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ABSTRACT

Bridges have been part of human civilization for many centuries now as they connect
two locations separated by a river or any difficult terrain. Therefore, bridges facilitate trade,
transportation and passage to locations which would otherwise be obscure and thus act as
lifeline structures. Most bridges are supported by caissons which are massive and rigid
foundation systems and is equipped to resist wide variety of loads like high magnitudes of
vertical load, lateral load, uplift load and moments. Because of this virtue, caissons were
supposed to be completely safe against any loading combination. However, The Great
Hanshin earthquake of 1995 exposed the vulnerability of caissons against earthquake loads.
An extensive literature review revealed several research gaps, such as lack of studies with
consideration of combined failure wedge formed in front of caisson due to various resisting
components, modified pseudo-dynamic study of caissons in layered soil, which could be
addressed through the present study. Therefore, the present study attempts to study various
aspects of caisson under static and seismic conditions.

Numerical study has been performed, using finite element method-based computer
program ABAQUS, to model the behaviour of caisson embedded in layered soil and
subjected to different combinations of vertical load and lateral load and moment in order to
obtain generalized interaction diagrams relating vertical load, lateral load and moment at
failure. Failure is assumed to occur when tensile stresses are developed in soil below the base
of caisson. The numerical modelling has been done to take effect of geometric, material and
contact non-linearity and pore water pressure into account. Different soil responses
(maximum and minimum stresses in soil at base of caisson) and caisson responses like
displacement (tilt, shift and depth of point of rotation of caisson) and stresses on various faces
(lateral soil pressure, horizontal and vertical skin friction, base friction and base pressure) has
been studied in response to different magnitudes of vertical load, lateral load, soil-wall
friction angle and horizontal and vertical seismic acceleration coefficients. Based on the
magnitudes of various stresses, shear force and moment of resistance profile for caissons in
vertical plane has been developed. The moment of resistance developed due to sides and base
of caissons has been determined for a series of input parameters and based on the data-set
obtained, empirical correlation has been developed to determine load shared by sides of
caisson. The results indicate that higher magnitude of vertical load is required to safely carry
increasing magnitudes of lateral load. It is also found that at higher magnitudes of seismic



acceleration coefficients, lower magnitude of normalized lateral load is required to cause
failure.

Theoretical parametric studies have been conducted to study caissons embedded in
cohesive frictional (c-¢) soil, considering realistic shape of failure wedge obtained from
numerical study, to obtain seismic passive earth pressure coefficients due to cohesion,
surcharge and unit weight component. The studies have been conducted considering both,
individual failure surface for each resisting component using principle of superposition and
for combined failure surface due to all resisting components acting together. Comparison of
results from the two studies revealed significant difference in magnitude of seismic passive
earth pressure coefficient due to cohesion component. The difference in magnitude of seismic
passive earth pressure coefficient due to surcharge component is found to be less sensitive
than cohesion component while that for unit weight component is even less affected by
relative actions of other components. Empirical correlations to obtain centre of log-spiral
defining the failure wedge is obtained from the present study based on results of the
theoretical analyses.

Limit equilibrium analysis using modified pseudo-dynamic method is conducted to
obtain seismic passive earth pressure coefficient considering soil as a Kelvin-Voigt solid.
Acceleration profile with depth is obtained from the study which is used to calculate seismic
inertial forces. Seismic passive earth pressure coefficient for dry soil as well as submerged
soil with free water and restrained water is obtained for multitude of input parameters. The
increment of volume of wedge per unit width of caisson with reducing width of caisson and
subsequent increase in seismic passive earth pressure coefficient has been studied. The study
is further extended to propose analysis of caisson embedded in generalized n-layered
cohesionless soil considering polylinear failure wedge. Parametric variation in extent of
failure wedge formed in front of caisson is studied in addition to the effect of variation of
relative depths and relative magnitudes of soil friction angle in different soil layers on seismic
passive earth pressure coefficient. Transfer function relating acceleration amplitude in
various layers has also been studied.

The study presented in the thesis presents a series of design charts for seismic passive
earth pressure coefficients under a plethora of conditions by cutting down on many
assumptions and simulating actual field conditions closely. The numerical study also provides
detailed behaviour of caisson foundation under static and seismic conditions which might be

useful for practicing engineers and academicians alike.
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Chapter 1
INTRODUCTION

1.1 General

Caissons are massive foundation systems with high stiffness and rigidity. This equips

the caisson to support excessive vertical load, lateral load and applied moments and thus a

suitable foundation system to support lifeline structures like bridge piers and abutments. In

addition, the mass of caisson enables it to easily withstand the uplift forces in submerged
conditions. Lifeline structures are critical to human and economic resources. Therefore, safe
design and performance of these structures is a vital cog in the working of an affluent nation.

Design of bridge substructure is as important as the design of superstructure from the safety

point of view. The resistance generated by sides of caissons is quite significant compared to

base of caissons in presence of lateral loads and hence, they are treated as deep foundation.

Based on the installation mechanism, caissons are of following three major types as shown in

Fig. 1.1.

e Open caisson or well foundation: Open caisson is hollow at the time of installation. It is
sunk on site by virtue of self-weight with the help of cutting edge at the foot. As the
caisson is sunk, the soil within is dredged out and further sequential construction in
upward direction is done. After sinking the well to the required depth, the top and bottom
of caisson is sealed with concrete and the body is filled with sand.

e Box caisson or floating caisson: This type of caisson is installed at a previously levelled
foundation site. The caisson is constructed off-site and sunk to the foundation base. It
finds its application in situations where loads are not excessive, and a bearing stratum is
reached at a shallow depth [Ranjan and Rao (2004)]. Box caissons are to be protected
from scouring action.

e Pneumatic caisson: It comprises of a dry working chamber at the bottom which enables
better control in sinking. The caisson sinks as excavation is made and upon reaching the
required depth, the working chamber is sealed off with concrete. Despite providing most
control in sinking, this type of caisson is very costly, and the depth of sinking is limited
to about 35m below water level since the air pressure inside the chamber below this

depth is dangerous for human body.
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The prime examples of engineering structures which employ caisson as foundation
system are Taj Mahal in India and San Francisco-Oakland Bay bridge in USA. Both these
structures are engineering marvels and have boldly faced the test of time, withstanding
multiple earthquakes. The western span of the San Francisco-Oakland Bay bridge between
San Francisco and Yerba Buena Island is two suspension bridges joined by a common
anchorage. The chief engineer of the project, Charles H Purcell consulted with deep water
foundation expert, Daniel E Moran to reach on a decision to build one of the largest caissons,
Moran-Purcell caisson to support the anchorage at Yerba Buena Island as shown in Fig. 1.2.
The size of the caisson used in San Francisco-Oakland bridge is 29.6 m x 60.1 m in section
and depth of 74 m (Murthy, 2016).

1.1.1 Caisson loads and stresses

Caisson foundation is commonly subjected to three types of external loading, i.e.,
vertical load (V), lateral load (Q) and applied moment (M). These are result of plethora of
individual loads like dead load, live load, wind load, earthquake load, load due to water
current, load due to vehicular traffic, buoyancy etc. Under the application of these loads,
variety of resistive forces act on the caisson as shown in Fig. 1.3. These resistive components
are lateral soil pressure on front and rear face of caisson, horizontal skin friction on side faces

of caisson (parallel to direction of applied lateral load), vertical skin friction on all the vertical
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faces of caisson, base pressure and base friction. The distribution of stresses is guided by the
point of rotation of the caisson under the action of these loads. The magnitude of resistive

forces is also affected by soil properties, soil-wall interface properties and seismic conditions.
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Fig. 1.2 Moran-Purcell caisson (a) illustration from “Facts About the San Francisco -

Oakland Bay Bridge” (b) construction

(https:/Iwwwe.lib.berkeley.edu/news_events/bridge/bb_dc006.html)(https://calisphere.org/ite
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The effectiveness of caisson foundation lies in their ability to generate resistive forces
for a wide variety of load combinations. This made them automatic choice for foundation
system for bridge piers and abutments. Caisson foundations were thought to be immune to
seismic loads because of their high stiffness, but the failure of bridges in the Great Hanshin-
Awaji earthquake of 1995 illustrated that the analysis of caissons under seismic conditions
cannot be neglected. The damage to bridges supported by caisson foundation (Kobe bridge,
Portpia bridge, Second Maya bridge and Nishinomiya-Ko bridge [as shown in Fig. 1.4]) was
mainly due to lateral spreading of subsoils which caused movement and inclination towards
water. Lateral spreading also caused the failure of four caissons at Barcelona harbour in
November 2001 [Puzrin et al. (2009)].
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1.2 Aim of the Study

A great variety of loads is transferred to caisson foundation by different
superstructures it is used for. As mentioned in the previous section, despite their high
stiffness, failure of caisson foundation cannot be ruled out under seismic conditions. The
present study aims to provide safe design guidelines for caissons by means of numerical and
analytical studies which improve upon the assumptions made by previous researchers as
mentioned in the next chapter. The finite element based numerical analysis aims to obtain the
relative magnitudes of vertical load, lateral load and applied moment at failure and to
determine the load sharing between base and sides of caisson for various loading and site
conditions. The analytical studies use limit equilibrium analysis to determine seismic passive

resistance acting on a caisson by considering a novel 3D logarithmic spiral failure wedge.
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The study determines seismic resistance by considering both individual failure
surfaces for different resisting components and combined failure surface for all the
components acting together using pseudo-static approach. Furthermore, modified pseudo-
dynamic approach has been used for caisson embedded in layered soil to account for
amplification of earthquake waves through various soil layers. The proposed study allows for
safe design of caissons and earth retaining structures using the interaction diagrams and

design charts presented in subsequent chapters.
1.3 Motivation Behind the Study

Caissons are huge foundations with unparalleled stiffness and rigidity among
foundation systems. This makes them reliable for supporting structures subjected to various
loading combinations. However, The Great Hanshin-Awaji earthquake of 1995 exposed the
vulnerability of caissons in seismic conditions. Since, the primary application of caissons is
as foundation to bridge piers and abutments, its failure can be catastrophic. An extensive
literature review revealed the lack of numerical studies by taking pore water pressure into
account [Varun et al. (2009), Gerolymos et al. (2015)]. In addition, all the previous analytical
studies considered either 2D failure wedge [Soubra (2000), Soubra and Macuh (2002), Liu et



al. (2018)] or non-realistic planar 3D wedge [Biswas and Choudhury (2019), Biswas and
Choudhury (2021)]. Moreover, the modified pseudo-dynamic method of analysis [Rajesh and
Choudhury (2017)] had been used to study mostly homogeneous soil which can be extended
for layered soil. Thus, it was essential to conduct realistic study for a foundation system of

great importance to the society.
1.4 Organization of Thesis

A summary of the contents of this thesis is presented in this section. The chapter wise
contents of the thesis are as follows:

The first chapter introduces caisson, its importance and the basic working mechanism.
The aim of the study and motivation behind the study have also been briefly discussed.

The second chapter gives an account of in-depth literature review about the studies
pertaining to caissons. Few studies related to piles and retaining structures, which_may have
substantial bearing on the present study have also been explored and the critical appraisal of
the literature has been done. Based on the critical appraisal of literature, objectives for the
present study have been chosen.

The third chapter presents the finite element method-based numerical study for
caisson embedded in layered submerged soil. Static and pseudo-static analysis has been
performed and various generalized interaction diagrams have been developed relating V-Q-M
at failure for various seismic acceleration coefficients and soil-wall friction angles.

The fourth chapter deals with the stress (soil pressure and skin friction) response of
caisson under various soil, interface and seismic conditions. The load-sharing between base
and sides of caisson for different cases have been presented.

The fifth chapter proposes a novel geometry of 3D failure wedge formed behind a
caisson. The seismic passive earth pressure coefficients due to unit weight component,
surcharge component and cohesion component have been determined using limit equilibrium
method of analysis and principle of superposition. Empirical correlation for the centre of log-
spiral with respect to top of scour level has been presented. Design charts for different
seismic passive earth pressure coefficients have been presented.

The sixth chapter extends the theoretical analysis of the fifth chapter. The failure
wedge considered in this chapter is obtained by considering all the resistive components
working together instead of individual components in previous chapter. Design charts have

been developed for a combination of resistive components.



The seventh chapter deals with the limit equilibrium analysis of cohesionless soil
under dry and submerged conditions using modified pseudo-dynamic method. The caisson is
assumed to be embedded in layered soil; however, the entire failure wedge lies in a single
layer. Linear analysis has been performed to obtain various design charts considering
different input parameters.

The eighth chapter assumes polylinear failure wedge for caisson embedded in layered
soil. Limit equilibrium method of analysis has been adopted to return the seismic passive
resistance offered by the strata with varying depths and properties of layers. Design charts
have been developed for the entire set of input parameters.

The ninth chapter reveals the major conclusions drawn from the entire study. The
scope for future work, contribution of the present study and the limitations of the study have
also been discussed in this chapter.



Chapter 2
LITERATURE REVIEW

2.1 General

The analysis of caissons is very different from analysis of other geotechnical structures like
retaining walls or piles. This stems from the fact that caisson is a finite-width, 3-dimensional
structure unlike retaining wall and it behaves in a predominantly rigid manner unlike piles.
However, theoretical analysis of caissons has been derived and updated from the assumptions
made during analysis of retaining walls and piles. Therefore, the present literature review also
encompasses the research pertaining to walls and piles. Researchers have studied the
behaviour of caissons for more than a century now. A plethora of experimental, numerical
and theoretical studies have been performed in this duration. This chapter gives a brief

account of the various studies performed over the years in chronological order.
2.2 Experimental Studies

A number of experimental studies have been performed over the years that helped
researchers understand behaviour of embedded piers and piles subjected to static and
dynamic loading. Several model load tests were performed on caissons and piers during the
start of experimental program [Lazard (1957), Roscoe (1957), Kondner and Cunningham
(1963), Sharda (1975)]. Few studies have also been conducted to demonstrate the ground
response to dynamic excitation [Kumar et al. (2017), Chaudhary et al. (2018)]. Furthermore,
dynamic load tests have been conducted on piles [Bhattacharya et al. (2004), Manna and
Baidya (2009), Manna and Baidya (2010a), Manna and Baidya (2010b), Chandrasekaran et
al. (2013), Biswas and Manna (2018), Ralli et al. (2022)] and retaining walls [Boominathan et
al. (2004), Fukumoto et al. (2014)] to observe their behaviour during earthquakes. The
centrifuge tests [Gadre and Dobry (1998), Muszynski et al. (2014), Olson et al. (2017)] and
other field tests [Kelly et al. (2006), Loli et al. (2011)] conducted over the years have
clarified the failure patterns and response of caissons to variety of field conditions. The detail

of these studies is mentioned in this section.
2.2.1 Lazard (1957)

The author performed model tests on piers of diameter 3 feet and depth 9 feet to study

overturning moment at limiting condition. The author reported that passive earth pressure is



the most prominent parameter associated with limit state and therefore all the factors that
affect the magnitude of passive earth pressure (such as, ground configuration, direction of
pull) should be taken into consideration during formulation of overturning moment at limit

state.
2.2.2 Roscoe (1957)

The author performed field test by applying lateral pull to saw-tooth portal frames
supported by reinforced cement concrete pier foundation. The test piers used by the authors
were 1.5 feet in diameter and 3 feet deep. Provision for application of vertical load was also
provided by means of loading chamber. The piers had been constrained to rotate about the
base by the author. The average moment required to cause failure and the extent of failure
wedge formed in front of pier was measured by the author and compared with available
theoretical studies. The author also reported the 3-dimensional failure geometry obtained

from the study as shown in Fig. 2.1.

Fig. 2.1 Actual failure wedge geometry for laterally loaded pier [after Roscoe (1957)]
2.2.3 Kondner and Cunningham (1963)

The authors studied the performance of a rigid circular pole in dry, dense sand having
uniform properties under horizontal loading, which is applied above the ground line for
varying distances. A relationship between the moment-deflection characteristics of the soil-

pole system was developed by the authors using the hyperbolic function method.



2.2.4 Sharda (1975)

A series of laboratory and field tests for well foundations embedded in sand was
conducted by the author. Test set-up for lateral load test has been depicted in Fig. 2.2. The
author studied the effects of size of well, embedment depth, vertical and lateral loads,
stiffness of subgrade at base and soil-wall friction angle in the model tests. The author also
developed a theory for analysing the lateral resistance of caissons by taking non-linear
pressure versus displacement characteristics of surrounding soil. The results of theoretical

and experimental studies are reported to be in excellent agreement by the author.
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Fig. 2.2 Lateral load test set-up for laboratory well models [after Sharda (1975)]
2.2.5 Gadre and Dobry (1998)

The authors conducted a series of centrifuge tests, including seven soil-foundation
configurations on an embedded pile cap foundation, to calculate the ultimate lateral capacity,
material damping, and secant stiffness. A square footing model of 1.14 mx1.14 mx0.84 m
inserted in dense dry sand with a relative density of 75% was used for the tests. The authors
assessed the contributions and possible interactions of base and side shear, and active and
passive forces to the lateral response of the foundation. The authors observed the contribution

of the passive forces in the total lateral resistance of the system to be most substantial.
2.2.6 Bhattacharya et al. (2004)

The authors proposed buckling mode of failure of piles in liquefiable soil caused due

to earthquake loading. The authors conducted dynamic centrifuge test to verify the proposed
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failure mechanism based on 14 case studies of pile performance during earthquake. It was

concluded that slenderness ratio can be used to distinguish pile behaviour in liquefiable soil.
2.2.7 Boominathan et al. (2004)

The authors conducted laboratory tests using laminar shake boxes to study the
behaviour of pile walls installed in sandy soil strata. The authors considered both rigid and
flexible pile walls embedded in dry loose sand (15% and 23% relative density) as well as
saturated sandy layers. The magnitude of static load applied was also varied by the authors.
The authors varied initial displacement amplitude to model different levels of severity of
earthquakes. The authors reported that the maximum acceleration was recorded at the surface
and that the maximum pile wall displacement in liquefied state for wall in loose saturated

sand was found to be 30-40% higher than wall in dry loose sand.
2.2.8 Kelly et al. (2006)

The authors studied the dynamic behaviour of suction caissons embedded in sand and
clay subjected to vertical and moment loading. Comparisons were drawn by the authors
between the laboratory tests and field tests for caisson foundations concerning the stiffness
and strength by establishing a scaling relationship. The results from the tests were presented
in a dimensionless manner by the authors. The authors reported that the field tests could be
used to scale the results of the laboratory tests of caissons under moment loading. On the
contrary, a noteworthy difference in the results between the laboratory and field tests for

caissons under vertical loading was observed by the authors.
2.2.9 Manna and Baidya (2009)

The authors conducted static and forced vibration tests in the vertical direction to
predict the natural frequencies and peak amplitudes of reinforced concrete piles considering
varying eccentricities. Further, the experimental results were compared with two-dimensional
finite element analysis and Novak’s continuum theory (1978). The authors reported that the
maximum amplitude of the pile predicted from the finite element analysis was in reasonable

agreement with that of the experiment results.
2.2.10 Manna and Baidya (2010a)

The authors studied the dynamic characteristics of piles against vertical vibrations

considering non-linearity. For this, forced vibration tests on both single and group piles were
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performed by the authors for varying frequencies of excitation and pile cap embedment.
Subsequently, the authors compared the experimental results with continuum theory. A weak
boundary zone surrounding the pile was used in the analysis by the authors to consider the
effects of nonlinearity in the response of the soil-pile system.

2.2.11 Manna and Baidya (2010b)

The authors conducted field vibration tests and theoretical analysis using a continuum
approach to examine the dynamic response of piles subjected to coupled excitations. The
authors observed a decrease in the pile stiffness and damping with the increase in the
excitation frequency for both horizontal and rocking modes. Further, the results from the
experimental and theoretical analysis by the authors were found to be in reasonable

agreement when pile-soil separation was considered.
2.2.12 Lolietal. (2011)

The authors conducted experimental and numerical studies to predict the behaviour of
embedded caisson foundations against reverse faulting. The authors found that the rigid
caisson foundation brings about a diversion in the rupture, which then progresses around the
foundation edges. The authors observed that the failure pattern and its influence on the
foundation response depend on the exact position of the caisson with respect to the fault.
Therefore, a parametric study to highlight the effect of the position of the caisson

corresponding to the rupture fault was conducted numerically.
2.2.13 Chandrasekaran et al. (2013)

The authors conducted dynamic lateral load tests on laboratory scale models of piles
embedded in clay. The authors modelled elastic half space in the test set up to ensure that the
stress waves are not reflected by the test container as shown in Fig. 2.3. Hollow aluminium
tubes were used by the authors to model test piles in groups of 1x2, 2x2 and 3x3. The
extensive test program was conducted by the authors for varying consistency index of clay,
length to diameter ratio of piles, spacing of piles, dynamic load and frequency of loading. The
authors reported that the displacement of pile group subjected to dynamic lateral load is
highly non-linear. The authors also observed that the dynamic lateral loading produced higher
magnitude of maximum bending moment and active length of pile as compared to static

loading.
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2.2.14 Fukumoto et al. (2014)

The authors performed numerical and experimental analyses to study the behaviour of
dry-stone retaining walls under seismic loadings by focusing on the shape effect of the stone
blocks. The discrete element method employed in the analysis by the authors was found to
replicate the behavior of the stone walls as obtained from the centrifuge tests. The authors
reported a higher seismic performance of the wedge-shaped blocks as compared to the cuboid

blocks which was attributed to the difference in the friction at the interface.
2.2.15 Muszynski et al. (2014)

The authors conducted four centrifuge tests on a massive foundation with high rigidity
embedded in liquefiable soil. The repeatability of the test in terms of coefficient of variation
of parameters like base input excitation, porewater pressures and shift of foundation. The
authors advised for meticulous control over input motion, as it is the guiding parameter
controlling the repeatability of tests.
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Fig. 2.3 Experimental set-up for dynamic lateral load test [after Chandrasekaran et al. (2013)]
2.2.16 Kumar et al. (2017)

A new methodology for obtaining dynamic soil properties (DSP), based on
asymmetrical hysteresis loop at high shear strain has been proposed by the authors. A series

of cyclic triaxial test was conducted by the authors at different initial conditions. The authors
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inferred that most of the DSP obtained from both asymmetrical and symmetrical hysteresis
loops were similar in magnitude, but damping ratio was significantly lower when evaluated

using symmetrical loop compared to asymmetrical loop.
2.2.17 Olson et al. (2017)

The authors conducted four centrifuge tests to evaluate the lateral spreading loads
imposed on a stiff caisson due to seismic conditions in liquefiable soil. The authors
considered pressures on both the upslope and downslope sides of the caisson and calculated
them using tactile sensors. Additionally, a hybrid approach considering a passive wedge
factor (PWF) that is variable, was developed by the authors to evaluate the ultimate lateral
earth pressure distribution due to lateral spreading. The authors considered a three-
dimensional upslope passive wedge, the depth, size, and shape of which were depicted with
respect to an oval-shaped passive wedge formed ahead of the caisson as shown in Fig. 2.4.
The authors reported that the results from the newly proposed method were in accordance

with the centrifuge test results.
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2.2.18 Biswas and Manna (2018)

The authors carried out dynamic field tests to study the non-linear behavior of a soil-
pile system subjected to coupled vibrations from machine foundations. From the test results,
the authors presented frequency-amplitude plots for varying eccentricities. Furthermore, a
numerical analysis using continuum theory was executed by the authors which studied the

stiffness and damping variation of piles with frequency.
2.2.19 Chaudhary et al. (2018)

The authors used geogrid and sheet piles to reinforce the breakwater foundations and
investigated the response of these foundations against various earthquake loadings. Further,
the authors assessed the resilience of the proposed reinforced model by ‘performing shake
table tests and numerical analysis using the finite difference method. A significant decrease in
the lateral displacement and settlement of the reinforced foundation under earthquake

foreshocks and mainshock was observed by the authors.
2.2.20 Ralli et al. (2022)

The authors carried out dynamic field tests to study the nonlinear response of single
vertical and inclined piles subjected to machine loadings. The authors observed an increase in
the resonant frequency with the increase in the batter angle thereby highlighting the influence
of the batter angle on the pile response. Additionally, theoretical analysis was also performed
by the authors which compared well with the test results. The authors found the dependency

of the loading direction of batter piles on the stiffness and damping of the pile-soil system.
2.3 Numerical Studies

Finite element analysis has been the most popular modes of numerical study for a
long period of time because of its effectiveness in modelling complex geometry and loading
and has been adopted by a plethora of researchers for studies pertaining to caissons [Mita and
Luco (1989), Varun et al. (2009), Karapiperis and Gerolymos (2014), Gerolymos et al.
(2015), Gaudio and Rampello (2016), Gaudio and Rampello (2020), Al-Ramthan and Aubeny
(2020), Biswas and Choudhury (2020), Fu et al. (2020)] and other geotechnical problems
[Zaman et al. (1984), Murakami et al. (2005), Boominathan (2008), Chatterjee et al. (2014),
Krishna and Bhattacharjee (2017), Jalbi et al. (2018)]. An account of several other numerical
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methods was given by Murakami (2010) which was also adopted by Murakami et al. (2005)
and Shuku et al. (2012).

2.3.1 Zaman et al. (1984)

The authors used the finite element method to study the interface deformation
behaviour of a thin layer element under the action of dynamic loading. An elastic-plastic
hardening model was used by the authors to account for the non-linear behaviour of the soil.
The results observed by the authors were verified with the response obtained from field tests
on a model nuclear power plant. Finally, the authors concluded that the proposed model

accurately represented the interface behaviour.
2.3.2 Mitaand Luco (1989)

The authors conducted the dynamic response analysis of a 3D square embedded
foundation by utilizing an elastic half-space. The authors applied a hybrid technique to obtain
the impedance function of the rigid embedded foundation by combining the boundary
element approach in the frequency domain and the finite element method. It was reported by
the authors that a cylindrical foundation having an equal circular base and depth of
embedment could be used as an estimate in the response analysis of square foundations.
Moreover, the authors observed a decrease in the coefficient of horizontal stiffness in the
higher frequency range, particularly for Poisson’s ratio value of 0.4 and square base

foundations.
2.3.3 Murakami et al. (2005)

The authors introduced formulations for a soil-water coupled problem by employing a
mesh-free strategy and validated it with undrained soil tests. Further, the authors studied the
punch problem of a foundation resting on a soft saturated soil having problems of stress
singularity, utilizing the mesh-free Galerkin method. The forward difference approximation

was used by the authors in the discretization of time domain.
2.3.4 Boominathan (2008)

The authors performed numerical analysis of ventilation stack of a nuclear power
plant using computer program SASSI 2000. The authors employed flexible volume
substructure method to conduct soil-structure interaction analysis for varying relative

stiffness of the layers of strata, thickness of soil layer and embedment of foundation. The
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study revealed that the spectral accelerations and displacement at top reduce with increasing
embedment ratio (ratio of depth of embedment to radius of footing) due to soil structure
interaction. The reduction in spectral acceleration was reported by the authors to be as high as
35% for embedment ratio of 2.5 compared to surface footing.

2.3.5 Varun et al. (2009)

The authors used a four-spring Winkler model to predict the static and dynamic
response of a rigid caisson foundation. The authors obtained spring stiffness by employing a
macroscopic model of the well foundation for rigid and semi-rigid foundations, comparing
the same with finite element analysis, which was found to be in very good agreement with
each other.

2.3.6 Murakami et al. (2010)

The authors compiled various numerical methods that may be useful in field of
geotechnical engineering. The authors discussed various aspects of nonlinear finite element
method, micromechanics and discrete element method, inverse analysis etc. The authors also
shed light on methods like limit analysis (upper and lower bound), limit equilibrium method,
smoothed particle hydrodynamics, mesh free analysis and finite volume method which can be

used for solving various geotechnical problems.
2.3.7 Shuku et al. (2012)

The authors highlighted the importance of data assimilation method of “particle filter”
(PF) in geotechnical applications. It is observed that using the method on numerical
experiments and model tests identifies the elasto-plastic geomaterials very well. The authors
reported that the parameters identified by PF, based on sampling method ‘SIS’ for a

numerical test, converged into their true value.
2.3.8 Chatterjee et al. (2014)

The authors modelled undrained response of skirted shallow foundations using FEM
based computer program ABAQUS. The authors have considered alteration of embedment
depth and mobilized shear strength of local soil with increased translation of foundation by
using large deformation FEM analysis. The authors drew comparisons between results of the

numerical study with centrifuge test results of circular model of skirted foundation and
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concluded that the proposed model is capable of replicating the foundation response to a

variety of loading accurately even after yielding.
2.3.9 Karapiperis and Gerolymos (2014)

The authors investigated the lateral response of a massive caisson foundation in
undrained clay subjected to externally applied combined vertical, horizontal, and moment
loading. Using three different D/B (depth to width) ratios ranging from 1-3, the response of
the caisson was obtained by the authors, and every possible failure mode was identified for
different load paths by conducting a 3D finite element analysis as illustrated in Fig. 2.5. The
results from the numerical study were used to scale the parameters of a four-spring Winkler
model. It was observed that the lateral soil resistances depend on the various loading paths
and factors of safety to vertical loading, apart from being a function of the soil strength

properties and geometry of caisson.
2.3.10 Gerolymos et al. (2015)

The author used a thorough 3D finite element analysis to study the response of a
cuboid caisson foundation with varying embedment depths in cohesive soil under combined
loading. The analysis considers the influence of the embedment depth, vertical loading, and
soil interface friction coefficient on the bearing capacity of the caisson. A generalized failure
envelope developed in the vertical load-lateral load-moment (N-Q-M) space, capturing every
response aspect, was used to determine the displacement vector of the caisson head under
post-failure conditions. -Furthermore, low-frequency and high-frequency dynamic- tests were
used to validate the obtained failure envelope for caissons. The radiation damping was found

to have a negligible influence on the caisson response under failure conditions.
2.3.11 Gaudio and Rampello (2016)

The authors conducted a 3D numerical analysis in the time domain for a bridge pier
supported by a caisson foundation to evaluate its seismic behaviour. The soil behaviour was
represented by an elastic-plastic hardening model taking into account soil non-linearity and
hysteretic behaviour. The authors carried out the analysis for varying slenderness ratio of
caissons and pier height, wherein its influence on the rotation of caisson and permanent
deformation of bridge pier was highlighted. Furthermore, the equivalent horizontal seismic
coefficient kneq(t) was developed by the authors by dividing the caisson into n horizontal

discs and is given as follows:
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kh,eq(t) = hW = hH (2.1)

where H is the caisson height and W is the weight of caisson; h; is the height of the
horizontal disks having weight Wi; kn,i(t) is the estimated seismic acceleration coefficient at a
particular time instant. The equivalent horizontal seismic coefficient can be adopted in the

pseudo-static analysis of caissons.
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Fig. 2.5 Failure mechanisms for the three different embedment ratios [after Karapiperis and
Gerolymos (2014)]

2.3.12 Han et al. (2016)

The authors estimated the earth pressure of a retaining wall supporting a layered
backfill for static and dynamic conditions by utilizing the horizontal slice technique
considering limit equilibrium analysis. The failure surface was assumed to be both linear and
curved by the authors, for the analysis. The authors observed the consequential effect of the
soil-wall interface friction angle (o) on the earth pressure magnitudes and failure surface
shape. Further, it was reported by the authors that the active earth pressure could be
calculated using the linear failure surface, while the passive earth pressure uses the curved

failure surface for both static and dynamic conditions.
2.3.13 Krishna and Bhattacharjee (2017)

The authors studied the response of reinforced soil retaining wall to scaled ground
motion. The numerical model was calibrated with the results of shake table test and was

further updated to study the response to 5 scaled earthquake motion. The authors reported
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formation of two deformation zones. The constant strain zone extended beyond the reinforced
soil while the high strain zone lied close to the wall face. The authors concluded that seismic
excitations during earthquake is a complex phenomenon and knowledge of peak ground
acceleration (PGA) or predominant frequency are not sufficient to predict the effect of

ground motion on structures.
2.3.14 Jalbi et al. (2018)

The authors presented closed-form solutions to evaluate the foundation stiffness of
suction caissons on three different soil profiles using the finite element method. The authors
modeled the soil as linearly elastic. The stiffness parameter was used by the authors to predict
the natural frequency. The authors reported the significant influence of the Poisson’s ratio on
the lateral stiffness of a homogeneous soil profile. It was observed by the authors that the
increase in the Poisson’s ratio up to a value of 0.4 causes a reduction in the lateral stiffness

after which it was found to increase.
2.3.15 Gaudio and Rampello (2020)

The authors evaluated the caisson inertia under earthquake loading, represented by an
equivalent horizontal ks and rotational seismic coefficient krot, by conducting an extensive 3D
numerical analysis considering 14 different soil-caisson-pier-deck systems subjected to 6
strong ground motions. The seismic coefficients are described by empirical relationships
depending on the dynamic properties of the soil-structure system and also on the seismic
input. Using these seismic coefficients, the authors applied the pseudo-static analysis to check
the safety of caissons against bearing capacity for stiff and flexible systems.

2.3.16 Al-Ramthan and Aubeny (2020)

The authors conducted a finite-element investigation by employing an axisymmetric
Fourier analysis to predict the permanent deformation of caissons in clay under the action of
cyclic loading. The authors used a nonlinear hardening model that simulates plastic
deformations at loading lower than the soil strength. A parametric study of caissons to
evaluate the influence of various soil properties and loading conditions on the predicted
displacement subjected to cyclic loading shows significant effects.
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2.3.17 Biswas and Choudhury (2020)

The authors investigated the moment capacity of circular caisson embedded in layered
cohesive soil, using three-dimensional numerical study. Parametric study was performed by
the authors to study the effect of various input parameters on lateral soil pressure profile.
Various tilt and shift combination under the action of applied lateral load have been

addressed by the authors.
2.3.18 Fuetal. (2020)

Undrained bearing capacity of a side-rounded caisson foundation in clay subjected to
uniaxial and combined loading was investigated by the authors. The side-rounded foundation
has a rectangular section in the middle, placed between the two halves of a circular
foundation. A thorough finite element investigation using ABAQUS was conducted, and the
influence of the foundation shape, depth of penetration, and soil strength profile on the
bearing capacity of caissons were analysed. The authors adopted an equivalent dimensionless
embedment ratio and an equivalent soil strength heterogeneity ratio for the side-rounded
foundation to describe its bearing capacity by the groundwork determined for a circular
foundation.

2.4 Theoretical Studies

Terzaghi (1943) pioneered the theoretical study for caissons by analysing pier
foundations followed by studies by Pender (1947) and Banerjee and Gangopadhyay (1960).
Most of the theoretical studies to determine earth pressure coefficients considered 2-
dimensional failure wedge for the analysis using pseudo-static [Subba Rao and Choudhury
(2005), Choudhury and Ahmad (2007), Caltabiano et al. (2012)] and pseudo-dynamic
[Choudhury and Nimbalkar (2005), Ahmad and Choudhury (2009), Bellezza et al. (2012),
Bellezza (2014)] or modified pseudo-dynamic approach [Bellezza (2015), Pain et al. (2015),
Rajesh and Choudhury (2017), Santhoshkumar et al. (2019)]. Several other researchers
[Gerolymos and Gazetas (2006a,b,c), Mylonakis et al. (2006), Tsigginos et al. (2008), Varun
et al. (2009), Zhong and Huang (2013)] adopted 2-dimensional Winkler’s model for the
analysis of caissons. Ashour (1998) adopted the strain wedge model proposed by Norris
(1986) to study the resistance to piles considering 3D planar failure wedge behind laterally
loaded pile. The same model was later adopted by Biswas and Choudhury (2019,2021) to

model passive resistance to caissons in cohesionless soil. However, these studies have been
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conducted for homogeneous soil. Few researchers [Kumar and Samui (2006), Qin and Chian
(2017), Hazari et al. (2020), Santhoshkumar and Ghosh (2021a,b)] have attempted to study
the response of layered soil in 2D. The studies pertaing to theoretical analysis has been
discussed in this section in detail.

