shapes and corresponding frequencies were
difficult to be detected from Case 2 Eigenvalue analysis. The presence of thin segments and drastic
changes in material properties resulted in an overlap of the deformed mode shapes (Figures 2.2b,
2.6 and 2.13). Therefore, it was not possible to visually distinguish the deformed mode shapes and
detect the corresponding first natural frequencies of the 28 segments. Instead, the first natural
frequency was identified using the sum of sines method. The sum of sines method does not rely
on visual identification of the mode shape of vibration and provides an easy approach for
identifying the first natural frequency of any earthen dam. The first natural frequency of the
different segments of the dam were estimated for the 2D and 3D models of the dam using the sum
of sines method. The variation in natural frequency obtained for Case 1 and Case 2 analyses are

presented in Figure 2.14.
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Figure 2.11: First mode of vibration obtained from Eigenvalue analysis for a homogeneous dam adopted from Clough and
Chopra (1966)
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Figure 2.12: First natural frequency obtained from Eigenvalue analysis and the sum of sines method for two typical segments of

Case 1 model at distances of (a) 380 m and (b) 610 m
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Figure 2.13: Overlapping mode shapes for 3 segments between 175 m to 250 m for Case 2 model
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Figure 2.14 also highlights the similarity in the natural frequencies obtained from 2D and
3D analyses for Case 1 and the differences observed for Case 2. Previous researchers observed
that the effect of adjacent boundaries had a prominent influence on the natural frequencies ina 3D
analysis for a dam segments with L/H value less than 6. Past studies have shown that the natural
frequency obtained from 2D and 3D analyses are practically the same for the L/H ratio greater
than 6. The L/H ratio of the individual segment for Case 1 analyses is close to 13, which is higher
than the threshold value suggested by previous researchers (Mejia and Seed 1983, Woodward and
Griffiths 1993, Boulanger, R.W. et al. 1995, Mejia and Dawson 2010). Therefore the differences
in 2D and 3D natural frequencies are negligible for Case 1 analyses. This indicates that each of the
segments tends to behave independently with negligible influence of the adjacent sections.
Contrarily, similar natural frequencies were not obtained for 2D and 3D analyses for Case 2 (Figure

2.14).

In Case 2, the same dam was modeled using extensive in-situ test data available. The
availability of such extensive information from 28 CPTu tests facilitated in defining the variation
in material properties over shorter spans of the dam. Hence several thin segments were defined
with L/H less than 6. The presence of narrow sections coupled with drastic changes in stiffness
had an appreciable impact on the 3D natural frequency as compared to that obtained from a 2D
analysis (Figures 2.2b, 2.6, and 2.14). In case of a 2D analysis, the sections are assumed to respond
independently without any influence of the adjacent sections. However, in a 3D analysis, the
behavior of any segment depends on the stiffening or weakening effect of the adjacent segments.
For instance, the natural frequencies of segments located at a distance of 380 m to 490 m have less
fluctuation in the 3D analysis as compared to 2D analysis results (Figure 2.14b). The five narrow

segments present in this 110 m stretch of the dam interact with each other and tend to vibrate as a
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single unit in a 3D analysis. Such a synergistic response cannot be captured using a 2D plane strain
analysis, resulting in the observed fluctuations and differences from the 3D analyses results.
Contrarily, natural frequencies obtained from 2D and 3D analyses are similar at a distance of 1250

m due to the higher length of the segment with L/H = 12.8 (> 6).

The extent of difference in the 2D and 3D natural frequencies is not the same along the
length of the dam (Figure 2.14b). The width of the segment and the differences in stiffness
properties with respect to the adjacent sections were hypothesized to be the two primary factors
influencing the differences in the 2D and 3D natural frequency values. Since the shear wave
velocities of twelve (12) horizontal layers were used to model the individual segments of the dam,
it was necessary to identify a measure of the average stiffness of a segment of the dam that

predominantly dictates the natural frequency.

Regression analyses was performed to find the relationship between the natural frequency
and the average shear modulus of the top, middle, and bottom one-third of a segment. The p-values
of the regression analyses were used as a measure of identifying the layer, which predominantly
influences the natural frequencies. A high p-value for a particular dependent parameter indicates
the corresponding coefficient of zero, implying an insignificant contribution. The p-values
provided in Table 2.2 clearly indicate that the average shear modulus of the bottom one-third of
the dam has predominant influence on the natural frequency values. This finding is similar to the

observations made by Chakraborty et al. (2017, 2018).

46



V) (o)}

Natural frequency (Hz)
S~

Natural frequency (Hz)

3
0

Case 1

—o— Natural Frequency-3D
—o— Natural Frequency-2D

3
0

200 400 600 800 1000 1200 1400

Distance along length of dam (m)
(a)
Case 2

——o0— Natural Frequency-3D
——o— Natural Frequency-2D

200 400 600 800 1000 1200 1400
Distance along length of dam (m)

(b)

£,y (Hz)

f,, (Hz)

5.0

4.5

4.0

3.5

3.0 1 I 1 l 1 I 1
30 35 4.0 45

f,, (Hz)

3.0
30 35 40 45 50
f,, (Hz)

Figure 2.14: Comparison of natural frequencies obtained from 2D and 3D models for (a) Case 1 and (b) Case 2
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Table 2.2. p-values from the regression analyses

Average Gmax p-value

Top one-third 8.890 x 10!
Middle one-third | 9.370 x 10!
Bottom one-third |  9.516 x 10

The width and the differences in stiffness properties of a segment are the two common
factors affecting natural frequency values. They were incorporated in the analyses in terms of the
shear modulus gradient (SMG) (equation 2.3). Figure 2.15a presents the variation of SMG along
the length of the dam, and Figure 2.15b depicts the absolute differences in 3D and 2D natural
frequencies, expressed as a percentage with respect to 2D natural frequencies. Figure 2.15 shows
a good similarity in the pattern of the variation in SMG and differences in natural frequencies,
along the length of the dam. This implies that a change in shear modulus over a short span is
expected to result in a higher difference in 3D and 2D natural frequencies. Therefore, it may be
inferred that 3D analysis of a heterogeneous earthen dam will yield additional information
compared to a 2D analysis, if and only if, extensive information about material properties are

available to capture the material variability existing along the length of the dam.

_ 1Gi—Giy1]l  1Gi—1— Gl
SMG - Li+Li+1 - Li—1+Li (23)

2 2

where Gijis the average shear modulus of bottom one-third of the dam and Li is thickness of the it"

segment, respectively.
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Figure 2.15: Variation of (a) shear modulus gradient and (b) percentage difference (absolute) in
2D and 3D natural frequencies

The comparison between 2D and 3D natural frequencies presented so far was based on the
first natural frequencies estimated using the sum of sines method. The frequency of the first strong
peak was considered as the first natural frequency for both 2D and 3D analyses. Unlike the sharp,
strong peak obtained in the FFT plot for 2D analysis, a broad, blunt peak was observed for the 3D

analyses of Case 2 (Figure 2.16). This can be attributed to the influence of the different material
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properties of the adjacent segments. Therefore, the notion of a single-valued first natural frequency
is not applicable in the case of 3D analysis. Instead, the first natural frequency needs to be
represented as a band of frequencies over which a particular segment of the dam tends to vibrate
in the first mode. This hypothesis was validated by applying single-frequency sinusoidal base
excitations with frequencies ranging between the lower limit to the upper limit of the frequency

bandwidth observed for a typical segment located at a distance of 175m.

The first natural frequency band was observed to exist between 3.9 Hz to 4.9 Hz. Hence,
three single-frequency sinusoidal waves with frequencies of 3.9 Hz, 4.4 Hz, and 4.9 Hz were
individually applied at the base of the 3D dam model. The absolute value of the relative X-
displacements along the centerline of the dam, at different time steps of the excitation, were used
to identify the mode shape of vibration. Figure 2.17 suggests that the segment experienced first
mode of vibration for all three frequencies. The observations confirm that a band of first natural
frequencies exists for heterogeneous earthen dams, primarily due to the influence of material
variability of adjacent segments. Figure 2.18 presents the frequency bandwidth obtained from 3D
analyses of Case 2. Besides estimating the natural frequency of the EM dam, the seismic response
was further studied based on the earthquake-induced accelerations and shear stresses, details of

which are provided in the next section.
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2.3.2 Earthquake-induced acceleration and shear stresses

The peak crest acceleration values of Case 1 and Case 2 were obtained for two different earthquake
excitations (Figures 2.19a and b). The peak crest acceleration values obtained from the 3D analyses
is higher than the 2D analyses results, for both case scenarios and earthquake excitations
considered in this study. The average crest acceleration, which provides a measure of the average
earthquake-induced force acting on the dam, also exhibited a similar trend as the peak acceleration,
irrespective of the frequency content of the earthquakes. A higher peak and/or average acceleration
values indicate that the earthquake-induced forces computed from a 3D analyses are higher than
that obtained from the 2D analyses. This implies that the earthquake-induced forces are
underestimated in a 2D analyses, and hence a slope will be declared safe from a 2D analyses. In
reality, the slope might experience stability issues. This is in agreement with the observations made

by Mejia and Seed (1983).