2.4.1 Terzaghi (1943)

The author suggested that full mobilization of skin friction on vertical faces should be
considered as the pier would not sink into the strata until frictional resistance is completely
mobilized. The author proposed a formula for the determination of ultimate bearing capacity
for pier foundation under this assumption. The author also recommended that this analysis be
extended for rigid bulkhead under lateral loads and suggested that contribution of side
friction on parallel faces to the plane of tilt should not be considered in the analysis but
included the contribution of base friction and base resistance. Terzaghi’s theory turned out to

be the central idea for many of the succeeding analyses by various authors.
2.4.2 Pender (1947)

The author was the pioneer in analyzing well foundations subjected to lateral load
extensively. The author established that special considerations must be taken into account
while theoretical analysis of massive foundation with high stiffness as opposed to previous
studies of light and slender foundations like piles [Stobie (1930); Wolf (1933)]. The author
considered the cohesionless soil surrounding the well foundation to act as linear springs with
linearly increasing stiffness with depth. The author studied the problem wusing two
approaches:

e Smooth, weightless well rotating about an axis above the base

e Heavy well rotating about centroidal axis on base and considering base friction
2.4.3 Banerjee and Gangopadhyay (1960)

The authors derived expressions for calculating lateral load-carrying capacity of well
foundation embedded in cohesionless soil. The authors made use of the modulus of subgrade
reaction assumption of Pender (1947) and combined it with the rigid bulkhead analysis by
Terzaghi (1943). The authors also assumed front and rear face to be rough and thus used

Coulomb’s (1776) earth pressure coefficients in the formulation.
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2.4.4 Beredugo and Novak (1972)

The authors developed closed-form solutions to determine the response of embedded
foundations to coupled horizontal and rocking vibrations. The theoretical curves obtained
from the analytical solution were compared with results obtained from field tests. Frequency
independent damping and stiffness were developed by the authors for design. The authors
observed that the response of the embedded footings was dominated by the first resonant
peak and hence is of utmost importance. Furthermore, it was also observed that the
embedment increases the resonant frequencies and decreases the resonant amplitudes

significantly.
2.4.5 Ashour et al. (1998)

The authors used strain wedge model to study passive wedge formed in front of
flexible piles. The authors considered 3-dimensional planar failure wedge developed in front
of single pile embedded in homogeneous and layered strata. The study explored the nonlinear
variation of modulus of subgrade reaction and also reflected the dependence of p-y curves on
soil and pile properties. The author used effective stress theory and reported that the
parameters required in the proposed model used fundamental soil properties for solving

laterally loaded pile problem.
2.4.6 Choudhury and Nimbalkar (2005)

The authors proposed an improvement in pseudo-dynamic method to obtain the
passive earth pressure distribution considering both horizontal and vertical seismic
accelerations as shown in Fig. 2.6. A constant shear modulus was considered with depth
throughout the backfill. Additionally, the influence of various parameters like horizontal and
vertical seismic coefficient, angle of soil and wall friction, shear wave velocity, and lateral
shaking period was investigated. The authors compared the adopted pseudo-dynamic method
with the existing pseudo-static method from the literature, showing a highly nonlinear earth

pressure distribution for the former case.
2.4.7 Subba Rao and Choudhury (2005)

The authors conducted a pseudo-static analysis to predict the seismic passive earth
pressure coefficient for a rigid retaining wall with homogeneous backfill using the limit

equilibrium method. Primarily, the passive earth pressure coefficient considering the self-
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weight, cohesion, and surcharge condition was calculated separately and then using the
superposition principle the minimum passive earth pressure was calculated by summation of
the minimum values of each of these components. The authors considered a combined log
spiral and straight line to be the failure surface. An increase in the passive earth pressure
coefficient with an increase in the seismic vertical and horizontal acceleration coefficients

was reported by the authors.
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Fig. 2.6 Passive earth pressure model [after Choudhury and Nimbalkar (2005)]
2.4.8 Choudhury and Chatterjee (2006)

The authors proposed 2-degree of freedom (DoF), dynamic MSD (mass-spring-
dashpot) model to calculate earth pressure in active conditions. The 2 DoF considered in the
study are translations of soil mass at the back of retaining wall and that of the wall itself
under dynamic loading. The authors determined extent of influence zone for the dynamic
earth pressure and the magnitude of translation of wall. The authors also proposed

generalized design charts required to obtain total dynamic force due to earth pressure.
2.4.9 Gerolymos and Gazetas (2006a)

The authors proposed a multi-spring Winkler model to study response of caisson
foundations in homogeneous, elastic soil, having a variety of shapes (square, circular or
rectangular) in plan, under static and dynamic loading. The authors used 4 different types of
spring to relate caisson translation and rotation with soil resistance in form of stresses and
moments acting on various faces of caisson. The authors coupled each spring with a dashpot
to effectively model dynamic problem and formulated closed form solution for all the springs
and dashpots and conducted parametric study. The authors compared the results of the

proposed model with results of 3D finite element study to confirm its reliability.
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2.4.10 Gerolymos and Gazetas (2006b)

The authors incorporated the effect of soil nonlinearity and slippage and separation at
caisson-soil interface and base uplifting. The authors also considered the effect of radiation
damping using visco-plastic approach and degradation of strength and stiffness of soil with
higher number of load cycles. The authors developed finite-difference method-based, time-
domain code and calibrated the parameters associated with the proposed model using

experimental and analytical data.
2.4.11 Gerolymos and Gazetas (2006c)

The authors developed a methodology to determine the response of non-linear caisson
embedded in layered strata with nonlinear soil behavior. The response of static, cyclic and
dynamic loading- has been investigated by the authors considering 4-spring Bouc-Wen-
Gerolymos-Gazetas model wherein inelastic springs and dashpots have been used to model
soil stiffness and damping properties. The authors established the efficacy of the model using
the results from 1/3 scale model subjected to lateral loading in field. The authors presented

the results of the parametric study based on the proposed model.
2.4.12 Mylonakis et al. (2006)

The authors proposed a methodology to study spread footing under bridge piers. The
authors studied the dynamic stiffness of foundation, computation of kinematic response,
assessment of proper embedment effect. Comparison was drawn by the authors between
kinematic and inertial response and radiation damping effect has also been explored. The
authors presented the results in graphical and tabular form for stiffness and damping in

different modes of vibration.
2.4.13 Kumar and Samui (2006)

The authors assessed the stability of slopes consisting of cohesive-frictional soil with
two layers by upper bound analysis. Different arcs of a logarithmic spiral having a common
focus were used by the authors as the failure surface. Subsequently, the authors established a
set of stability charts giving the values of stability numbers Ns which can evaluate the factor
of safety of the layered soil slope, considering the pore water pressure and horizontal seismic
forces. With the increase in pore water pressure coefficient and seismic horizontal pressure

coefficient, the authors reported a decrease in the value of stability numbers.
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2.4.14 Choudhury and Ahmad (2007)

The authors applied the pseudo-static approach in assessing the stability of waterfront
retaining walls subjected to the combined effect of tsunami and earthquake forces. The
passive earth pressure was considered on the wall by the authors. Additionally, the authors
emphasized the influence of the hydrodynamic pressure on the stability analysis of the
retaining wall which is generated during earthquake shaking. The authors presented factor of

safety of the retaining wall in sliding and overturning failure modes.
2.4.15 Solov’ev (2008)

The author suggested a method for computation of bearing capacity of soil stratum
supporting well foundation for varying geometry of cutting edge. The author performed the
analyses for caissons in both cohesionless and cohesive soil. Limit equilibrium method of
analysis was employed by the author to study the effects of shape and taper of the blades on
limiting bearing capacity. Correction factor & was introduced to obtain the width of blade in

terms of its shape and embedment in the stratum.
2.4.16 Tsigginos et al. (2008)

The authors carried out a dynamic soil-structure interaction analysis of a pier-caisson
foundation system embedded in an elastic half-space subjected to earthquake loading. The
Winkler model was used by the authors to evaluate the elastic response of the caisson
foundation in the frequency domain. The authors used a model comprising four individual
dashpots and springs that represents the lateral loads and moments at the caisson shaft and
translational loads in shear and moments at the base of the caisson as shown in Fig. 2.7. The
authors observed the dependency of the equivalent system period on the relative mass and
stiffness of the structure and soil and slenderness. An increase in the system period was

reported by the authors for lower slenderness ratio values.
2.4.17 Ahmad and Choudhury (2009)

The authors proposed methodology for obtaining seismic design factors for translation
of waterfront retaining wall. Pseudodynamic method for determination of seismic
acceleration profile was used considering dynamic soil properties. The authors reported that
the difference in water level at either side of wall poses challenges to design of wall. The

authors also recognized the parameters affecting the design factors.
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2.4.18 Varun et al. (2009)

The author proposed Winkler model to develop analytical solutions for caisson
foundation considering resistance due to both base and sides of caisson. The calibration of
various parameters has been done based on the results of 3D finite element numerical
analysis. The authors confirmed the applicability of the model by verifying the results for

strata with soil properties varying with depth.

H

Fig. 2.7 Four spring and dashpot Winkler model [after Tsigginos et al. (2008)]
2.4.19 Bellezza et al. (2012)

The author proposed the use of pseudo-dynamic approach for determination of
seismic inertial forces in homogeneous submerged backfill wherein, pore water could be
either free or restrained. The authors then carried out parametric study to understand the
effect of dynamic soil properties on active thrust on walls. The effect of soil amplification

was also studied by the authors.
2.4.20 Caltabiano et al. (2012)

The authors employed limit equilibrium method to obtain analytical expressions for
the active slip surface angle, the critical acceleration coefficient, and the active earth pressure
coefficient under static and seismic conditions. The authors carried out the analysis
considering the retaining wall to be smooth and vertical, with a backfill having no surcharge,
infinite surcharge, and limited surcharge as shown in Fig. 2.8. The authors assumed the pore

water pressure to be zero.
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2.4.21 Jawaid and Madhav (2013)

The authors proposed a rigid composite open caisson foundation by replacing the soil
within the caisson with granular fill as depicted in Fig. 2.9 to increase its overall stability for
use in land with high water table. The settlement of the proposed caisson foundation to axial
loading was studied by the authors using the continuum approach. Furthermore, the authors
conducted a parametric analysis to study the effect on load sharing, settlement, and stress
distribution. A decrease in the foundation settlement was reported by the authors for an
increase in the ratio of length to diameter (L/do), for all diameter ratios.
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Fig. 2.8 Different surcharge loading conditions: wall with no surcharge in (a) static
conditions, (b) seismic conditions with 5=0=0 (c) seismic conditions with 0 and 6+#0; (d)
wall with an infinite surcharge; (e) wall with a limited surcharge or, (f) equivalent linear

surcharge [after Caltabiano et al. (2012)]

2.4.22 Zhong and Huang (2013)

The authors studied the dynamic behaviour of a composite caisson pile foundation,
the upper part of which comprised of caisson and the lower part comprised of grouped piles.
The authors adopted a four spring Winkler model that accounts for the varying physical and
mechanical properties of layered soils. A modified rotational embedment factor was utilized
by the authors in the calculation of spring coefficients of caissons. The authors observed the

significant influence of the piles beneath the caissons in increasing the foundation resistance
against dynamic loads.
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2.4.23 Bellezza (2014)

The author introduced a variation of traditional pseudo-dynamic method wherein both
amplitude and phase of the seismic wave changes with depth as opposed to only phase
variation in case of previous method. The author considered soil as a viscoelastic material
and formulated closed-form solutions for seismic active soil pressure distribution with depth.
Constraint on shear stress at ground surface was imposed by the author and parametric study

was conducted to check the sensitivity of various soil and seismic parameters.
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Fig. 2.9 Proposed rigid open caisson foundation [after Jawaid and Madhav (2013)]
2.4.24 Liu (2014)

For a circular retaining wall, the authors calculated the lateral active earth pressure by
applying the slip line method, taking into account the tangential stress and movement of the
wall. The authors assumed that the soil's internal friction and friction of the wall would vary
with wall rotation. The dependency of the active earth pressure on the shape of the wall and
its displacement magnitudes was observed by the authors. Additionally, the authors observed
a non-linear active earth pressure distribution across the wall height. Subsequently, the

authors reported an exponential decrease in the earth pressure with increased wall movement.

2.4.25 Bellezza (2015)

The author proposed modified pseudo-dynamic methodology by considering
vertically propagating standing primary and shear waves through viscoelastic media. The

method returned both horizontal and vertical seismic acceleration profile considering various
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dynamic soil properties. Extensive parametric study has been performed by the author to

check the response of seismic active soil thrust on input parameters.
2.4.26 Chatterjee et al. (2015)

The authors proposed a finite element method-based analytical technigque to obtain the
bending moment and deflection profile of a single pile under the influence of vertical and
transverse seismic loading. The authors conducted the study for both, dry and submerged and
uniform and layered soil. Pseudo-static approach was employed to compute seismic inertial

forces in both liquefiable and non-liquefiable soils.
2.4.27 Pain et al. (2015)

The authors used a modified pseudo-dynamic limit equilibrium method to study the
retaining wall in sliding conditions for seismic cases. The authors considered the retaining
wall to support a cohesionless backfill in active earth pressure conditions as depicted in Fig.
2.10. It was observed that the wall-soil interaction may or may not occur simultaneously for
maximum sliding in active failure mode, under seismic conditions. The authors calculated the
critical seismic acceleration coefficient at the sliding failure edge and Newmark’s method

was employed to calculate the extent of sliding of the wall.
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Fig. 2.10 Inertia forces on the active soil wedge of the wall [after Pain et al. (2015)]
2.4.28 Chowdhury et al. (2017)

The authors presented an analytical model for the seismic analysis of a well

foundation supporting a pier that illustrates the limitations of the existing literature. The
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authors highlighted the importance of the soil-structure interaction effect of the well and pier.
A generalized model considering the well as a rigid, semi-rigid, and flexible body was

developed taking into account the liquefaction effects.
2.4.29 Rajesh and Choudhury (2017)

The authors presented a closed-form solution for the evaluation of the seismic passive
earth pressure resistance (Ppe) of an inclined retaining wall having a submerged backfill by
employing the modified pseudo-dynamic method. The authors assumed the failure surface as
a logarithmic spiral at the base of the wall and linear close to the ground surface as depicted
in Fig. 2.11. Furthermore, the influence of the seismic acceleration coefficients (kn and k),
angle of soil-wall friction and soil friction (6 and ¢), excess pore water pressure ratio (ry), and
angle of inclination of the wall (#) on the seismic passive resistance were investigated by the

authors.

Fig. 2.11 Curved failure surface represented by a1 and a2 [after Rajesh and Choudhury
(2017)]

2.4.30 Qin and Chian (2017)

The authors used the pseudo-static method to study the stability of a two-layered

slope having a strip footing at its edge by employing the upper-bound analysis. The vertical
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and horizontal seismic coefficients were used by the authors to describe the inertia forces
generated during earthquakes. The authors assumed the failure surface to be a logarithmic
spiral in the drained condition and circular in the undrained condition. Analytical expressions
were presented by the authors to evaluate the dimensionless ultimate bearing capacity and
yield seismic coefficient. Subsequently, the authors conducted a parametric analysis to
investigate the influence of the geometry parameters of the slope, non-homogeneity of soil
cohesion, self-weight of soil, and seismic coefficients on the stability of the slope. The
authors reported that with the increase in the strength of soil-and its parameters the stability of

the slope increases, while an increase in the self-weight of soil decreases the slope stability.
2.4.31 Liuetal. (2018)

The authors used the limit equilibrium technique to calculate the passive earth
pressure of a rigid retaining wall supporting a sloping backfill, by adopting a composite
curved failure surface with a logarithmic spiral as the curved portion. The authors assumed
the soil of the backfill to follow the Mohr-Coulomb failure criteria. The passive earth
pressure, as obtained by the authors, by varying the wall geometry, properties of backfill soil,
and soil-wall internal friction. Furthermore, the authors compared the proposed analysis with
finite element results. The authors reported that the proposed method cannot be used for a

cohesive backfill.
2.4.32 Biswas and Choudhury (2019)

The authors presented a formulation for rectangular caissons embedded in
cohesionless soil, considering a planar 3D passive wedge in front of the caisson under
seismic loading as shown in Fig. 2.12. The authors proposed a tangential stress coefficient 1
corresponding to the forces acting on the vertical wedge side. The authors reported that the
seismic earth pressure coefficient value was as much as 62.7% lower than that in the static
state for the same range of input parameters. Furthermore, an increase in the seismic passive
earth pressure coefficient was observed on increasing the length, D of the caisson. The
authors found the analytical solution of the study to agree well with the results of centrifuge

tests from the literature.
2.4.33 Santhoshkumar et al. (2019)

The authors studied the seismic earth pressure in active condition for an inclined

cantilever retaining wall by utilizing the stress characteristic method combined with the
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modified pseudo-dynamic method. A predefined failure surface was not considered by the
authors for the analysis. Further, the authors compared the results from the proposed study
with that of the literature and observed an underestimation of the value of the earth pressure
coefficient by the pseudo-dynamic approach considering a planar failure surface.

Successive idealised passive
wedges

Successive mobilised zones as
assessed experimentally

Failure surfaces of
successive idealised
passive wedges

Fig. 2.12 Passive failure wedge development: (a) Plan view (b) Sectional view of the
rectangular caissons (BxDxH) [after Biswas and Choudhury (2019)]

2.4.34 Hazari et al. (2020)

The authors performed a slope stability analysis employing the limit equilibrium
pseudo-dynamic method considering the slope non-homogeneity and damping. The authors
evaluated the slope to consist of a two-layered cohesive-friction soil. The failure surface for
the analysis was assumed to be a logarithmic spiral by the authors. A thorough parametric
investigation was conducted by the authors by varying the damping ratio, seismic
acceleration coefficients, cohesion and angle of internal friction at various soil layers and
earthquake loading conditions. The authors reported an increase in the slope stability with a

considerable increase in the cohesion, damping ratio, unit weight, and angle of internal
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friction, and a decrease in the overall factor of safety of slopes on increasing the seismic

acceleration coefficients.
2.4.35 Biswas and Choudhury (2021)

The authors conducted limit equilibrium analysis on simplified 3D planar failure
wedge. Modified pseudo-dynamic method was adopted by the authors to obtain seismic
acceleration at any depth in cohesionless, homogeneous soil surrounding rectangular caisson.
The authors conducted parametric study to study the effect of width of caisson, seismic
acceleration coefficients and damping ratio of soil. The authors extended the study for
submerged soil and studied the effects of soil-wall friction, soil-soil friction angle and excess

pore pressure ratio.
2.4.36 Santhoshkumar and Ghosh (2021a)

The authors derived closed-form solutions for a bilinear retaining wall supporting a
cohesionless backfill to calculate the active and passive earth pressure coefficients for static
and seismic conditions. The authors used the stress characteristic method to obtain the
solutions. A parametric study to determine the influence of seismic acceleration coefficients,
friction of soil, and wall parameters (inclination, roughness, and height ratio) on the earth
pressure of the retaining wall was conducted by the authors.

2.4.37 Santhoshkumar and Ghosh (2021b)

The authors used the stress characteristic method combined with the pseudo-static
approach to calculate the passive seismic thrust on a cantilever retaining wall supporting a
layered horizontal backfill of height H. The authors considered a cohesionless backfill of
dense sand underlying a loose sand stratum, wherein the effect of this two-layered backfill on
the passive earth pressure- was analysed. The layered backfill passive earth pressure

coefficient as given by the authors:

Toy (2.2)

Koy = 0.5VavgH?

where yayg IS the backfill average unit weight along wall height. The authors reported a
decrease in the passive earth pressure coefficient with the increase in the depth of the topmost
layer having loose sand. Stress contours were used by the authors to represent the stress

distribution in the layered soil.
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2.5 Codal Provisions Adopted in Various Countries
2.5.1 Indian Standards

IRC 78 (2014): Section VII provides recommendations and specifications regarding
foundations of road bridges while Indian Railway Standards (1985) employ a separate
manual for design and construction of well and pile foundation for railway bridges. Fig. 2.13
depicts the diagram recommended by Indian Railway Standards (1985) which gives
maximum depth of pier in water below highest flood level (HFL) and minimum depth of
foundation below greatest possible scour for well foundations in sand. IRC 78 (2014) gave an
empirical correlation for mean scour below HFL in terms of design discharge for foundation
and a suitable silt factor mentioned in Eqn. 2.3. The depth of caisson is decided by both,

depth of scour level and the forces acting on the caisson.
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Fig. 2.13 Depth of bridge pier and foundation in river and river bed [after Indian Railway
Standards (1985)]
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where, dsm is the mean scour depth below HFL; Dy is the design discharge for
foundation per meter effective width of waterway in cumecs and Ks is the silt factor. Special
design recommendations have been mentioned in the code for consideration of maximum
scour depths at different sections of channels. Apart from this, IRC 78 (2014) recommends
minimum embedment of caissons in strong rocks as 0.6 m and in weak rocks as 1.5 m.
The allowable bearing pressure, Q (in kg/m?), suggested by Indian Railway Standards (1985),

is mentioned in Eqn. 2.4.
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Q = 5.4N?B + 16(100 + N*)D (2.4)

where, N is the standard penetration resistance, B is the smaller cross section
dimension in meter and D is the depth of foundation below scour level in meter. The manual
also provides the magnitudes of skin friction for various soil types. The maximum settlement
for well foundations is recommended as less than 25mm and tilt and shift of well is restricted
to a magnitude of 1 in 100 and D/40 respectively, where D is the width or diameter of the
well.

On the other hand, IRC 78 (2014) recommends determination of allowable bearing
pressure and settlement characteristics under different loads based on sub-soil exploration
and testing. The maximum allowable differential settlement for well foundations is
recommended as 1 in 400. The Indian Roads Congress has given a detailed set of guidelines
for the procedure for calculating soil resistance (resistance due to both sides and base of
caisson) offered to well foundations in IRC 45 (1972). The code provides soil resistance by
two approaches namely, elastic theory method and ultimate resistance method. Both IRC 78
(2014) and Indian Railway Standards (1985) recommend possible load combinations, to
obtain critical load combination, to be considered for the design and analysis of well

foundations.
2.5.2 American Standards

Federal Highway Administration (FHWA) has adopted the recommendations of
Hydraulic Engineering Circular No. 18 (HEC-18) for the evaluation of scour at bridges. The
total scour has been sub-divided into 3 parts, i.e., long term degradation of river beds,
contraction scour at bridge and local scour at piers and abutments. While the long-term
degradation is obtained from past records and with the help of computer programs, separate
empirical expressions have been recommended to obtain contraction scour and local scour.

The American Standards consider more possible types of loads that could act on the
bridges and transferred to the substructure, like ice load, uniform temperature, creep and
shrinkage, vehicular collision force, vessel collision force etc. National Highway Institute
(NHI) recommended load and resistance factor design (LRFD) which states that the factored
resistance should not be affected by factored loads for all limit states. Multiple limit states of
strength, service, fatigue and extreme events has been considered by NHI to obtain the
critical loading combination. Similar to Indian Standards, NHI recommends different load
factors for different loads. However, while IRC 45 (1972) recommends a single resistance

factor of 0.7 for sum of all resistive moments, NHI recommends separate resistance factors
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for resistance developed in various parts of drilled shaft. The response of drilled shaft to
lateral load is modelled using Broms’ model (1964). The computation of moments and

stresses is performed using non-linear analysis with computer programs.
2.5.3 Eurocode

Eurocode EN 1991-1-6 (2005) or Eurocode 1 reflects on the effects of various
external actions on structures. It divides the total scour depth due to channel flow into two
sub-categories, i.e., general scour depth and local scour depth. General scour is defined as the
river flow-scour independent of any obstacle and depends solely on flood magnitudes. Local
scour depth, on the other hand, is the scour due to water vortices next to an obstruction.

Eurocode 1990 (2002) recommends guidelines for basics of structure design. It terms
external loading as “actions” and sub-classifies it into three categories.

e Permanent actions (G), which are likely to act throughout a given period in which its
magnitude remains unaltered.

e Variable actions (Q), for which variation in magnitude over time is neither negligible,
nor monotonic.

e Accidental actions (A), which are usually of short duration but significant magnitude.

Critical load combinations are then selected using different factors (y) and sub-factors
(y) in-combination with characteristic and representative values of different actions. EN:
1997-1 (2004), i.e., Eurocode 7 deals with the geotechnical design guidelines for structures. It
recommends the use of either spread footing or pile foundation to be used as foundation

system for bridge piers and abutments.
2.6 Critical Appraisal of Literature

The critical appraisal of literature summarizes the major shortcomings in the works of
various previous authors and different aspects that were not considered during the course of
previous research.

e Lack of 3D failure wedge consideration in theoretical studies: Most of the studies
modelled the soil surrounding the caisson either as a 2D plane-strain element or a 1D
spring-dashpot model and not as a 3D continuum. Since, caisson is a finite width
foundation system, assumption of 2D plane strain model is highly conservative.

e Lack of empirical correlation for load sharing behaviour: Many researchers in the

past 5-6 decades have computed effect of loading and seismic parameters on resisting
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components of caisson, neglecting one or more resisting components. However, no
empirical correlation is available to obtain load shared by sides and base of caisson.

e Consideration of planar 3D passive wedge: In the handful of studies that consider 3D
passive wedge, it was idealized as planar, which contradicts the recommendations of
Terzaghi (1943) and several succeeding researchers, as opposed to actual 3D passive
wedge obtained from numerical analysis.

e Neglecting pore water pressure in analysis: Despite majority of the structures
founded on caissons being in vicinity of water bodies, effect of pore water pressure
was considered in only one of the analyses.

e Lack of theoretical analyses for caisson embedded in c-¢ soil: Theoretical studies
for caisson embedded in c-¢ soil is severely lacking in the existing literature. In
addition, there is absence of surcharge loading on surrounding soil in almost all the
studies concerning caissons.

e Limited number of interaction curves: Only one of the authors have derived
interaction diagrams for the design and analysis of caissons. More work could be done
in this field in order to better understand the loading combination leading to failure.

e Consideration of layered strata in theoretical studies: Very few studies on retaining
walls and slopes have considered layered soil strata whie carrying out theoretical
study. Most of the studies, which have considered layered strata have confined the
study to 2, or at most 3-layered strata. So, there is lack of study considering n number
of layers.

e Study of volume of failure wedge with width of caisson: The existing literature
which cover the consideration of width of caisson in determination of seismic passive
earth pressure coefficient is extremely scarce. In addition, very few studies reflect the
change in extent (volume) of failure wedge per unit width with change in width of

caisson.
2.7 Proposed Research Objectives

After analysing practical feasibility and resources available to carry out research in
the area of interest, the main research objective is “to analyse the static and seismic behaviour
of caissons in layered soil”. To complete this objective, following studies need to be carried

out:
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Static and pseudo-static numerical analysis of caissons in layered soil taking effects of
pore water into account using finite element method-based software ABAQUS.

Study of the effect of relative magnitude of vertical and lateral loads, soil-wall friction
angle and seismic acceleration coefficients in terms of caisson displacement (tilt and
shift), depth of point of rotation, maximum and minimum soil pressure, lateral soil
pressure, horizontal and vertical skin friction at sides, base friction and base
resistance, shear force and resisting moment due to various resistive forces.
Development of 3D generalized interaction diagrams and empirical correlation for
load shared by sides and base of caisson in terms of moment of resistance.
Determination of seismic passive earth pressure coefficient due to unit weight
component (Kp,), surcharge component (Kspg) and cohesion component (Kspc) using
limit equilibrium approach-based pseudo-static analysis of caisson embedded in
cohesive-frictional (c-¢) soil with surcharge (q), by idealizing formation of 3D failure
wedge (log-spiral in vertical plane and oval in horizontal plane) obtained from results
of numerical analysis, considering individual failure wedge with resisting components
acting individually and combined failure wedge by considering all the resisting
components acting together.

Theoretical analysis for caisson embedded in cohesionless soil considering dry and
submerged soil condition in homogeneous soil using modified pseudo-dynamic
method with determination of seismic wave amplification through various soil layers.
Modified pseudo-dynamic method based analysis of caisson in layered cohesionless
soil considering polylinear 3D failure wedge along with parametric study of shape of
failure with parameters like width of caisson, soil-soil friction angle, soil-wall friction
angle, horizontal and vertical seismic acceleration coefficients, submergence
condition of soil and excess pore pressure ratio.

Determination of effect of relative depths and relative angle of friction of different

soil layers surrounding the caisson.

2.8  Scope of the Study

The study aims to provide design guidelines for caissons through results of numerical

and analytical studies. The interaction diagrams and load sharing study aim to provide

geotechnical engineers and researchers with load combination that may cause failure for

different parameters. The percentage of load shared by base and sides of caisson in
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conjugation with stress distribution on various faces would allow to properly proportion the
width and embedment depth of caisson to avoid failure. The seismic passive earth pressure
coefficients due to unit weight, surcharge and cohesion components, considering 3D failure
wedge, would also allow determination of maximum passive resistance afforded by soils of
different properties surrounding caissons of various widths under various seismic conditions.
The formulations proposed in Chapter 5 and 6 of the study can be used to determine seismic
passive resistance corresponding to any combination of input parameters. The study will
further provide seismic passive resistance and failure wedge profile for caisson embedded in
layered soil for a plethora of input parameters. The formulation proposed in the study can be
expanded for any number of soil layers while computing the variation of seismic acceleration
with depth.
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Chapter 3
NUMERICAL MODELLING OF CAISSON IN LAYERED SOIL TO
DEVELOP GENERALIZED 3D INTERACTION DIAGRAMS

3.1 General

Caissons are generally employed to support structures of great importance or those
which are subjected to a variety of loads like bridge piers and abutments. Typically, a caisson
is subjected to a combination of vertical load, lateral load and moment. Numerical studies of
caissons subjected to various loading has been performed in the past [Karapiperis and
Gerolymos (2014); Gerolymos et al. (2015)] wherein 2D interaction diagrams and failure
envelopes have been developed. However, it was found that no such studies have been
carried out for layered soil. In addition, most of the caissons are located in submerged ground
but none of the previous studies have taken the effect of pore water pressure into
consideration. Therefore, in the present study, numerical analyses of caisson embedded in
layered soil have been carried out using finite element method-based computer program
ABAQUS, wherein, modelling of effects of pore water has been incorporated. The results of
the analyses have been used to develop 3D interaction curves relating the magnitudes of
applied vertical load (V), lateral load (Q) and moment (M) at failure.

3.2 Numerical Modelling of Caisson in Layered Soil

A square caisson has been modelled to be embedded in layered soil using finite
element method-based computer program ABAQUS version 6.14 [SIMULIA (2014)]. The
caisson with base dimension (B) 1.5 m x 1.5 m and embedment depth (D) of 2.25 m (D/B =
1.5) is modelled to be embedded in layered strata. The layered soil strata consist of a 4.5 m
saturated clay layer sandwiched between top and bottom sand layers, having thickness 3m
and 4.5 m, respectively. The water table lies at depth of 3m below ground surface. The
aforementioned soil profile has been chosen as per the test site of Sharda’s (1975) field tests.
The extent of the soil domain in direction of loading has been chosen as 30 m (2x10B) from
sensitivity analysis discussed in succeeding section. The extent of soil strata in direction
transverse to loading has been chosen to be 20 m as there is no external loading in this
direction. The top and bottom sand layers have been modeled as elastic — Mohr-Coulomb
plastic material. The intermediate clay layer has been modeled as porous elastic — clay

plasticity (Cam-clay) model. 8-noded, 3-dimensional porous continuum brick elements with
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reduced integration (C3D8RP) have been adopted for all soil layers in order to allow flow of
water and hence consolidation of clay layer. 8-noded, 3-dimensional continuum brick
elements with reduced integration (C3D8R) have been chosen for caisson modeling. The
caisson model along with meshing, boundary conditions and loading used in the present study
is shown in Fig. 3.1. The material properties of sand, clay and caisson adopted during
material modelling are mentioned in Table 3.1, Table 3.2 and Table 3.3 respectively. The
material properties of sand and clay have been obtained from lab tests of soil samples
obtained from Sharda’s (1975) field test sites.

Table 3.1 Properties of sand used in the present study

Property Value
Elastic modulus (MPa) 90
Poisson’s ratio [x] 0.3
Unit weight [y] (kN/m?) 19
Coefficient of permeability (m/sec) 5x10°
Initial void ratio 0.8
Friction angle 30°
Dilation angle 1

Table 3.2 Properties of clay used in the present study

Property Value
Unit weight [y] (kN/m?) 17
Poisson’s ratio [y] 0.45
Slope of swelling line [«] 0.075
Slope of virgin compression line [1] 0.12
Coefficient of permeability (m/sec) 6x108
Initial void ratio 0.9

Table 3.3 Properties of caisson used in the present study

Property Value
Unit weight [y] (kN/m?) 25
Elastic modulus (MPa) 25000
Poisson’s ratio [u] 0.15
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Fixed boundary is applied at the bottom of the soil strata to simulate rigid
impermeable stratum whereas roller supports are provided at the side boundaries to allow for
settlement of soil but restrict lateral movement of soil. Classical Lagrangian multiplier
method of constraint enforcement has been used to establish contact between soil and
caisson. Separation of contact between soil and caisson has also been allowed in the current
study. Thus, material non-linearity, geometric non-linearity and contact non-linearity have all
been incorporated in the present study to simulate the actual field conditions effectively. The
effect of pore water has also been modeled in the entire soil mass with water table being
located at the soil surface. The entire loading has been applied in 45 steps. Each vertical load

step and lateral load step are followed by 4 consolidation steps of increasing time intervals.
3.2.1 Sensitivity analysis

The decision upon the dimensions of strata and mesh size is made by the researcher
from own judgement. These two factors affect the accuracy and computational time of the
analysis. Sensitivity analysis has been performed to optimize the computational time for the
analyses in the present study without compromising with the accuracy of the results. The
mesh size for the analyses was optimized by varying the mesh sizes as 1.5 mx1.5 m, 0.75
mx0.75 m, 0.375 mx0.375 m and 0.1875 mx0.1875 m by keeping the length and width of
strata as 30m and 20m respectively. Incremental lateral loads have been applied on the
caisson under a constant vertical load of 1250kg for the sensitivity analysis. The results for
the analysis are plotted in terms of lateral soil pressure vs lateral load as shown in Fig. 3.2(a).
It is observed from the figure that results converge as mesh size is reduced to 0.375 mx0.375
m and finer. Therefore, size of the mesh throughout the study has been adopted as 0.375
mx0.375 m. Similarly, the extent of strata in direction of loading has been chosen by varying
the length of strata in front of caisson as 6B, 8B, 10B and 12B. Again, the difference in
magnitude of lateral soil pressure with respect to the previous trial of length is negligible for
length of strata in front of caisson as 10B, as shown in Fig. 3.2(b), and this magnitude has

been adopted for the rest of the study.
3.2.2 Validation of the Present Numerical Model

The accuracy of the model in simulating the actual field conditions has been validated
with the experimental work of Sharda (1975). The soil profile and the caisson geometry used
in the present study have been kept the same as that adopted by Sharda (1975). Sharda (1975)
had presented the observations in the form of lateral soil pressure profile for increasing lateral
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loads at a constant vertical load of 1250 kg. For validation purpose, same magnitudes of
vertical and lateral loads were applied in the proposed model and the response in terms of
lateral soil pressure was reported and compared with the experimental results by Sharda
(1975), as shown in Fig. 3.3. A maximum variation of 8.78% between the results of
numerical analysis of proposed model in the present study and field test results by Sharda
(1975) is observed from Fig. 3.3, which shows that the numerical model adopted in present
study simulates field conditions quite accurately. Therefore, the proposed model has been

adopted for carrying out the numerical study mentioned in the succeeding section.
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Fig. 3.2 Results of sensitivity analysis for (a) mesh size and (b) extent of strata
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3.3 Present Study

In the present study, numerical analyses of caisson embedded in layered soil deposit,

for various loading combinations, wall friction angle and seismic acceleration coefficients
have been performed using ABAQUS [SIMULIA (2014)] finite element code. The allowable
vertical load has been computed by determining the allowable bearing pressure (Qa) as per IS
3955 (1967) since it considers essential parameters like base dimensions of the caisson,
embedment depth and soil strength.
Q, = 54N?B + 16(100 + N>)D (3.1)
where, Qa is the allowable bearing pressure (kg/m?), N is corrected value of standard
penetration resistance, B is smaller dimension of well section (m) and D is depth of
foundation below scour level (m).