The failure of a dam occurs when the shear stresses exceed the shear strength of the materials.
Therefore, the earthquake-induced shear stresses computed from 2D and 3D analyses were
compared, besides analyzing the peak and average crest acceleration values. The shear stresses
along the centerline of the dam were compared at sections located at distances of 175 m and 1250
m at the time corresponding to peak crest acceleration values at the respective segments. The
segments located at 175 m and 1250 m were purposefully selected for the comparative study due
to their widely different thicknesses of 38 m and 244 m, respectively. The shear stresses induced
during Pawnee and Norfolk earthquakes, and the deformations along the centerline of the dam are

presented in Figures 2.20 and 2.21, respectively.

The shear stresses computed from the 3D analyses were higher than that computed from

2D analyses for the Pawnee earthquake (Figure 2.20). The higher peak crest acceleration and
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lateral movement of the dam induced higher shear stress in the 3D analyses (Figures 2.19a and
2.20). The extent of difference in computed shear stresses (2D versus 3D) is greater for the 38 m
thick section as compared to the 244 m thick section. The adjacent segments have a stronger
influence on the response of a thin segment, as compared to a thick segment. Therefore, the
difference in shear stresses is expected to be prominent for a thin segment (similar to Case 2), as

compared to a thick segment (similar to Case 1).

In the case of Norfolk earthquake, the shear stresses computed from the 3D analyses were
higher than the 2D analyses for major portions of the dam (Figure 2.21). A greater 2D shear stress
was observed for the layers located between 4m and 8m from the base of the dam. This apparent
anomaly can be attributed to the lower relative displacement of the centerline of the dam for the
3D analyses, as compared to the 2D analyses (Figure 2.21). This peculiar behavior was not
observed for Pawnee earthquake as the deformation of the centerline of the dam was consistently
higher for the 3D analyses (Figure 2.20). Nevertheless, higher shear stress close to the upper half
of the dam indicates chances of slope stability issues, which may be overlooked from a 2D analyses

(Figure 2.21).

The magnitude of the earthquake-induced shear stresses are not appreciable for either of
the earthquake scenarios considered in this study (Figures 2.20 and 2.21). This is attributed to the
use of low-intensity earthquake excitation with PGA of 0.01g. Nevertheless, the findings of this
study highlight the chances of underestimation of earthquake-induced forces and shear stresses by
performing a 2D analysis. In the case of heterogeneous earthen dams with scarce in-situ test data,
performing a 3D analysis may not yield appreciable additional information over that obtained from
a 2D analysis. However, it is preferable to perform a 3D analysis for a project where extensive

information is available to capture the material variability existing at site. The findings of this
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study can facilitate future researchers to develop guidelines that can be used by practicing
engineers to select between 2D or 3D analyses based on the extent of in-situ test data available for
a given project. Further studies are needed to develop such guidelines and validate their
applicability. This research study was limited to studying the behavior of the dam at small strain
levels, and the effect of water present on the upstream side of the dam was not considered. Future
studies will be required to study the effect of reservoir water, non-linear behavior of soil, and

development of excess pore water pressure, on the 2D and 3D seismic response analyses results.
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Figure 2.19: Case 1 and Case 2 peak crest accelerations from 2D and 3D analyses for earthquakes recorded at stations (a) Pawnee, OK
and (b) Norfolk, OK
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58



Height (m)

Height (m)

59

i ] I ] I ] I ] i 20 ] I ] I 1 I 1 I 1
| - 16 -_ — _-
- - : - =
- — %ﬂ 8- —
i c— Norfolk-3D | | B e—— Norfolk-3D | ]
B e—— Norfolk-2D || 4+ Norfolk-2D [
) | . | . | ] 0 i i
0 2x10°  4x10°  6x107 8x10” 0 0.2 0.4 0.6 0.8 1
Relative X displacement (m) Shear stress (kPa)
@
i 1 I 1 I 1 I 1 i 20 1 I 1 I 1 I 1 I 1 ]
| 1 - 16 N
_ ]l = i
— - & g —
| i [} ——— N orfolk-3D
— Norfolk-3D = e— Norfolk-2D | |
__ Norfolk-2D __ 4= ]
| | | ! | ! 0 i ]
0 2x10°  4x10°  6x107 8x10” 0 0.2 0.4 0.6 0.8 1
Relative X displacement (m) Shear stress (kPa)
(b)

Figure 2.21: Relative x-displacement and shear stress data for Norfolk earthquake (a) segment at 175 m and (b) segment at 1250 m



2.4 Summary and Conclusions

The objective of this study was to evaluate the applicability and limitations of the conventional 2D

seismic response analyses for studying the behavior of a long, heterogeneous, hydraulic fill earthen

dam. The hydraulic fill dam was modeled using commercially available 2D and 3D FEM-based

software packages for two different scenarios: Case 1 — material characterization based on the

limited information available from 6 CPTus and Case 2 — extensive information available about

the material variability from 28 CPTus. A comparative study was performed using different

parameters, including the first natural frequency, earthquake-induced peak crest acceleration

values and shear stresses, computed from 2D and 3D analyses. The following major conclusions

can be drawn from the findings of this study:

The 2D analyses results, for Case 1 and Case 2, indicate a significant variation in the first
natural frequency due to the material variability existing along the length of the hydraulic
fill dam. Therefore, a single-valued, first natural frequency of the entire dam, is not
applicable for a heterogeneous earthen dam.

The mode shapes obtained from the 3D Eigenvalue analysis showed localized first mode
of deformation corresponding to first natural frequencies of the six different segments
considered for Case 1. Hence, a uniform, laterally deformed mode shape, typically
observed for long homogeneous dams, is not applicable for heterogeneous earthen dams.
The estimation of first natural frequency from 3D Eigenvalue analyses was difficult for
Case 2 analyses due to the influence of overlapping first modes of vibration of adjacent
segments. The utilization of the sum of sines method was found to be an easier approach

for estimating the variation of natural frequency along the length of the dam, for both Case
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1 and Case 2 analyses. Thus, the sum of sines method is applicable for estimating the
natural frequencies for any 2D or 3D models of earthen dams.

The 2D and 3D natural frequencies were similar for Case 1 analyses. However, the 3D
natural frequencies observed for Case 2 analyses were significantly different from the 2D
analyses results. The extent of difference is expected to be pronounced for the segments
where the available in-situ test results can be used to capture drastic changes in material
properties along the dam. In such situations, a 2D plane strain analysis cannot portray the
actual response of the dam, and performing a 3D analysis is desirable.

The seismic response of a particular segment of the dam was influenced by the material
properties of the adjacent segments in 3D analyses of Case 2. Consequently, the segment
exhibited first mode of vibration over a band of natural frequencies in a 3D analysis. This
effect is ignored in a 2D analysis but can be captured by a 3D analysis when extensive
information about the properties of the influencing neighboring segments is available.

For both Case 1 and Case 2 analyses, the earthquake-induced acceleration values, forces,
and shear stresses computed from a 2D analysis were found to be lower than those
computed from a 3D analysis, irrespective of the frequency contents of the earthquake
excitations. This indicates that the 2D analysis underestimates the earthquake-induced

forces and shear stresses, and may overlook potential stability issues of an earthen dam.
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Chapter 3:

Comparison of Earthquake-Induced Pore Water Pressure and Deformations in

Earthen Dams Using Non-Linear and Equivalent Linear Analyses

Abstract

Earthquake excitations often cause an increase in pore water pressure in contractive sands resulting
in liquefaction, which can lead to catastrophic consequences. Therefore, it is imperative to assess
the earthquake-induced excess pore water pressure and deformations to evaluate the post-
earthquake serviceability of the important structures such as earthen dams. The analyses are
usually performed using the equivalent linear method or the non-linear method. The purpose of
this research is to evaluate and compare the excess pore water pressure and associated
deformations predicted using these two methods of analyses. Two numerical models of a typical
zoned earthen dam were subjected to two earthquake time-history data with significantly different
frequency contents to comprehend the differences in the outcome. The analyses results are similar
for dams with dense sand shells when subjected to low-intensity earthquake excitations with the

predominant frequency significantly different from the first natural frequency of the structure.

3.1 Introduction and Background

Natural hazards such as earthquake excitations often have a detrimental effect on the stability of
water retaining structures (Chakraborty et al. 2018a, 2018b). Hence seismic response and stability
analysis of earthen dams have been an important topic to geotechnical engineers for decades. Such
analyses facilitate understanding the performance of the structure and are necessary for asset
management and safety assessment (Puppala et al. 2019a, 2019b). The state of practice for

67



dynamic analysis of earthen dams is to compute earthquake-induced shear stresses, assess the
liquefaction potential and then estimate permanent displacement as an indicator of post-earthquake

serviceability of the structure (Rathje and Bray 2000a, Wang et al. 2006).

The simplest method to perform dynamic analysis of earthen dams is based on linear elastic
behavior consideration of the soil (Idriss and Sun 1992, Wang et al. 2006). In this method, shear
modulus of the soil is assumed to remain constant during seismic shaking. However, in reality, the
shear modulus decreases with an increase in the earthquake-induced strains (Rathje and Bray
2000b, Krahn 2004). The equivalent linear or non-linear methods of analysis are used in practice
to incorporate the non-linear behavior of the soil (Prevost et al. 1985, Gazetas 1987, Wang et al.
2006, Elia et al. 2011). The equivalent linear analysis involves performing an iterative analysis
(Gazetas 1987, Zhai et al. 2004, Jibson 2011). The analysis starts with the small strain shear
modulus (Gmax) values assigned to the different soil layers. The shear modulus is recalculated using
the respective modulus degradation curves at the end of each iteration. Many studies have found
that the equivalent linear method predictions to be satisfactory (Abdel-Ghaffar and Scott 1979,
Mejia and Seed 1983, Prevost et al. 1985, Rathje and Bray 2000a). Despite its popularity, some
shortcomings are observed in this method; the equivalent linear analysis is typically valid when
the stiffness reduction is less than 40% during shaking (Shiomi et al. 2000, Kaklamanos et al.
2013). Moreover, the dynamic response analysis results indicate that the geomaterials exhibit extra
softness at the start of excitation and higher stiffness towards the end (Zhai et al. 2004, Wang et
al. 2006).

In the non-linear analysis, the changes in pore water pressure, strain and the subsequent
changes in shear modulus are computed at every time-step of the earthquake loading, using

sophisticated constitutive models (Prevost et al. 1985, Abouseeda and Dakoulas 1998, Krahn 2004,
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Boulanger and Ziotopoulou 2015). These models need to be calibrated based on extensive
laboratory tests on undisturbed samples (Boulanger and Montgomery 2016). In many projects,
extensive advanced laboratory test results and input parameters needed for the non-linear analysis
may not be available. Hence it is necessary to identify the scenarios in which both the methods of
analyses can provide similar results, thereby avoiding the need for performing the comparatively
complex non-linear analysis in such scenarios. In this research study, a hypothetical zoned earthen
dam with two different sets of material properties for the shells was exposed to two different
earthquake excitations with widely different frequency contents, and the behavior of the structures
was studied using the aforementioned analysis methods. Parameters such as shear stresses, pore
water pressure ratio (ru), and post-earthquake deformations were used to identify the scenarios in

which the non-linear and equivalent linear analyses provide similar results.

3.2 Methodology

This section presents the procedure for numerical modeling of the earthen dam, and details of the
material properties and boundary conditions assigned to the model. Two dimensional (2D), plane
strain, time-history analyses were performed using two commercially available software packages
capable of performing non-linear and equivalent linear analyses. The geometric configuration of
the dam model has been adopted from Parish et al. (2009), which represents a typical zoned earthen
dam with distinct core, shells, and foundation (Figure 3.1). The same material properties of
different parts of the model have been assigned consistently for both analyses. Figure 3.2 presents
the scaled acceleration-time data and spectral acceleration (SA) plots (5% damping) of two
induced seismic events in Oklahoma (OK), USA, recorded at stations Pawnee, OK (M4.5, USGS
Station OK044, Nov 1 2016) and Norfolk, OK (M5.0, USGS Station OK034, Nov 6 2016). These

earthquake data were scaled to peak ground acceleration (PGA) of 0.1g and 0.6g, and were applied
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at the base of the dam models. The predominant frequency of Pawnee EQ is closer to the first
natural frequency of the structure (2.1 Hz), as compared to Norfolk EQ (Figure 3.2). At the end of
the seismic excitations, vertical deformations of node A and pore water pressure ratios at node B

were determined and used for the comparative study. The location of A and B is presented in

Figure 3.1.
=
g =4
a
g
YA. . %
o 400 m

Figure 3.1: Cross-section of the typical zoned earthen embankment dam and location of
predefined nodes at the crest (A) and at coordinates (130 m, 64 m) (B)
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Figure 3.2: Scaled acceleration-time data for Oklahoma earthquakes (Nov 2016) recorded at
stations (a) Pawnee (b) Norfolk and (c) Acceleration response spectra of both earthquakes
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3.2.1 Fully coupled non-linear analysis modeling

Non-linear behavior of the soil is usually captured using different fully coupled non-linear models.
In this research, shells, and core of the dam, were modeled using PM4Sand and HS small strain
models, respectively. The foundation was modeled as a linear-elastic model owing to the extremely
high Gmax values as compared to the shell or core of the dam (Table 3.1). The procedure adopted
to estimate different input parameters needed for these material models have been presented in
detail in the next section. Table 3.1 shows some of the basic soil properties assigned to the

numerical models.

Table 3.1. Material properties assigned to the numerical model

Material Unit weight | Poisson’s sr?erzralrlnzt(;illzs Effe;tcl)\ézlel::stlc Permeability
. 3 .
properties (KN/m?) ratio (kPa) (kPa) (m/s)
[E" =7,886]
Core 17.66 0.20 46,000 Stress 5x 107
dependent
Shells [G''=45,130] | [E™=15,230]
(N2)eo =9 19.62 0.35 Stress Stress 1x10°
1)60= dependent dependent
Shells [G"'=67,060] | [E"™f=21,790]
(NDeo =20 19.62 0.30 Stress Stress 1x10°
1)60= dependent dependent
Foundation 21.58 0.25 400,000 1,000,000 1x107

3.2.1.1 Core — Hardening Soil with Small Strain

The clay core of the dam was modeled using the Hardening soil model with small-strain stiffness
(HS small). The HS small model can capture the response of soil better than the more commonly

used Mohr-Coulomb model by computing a stress-dependent stiffness value. Table 3.2 presents
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the stiffness moduli used in the model which were selected to satisfy the Alpan criteria chart (Alpan

1970).

Table 3.2. Stiffness values used for the HS Small model (core)

Secant stiffness in standard drained triaxial test (kPa) Eso™ 7,886

Tangent stiffness for primary oedometer loading Eoud 7,886
(kPa)

Unloading/reloading stiffness (kPa) Eur™ 20,000

The variation of shear modulus and damping ratio for clay core was calculated using the
respective equations from Brinkgreve et al. (2007). Since the HS Small model uses a damping
ratio close to O at very small strain levels, Rayleigh damping coefficients (a and ) have been

suitably selected to provide 5% damping at 0.75 and 3 Hz.

3.2.1.2 Shells — PM4Sand

The sand shells were modeled using the PM4Sand model to estimate the excess pore water pressure
generated during dynamic loading conditions. The PM4Sand model requires three important input
parameters, namely (i) shear modulus coefficient (Go), (ii) relative density (Dro) and (iii)

contraction rate parameter (hpo) (Boulanger and Ziotopoulou 2015).

GO: 167 * 1/ (N1)60 + 25 (31)

N1
Dro= ’% (3.2)

Where, (N1)eo is the SPT blow counts corrected for overburden pressure and a hammer
energy efficiency of 60%. For this research, (N1)so values of 9 and 20 have been used for the

analysis to study the differences in the pore water pressure ratio and associated deformations,
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estimated from the non-linear and equivalent linear methods, for sands with two different relative
densities. (N1)eo values of 9 and 20 correspond to sands having relative densities of 0.442 (loose
sand) and 0.660 (dense sands), respectively. Lastly, the contraction rate parameter hpo was
calibrated using single-element undrained cyclic direct simple shear simulations to estimate the
proper resistance to liquefaction based on the (N1)so and an earthquake magnitude of 7.5. Table
3.3 presents parameters used in PM4Sand model.