In addition to this empirical approach, numerical analysis is also carried out to obtain
the stress-strain curve for the soil element below the base of caisson. The load obtained
corresponding to the yield stress was factored by a factor of safety of 3 in order to obtain the
allowable vertical load. The stress-strain curve obtained from the numerical analysis has been
shown in Fig. 3.4. The magnitude of allowable vertical load (Va) obtained from numerical

analysis is 1600 kN and is more critical and therefore has been adopted for the current study.
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Fig. 3.5 represent the variation of excess pore pressure with time obtained from numerical
study.
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Fig. 3.4 Stress-strain curve for soil element below caisson obtained from numerical analysis
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After obtaining the magnitude of Va, vertical load V with magnitudes Va/8, Va/4,
3Val8, Val2, 5Va/8, 3Val4,7Va/8 and Va, acting on top of the caisson, is varied. For each of
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these vertical loads, lateral load Q is further varied as V/8, V/4, 3V/8, V/2, 5V/8, 3V/4, 7V/8
and V. These lateral loads are applied at an elevation of 2.25 times the width of caisson above
the scour level. Hence, the applied lateral load and moment are always proportional to each
other such that M/Q = 2.25B = 3.375 m. The various input parameters considered in the

present study have been mentioned in Table 3.4.

Table 3.4 Input parameters considered in the present study

Parameter Values

Base dimension (B) 1.5m x1.5m

Embedment depth (D) 2.25m

Height of load application above scour level (H) 3.375m

Soil friction angle (¢) 30°

Wall friction angle (6) @12, 2413, ¢

Horizontal seismic acceleration coefficient (kn) 0,0.1,0.2and 0.3

Vertical seismic acceleration coefficient (kv) 0,0.5kn and kn

Normalized vertical load (V/Vn) 0.2,04,0.6,08,1,1.2,1.4and 1.6

Lateral load for each V (Q/V) 0, 0.125, 0.25, 0.375, 0.5, 0.625, 0.75,
0.875, 1

3.3.1 - Development of interaction curves

Interaction diagrams are curves relating externally applied load combinations at the
time of failure of the caisson. In order to create generalized interaction curves, the vertical
load, lateral loads and moments are normalized with respect to certain standard quantities
which can be calculated for variety of geometry and soil strength, such that these diagrams
can be used for static and seismic conditions. For normalizing the applied lateral loads,
normalizing load V, is calculated to be 1000kN as per IS 3955 (1967), for the current
geometry of the caisson and soil profile. The results from ABAQUS analysis are used to
calculate lateral soil pressure, maximum and minimum base pressures, tilt, shift and point of
rotation of caisson using MATLAB (2021). Finally, the interaction diagrams are developed
based on the load combination which gives negative magnitude of minimum base pressure.
The normalizing lateral load Qn and normalizing moments My are calculated, as described in
the subsequent sections. Thereafter curves are plotted in V-Q-M space for different
magnitudes of ¢, knand kv.
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3.4 Results and Discussions

Numerical analysis of caisson subjected to a variety of loading combinations with
different wall friction angle and seismic acceleration coefficients are performed. The results
of these analyses are computed using MATLAB (2021), normalized with respect to suitable
parameter and the same has been used to develop interaction diagrams in V-Q-M space. The

aforementioned results have been presented in this section.
3.4.1 Shape of failure wedge

The shape of failure wedge in vertical and horizontal plane has been obtained from
the numerical analysis and presented in Fig. 3.6 From the figure, it can be observed that the
shape of wedge in vertical plane is a logarithmic spiral and in horizontal plane, it appears to
be section of a circle. The shape in vertical plane is as per the recommendation of Terzaghi
(1943) that the shape of failure wedge for rough walls should be considered curved.
Additionally, the shape of 3D failure wedge is in perfect agreement with centrifuge test
results by Olson et al. (2017).

3.4.2 Lateral soil pressure profile
3.4.2.1 Influence of lateral load on lateral soil pressure profile

Fig. 3.7(a) depicts the variation of lateral soil pressure along width of caisson. It is
observed that the magnitude of lateral soil pressure decreases from edge to the center of
caisson. This is because of the higher stress concentration that takes place at edges. For a
vertical loading of 800kN under static conditions with d=¢ (soil friction angle), as the lateral
load increases by 25%, the lateral soil pressure increases by 29.11% at center and 29.73% at
edges. Fig. 3.7(b) shows the lateral soil pressure variation along depth of caisson. Ideally, the
lateral soil pressure at the top should have been maximum, but since the overburden pressure
at top of the caisson is zero, the stress generated in that layer is slightly low. The maximum
magnitude of lateral soil pressure thus occurs at a depth slightly below the scour level. It is
seen from Fig. 3.7(b) that this depth is 0.3 m for all magnitudes of lateral loads. The
magnitude of soil pressure decreases with increasing depth, changes sign at a certain depth
and then keep increasing in the other direction. Under the same loading conditions as
mentioned above, an increase of 25% in lateral load leads to lateral soil pressure increase by

29.61% at the scour level.
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3.4.2.2 Influence of soil-wall friction angle on lateral soil pressure profile

The lateral soil pressure produced by surrounding soil on caisson reduces as the
magnitude of soil wall friction angle ¢ increases. Caisson-soil interface with higher
magnitude of ¢ resists displacement, thereby producing lower lateral soil pressure along both
width and depth of caisson as shown in Fig. 3.8. As ¢ increases from ¢/2 to 2¢/3 and from ¢/2
to ¢ under static conditions, for V=400 kN and Q/V=0.5, the lateral soil pressure along width
of caisson reduces by 3.94% and 10.85% respectively. The reduction in lateral soil pressure
along depth of caisson for the same increase of ¢ is found to be 4.92% and 13.48%

respectively.
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Fig. 3.8 Variation of lateral soil pressure along (a) width of caisson and (b) depth of caisson
for varying soil-wall friction angle (5) when V=400 kN, Q/V=0.5 and ky=kn=0

3.4.2.3 Influence of seismic acceleration coefficients on lateral soil pressure profile

Fig. 3.9 and Fig. 3.10 show the effect of kn and kv on lateral soil pressure profiles
along width and depth of the caisson respectively. It is seen that the magnitude of lateral soil
pressure along width and depth of the caisson increases with increase in horizontal and
vertical seismic acceleration coefficients. While the increase in magnitude of lateral soil
pressure for increasing kv/kn ratios is nominal, the effect is more significant for increasing
magnitude of kn. This is because increasing seismic acceleration coefficients causes increase
in displacement of caisson, which is also observed in subsequent sections. Further, the soil
also gets compressed under the seismic inertia forces. The combination of these two factors
leads to a greater soil pressure which is a direct function of displacement and subgrade
modulus. For, V=400 kN, Q/V= 0.5, 6=¢ and k./kn= 0, as kn increases from 0 to 0.1, 0.2 and
0.3 respectively, the lateral soil pressure increases by 11.39%, 13.69% and 34.87%
respectively along width and 11.84%, 14.31% and 36.65% respectively along depth of
caisson. On the other hand, for kn=0.1 as kv/kx is increased from 0 to 0.5 and 1, lateral soil
pressure increases by 1.02% and 2.17% respectively along width of caisson and 0.94% and

2.08% respectively along the depth.
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Fig. 3.9 Variation of lateral soil pressure with width of caisson for different horizontal
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Fig. 3.10 Variation of lateral soil pressure with depth for different horizontal seismic
acceleration coefficients (kn) for (a) kv/kn=0 and (b) kw/kn=1 and for different k./kn for (c)
kn=0.1 and (d) kn=0.3 when V=400 kN, Q/V=0.5 and o=¢
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3.4.3 Maximum and minimum base pressure
3.4.3.1 Influence of lateral load on maximum and minimum base pressure

Fig. 3.11(a) and (b) represent the variation of maximum and minimum base pressure
produced at the base of the caisson due to the external loading. It is seen that at low
magnitudes of vertical load, the magnitude of maximum base pressure increases
monotonically with increasing lateral load. However, at higher magnitudes of vertical load,
maximum base pressure increases initially, reached the peak value and thereafter decreases.
This behavior could be attributed to the fact that at higher magnitudes of lateral load, yielding

of soil takes place resulting in reduced magnitude of stress owing to strain softening.
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Similarly, minimum base pressure decreases monotonically for smaller magnitude of
vertical loads and post yielding, the negative magnitude of minimum base pressure decreases.
The negative magnitude of base pressure is due to a combination of loss of contact of caisson
and soil and the excess pore pressure developed in the soil because of the externally applied
loading. The normalizing base pressure, po is equal to the vertical load per unit base area. For
600 kN vertical load, increasing the normalized lateral load (Q/V) from 0.25 to 0.375
increases the maximum base pressure by 13.26% whereas increase from 0.75 to 0.875 causes
the maximum base pressure to decrease by 2.68% because of strain softening. At greater
magnitude of vertical load, the magnitude of lateral load will also be high for the same value
of Q/V which causes greater increase in magnitude of maximum base pressure. When the
magnitude of vertical load is increased to 1200 kN, increasing Q/V from 0.25 to 0.375
increases the maximum base pressure by 26.02% while increase from 0.75 to 0.875 reduces
maximum base pressure by 10.47%.

The influence of vertical load on minimum base pressure for different magnitudes of
Q/V is illustrated in Fig. 3.11(b). It is observed that for 600 kN vertical load, increasing Q/V
from 0.125 to 0.25 causes minimum base pressure to decrease by 53.27%, while increase of
Q/V from 0.875 to 1 cause its negative magnitude to increase by 25.32%. However, in case of
1200 kN vertical load, the minimum base pressure decreases by 40.96% when Q/V is
increased from 0.125 to 0.25 but its negative magnitude decreases by 20.85% when Q/V is
increased from 0.875 to 1 because of strain softening triggered by yielding. It could also be
observed that as the magnitude of vertical load increases, the normalized load (Q/V) required
to induce negative base pressure also increases. This indicates that higher magnitude of
vertical load causes the caisson to be more stable even at large magnitudes of lateral loads. It
is also worth observing that the curves corresponding to V=1600 kN end abruptly before
reaching the value Q/V=1. This is because at high magnitude of lateral loads, the soil
displacement near base of the caisson is so large that the analysis is terminated in ABAQUS.
In the present study, the strain of magnitude 0.4% marks the initiation of yielding and plastic
strain being induced in soil, as shown in Fig. 3.4. Therefore, as soon as the magnitude of
strain crosses 0.4% in the soil, plastic strain starts accumulating, i.e., the plastic strain
increases with small change in stress. Once this plasticity spreads through greater portion of
the model, the analysis is aborted in ABAQUS indicating the load is large enough for the
material to sustain. Moreover, as soil is weak in tension, the loading combination at which

minimum base pressure turns negative is considered as failure load. This load combination is
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normalized with respect to Vs and has been used for the development of interaction diagrams,

as explained in the subsequent section.
3.4.3.2 Influence of soil-wall friction angle on maximum and minimum base pressure

Fig. 3.12(a) and (b) show the effect of varying magnitude of 6 on maximum and
minimum base pressure respectively. It is seen that higher the magnitude of ¢, the safer is the

foundation system as it returns lower magnitudes of maximum and minimum base pressure.
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Fig. 3.12 Variation of (a) maximum base pressure and (b) minimum base pressure with Q/V
for different magnitudes of soil-wall friction angle when V=600 kN and ky=kn=0
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For a caisson subjected to 600 kN vertical load and k,=kn=0, as ¢ increases from ¢/2 to
2¢/3, maximum base pressure decreases by 6.27% and when ¢J increases to ¢, it further
diminishes by 5.17%. The foundation system with larger ¢ dissipates larger share of the
applied load through shear stress development along its boundary which results in lower
bearing pressure at base. Similarly, as ¢ increases from ¢/2 to 2¢/3, minimum base pressure
decreases by 12.61% and when ¢ increases to ¢, the magnitude again decreases by 22.56%. In
this scenario also, higher value of ¢ gives higher magnitude of normalized lateral load
required to generate negative base pressure. This is another indication that larger the value of

o, higher is the load carrying capacity of the foundation system.

3.4.3.3 Influence of seismic acceleration coefficients on maximum and minimum base

pressure

Fig. 3.13 represents the variation of maximum base pressure and minimum base
pressure with normalized lateral load for different combinations of horizontal and vertical
seismic acceleration coefficients respectively. It is seen that the magnitude of k, has a more
significant effect on the magnitudes of base pressures. For 600 kKN vertical load, Q/V=0.5,
0=¢ and k./kn=0, as the magnitude of kx increases from 0 to 0.1, 0.2 and 0.3, the magnitude of
maximum base pressure reduces by 0.11%, 2.59% and 5.03% respectively whereas minimum
base pressure increases in negative magnitude by 16.03%, 32.3% and 48.91% respectively.
Similarly, for 600 kN vertical load, Q/V=0.5, 6=¢ and kn=0.1, as the magnitude of ki/kn
increases from 0 to 0.5 and finally 1, the magnitude of maximum base pressure reduces by
3.49% and 7.05% respectively, whereas minimum base pressure increases in_negative
magnitude by 6.37% and 12.86% respectively. It is also observed in both Fig. 3.13(a) and (b)
that the soil pressure curve corresponding to kn=0.3 and ky=kn does not progress after a small
value of Q/V. It may be attributed to the exaggerated displacement taking place for given
seismic loading conditions and the ABAQUS algorithm aborts the analysis at this stage, as

explained earlier.
3.4.4 Displacement of caisson
3.4.4.1 Influence of lateral load on displacement of caisson

Caisson displacement is obtained from ABAQUS and further used to determine tilt,
shift and point of rotation of the same. The displacement of the caisson for kn=k,=0, V=800

kN and 0=¢ for different combinations of Q/V ratio is shown in Fig. 3.14. The linear nature of
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the curves for all Q/V ratio reveals that caissons behave as rigid foundation system. At scour
level, it could be observed that caisson displacement increases with increasing lateral loads.
When Q/V ratio increases from 0.375 to 0.5, caisson displacement increases by 43.59%
whereas for increase in Q/V from 0.875 to 1, the increase is 21%.
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Fig. 3.13 Variation of (a) maximum base pressure and (b) minimum base pressure with

normalized lateral load for different seismic acceleration coefficients at V=600 kN and 0=¢
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3.4.4.2 Influence of soil-wall friction angle on displacement of caisson

It is observed from Fig. 3.15 that by increasing the soil-wall friction, the magnitude of
caisson displacement is reduced. This is caused by increased resistance offered by caisson-
soil interface against displacement. At scour level, the displacement of caisson diminishes by
5.04% and 13.73% when ¢ increases from ¢/2 to 24/3 and ¢ respectively, for V=400 kN,
Q/V=0.5 and kn=ky=0.
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3.4.4.3 Influence of seismic acceleration coefficients on displacement of caisson

It is seen from Fig. 3.16(a)-(d) that caisson displacement increases with increasing
magnitude of seismic acceleration coefficients (kn and kyv). The horizontal and vertical seismic
forces cause the caisson to move significantly. However, the effect of k, is much more
significant than that of ky because kn gives rise to the horizontal seismic inertial force, thereby

causing the caisson to undergo significant displacement from its original position.
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Fig. 3.16 Variation of caisson displacement with depth for different horizontal seismic
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For V=400 kN, Q/V=0.5, 6=¢ and kv/kn=0, as kn increases from 0 to 0.1, 0.2 and 0.3,
the caisson displacement increases by 48.9%, 97.97% and 147.52% respectively, whereas for
kn=0.1, increase of 1.08% and 2.29% in caisson displacement is observed when kv/kn ratio
increases from 0 to 0.5 and 1 respectively.

3.4.5 Tilt and shift of caisson
3.4.5.1 Influence of lateral load on tilt and shift of caisson

Both the tilt and shift of caisson advance with lateral load as shown in Fig. 3.17(a)
and (b) respectively. At smaller magnitudes of applied vertical load both tilt and shift of

caisson is virtually non-existent because of smaller lateral loads.
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Fig. 3.17 Variation of (a) tilt of caisson and (b) shift of caisson with normalized lateral load

for different magnitudes of vertical load when 6=¢ and kn=k,=0
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However, at vertical load magnitudes close to allowable vertical load, the lateral loads
are also high such that soil reaches plastic state and high values of tilt and shift are obtained.
When a vertical load of 200 kN is applied, as normalized lateral load increases from 0.375 to
0.5, tilt of caisson increases by 45.61% and shift increases by 56.2%. Similarly for 1600 kN
vertical load and for the same change in normalized lateral load, causes an increase in tilt of
52.6% and shift by 111.33%. Both tilt and shift increase non-linearly with lateral load at

higher magnitudes of vertical load.
3.4.5.2 Influence of soil-wall friction angle on tilt and shift of caisson

The effect of 0 on tilt and shift of caisson has been illustrated in Fig. 3.18(a) and (b)
respectively. Higher magnitude of ¢ provides larger resistance to tilt of caisson through action
on vertical walls of caisson and hence smaller will be the magnitude of tilt and shift. For 800
kN vertical load and normalized lateral load (Q/V) as 0.5 with kn=k,=0, as ¢ increases from
$/2 t0 2¢/3 and ¢, tilt of caisson reduces by 6.98% and 18.79% respectively, whereas shift of
caisson diminishes by 6.88% and 20.44% respectively.
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Fig. 3.18 Variation of (a) tilt of caisson and (b) shift of caisson with Q/V for different
magnitudes of 6 when V=800 kN and kn=ky=0
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3.4.5.3 Influence of seismic acceleration coefficients on tilt and shift of caisson

Fig. 3.19(a) and (b) illustrate the influence of kn on tilt and shift of caisson
respectively, at ki/kn=0. In all the cases, it could be seen that both tilt and shift of caisson
increases with increase in ki value. The horizontal pseudo-static force causes the direct
translation or shift of caisson whereas vertical pseudo-static force reduces the vertical inertia
of caisson, thereby making the caisson susceptible to tilt. For k=0, V=800 kN and
Q/V=0.125, as kn increases from 0 to 0.1, 0.2 and 0.3 the increase in tilt of caisson is 17.27%,
46.93% and 136.35% respectively, whereas shift in caisson is 20.11 times, 40.93 times and

64.61 times the initial value.
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Fig. 3.19 Variation of (a) tilt of caisson and (b) shift of caisson with normalized lateral loads

for different horizontal seismic acceleration coefficients when ki/kn=0, d=¢ and V=800 kN

On the other hand, Fig. 3.20(a) and (b) show the variation of tilt and shift respectively
with normalized lateral load for different kv/kx ratio at a given magnitude of kn. When kn=0.1,
as kv/kn increases from 0 to 0.5, tilt increases by 1.46% and shift increases by 0.52% and from
0 to 1, tilt and shift rise by 2.97% and 1.3% respectively. Therefore, it is seen that the effect
of increase in magnitude of horizontal seismic acceleration coefficient is more prominent

than increase in vertical seismic acceleration coefficient on tilt and shift of caissons.
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Fig. 3.20 Variation of (a) tilt of caisson and (b) shift of caisson with normalized lateral loads

for different vertical seismic acceleration coefficients when kn=0.1, 6=¢ and V=800 kN
3.4.6 Point of rotation of caisson
3.4.6.1 Influence of lateral load on depth of point of rotation of caisson

Depth of point of rotation of caisson plays significant role in determining the
resistance offered by soil. Higher the point of rotation, lesser will be the stability of caisson as
the portion of soil below the point of rotation will give reaction in the direction of applied
lateral load. The non-linear variation of depth of point of rotation with normalized lateral load
for 0=¢ and kn=ky=0 has been shown in Fig. 3.21. It is observed that as the lateral load
increases, the point of rotation moves upwards. Larger magnitude of vertical load tends to
stabilize the caisson, thereby, causing the point of rotation to move downwards. However, as
the magnitude of lateral load increases, the stability of the caisson reduces as reflected by
shifting of point of rotation upwards. The depth of point of rotation reduces by 1.77%, 3.59%
and 7.17% when Q/V increases from 0.125 to 0.25, 0.5 and 0.75 respectively for V=600 kN.
The depth of point of rotation increases by 4.5% and 6.15% when V increases from 200 kN to
400KkN and 800KN respectively for Q=200 kN.
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3.4.6.2 Influence of soil-wall friction angle on depth of point of rotation of caisson

Fig. 3.22 highlights the variation of depth of point of rotation with normalized lateral
load for different values of 4. It can be observed that because of the additional support by
caisson-soil interface, the point of rotation moves further down with increasing J. Thus,
improving the magnitude of ¢ of caisson-soil interface will add to the stability of caisson. As
o0 increases from ¢/2 to 2¢4/3 and ¢, the point of rotation moves downwards by 3.42% and
7.73% respectively for Q/V=0.25 and 2.06% and 3.69% respectively for Q/V=0.75.
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Fig. 3.21 Variation of point of rotation of caisson with normalized lateral loads for different
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3.4.6.3 Influence of seismic acceleration coefficients on depth of point of rotation of caisson

The depth of point of rotation for different magnitudes of horizontal and vertical
seismic acceleration coefficients are computed from the displacement data and plotted for
V=800 kN and d=¢ case. Fig. 3.23(a) show the influence of kn on depth of point of rotation at
different lateral loads for various k./kn values. It is observed that as the magnitude of kx
increases, the point of rotation moves upwards like for k./ky=0, the point of rotation moves
upward by 5.81%, 7.05% and 10.87% when kn increases from O to 0.1, 0.2 and 0.3
respectively. However, at Q/V=1, the upward movement are 0.08%, 1.98% and 7.23%
respectively for the same variation of k. It is noteworthy that because of the significant
pseudo-static forces, the stability of caisson diminishes notably as reflected by larger upward
movement of point of rotation in these cases.

Fig. 3.23(b) gives the depth of point of rotation for different ki/kn values for various
magnitudes of kn. It is noted that while the depth of point of rotation moves upward with
increasing lateral load, it more or less stays unchanged with increasing magnitude of ku/kn.
Further at Q/V=1, the depth of point of rotation almost converges for all magnitudes of kv/kn
ratios. Hence, depth of point of rotation also reflects that kn is a more significant parameter
than ky in determining the behavior of caisson.
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Fig. 3.23 Variation of depth of point of rotation of caisson with Q/V for (a) different
horizontal seismic acceleration coefficients (kn) when ki./kn=0 and (b) for different kv/kn ratios
when ky=0.2 for V=800 kN and o=¢
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3.4.7 Interaction curves

The present study also deals with development of interaction curves based on the
failure obtained from negative magnitude of minimum base pressure. As mentioned in
previous sections, a normalizing vertical load Vn is used in order to obtain the interaction
curves in normalized form. From the analysis, it is observed that the Q/V value required to
develop negative minimum base pressure for even the largest values of vertical load (=1600
kN) bordered around 0.4. Therefore, the normalizing lateral load Qn was taken as 0.45V,,

while Qnx(H+D) returned the value of normalizing moment Mp.
3.4.7.1 For varying soil-wall friction angle

Fig. 3.24 depicts the interaction diagram in V-Q-M space for different magnitudes of o
in static conditions. It can be observed that the interaction curve for larger magnitude of ¢ lies
at the top. The interaction curve for lower magnitudes of ¢ lies below and to the right of d=¢
curve. This indicates that for the same magnitude of vertical load, caisson with lower wall
friction angle fail at smaller magnitude of lateral load and moment. Conversely, caissons with
smaller wall friction angle subjected to same magnitude of lateral load or moment will
require higher magnitude of vertical load to avoid failure. This is because of better load

sharing in case of higher magnitude of soil-wall friction angle o.
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3.4.7.2 For varying seismic acceleration coefficients

Fig. 3.25 shows the nature of interaction curves in V-Q-M space for varying
magnitudes of ks for 0=¢. It is observed that for k./kn=0, 0.5 and 1, the interaction curves shift

downward and to its right as the magnitude of ky increases from 0 to 0.3.
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Fig. 3.25 Interaction curves in V-Q-M space for caissons with different horizontal seismic
acceleration coefficients for (a) kv/kn=0, (b) kw/kn=0.5 and (c) kv/kn=1 when o=¢
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The negative magnitude of Q and M for ky = 0.3 indicates that load in direction
opposite to seismic force must be applied at smaller vertical load level to prevent the system
from failing. Similarly, for varying magnitude of kn, the curves again move downwards and
to the right as the magnitude of kv/kn increases from 0 to 1 for J=¢, as shown in Fig. 3.26.
This indicates that ability of caisson to withstand lateral loads and moments reduces for

higher magnitudes of k.
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Fig. 3.26 Interaction curves in V-Q-M space for caissons with different kv/kn ratios for (a)
kn=0.1, (b) kn=0.2 and (c) kn=0.3 when d=¢
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This is because at higher magnitudes of ky, the vertical inertia force diminishes which
causes the soil beneath to be in tension. However, the interaction curves for varying kx are
more sensitive as they are further apart as compared to the interaction curves for varying k.
This observation again highlights the fact that the horizontal seismic acceleration coefficient
has greater influence on safety of foundation than vertical seismic acceleration coefficient.
The interaction diagrams for 6=2¢/3 and 6=¢/2 are depicted in Fig. 3.27 through Fig. 3.30.
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Fig. 3.27 Interaction curves in V-Q-M space for caissons with different horizontal seismic
acceleration coefficients for (a) kw/kn=0, (b) kW/kn=0.5 and (c) kv/kn=1 when 6=2¢/3
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Fig. 3.28 Interaction curves in V-Q-M space for caissons with different kv/kn ratios for (a)
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Fig. 3.30 Interaction curves in V-Q-M space for caissons with different ky/kn ratios for (a)
kn=0.1, (b) kn=0.2 and (c) kn=0.3 when 6=¢/2

3.4.7.3 Calculation of failure loads

The interaction curves are presented in terms of normalized loads at the point of
failure. In order to determine the load combination at failure, following steps should be
followed:

1. The normalizing vertical load (Vn) is obtained using Eqn. 3.1 based on caisson geometry
and soil strength.
2. Qnand M are determined as 0.45V, and Qnx(H+D).
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3. The design lateral load and moment should be known from the site conditions.

4. The normalized vertical load V/V, can be obtained based on the various interaction
curves presented. The intermediate values can be interpolated from the given interaction
diagrams.

5. The vertical load V thus obtained is the minimum required gross weight of caisson-pier-

deck system to keep the system from failing.
3.5 Summary

The present numerical study on caissons using ABAQUS finite element code
extensively covers the gaps in previous research works by taking into account the effect of
layered soil with the provision of pore water in it. The study accounts for material non-
linearity, geometric non-linearity and contact non-linearity to accurately model the field
conditions. The parametric study considering seismic acceleration coefficients, soil-wall
friction angle and varying loading condition attempts to simulate various field conditions.
The 3D interaction diagram in addition to the other curves representing lateral soil pressure
variation, maximum and minimum base pressure, displacement and tilt and shift of caisson
and depth of point of rotation of caisson obtained from this study should be a tool while
choosing design loads for the caisson for a variety of loading conditions, site conditions and
seismic conditions. Clear steps have been mentioned to use the interaction diagrams as design

tools in this chapter.
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Chapter 4
NUMERICAL MODELLING OF CAISSON IN LAYERED SOIL TO
DETERMINE LOAD SHARING BEHAVIOUR

4.1 General

Caissons are massive foundation system which can be placed under the umbrella of
deep foundations as sides of caissons play a major role in resisting the lateral loads acting
upon it. The knowledge of load sharing behaviour between base and sides of caisson under
any scenario is critical to its design. IRC 45 (1972) proposed methods to determine base and
frictional resistance based on elastic theory method and ultimate resistance method. However,
very few numerical studies [Jawaid and Madhav (2013)] have been conducted hitherto for
determining the load sharing behaviour of caissons. In order to bridge the previous research
gaps, the present study aims at finding all the resisting stresses developed on various faces of
caisson (lateral soil pressure, horizontal and vertical skin friction, base pressure and base
friction) to compute the resisting moments due to these components from the numerical
model discussed in Chapter 3. The parametric variation of these components along with shear
force diagrams and moment of resistance profile has been reported and finally, regression
analysis has been performed to obtain an empirical correlation for the load shared between

base and sides of caisson based on various input parameters.
4.2 Proposed Methodology

The details of the numerical model along with material properties and various input
parameters have already been discussed in detail in Chapter 3. The stresses developed at
different nodes of caisson under applied vertical load (V), lateral load (Q) and moment (M)
are obtained, and forces are calculated for entire surfaces using Microsoft Excel [for
Microsoft 365 MSO (Version 2204 Build 16.0.15128.20158) 64-bit]. Stresses developed in
X-directions, on front and rear face of caisson embedded in soil in direction of loading, as
shown in Fig. 4.1 are used to calculate active force and passive resistance developed.
Similarly, stresses developed in Z-direction on embedded portion of all the vertical faces of
caisson are used to determine vertical skin friction forces. The stresses acting in X-direction
on vertical faces, transverse to direction of loading, are used to calculate horizontal skin
friction forces which are equal in magnitude due to symmetry of loading and geometry. The

stresses acting on base of caisson in X-direction are used to calculate the base friction force
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and those in Z-direction are used to calculate reaction force on base. All these calculations

have been performed using numerical integration of nodal stresses obtained from the

numerical analyses using finite element method-based computer program ABAQUS

[SIMULIA, (2014)]. The stresses are also used to develop shear force profile and resisting

moment profile along the depth of caisson. The resisting moment has been calculated about

point of rotation of caisson. The normal and shear nodal stresses have been integrated

numerically to obtain resisting forces and moments due to individual components as

mentioned in the succeeding section.
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Fig. 4.1 Stresses acting on various faces of caisson under applied loads V, Q and M

4.2.1 Computation of resistive forces and moments

The stresses on the caisson are integrated over area of caisson faces to obtain various

resistive forces and moments. Fig. 4.2 illustrates the calculation process for forces and
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resistive moments due to lateral soil pressure where d, is the depth of point of rotation from

scour level.
4
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Fig. 4.2 Computation of force and moment due to lateral soil pressure

The surrounding soil applies earth pressure on caisson face. The net resulting force
acting on a given portion of caisson face is the volume of the stress profile in the horizontal
and vertical plane projected on that portion of caisson face. The volume of the stress profile is
obtained using numerical integration (Simpson’s 1/3™ rule). From Fig. 4.2, the force (Fx)
acting in X-direction on the strip of thickness dz at depth z on plane normal to X-axis is

obtained as:

Fex(2) = 2 {0k (71, 2) + 03 (5, D)} + 4 X {03 (V2, 2) + 03 (74, 2)} + 2 X 03 (¥3, 2)] X
dz (4.1a)
where, ox«(Yi,z) are the axial nodal stresses obtained from numerical analysis at depth z
and yn is the horizontal spacing between the nodes. The moment of resistance about point of
rotation due to force (Fxx) acting at depth z is calculated as product of force acting on a strip
of caisson and the vertical distance of its centre of gravity from the point of rotation (zp).
My (2) = Fee (2) X 2, (4.1b)
The horizontal skin friction force acting on side faces of caisson (normal to Y-axis) is

obtained as:

ny(Z) = x?n [{O-Xy(xll Z) + O—XX(xSI Z)} + 4 X {O-XY('XZlZ) + ny(xél-l Z)} + 2 X O-Xy(.X3, Z)] X
dz (4.2a)
where, oxy(Xi,z) are the shear nodal stresses obtained from numerical analysis at depth z and x»

is the horizontal spacing between the nodes on side faces.
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M,y (z) = Fyy(2) X 2, (4.2b)
Fig. 4.3 shows the procedure for calculating vertical skin friction force {F(x)} acting
on side faces of caisson. Simpson’s one third rule is again used to calculate the magnitude of

Fzy(x) over entire depth of caisson for a strip of thickness dx.