Table 3.3. Parameters used for PM4Sand model (shells)

Dro Go hpo
(N)eo=20 | 0.660 792.0 0.34
(NDeo=9 | 0.442 566.3 0.90

The applied earthquake excitations (Figures 3.2a and 3.2b) were considered to represent
“within motion,” obtained by the superimposition of both upward and downward propagating
components of the wave. Hence, a rigid base boundary condition was used (Mejia and Dawson
2006), and free-field boundary condition was provided at the vertical sides. The selected mesh size
was smaller than one-tenth the wavelength corresponding to the highest frequency component of
the input wave (Kuhlemeyer and Lysmer 1973). The pore water pressure ratio at node B and the
vertical deformations at node A were estimated by the software package based on the induced
dynamic stresses and constitutive models used to model the dam. A similar analysis was performed
using the equivalent linear method, and the results were compared with the non-linear method.
Details of the equivalent linear method of analysis are provided in the next section.

3.2.2 Decoupled equivalent linear analysis modeling
Parameters provided in Table 3.1 were also used in the equivalent linear model. Equations
provided by Brinkgreve et al. (2007) were used to calculate parameters for the clay core. The

modulus reduction curve, variation of Gmax value versus effective vertical stress and cyclic number
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function (cyclic stress ratio versus the number of cycles required to cause liquefaction (NL)) were
estimated for the sand shells using the single-element undrained cyclic direct simple shear test
simulations in the non-linear software package. This numerical simulations mimicked laboratory
test conditions and ensured the use of similar input parameters as those used for the non-linear
analysis. For the shells, the variation of damping ratio with strain was estimated based on plasticity
index and average effective confining stress estimated from the initial static analysis using the
method outlined in Ishibashi and Zhang (1993). The excess pore water pressure during earthquake
shaking was calculated for the saturated shell area below water table using the procedure outlined
by Lee and Albaisa (1974) and De Alba et al. (1976).

After the estimation of excess pore water pressure, the permanent deformation of the dam
was computed by estimating incremental loads based on the stress difference between two time
steps. The vertical displacement was computed by the software package using the hyperbolic
constitutive models used to model the dam. The comparison of the results obtained using

equivalent and non-linear methods of analyses is presented in the next section.

3.3 Results and Discussion

The dynamic response analysis of an earthen dam was carried out using both equivalent linear and
non-linear analyses to recognize the range of differences between the excess pore water pressure
and deformation results obtained from the two methods. Three parameters were considered in this
research study to identify the scenarios where both the analysis methods yield similar results.
These parameters are: (i) intensity of earthquake shaking (PGA) (ii) frequency content of the
applied earthquake and (iii) relative density of the material located on the shells and slopes of the

dam.
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The effect of the first parameter was studied by selecting two levels of ground motion; one
with PGA of 0.1g which can be considered for operating basis earthquake (OBE) and the other
one with PGA of 0.6g which can be considered as the maximum credible earthquake (MCE)
(FEMA 2005). The second parameter incorporates the effect of probable near-resonance
conditions and its impact on the two analyses results. It is important to realize that every system
has a definite natural frequency for a given mode of vibration and if the frequency of any natural
or artificial source of vibration is close to the natural frequency the system, resonance will happen.
Such resonance is associated with amplified vibrations, which may cause severe damages to
structures and have a detrimental effect on society. In this study, the predominant frequency of the
selected earthquakes did not exactly match with the natural frequency of the structure (Figure 3.2).
Nonetheless, one of the earthquakes (Pawnee) was selected to represent an earthquake excitation
with the predominant frequency closer to the natural frequency as compared to another one to gain
insight into the effect of near-resonance condition on the analyses results. The last parameter
includes the effect of different types of sand present in the shells where the development of excess
pore water pressure can lead to occurrence of liquefaction and exacerbate the post-earthquake
deformations. The vertical deformations at the crest were estimated using non-linear and
equivalent linear analyses after applying (i) two levels of earthquake excitations, (ii) two
earthquakes with different frequency contents, and (iii) considering the presence of loose and
dense sand in the shell. The observed vertical displacements at the crest of the dam were compiled
and are presented in Table 3.4.

From the results, it can be observed that the equivalent linear analysis tends to compute
larger vertical deformation values compared to the non-linear analysis. This can be attributed to

the type of material model used in the analysis. In spite of the ability of hyperbolic stress-strain
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relationships (which was used in equivalent linear analysis) in incorporating non-linear behavior
of the soil in the estimation, it is important to notice that hyperbolic modeling is inherently elastic.
Hence, the modeling of plastic deformations might not be fully considered in the computations.

The peak acceleration on the crest of the dam was higher for the equivalent linear model,
thereby resulting in accumulation of larger deformation. Especially for PGA=0.6g, where the non-
linear behavior of geomaterials was more pronounced, the plastic deformation considerations in
non-linear material models were significant, and differences between the results are more
prominent (Table 3.4). The vertical deformations at the crest were nearly similar for both the
methods of analysis when (i) the shell of the dam was composed of dense sand, (ii) the dam was
subjected to a low PGA earthquake excitation (0.1g), and (iii) the predominant frequency of the
earthquake was significantly different from the first natural frequency of the structure (2.1 Hz).

Figure 3.3 presents the vertical deformation and pore water pressure ratio corresponding to
this scenario. It can be observed that the estimated vertical deformation and the cumulative excess
pore water pressure at the end of the shaking were nearly similar. On the other hand, the differences
between the results at the end of shaking were appreciable for a dam with loose sand shell,
subjected to strong seismic shaking (PGA=0.6g), and the frequency content of the earthquake was
close to the natural frequency of the structure (Figure 3.4).

Table 3.4. Vertical deformation obtained on the crest of the dam from non-linear and equivalent
linear analysis

. Deformation (m)
EQ Soil type PGA Non-linear Equivalent-linear Difference
(ND)so =9 0.1g 0.008 0.070 0.060
Panee 1/60 0.69 0.110 0.370 0.260
(NDeo =20 0.1g 0.007 0.030 0.020
160 0.69 0.100 0.300 0.200
_ 0.1g 0.020 0.080 0.060
Norfolk (N2)so =9 0.69 0.300 0.540 0.240
(=20 |—0:19 0.020 0.024 0.004
1)60= 0.69 0.270 0.470 0.200
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In case of equivalent linear analysis, the earthquake-induced shear stresses were observed
to be larger in the shell, near the face of the slope, as compared to non-linear analysis. As can be
observed in Figure 3.5, the value of shear stress near the upstream slopes in the non-linear method
is in the range of 0-20 kPa while this value in the equivalent linear analysis is 20-60 kPa and this
value increases to 80 kPa on the downstream slope. Subsequently, an increase in excess pore water
pressure was more pronounced near the surface of the slope for the equivalent linear analysis as
compared to non-linear analysis (Figure 3.4b). This resulted in liquefaction-induced instability of
the shell of the dam and induced higher vertical deformation at node A in case of the equivalent

linear analysis (Figure 3.4a).
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3.4 Conclusion

This research study focused on recognizing the differences in the pore water pressure ratio and
associated deformations of a zoned earthen dam, analyzed using the equivalent linear analysis and
fully-coupled non-linear analysis. The analyses were performed encompassing three criteria
related to the properties of the dam and earthquake excitations: (i) level of earthquake shaking
(PGA) (i) frequency content of the applied earthquake, and (iii) relative density of the sand shells
of the dam. The results suggest that it is more convenient to use the relatively simple equivalent
linear analysis method when dams with dense sand shells experience earthquakes with low
intensity of excitation, without chances of near-resonance condition. Under such scenarios, the
results obtained from these two methods are similar. Scenarios in which strong excitations with
chances of liquefaction are expected to occur, the equivalent linear analysis tend to provide higher
estimates of the post-earthquake deformation. To avoid estimating unrealistically high values of
the earthquake-induced deformation, the non-linear analysis is the preferred analysis method,
especially when the dam shells consist of loose sand, and the probability of strong vibration and
liquefaction is high due to high PGA base excitation and/or resonance condition. The findings of
this research study provide an approach of selecting suitable analysis methods based on numerical
modeling of a hypothetical dam subjected to a limited number of earthquake excitations. Further
studies are required where actual post-earthquake deformation and pore water pressure data of real

earthen dams are available for comparative studies with the numerical analyses results.
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Chapter 4:

Estimation of Liquefaction-Induced Lateral Displacement of Eagle Mountain Dam

using Numerical and Semi-empirical Approaches

Abstract

Liquefaction-induced lateral displacements have caused extensive damages to infrastructures such
as bridge piers, water retaining structures, and pipelines in the past. Several methods, including
analytical solutions, physical and numerical modeling, and empirical/semi-empirical equations,
have been used to estimate liquefaction-induced lateral displacements. In this research study, an
attempt was made to predict the liquefaction-induced lateral displacement of the foundation of the
Eagle Mountain dam (EM), located in Fort Worth, Texas, using numerical and semi-empirical
methods. The soil behavior type (SBT) interpreted from available cone penetration test (CPTu)
soundings were used to identify the potential liquefiable layers present in the downstream
foundation of the dam. A commercially available finite element method (FEM) based software
package was used to create numerical models of the sections that are susceptible to liquefaction.
Two different earthquake time-history data with widely different predominant frequencies were
obtained from the United States Geological Survey (USGS), scaled to peak ground acceleration
(PGA) of 0.3g and 0.6g, and applied at the base of the models. Pore water pressure ratio (ry)
profiles and lateral displacements were estimated to assess the chances of liquefaction-induced
damage to the dam. Semi-empirical equations developed by Zhang et al. (2004) were also used to

estimate the lateral displacements using the CPTu results. The estimated displacements indicate
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that the EM dam is expected to be safe and have no issues associated with liquefaction-induced

lateral displacement.

4.1 Introduction and Background

The development of excess pore water pressure during seismic excitations can reduce the shear
strength of loose sand layers and cause severe damages to the overlying structures due to
liquefaction of the soil (Marcuson 1978, Liu 2008). Liquefaction-induced ground failures can be
categorized into sand boils, ground oscillations, flow failures, and deformation failures (Youd
1993, 1995, Bardet 1999, Zhang et al. 2004). A rapid upward flow of pore water caused by

liquefaction can carry sand particles up to the surface, resulting in sand boils.

Sand boils are explicit signs that support the occurrence of high excess pore water pressure.
The ground oscillation occurs when liquefied subsurface soils at greater depths separate from the
surficial soils. The surficial soils usually break apart into blocks and are separated by fissures.
Unlike sand boils, ground oscillation is hard to identify and predict. Among the different facets of
liquefaction-induced ground failures, flow failures are the most dangerous ones (Youd 1993,
1995). These failures usually happen on slopes with a gradient greater than 6% and are
accompanied by the rapid movement of flows with deformations as high as tens of feet (Youd
1993, 1995, Zhang et al. 2004). Deformation failure, which occurs in forms of lateral

displacements, is one of the most common consequences of liquefaction (Bardet 1999).

Lateral displacement occurs on gently sloping grounds when the combination of
earthquake-induced dynamic forces and the gravitational force on soil layers on top of liquefied
layers lead to lateral movement of the soil mass (Rauch 1997). Open fissures and scarps on the
ground surface are considered as signs of occurrence of lateral displacement (Youd 1995).

Liquefaction-induced lateral displacement has caused extensive damages to civil infrastructures in
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the past (Bardet 1999, Franke and Kramer 2014). Hence, it is imperative to evaluate the chances
of such deformations under probable earthquake events that may occur in the future and assess the

consequence of such events.

Several methods, including analytical solutions, physical and numerical modeling, and
empirical/semi-empirical equations, have been used to estimate liquefaction-induced lateral
displacements (Youd 1995, Bardet 2003). In analytical solutions, elastic beam and sliding-block
methods are used for lateral displacement predictions (Newmark 1965, Hamada et al. 1987,
Towhata et al. 1991). However, the assumed elastic or perfectly plastic behavior of soil results in
erroneous displacements estimated by the analytical solutions (Youd 1995, Bardet 1999). In
physical modeling, centrifuges and shake tables are used to simulate desired dynamic loading
conditions to measure the possible lateral displacements (Bardet 2003, Javadi et al. 2006, Liu
2008). Physical models are rarely used in practice due to the difficulty in precisely simulating the

field conditions (Arulanandan and Scott 1993, Youd 1995, Kagawa et al. 1997, Towhata 2005).

The lateral displacement can also be computed by numerical analysis using the finite
element or finite difference method that uses suitable constitutive stress-strain relationships to
predict the lateral displacements experienced by a liquefied soil stratum during an earthquake
(Yasuda et al. 1992; Gu et al. 1993, 1994). The efficacy of the analysis and accuracy of the results
depend on the choice of the constitutive model used (Javadi et al. 2006, Chakraborty et al. 2018a,
2018b). In the absence of extensive laboratory tests typically required for calibrating the
constitutive models, empirical/semi-empirical equations, developed based on data available from

case histories, are extensively used for estimating lateral displacement (Bardet 1999).

Youd and Perkins (1987) developed an empirical equation considering parameters such as

earthquake magnitude and distance of event to the site to calculate liquefaction-induced lateral
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displacement. Bartlett and Youd (1992) developed two separate models for ground slope of infinite
extent, and for free face. This equation was later updated by Youd et al. (2002) by adding more
data and is most frequently used by engineers when Standard Penetration Test (SPT) results are
available for the site (Khoshnevisan et al. 2015). Zhang et al. (2004) developed a semi-empirical
approach for lateral displacement estimation that can be used when either SPT or CPTu data are
available. A suitable equation is selected for estimating the liquefaction-induced lateral
displacement based on the condition of the site, availability of in-situ test results, and the scope

and limitations of the equations.

In this research study, an attempt was made to predict the liquefaction-induced lateral
displacement for Eagle Mountain dam, an earthen dam located in Fort Worth, Texas, using
numerical and semi-empirical methods. Based on CPTu data available, two locations where the
extensive sand layers are present were selected for liquefaction analysis and estimation of possible
lateral displacements (Puppala et al. 2018a, 2018b). A commercially available FEM-based
software was used to model the selected areas. Two different earthquake time-history data
recorded in Oklahoma (OK) and Missouri (MO) were obtained from USGS (United States
Geological Survey) and were scaled to different PGA values to simulate earthquake events with

different intensities.

The scaled earthquake data were applied at the base of the models, and the pore water
pressure ratio (ry) profiles were used to identify the liquefiable areas, and lateral displacements
were estimated after shaking. Since CPTu data were available for this specific site, semi-empirical
equations developed by Zhang et al. (2004) were also used for estimating the lateral displacements.
The estimated lateral displacements were compared and used to assess the chances of liquefaction-

induced damages to the earthen dam.
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4.2 Methodology

The EM dam is an 87-years-old earthen dam located on the West Fork Trinity River in Tarrant
County, Fort Worth, Texas, USA. The dam is currently maintained and operated by Tarrant
Regional Water District (TRWD) and is a major water resource for the city of Fort Worth, Texas.
A series of CPTu were conducted along the downstream toe of the EM dam. The soil behaviour
type (SBT) of the downstream foundation layers was determined using the charts developed by
Robertson (1990). The soil layers with SBT of 5 to 7 (on a scale of 1 to 9) indicated the presence
of silty sand to sand layers. Two locations, namely DCD 11 and DCT 18 (Figure 4.1), had
extensive sand layer deposits that might be susceptible to liquefaction. The lateral displacements
at these locations were estimated using numerical and semi-empirical approaches, which are

explained in detail in the next sections.

DCD 11

¢ A - . ﬂ\.\ »' . .
Y SN |

Figure 4.6: Plan view of EM dam showing the locations of DCD 11 and DCT 18
4.2.1 Numerical approach
Based on available SBT data, soil layers at the two locations shown in Figure 4.1 were delineated
and modeled in a commercially available 2D FEM based software package. The subsurface profile

of the numerical model consists of four soil layers for DCD 11 and three soil layers for DCT 18.
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Table 4.1 presents the layer name (L), depth of the base of each layer from the ground surface (z),

average tip resistance (qt), and average skin friction (fs).

Table 4.1. CPTu data

DCD 11 DCT 18
L z ot fs L z ol fs
' (m) | (kPa) | (kPa) (m) | (kPa) | (kPa)
Li | 1.22 | 9205 66 L: | 5.18 | 5650 70
Lo | 2.74 | 3438 36 L, | 6.71 | 21106 96
Ls | 3.35 | 6885 30 Ls | 7.32 | 4922 29
Ls | 5.18 | 3188 21 - - - -

The average unit weight (¥) of each soil layer was calculated using equation 4.1 where Rt

is friction ratio (f *100%), Yw is the unit weight of water, and pa is atmospheric pressure in the
t

same units as qt. The coefficient of permeability (k) was estimated using equations 4.2, 4.3, and

4.4 where Q¢ is normalized cone penetration resistance (%) (0,0 is overburden pressure and

v0

o'y is effective overburden pressure), and Fr is normalized friction ratio (q%* 100%)
t— %vo

(Robertson and Cabal 2015). The shear wave velocity (Vs) was determined using equations 4.5 and

4.6 due to their applicability for all soil types (Hegazy and Mayne 1995, Mayne 2006). The average

of the Vs values obtained from equations 4.5 and 4.6 was then used in equation 4.7 to estimate the

small strain shear modulus (Gmax).

Y q
7 = 0.27 # [log Ry| + 0.36 x |log ] + 1236
k(m/s) = 10(0-952=3.04l) 1.0<1,<3.27
k(m/s) = 10(-+52-13710) 3.27 <1, <4.0

I. = ((3.47 — logQ,)? + (logE. + 1.22)?)%>
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(4.2)
(4.3)
(4.4)



Vi(m/s) = [10.1 % (log q;) - 11.4]*¢7[(2%) » 100]°? (4.5)
V.(m/s) = 118.8 = log (f,) + 18.5 (4.6)
Gmax(kPa) = () * Vs g’ (.7)

Choosing an appropriate constitutive model for lateral displacement estimation in
numerical modeling is an important step (Javadi et al. 2006). In this research study, the PM4Sand
model was used to estimate the excess pore water pressure developed during dynamic loading
conditions and compute the liquefaction-induced lateral displacement at the two locations. The
PM4Sand model requires three important input parameters, namely (i) shear modulus coefficient
(Go), (ii) relative density (Dro) and (iii) contraction rate parameter (hpo), where Go and Dro were
calculated from equations 4.8 and 4.9 (Kulhawy and Mayne 1990, Boulanger and Ziotopoulou
2015). Lastly, the contraction rate parameter hyo was calibrated using single-element undrained
cyclic direct simple shear simulations to provide appropriate resistance to liquefaction during an
earthquake of magnitude 7.5, corresponding to the measured CPTu resistance (Boulanger and

Ziotopoulou 2015).

Gmax a
GO = T * z—’ (48)
Qtn
DRO = ﬁ (49)

Where, p’is the overburden pressure and Qw is the normalized CPTu tip resistance, which is
corrected for overburden pressure (Robertson and Cabal 2015). Figure 4.2 presents the developed
numerical models of sections located at DCD 11 and DCT 18, and Table 4.2 presents the
parameters used in the PM4Sand models. Each section was modeled with ground surface slope of

2%.
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Figure 4.7: Numerical models of sections located at (a) DCD 11 and (b) DCT 18
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Table 4.2. Parameters used in numerical modeling

Locatio | z Thickness (kN);m3 Vs Dro Gmax G h k
n (m) (m) ) (mis) | (%) | (kPa) 0 PO (m/s)
122 | 122102721 4g50 | 240 | o0 | 109873 | 4696 | 2 x 10° | 3 x 10*
(Variable)
2.74 1.52 1759 | 207 | 53 | 76927 | 1869 | 2.7 1x 105
DCD 11
3.35 0.61 17.75 | 194 | 60 | 68172 | 1353 4 1x10%
5.18 1.83 16.97 | 177 | 41 | 54237 | 924 | 1.05 | 8x10°
51g | 21810668 | 1000 | 246 | 60 | 114636 | 2389 | 465 | 2x10°
(\Variable)
DCT 18 | 6.71 1.52 19.48 | 258 | 90 | 131795 | 1802 | 7x103| 7 x 10*
7.32 0.61 1753 | 193 | 43 | 66855 | 840 1 1x 105

Since earthquake data recorded at the EM dam site was unavailable, earthquakes from
nearby states were obtained from USGS and used for the time-history analyses. Figure 4.3 presents
the acceleration-time data and Fast Fourier transform (FFT) plots of seismic events in Oklahoma
(OK), USA, recorded at stations Dexter, MO (M5.6, USGS Station 2457, Nov 5, 2011) and, Salt
Plains, OK (M4.7, USGS Station OK032, Nov 19, 2015). These earthquake data were scaled to
PGA of 0.3g and 0.6g. The PGA of 0.3g value was considered based on the probabilistic seismic
hazard analysis for the Eagle Mountain dam site (Caballero 2017b, Petersen et al. 2017). The extent
of lateral displacement during a stronger hypothetical earthquake scenario was also studied with
the earthquake data scaled to PGA of 0.6g. The mesh size selected for the numerical models was
smaller than one-tenth of the wavelength of the highest frequency component of the input wave
(Kuhlemeyer and Lysmer 1973). A rigid base boundary condition was used, assuming the
earthquake excitations to represent “within motion” (Mejia and Dawson 2006). The free-field

boundary condition was provided at the vertical sides to incorporate the effect of earthquake-
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induced forces exerted by the adjacent soil layers that were not modeled for this study. The lateral

displacements on the surface of the models were determined at the end of each shaking simulation.

BT T T 1000 ————T——T——T—
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Figure 4.8: Acceleration-time data and FFT plots for earthquake recorded at stations (a) Salt
Plains, and (b) Dexter (scaled to PGA =0.39)

4.2.2 Semi-empirical approach

A CPTu-based liquefaction analysis was performed to identify the liquefiable layers. The factor of
safety (FOS) against liquefaction was calculated by estimating and comparing the cyclic resistance
ratio (CRR) and cyclic stress ratio (CSR) corresponding to different seismic events (Robertson
1990, 2009) (equations 4.10-4.16). The maximum acceleration at the ground surface (amax) and
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earthquake magnitude (M) are the only seismic parameters that are used in the CPTu-based
liquefaction assessment. However, these two parameters are not used directly as input parameters
in the numerical analysis. Therefore, the amax Values computed from the numerical analysis were
used in calculating the FOS against liquefaction to ensure consistency in both the analyses and

perform the comparative study for similar seismic events.

CSR = 6— = 0.65 * (“*;4) * (;’,—:j)) * 1y (4.10)
Qtncs 3
CRRy5 = 93« (222)" 1 0,08 50 < Qppes < 160 (4.12)
_ Qtn,cs
CRRy5 = 0833 + (22) 40,05 Qencs <50 (4.12)
Qtn,cs = Ke Qm (4.13)
Ke=1 if 1o< 1.64 (4.14)
Kc=5.581 15— 0.403 I — 21.63 12 +33.751.-17.88  if I.> 1.64 (4.15)
CRR;, 174
FOS = (“225) « (MSF), MSF =T (4.16)

Where 7, is a stress reduction factor, Qs is normalized clean sand equivalent cone
resistance, K is a correction factor, I is soil behavior type index and MSF is magnitude scaling
factor. The lateral displacement of the ground surface was then estimated using the semi-empirical
equations developed by Zhang et al. (2004). Based on studies performed by Zhang et al. (2004),
two types of conditions were considered for lateral displacement calculation: (a) gently sloping
ground without a free-face, and (b) level ground with a free-face. Free-face ground displacements
are not impeded by structural resistance, ground modification, or a natural boundary (Zhang et al.
2004). Since liquefiable layers were observed in the downstream toe area of the dam, it can be
considered a case of gently sloping ground without a free-face. The maximum cyclic shear strain
(Yimax) Was calculated for each layer based on the Dro and FOS against liquefaction estimated

using the procedure outlined by Zhang et al. (2004). The lateral displacement (LD) accumulated
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at the ground surface was then calculated for the two locations (DCD 11 and DCT 18) using

equations 4.17 to 4.109.

Vs = {Cl * FOS™%, Ypox < l?m?t%ng max?mum shear stra?ns | (4.17)
’ C3, Yinax = limiting maximum shear strains

Where, C1, C», and Cz depend on Dro, and these values are presented in Zhang (2004).

LDI, = (Y’;Tg) « H (4.18)

LD(m) = (S + 0.2) = (X7 LDI) (4.19)

Where LDI; is lateral displacement index and Hi is the thickness of ith layer, n is the number of

layers at a given section and S is the slope of the ground surface.