8 oz(X22)
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02y(X 23 o

0 07y(X Za)oxx

fi. | =\
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0 O: (X,ZG)

E 0'zy(X,27 A
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Fig. 4.3 Computation of force and moment due to vertical skin friction

Ey(x) = Z?" [{azy(zl, x) + azy(z7,x)} +4 X {azy(zz,x) + 0,y (24, %) + azy(zé,x)} + 2 X

{azy(zg,x) + 0,4, (25, x)}] X dx (4.33)
where, azy(x,zi) is the nodal shear stress obtained from numerical analysis at horizontal
offset x and z, is the vertical spacing between the nodes. The magnitudes of vertical shear
stresses on both the side faces are equal because of symmetry of loading and geometry. If x,
is the horizontal distance between centre of gravity of strip of caisson under consideration
and point of rotation in horizontal plane, the resisting moment due to vertical skin friction
developed on thin strip on side faces is obtained as:
M,y (x) = F,,(x) X x (4.3b)
The vertical skin fiction force on front and rear faces of caisson are calculated in
similar manner to that mentioned above. The vertical shear force on front and rear face is

found using Eqn. (4.4a). The distance between line of action of shear force and the axis
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containing point of rotation is always B/2, where B is the width of the caisson. The resisting

moment is thus computed using Eqn. (4.4b).

sz(Y) = Z?n [{O'zx(zer) + sz(Z7'y)} +4 X {sz(ZZ,J’) + sz(Z4'y) + sz(ZGrY)} +2X
{022(23,y) + 0.(25,¥)}] x dy (4.43)

My (¥) = Fpu(y) X = (4.4b)
Similarly, the base reaction {Fz(x)} on a strip of caisson at distance x from the projection of
point of rotation on horizontal plane as shown in Fig. 4.4 is obtained using Eqn. (4.5a) and
the resisting moment due to this component is calculated as product of Fz(x) and horizontal
distance between centre of gravity of strip and projection of point of rotation (x).
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Fig. 4.4 Computation of force and moment due to base reaction

Frr () = 22 [{05 (6, y1) + 02 (,y5)} + 4 X {0,,(%,¥2) + 0,5 (%,¥4)} + 2 X 0,,(x, y3)]

dx (4.53)
M,,(x) = F;;(x) X x (4.5b)
where, o2(X,yi) is the vertical nodal normal stress acting on base of caisson obtained

from numerical analysis at horizontal offset x. yn is the vertical spacing between the nodes in
the numerical model and has been obtained as 0.375 m from sensitivity analysis in Chapter 3.
The base friction force {Fux(y)} in direction of loading at horizontal offset y in
transverse direction to loading is obtained using Eqn. (4.6a) and the resisting moment
{Mx(y)} is computed as product of Fx(y) and normal distance between point of rotation and

base of caisson (D-dp).
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sz(y) = x?n [{O_zx(yr xl) + sz(y; xS)} +4 X {sz(y' xz) + azx(yr X4)} +2 X sz(y: X3)] X
dy (4.6a)

M (y) = Fe(y) x 2222 (4.6)

The magnitudes of all these forces and moments are calculated over entire surface they act

upon to determine total force and resisting moment profile due to that force.
4.3 Present Study

The present study deals with calculation of different resistive forces acting on a
caisson embedded in layered soil strata for different magnitudes of vertical load (V), lateral
load (Q), soil-wall friction angle (), and horizontal and vertical seismic acceleration
coefficients (kn and kv), as listed in Table 3.1. These force components are further used to
compute the resisting moment due to individual forces as mentioned in the previous section.
The resisting moment due to forces acting on vertical faces of caisson (lateral soil pressure on
front and rear face, horizontal skin friction on side faces, vertical skin friction on all the
vertical faces) is summed up to obtain the total resisting moment derived from vertical faces
of caisson (Msides). Similarly, the resisting moments due to forces acting on base of caisson
(base reaction and base friction force) are added up to obtain the resisting moment offered by
base of caisson (Mpase). The load share of sides of caisson (LSsiges) and base of caisson (LSpase)

in percentage is computed as:

Msides
LSsiges(%) = m x 100 (4.7a)
L'sbase(%) = s By x 100 (47b)

MgigestMpase

Based on the magnitudes of load shared by sides and base of caisson obtained from
the present study for different input parameters, regression analysis has been performed to
generate a generalized empirical correlation to obtain load share of sides for any
combinations of input parameters. The magnitudes of x», yn and z, in the present study is
equal to the mesh dimension obtained from sensitivity analysis, i.e., 0.375 m. Similarly, the
width of caisson (B) is 1.5 m and embedment depth (D) is 2.25 m, as mentioned in previous

chapter. Depth of point of rotation from scour level (dp) is computed in Chapter 3.
4.4 Results and Discussion

Different stress components on various caisson faces have been obtained and used to

calculate resistive forces and moments. The variation of lateral soil pressure has already been
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discussed in the previous chapter. The variation of horizontal skin friction, vertical skin
friction on front, rear and side faces, base reaction and base friction force has been discussed
in detail in this section. In addition, shear force diagram and moment of resistance variation
with depth has been plotted and discussed. Furthermore, empirical correlation between load

shared by sides of caisson has been developed based on the results of numerical analysis.
4.4.1 Horizontal skin friction
4.4.1.1 Influence of normalized lateral load (Q/V) on horizontal skin friction profile

Fig. 4.5 and Fig. 4.6 depicts the variation of horizontal skin friction with applied
lateral load along depth and width of side face of caisson (face transverse to direction of
loading) respectively. It is observed that the magnitude of horizontal skin friction decreases

from edge to the center of caisson because of the higher stress concentration that takes place

at edges.
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Fig. 4.5 Variation of (a) horizontal skin friction and (b) normalized horizontal skin friction

along depth for different lateral load magnitudes for V=800 kN and 6=¢

For a vertical loading of 800 kN under static conditions with d=¢, as the lateral load
increases by 25%, the horizontal skin friction increases by 29.11% at center and 29.73% at
edges. Higher magnitude of lateral load directly leads to larger displacement of caisson which
generates higher friction force. The horizontal skin friction at any depth is guided by two
major factors, i.e., the normal stress acting on caisson due to surrounding soil and the

displacement of caisson with respect to soil. The displacement at top of scour level is
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maximum but the normal stress is negligible because of zero overburden pressure. As the
depth increases, the normal stress increases but the displacement decreases. The maximum
magnitude of horizontal skin friction thus occurs at a depth slightly below the scour level. It
is seen from Fig. 4.5(b) that this depth is 0.2D for all magnitudes of lateral loads. The
magnitude of horizontal skin friction decreases with increasing depth, changes sign at a
certain depth and then keep increasing in the other direction. The change in direction of
horizontal skin friction is because of movement of bottom portion of caisson in direction

opposite to applied lateral load due to rotation of caisson about a point above the base.
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Fig. 4.6 Variation of (a) horizontal skin friction and (b) normalized horizontal skin friction

along width of caisson for different lateral load magnitudes for V=800 kN and 6=¢

The normalization of horizontal skin friction is done with respect to applied lateral
load because it is the direct effect of the displacement caused due to lateral load. It is found
that the normalized horizontal skin friction reduces as the lateral load increases which
indicates that the horizontal skin friction does not increase linearly with increasing lateral
load along depth of caisson. However, the absolute value of normalized horizontal skin
friction along width of caisson is found to increase with increasing lateral load for a fixed

vertical load.
4.4.1.2 Influence of vertical load (V) on horizontal skin friction profile

Fig. 4.7 and Fig. 4.8 depicts the variation of horizontal skin friction along depth and
width of side face of caisson respectively with applied vertical load. As mentioned in the
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previous section, the skin friction force changes direction at greater depth. It is also observed
that the magnitude of horizontal skin friction increases from trailing edge to leading edge of
side face of caisson in direction of loading because the leading edge penetrates through
undisturbed soil and derives high magnitudes of normal stress and thus higher skin friction.
On the other hand, the rear end of side wedge moves through highly disturbed soil and the
soil displacement at back end is greater than the caisson displacement which causes negative
horizontal skin friction. For a fixed Q/V value, the magnitude of lateral load (Q) increases
with increasing vertical load (V). Thus, horizontal skin friction force increases with
increasing vertical load since it is a direct effect of applied lateral load. For Q/V=0.25 under
static conditions with d=¢ (soil friction angle), the horizontal skin friction is found to increase

by about 25 kN/m as the vertical load increases by 200 kN at a depth of D/6.
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Fig. 4.7 Variation of (a) horizontal skin friction and (b) normalized horizontal skin friction
along depth for different vertical load magnitudes for Q/V=0.25 and 6=¢

The normalization of horizontal skin friction with respect to the lateral load causing it
revealed that the horizontal skin friction distribution along depth of caisson reduces to
roughly a single curve which suggests that for a constant Q/V value, the horizontal skin
friction force profile per unit applied lateral load is roughly independent of magnitude of
vertical load. On the other hand, the horizontal skin friction along width of caisson does not
increase in proportion to increasing vertical load for a constant Q/V ratio, i.e., as the vertical
load increases, the horizontal skin friction, normalized with respect to applied lateral load,

reduces as is evident from Fig. 4.8(b).
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Fig. 4.8 Variation of (a) horizontal skin friction and (b) normalized horizontal skin friction

along width for different vertical load magnitudes for Q/V=0.25 and 6=¢
4.4.1.3 Influence of soil-wall friction angle () on horizontal skin friction profile

The horizontal skin friction acting over caisson is guided by two aspects of soil-wall
friction angle. The higher frictional coefficient for higher soil-wall friction angle and the
reduced displacement (as seen in previous Chapter) causing lower mobilization of frictional
force for higher soil-wall friction angle. The net effect of these two phenomena is reflected in
the normalized horizontal skin friction profile over depth and width of caisson as shown in
Fig. 4.9. It is observed that, for V=800 kN, as o/¢ increases from 1/2 to 2/3 and 1 under static
conditions, the normalized horizontal skin friction force, over entire width of caisson at
normalized depth of 1/6, diminishes by 5.48% and 7.58% respectively at Q/V=0.25 and
increases by 0.45% and 1.51% respectively at Q/V=0.75. For same set of input parameters,
the normalized horizontal skin friction over entire depth at leading edge of caisson decreases
by 13.55% and 35.18% respectively for Q/V=0.25 and 7.74% and 21.44% respectively for
Q/V=0.75. Therefore, the net effect of increasing soil-wall friction angle over normalized
horizontal skin friction is guided by reducing displacement of caisson causing it to decrease

for a given set of input parameters.
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Fig. 4.9 Variation of normalized horizontal skin friction with soil-wall friction angle along
(@) depth and (b) width of caisson

4.4.1.4 Influence of seismic acceleration coefficients (kn and ky) on horizontal skin friction

profile

Fig. 4.10 to Fig. 4.12 depict the variation of normalized horizontal skin friction with
horizontal and vertical seismic acceleration coefficients along width and depth of caisson. It
is observed that the magnitude of normalized horizontal skin friction increases along width
and depth of caisson with both kn and k. It could also be distinctly observed that increase in
normalized horizontal skin friction is significant for increasing ki values while it is nominal
for increasing kv. As the magnitude of ki increases, the soil surrounding the caisson densifies
in addition to pronounced translation of caisson under seismic inertial force. This causes the
magnitude of normalized horizontal skin friction to increase significantly with increasing kn
value. For a vertical loading of 800 kN, ky=0 and 6=¢ (soil-wall friction angle), the horizontal
skin friction, normalized with respect to applied lateral load, increases by 41.83%, 83.93%
and 175.68% at front edge of caisson on side face in direction of loading when kn increases
from 0 to 0.1, 0.2 and 0.3 respectively for Q/V=0.25. The percentage increase is 12.51%,
25.69% and 67.78% respectively for Q/V=0.75 with all other parameters remaining the same.
Similarly, the normalized horizontal skin friction force increases by 5.35%, 10.95% and
40.21% respectively at Q/V=0.25 and 18.08%, 35.82% and 91.6% respectively at Q/V=0.75
at normalized depth (z/D) of 1/6.
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Fig. 4.10 Variation of normalized horizontal skin friction with horizontal seismic acceleration

coefficient along depth of caisson for (a) Q/V=0.25 and (b) Q/V=0.75
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Fig. 4.11 Variation of normalized horizontal skin friction with horizontal seismic acceleration

coefficient along width of caisson for (a) Q/V=0.25 and (b) Q/V=0.75

The effect of kv, despite being indirect, facilitates the translation of caisson under the
action of applied lateral load by reducing base pressure and base friction due to reduced
normal reaction. The normalized horizontal skin friction at all depths varies by less than 0.5%
as ky increases from O to kn/2 and kn. The increase in normalized horizontal skin friction is

found to be 2.04% and 4.62% as kv increases from 0 to kn/2 and kn respectively for Q/V=0.25
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and 2.76% and 5.87% respectively for Q/V=0.75 at the front edge of caisson along width of
caisson in direction of loading.

Normalized horizontal skin friction 0.3 1 S35
, - N 1838
1 06 01 04 — k=0 025 1= & g
Y] = E E B Y-
- I k/kp=05 5 E5E
2 o ] k,/ky=1 13 <%
k,/k,=0.5 o 0.2 1 ‘ 0.15 @
k,/k,=1 5 : 01
= 04 1 , -|
R P 005
E_a 1% £
§ 06 :/ —
—— Q/V=0.75 / —05 25 i 025 0.5
_—— 8/\/:0,25 08 ] ”'0 0.9 Normalized width
- : — 'O 1
- 1 — Q/V=0.75
1a 015 7 _ __ Q/IV=0.25
(a) (b)

Fig. 4.12 Variation of normalized horizontal skin friction with vertical seismic acceleration

coefficient along (a) depth and (b) width of caisson
4.4.2 Vertical skin friction

Horizontal skin friction is generated on faces transverse to direction of loading (side
faces of caisson). Unlike horizontal skin friction, vertical skin friction acts on all the four
vertical faces of the embedded portion of caisson. The sensitivity of vertical skin friction to

various input parameters has been discussed in this section.
4.4.2.1 Influence of normalized lateral load (Q/V) on vertical skin friction

Fig. 4.13 to Fig. 4.18 illustrate the impact of lateral loading on vertical skin friction
acting along embedded depth and width of front face, rear face and side face of caisson. The
nature of curves is also observed by normalizing vertical skin friction with respect to applied
lateral load, which causes the vertical component of displacement due to the tilt of caisson
and thus alters the vertical skin friction under the action of vertical load only. It can be
observed that both absolute and normalized vertical skin friction increases with increasing
magnitude of lateral load on front and rear vertical faces along depth and width of caisson

while it reduces on side face. For vertical load of 800 kN and d=¢ under static conditions, an
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Fig. 4.13 Variation of vertical skin friction on front face of caisson along (a) depth and (b)

width for different lateral load magnitudes for V=800 kN and é=¢ under static conditions
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Fig. 4.14 Variation of normalized vertical skin friction on front face of caisson along (a)
depth and (b) width for different lateral loads for V=800 kN and 6=¢ under static conditions

increase in normalized lateral load from 0.25 to 0.375 and from 0.75 to 0.875 causes the
vertical skin friction on front face to increase by 86.27% and 31.32% respectively, while the
increase is 102.66% and 44.92% respectively at top of rear face of caisson. For the same set
of input parameters, the vertical skin friction remains virtually unaffected by increasing
lateral load from Q/V=0.125 to 0.375 while it reduces by 11.8% and 41.14% as Q/V increases
from 0.375 to 0.5 and 0.75 to 0.875 respectively. The magnitude of vertical skin friction
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across width of caisson is observed to increase with increasing lateral loads on all the vertical
faces.
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Fig. 4.15 Variation of vertical skin friction on rear face of caisson along (a) depth and (b)

width for different lateral load magnitudes for V=800 kN and 0=¢ under static conditions
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Fig. 4.16 Variation of normalized vertical skin friction on rear face of caisson along (a) depth
and (b) width for different lateral loads for V=800 kN and é=¢ under static conditions

The normalization of vertical skin friction with respect to lateral load reveals that the
vertical skin friction per unit lateral load increases at a uniform rate on front and rear face

with increasing lateral load while the rate of reduction is steep for small lateral load and
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Fig. 4.17 Variation of vertical skin friction on side face of caisson along (a) depth and (b)

width for different lateral load magnitudes for V=800 kN and 0=¢ under static conditions
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Fig. 4.18 Variation of normalized vertical skin friction on side face of caisson along (a) depth
and (b) width for different lateral loads for V=800 kN and d=¢ under static conditions

becomes quite insensitive Q/V>0.75. The normalization of vertical skin friction along width

of caisson reveals that the vertical skin friction per unit lateral load increases on front face

while reduces on rear and side face for increasing lateral load magnitude. Both, increase on

front face and reduction on rear and side face, is rapid at lower magnitude of lateral load and

becomes smaller as the normalized lateral load (Q/V) increases in magnitude.
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4.4.2.2 Influence of vertical load (V) on vertical skin friction

Vertical load acting on a caisson is a key parameter guiding the magnitude of vertical
skin friction acting on vertical faces of caisson. Fig. 4.19 to Fig. 4.24 illustrates the effects of
vertical load on vertical skin friction along width and depth of caisson. The vertical skin
friction magnitude on all the vertical faces of caisson increases with vertical load along depth
of caisson. The magnitude along width of caisson increases on front face and side face while
negative vertical skin friction increases at smaller magnitude of vertical load and then
decreases in magnitude with increasing vertical load, for V>800 kN, on rear face of caisson.
The rear face of caisson experiences contrasting vertical displacements due to vertical load
and tilt of caisson under applied lateral load. While the vertical load guides the initial
response in terms of vertical skin friction, higher magnitude of lateral load dominates the
behaviour of caisson later. However, normalization of vertical skin friction with respect to
vertical load reveals uniform increase in vertical skin friction per unit vertical load along
depth and width of caisson. The increase in vertical skin friction when vertical load increases
from 200 kN to 400 kN and 1200 kN to 1400 kN for Q/V=0.25 and J=¢ under static
conditions is 87.14% and 33.28% respectively at mid-depth of front face, 84.82% and 31.7%
respectively on top of rear face and 64.09% and 20.31% respectively at bottom of side face.
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Fig. 4.19 Variation of vertical skin friction on front face of caisson along (a) depth and (b)
width for different vertical loads for Q/V=0.5 and d6=¢ under static conditions
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Fig. 4.20 Variation of normalized vertical skin friction on front face of caisson along (a)
depth and (b) width for different vertical loads for Q/V=0.5 and J=¢ under static conditions
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Fig. 4.21 Variation of vertical skin friction on rear face of caisson along (a) depth and (b)

width for different vertical loads for Q/V=0.5 and d6=¢ under static conditions

The vertical skin friction per unit vertical load increases at a steady rate for increasing

vertical load as depicted in Fig. 4.20, Fig. 4.22 and Fig. 4.24. The normalized vertical skin

friction increases by a magnitude of 0.0296 and 0.0356 respectively on front face at mid-
depth of caisson when vertical load increases from 400 kN to 600 kN and 1200 kN to 1400
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kN. For same increment of vertical load, the normalized vertical skin friction increases by
0.0291 and 0.0318 respectively at top of rear face and remains insensitive to increased
vertical loading on side face. The increase in normalized vertical skin friction, along width of
caisson at edges for the vertical load increment, is 0.0433 and 0.0568 respectively on front
face and 0.0313 and 0.0361 respectively on rear face.
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Fig. 4.22 Variation of normalized vertical skin friction on rear face of caisson along (a) depth

and (b) width for different vertical loads for Q/V=0.5 and d=¢ under static conditions
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Fig. 4.23 Variation of vertical skin friction on side face of caisson along (a) depth and (b)

width for different vertical loads for Q/V=0.5 and é=¢ under static conditions
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Fig. 4.24 Variation of normalized vertical skin friction on side face of caisson along (a) depth
and (b) width for different vertical loads for Q/V=0.5 and d=¢ under static conditions

4.4.2.3 Influence of soil-wall friction angle (J) on vertical skin friction

As mentioned in the previous sections, soil-wall friction resists the displacement of
caisson through soil under action of externally applied loading. Therefore, in addition to
generating higher frictional force for a small displacement of caisson, the soil-wall friction
also diminishes the magnitude of displacement and tilt of caisson. Fig. 4.25 to Fig. 4.27
depict the normalized vertical skin friction force acting on front, rear and side face of caisson.
The normalization of vertical skin friction force is again done with respect to applied lateral
load. It is observed that, for V=800 kN and Q/V=0.25, as ¢ increases from ¢/2 to 2¢/3 and ¢,
the normalized vertical skin friction reduces by 10.12% and 26.96% respectively at mid-
depth of front face, 5.64% and 16.72% respectively at top of rear face and 5.73% and 20.65%
respectively at bottom of side face. It is also observed that the normalized vertical skin
friction on front face is much more sensitive to soil-wall friction angle than normalized
vertical skin friction on rear face and side face. Furthermore, the normalized vertical skin
friction along width of caisson is found to increase in magnitude on rear face of caisson while
reduce on front face for increasing o. Its magnitude is observed to be independent of ¢ on side
face of caisson. The magnitude of normalized vertical skin friction along width of caisson is

seen to increase on front face and reduce on rear face proportionally to change in soil-wall
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friction angle while the magnitude on side face is found to be indifferent to changes in soil-

wall friction angle.
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Fig. 4.25 Variation of normalized vertical skin friction on front face of caisson along (a)

depth and (b) width for varying soil-wall friction angle and V=800 kN under static conditions
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Fig. 4.26 Variation of normalized vertical skin friction on rear face of caisson along (a) depth

and (b) width for varying soil-wall friction angle at V=800 kN under static conditions
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Fig. 4.27 Variation of normalized vertical skin friction on side face of caisson along (a) depth

and (b) width for varying soil-wall friction angle at V=800 kN under static conditions
4.4.2.4 Influence of seismic acceleration coefficients (kn and ky) on vertical skin friction

The seismic inertial forces induced in the soil strata leads to densification of soil
surrounding the caisson, thereby, increasing the lateral soil pressure on caisson and increasing
vertical skin friction (f=Ntano; f is frictional resistance, N is normal reaction and tano is
friction coefficient between surfaces). The pronounced displacement under high magnitude of
seismic inertial forces may cause this behaviour. The impact of ks is found to be much more
pronounced, along both depth and width of caisson, as kn increases from 0.2 to 0.3, compared
to lower values of ki as illustrated in Fig. 4.28 to Fig. 4.30. It is observed that for V=800 kN,
Q/V=0.75, ky=0 and 0=¢, the magnitude of vertical skin friction, normalized with respect to
applied lateral load, increases by 7.07%, 14.89% and 74.48% respectively at mid-depth of
front face of caisson as ky increases from 0 to 0.1, 0.2 and 0.3. Similarly, the increase in
magnitude at mid-depth of rear face for the above-mentioned increment in kn is 8.2%, 18.48%
and 117.89% respectively while the side face is found to be fairly insensitive to kn except at
kn=0.3 where the increase is 20.4% at bottom of face. The increase along width of caisson

also follows a similar trend.
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Fig. 4.28 Variation of normalized vertical skin friction on front face of caisson along (a)

depth and (b) width for varying ks at V=800 kN, ky=0 and d=¢
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Fig. 4.29 Variation of normalized vertical skin friction on rear face of caisson along (a) depth

and (b) width for varying ki at V=800 kN, k,=0 and J=¢
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Fig. 4.30 Variation of normalized vertical skin friction on side face of caisson along (a) depth
and (b) width for varying ks at V=800 kN, k,=0 and o=¢

The normalized vertical skin friction is very mildly affected by changes in vertical
seismic acceleration coefficient (kv) as observed in Fig. 4.31 to Fig. 4.33. A small increase in
magnitude of normalized vertical skin friction is observed for increasing ky values on front
face while a minor reduction is observed on rear and side face of caisson. For k,=0.1, V=800
kN and Q/V=0.25, the increase in normalized vertical skin friction is 1.93% and 3.67%
respectively as ky increases from 0 to kn/2 and kn at mid-depth of front face. For the same set
of input parameters, the reduction in normalized vertical skin friction is 2.1% and 4.31%
respectively at mid-depth of rear face and 5.1% and 10.39% respectively at bottom of side
face. The variation along width of caisson follows a more linear trend, with percentage
increase in normalized vertical skin friction at mid-width of front face being 5.77% and
11.72% respectively for the above-mentioned increase in ky values. The reduction at mid-
width is 4.01% and 8.15% respectively on rear face and 7.81% and 15.6% respectively on
side face of caisson, which suggests linear response of normalized vertical skin friction to

change in ky values.
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Fig. 4.31 Variation of normalized vertical skin friction on front face of caisson along (a)
depth and (b) width for varying kv at V=800 kN, kn=0.1 and d=¢
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Fig. 4.32 Variation of normalized vertical skin friction on side face of caisson along (a) depth
and (b) width for varying ky at V=800 kN, kx=0.1 and 6=¢
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Fig. 4.33 Variation of normalized vertical skin friction on side face of caisson along (a) depth
and (b) width for varying kv at V=800 kN, kn=0.1 and 6=¢

4.4.3 Base friction

Base friction force is developed as caisson tilts or translates under the action of
applied external loads and seismic inertial forces. This section describes the effects of various

input parameters on the base friction force.
4.4.3.1 -Influence of normalized lateral load (Q/V) on base friction

The tilt and shift of caisson both increase with increasing lateral load as mentioned in
Chapter 3. While the shift of caisson is in direction of loading, the displacement, by virtue of
tilt of caisson, is in opposite direction of loading. The net effect of these two displacements
under static conditions is movement of caisson base in opposite direction of loading since the
point of rotation lies above the base of caisson. For increasing magnitude of lateral load (Q),
the base friction increases in magnitude throughout the length of caisson, however the base
friction per unit applied lateral load reduces as shown in Fig. 4.34, which reflects that the rate
of development of base friction with applied lateral load reduces with increasing lateral load.
For V=800 kN and d=¢ under static conditions, the base friction increases by 39.72% and
12.65% as the Q/V increases from 0.25 to 0.375 and 0.75 to 0.875 respectively. The reduction

in percentage increase reiterates the point.
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Fig. 4.34 Variation of (a) base friction force and (b) normalized base friction force for

different magnitudes of lateral loads for V=800 kN and 6=¢ under static conditions
4.4.3.2 Influence of vertical load (V) on base friction

Higher magnitude of vertical load provides higher normal reaction offered by soil
strata to caisson, thereby increasing the frictional force at base. In addition, the magnitude of
applied lateral load also increases for a given Q/V ratio with increasing vertical load. Fig.
4.35 shows the variation of base friction and normalized base friction along length of caisson
for varying vertical load. It is again seen that base friction increases with vertical load but
reduces upon normalization with respect to vertical load. The percentage increase in base
friction at mid-section for Q/V=0.5 and d=¢ under static conditions is 49.78% and 13.73%
respectively when vertical load (V) increases from 400 kN to 600 kN and from 1200 kN to
1400 KN.

4.4.3.3 Influence of soil-wall friction angle (9) on base friction

Increasing magnitude of soil-wall friction angle, as mentioned in the previous
sections, has two contradicting effects of increasing the coefficient of friction at soil-wall
contact and resisting the displacement of caisson, thereby reducing net frictional force
mobilized. In the case of base friction, the second effect is dominant and therefore, the
friction force at base of caisson increases with increasing ¢ for all values of lateral load as

shown in Fig. 4.36. The increase in normalized base friction at mid-width of caisson for
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caisson subjected to V=800 kN and having under static conditions, when ¢ increases from ¢/2
to 2¢/3 and ¢, is found to be 2.69% and 5.69% respectively for Q/V=0.25 and 2.55% and
4.71% respectively for Q/V=0.75.
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Fig. 4.35 Variation of (a) base friction force and (b) normalized base friction force for
different vertical loads for Q/V=0.5 and 6=¢ under static conditions
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4.4.3.4 Influence of seismic acceleration coefficients (kn and ky) on base friction

Horizontal seismic inertial force, caused by seismic acceleration in horizontal
direction is responsible for exaggerated displacement and densification of soil. This causes
high magnitudes of friction to be mobilized at base of caisson. Therefore, the base friction
normalized with respect to applied lateral load is found to increase with increasing kn as
depicted in Fig. 4.37. For V=800 kN, ky=0 and 6=¢, the normalized base friction increases by
9.37%, 17.69% and 56.84% respectively for Q/V=0.25 and 287%, 5.77% and 25.89% for
Q/V=0.75. The vertical seismic acceleration coefficient contributes to reducing the normal
reaction offered to caisson base, which results in reduced base friction. For V=800 kN, ks=0.1
and 0=¢, the normalized base friction reduces by 1.22% and 2.4% respectively for Q/V=0.25
and 0.47% and 1.1% respectively for Q/V=0.75 when ky increases from 0 to kn/2 and k.
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Fig. 4.37 Variation of normalized base friction for different (a) kn at kv=0 and (b) k./kx at
kn=0.1 for V=800 kN and 6=¢

4.4.4 Base reaction

Strata supporting a caisson provides reaction in response to self-weight of caisson and
vertical load acting on caisson. Additional soil reaction is generated at toe of caisson, and it
keeps diminishing at the heel as caisson starts tilting under the action of applied lateral loads.

The variation in base reaction on caisson due to various parameters is discussed below.
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4.4.4.1 Influence of normalized lateral load (Q/V) on base reaction

An increase in lateral load causes the caisson to tilt, thereby, increasing the normal
reaction on base of caisson in one half and reducing it in the other half. Fig. 4.38 illustrates
the effect of applied lateral load on base reaction developed. The base reaction is found to
increase towards toe of caisson and reduce towards heel of caisson as the magnitude of
applied lateral load increases. The base reaction normalized with respect to applied lateral
load is found to reduce, over entire width of base, with increasing lateral load. The
normalized base reaction reduces by 18.7% and 7.91% as the Q/V increases from 0.25 to
0.375 and 0.75 to 0.875 respectively for V=800 kN and 6=¢ under static conditions.
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Fig. 4.38 Variation of (a) base reaction and (b) normalized base reaction for different

magnitudes of lateral loads for V=800 kN and d=¢ under static conditions
4.4.4.2 Influence of vertical load (V) on base reaction

An increase in vertical load directly results in development of higher normal reaction
offered to base of caisson. Therefore, the base reaction has been normalized with respect to
vertical load V to understand the influence of applied vertical load. It is again observed from
Fig. 4.39 that the base reaction towards toe of caisson increases while that towards the heel of
caisson reduces as vertical load increases for Q/V=0.5 and d=¢ under static conditions. The
normalized base reaction is found to be insensitive to vertical load magnitude throughout the

width of caisson as seen in Fig. 4.39b.
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Fig. 4.39 Variation of (a) base reaction and (b) normalized base reaction for different
magnitudes of vertical loads for Q/V=0.5 and d=¢ under static conditions

4.4.4.3 Influence of soil-wall friction (J) on base reaction

As mentioned in the previous sections, the vertical component of displacement due to
tilt of caisson reduces with increasing soil-wall friction angle (6). This causes smaller base
reaction to be mobilized under the action of applied external loading as seen in Fig. 4.40. For
V=800 kN under static conditions, as ¢ increases from ¢/2 to 2¢/3 and ¢, the normalized base
reaction at toe of caisson increases by 4.66% and 14.22% respectively for Q/V=0.25 and
2.59% and 14.51% respectively for Q/V=0.75.

4.4.4.4 Influence of seismic acceleration coefficients (kn and ky) on base reaction

Horizontal seismic inertial forces cause excessive displacement of soil mass in
direction of applied loading (under critical conditions). This causes the soil mass towards toe
of caisson to have higher stiffness than that towards heel of caisson. Thus, for a given loading
condition, higher the magnitude of ks, higher is the base reaction developed. However, in case
of vertical seismic inertial forces, vertically upwards is the critical loading condition, which
reduces the soil reaction at caisson base. The normalized base reaction due to variation of
horizontal and vertical seismic acceleration coefficient has been presented in Fig. 4.41. It is
observed that, for V=800 kN, k=0 and J=¢, as kn increases from 0 to 0.1, 0.2 and 0.3, the
normalized base reaction at toe of caisson increases by 4.41%, 8.32% and 41.2% respectively
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for Q/V=0.25 and 1.49%, 1.86% and 15.09% respectively for Q/V=0.75. On the other hand,
increasing the magnitude of ky from 0 to kn/2 and kn for V=800kN, 6=¢ and kn=0.1, the
reduction in normalized base pressure is 2.93% and 5.89% respectively for Q/V=0.25 and
3.31% and 7.1% respectively for Q/V=0.75.
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Fig. 4.40 Variation of normalized base reaction for different soil-wall friction angles and
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4.45 Shear force (SF) and resisting moment (MRg)

Shear force (SF) and resisting moment (Mgr) are the indicators of resistive forces
acting on a system under the action of applied external loading. Shear force profile identifies
the distribution of resisting forces having same line of action as the externally applied load.
The shear force profile and moment of resistance profile (due to all the resisting components)
on vertical section of caisson has been studied and the effects of various input parameters

affecting the SF and Mr profiles have been discussed in this section.
4.45.1 Influence of normalized lateral load (Q/V) on shear force and resisting moment

Lateral load acting on caisson gives rise to all the resistive stresses acting in
horizontal plane opposite to direction of loading. Therefore, the magnitude of lateral load
directly affects the shear force (SF) on caisson at any depth. The forces in positive X-
direction have been considered positive while plotting the shear force diagram. Fig. 4.42
shows the variation of shear force (absolute value as well as SF normalized with respect to
lateral load) at any depth of caisson. It is observed that, higher the magnitude of applied

lateral load, higher is the resistive forces required to counter the applied lateral load.
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Fig. 4.42 Variation of (a) shear force and (b) normalized shear force for different magnitudes

of lateral loads for V=800 kN and 6=¢ under static conditions
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The normalization of shear force reveals that the sum of resistive forces per unit
applied lateral load is constant for Q/V=0.125 to 0.5. On further increasing the lateral load,
the resistive forces increase at a higher rate which reflects the non-linear nature of soil at
higher loading. Similarly, the resisting moment (Mr) required to withstand higher magnitude
of applied lateral load is higher. The variation of Mr is presented by normalizing it with
respect to applied moment at scour level (product of applied lateral load and the height of
application of lateral load above scour level (H)). In the present study, H has been adopted as
2.25xB, i.e., 3.375 m. It is observed from Fig. 4.43 that the normalized resisting moment

marginally increases with increasing lateral load.
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Fig. 4.43 Variation of normalized resisting moment for different magnitudes of lateral loads
for V=800 kN and J=¢ under static conditions

4.4.5.2 Influence of vertical load (V) on shear force and resisting moment

The vertical load (V) acting on caisson also has significant effect on the resistive
forces developed on a caisson. Again, higher is the magnitude of applied vertical load for a
fixed Q/V ratio, higher is the lateral load acting on the caisson. Therefore, for increasing
vertical load, the normalized shear force follows the same trend as that for varying lateral
load as seen in Fig. 4.44. However, the Mr profile for varying vertical load reduces to a single

curve as depicted in Fig. 4.45 which suggests that Mg responds linearly to vertical load.
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4.4.5.3 Influence of soil wall friction angle (o) on shear force and resisting moment

The variation of various resisting forces with soil-wall friction angle has been
observed in the previous section. The resulting shear force diagram reveals that higher is
magnitude of ¢, smaller is the resisting forces required to be applied to counter the externally
applied loading. Fig. 4.46 and Fig. 4.47 represent the variation of normalized shear force and
normalized moment of resistance along depth of caisson. It can be confirmed from Mg plot,
that smaller moment of resistance is required to be generated at any depth for higher
magnitudes of 6.
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Fig. 4.46 Variation of (a) shear force and (b) normalized shear force for different magnitudes
of soil-wall friction angle at V=800 kN under static conditions

4.4.5.4 Influence of seismic acceleration coefficients (k, and ky) on shear force and resisting

moment

Fig. 4.48 and Fig. 4.49 illustrate the effects of horizontal and vertical seismic
acceleration coefficients on shear force profile of caisson. As the magnitude of kn increases,
higher seismic inertial forces are developed and thus, greater magnitudes of resisting forces
are mobilized to counter the applied loading. Similarly, vertical seismic acceleration
coefficient also has destabilizing effect on caisson-soil system and the shear force diagram

reveals the resisting forces developed at any depth.

111



Normalized resisting moment

0 1 2 3 4 5
0 [l L L L L 1 L L L L 1 L L L L 1 L L L L 1 L L L L J
0.1
L 02 —5=¢/2
= -
3 0.4 N o=¢
% 05 —— Q/V=0.25
= ———— Q/V=0.75
S 06 \
2 ’ "
N >
0.7 \“:’!?‘\\\
0.8 N
0.9 I SR
/ \\ﬂ_} -

Fig. 4.47 Variation of (a) shear force and (b) normalized shear force for different magnitudes

of soil-wall friction angle at V=800 kN under static conditions
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Fig. 4.48 Variation of (a) shear force and (b) normalized shear force for different magnitudes
of kx at k=0, V=800 kN and J=¢
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Fig. 4.49 Variation of (a) shear force and (b) normalized shear force for different magnitudes
of kv at kn=0.1, V=800 kN and d=¢

Similarly, Fig. 4.50 and Fig. 4.51 reveal the variation of moment of resistance for
various magnitudes of seismic acceleration coefficients. While the normalized Mg is found to
be insensitive to the vertical seismic acceleration coefficient, the variation with horizontal
seismic acceleration coefficient shows the requirement for higher magnitude of resisting
moment at any depth, for different loading and k, magnitudes.
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446 Loadsharing

The load shared between base (LSpase) and sides (LSsides) Of caisson in terms of
resisting moments is determined based on all the force variations discussed in the preceding
sections. The variation of load shared between base and sides of caisson has been discussed

with different input parameters.
4.4.6.1 Influence of normalized lateral load (Q/V) on load sharing behaviour

The increasing magnitude of lateral load alters all the resisting components. The net
result of these varying resisting forces is that the LSsiqes first decreases and then increases with
increasing lateral load as illustrated in Fig. 4.52. LS;siges decreases by 1.27% as Q/V increases
from 0.25 to 0.375 and increases by 2.09% when Q/V rises from 0.75 to 0.875. The increase
in lateral load increases both lateral soil pressure and base pressure towards toe of caisson. At
lower magnitude of lateral load, the increase in side resistance is smaller than base resistance.

However, at higher magnitude of lateral load, the side resistance starts dominating.
4.4.6.2 Influence of vertical load (V) on load sharing behaviour

The load shared by sides of caisson reduces with increasing vertical load for a given
set of input parameters as seen in Fig. 4.53. It is observed that for Q/V=0.125, LSsides reduces
by 0.24% and 0.43% as vertical load increases from V=400 kN to 600 kN and from1000 kN
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to 1200 kN respectively. At relatively higher magnitudes of vertical loads, the load share of
sides is again found to reduce with increasing vertical load. Higher magnitude of vertical load
is directly responsible for increasing base pressure and base friction.
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Fig. 4.52 Variation of load share of base and sides with lateral load for V=800 kN and 6=¢

under static conditions
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Fig. 4.53 Variation of load share of base and sides with vertical load for Q/V=0.125 and 6=¢

under static conditions
4.4.6.3 Influence of soil-wall friction angle (J) on load sharing behaviour

Fig. 4.54 shows the variation of load sharing between base and sides of caisson for
varying ¢ wherein it could be observed that increasing the soil-wall friction angle reduces the
percentage of resisting moment provided to sides of caisson. This is because of reduced

displacement of caisson under any load combination, which affects the side resistance more
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than base resistance. As ¢ increases from ¢/2 to 2¢/3 and ¢, the load shared by sides of

caisson reduces by 1.09% and 2.58% respectively.
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Fig. 4.54 Variation of load share of base and sides with ¢ for V=800 kN and Q/V=0.75 under
static conditions

4.4.6.4 Influence of seismic acceleration coefficients (ks and ky) on load sharing behaviour

Both horizontal and vertical seismic acceleration coefficients are found to increase the
load shared by sides of caisson. It can be observed from Fig. 4.55 that an increase in kn from 0
to 0.1, 0.2 and 0.3 increases the load share of sides of caisson by 1.15%, 2.43% and 5.46%
respectively for V=800kN, 6=¢ and Q/V=0.25. Fig. 4.56 reflects the effect of kv on load
sharing behavior. The increase in load sharing by sides when ky increases from 0 to kn/2 and
kn is found to be 0.73% and 1.5% respectively for the same set of parameters at ky=0.1. While
horizontal seismic acceleration coefficient increases the resisting components acting on sides
of caissons much more than they increase the base resisting components, vertical seismic
acceleration coefficient reduces the magnitudes of base resistances by individually
diminishing both base friction and base reaction.
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4.5 Regression Analysis

The variation of moment of resistance due to sides of caisson has been mentioned in
the previous section. Non-linear regression analysis using Microsoft Excel has been
performed on the database comprising the load shared by sides of caisson (LSsides) in terms of
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resisting moments and the input parameters associated with it. The empirical correlation

obtained from regression analysis as mentioned below is valid for the range of input

parameters mentioned in Table 3.4.