Typically, liquefaction-induced lateral displacement value less than 0.3 m is considered as
a small deformation (Holzer et al. 2005). Hence a maximum lateral displacement of 0.3 m was
considered to represent the allowable deformation limit. The estimated lateral displacement values
were compared with the allowable limit and used to evaluate the performance of the EM dam when
exposed to earthquake events similar to those considered in this study. The following section

presents the analyses results and highlights the salient findings of this study.

4.3 Results and Discussion

Two locations at the downstream toe of the EM dam were found to have extensive silty sand to
sand deposits, based on the SBT profile. The liquefaction susceptibility and lateral displacements
were estimated using the available CPTu data at stations DCD 11 and DCT 18. Two methods were
selected for the analysis - numerical method using finite element based software and widely used
semi-empirical equations. The analyses of the results are presented and compared in this section.
The ry profile obtained at sections DCD 11 and DCT 18, when the acceleration time-history

data recorded at Dexter were scaled to PGA of 0.3g and 0.6g, are presented in Figures 4.4 and 4.5.
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According to Table 4.2, loose sandy materials (Dro<45%) are located at the bottom layer (L4) for
DCD 11 and at the bottom layer (L3) of DCT 18. These layers experienced an increase in pore
water pressure (pwp) (ru = 1) and liquefied for both levels of shaking (Figures 4.4 and 4.5). The
layers L, and Lz of DCD 11 and L; of DCT 18 contain medium dense sand layers (Dro<65%) and
did not completely liquefy, as evident from maximum ry = 0.8 (Figures 4.4 and 4.5). The remaining
layers in the two sections were predominantly dense sand layers (Dro>85%) that did not liquefy
when exposed to Dexter earthquake data scaled to PGA of 0.3g and 0.6g.

The ry profiles of the sections, when exposed to the earthquake data recorded at Salt Plains
(PGA scaled to 0.3g and 0.6g), are presented in Figures 4.6 and 4.7. The bottom layer (L4) for
DCD 11 did not fully liquefy for 0.3g (Figure 4.6a), but completely liquefied when exposed to the
same earthquake excitations with the PGA scaled to 0.6g (Figure 4.7a). Figures 4.6b and 4.7b
present ry profiles of DCT 18, which indicate liquefaction of the bottom layer (Ls) for both levels
of shaking.

The amax values were measured at the ground surface during the shaking to study the
seismic response of the foundation layers (Table 4.3). Table 4.3 shows the deamplification of

acceleration at the ground surface when the sections were subjected to Salt Plains earthquake data.
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(b)
Figure 4.9: r, profiles obtained after applying Dexter acceleration-time data (scaled to 0.39)
at (a) DCD 11 and (b) DCT 18

0.10)

(b)
Figure 4.10: ry profiles obtained after applying Dexter acceleration-time data (scaled to 0.6g)
at (a) DCD 11 and (b) DCT 18
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Figure 4.11: ry profiles obtained after applying Salt Plains acceleration-time data (scaled to 0.3g)
at (@) DCD 11 and (b) DCT 18
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Figure 4.12: ry profiles obtained after applying Salt Plains acceleration-time data (scaled to 0.6g)
at (@) DCD 11 and (b) DCT 18
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This deamplification of the base excitation was attributed to the liquefaction of the soil layers,
which is an agreement with the observations made by Montoya-Noguera and Lopez-Caballero
(2016) (Figure 4.8b). However, the base excitation got amplified at the ground surface when the
Dexter earthquake was applied. The maximum acceleration was realized at the ground surface at

5.44 s the same time instant when the excess pore water pressure was negative (Figure 4.9b).

The negative excess pore water pressure increased the mean effective stresses and the shear
moduli. The increase in the material stiffness at 5.44 s resulted in a spontaneous amplification of
the base acceleration at the ground surface (Figure 4.9b). The acceleration deamplified at the
ground surface after 7.5 s due to an increase in excess pore water pressure and liquefaction of the
soil layers, similar to those observed in the case of Salt Plains earthquake data (Figures 4.8 and

4.9).

Table 4.3. Maximum acceleration obtained on the top layer in numerical modeling

Acceleration at the base of the model (g)
Salt Plains Dexter
CPTu
0.30 0.60 0.30 0.60
amax at ground surface ()
DCD 11 0.15 0.18 0.41 0.78
DCT 18 0.17 0.21 0.31 0.67

Since some of the layers in the numerical model analysis experienced the development of
excess pore water pressure and liquefied, the changes in shear moduli and damping ratios affected
the natural frequencies. Therefore, the influence of the frequency content of different earthquakes
was masked by the degradation of shear moduli and subsequent reduction in the natural
frequencies of the sections. The amax Values presented in Table 4.3 were also used to estimate the

factor of safety (FOS) and lateral displacement values using equations 4.16 to 4.19.
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Figure 4.13: (a) Excess pore water pressure at a node (x=48 and y=2 m) located in L4, and (b)
deamplification of base excitation for Salt Plains acceleration-time data (scaled to 0.69) at
DCD 11 (typical section)
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Figure 4.14: (a) Excess pore water pressure at a node (x=48 and y=2 m) located in L4, and (b)
amplification of base excitation for Dexter acceleration-time data (scaled to 0.6g) at DCD 11
(typical section)
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The lateral displacements estimated from the numerical analysis and semi-empirical
equations for the different earthquake scenarios are presented in Figures 4.10 and 4.11 for DCD
11 and DCT 18, respectively. The lateral displacement obtained from numerical analysis solely
depends on the earthquake time-history data applied at the base of the model and is independent
of the earthquake magnitude. However, for each of the amax values computed from the numerical
analysis (Table 4.3), an array of possible lateral displacement values were estimated for assumed
earthquake magnitudes ranging from 3 to 7.

In general, the lateral displacements estimated using numerical analysis were smaller for
the Salt Plains earthquake as compared to the Dexter earthquake (Figures 4.10 and 4.11). This can
be due to the higher average acceleration values for the Dexter earthquake that induced greater
accelerations and shear stresses (Figure 4.3). The higher average acceleration in the case of Dexter
earthquake data resulted in ry = 1 for L4 of DCD 11 and Lz of DCT 18 for PGA of 0.3g (Figures
4.4 and 4.5). The extent of liquefaction was similar for both the earthquake intensities of the Dexter
earthquake (Figures 4.4 and 4.5), unlike that observed for the Salt Plains earthquake (Figures 4.6
and 4.7). Thus, the lateral displacements computed using numerical analyses were similar for the
Dexter earthquake data scaled to PGA of 0.3g and 0.6g (Figures 4.10b and 4.11b).

In most of the scenarios, the lateral displacements computed using semi-empirical and
numerical approaches show similar results for earthquake magnitudes greater than 6. An
earthquake with low magnitude, generating a high-PGA disturbance necessary to liquefy a layer,
may not feasible in reality. Hence the lateral displacements calculated using the semi-empirical
equations are close of 0 for low earthquake magnitudes (< 4). The differences between the lateral
displacements obtained from the semi-empirical equations for the different earthquake intensities

are more prominent in the case of Dexter earthquake as compared to Salt Plains earthquake. This
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can be attributed to the greater difference in a,,,, Vvalues for the two different PGAs in case of
Dexter earthquake, as compared to Salt Plains (Table 4.3). Based on equations 4.16 to 4.19, a
higher a,,4, value results in a reduction in the FOS, and subsequently increases the Y,,,, and

lateral displacement.
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Figure 4.15: Lateral displacement (LD) estimated using numerical (Num) and semi-empirical
(Egn) methods for DCD 11 after applying (a) Salt Plains earthquake, and (b) Dexter earthquake
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Figure 4.16: Lateral displacement (LD) estimated using numerical (Num) and semi-empirical
(Eqn) methods for DCT 18 after applying (a) Salt Plains earthquake, and (b) Dexter earthquake

The lateral displacement at the ground surface was higher for DCD 11, as compared to
DCT 18 (Figures 4.10 and 4.11). The 1.83m-thick liquefied L4 layer of DCD 11 accumulated

greater lateral deformation as compared to the 0.61m-thick Ls layer of DCT 18. Hence, for any
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given earthquake scenario, the lateral displacement computed using numerical and semi-empirical

approaches increases with an increase in the thickness of the liquefiable layer.

Existing literature suggests that liquefaction-induced lateral displacement value less than
0.3 m can be considered as small (Holzer et al. 2005). In this case study, the predicted lateral
displacements were smaller than 0.3 m for most of the sections and earthquake scenarios. A lateral
displacement of 0.38 m was computed at DCD 11 for the Dexter earthquake at magnitudes greater
than 6. To date, the strongest earthquake in Texas had a magnitude of 3.6 during the Azle
earthquake of Nov 20, 2013. It may be assumed that the occurrence of a future earthquake event
with a magnitude greater than 6 is highly unlikely in Texas. Thus, the EM dam can be considered
to be safe and have no issues associated with liquefaction-induced lateral displacement during

earthquakes that may transpire in the future.

4.4 Summary and Conclusions

The objective of this study was to predict liquefaction-induced lateral displacement for the Eagle
Mountain dam, located in Fort Worth, Texas, USA, using numerical and semi-empirical methods
and assess the chances of damage caused by liquefaction of foundation layers of the dam. The
following major conclusions can be drawn:

e Two locations that had considerable amounts of silty sand to sandy material in the foundation
of the EM dam. Selected layers at DCD 11 and DCT 18, may experience an increase in pore
water pressure and liquefaction during future earthquakes similar to the hypothetical
earthquakes considered in this study.

e In general, the estimated lateral displacements were higher for earthquakes with higher
positive/negative average accelerations. Such earthquakes induce larger accelerations and

shear stresses in the soil layers, resulting in higher horizontal movements during liquefaction.
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The estimated lateral displacement increased with an increase in the thickness of the liquefiable
layers. Hence, for the same earthquake excitation applied at the base of two sections, the lateral
displacement will be higher for the section with a thicker deposit that is susceptible to
liquefaction.

The lateral displacements estimated from the numerical and semi-empirical approaches were
similar for earthquakes with magnitudes greater than 6. Small to moderate lateral
displacements (<0.3 m) were estimated for most of the sections and earthquake scenarios
considered in this study. The maximum lateral displacement of 0.38 m was computed for
earthquake magnitudes greater than 6. However, such strong earthquakes typically do not
occur in Texas. The EM dam can be considered to be safe and have no issues associated with

liquefaction-induced lateral displacement.
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Chapter 5:

Conclusions and Recommendations

5.1 Conclusions

In this study, the applicability of numerical modeling for seismic response analyses of earthen

dams and limitations that could occur due to the selection of the type of modeling and approaches

for analyses were studied and discussed. Real and hypothetical earthen dams were modeled using

commercially available 2D and 3D FEM-based software packages. Major findings can be named

as:

The 2D analysis results for the Eagle Mountain dam, located in Fort Worth, Texas, USA,
were showing that a single-valued, first natural frequency of the entire dam, is not
applicable for a heterogeneous earthen dam. Also, a uniform, laterally deformed mode
shape that typically is expected for long homogeneous dams, is not observed for
heterogeneous earthen dams. Eigenvalue analysis was unable to show the natural frequency
of the structure in the 3D model. However, the sum of sines method was recognized to be
the most applicable method for estimating the natural frequencies. Hence, for future
studies, the sum of sines method is recommended to be used for any 2D or 3D models of

heterogeneous earthen dams for the natural frequency determinations (Chapter 2).

The 2D and 3D natural frequencies were similar for the analysis with the limited number
of CPTu available. However, they were significantly different when ample information
was available. Also, the earthquake-induced accelerations, forces, and shear stresses
computed from a 2D analysis were found to be lower than those computed from a 3D
analysis, irrespective of the frequency contents of the earthquake excitations. This indicates
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that the 2D analysis underestimates the earthquake-induced forces and shear stresses, and
may overlook the potential for stability issues. Hence, for situations, where extensive CPTu
data is available it is recommended that 3D analysis to be used (Chapter 2).

The effect of different methods of analysis in the case of high-level earthquake occurrence
was also studied in this research. The analyses were performed on a hypothetical dam to
recognize the differences in the pore water pressure ratio and associated deformations of a
zoned earthen dam, using the equivalent linear analysis and non-linear analysis,
considering three criteria: (i) level of earthquake shaking (PGA) (ii) frequency content of
the applied earthquake, and (iii) relative density of the sand shells of the dam. The results
suggest that it is more convenient to use the relatively simple equivalent linear analysis
method when dams with dense sand shells experience earthquakes with low intensity of
excitation, without chances of near-resonance condition. Under such scenarios, the results
obtained from these two methods are similar. This part was performed on a hypothetical
dam, further studies are required where actual post-earthquake deformation and pore water
pressure data of real earthen dams are available for comparative studies with the numerical

analyses results (Chapter 3).

Simulation were performed to predict liquefaction-induced lateral displacement for two
locations on the foundation of the EM dam which were recognized to have the potential
for liquefaction. The lateral displacements estimated from the numerical and semi-
empirical approaches were similar for earthquakes with magnitudes greater than 6. The
maximum lateral displacement of 0.4m was computed for an earthquake magnitude 7. Such

strong earthquakes are typically not expected to occur in Texas. Therefore, the EM dam
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can be considered to be safe against damages caused by liquefaction-induced lateral

displacement (Chapter 4).

5.2 Recommendations

In this study, comparison of 2D and 3D analyses were performed on an earthen dam
located at a region with low seismicity. Hence, the analyses were performed considering
linear behavior of the soil. In future, non-linear 3D analysis can be performed to study the
response of long earthen dams during strong earthquakes.

Comparison of equivalent linear and non-linear approaches in this study were performed
on a hypothetical dam. Performing similar study on a real dam located at high seismicity
region, where real earthquake response data are available, could potentially provide
information required to validate the findings of this research study.

Data available from case studies pertaining to the response of real dams during
earthquakes, along with findings of numerical simulations similar to those presented in
this research study, could be used for developing ready-to-use guidelines for practicing
engineers. These guidelines could be used to select appropriate methods of analysis based

on the available field data.
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Appendix A:

Cost Estimation Analyses of Finite Element Based Software Packages in Used

The main focus of this study is on numerical modeling. As mentioned by previous researchers,
numerical models are relatively quick as compared to physical models. Unlike physical models,
they can be performed in a few hours instead of months. Also, problems can be investigated over
a wide range of scenarios in numerical models. In this work, most of the analyses are performed
using finite element based software packages (ABAQUS, PLAXIS, and Geostudio). The
governing motion equation for dynamic response of a system in finite element formulation is

mentioned as:

[MI{a"} + [DI{a} + [K]{a} = {F}

Where [M] is a mass matrix, [D] is the damping matrix, [K] is the stiffness matrix and [F] is a

vector of loads.

In this research, dynamic studies of linear problems in ABAQUS are performed for 3D
analyses of a long earthen dam. Eigenvalue problems are normally used in these types of analyses
to check the responses of the desired model. Eigenvalue problems occur naturally in the vibration
analysis of mechanical structures with many degrees of freedom. The solution to the eigenvalue
problem gives the natural frequencies and modes of a system. The eigenvalues are the natural

frequencies of vibration, and the eigenvectors are the shapes of these vibrational modes.
The eigenvalue problem is defined as:

(_wZMMN + KMN)(pN: 0
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Where MMNis the mass matrix, KMV is the stiffness matrix, ¢"is the eigenvector and M
and N are degrees of freedom. The model created in this study is a long earthen dam since the
analysis cost in ABAQUS increases linearly with the size of the model, it was almost taking around

24 hours for the 3D models’ run to be completed for a time duration of 20.46s.

Some of the 2D modeling in this study were performed in Geostudio using SEEP/W,
QUAKE/W, and SIGMA/W. The main keys in seismic response calculation consideration in this
part are mentioned as inertial forces during excitation, pore water pressure generation and soil
shear strength reduction. The analyses in Geostudio took approximately 1 to 2 hours for each
model of each scenario. All three modulus of SEEP/W, QUAKE/W, and SIGMA/W were included

in each model to complete equivalent linear dynamic analyses.

Non-linear analyses in this study were performed using PLAXIS. The analyses for each
model took 5 to 6 hours where the start of calculation was from the initial phase to calculate initial
stresses in the model before the start of excitation. In the second phase, the dynamic calculation
type was selected and the seismic signal was applied at the base of models. At the end of analyses
for each of the named finite element based software packages, graphs of different parameters such
as acceleration, shear stresses, pore water pressure and so on, were plotted on the desired nodes
along the body of the dam to interpret the seismic behavior and deformation of the dam under

different circumstances.
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