LSgiges(%) = 71.231 — 0.0058V + 0.018Q + 8.767exp(k;, + k,,/3) — 5.589{log(Qtand)}
(4.8a)

where, the unit of V and Q is kN.

The empirical correlation is found to report the load share with excellent degree of
accuracy. The “P-value” testing the accuracy of model is less than 0.02 for all the coefficients
suggesting that “null hypothesis” could be rejected. Null hypothesis checks the significance
of all the parameters in the model and decides if any parameter could be left out in the model.
The load shared by base of caisson (LShase) is thus calculated as:

LSpase(%) = 100 — LS ;q.5(%) (4.8b)

4.6 Summary

This chapter deals with the parametric study of different resistive components acting
on all the caisson surfaces in contact with the surrounding soil. The absolute and normalized
variation of all the resisting components has been presented in this section to better
understand the stresses generated on different faces of caisson due to various input
parameters. Based on the different resistive components, shear force profile and resisting
moment profile along depth of caisson has been generated in both absolute and normalized
form. Finally, the load sharing behavior of base and sides of caisson has been explored by
performing regression analysis to develop an empirical correlation for the percentage of
resisting moment contributed by the sides of caisson for any set of input parameters. The
study will help researchers and design engineers in analysis and design of caissons based on
the seismic and site conditions that exist.
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Chapter 5

PASSIVE EARTH PRESSURE RESISTANCE ON CAISSON
EMBEDDED IN c-¢ SOIL WITH SURCHARGE LOAD USING
METHOD OF SUPERPOSITION

5.1 General

Seismic passive resistance offered by soil is the key parameter required for design and
analysis of caissons. In the past, multiple studies have been performed for passive earth
pressure coefficient for large width structures (Coulomb, 1776; Subba Rao and Choudhury,
2005) and flexible structures like piles (Ashour et al., 1998; Chatterjee et al., 2015).
However, determination of seismic passive earth pressure coefficient for finite width
structure like caissons is complicated because of formation of 3D failure wedges. Very few
studies in the past have considered the width of caisson. In the present study, a novel 3D
failure wedge geometry formed behind caisson, embedded in c-¢ soil (c: cohesion, ¢: angle of
friction) in presence of surcharge loading (q) has been idealized based on the results of
numerical study as shown in Fig. 3.6 and experimental study by Olson et al. (2017) as shown
in Fig. 2.4. Effect of width of caisson has also been studied for different input parameters.
Limit equilibrium method in conjugation with pseudo-static approach has been adopted in the
present study. Principle of superposition has been used to determine seismic passive earth
pressure coefficients due to different resistive components, i.e., cohesion (Kspc), surcharge
(Kspg) and unit weight (Ky,). The seismic passive earth pressure coefficient are the parameters
that yield the maximum passive resistance that could be generated by soil at different level of
mobilization of strength of soil. These resistances are derived from inertial component of soil
(Kspy), cohesion of soil (Kspc) and the increased confining pressure by virtue of surcharge load

(Kspg). Design charts for various input parameters have been presented.
5.2 Proposed Theoretical Methodology

A caisson of length L, width B and embedment depth d is assumed to be embedded in
homogeneous c-¢ soil with surcharge of magnitude g acting over failure wedge of depth D.
The cohesion and frictional parameters of soil are assumed to be isotropic. The failure wedge
in the present study has been chosen to be logarithmic spiral in the vertical plane and sections
of circle in horizontal plane as shown in Fig. 5.1 to simulate the actual field conditions more

accurately. Limit equilibrium method of analysis has been used in addition to pseudo-static
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approach for the determination of seismic passive pressure force. The pseudo-static approach

of analysis of earth structures was introduced in early 1920s. In this approach, the effects of

earthquake motion are represented by constant horizontal and vertical accelerations.

Fig. 5.1 3D failure wedge idealized in the current study with sections at (a) top, (b) mid-depth
and (c) near base of failure wedge
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Principle of superposition has been used in the present study to find seismic passive
earth pressure coefficients due to cohesion (c), surcharge (q) and unit weight components (y)
for the various input parameters as discussed in subsequent section. Principle of superposition
states that net effect of all components working together is equal to the sum of effect of

individual components acting independently.
5.2.1 Mathematical formulation of the problem

The idealized failure wedge is log-spiral in the vertical plane as illustrated in Fig. 5.2.
In the current study, the log-spiral will be described by the equation:

r = 1,e*an%mn (5.1)

0 A’ x = OB’= rssin(ao+ar) B’ S

/

<>

Z ' Xo = roSinao

Fig. 5.2 Log-spiral defining the failure wedge in vertical plane
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where, r = radius of log-spiral at any angle « at the center from the initial radius ro
ro = initial radius of log-spiral

#m = mobilized soil-soil interface friction angle

As observed from Fig. 5.2, at any depth z,

z =r.cos(a + a,) — 17.cos(a, + ay) (5.2a)
Z—Z = —r.sin(a + a,) + 7,.cos(a + a,).tan ¢,,. e*t4Pm (5.2b)
dz =r.cos(a + a,) [tang,, — tan(a + a,)]|da (5.2¢)

Fig. 5.3 depicts the geometry of failure wedge in horizontal plane depending on the
width of the geotechnical structure. The angle ¢ defining the shape of the wedge can be

obtained as follows:

: it m.tanx/2

At

$ m.tanx/2

(@) (b)
Fig. 5.3 Idealized passive wedge in horizontal plane for (a) B <m tanx and (b) B > m tanx
m = 2Lcosx (5.33)
_ m
L= (5.3b)
LCOE+2x=m (5.4a)
LCO'E =1 —2x (5.4b)

Let the angle subtended by half the arc in front of caisson face (2CO'N) be 6.
Let £ZCNO' = 2NCO' =t

2t+60=m (5.4¢)
T 6

t = >3 (54d)

By sine rule,

ve _ L

sin@  sint (5.58.)
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__Lsin® _ 2Lsin‘9/20059/2 _ 2Lsine/2cose/2 _

NC = — = =
sint Sin(g_g) cose/2

LO'CE +20'CC, =T/,
£0'CC, =)y —x

LNCCy + 20'CCy =t
ZNCCy =t —(T/y —x)
NCcos (t — (/5 - x)) = g

sy con (-9 =) =

2Lsin 9/2 cos (x - g) =
2cosx5in 9/2 ‘O (x = g) o g

sin 9/2 cos (x - g) = %

2

CosXx

i 6 A . 6 Bcosx
2sin 9/2 (cosx cos— + sin x sin —) =
2 2 m
. 0 6 . Omm om0 Bcosx
2sin—cos—cosx + 2sin—sinx sin— =
2 2 2 2 m

B cosx

sin @ cos x + Zsinzgsinx =
sin@ + 2sintanx = 2
2 m
. i 29 B
sm0+tanx(251n -——1+ 1) = —
2 m
sin 6 +tanx<1 -] (1 - 2s.in29)> =
2 m
sin@ + tanx (1 — cos0) =%
sinf + tanx —cos @ tan x =%

. B
sinf@ — cosBtanx = ;—tanx

B
sinf-cosftanx _ E—tanx

Vi1+tanZx T VittanZx

. 1 tanx E—tanx

sin ¢ VitanZx cos ¢ Vittan?x \/nll+tan2 x
tanx . 1

Let N sin [ and N cos |
tanl = tanx
l=x

. . %—tanx
sinf cosx — cos @ sinx = o

2Lsin 9/2
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(5.5b)

(5.6a)
(5.6b)
(5.6¢)
(5.6d)

(5.7a)
(5.7b)

(5.7¢)
(5.8a)
(5.8b)
(5.8c)
(5.8d)
(5.8e)
(5.8)
(5.89)
(5.8)
(5.9a)
(5.9b)

(5.9¢)
(5.9d)

(5.9)

(5.9f)
(5.10a)
(5.10b)

(5.11a)



B
—tanx

sm(9 - .X') = W (5llb)
1 %—tanx 11
(6 —x) = sin NEETo TR (5.11c)
t
0(z) = x +sin™?! M for B < mtanx (5.12a)
Vi+tan? x
0 =x for B > mtanx (5.12Db)

where, m(z) = Chord length of the circular sector describing failure wedge at depth z along X-

direction at edge of caisson

m(z) = CE = r(z)sin(a, + a5 —a) — x, (5.13a)
x,=AA=r,sina, (5.13b)
Yo = OB" = BB’ = rycos (a, + af) (5.14)

where, Xo, Yo are the horizontal and vertical distance of caisson face from the center of log-
spiral respectively.

The area of failure wedge in horizontal plane at any arbitrary depth z (A(z)) consists of
three components as shown in Fig. 5.3. The magnitudes of these three components at
different depths are obtained from the following expressions:

A(z) = As(2) + A (2) + Ar(2) (5.15a)
where, As = Area of side wedge as shown in Fig. 5.3b

Ar = Area of rectangular portion of wedge as shown in Fig. 5.3b

As = Area of wedge in front of rectangular portion as shown in Fig. 5.3b

As(z) = m(z)z [(;_Szi) — 2tan x] (5.15b)
A, (z) = B xm(z) (5.15¢)
B < mtanx:

Ar(z) = 472(5?22 X [H(Z) 4 sin(x — H(Z)) cos x — sin x cos x] (5.15d)
B >mtanx:

Ar(2) = :Clé?z (x —sinx cosx) + (B — m(z) tan x) (secx -1) (5.15e)
The resultant of tangential shear force acting on vertical face of failure wedge is given as:
AF(z) = 2T X smd)—m cos — d) (5.16a)
where, T = Ayz X m(z)dz (5.16b)

where, 4 = tangential stress coefficient. (Prater, 1977)
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The angle between radius of log-spiral at any point and the normal to that point is
constant and in the current study, this angle is ¢m. Thus, the angle of the reaction force with

the horizontal plane at any depth z located by sweeping of angle o by the initial radius is

g—(a+ao). The area of the elemental surface formed by the sweeping angle d¢ by the radius

of the circle at depth z will be (;:f:x dé x r(z)da).

The Y-components (transverse to direction of loading) of soil reaction and cohesion
component at soil-soil interface cancel out each other because of geometrical symmetry of
the idealized passive wedge about X-axis. The X-component of soil reaction (AR+) and
cohesion component (ACh) at depth z is given as:

B < mtanx:

dRy(z) = Rsin(a + a, — ¢m) €OS ¢y X (z) dé X r(z)da x cos(x — &) (5.17a)

2cosx

m(z)

ARy(z) =2 fg Rsin(a + a, — ¢,) €os Py, X dg‘ X r(z)da X cos(x — &) (5.17b)
ARy, (2) = Rm(z)r(z) sm(a + @, — ) X da x {sinx —sin(x — 0(z))}  (5.17c)

dCy(z) = (¢ + Rsin¢,y,) cos(a + a, — Ppy) chléz) dé X r(z)da X cos(x — &) (5.18a)

ACy(z) =2 foe(c + Rsin¢) cos(a + a, — ¢,,) X m(z) df X r(z)da X cos(x — &) (5.18b)

cos(a+a,—¢pm){sin x—sm(x—@(z))}
cosx

ACy(z) = m(z2)r(z)da X (¢ + R sin ¢,,) (5.18c)

B > mtanx:

ARy (z) = [Zf Rsin(a + a, — ¢y) €os ¢ X m(z) ~d¢ X r(z)da X cos(x — f)]

fOB_m(Z) R sin(a + a, — ¢) oS Py X r(2)da X dl (5.19a)
ARy (z) = {Rm(z)r(z) sm(a + a, — ¢,,) X da X sin x} +{Rsin(a + a, —

¢m) cos b, X r(2)da X (B —m(z) tanx)} (5.19b)
ARy (z) = BRr(z) sin(a + a, — ¢,,) cos ¢, da (5.19¢)

ACy(z) = [2 fox(c + R sin ¢,,) cos(a + a, — ¢,,) X ") df X r(z)da X cos(x — f)]

2cos

B-m(z)tanx
I}

0 (c + Rsin¢y,) cos(a + a, — pp) X r(2)da X dl (5.20a)

ACy(z) = B(c + R sin ¢,,) cos(a + a, — o) rda (5.20b)
The vertical component of soil reaction (ARv) and cohesive resistance (ACy) at depth z is:
B < mtanx:

dRy(z) = R cos ¢, cos(a + a, — p) X m(z) df X r(z)da (5.21a)
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ARy, (z) = 2 X fn 246 b cos P cos(a + a, — Py) X Zilz)x dé X r(z)da (5.21b)
ARy (2) = Rmr(z) cos(a +a, — ) da x (m—2x + 0(2)) (5.21¢c)
dCy(z) = (c + Rsin¢,,) X sin(a + a, — ¢,,) 7;122‘? (z)da (5.22a)
ACy(z) =2 % fn 2Hg(l)( + Rsin¢,,) X sin(a + a, — ¢,,) Zliz)dg (z)da (5.22h)
ACy(2) = m(2)r(z)da T2 EEIMERCombn) o (o 4 R sin gb,,) (5.22¢)
B > mtanx:

ARy (z) = [2 X fon_xR oS ¢ cos(a + ay — Pp) X ZTZ(EZ) d& x r(z)da]

fOB_m(Z) TR cos ¢ cos(a + ey — Py X T(2)da X dl (5.23a)

AR, (z) = {Rm(z)r(z) %cos(a +a, — ) da X (T — x)} + {R cos ¢, cos(a + a, —
$m) X r(z)da X (B —m(z) tan x)} (5.23b)

ARy (z) = R cos ¢, cos(a + a, — py) X r(2)da X {B + M (n —x —sin x)} (5.23c¢)

ACy(z) = [2 X f *(c + Rsin¢p) sin(a + a, — pp) X m(z) df X r(z)da]

J«B—m(z) tan x

) (c + Rsin¢y) sin(a + a, — ¢,) X r(z)da X dl (5.24a)

ACy(z) = r(z)dasin(a + a, — ¢n) {B ) (m —x —sin x)} X (c + Rsin ¢,,) (5.24b)

cos X

5.2.1.1 Formulation for seismic passive earth pressure coefficient due to cohesion

component (Kspc)

Fig. 5.4 depicts the free body diagram of infinitesimally thin soil element of thickness
dz at depth z. Considering only the cohesion components and soil reaction on failure wedge
(9=0 and y=0), the horizontal and vertical equilibrium equations can be written as:

B < mtanx:
Considering equilibrium of forces in horizontal direction for the elemental disc:
p(z)Bcos§dz = ACy(z) + ARy(2) (5.25a)

cos(a+ap—¢m){sin x—sin(x-6(2))}
cosx

p(z)Bcosddz = m(z)r(z)da

X (¢ + Rsin¢,,) +

Rm(z)r(z)da sm(a +a, — b)) {sinx — sin(x — H(Z))} (5.25b)

m(z)r(z)da{sm x—sin(x-6(2))}
cosx

— ¢m) + Rcos ¢, sin(a + a, — ¢} (5.25¢)

p(z)Bcosddz m(Z)r(Z)da{Scigjisin(x_e(Z))} —ccos(a+ a, — ¢) = Rsin(a + a,) (5.25d)

p(z)Bcosddz =

x {ccos(a + a, — ¢,,) + R sin ¢, cos(a +
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7 Rxrdaxmdé/2cos

X

Fig. 5.4 Free body diagram of forces acting on infinitesimal strip of failure wedge in presence

of cohesion component only

From equilibrium of forces in vertical direction for the elemental disc:
p(z)Bsiné dz + C,Bdz = 6Ry(z) — 6Cy(2) (5.26a)

p(z)Bsinddz + C,Bdz = Rm(z)r(z)daczzﬂcos(a +a, — ) {m—2x+6(2)}—

SX

m(2)r(z)da T R+ O PR o= Pm ). 8 (c + Rsing,,) (5.26b)

cosx

m@r@da 9y + 6(2)}[Reos by, cos(a + ay — ¢,) —

p(z)Bsiné dz + C,Bdz =
sin(a + @, — ¢,,) (c + Rsin ¢,;,)] (5.26¢)

; cosx
{p(Z)B sind dz + CaBdZ} m(z)r(z)da{n—2x+0(2)}

+ csin(a + a, — ¢,,) = Rcos(a+ a,)

(5.26d)
Dividing Eqgn. (5.25d) by Eqgn. (5.26d)
[p(Z.)B cos5dzcosx—ccos(a%—lao—(l)m)m(z)r(z)da{sinx—sin(x—G(z))}]?rc—Zx.-i-G(z)} < tan(a + a,)
[{p(2)B sin 8dz+CqBdz}(cos x)+c sin(a+a,—m)m(2)7 (z)dafn—2x+6(2)}]{sin x—sin(x=6(2))}
(5.27a)

p(z)Bdz cos x [cos §{m —2x+ 6(z)} —sind tan(a + ,) {sinx - sin(x - 9(2))}] =
em(2)r(z)dafsinx — sin(x — 8(2) ) Hr — 2x + 8(2)}[cos(a + a — Pp) + sin(a + @, —
¢p) tan(a + a,)] + C,Bdz cos x {sinx — sin(x — 6(2))} tan(a + a,) (5.27b)
Let HD(z) = {sinx — sin(x — 8(2))} tan(a + a,) and VD(z) = — 2x + 6(2)

cos(a+ao—pm)
tan(a+a,)

p(z)Bdz cosx [cos6 VD(z) —sind HD(z)] = cm(z)r(z)daHD(z)VD(z) [
sin(a + a, — ¢m)] + C,Bdzcosx HD(z) (5.27¢)
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cos(a+ap—pm)

cm(z)r(z)daHD(z)VD (z)[ +sin(a+ao—¢m)] +CgBdz cos xHD(z)

p(z)Bdz = cos;ﬁcno(:;(g(z)—sin SHD(2)] (5.27d)
B > mtanx:

Considering equilibrium of forces in horizontal direction for the elemental disc:
p(z)Bcos§dz = 6Cy(2) + SRy (2) (5.28a)
p(z)Bcos§dz = B(c + Rsin¢,,) cos(a + a, — ¢,,)rda + BRr(z) sin(a + a, —

¢m) cos ¢, da (5.28b)
p(z)B cos § dz = Br(z)da|R sin(a + a,) + ¢ cos(a + a, — ¢,,)] (5.28¢c)
p(2)B cos SdZ—B;:(CJZS)Eiaa+aO—¢m)r(z)da SRS ) (5.280)
From equilibrium of forces in vertical direction for the elemental disc:

p(z)Bsinéd dz + C,Bdz = 6Ry,(z) — 6Cy(2) (5.29a)

p(z)Bsind dz + C,Bdz = R cos ¢, cos(a + a, — ¢,) X r(z)da X {B o T —g -

sin x)} —r(z)dasin(a + a, — pm) {B + % (m — x — sin x)} X (c + Rsing,,) (5.29b)

C

m(z)

p(z)Bsind dz + C,Bdz = r(z)da {B + (m — x — sin x)} [Rcos(a + a,) —

Cosx

csin(a + a, — ¢,,)] (5.29¢)
p(z)Bsinddz+CyBdz+c sin(a+:lz,z;¢m)r(z)da{3+%(n’—x—sin x)} — R cos(a + ao) (5.29d)
r(z)da{B+Cosx(n-x—sinx)}
Dividing Eqn. (5.28d) by Eqn. (5.29d)
{p(z2)B cos§dz—Bc cos(a+a0—¢m)r(z)da}{3+%(n—x—sin x)} o tan(a o ao) (5.30&)

B[p(z)B sin §dz+CyBdz+c sin(a+a0—¢m)r(z)da{3+%(n—x—sin x)}]

m(z) !
o (m—x —sinx)

Let HD(z) = Btan(a + a,) and VD(z) =B +
p(z)Bdz[cos 5 VD(z) —sinS HD(z)] = [cr(z)daHD (2)VD(2) {sin(a +a, — ¢,) +

coster@o-dull] 4 C,BdzHD (2) (5.30D)

tan(a+a,)

|er(z)danD(z)vD (z){sin(a+ao—¢m)+%m}]+ca3dzHD(z)

[cos 8VD(z)—sin 6HD(z)]

p(z)Bdz = (5.30c)

Integration of Eqns. (5.27d) and (5.30c) gives the caisson reaction (Ppc) for entire
depth of failure wedge because of cohesion components. The average seismic passive earth
pressure coefficient due to cohesion component (Ksyc) is determined using the following
equations:

Kspc¢BD = P, (5.31a)
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= e (5.31b)

SPC ™ ¢BD

where, D is the depth of the failure wedge as shown in Fig. 5.2

5.2.1.2 Formulation of seismic passive earth pressure coefficient due to surcharge

component (Kspq)

Fig. 5.5 shows the forces acting on the infinitesimal failure wedge at depth z due to
surcharge components acting alone. Considering equilibrium of forces in horizontal direction

for the elemental disc due to surcharge component only (c=0 and y=0),

Rxrda xmd&/2cosx
Fig. 5.5 Free body diagram of forces acting on infinitesimal strip of failure wedge in presence

of surcharge component only

B < mtanx

p(z)Bcosddz + kpqA(z) — kpqA(z + dz) = ARy (z) = Rm(2)r(2) %sin(a +a, —
¢m) X da X {sinx — sin(x — 9(2))} (5.32a)
From equilibrium of forces in vertical direction for the elemental disc:

p(z)Bsinddz + (1 —k,)qA(z) — (1 — k,)qA(z + dz) = ARy (z) =

Rm(z)r(z) %cos(a +a, — ¢p) da X (n —2x + H(Z)) (5.32hb)
Dividing Eqn. (5.32a) by Eqn. (5.32b)

p(2)B cos §dz+kyqA(z)—kpqA(z+dz) __ tan(a+a,—¢m){sin x—sin(x—60(2))} (5.33a)
p(2)B sin §dz+(1—k,)qA(z)—(1—ky)qA(z+dz) n—-2x+60(z) '

129



p(Z)BdZ[sin6 (n —2x + H(Z)) —cosétan(a + a, — ¢,,) {sinx — sin(x - 0(2))}] =
[khq{A(z) —A(z +d2)}tan(a + a, — ¢,) {sinx — sin(x - 0(2))}] — [(1 —k,)q{A(z) —
A(z + dz)}(n —2x + 6(2))] (5.33b)
Let HD(2) = tan(a + a, — ¢,,) {sinx - sin(x — G(Z))}

and VD(z) = — 2x + 6(2)

knq{A(z)—-A(z+dz)}HD(2)]-[(1-ky)q{A(2)-A(z+dz)}VD(z)]

p(2)dz = [ (sin8xVD(2))—(cos §xHD(z)) (5.33¢)
B > mtanx

p(z)Bcos§dz + kyqA(z) — kyqA(z + dz) = ARy (z) = BRr(2) sin(a + a, —

¢m) cos ¢, da (5.34a)

p(z)Bsinddz + (1 — k,)qA(z) — (1 — k,)qA(z + dz) = 6R,(z) = R cos ¢,,, cos(a +

m

2 .
v (mr — x — sin x)} (5.34b)

A, — Py) X r(z)da X {B +
Dividing Eqn. (5.34a) by Eqgn. (5.34b)

p(z)B cos §dz+kpqA(z)—kpqA(z+dz) __ tan(a+a,—dm)xB

p(2)Bsin 8dz+(1-ky)qA(2)-(1-kp)aA(z+d2) — B+2D(q_x—sinx)

(p(z2)Bsiné dz){tan(a + a, — ¢,,,) X B} — (p(z)B cos § dz) [B +

(5.35a)

m(z) . .
. (m—x— smx)] =

m(z)

[khq{A(z) — Az + dz)}{B + 28— x —sin x)}] —[(1 - k) q{A(2) = A(z +

dz)}tan(a + a, — ¢,,,) X B}] (5.35h)

Cosx

kpq{A(z)-A(z+dz)} VD(2)]-[(1—ky,)q{A(z)—A(z+dz)}HD(2)]

]
P(Z)de = (sin8xHD(z))—(cos §xVD(2))

(5.35¢)

m(z)

where, HD(z) = tan(a + a, — ¢,,) X Band VD(z) = B +

E=—= (m —x —sinx)
Again, the total caisson reaction on soil wedge (Ppq) iS obtained by carrying out
integration of Eqns. (5.33c) and (5.35c). The average magnitude of seismic passive earth

pressure coefficient due to surcharge component (Kspq) is obtained using following equations.

KspqqBD = Py, (5.36a)
P
Kspg = 2 (5.36b)

5.2.1.3 Formulation of seismic passive earth pressure coefficient due to unit weight

component (Ks,)

Fig. 5.6 depicts the forces acting on infinitesimally thin failure wedge at any depth z

due to unit weight component of resistance acting alone. The overburden pressure force (Q)
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and normal reaction force (N) acting at wedge interfaces have also been considered. From

equilibrium of forces in horizontal direction for the elemental disc,

B < mtanx
p(z) cos 6,, dz — AF(2) + kAW (z) = ARy (2) = Rm(z)r(z) sm(cx +a, — ¢ X
da X {sinx — sin(x — 8(2))} (5.37a)

From equilibrium of forces in vertical direction for the elemental disc:
p(z)sind,,dz+ (1 —k,)AW(z) + Q(z) = N(z+dz) = AR, (z) =

Rm(z)r(z) cos(a +a, — o) da X (n — 2x F 9(2)) (5.37b)

Let HD(z) = tan(a + &, — ¢m) {sinx — sin(x — 8(2))} and VD(2) = © — 2x + 0(2)

p(z)dz = AW (2)[{(1—ky)XHD(2)}—(knxVD(2))]|+[{Q(2)—N(z+dz)}xHD(2)]+(AF(2)xVD(z))

(5.38)

(Cos 6m><VD(z))—(sin SmxHD(z))

Rxrdaxmd&/2cosx

mdé/Zco\sx
rda //
¢ = —(otao)
Rxrda xmd&/2cosx

Fig. 5.6 Free body diagram of forces acting on infinitesimal horizontal strip of failure wedge

due to unit weight component only
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B > mtanx

p(z) cos 6,,dz — AF (z) + kAW (z) = ARy (z) = BRr(z) sin(a + a, — ¢,,,) cos ¢, da
(5.39a)

p(z)sing,, dz+ (1 — k,)AW(z) + Q(z) — N(z + dz) = AR,(z) = R cos ¢,,, cos(a +

a, — ) X r(z)da X {B + m() (m — x — sin x)} (5.39b)

CosXx

Let HD(z) =tan(a + a, — ¢,,) X Band VD(z) = B +Zn0—(szi(ﬂ —x — sinx)

p(2)dz = AW (2)[{(1~kyp)xHD(2)}~(kpxVD(2))]|+[{Q(2)=N(z+dz)}xHD(2)]+(AF (2)XVD(z)) (5.40)

(cos 8mxVD(z))~(sin 8,y xHD(2))

Upon integration of Eqgns. (5.38) and (5.40), the total reaction force applied by caisson
face on soil wedge in presence of unit weight component of soil reaction (P,,) is determined.
The average magnitude of seismic passive earth pressure coefficient due to unit weight

component (Ky,,) over the entire depth of passive wedge is obtained using the following

equation:
1
2 KspyYD? X B = P,, (5.41a)
2P,
oY = a2 (5.41b)

5.2.2 Validation of the proposed method

Fig. 5.7 shows the variation of total soil pressure with depth obtained from the present
study juxtaposed with the results of previous experimental and analytical studies. Olson
(2017) conducted a series of centrifuge tests on cohesionless soil with soil properties
mentioned in Fig. 5.7. Biswas and Choudhury (2019) proposed a 3D planar failure wedge for
computing passive earth pressure in cohesionless soil. Hydrostatic pressure has been added to
the pressure obtained from the proposed model to obtain total lateral pressure for the given
set of input parameters. The results of the present study are found to be in excellent
agreement with the results of the above mentioned experimental and analytical studies. The
nature and magnitude of the total soil pressure obtained from the present study is slightly
different from that of Biswas and Choudhury’s (2019) theoretical study because of the
assumption of log-spiral failure wedge as opposed to the planar failure wedge assumed by the
authors. The deviation from experimental studies can be attributed to the application of
dynamic loads by Olson et al. (2017) in contrast with the pseudo-static analysis conducted in

the present study.
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Furthermore, Table 5.1, Table 5.2 and Table 5.3 compare the results of seismic
passive earth pressure coefficients due to unit weight, surcharge and cohesion component
respectively with the results of previous studies (Mononobe and Matsuo, 1929; Soubra, 2000,
Soubra and Macuh, 2002, Subba Rao and Choudhury, 2005 and Liu et al., 2018).

Total soil pressure (kPa)

0 20 40 60 80 100 120 140 160
O Fa 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ]
f 4, = 16°
11 O =0
' g 4 =176
2 ] o
T N Yo = 19.4 KN/m?
E 3] N K, = 0.2
< ]
£ k,=0
(3
04z : - B=365m
— Biswas and Choudhury (2019) S
5 ] ) > D=65m
] ® Olsonetal. (2017) [Centrifuge Test: 1A2] \ b
i Olson et al. (2017) [Centrifuge Test: 1A3] N
] Present Study ¥ o
7

Fig. 5.7 Comparison of total passive earth pressure in present study with centrifuge test

results (Olson et al. 2017) and planar wedge idealization (Biswas and Choudhury, 2019)

Table 5.1 Comparison of K, in present study with previous literature for B=800 m, D=16 m
and ky=0

Seismic passive earth pressure coefficient due to unit weight component (Ksy;)

i | ko | 55T G0 Mononobe — | Soubra | Soubra and Liu et al. Present Study
Okabe (1929) | (2000) | Macuh (2002) | (2018)

1/3 2.41 2.39 2.39 2.38 2.40
. ° 2/3 2.89 2.77 2.75 2.73 2.69
20 1/3 2.19 2.19 - - 1.88
RTE 2.59 2.52 - - 2.25
1/3 4.14 4.05 4.03 4.02 3.99
. ° 2/3 6.11 5.40 5.34 5.26 4.98
%0 1/3 3.83 3.77 - - 3.66
RTE 5.55 5.00 - - 4.83

- : denotes that study did not present results for seismic cases
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Table 5.2 Comparison of Kspq in present study with previous literature for B=800 m, D=16 m
and ky=0

Seismic passive earth pressure coefficient due to surcharge component (Kspq)

ém | kn | Om/ém | Soubra (2000) | Soubra and Macuh (2002) | Liu et al. (2018) | Present Study
0 1/3 2.37 2.38 2.38 2.35
20° 2/3 2.65 2.70 2.68 2.64
1/3 2.18 - - 1.84
0.1
2/3 2.45 - - 2.20
0 1/3 3.95 3.98 4.00 3.91
20° 2/3 4.93 5.10 5.03 4.88
1/3 ! - - 3.59
0.1
213 4.63 - - 4.73

- : denotes that study did not present results for seismic cases

Table 5.3 Comparison of Kspc in present study with previous literature for B=800 m and
D=16 m

Seismic passive earth pressure coefficient due to cohesion component (Kspc)

ol PPN Soubra  Soubra and Subba Rao and Liuetal. Current
(2000) Macuh (2002) Choudhury (2005)  (2018) Study
B 0.5 3.24 4.18 3.62 3.68 4.28
1] 5.10 . 31 4.36 4.64 5.80
» 0.5 12.81 6.05 5.32 Sl 5.94
. 1i 17.82 8.88 6.84 7.89 11.38

Subba Rao and Choudhury (2005) carried out plane strain limit equilibrium analysis
based on pseudo-static approach considering a composite log-spiral-linear failure surface in
front of a retaining structure. Soubra (2000) and Soubra and Macuh (2002) used upper bound
limit analysis in order to find the seismic earth pressure coefficients in seismic and static
conditions respectively for a rigid retaining structure. For comparison of results, width of
caisson (B) was chosen as 800 m to simulate plane strain conditions that prevail for retaining
structures. In addition, depth of failure wedge (D) was taken as 16 m whereas ky=0 was
adopted for the comparison of results. The magnitudes of Kspc, are found to be much smaller
compared to results of limit analysis performed by Soubra (2000), Soubra and Macuh (2002)
and Liu et al. (2018). However, the results are greater than the limit equilibrium analysis
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result by Subba Rao and Choudhury (2005). Since the formulation for Kspe limit equilibrium
method-based study by Subba Rao and Choudhury, 2005 (Ppc=Kspcx2cBD) is different than
other contemporary studies (Ppc=KspcXCBD), the results of Subba Rao and Choudhury (2005)
have been doubled (Kspc =2Kspc) for comparison. This suggests that limit equilibrium method
returns more conservative values of Kspe than limit analysis. Kspq and Ky, values obtained
from the present study are found to be smaller than the previous studies. The assumption of

the logarithmic spiral failure wedge in the proposed model gives the smaller values.
5.3 Present Study

In the present study, magnitudes of different seismic passive earth pressure
coefficients, Kspe, Kspg and Kgy,, have been tabulated for different input parameters mentioned
in Table 5.4. These coefficients have been obtained corresponding to minimum value of
seismic passive earth pressure forces (Ppc, Ppq and Pp,). The optimization of these forces is
done by varying the initial angle of log-spiral ao between 0 to (n/2—¢m) and central angle of
log-spiral of between 0 to {n/2—(¢mtao)}. The computation of Kspc was carried out
corresponding to adhesion (Ca) value of ratio of tangent of om and tangent of ¢m (Ca/c=tan om
/tan ¢m). The magnitude of Ksp is found to be independent of the cohesion magnitude of soil.
All the numerical computations including the optimization process are carried out by writing
programs in MATLAB (2021). The angle x defining the shape of the failure wedge in
horizontal plane has been chosen as ¢mxD/B to take width of the caisson into account.
Therefore, for smaller width of caisson, the area At is significant in comparison to the area As
whereas for infinite width structures like retaining walls, Ar—0. Thus, inclusion of parameter
D/B checks the overall volume of wedge. The sequence of steps followed in the present study
has been depicted through flow chart in Fig. 5.8.

Table 5.4 Input parameters considered in the present study

Properties Values

Depth of passive wedge (D) 16 m

Width of caisson (B) 8m, 16m, 32m, 80m, 800m
Adhesion (Ca) tan om/ tan ¢m
Mobilized soil friction angle (¢m) 15°, 20°, 25°, 30°, 35°
Mobilized soil-wall friction angle (om) 0, ¢ml/3, dpm/2, 2¢m/3, dm
Horizontal seismic acceleration coefficient (kn) 0,0.1,0.2
Vertical seismic acceleration coefficient (kv) 0, kn/2, kn
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Choose suitable geometry to describe 3-dimensional passive wedge

\
Obtain different geometrical parameters

Draw free body diagrams for any elemental wedge at depth z for ¢, g and y

components acting independently

Carry out integration over the entire depth of wedge to find soil reaction

Optimize the magnitude of soil reactions by varying initial angle of log spiral and

central angle of log spiral for different input parameters

N\

Calculate the seismic passive earth pressure coefficients from the magnitude of

soil pressure force for ¢, g and y components acting independently

Tabulate the results of analysis with all the input and output parameters to

conduct regression analysis

Obtain expression for centre of log-spiral defining the passive wedge

based on the tabulated results

4

Prepare design charts from the values obtained for different input parameters

4

Fig. 5.8 Flow chart representing the sequence of steps in present study
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5.4 Results and Discussions

Fig. 5.9 to Fig. 5.24 depict the design charts for Kspq and Kg,, values under different
input parameters. Similarly, Table 5.5 represents the magnitudes of Kspc for the given set of
parameters. The effects of various input parameters (soil-soil friction angle, soil-wall friction
angle, horizontal and vertical seismic acceleration coefficients and width of structure) on the

seismic passive earth pressure coefficients have been discussed in the succeeding sections.

Table 5.5 Variation of Ky for different B/D, ¢n and dm

Seismic passive earth pressure coefficient due to cohesion component (Kspc)

B/D | Om/¢m o
bSF 20° 25° 30° 35°
0.5 3.158 3.352 3.394 3.482 3.556
50 : 3.158 3.352 3.394 3.482 3.556
0.5 3.351 3.888 4.539 5.012 S5.777
1 3939 3.869 4.505 4.953 5.674
2 1/3 8582 3.855 4.479 4.905 5.586
5 3.328 3.845 4.458 4.864 5.507
50 3.304 3.838 4.442 4.832 5.440
0.5 3.791 4.450 5.394 6.441 8.184
1 3.768 4.405 5.305 6.269 7.819
2 1/2 3.753 4.373 5.239 6.135 7.533
5 3.742 4.349 5.187 6.023 7.287
50 3.735 4.332 5.147 5.934 7.082
0.5 4.061 4.950 6.622 8.904 13.464
1 4.020 4.865 6.435 8.471 12.276
2 2/3 3.993 4.806 6.298 8.151 11.427
5 3.974 4.760 6.189 7.889 10.734
50 3.961 4.728 5.824 7.214 9.068
0.5 4.651 6.670 8.417 16.525 42.362
1 4.557 6.435 7.861 14.503 32.059
2 1 4.495 6.274 7.479 13.180 26.090
5 4.451 6.152 7.181 12.164 21.838
50 4.420 6.064 6.958 11.384 18.626
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5.4.1 Effect of mobilized soil-wall interface friction angle (om)

Fig. 5.9 and Fig. 5.10 reflect the effect of om on Ksp, and Kspq respectively in static
conditions. The seismic passive earth pressure coefficients due to different components were

observed to increase with increase in Jom irrespective of kn and ¢m values.

14 25
12
20
10
15
8 -
3 X’
6 10
4
5
2
0 0

Fig. 5.9 Design chart for Ky, under static condition for different soil-wall friction angles for
(a) pm=15°, 25°; (b) pm=20°, 30° and (C) $pn=35°

This increase is even more prominent for higher value of dm. In case of kn=0.1 and
kv=0.5kn, for ¢m=20°, as om is increased from 0 to ¢n/3 and 2¢m/3 t0 ¢m, Ksp, increases by
15.04% and 21.46% respectively while for ¢n=30°, the increase is 26.41% and 63.4%

respectively for 16 m wide caisson. The increase in Kspq values for the same increase in om
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values was found to be 15.03% and 16.66% respectively for ¢m=20° and 24.28% and 64.38%
respectively for ¢m=30°. The Kspc values are even more magnified as they increase by 16.89%
and 43.07% respectively for pm=20° and 27.02% and 71.21% respectively for ¢m=30° for the
same set of input parameters. Higher magnitude of Jm indicates higher interface roughness at

soil-caisson contact and leads to higher resistance offered to caisson by soil in contact.

14 o5

12 o
—— 0,=¢./3

. e On= 2
............ 5m:2¢m/3

50 |

40 -

Kqu

30 1

20 1

10 ]

(©
Fig. 5.10 Design chart for Kspq under static condition for different soil-wall friction angles for
(8) $m=15°, 25°; (b) $m=20°, 30° and (c) ¢m=35°

Fig. 5.11 illustrates the inflence of om and ¢m on the normalized pressure profile due to
unit weight component for ¢m=25°, kn=0.1, kv=kn/2 and B=800m. The percentage increase in
normalized passive earth pressure at mid-depth of wedge formation, when om increased from
0 to ¢m/3 and 2¢m/3 to ¢m, was found to be 25.64% and 23.26% respectively.
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Fig. 5.11 Effect of (a) mobilized soil-wall friction angle and (b) mobilized soil-soil friction

angle on seismic passive earth pressure profile due to unit weight component
5.4.2 Effect of mobilized soil-soil friction angle (¢m)

Fig. 5.12 and Fig. 5.13 illustrates the effect of #m on magnitudes Kspq and Ksp,. The
increasing trend of all the earth pressure coefficients is evident with increasing soil-soil
friction angle. Considering B=16 m, k,=0.1 and ky=0, for dm=¢m/3, with increase in ¢m from

15° to 20° and from 30° to 35°, the percentage increase in Kspg magnitude was found to be
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28.43% and 41.7% respectively and for om=2¢m/3, the increase was 37.01% and 42.37%

respectively.

25 -
Om=9¢n/3;k, =0
20 - —_— k,=00
- — $=35° — $,=30°
nE ¢m=250_¢m:20o
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(@)
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16
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Kqu
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(b)
Fig. 5.12 Design chart for (a) K, and (b) Kspq With varying kn values and different soil-soil
friction angles for om=¢m/3 and k,=0

Similarly, the increase in Kspc magnitude is observed to be 3.43% and 14.56%
respectively for om=¢m/3 and 20.67% and 44.91% respectively for om=2¢m/3. Again, the
increase in K, magnitude for Jm=¢m/3 case was computed as 27.41% and 40.52%
respectively whereas for om=2¢m/3, the increase is 33.63% and 46.99% respectively for the

same set of input parameters. For om=0, kn=0.1, k=0 and B=12m, the increase in magnitude
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of pressure at the base of the wedge is 20.59% and 25.34% for increase in ¢m from 15° to 20°

and from 30° to 35° respectively.

45
40
35
30

5, =24,/3;k,=0

5, =24,/3;k,=0

Kqu

Fig. 5.13 Design chart for (a) Ky, and (b) Kspq With varying kn values and different soil-soil
friction angles for om=2¢m/3 and ky=0

As the magnitude of ¢m increases, interparticle binding of soil increases which leads
to increase in shear strength and hence, higher resistance. In addition, volume of failure
wedge also increases with increase in ¢m. Therefore, strength from higher volume of soil is
mobilized leading to higher resistive force. This increase is further highlighted for higher
magnitudes of Jom since it is direct function of ¢m.
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5.4.3 Effect of seismic acceleration coefficients (kn and kv)

Both horizontal and vertical seismic acceleration coefficients have significant impact
on the magnitude of Kspq and Ky, since they develop destabilizing inertial forces. However,
Kspe Values are observed to be neutral to increasing kn and ky values. Fig. 5.12 through Fig.
5.14 showcase the effect of kn on Kspq and Ky, The reduction in magnitudes of earth pressure

coefficients is evident from these illustrations.

1 Ton=30%k, = 0; 6, = ¢,/3 i
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Fig. 5.14 Design charts for Ky, for gm=30°, ky=0 for (a) om=¢m/3 and (b) om=2¢m/3; Kspq for
#m=30°, ky=Kkn for (C) om=¢m/3 and (d) om=2¢m/3 with varying B/D values

For B/D=1, ky = 0, ¢m=30° and dm=¢m/3, as kx is increased from 0 to 0.1 and 0.1 t0 0.2,
the magnitude of Ky,, diminishes by 12.77% and 16.5% respectively. The reduction in Kspq
magnitudes for the same increase in kn values are 18.38% and 16.68% respectively for the

identical set of parameters. Fig. 5.15 to Fig. 5.24 illustrate the influence of ky on Kspg and Kgp,.
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(b)
Fig. 5.15 Design chart for K, for kn=0.1 for different soil-wall friction angles for (a) ¢pm=15°
and (b) pm=20°
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Fig. 5.16 Design chart for K, for kn=0.1 for different soil-wall friction angles for (a) ¢pm=25°
and (b) pm=30°

From the figures, it is evident that the effect of ky on seismic passive earth pressure
coefficients is the same albeit with less severity. In case of ¢pn=25°, dm=¢m/3 and B=16 m, for
kn=0.1, as kv increases from 0 to kn/2 and from kn/2 to kn, the magnitude of K, decreases by
9.43% and 10.22% respectively while Kspq diminishes by 9.07% and 9.83% respectively.
However, for kn=0.2, this reduction is much more pronounced for both Kspq and Ky, as a
reduction of 25.24% and 37.51% respectively is observed in K, for the above-mentioned set

of input parameters.
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Fig. 5.17 Design chart for (a) Ky, and (b) Kspq for kn=0.1 for different soil-wall friction angles
for ¢m=35°
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5.4.4 Effect of width of caisson

Design charts in Fig. 5.9 to Fig. 5.24 and Table 5.5 all showcase the impact of width
of caisson on seismic passive earth pressure coefficients. It could be observed that the

magnitude of Ky,,, Kspqg and Kspec decreases as the width of caisson increases irrespective of the

input parameters.

18 ¢ =30% k, = 0.1 P =

(b)
Fig. 5.18 Design chart for Kspq for kn=0.1 for different soil-wall friction angles for (a) gm=25°
and (b) ¢n=30°

As B increases, 3-D behavior tends to convert into plane strain behavior because the
volume of soil in side wedges with respect to volume of wedge in front of caisson keeps
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diminishing. Therefore, the magnitude of extra soil resistance per unit width of caisson keeps
decreasing with increase in width of structure. However, at smaller magnitudes of B, the
volume of soil under side wedge is significant compared to volume of wedge in front of
caisson. Therefore, higher the contribution of side wedge volume, higher is the earth pressure

coefficient. This trend is observed for all combinations of input parameters.
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Fig. 5.19 Design chart for Kspq for kn=0.1 for different soil-wall friction angles for (a) ¢m=15°
and (b) pm=20°
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It is seen that the magnitudes of Ksyq reduces by18.61% and 5.95% as the B/D ratio
increases from 0.5 to 1 and from 5 to 50 respectively for ¢m=25°, om/¢m=0.5, kn=0.1 and
kv=kn/2 while Ksp, reduces by 20.87% and 8.83% respectively. For kn=0.2 and all other
parameters remaining the same, the percentage decrease in Kspq 1S 19.67% and 9.41%
respectively while the reduction is 21.97% and 12.24% respectively for Ksp,. These values
further highlight that the sensitivity of width of caisson towards seismic passive earth

pressure coefficients reduce with increasing width to depth ratio.

371 4,=15%k,=0.2 — 5. =4,

0.5 5 B/D 50
(b)
Fig. 5.20 Design chart for Kspq for kn=0.2 for different soil-wall friction angles for (a) gm=15°
and (b) ¢m=20°
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! ¢ =25° k,=0.2 — 0, = ¢,

(b)
Fig. 5.21 Design chart for Kspq for kn=0.2 for different soil-wall friction angles for (a) ¢n=25°
and (b) ¢n=30°

5.4.5 Centre of log-spiral

Based on the analysis, the results for x, and y, were obtained using Eqgns. (5.13a) and
(5.13b). From the data-set available after the extensive study, multiple regression analysis has
been performed in order to locate the centre of the log-spiral defining failure wedge formed
in front of caisson embedded in cohesionless soil without surcharge (c=0, g=0). Knowing the
depth of passive wedge and equation for log-spiral in addition to X, and Yo, the entire log-
spiral can be obtained. Eqns. (5.42a) and (5.42b) give the empirical correlations for
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B =35% K, = 0.2

KSPQ

KSPJ’

(b)
Fig. 5.22 Design chart for (a) Kspq and (b) K, for kn=0.2 for different soil-wall friction angles
for ¢m=35°

horizontal and vertical coordinates respectively of the center of log-spiral for different ¢m, dm,
kn and kv values. Xo and Yo are expressed in meters. The equations have been derived based on
the results for input parameters mentioned in Table 5.4 and therefore, are valid for the values

in this range.
1/3 — kv

x,'® = —6.81tan(8,, + ¢y,) — 20.865 (kh + /3) +10.176 (5.42a)
1

¥o* = ~6.665 tan(8y, + $m) — 4735 (ky, + ¥7/3) + 8.877 (5.42b)
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¢ = 25% Kk, = 0.2

18
b = 30° k, = 0.2

(b)
Fig. 5.23 Design chart for K, for kn=0.2 for different soil-wall friction angles for (a) pm=25°
and (b) ¢n=30°
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Fig. 5.24 Design chart for Ky, for kn=0.2 for different soil-wall friction angles for (a) ¢pm=15°
and (b) pm=20°

5.4.6 Use of design curves

The design curves proposed in the present study are used to obtain the seismic passive

resistance offered by surrounding soil as follows:

153



1. The percentage mobilization of strength based on applied lateral load is assumed
judiciously by the designer.

2. Aninitial assumption for the magnitude of embedment depth of caisson is made based on
site conditions and presence of hard stratum.

3. Based on the magnitude of externally applied load and other input parameters, suitable
B/D ratio is chosen from the design charts.

4. The seismic passive earth pressure resistance due to various components is calculated
using Eqns. 5.31, 5.36 and 5.41. The possible resistance generated for the width obtained
should be sufficiently larger than the applied load. If not, then geometry should be

revised, and the steps should be repeated.
5.5 Summary

Determination of seismic passive resistance of finite width structure is a complicated
problem. In the present study, an accurate idealization of 3D failure wedge based on results
of numerical study and previous experimental studies has been done and based on the
framework of limit equilibrium method along with pseudo-static approach. Design charts for
seismic passive earth pressure coefficients due to cohesion component (Kspc), surcharge
component (Kspg) and unit weight component (Ksp,) have been prepared by taking width of
the geotechnical structure into account. Thus, the results of present study are valid for
different types of geotechnical structures. Regression analysis has been performed on the
huge data set created from the study in order to develop empirical correlations for the centre
of log-spiral defining the failure wedge corresponding to unit weight component of

resistance.
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Chapter 6

PASSIVE EARTH PRESSURE RESISTANCE ON CAISSON
EMBEDDED IN c-¢ SOIL WITH SURCHARGE LOAD ASSUMING
COMBINED FAILURE SURFACE

6.1 General

Soil behaviour is non-linear for most intents and purposes. The assumption of
application of principle of superposition in the previous chapter also falls under this umbrella.
The principle of superposition for the analysis would be accurate if the failure wedge for all
the individual components is the same. Choudhury and Subba Rao (2006) determined seismic
bearing capacity factors for strip footings embedded in c-¢ soil with surcharge considering
curvilinear failure surface using principle of superposition. However, it is not the case in
actual field conditions. A unique failure wedge is developed under the action of all the forces
which is different from the failure wedges formed under the action of a single resisting
component acting individually. Subba Rao and Choudhury (2005) presented some results
comparing the total passive resistance obtained from principal of superposition and that
obtained from combined failure surface. No other record of consideration of combined failure
surface (single failure surface developed when all the resisting components, i.e., cohesion, c;
surcharge, g and unit weight y are acting together) has been found in the existing literature.

In the present study, 3D failure wedge considered in previous chapter and depicted in
Fig. 5.1 is assumed to be formed behind caisson embedded in c-¢ soil with surcharge load of
magnitude g acting upon the entire extent of failure wedge. The critical failure wedge
obtained from the consideration of all resisting components acting together is further used to
determine the seismic passive earth pressure coefficients due to cohesion, surcharge and unit
weight components, i.e., Kspe, Kspg and Ksp, respectively. Extensive design charts have been
prepared for the different resistive components. The effect of seismic acceleration
coefficients on seismic passive earth pressure coefficient due to cohesion component has also

been explored.
6.2 Proposed Theoretical Methodology

The proposed geometry of failure wedge and soil input parameters adopted in the
present study is the same as in the previous chapter and mentioned in Table 5.1. Soil

surrounding the caisson is assumed to be dry and homogeneous and soil properties are
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assumed to be isotropic in all directions. In addition, the soil properties (cohesion, c;
adhesion, Ca; friction angle, ¢ and unit weight, y) are assumed to be independent of seismic
forces acting on the system. Limit equilibrium method of analysis has been adopted in the
present study to establish force equilibrium in horizontal and vertical directions. The forces
acting on any infinitesimally thin slice of failure wedge at depth z is shown in Fig. 6.1. The

critical failure wedge geometry is obtained based on the action of all these forces.

Q@ (1-k)gxAQ)
kn qxA(z) € *xrda xmd¢/2cosx

AF > kn AW ~ Rxrda xmd&/2cosx

kn qxA(z+dz) X fm
vV (1-ky)AW

(1-kv) g xA(z+dz) N(z+dz)

y4

Fig. 6.1 Free body diagram of forces acting on an infinitesimally thin strip of failure wedge at

depth z considering all resisting components acting together
6.2.1 Mathematical formulation of the problem

The sign convention and force notations used in this chapter is the same as it was in
Chapter 5. Again, the resistive components in Y-direction cancel out each other because of
geometrical symmetry about Y-axis. The resistive components due to soil reaction (ARn and
ARv) and cohesive forces (ACH and ACy) of surrounding soils are defined using Eqns. (5.17)
to (5.24). The force equilibrium in X and Z directions are considered to obtain the caisson
forces in presence of cohesion (c), surcharge (q) and unit weight (y) components. From Fig.
6.1, the horizontal and vertical force equilibrium equations are written as:
p(z)Bcos6dz — AF (z2) + knqA(z) — kpqA(z + dz) + ky AW (z) = ARy (z) + ACy(2)

(6.1)
p(z)Bsinddz+ C,Bdz+ (1 — k,)AW(z) + Q(z) — N(z+dz) + (1 — k,)qA(z) —
(1—-ky)qA(z +dz) = ARy (2) — ACy(2) (6.2)
B < mtanx
From Eqgns. (5.17c), (5.18c) and (6.1)
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p(z)Bcos6dz — AF (z) + kyqA(z) — kpqA(z + dz) + k,AW (z) =

Rm(z)r(z)daczzﬂsin(a + &, — ) {sinx — sin(x — 6(2))} +

SXx

cos(a+a,—pm){sin x—sin(x—0(z2))}

cosXx

m(z)r(z)da

X (¢ + R sin ¢p,) (6.3a)

p(z)Bcos6dz — AF (z) + kyqA(z) — kpqA(z + dz) + k,AW (z) =

m(2)r(z)da{sin x—sin(x-6(2))}
cosx

x {ccos(a+a, — ¢,,) + Rsin(a + a,)} (6.3b)

Rsin(a + a,) = [{p(z)B cos8dz — AF(z) + knqA(z) — kpqA(z + dz) + kAW (2)} X

cosx
m(z)r(z)da{sin x—sin(x—H (z))}

—ccos(@+ay, — ) (6.3c)

From Eqgns. (5.21c), (5.22¢) and (6.2)

p(z)Bsinédz + C,Bdz + (1 — k,)AW(z) + Q(z) — N(z+dz) + (1 — k,,)qA(z) —

(1—-ky)qA(z + dz) = Rm(z)r(z)da%cos(ax + @y — Pm) {T'—2x+ 6(2)} =

{mr—2x+6(z)}sin(a+ay,—dm)
COS X

p(z)Bsinédz + C,Bdz + (1 — k,)AW(z) + Q(z) — N(z+ dz) + (1 — k,,)qA(z) —

m(z)r(z)da {

m(z)r(z)da

X (¢ + R sin ¢,,) (6.4a)

(1—-ky)qA(z+dz) = T —2x+60(2)}[Rcos(a+ a,) — csin(a + a, — ¢,,)]

cosx

(6.4b)
{p(z)Bsinddz+ C,Bdz + (1 — k,)AW (z) +

cosx
m(z)r(z)da{nr—2x+06(z)}

Q(z)—N(z+dz)+ (1 —k,)qA(z) — (1 — k,)qA(z+ dz)} + csin(a + a, — ¢,,) (6.4C)

Rcos(a + a,) =

Dividing Eqn. (6.3c) by (6.4c)

tan(a + a,) =

Cosx

[{p(z)B 08 8dz~AF (2)+KknQA(D)=KngA(z+d2)+Hep bW (D) OO s

—ccos(a+apo—dm)

cOoS X
m(z)r(z)daf{m—2x+0(2)}

{p(z)Bsin6dz+CyBdz+(1—k,)AW (2)+Q(z)—N(z+dz)+(1-ky,)qA(z)—-(1—ky,)qA(z+ dz)}] +csin(a+ap—pm)

(6.5a)

= tan(a + a,) =

[{p(2)B cos §dz—AF (z)+knqA(z)—krqA(z+dz)+kpnAW (z)}Xcos x]—c cos(ac+aco—¢m)m(z)r(z)da{sin x—sin(x—@ (z))}
[cosx {p(z)B sin§dz+CyBdz+(1—ky,)AW(2)+Q(z)—N(z+dz)+(1—ky)qA(z)—(1—-ky,)qA(z+dz)}|+cm(2)r(z)daf{n—2x+60(2)} sin(a+a,—pm)

n—2x+6(2) (6.5b)

sinx=sin(x-9(2)
Let HD(z) :{sinx — sin(x — 9(2))} tan(a + a,) and VD(z) = — 2x + 6(z)
p(z)B cosxdz X {cos §VD(z) —sin§ HD(z)} = [cos x VD (z){AF(z) — k,q{A(2) —

X

A(z+dz)} — kAW (2)}] + cm(z)r(z)daVD(z)HD(z) {w + sin(a + a, —

tan(a+a,)
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qu)} + [cos x HD(2){CoBdz + (1 — k,)AW (2) + Q(2) — N(z + dz) + (1 — k,)qfA(z) —

A(z + dz)}}] (6.5¢)

VD (z){AF (2)—kpnq{A(z)—A(z+dz)}—kpnAW (2)}]

cos 8VD(z)—-sin SHD(z) +

p(z)Bdz = [

cm(z)r(z)daVD(z)HD(z)(cos(a+ap—dm) , .. _
cosx U tan(a+ap) tsin(a+a, ¢m)}

cos 8VD(z)—-sin SHD(z)

[HD (z){Cade+(l—k,,)AW(z)+Q(Z)—N(Z+dz)+(1—kv)q{A(z)—A(z+dz)}}]
cos 6VD(z)—sin SHD(z)

(6.5d)

B > mtanx

From Eqgns. (5.19c¢), (5.20b) and (6.1)

p(z)B cos § dz — AF(z) + kyqA(z) — kpqA(z + dz) + kAW (2) = BRr(z) sin(a + a, —

¢m) cos ¢ da + B(c + R sin ¢,,) cos(a + a, — pp)r(2)da (6.6a)
p(z)B cosé dz — AF(z) + k, qA(z) — ky, qA(z + dz) + ky, AW (z) = Br(z)da|c cos(a +

Ay — Py )+ Rsin(a+a,) | (6.6b)

(z)B cos §dz—AF(z)+kpqA(z)—kpqA(z+dz)+kpAW (z)}—-Br(z)dac cos(a+ao—¢m)
Br(z)da

Rsin(a + a,) = [{p

(6.6¢)
From Egns. (5.23c), (5.24b) and (6.2):
p(z)Bsinddz+ C, Bdz+ (1 — k, )AW(2) + Q(z) — N(z+dz) + (1 — ky, )qA(z) —

(1—-ky)qA(z+dz) = Rcos ¢, cos(a+a, — ¢, ) Xr(z)da X {B + 1a2) (m—x—

cosx

sinx)} —r(z)da sin(a + a, — ¢n) {B +M(n—x—sinx)} X (c+Rsing,)

cosx

(6.7a)
p(z)Bsinédz + C,Bdz+ (1 — k,)AW(z) + Q(z) = N(z+ dz) + (1 — k,)qA(z) —

(1—-ky)qA(z+dz) =r(z)da {B 4 :)(SZJ)C (mr — x —sin x)} [Rcos(a + a,) — csin(a +

A = Pm)] (6.7b)
Rcos(a + a,) =

{p(2)Bsin§dz+CyBdz+(1—ky,)AW (2)+Q(z)—N(z+dz)+(1—ky,)qA(z)—(1—ky)qA(z+dz) }+csin(a+a, —¢m)r(z)da{B+M(n:—x—sin x)}

cos X

r(@)da{B+2Z(n—x-sin x)}
(6.7¢)
tan(a + a,) =
[{p(2)B cos §dz—AF (2)+knqA(2)—knqA(z+dz)+kAW(2)}-Br(z)c cos(a+a, —¢m)da]{3+%(n—x—sin 0}
B|(p(2)B sin 8dz+CoBdz+(1~ky)AW(2) +Q(2)~N (z+dz) + (1-ky)qA() - (1-ky) Az +d2) +C Sin(a+@o = m)T(2)da{ B+ (m—x—sin x) |
(6.8a)

Let HD(z) =B tan(a + a,) and VD(z) =B + Z;(SZ}Z (mr—x — sinx)
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p(z)Bdz X {cos 6 VD(z) —sinS HD(z)} = [VD(2){AF (z) — knq{A(z) — A(z + dz)} —

ky,AW (2)}] + cr(z)daVD(z)HD(z) {w + sin(a + a, — gbm)} +

tan(a+a,)

[HD(2){C,Bdz + (1 — k,)AW (2) + Q(2) — N(z + dz) + (1 — k;,)q{A(2) — A(z + dz)}}]

(6.8b)
_ vD@){AF(2)~kpq{A(z)-A(z+dz)}-kpAW (2)}]
p(Z)BdZ - cos 8VD(z)—-sin SHD(z) +
cr(2)davD @ HD (L) i (g )}
cos 8VD(z)—sin 6HD(z)
[HD(2){CqBdz+(1-ky,) AW (2)+Q(2)-N(z+dz)+(1—k,)q{A(2)-A(z+dz)}}] (6.8¢)

cos 8VD(z)—sin SHD(z)

Upon numerical integration of Eqns. (6.5d) and (6.8c) with « varying from 0 to «, the
total caisson reaction (Pp) in presence of cohesion, surcharge and unit weight components of
soil is obtained. The magnitude of Py is then optimized with respect to initial angle of log
spiral (a0) and central angle of log spiral (a) using code developed in MATLAB (2021). The
magnitudes of ao and s corresponding to the critical condition are obtained for all input
variables in order to find the individual magnitudes of seismic passive earth pressure
coefficients due to unit weight component (Ky,,), surcharge component (Kspg) and cohesion
component (Kspc). The values of ao and af corresponding to the critical failure wedge is
substituted in Egn. (5.27d) and (5.30c) and integrated to obtain Kspc using Egn. (5.31).
Similarly, Ksyq is obtained from Eqn. (5.36) by substituting a and as corresponding to the
critical failure wedge in Eqn. (5.33c) and (5.35c) and integrating over entire depth of failure
wedge and Ksp, is calculated using Eqgn. (5.41) after substitution of critical value of oo and o
in Eqgns. (5.38) and (5.40) and integrating over entire depth of failure wedge. The seismic
passive earth pressure coefficients obtained from the present study is corresponding to
minimum of sum of all the resistive passive earth pressure components instead of the absolute
minimum of the individual components as obtained in the previous chapter. Therefore, the

present study considers the relative magnitudes of the various resisting components.
6.2.2 Validation of the proposed method

The results of the proposed methodology have been compared with the results of
previous analytical studies. The magnitudes of seismic passive earth pressure coefficient due
to cohesion component (Kspc) have been compared with the studies by Soubra (2000), Soubra
and Macuh (2002), Subba Rao and Choudhury (2005) and Liu et al. (2018) and tabulated in

Table 6.1. The studies by previous authors indicate that Kspc is independent of seismic
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acceleration coefficients. The present study derives critical failure wedge by considering
combined failure surface due to action of all resisting components (c, g and y). Therefore, the
seismic inertial forces are also taken into consideration while defining the failure wedge and
thus, affect the magnitude of seismic passive earth pressure due to cohesion component. Kspc
obtained from present study are slightly higher in magnitude than the previous studies since
the results are determined corresponding to the failure in presence of all resisting components

rather than the absolute minima due to cohesion component only.

Table 6.1 Comparison of Kspc Obtained in present study with existing literature for B=800 m,
D=16 mand k, =0

Seismic passive earth pressure coefficient due to cohesion component (Kspc)

K om/ | Soubra  Soubra and Subba Rao and Liu et al. Present
¢m | (2000)  Macuh (2002)  Choudhury (2005) (2018) Study
05| 324 4.18 3.62 3.68 4.43
i : 1 5.10 5.31 4.36 4.64 6.24
< o 05| 324 4.18 3.62 3.68 4.71
1 5.10 531 4.36 4.64 6.88
05| 1281 6.05 5.32 551 6.18
F | 1 | 17.82 8.88 6.84 7.89 12.65
e 05 | 1281 6.05 5.32 5.51 7.13
° 1 17.82 8.88 6.84 7.89 18.16

Similarly, Table 6.2 and Table 6.3 compares the magnitudes of seismic passive earth
pressure coefficients due to surcharge and unit weight components respectively. The
magnitudes of these components are also found to be in vicinity of the results of existing
literature. However, some differences in magnitudes are also observed due to assumptions of

curved failure surface and combined failure surface.
6.3 Present Study

In the present study, magnitudes of different seismic passive earth pressure
coefficients (Kspe, Kspg and Kg,,) have been tabulated for different input parameters mentioned
in Table 5.4. In addition to the parameters mentioned in Table 5.4, the magnitudes of
cohesion (c), surcharge (g) and unit weight (y) adopted in the present study are 15 kN/m?, 15

kN/m? and 18 kN/m?® respectively. These coefficients have been obtained corresponding to
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minimum value of summation of seismic passive earth pressure forces (Ppc, Ppg and Pp,). The

optimization of these forces is done by varying the initial angle of log-spiral a, between 0 to

(n/2 — ¢m) and central angle of log-spiral ar between 0 to {/2 — (¢m + ao)}-

Table 6.2 Comparison of Kspq Obtained in present study with past literature for B=800 m,
D=16 m and k,=0

Seismic passive earth pressure coefficient due to surcharge component (Kspq)

ok om/ | Soubra  Soubra and Subba Rao and Liu et al. Present
ém | (2000) Macuh (2002) Choudhury (2005) (2018) Study
05| 252 2.54 2.46 2.54 2.59
. 0 1 2.87 3.00 2.65 2.87 3.06
20 05| 232 - 2.37 - 2.08
Sl | zes - 2.63 - 2.76
0.5 . 4.44 4.53 4.32 4.53 4.58
i : 1 581 6.28 4.99 5.80 6.16
o 05| 4.17 - 4.21 - 4.27
Sl T I - 4.99 - 5.98

- : denotes that study did not present results for seismic cases

Table 6.3 Comparison of K,, obtained in present study with past literature for B=800 m,
D=16 m and k,=0

Seismic passive earth pressure coefficient due to unit weight component (Kg;)

om | Mononobe Soubra and Subba Rao and _
Soubra Liuetal. Present
¢m  kn [ — Okabe Macuh Choudhury
(2000) (2018)  Study
Pm (1929) (2002) (2005)
0 0.5 2.64 2.58 2.57 2.49 2.56 2.55
200 1 3.53 3.12 3.13 291 3.07 2.98
01 0.5 2.38 2.35 - 2.33 - 2.07
' 1 3.11 2.83 - 2.76 - 2.72
0 0.5 4.98 4.69 4.65 4.43 4.61 451
20° 1 10.10 6.86 6.93 5.78 6.68 5.99
01 0.5 4.56 4.35 - 4.27 - 4.20
Tl 9.02 6.35 - 5.57 - 5.81

- : denotes that study did not present results for seismic cases
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The computation of Kspc was carried out corresponding to adhesion (Ca) value of ratio
of tangent of om and tangent of ¢m (Ca/C = tan dm/tan ¢m). All the numerical computations and
optimization process are carried out by writing programs in MATLAB (2021). The angle x
defining the shape of the failure wedge in horizontal plane has been chosen as ¢m x D/B to
take width of the caisson into account. The sequence of steps followed in the present study

has been depicted through flow chart in Fig. 6.2.
6.4 Results and Discussions

The present study reveals the effect of various input parameters like soil-soil friction
angle (¢m), soil wall friction angle (om), seismic acceleration coefficients (kn and k), relative
magnitudes of c, g and y and width of caisson (B/D) on the different seismic passive earth
pressure coefficients due cohesion (Kspc), surcharge (Kspg) and unit weight components (Ks,).

Design charts and tables presented in this section illustrate the effects of these components.
6.4.1 Effect of relative magnitude of resisting components (c, Ca, g and y)

Table 6.4 reflects the effect of relative magnitudes of ¢, g and y on seismic passive
earth pressure coefficients. It can be observed that the seismic passive earth pressure
coefficient due to unit weight component is more or less insensitive (increase of 0.36% from
unit weight component acting alone) to relative magnitudes of ¢ and g. However, significant
difference between absolute minima value and magnitude corresponding to combined failure
surface can be observed for seismic passive earth pressure coefficient due to cohesion and
surcharge components (increase of 49.67% and 4.76% respectively). This observation could
be attributed to the fact that the failure wedge due to unit weight component is immune to
influence of other resistive component while the failure wedge due to cohesion component
acting alone is easily manipulated by seismic inertial components due to unit weight and
surcharge loading. The effect of variation in magnitude of resisting components on seismic
passive earth pressure coefficient due to surcharge component is intermediate, i.e., it is more
sensitive than K, but less sensitive than K. It can also be observed that the increase in
normalized adhesion (Ca/c) from 0 to tanom/tangm causes increase in magnitude of Kspc. For
the set of input parameters mentioned in Table 6.4 and for om/¢m=1/3 and 2/3 in the presence
of surcharge loading, Kspe increases by 5.25% and 5.19% respectively for the increase in

normalized adhesion mentioned above.
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Start

y

Choose suitable geometry to describe three-dimensional failure wedge

v

Obtain different geometrical parameters

v

Draw free body diagram for any elemental wedge at depth z considering resistance due to ¢, q and y

Carry out numerical integration over the entire depth of wedge to find soil reaction

Optimize the magnitude of caisson reaction by varying initial angle of log

spiral and central angle of log spiral for different input parameters

|
V2 \Z \Z
Draw free body diagram for Draw free body diagram for Draw free body diagram for
elemental wedge at depth z elemental wedge at depth z elemental wedge at depth z
considering cohesion alone considering surcharge alone considering unit weight alone
| |
v

Calculate the seismic passive earth pressure coefficients (Kspe, Kspg and Ks,,) from the magnitude of

soil pressure for the geometry obtained from optimization in the 5% step

Carry out numerical integration over the entire depth of wedge to find soil reaction in each case

Tabulate the results of analyses with all the input and output parameters

Prepare design charts from the series of val

ues obtained for different input parameters

Fig. 6.2 Flow chart representing the sequence of steps in present study
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Table 6.4 Magnitudes of various earth pressure coefficients for different combinations of
cohesion, adhesion and surcharge for ¢m=30°, B=800 m, kx=0.1 and kv/kn=0.5

C

o (kN};m3) (KN/m?2) Cole (kN(ij) Kope Kopa Kooy
18 0 0 0 - i 1.756
0 0 0 15 - 3.383 i
18 0 0 15 . 3401 1.756

13 18 15 0 0 5.019 . 1.756
18 15 0 15 5427 ~ 3467 1758
0 15  tandwftangm O 4,832 . .
18 15  tanduftangm 15 5712 3493 1.759
18 0 0 0 . : 4501
0 0 0 15 L 4.411 i
18 0 0 15 . 4436 4503

2/3 18 15 0 0 8.845 L 4,507
18 15 0 15 10264 4511 4514
0 15  tandnftangm O 7.214 ! -
18 15  tandwltangm 15 10797 4621 4517

- : denotes that the marked fields do not exist for given combination of parameters
6.4.2 Effect of mobilized soil-wall interface friction angle (6r)

Fig. 6.3 through Fig. 6.8 represent the effect of soil wall friction angle on Ksp, values
for different combinations of horizontal seismic acceleration coefficients and mobilized soil
friction angle ¢m. The magnitudes of Ksp,, Kspg and Kspc are found to increase with increase in
om irrespective of kn and ¢m values as was the case in previous chapter. This magnitude
increase is even magnified for higher value of om. In case of kn=0.1 and kv=kx, for ¢m=15°, as
om is increased from 0 to ¢m/3 and 2¢m/3 t0 ¢m, Kspy increases by 9.36% and 10.83%
respectively while for ¢nm=30°, as om is increased from 0 to ¢m/3 and 2¢m/3 t0 ¢m, Kspy
increases by 29.37% and 63.03% respectively for 16m wide caisson. The increase in Kspq
values for the same increase in Jm values is found to be 8.81% and 10.22% respectively for
¢m=15° and 27.47% and 66.09% respectively for pm=30°. The increase in Kspc values is even
more pronounced as it increases by 13.74% and 17.34% respectively for ¢m=15° and 54.33%
and 90.53% respectively for ¢m=30° for the same set of input parameters. As the magnitude
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of om increases, the soil is able to develop higher resistance through interface friction at soil-
caisson boundary causing the magnitude of seismic passive earth pressure coefficients to be

higher.

14
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0- T T T Tl 77T T T T TTm
0.5 5 B/D 50

(b)

60

KSPJ’

Fig. 6.3 Design chart for K, in static condition for different soil-wall friction angles for (a)
#m=15°, 25°, (b) pn=20°, 30° and (C) #pn=35°
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Fig. 6.4 Design chart for K, in case of kv=0.1 for different soil-wall friction angles for (a)
¢m=15° and (b) ¢pn=20°

6.4.3 Effect of mobilized soil-soil friction angle (¢m)

Fig. 6.9 to Fig. 6.11 depict the design charts highlighting the influence of mobilized
soil-soil friction angle (¢#m) on Kspc values. Considering B=16 m, ky,=0.1 and kv=kn, for

Om=¢m/3, upon increasing ¢m from 15° to 20° and from 30° to 35°, the percentage increase in
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Fig. 6.5 Design chart for Ky, in case of ky=0.1 for different soil-wall friction angles for (a)
#m=25° and (b) ¢m=30°

magnitude of Kspc is found to be 5.2% and 1.08% respectively and for dm=2¢m/3, the
percentage increase is 15.76% and 17.54% respectively. Again, the increase in Kgpyq
magnitude is observed to be 25.8% and 23.31% respectively for dm=¢m/3 and 33.58% and
39.35% respectively for om=2¢m/3. Similarly, the increase in K,, magnitude for om=¢m/3 case
is computed as 25.94% and 24.63% respectively whereas for om=2¢m/3, the increase is
34.53% and 45.43% respectively, for the given set of input parameters. Since soil friction
angle is the direct measure of soil shear strength, therefore, for the same set of input
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parameters, higher the magnitude of ¢m, higher is the seismic passive earth pressure

developed. This increase is even more magnified for higher magnitudes of dm.
07 4.=35°k =01

50 1

40

30 1

20 -

(b)
Fig. 6.6 Design chart for K, in case of (a) kn=0.1 and (b) kx=0.2 for different soil-wall
friction angles for ¢pm=35°
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6.4.4 Effect of seismic acceleration coefficients (kn and kv)

Both, horizontal and vertical seismic acceleration coefficients, have significant impact
on the magnitude of Kspq and Ky, since they develop inertial forces that cause instability. On
the other hand, Kspc increases with increase in both ki and k. While horizontal seismic
acceleration coefficient increases Kspc significantly, as illustrated in Fig. 6.9 to Fig. 6.11, the

effect of ky is nominal on Kspc as is evident from Table 6.5.

¢ = 25% K, = 0.2

(b)
Fig. 6.7 Design chart for Ky, in case of kv=0.2 for different soil-wall friction angles for (a)
pm=25°and (b) ¢m=30°
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0.5 5 B/D 50
(b)
Fig. 6.8 Design chart for K, in case of ky=0.2 for different soil-wall friction angles for (a)
¢m=15° and (b) ¢n=20°

For B=16 m, ky=kn/2, pm=25° and dm=¢m/3, as kn is increased from 0 to 0.1 and 0.1 to
0.2, the magnitude of K, diminishes by 20.72% and 30.91% respectively. The reduction in
Kspg magnitudes for the same increase in kn values are 20.47% and 30.72% respectively for
the identical set of parameters.
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Table 6.5 Comparison of Kspc obtained in present study for B/D=50 and dm=¢m/3

Seismic passive earth pressure coefficient due to cohesion component (Kspc)

kn $m 15° 20° 25° 30° 35°

01 kv/ kn=0 4.036 4.196 4.738 5.604 5.548
kv/ kn =1 4.070 4.266 4.816 5.712 5.676

02 kv/ kn=0 4.478 4.624 5.346 6.742 6.964
kv/ kn =1 4.520 4.702 5.434 6.848 7.08

less severity. In case of ¢m=25°, dm=¢m/3 and B=16 m, for ky=0.1, as kv increases from 0 to
kn/2 and from kn/2 to kn, the magnitude of K,, decreases by 9.43% and 10.22% respectively
while Kspq diminishes by 9.07% and 9.83% respectively. However, for kn=0.2, this reduction

is much more pronounced for both Kspq and Ky, i.e., 25.24% and 37.51% respectively for the

above-mentioned set of input parameters.
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Fig. 6.9 Design chart for Kspc in case of kv=kn for different mobilized soil-soil friction angles
for am:¢m
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Fig. 6.10 Design chart for Kspc in case of ky=kn for different mobilized soil-soil friction angles

for (a) om=0 and (b) om=¢m/3
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Fig. 6.11 Design chart for Kspc in case of kv=kn for different mobilized soil-soil friction angles
for (a) om=¢m/2 and (b) om =2¢m/3
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6.4.5 Effect of width of caisson

Fig. 6.12 to Fig. 6.17 show the design charts relating Kspq values with ratio of width of
caisson to depth of failure wedge (B/D) for different values of om and ky. It could be observed
that the magnitude of Kspq decreases as the width of caisson increases. Similar trend is
followed for Ky, and Kspc values. As B increases, 3-D behavior tends to convert into plane
strain behavior because the volume of soil in side wedges compared to volume of wedge in

front of caisson becomes smaller and smaller.

25
=—.%,.=0
20 —r = (Sm = ¢m/3
= 5, =2
............ 6m = 2¢m/3
15 (Sm = ¢m
10
x% ~ : ::;’;‘: ...........
3 - ST
0 A B '
0.5 5 B/ID o0
@) (b)

Fig. 6.12 Design chart for Kspq under static condition for different soil-wall friction angles for
(@) pm=15°, 25°; (b) pm=20°, 30° and (C) Ppn=35°
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For ¢m=30°, om/¢m=1/3, kn=0.1 and ky=kn, as B/D increases from 0.5 to 1 and from 5 to
50, the magnitude of Ksp, reduces by 22.51% and 10.15% respectively while the magnitude of
Kspg diminishes by 20.33% and 7.26%. It is again highlighted that increasing the width of
caisson reduces the sensitivity towards seismic passive earth pressure coefficients.
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Fig. 6.13 Design chart for Kspq for kn=0.1 for different soil-wall friction angles for (a)
¢m=15oand (b) ¢m=20°
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(b)
Fig. 6.14 Design chart for Kspq for ky=0.1 for different soil-wall friction angles for (a) ¢n=25°
and (b) ¢n=30°

6.5 Summary

The current study deals with the problem of determining passive resistance offered to
a rectangular structure embedded in c-¢ soil and acted upon by surcharge. The 3-dimensional
failure wedge was idealized in a realistic manner based on the results of numerical analysis
and past experimental studies. The geometry of the critical failure wedge was determined and
the seismic earth pressure coefficients due to cohesion, surcharge and unit weight
components were computed using limit equilibrium method for that critical geometry. This
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gives the true magnitudes of earth pressure coefficients at failure instead of the conservative

absolute minimum values. Based on the results of the extensive study, a series of design

charts have been prepared which return earth pressure coefficients for various combinations

of caisson geometry, soil properties, seismic conditions and caisson-soil interface properties.
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Fig. 6.15 Design chart for Kspq in case of (a) kn=0.1 and (b) kn=0.2 for different soil-wall

friction angles for ¢pm=35°
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Fig. 6.16 Design chart for Kspq in case of ky=0.2 for (a) gm=25°and (b) ¢m=30° for different

soil-wall friction angles
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Fig. 6.17 Design chart for Kspq in case of ky=0.2 for (a) gm=15°and (b) ¢m=20° for different
soil-wall friction angles
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Chapter 7
SEISMIC PASSIVE EARTH PRESSURE RESISTANCE ON
CAISSON USING MODIFIED PSEUDO-DYNAMIC METHOD

7.1 General

Pseudo-static method of analysis assumes uniform horizontal and vertical seismic
acceleration acting throughout the depth of a soil strata. To overcome this shortcoming,
Steedman and Zeng (1990) introduced pseudo-dynamic method of analysis which allowed for
amplification of earthquake waves propagating through the strata. This method was further
improved by Choudhury and Nimbalkar (2005) by incorporating vertically propagating
primary and shear waves. The pseudo-dynamic method still had some flaws, such as presence
of shear stresses at free surface, assumption of linear variation of amplification in submerged
soil and unsuitable definition of excess pore pressure ratio. The method was further updated
by Bellezza (2014) where contravention of free surface was addressed. The modified pseudo-
dynamic method of analysis returns the magnitude of horizontal and vertical seismic
acceleration without any assumption of amplification factor. However, the studies pertaining
to layered soil using modified pseudo-dynamic method is still found to be lacking. In the
present study, seismic passive earth pressure coefficient has been determined for caisson
embedded in layered strata with failure wedge lying in a single soil layer. The acceleration at

any depth of soil layer is determined using modified pseudo dynamic method.
7.2 Proposed Methodology

The present study employs modified pseudo-dynamic approach in conjugation with
limit equilibrium method of analysis. Following assumptions are made in the proposed study:

1. A rectangular caisson of length L, width B and embedment depth d is assumed to be
embedded in layered soil such that the failure wedge of depth D lies entirely in
cohesionless, homogeneous soil as shown in Fig. 7.1.

2. Soil is considered to be a visco-elastic material and modelled as Kelvin-Voigt solid.

3. The soil strata below the failure wedge may comprise of any number of layers.

4. Linear modified pseudo-dynamic method of analysis has been adopted to estimate
propagation of earthquake waves through the soil strata (strain independent analysis).

5. Limit equilibrium method has been adopted to establish equilibrium of forces in the

horizontal and vertical direction in the failure wedge.
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6. The idealized failure wedge geometry has been chosen the same as in Chapter 5 and 6

7.

8.

O

and as depicted in Fig. 5.1.

The submerged soil conditions have been modelled based on the assumptions of

Ebeling and Morrison (1992) and the hydrostatic and hydrodynamic pressure

distribution has been modelled after the recommendations of Westergaard (1933).

The earthquake waves are assumed to be standing waves propagating vertically

upwards with primary wave velocity and shear wave velocity of magnitudes vp and vs

respectively.
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Fig. 7.1 Vertical profile of failure wedge in layered soil
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7.2.1 Modified pseudo dynamic method

The shear stress developed in a Kelvin-Voigt solid is considered to be comprised of
an elastic component and a viscous component. Mathematically, the shear stress in the said

material is defined as:

ou 0%u
T= GE-FT]S 970t (71)
The general equations for wave propagation for a Kelvin-Voigt solid are given as:
Pup(zt) . 0%up(zt) 3up(zt)
a2 G 22 T s 325 (7.20)
0%uy(z,t) 0%uy(z,t) 23uy(z,t)
o~ = A+ 26)—=—=+ (m + 2ns) — 5. (7.2b)

where, 7 is the shear stress developed in soil at any depth z at any time t, p is the mass density
of the soil, 1 and G are the Lame’s constants for soil, #s and # are soil viscosities and un and
uy are displacements of shear and primary waves respectively [Kramer (1996)].

Harmonic horizontal (u,, = up, X €'“t) and vertical (up, = Uy, X €'“t) base
shaking is considered at bedrock level. For harmonic motion of amplitude us at any depth z,
displacement at any depth z at time t is given as:
up(z,t) = up(2) X et (7.3)

Substituting Eqn. (7.3) into Egn. (7.2a) and differentiating with respect to time,

. 9?2

(G +iwny) azuzh = —pwiuy, (7.4)
26

Ns = ng (7.5)

where & is the damping ratio of soil and w is the angular frequency of motion
From Eqn. (7.4) and (7.5),

. a2
(G +i2G¢&,) aZuZh = —pw?iuy, (7.6a)
G" = G(1+2i&); vs =G'lp and  k;=wlvs (7.6b)
T =~k un (7.6¢)
The general solution of the differential equation (7.6) is of the form:
up(z,t) = Ael@t+ksz) 4 pollwt-ksz) (7.7)

where A and B are the amplitudes of the waves travelling in -z and +z directions respectively.
Therefore, for layered soil as shown in Fig. 7.1:

Wave displacement in j" layer,
upj(z,t) = A" @Rism) 4 pel@ikjsz)) (7.82)

where, w is the angular frequency of the vertically propagating standing waves
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kis=olvs; Vs =Gj'lpj and Gj" = Gj(1+2i&;) are complex wave number, complex shear
wave velocity and complex shear modulus respectively. A; and Bj for each layer are
determined using following boundary conditions:

1. Shear stress at ground surface is zero.

=7=0atz=0 (7.9a)
2. Displacement at bottom of j layer and top of (j+1)" layer are equal.

= Uj(h;,t) = uj+1(0,t) (7.9b)
3. Shear stress at bottom of j™ layer = Shear stress at top of (j+1)" layer.

= tj(h,t) = 7+1(0,t) (7.9¢)
4. Displacement at base of bottom layer = Input harmonic displacement.

= Un(hn,t) = Upn (7.9d)

From 1% boundary condition,
Substituting Eqgn. (7.8a) in Eqn. (7.1) and equating to zero for j =1,

A1=Bi=A (7.10)
From 2" boundary condition,

Ajei(wt+k;5hj) + Bjei(wt_k;fshj) = (Aj+1 + Bj+1)€iwt (711)
From 3™ boundary condition,

lG]k]* [Ajei(wt+k;shj) - Bjei(wt_k;shj)] = iGj+1k;+1[Aj+1 — Bj+1]€iwt (712&)
Aj+1 —3 Bj+1 = af [Ajei(wt+k;shj) —1 Bjei(wt_k;fshj)] (712b)

* ij; pjv;j 1 1 i
where, a; = 5 is known as the complex impedance ratio

Gjt1kjp1 ~ Pj+1Ys )41
Solving Egns. (7.11) and (7.12b),
Ajer =3 |41 +0))e™isM + B;(1 = o)~ HisM] (7.13a)
Biy; = %[Aj(l - a}‘)eik}shi +B;(1+ af)e_ik;shf] (7.13b)
Let a; =4 and b; =4

A A

From 4™ boundary condition,

Anei(a)t+k;lshn) + Bnei(wt_k;flshn) = uhoeiwt (7143.)
A[aneikﬁshn + bne—ik;zshn] = Up, (714b)
A g (7.14c)

[ane ik;shn+bne—ik%shn]

up(z,t) = [ “ho ] X (ajeikl*'szf + bje_ikf*'szf) elwt (7.15a)

anetknshnp, e=tknshn
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Again, differentiating twice with respect to time,

ani(z,t) = Aho & (a,-ei"?szf' + bje‘”‘}stf) elot (7.15b)

[aneikgshn+bne—ik;5hn

avo ik’ z; —iki,z;\ Liwt
. = . J . J
ayj(2,t) [anei"?whm,bne—iki‘whn] X (a]e ip%l + bje” P )e (7.15c)

where, ano = kng = -@?Uno and avo = kvg = -?Uvo

Transfer function relates displacement amplitude of one layer with other. It is a
measure of amplification of displacement of waves between any two layers. The transfer
function thus relating displacement at top of j" layer to top of p™ layer is obtained by
substituting zj = z, = 0 in Eqn. (7.15a).

Unj| _

uhp

aj+b;
=F, = ——

ip = (7.16)

ap+byp
Since anj = w?un;, the ratio of acceleration at top of two layers is equal to the ratio of
displacements. Therefore, the magnitude of transfer functions is equal to the ratio of

acceleration at top of j layer and p!" layer.
7.2.2 Formulation of the problem

The geometry of idealized failure wedge in the present study is the same as
considered in Chapter 5 and 6. The horizontal and vertical seismic inertial forces are different
from that in previous chapters. In the present study, the real parts of an; and a,; obtained from
Egns. (7.15 b,c) in the top layer, i.e., an; and ay; are used for calculation of seismic inertial
forces in the failure wedge as mentioned in Egns. (7.17a,b). Horizontal and vertical seismic
inertial forces (AQn and AQy) on an infinitesimally thin failure wedge at any depth z as shown
in Fig. 7.2 are defined as:

AQy(z,t) = M(z) X ap,(z,t) (7.17a)
AQ,(z,t) = M(z) X a,,(z1t) (7.17b)
where, M(z) is the mass of the infinitesimally thin failure wedge at depth z.

Substituting seismic inertial forces kn4W by AQn and kvAW by AQy in Eqn. 5.40,

[{(aW(2)-20y(z.t)+Q(2)~N(z+dz))xHD(2)}-((4Qn (z.t)-AF (2))xVD(2) )]
(cos 8mxVD(2))—(sin 8, xHD(2))

p(z,t)Bdz = (7.18)

For B < mtanx:
HD(z) ={sinx - sin(x — ﬁ(z))} tan(a + a, — o) and VD(z) =m — 2x + B(z)

For B > mtanx:

HD(z) =B tan(a + a, — ¢p,,) and VD(z) =B +

1(2) .
Cosx(n X — Sinx)
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Fig. 7.2 Free body diagram of forces acting on infinitesimal strip of failure wedge

Upon integration of Eqn. (7.18) with respect to z, the magnitude of total caisson
reaction due to unit weight component (P,,) can be determined. Since z is a function of initial
angle of log-spiral (a0) and angle subtended by log-spiral (af) and AQn and AQy are functions
of time t, P,, is a function of ao, ar and t. Therefore, in order to obtain the average magnitude
of seismic passive earth pressure coefficient (Ky,,) over entire depth of failure wedge, P,, is

minimized with respect to ao, as and t. Ky, is then defined as:

~KypyyD? X B = By, (7.19a)
2P
spy = )TI;YZ (719b)
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7.2.3 Madification in formulation for submerged soil

For submerged soil conditions, modifications are made to unit weight of soil for
computation of different forces. Based on the permeability of soil, the pore water is classified
as either free water (high permeability and water is free to move relative to soil skeleton) or
restrained water (low permeability with no relative movement between soil and water). The
unit weight of soil mass used to determine self weight of wedge (AW), horizontal component
of tangential force (AF), overburden pressure force (Q) and normal reaction (N) are also
modified based on the mobility of water with respect to soil skeleton.

e For computing weight of wedge and overburden pressure, unit weight of soil (y) is taken
as ysubX(1-ry) for both free and restrained conditions where ry IS excess pore pressure
ratio and ysup 1S submerged unit weight [Ebeling and Morrison (1992); Kramer (1996)].

e For computing AQn(z,t), unit weight of soil (y) is taken as ysa for restrained water
condition and y for free water condition where ysat and y are saturated unit weight and dry
unit weight respectively [Matsuzawa et al. (1985)].

e For computing AQv(z,t), unit weight of soil (y) is taken as ysup for both free and restrained
water conditions [Rajesh and Choudhury (2017)].

For computation of total lateral pressure in restrained water conditions, summation of
hydrostatic pressure with seismic earth pressure is done as water is at rest with respect to
surrounding soil. However, for free water condition, hydrodynamic pressure suggested by
Westergaard (1933) is also taken into consideration along with hydrostatic pressure and
passive earth pressure to obtain total lateral pressure. Matsuzawa et al. (1985) expanded upon
Westergaard’s (1933) study and gave expression for hydrodynamic pressure distribution

along depth of wall as:

Phayn = = kn¥w(Hz)°® (7.20a)
Integrating over entire depth, the hydrodynamic pressure force is obtained as:

Prayn = — kn¥wH? (7.20b)
Hydrostatic pressure distribution along depth of caisson is computed as:

Phst = Vw + VsunTu)Z (7.21)

7.2.4 Validation of the proposed methodology

The seismic passive earth pressure coefficients obtained from present study have been

compared with the results of previous studies in Table 7.1. Mononobe-Okabe method
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[Mononobe and Matsuo (1929)] is the pseudo-static extension of Coulomb’s method
[Coulomb (1776)]. Biswas and Choudhury (2019) assumed the 3D planar failure surface and
used pseudo-static approach in conjugation with the limit equilibrium method for
determination of passive earth pressure coefficients. Lancellotta (2007) used lower bound 2D
limit analysis to determine earth pressure coefficients. Pain et al. (2017) adopted modified
pseudo-dynamic method for 2D analysis of wall. Biswas and Choudhury (2021) also used
modified pseudo-dynamic method for the 3D analysis of caissons but considered simplified
planar failure wedge. For comparison of results, width of caisson B>>D has been chosen to
simulate plane strain conditions present during 2D analyses. ¢m=30°, ky=0.5 kn, wH/vs=0.94,

vp=1.87vs and £=0.1 has been adopted as the input parameters in the comparison.

Table 7.1 Comparison of K,, obtained in present study with past literature for plane strain
conditions, ¢n=30° and k,=0

Seismic passive earth pressure coefficient (Kgp,)

Mononobe ) Biswas and Biswas and
om/ Lancellotta  Pain et al. Present
Kn — Okabe Choudhury Choudhury
$m (2007) (2017) Study
(1929) (2019) (2021)
0 3 3 - 3 3 3
0 | 13 4.143 3.886 - 4.143 4.143 3.994
1/2 4.976 4.288 - 4.977 4.977 4.497
0 2.671 2.791 2.558 2.666 2.554 2.201
0.1] 1733 3.622 3.615 3.384 3.616 3.426 3.028
1/2 4.312 3.988 3.88 4.307 4.057 3.599
0 2.326 2.498 2.066 2.315 2.058 1.754
02] 173 3.081 3,287 2.648 3.064 2.647 2.311
1/2 3.627 3.571 3.035 3.608 3.071 2.733

- - denotes that values are not reported by the authors

It is evident from the results in Table 7.1 that the present study returns much
conservative results compared to previous studies. The assumption of realistic shape of
failure wedge and use of modified pseudo-dynamic method, which returns higher magnitude
of seismic inertial forces, is the reason for low magnitudes of the seismic earth pressure
coefficient in the present study. Comparison of total earth pressure with centrifuge test results

of Olson et al. (2017) and modified pseudo-dynamic study of Biswas and Choudhury (2021)
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has been illustrated in Fig. 7.3 along with the parameters. The passive earth pressure from the

present method is found to be on the conservative side compared to the other studies.

Total soil pressure (kPa)
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Fig. 7.3 Comparison of results of present study with results of experimental [Olson et al.
(2017)] and theoretical analysis [Biswas and Choudhury (2021)]

7.3 Present Study

In the present study, a database comprising seismic passive earth pressure coefficient
due to unit weight component (Ky,,) has been developed for different input parameters as
tabulated in Table 7.2. The computations have been carried out by writing programs in
MATLAB (2021). Failure wedge depth (D) has been considered as d/2.2 as per
recommendations of Olson et al. (2017), where d is the total depth of caisson. The magnitude
of tangential stress coefficient (1) has been adopted as the Rankine passive earth pressure
coefficient for a given mobilized soil friction angle (¢m) [Biswas and Choudhury (2019,
2021)]. The seismic passive earth pressure coefficients are obtained by optimizing the
magnitudes of P,, with respect to ao, ar and t, which are varied between 0 to /2- ¢m, 0 to 7w/2-
(¢m*+ ao) and 0 to 2m/w respectively. The correlation between primary wave velocity (vp),

shear wave velocity (vs) and Poisson’s ratio (v) in an elastic medium is as stated below:

v [22v
v = 1o (7.22)
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For dry sand, v has been chosen as 0.3 whereas for submerged soil conditions, v has
been adopted as 0.495. This gives v, = 1.87 vs for dry conditions and vp = 10 vs for submerged
soil conditions. Design charts have been prepared for the input parameters mentioned in
Table 7.2 to show the parametric variation of Ksp,. In addition, the nature of transfer function

has also been reported for layered soil.

Table 7.2 Input parameters considered in the present study for top layer of soil

Properties Values

Dry unit weight (y) 15.7 kN/m?

Saturated unit weight (ysat) 19.13 kN/m?®
Mobilized soil friction angle (¢m) 159, 204 25°, 30°, 358
Mobilized soil-wall friction angle (6m) 0, ¢ml3, ¢ml2, 2¢m/3, dm
Excess pore pressure ratio (ry) 0,0.2,04

Damping ratio (¢) 0.1, 0.15,0.2
Normalized shear wave velocity (wH/Vvs) 0.94

Horizontal seismic acceleration coefficient (kn) 0,0.1,0.2

Vertical seismic acceleration coefficient (kv) 0, kn/2, kn

7.4 Results and Discussions

The present study reflects the effects of soil-soil friction angle, soil-wall friction
angle, seismic acceleration coefficients, damping ratio, effect of mobility of pore water,
excess pore pressure ratio on seismic passive earth pressure coefficient. The variation of
volume of failure wedge per unit width of caisson with caisson geometry has also been

explored. Following observations have been made from the results of present study.
7.4.1 Acceleration profile and transfer function

Fig. 7.4 shows the amplification of earthquake waves at different magnitudes of
normalized frequency (wH/vs) for homogeneous soil resting on elastic rock. It can be
observed that the peak amplification occurs corresponding to wH/vs value close to m/2. The
frequency corresponding to this peak is the fundamental frequency [Kramer (1996)] as it
corresponds to resonance in the surrounding soil media causing passive resistance to be
minimum. The peak of the acceleration amplification curve is observed to diminish by
33.23% and 49.79% as damping ratio (¢) increases from 0.1 to 0.15 and 0.2 respectively,

since higher value of & causes more energy dissipation for seismic waves travelling through
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the soil strata. However, the amplification of acceleration is found to be insensitive to
damping ratio (&) for wH/vs < 3n/10. It is also known that the amplification is in phase for
wH/vs < 1/2 and out of phase for wH/vs > /2 [Kramer (1996); Pain et al. (2017); Biswas and
Choudhury (2021)].
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Fig. 7.4 Variation of ratio of an at ground level to bed rock level with normalized frequency

Therefore, the present study has been conducted for wH/vs=31/10=0.94. The average
magnitude of damping ratio (&) of various layers (varying between 0.1 and 0.2) is 0.14. Fig.
7.5(a) shows the amplification of earthquake waves at top with respect to bedrock level for 5-
layered strata. It can be observed that 10 peaks (2 peaks corresponding to resonance in each
layer) are formed through the entire strata corresponding to natural frequency of each layer.
Fig. 7.5(b) represents the acceleration profile through the layered soil while Fig. 7.5(c) shows
the variation of transfer function of acceleration at top of 1% layer with respect to 2", 3" and
4™ layer. The seismic wave velocity reduces as it moves through softer soil which causes its
acceleration amplitude to increase to maintain its specific energy. The applied base
acceleration of 0.2g is found to amplify to 0.28g at ground surface, over the depth of the
strata with visible changes in slope at interface of each layer. The non-linear nature of
acceleration profile can be observed which highlights the importance of modified pseudo-
dynamic method compared to pseudo-dynamic method which considered an amplification

factor. It can also be observed that transfer function curve for 1% layer with respect to 2"
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layer (TF12) has 2 peaks as it deals with interaction in a single layer. Similarly, TF13, TF14
and TF15 have 4, 6 and 8 peaks respectively.
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Fig. 7.5 Behavior of earthquake waves in 5-layered soil in terms of (a) acceleration
amplification (b) acceleration profile with depth for kn=0.2 and (c) transfer function
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7.4.2 Effect of mobilized soil-wall interface friction angle (om)

Fig. 7.6 through Fig. 7.11 depict the design charts for Ksp, for different combinations
of horizontal and vertical seismic acceleration coefficients and mobilized soil friction angle
for £=0.1. Irrespective of the magnitude of kn, ky and ¢m values, Ksp, is found to increase with
Om.

0.5 9 B/D 50

. 50
0.5 5 B/D

(b)
Fig. 7.6 Design chart for K, in case of kn=0.1, £=0.1 for different soil-wall friction angles
and kv values for (a) ¢m=15° and (b) $m=20°
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The increase is more significant for higher magnitude of ¢m. In case of kn = 0.1and ky=kn, for
#m=15°, as om is increased from 0 to ¢m/3 and 2¢m/3 to ¢m, Ksp, increases by 14.27% and
14.64% respectively while for ¢m=30°, as om is increased from 0 to ¢m/3 and 2¢m/3 t0 @m, Kspy
increases by 48.43% and 67.85% respectively for B/D=1.

10

¢ = 25% k, =0.1

KSP?
>~ 00 o N 00 ©

(b)
Fig. 7.7 Design chart for K, in case of kn=0.1, ¢=0.1 for different soil-wall friction angles
and kv values for (a) ¢m=25° and (b) ¢m=30°
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As the magnitude of Jm increases, the soil is able to develop higher resistance through
interface friction at soil-caisson boundary causing the magnitude of seismic passive earth
pressure coefficients to be higher. Fig. 7.9 shows the effect of om on the ratio of volume per
unit width of 3D failure wedge to volume per unit width under plane strain conditions for
different soil-wall friction angles. It can be observed that the ratio increases with soil-wall
friction angle suggesting that larger volume of side wedge is developed for higher magnitude
of Jm. It can also be observed that the ratio of 3D Ksp, to plane strain Ksp, increases at a much
steeper rate than the ratio of volume per unit width of 3D failure wedge to volume per unit
width under plane strain conditions. While the percentage increase in ratio of volume per unit
width of 3D and plane strain conditions is 26.1%, 46.1% and 56.7% for om=0, ¢w/3 and ¢m/2
respectively, when B/D reduces to 0.5, the increase in Ksp, value for the same set of input
parameters is 83.3%, 106.5% and 120.5% respectively.

60 1
¢ =35°% Kk, =0.1 — 5.=0

0.5 5 B/D 50

Fig. 7.8 Design chart for K, in case of ky=0.1, £=0.1 for different soil-wall friction angles
and ky values for ¢gm=35°

7.4.3 Effect of mobilized soil-soil friction angle (¢m)

Passive earth pressure coefficients are found to increase with increase in soil friction
angles. Just as in the case of soil-wall friction angle, the increase in magnitude of K, is more
prominent for higher magnitude of om. For B/D=1, kn=0.1, ky=0.5kn and Jm=¢m/3, upon

increasing ¢m from 15° to 20° and from 30° to 35°, the percentage increase in K,, was found
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to be 46.13% and 55% respectively and for dm=2¢m/3, the percentage increase was 56.35%
and 93.32% respectively. Since soil friction angle is the direct measure of soil shear strength,
therefore, for the same set of input parameters, higher the magnitude of ¢m, higher is the

seismic passive earth pressure developed.
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Fig. 7.9 Relative variation of Ky,, and V/B with respect to plane strain condition in case of

¢m=30°, kn=0.2, ky=0 and &=0.1 for different mobilized soil-wall friction angles
7.4.4 Effect of seismic acceleration coefficients (kn and ky)

Horizontal and vertical seismic acceleration coefficients have significant impact on
the magnitude of K, since it develops inertial forces that cause instability. The acceleration
profile of earthquake, which generate seismic inertial forces, has been discussed in the
previous section. For B/D=1, k.=kn/2, pm=25° and om=¢m/3, as kn is increased from 0 to 0.1
and 0.1 to 0.2, the magnitude of Ky,, diminishes by 41.75% and 22.09% respectively. The
effect of ky on seismic passive earth pressure coefficient is less sensitive than that of kn. In
case of ¢pm=25°, dm=¢m/2 and B/D=1, for kn=0.1, as kv increases from 0 to kn/2 and from kn/2
to kn, the magnitude of K, decreases by 6.37% and 6.83% respectively. However, for k,=0.2,
this reduction is much more pronounced, i.e., 14.86% and 18.28% respectively for the above-

mentioned set of input parameters.

195



$n= 20% k, = 0.2
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B/D

KSPJ’

(b)
Fig. 7.10 Design chart for Ky, in case of ky=0.2, £=0.1 for different soil-wall friction angles
and kv values for (a) gm=20°and (b) gm=25°

7.4.5 Effect of width of caisson (B)

It can be observed from Fig. 7.9 that the ratio of volume of failure wedge per unit
width of caisson decreases with increase in B/D ratio of caisson and converges at 1 for all

values of om, i.e., 3D behavior of caisson reduces to plane strain behaviour as the B/D ratio
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KSP?

(b)
Fig. 7.11 Design chart for Ky, in case of kn=0.2, £=0.1 for different soil-wall friction angles
and ky values for (a) gm=30°and (b) ¢m=35°

increases. The magnitude of Ky, is observed to decrease as the width of caisson increases
irrespective of other input parameters. For kn=0.1, k=0, ¢m=25°, dm/¢m=0.5 and £=0.1, the
magnitude of Ky, diminishes by 20.05% and 8.67% as the B/D ratio increases from 0.5 to 1
and 5 to 50 respectively. This also reflects that the sensitivity of increase of width on Ksp,
reduces as the width increases. With increase in B/D, volume per unit width of caisson
decreases which in turn is able to mobilize resistance from smaller volume of surrounding

soil.
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7.4.6 Effect of excess pore pressure ratio (ry) and damping ratio (&)

Table 7.3 and Table 7.4 shows the variation of K, with ¢ for different soil
submergence states and soil-wall friction angles at r,=0.2. Since the normalized frequency for
the analysis was chosen in such a way that the effect of & on amplification of acceleration was
nominal, & has barely any effect on the magnitudes of K. For ¢m=30°, dm=¢m/3, ru=0.2,
kn=0.1 kv=0, wH/vs=0.94 and B/D=1 the seismic passive earth pressure coefficient increases
by 0.31% and 0.71% respectively for dry soil; 0.58% and 0.88% respectively for submerged
soil with free water condition and 1.12% and 2.86% respectively for submerged soil with
restrained water condition. Higher magnitude of damping ratio directly leads to lower
amplification of seismic acceleration through the soil strata. This causes overall reduction in
seismic inertial forces which leads to increase in seismic passive earth pressure coefficient.
Furthermore, Ky, is found to decrease for a given set of input parameters as the surrounding
soil varies from dry to submerged soil with free water and submerged soil with restrained
water. For the same set of parameters as mentioned above and ¢=0.1, the seismic passive
earth pressure coefficient reduces by 2.99% and 22.19% respectively as soil submergence
condition changes from dry to submerged with free water and submerged with restrained
water. Presence of pore water causes reduction in shear strength of soil which in turn reduces

the passive resistance offered.

Table 7.3 Variation of K,, with damping ratio and soil submergence for ¢m=30°, om=¢m/3,
r,=0.2, kn=0.1 and k\=0, wH/vs=0.94

Seismic passive earth pressure coefficient (Kg,)

Damping

tio (3 0.1 0.15 0.2 0.1 0.15 0.2 0.1 0.15 0.2
ratio

—>

B/D l Dry soil Submerged, free water | Submerged, restrained water

0.5 6.179 6.197 6.22 | 6.034 6.074 6.124 | 4932 4.996 5.094

1 4812 4827 4846 | 4668 4.695 4.709 | 3.744  3.786 3.851

2 4093 4.057 4.074 | 3.893 3915 3951 | 3.088 3.107 3.192

5 3.557 3569 3584 | 3.358 3.385 3.352 | 2.612 2.655 2.68

50 322 3218 3232 | 2989 2983 299% | 2312 2.326 2.377
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Table 7.4 Variation of K,, with damping ratio and soil-wall friction angle for ¢m=30°,
ry=0.2, kn=0.1 and kv/kn=0.5, wH/vs=0.94

Seismic passive earth pressure coefficient (Ky;)

Damping

] 0.1 0.15 0.2 0.1 0.15 0.2 0.1 0.15 0.2
ratio (&)

B/D l om=0 Sm = pul3 Om = dml2

0.5 3.798 3.809 3.823 | 5.830 5.849 5.872 7.398 7423 7454

1 3.092 3101 3.113| 4533 4.548 4.567 5.654 5.674  5.699

2 2.667 2.676 2.686 | 3.851 3.865 3.882 4699 4716 4.738

5 2402 2410 2410 3.365 3.355 3.370 4049 4.064 4.084

50 2210 - 2218 2.228 | 3.041 3.053 3.067 3.637 3.629  3.647

For ¢m=30°, om=¢m/3, 1,=0.2, ¢=0.15, kx,=0.1, ky=0 and B/D=1, as the soil changes
from dry to submerged soil with free water and submerged soil with restrained water, the K,
value reduces by 3.29% and 21.57% respectively. It is also observed from Fig. 7.12 that with
increase in ry, the magnitude of K,, decreases. As ry increases from 0 to 0.2 and 0.4, K, is
found to reduce by 13.41% and 41.49% respectively at B/D=1 and 12.98% and 52.35%
respectively at B/D=50. Fig. 7.13 shows the effect of submergence of soil on volume increase
per unit width for varying width of caisson which reflects that the volume change per unit
width decreases more steeply for dry soil compared to submerged soil, i.e., as the width of
caisson reduces, larger volume of soil per unit width of caisson, normalized with respect to
volume per unit width in plane strain condition, would fail compared to that for submerged

soil.
7.5 Summary

The current study deals with the problem of determining passive resistance offered to
a rectangular structure embedded in cohesionless layered soil with failure wedge lying in a
single soil layer using modified pseudo-dynamic method. Realistic geometry of failure wedge
has been chosen based on previous experimental study and results of numerical study in
previous chapters. The acceleration profile through various soil layers has been determined

using modified pseudo-dynamic method. The study also provides with the methodology to
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determine transfer function between various layers in layered strata. Design charts for various
soil and seismic parameters have been presented for different widths of caisson. The change
in volume per unit width of failure wedge has also been analyzed for various input
parameters to demonstrate the effect of volume of side wedge and consideration of 3D failure

wedge.
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Fig. 7.12 Effect of excess pore pressure ratio on Ky, for submerged soil with restrained water
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Chapter 8

SEISMIC PASSIVE EARTH PRESSURE COEFFICIENT FOR
CAISSON IN LAYERED SOIL USING MODIFIED PSEUDO
DYNAMIC METHOD

8.1 General

In field, soil is heterogeneous in nature and may have several layers with varying
properties. In the past, several researchers have explored the analysis of walls [Shi et al.
(2016), Santhoshkumar and Ghosh (2021a,b)] and slopes [Kumar and Samui (2006), Qin and
Chian (2017), Hazari et al. (2020)] in layered soil under static and seismic conditions. Hazari
et al. (2020) proposed a method for analysis of layered soil slopes using modified pseudo-
dynamic method. However, these studies considered 2D plane strain analysis. So far, none of
the studies have considered theoretical 3D analysis of caisson in layered soil. In the present
study, modified pseudo-dynamic method of analysis has been used to compute acceleration
profile in layered strata and hence determine seismic passive earth pressure coefficient (Ksp,)
for caisson in cohesionless layered soil considering polylinear failure wedge. The analysis

has been performed for both dry and submerged soil conditions.
8.2 Proposed Theoretical Methodology

A rectangular caisson of length L, width B and embedment depth H is considered to
be embedded in layered cohesionless soil with different soil properties and resting on rigid
rock. A polylinear failure wedge is assumed to be formed behind the caisson as shown in Fig.
8.1. The soil in any layer of failure wedge is assumed to be homogeneous and soil properties
are assumed to be isotropic in all directions in a given layer. The assumptions regarding wave
propagation and boundary conditions in modified pseudo-dynamic method is the same as in
Chapter 7. Therefore, the formulation for acceleration and transfer functions come out to be
the same as in previous chapter and given by Eqn. 7.15 and 7.16. However, the formulation
for seismic passive earth pressure resistance will be different in the present proposed
methodology due to consideration of a different failure wedge geometry as mentioned in the
succeeding sections. Limit equilibrium method of analysis is adopted for the said formulation
to establish equilibrium of forces in horizontal and vertical directions. The critical failure
wedge geometry is obtained by optimizing the angle of wedge with the horizontal in each

layer from bottom to top because the extent of failure wedge in upper layers is dependent on
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extent of failure wedge in lower layers as will be evident from the formulation in subsequent

section.
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Fig. 8.1 3D polylinear failure wedge assumed in the present study

8.2.1 . Formulation of the problem

Fig. 8.2 depicts the bottom failure wedge geometry to be used for computation of

seismic passive earth pressure resistance on caisson. The failure wedge in layer j, with depth

hj, unit weight y; soil friction angle ¢;, is inclined at an angle «; with the horizontal and the

fanning angle defining side wedges is 6. Since the direction of all the forces in any layer is

uniform, the free body diagram of entire layer can be considered. The seismic inertial forces

at any depth are calculated as product of mass of failure wedge at any depth and the seismic

acceleration at that depth. From Fig. 8.2, the volume of failure wedge at any depth is

computed as follows:

At any depth z, from the top of n'" layer,

h —_
tana, = T:(Zi’;
_ ms(zn)
tané, =

m,(z,) = m(z,)tand, = t

hy,—z
= m(z,) = t:na:

hn—2zn
anay,

tané,
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Fig. 8.2 Geometry of bottom wedge to compute seismic passive earth pressure resistance

Volume of elemental wedge of thickness dz, at depth z, is computed as:

dV, = 1 X {B + (B = ZmS(zn))} X m(z,) X dz, = (B +mg(z,)) X m(z,) X dz, ~ (8.3a)

Vv, = Zzn_ohn(B o4 ms(zn)) X m(z,) X dz, (8.3b)
Zn=hn hn Zn Zimp= Pl —Zny Rp—2n
V, = fzn=0 (B = X dZn) 1 f mtanen X m X dz, (8.3¢c)
_ B (hn—2zn)? (hn—2n)3
no (tanan a -2 ) + —3tanZap, X tandy, (8-3d)

Within limits of integration, the volume of wedge is found as:

Vn:

Bhy,,? hy3tané h,? (B hytané
n n n __ n ( n n) (836)

2tanay, 3tanZq,  tana, \2 3tana,

The extent of failure wedge in front of caisson (m(z)) in layers above the bottom layer is

directly dependent upon m(z) at top of bottom layer.

M(2Zp_q) =~ P20 (8.4a)

tanay, tanay,—q

Similarly, m(z) at any depth in layer j is determined as:

m(z) = Lo f;n%fj (8.4b)
av; = (B +my(z)) x m(z) x dz (8.4c)

203



Area of failure wedge in horizontal plane at depth zj (A;) in layer j is determined by
Eqn. (8.4e). The area of failure at top of j™ layer is thus represented as Ao and the area at

bottom of failure wedge of j" layer is represented as An;.

dav;
Aay = 5 = (B +ms(z) xm(z) (8.4d)
hi (h ZJ) hi (hj—Zj)}
[B +{ j+1 tan a; T tan a; }tan 6] { j+1 tan a; + tan a; (848)

The tangential stress coefficient (1) is used to calculate the horizontal component of
tangential force on any layer (Fj). The tangential stress coefficient is defined as the ratio of

tangential stress to vertical stress at any depth. For any layer j, Fj is obtained as follows:

1 = ot _ O'tXm(Z]‘)de . drT;

J oy - yzxm(zj)dzj = yzxm(zj)dzj

(8.5a)

where, Tj is the tangential force acting on both side wedges on the j" layer of failure
wedge as shown in Fig. 8.1. The horizontal component of T; acting in X-direction (Fj) is

computed to establish equilibrium of forces in horizontal direction.

dT; = 4 % (vjz; + X5 vihy) x m(z;)dz; (8.5h)

dF; = 2dT;sinfcos6 = 24; X (yjzj + Z’l_lyihi) X m(Zj)de X sinfcoso (8.5¢)
=h; . i

F; = fZijzo 724 x sinfcost x (y;z; + X2 vihy) x m(z;)dz; (8.5d)

The weight of any layer (W) is calculated by integrating the weight of an infinitesimal

volume of failure wedge at depth z; and thickness dz; over the entire depth of the layer.

W; = y;dV; = y; X (B - ms(zj)) X m(zj) X dz; (8.6)
The seismic acceleration profile at any depth is obtained as per the modified pseudo

dynamic method formulation in the previous chapter. The horizontal and vertical seismic

inertial force in any layer is obtained by integrating the product of mass of infinitesimally

thin failure wedge at depth z with horizontal seismic acceleration and vertical seismic

acceleration at that depth respectively over entire depth of the layer.
h.
th = fO ]deI/J X ahj (87a)
h.
Qu; = fo TpidV; X Ay (8.7b)
where pj is the mass density of the soil layer. The overburden pressure force (Qj)

applied by preceding layers and normal reaction (N;) offered to any layer by the subsequent

layers is determined using Eqgn. (8.8).

Q= X4 vihi X Ao, (8.8)
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N; = Z 1ylh X Apj (8.8b)
Fig. 8.1 depicts the direction of all the forces acting on any layer. Knowing the
formulation for all the force components in any layer j, the horizontal and vertical force

equilibrium equation can be written as follows:

YH=0 = Pjcosé; — F; + th = Rjcos {E - (aj + qu)} = R]-Sin(a]- + d)j) (8.9a)
XV=0 = Psind; + W, — Qv] +Q;—N; —Rcos(a +q,’)]) (8.9b)
Dividing Eqgn. (8.9a) by Eqn. (8.9b)

PjCOS6j—Fj+th

- = tan(a; + ¢;) (8.10a)

PjSin6j+Wj—ij+Qj—N

Picos8; — Psinjtan(a; + ¢;) = (W Qv; +Qj — )tan(aj + ;) — (Qh]. - F])
(8.10b)

p. — (Wj—Q,,j+Q]-—Nj)tan(aj+¢j)—(th—Fj)

J {cossj—sinsjtan(aj+¢;)} (8.10c)

8.2.2 Computation of seismic passive earth pressure coefficient (Ksp,) for generalized n-

layered strata

In the present study, the critical failure wedge is obtained by minimizing the seismic
passive earth pressure resistance Pj in different layers. The process is initiated by minimizing
the seismic passive earth pressure resistance in the bottom layer to obtain optimum value an.
Thereafter, an-1 is optimized by minimizing the magnitude of seismic passive earth pressure
force from bottom 2 layers. The process is continued till the critical geometry of failure
wedge in all the layers is obtained. In order to obtain the equivalent seismic passive earth
pressure coefficient (Ksp,) of the entire strata, the total seismic passive earth pressure
resistance obtained from the analysis is equated to the area of pressure distribution diagram
considering linear earth pressure distribution and signifying constant magnitude of earth

pressure coefficient throughout the strata.
1 1
an = ( spy X 71h1) + [EKspy X {(y1h1) + (y1hy +v2h3)} X hz] + -t [EKsp]/ X

{z{*(yiha + TR} X by | + e [ Koy X (Z57 ihe) + B2k} X by (8.119)

=TI P =2 Kepy X |1h) + [{(rahy) + Z20ih)} X ha] + -+ [{Z17 (ko) +
Z{(Vihi)} X hj] + -+ [(ZF N rih) + 2R (ih)} x hn]] (8.11b)
K B3P (8.11c)

vy [(hh%)+[{()/1h1)+22(h DPxho ]+ [{Z1 1y k) +ER(yih) x|
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The formulation mentioned in the preceding section is valid for dry soil in front of
caisson. The provisions mentioned in previous chapter (section 7.2.3) are used to account for

submergence of soil for both free water and restrained water conditions.
8.2.3 Validation of the proposed theoretical model

The present study deals with the computation for seismic passive earth pressure
coefficient for caisson embedded in n-layered soil strata. No direct experimental or
theoretical studies are found in existing literature for caissons in layered soil or retaining wall
in more than 2 layers barring Shi et al. (2016). Therefore, the results for the present model
have been validated against results for retaining wall supporting 2-layered soil strata by
Santhoshkumar and Ghosh (2021) and compared with results of specific cases studied by Shi
et al. (2016). In addition, the results have also been compared with results for homogeneous
soil by choosing n=1 in the present study.

Santhoshkumar and Ghosh (2021) computed the seismic passive earth pressure
coefficient for retaining wall in 2-layered cohesionless soil using method of stress
characteristics in conjugation with pseudo-static approach for computation of seismic forces.
The results for varying ratio of soil friction angles in top and bottom layer is compared in Fig.
8.3 for h1/ho=1, y1/7>=0.83, 6/¢=2/3, ky=0 and B/H=5000. The results show that the magnitude
of seismic passive earth pressure coefficient obtained in the present study is more sensitive to
seismic acceleration coefficient than the study by Santhoshkumar and Ghosh (2021). This
trend may be attributed to higher seismic inertial forces obtained in the present study due to
amplification of acceleration through the soil strata as opposed to constant seismic
acceleration assumed by Santhoshkumar and Ghosh (2021).

Shi et al. (2016) have proposed a method of analysis of retaining wall supporting
layered backfill but have not presented generalized results, i.e., the magnitude of seismic
active and passive earth pressure force and resistance has been computed for 2 combinations
of site conditions. The authors have computed passive resistance offered to retaining wall for
the parameters mentioned in Table 8.1. The magnitude of total seismic passive resistance
obtained from present study have been compared with the results by Shi et al. (2016). The
resistance due to cohesion component has been computed as per results from Chapter 5. The
input parameters mentioned in Table 8.1 have been substituted in the formulations proposed
above to obtain seismic passive resistance for different seismic conditions and compared with
the study by Shi et al. (2016), as given in Table 8.2. The results of proposed method are

found to be slightly conservative but in good agreement with the results of Shi et al. (2016).
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Furthermore, the proposed model has been reduced to single layer and the results are

compared with the results of existing studies for single layer as mentioned in

Table 8.3. The proposed model returns the same results as Mononobe and Matsuo
(1929) and Biswas and Choudhury (2019) for static cases because of assumption of similar
failure geometry while returns more conservative results for seismic cases because of
application of modified pseudo-dynamic method as opposed to pseudo-static approach

considered by the other researchers.

21— Present Study
D 1 --3-- Santhoshkumar and Ghosh (2021)
0 0.05 0.1 0.15 0.2 0.25 0.3

Fig. 8.3 Comparison of results of present study with Santhoshkumar and Ghosh (2016)

Table 8.1 Soil properties adopted by Shi et al. (2016)

Soil friction angle (4) Unit weight (y) [KN/m®] | Cohesion (c) [kN/m?]
Hi=1m 30° 16.5 0
H> =2m 10° 18 15
Hz =3m 20° 19 10

Table 8.2 Comparison for seismic passive earth pressure with Shi et al. (2016)

Passive resistance (kN/m)
Kn ky J (%) .
Shi etal. (2016) | Present study
0.1 0.1 0 670 662.3
0.1 0.1 10 846.6 827.5
0.2 0.1 0 627.6 620.6
0.2 0.1 10 792 776.4
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Table 8.3 Comparison of results for homogeneous soil strata derived from present study with

existing literature for ky=0 and plane strain conditions

Seismic passive earth pressure coefficient (Ksp,)
Mononobe ) Biswas and
¢ | 0lg | kn Soubra | Lancelotta | Liu et al. Present
and Matsuo Choudhury
(2000) | (2007) (2017) Study
(1929) (2019)
0 0 2.04 2.04 2.04 2.04 2.04 2.04
0.1 1.888 1.89 1.872 - 1.888 1.802
0 2.414 2.39 2.349 2.38 2.414 2.414
20° | 1/3
0.1 2.196 2.19 2.155 - 2.196 2.075
s 0 2.635 2.58 2.477 2.56 2.635 2.635
0.1 2.379 2.35 2.273 - 2.379 2.237
) 0 3 3 3 3 3 3
0.1 2.821 2.82 2.802 - 2.821 2.726
0 4.143 4.05 3.886 4.02 4.143 4.143
30° | 1/3
0.1 3.83 3.77 3.630 - 3.829 3.665
- 0 4.977 4.69 4.288 4.61 4.977 4977
0.1 4.562 4.35 4.005 - 4.562 4.345

-2 suggests that studies were conducted for static conditions only
8.3 Present Study

The present deals with the development of a theoretical model for determination of
seismic passive earth pressure resistance offered to a caisson embedded in layered
cohesionless soil. Modified pseudo-dynamic method has been adopted to determine
acceleration profile of seismic waves. The shear wave velocity and primary wave velocity are
bound by Poisson’s ratio. For dry soil, the Poisson’s ratio has been considered as 0.3 and for
submerged soil, Poisson’s ratio has been assumed to be 0.495. This gives vp=1.87vs for dry
conditions and vp=10vs for submerged soil conditions. The fanning angle & has been chosen
equal to ¢/2 for the analysis [Bowman (1958); Biswas and Choudhury (2021)] and tangential
stress coefficient (1) has been assumed to be equal to Rankine’s passive earth pressure
coefficient [Liu et al. (2009)]. The depth of failure wedge (D) has been adopted as H/2.2
according to the recommendations of Olson et al. (2017). Furthermore, in order to minimize

the effect of damping ratio (¢) while keeping the amplification of seismic waves in realistic
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range, the magnitude of normalized frequency (wH/vs) has been chosen as 0.94 which gives
wH/p=0.5. While the formulation has been derived for any number of layers, the parametric
study has been performed for caisson of depth 22m embedded in 5-layered soil and resting on
rigid rock, with 10m deep failure wedge. 2 of the layers are assumed to lie below the failure
wedge while a maximum of 3 layers is assumed to accommodate the failure wedge. Curved
failure surfaces are recommended for rough walls by previous researchers. However, planar
failure surface is found to return seismic passive earth pressure coefficient for 0<¢/2 with
reasonable degree of accuracy. In field, the magnitude of soil-wall friction angle is found to
lie in the said range. Therefore, the present study considers 0<¢/2 for the analysis. Different

input parameters considered in the present study are mentioned in Table 8.4.

Table 8.4 Input properties used in the present study

Parameter Value
Unit weight of bottom layer of failure wedge (y3) 18kN
yily3, yaly3 09,1
Soil friction angle of bottom layer of failure wedge (¢3) 25°, 30° and 35°
P13, d2l p3 0.6,0.7,0.8,0.9and 1
Soil-wall friction angle (6/¢) 0, 1/3 and 1/2
Width of structure (B/H) 0.2,0.5,1, 5,500
Seismic horizontal acceleration coefficient (kn) 0,0.1and 0.2
Seismic vertical acceleration coefficient (kv) 0, 0.5kn and kn
H1:H; for 2-layered failure wedge 1:4, 2:3,3:2,4:1
H1:H2:Hs for 3-layered failure wedge g, 1981
Excess pore pressure ratio (ry) 0,0.2and 0.3

8.4 Results and Discussions

The analyses have been conducted to determine seismic passive earth pressure
coefficient for various combinations of input parameters mentioned in Table 8.4. The study
also presents the failure wedge geometry for various input parameters. The effect of various

input parameters has been mentioned in detail in the succeeding sections.
8.4.1 Effect of soil-wall friction angle (9)

The seismic passive earth pressure coefficient in the proposed model is found to

increase with increasing soil-wall friction angle irrespective of the number of layers, relative
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depths and soil friction angle of layers, submergence of soil or seismic conditions. Fig. 8.4 to
Fig. 8.9 reflect the effect of soil-wall friction angle on seismic passive earth pressure
coefficient. It is found that the seismic passive earth pressure coefficient increases by 36.83%
and 19.89% as o increases from 0 to ¢/3 and ¢/2 respectively for ¢=30°, ky=0.2, k=0 and
B/D=1 for failure wedge lying in single layer of soil. Similar trend was observed for failure
wedge lying in 2-layered and 3-layered soil. For H1/H>=2/3 in 2-layered soil, the increase is
36.03% and 18.91% for ¢1/$>=0.8, kn=0.1, ky=0 and B/D=1 and for Hi:H2:H3=1:2:3 with ¢1:
¢2: $3=3:4:5 for $3=30°, kn=0.1, kv=0 and B/D=1, the increase is 33.44% and 17.89% when ¢

increases from 0 to ¢/3.and ¢/2 respectively.

7 20 -
5/p=0 ]
6 | ——5/p=0
~53 \ B At G 5/0=1/
S N 5/ =1/2 ] =13
—— ] 8/p=1/2
3 - S ;O ] c
5 Villagd i P
5 ~
1 ] i a
0.1 1 gy 10 100 0.1 1 g/H 10 100
(a) (b)

Fig. 8.4 Variation of seismic passive earth pressure coefficient for failure wedge in single
layer under static conditions for (a) ¢=25° and (b) ¢=35°

12
10

KSD}’
I

] 5/p =0
g —38/p=1/3
] 5/p=1/2
0.1 1 gy 10 100

(@)

1

0

8 1
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Fig. 8.5 Variation of seismic passive earth pressure coefficient for failure wedge in single
layer with ¢=30°, ky=0 for (a) kn=0.1 and (b) kn=0.2
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Fig. 8.6 Variation of seismic passive earth pressure coefficient for failure wedge in 2 layers
with Hi:H>=2:3 and ¢1:¢2,=4:5 under static conditions for (a) ¢=25° and (b) #=35°
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Fig. 8.7 Variation of seismic passive earth pressure coefficient for failure wedge in 2-layers
with ¢2=30°, ky=0 with H1:H>=2:3 and ¢1:¢4>=4:5 for (a) kn=0.1 and (b) kn=0.2

Similarly, Fig. 8.10 reflects the volume change of failure wedge with change in soil-
wall friction angle and vertical seismic acceleration coefficient for 3-layered soil with
Hi:H2:H3=1:2:3 and ¢1:¢2:¢3=8:9:10 for ¢3=35° and kn=0.1. It can be observed that strength is
derived from larger volume of soil as soil-wall friction angle increases. The extent of failure
wedge increases by 12.75% and 24.53% as ¢ increases from 0 to ¢/3 and ¢/2 respectively at
top of soil strata. These increases in magnitude are 14.44% and 28.66% and 16.95% and

37.77% at top of 2" and 3" layer respectively, for the variation of 5 as mentioned earlier.
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Fig. 8.8 Variation of seismic passive earth pressure coefficient for failure wedge in 3 layers
for Hi:H2:H3=1:2:3 with ¢1:¢2:¢3=3:4:5 under static conditions for (a) ¢3=25° and (b) ¢#3=35°
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Fig. 8.9 Variation of seismic passive earth pressure coefficient for failure wedge in 3 layers
with ¢=30°, ky=0 for Hi:H2:H3=1:2:3 with ¢1: ¢2: ¢3=3:4:5 for (a) kn=0.1 and (b) kn=0.2
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Fig. 8.10 Extent of failure wedge formation in front of caisson for varying soil-wall friction

angle
8.4.2 Effect of soil-soil friction angle (¢)

Soil-soil friction angle (¢) has the same incremental effect on seismic passive earth
pressure coefficient as soil-wall friction angle. Fig. 8.11 to Fig. 8.16 depict the variation of
Kspy with change in ¢ for different input parameters. For ka=0.1, ko/kn=0.5, d/¢=1/3 and
B/H=1, the seismic passive earth pressure coefficient increases by 40.6% and 105.95% as ¢
increases from 25° to 30° and 35° respectively for failure wedge lying entirely in single layer.
For failure wedge extending up to 2 layers with Hi:H>=2:3 and ¢1:¢>=4:5, the increase in
magnitude of Ksp, for the above-mentioned increment of ¢ is 39.23% and 98.56%
respectively. The increment for 3-layered soil is much more violent as the increase in Ksp,
magnitude is 117.51% and 229.29% respectively for soil profile with H1:H2:H3=1:2:3 and ¢1:
¢2: $3=3:4:5. This high sensitivity is observed because of steep decline in K, value for
#3=25° as the soil friction angle in top layer reduces to 15°. Fig. 8.17 shows variation of
extent of failure wedge in front of caisson lying in 3-layered soil for different soil friction
angles for Hi:H2:H3=1:2:3 and ¢1:¢2:43=8:9:10, ¢3=35° under static condition.
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Fig. 8.11 Variation of seismic passive earth pressure coefficient for failure wedge in single
layer under static conditions for (a) 6=¢/3 and (b) 6=¢/2
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Fig. 8.12 Variation of seismic passive earth pressure coefficient for failure wedge in single
layer for kn=0.1, kv/kn=0.5 for (a) 6=¢/3 and (b) 6=¢/2
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Fig. 8.13 Variation of seismic passive earth pressure coefficient for failure wedge in 2 layers
with Hi:H>=2:3 and ¢1:¢2=4:5 under static conditions for (a) 0=¢/3 and (b) 0=¢/2
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Fig. 8.14 Variation of seismic passive earth pressure coefficient for failure wedge in 2 layers
with kn=0.1, kv/kn=0.5 with H1:H>=2:3 and ¢1:¢>=4:5 for (a) 6=¢/3 and (b) 6=¢/2
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Fig. 8.15 Variation of seismic passive earth pressure coefficient for failure wedge in 3 layers
under static conditions for Hi:H2:H3=1:2:3, ¢1: ¢2: ¢3=3:4:5 for (a) 0=¢/3 and (b) 0=¢/2
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Fig. 8.16 Variation of seismic passive earth pressure coefficient for failure wedge in 3 layers
with kn=0.1, kw/kn=0.5 for Hi:H2:H3=1:2:3, ¢1: ¢2: ¢3=3:4:5 for (a) o=¢/3 and (b) o=¢/2

It can again be observed that larger volume of soil contributes to provide passive

resistance as soil-soil friction angle increases. The extent of failure wedge increases by 4.52%

and 10.26% as ¢3 increases from 25° to 30° and 35° respectively at top of soil strata. These

increases in magnitude are 9.53% and 20.15% respectively at top of 2" layer and 16.77% and

34.16% respectively at the top of 3™ layer.
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Fig. 8.17 Extent of failure wedge formation in front of caisson for varying soil-soil friction

angle under static conditions
8.4.3 Effect of seismic acceleration coefficients (kn and ky)

The seismic acceleration coefficients dictate the magnitude of seismic inertial forces
acting on the failure wedge at any location. In the current study, modified pseudo-dynamic
method has been employed to determine acceleration profile in different layers based on the
magnitudes of primary and shear wave velocity, base acceleration amplitude, damping ratio
and normalized frequency. The seismic inertial forces are directly proportional to the seismic
acceleration coefficients. Therefore, as the seismic acceleration coefficients increases, net
resistive forces decreases and seismic passive earth pressure coefficient decreases. Fig. 8.18
to Fig. 8.23 depict the variation of seismic passive earth pressure coefficient with horizontal
and vertical seismic acceleration coefficients (kn and kv respectively). It can be observed by
merely a glance to Fig. 8.18 and Fig. 8.19 that Ksp, is much more sensitive towards kn than k.
It is found that seismic passive earth pressure coefficient diminishes by 20.12% and 40.72%
as kn increases from 0 to 0.1 and 0.2 respectively for ¢=35°, 0/¢=1/2, ky=kn, B/H=1 when

failure wedge is formed in homogeneous soil. For same set of soil properties and caisson
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geometry, when kv/kn is increased from 0 to 0.5 and 1 for ky=0.1, the percentage reduction in
Ksp, is determined as 5.47% and 10.92% respectively which suggests that kn is a more

dominant parameter than ky during seismic analysis of caissons.
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Fig. 8.18 Variation of seismic passive earth pressure coefficient with kn for failure wedge in
single layer for ¢=35°, 6/¢=1/2 and (a) kv=0 and (b) kv=kn
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Fig. 8.19 Variation of seismic passive earth pressure coefficient with ky for failure wedge in
single layer for ¢=35°, 6/¢=1/2 and (a) kn=0.1 and (b) kn=0.2
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Fig. 8.20 Variation of seismic passive earth pressure coefficient with kn for failure wedge in 2
layers with H1:H2=2:3 and ¢1:¢>=4:5 for ¢=35°, d/¢=1/2 and (a) k=0 and (b) kv=kn
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Fig. 8.21 Variation of seismic passive earth pressure coefficient with ky for failure wedge in 2
layers with H1:H>=2:3 and ¢1:¢2=4:5 for ¢=35°, d/¢=1/2 and (a) kn=0.1 and (b) kn=0.2

For 2-layered failure wedge, the reduction in Ksp, when kn increases from 0 to 0.1 and
0.2 is 13.13% and 26.93% respectively for ¢4=35°, d/¢=1/2, k\=0 and B/H=1. The reduction is
5.81% and 11.62% when kv/kn increases from 0 to 0.5 and 1 respectively for same of input
parameters and kn=0.1. The decrease for 3-layered failure wedge is 15.22% and 32.38% for

increasing kn and 6.07% and 11.79% respectively for increasing ky for the input parameters
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mentioned for 2-layered failure wedge. This suggests that as the number of layer increases,
the sensitivity of Ksp, towards kn and ky also increases. Fig. 8.10 illustrates that extent of

failure wedge in front of caisson is roughly insensitive to ky.
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Fig. 8.22 Variation of seismic passive earth pressure coefficient with ky for failure wedge in 3
layers for Hi:H2:H3=1:2:3, ¢1: ¢2: $3=3:4:5 with ¢3=35°, 6/¢=1/2 and (a) ky=0 and (b) kv=kn
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Fig. 8.23 Variation of seismic passive earth pressure coefficient with ky for failure wedge in 3
layers with H1:H2:H3=1:2:3, ¢1: ¢2: ¢3=3:4:5 for $=35°, 6/¢=1/2 and (a) kn=0.1 and (b) kn=0.2
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Larger volume of soil falls in the failure wedge as the magnitude of ks increases as is
evident from Fig. 8.24 which suggests that strength from larger volume of wedge is
mobilized to counter the horizontal seismic inertial force. The extent of failure wedge
increases by 14.17% and 35.71% as kx increases from 0 to 0.1 and 0.2 respectively at top of
soil strata for ¢=35°, 6/¢=1/2 and k,=0. These increases in magnitude are 10.15% and 25.47%
respectively at top of 2" layer and 6.5% and 15.21% respectively at the top of 3 layer. The
increasing magnitude of volume suggests that volume of soil failing at top is increasing at
accelerated rate owing to amplification of acceleration amplitude as the earthquake waves
move upward.

Extent of wedge formation in front of caisson (m)
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ol SN
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Fig. 8.24 Extent of failure wedge formation in front of caisson for varying horizontal seismic

acceleration coefficient
8.4.4 Effect of submergence of soil and excess pore pressure ratio (ry)

Presence of pore water reduces the shear strength of soil by development of pore
water pressure. Higher the excess pore water pressure developed; more will be reduction in
shear strength. Therefore, dry soil provides maximum soil resistance followed by submerged

soil with free water wherein excess pore water pressure is instantaneously dissipated. In case
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of submerged soil with restrained water, excess pore water pressure accumulates faster than it
dissipates since the mobility of pore water is very limited in this condition. Fig. 8.25 to Fig.
8.27 represent the effect of submergence of soil and excess pore water ratio on seismic
passive earth pressure coefficient.
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Fig. 8.25 Variation of seismic passive earth pressure coefficient with soil submergence state
for ¢=35°, d/$=1/2, kn=0.1, r,=0.3 and (a) kv/kn=0 and (b) kv/kn=1
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Fig. 8.26 Variation of seismic passive earth pressure coefficient with excess pore water
pressure ratio for $=35°, 6/¢=1/2, kn=0.1, B/H=0.5 for different kv/kx for (a) free water
condition and (b) restrained water condition
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Fig. 8.27 Variation of seismic passive earth pressure coefficient with ¢=35°, 6/¢=1/2, kn=0.1,
for different excess pore pressure ratio for (a) free water and (b) restrained water condition

It is observed that there is a significant reduction in seismic passive earth pressure
coefficient when soil changes to submerged state from dry conditions. However, the effect is
mild when mobility of pore water changes from free to restrained. The percentage reduction
in magnitude of Ksp, when soil changes from dry to submerged with free water and
submerged with restrained water is obtained as 18.92% and 22.53% respectively for wedge in
single layer with ¢=35°, d/¢=1/2, kn=0.1, kv=0 and B/H=1. In submerged soil, the seismic
passive earth pressure coefficient also diminishes with increasing excess pore pressure ratio
(ru), which determines the extent by which effective stress decreases leading to reduction in
shear strength. For kn=0.1, kv=kn, ¢=35°, o/¢=1/2 and B/H=0.5, Ksp, reduces by 9.57% and
16.53% as ry increases from 0 to 0.2 and 0.3 respectively in free water condition and 10.65%
and 18.46% in restrained water condition.

The extent of failure wedge increases by 37.89% and 157.67% for submerged soil
with free water condition and restrained water condition respectively, compared to dry soil at
top of soil strata for ¢=35°, 6/¢p=1/2, ky=0.1, k,=0 and B/H=1. These increases in magnitude
are 25.63% and 39.91% respectively, at top of 2" layer and 9.41% and 13.93% respectively,
at the top of 3" layer as depicted in Fig. 8.28.
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Fig. 8.28 Extent of failure wedge formation in front of caisson for different soil submergence

states

Fig. 8.29 illustrates the change in failure wedge profile in vertical plane as the
magnitude of excess pore pressure ratio varies. The extent of failure wedge increases by
5.26% and 11.28% when ry increases from 0 to 0.2 and 0.3 respectively for submerged soil
with free water condition at top of soil strata for $=35°, 6/¢=1/2, kn=0.1, ky=0 and B/H=1. The
increase in magnitude is 6.46% and 14.03% respectively at top of 2" layer and 2.59% and
5.31% respectively at the top of 3" layer as depicted in Fig. 8.29.

8.4.5 Effect of width of caisson (B)

The effect of increase in width of caisson is to reduce the seismic passive earth
pressure coefficient. As the width of caisson increases, the volume of failure wedge per unit
width of caisson decreases as seen in the previous chapter, i.e., 3D behaviour of failure
wedge gradually changes into plane strain behaviour. Therefore, as the width of caisson
increases, the percentage contribution of volume of failure mobilizing its strength decreases,
thereby causing the seismic passive earth pressure coefficient to decrease. Fig. 8.18 to Fig.
8.23 highlight the points made above.
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Fig. 8.29 Extent of failure wedge formation in front of caisson for different excess pore

pressure ratio

It is found that seismic passive earth pressure coefficient decreases by 32.25% and
43.68% as B/H increases from 0.2 to 0.5 and 1 respectively for ¢=30°, 6/¢=1/2, kn=0.1 and
kv=kn when failure wedge is formed in homogeneous soil. Similarly, for failure wedge
extending up to 2 layers with Hi:H2=2:3 and ¢1:4.=4:5, the decrease in magnitude of Ksp, for
the above-mentioned increment of B/H is 27.4% and 37.43% respectively. The reduction for
3-layered soil is even milder as the decrease in Ksp, magnitude is 25.22% and 34.38%
respectively for soil profile with Hi:H2:H3=1:2:3 and ¢1: ¢2: $3=3:4:5.

The failure wedge profile in vertical plane is also found to vary with change in width
of caisson. The horizontal extent of failure wedge in front of caisson is observed to increase
by 9.18% and 25.59% when B/H increases from 0.5 to 1 and 5 respectively at top of soil
strata for ¢=35°, 6/$=1/2, kn=0.1, ky=0. The increase in magnitude is 8.39% and 22.32%
respectively at top of 2" layer and 6.28% and 13.28% respectively at the top of 3™ layer as
depicted in Fig. 8.30.
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Fig. 8.30 Extent of failure wedge formation in front of caisson for different width of caisson
8.4.6 Effect of relative depth of layers

The relative depth of different layers of soil strata containing the failure wedge also
has significant influence on the seismic passive earth pressure coefficient for the strata. The
study has analyzed the effect of different combinations of depths of layers along with the soil
friction angle in those layers on seismic passive earth pressure coefficient. Fig. 8.31 to Fig.
8.33 demonstrate the effect of relative depth and soil friction angle in different layers of the
soil strata containing failure wedge. It can be seen that the magnitude of seismic passive earth
pressure coefficient decreases as the number of layers in failure wedge increases. For soil
friction angle of bottom layer of failure wedge equalling 30°, kn=0.1, k=0 and =0, the
seismic passive earth pressure decreases by 26.28% and 35.02% when number of layers
increase from 1 to 2 and Hi/Hz increases from 0 to 1/4 and 2/3 respectively as shown in Fig.
8.31. For 2-layered failure wedge with ¢1/¢2=0.8 with $2=30°, ky=0.1, kv=0 and 0=¢/2, the
seismic passive earth pressure coefficient decreases by 13.03% and 17.82% as Hi/H:
increases from 1/4 to 2/3 and 3/2 respectively. Greater share of failure wedge depth lies in
weaker soil in this condition causing the seismic passive earth pressure coefficient to

decrease as Hi/H: increases.
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Fig. 8.31 Variation of seismic passive earth pressure coefficients for different relative depths

of layers for (a) o/¢=0 and (b) o/¢=1/2
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Fig. 8.32 Variation of seismic passive earth pressure coefficients for different relative soil

friction angles of layers for (a) k=0 and (b) kv=kn/2
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Fig. 8.33 Variation of seismic passive earth pressure coefficients for different relative soil

friction angles of layers for (a) ¢3=30° and (b) ¢#3=35°
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It is also evident that the magnitude of seismic passive earth pressure coefficient
would decrease if the magnitude of soil friction angle decreases as seen in Fig. 8.32 and Fig.
8.33. For 3-layered failure wedge with Hi:H2:H3=1:2:3, $#3=30°, kx=0.1, ky=0, B/H=0.5 and
0=¢l2, the seismic passive earth pressure increases by 15.44%, 22.62% and 91.34% when
P1:¢2:¢3 changes from 3:4:5 to 7:9:10, 8:9:10 and 1:1:1 (homogeneous soil) respectively. For
$#3=35° kn=0.2, and all other parameters remaining the same, the seismic passive earth

pressure increases by 23.81%, 34.62% and 151.73% respectively for the same change in

p1:42:¢3.
8.5 Summary

This chapter deals with the problem of determining seismic passive earth pressure
coefficient for caisson embedded in layered cohesionless soil. The study presents formulation
for computation of seismic passive earth pressure coefficient for soil strata with any number
of layers. Modified pseudo-dynamic approach has been used to determine the acceleration
profile using linear ground response analysis. The study has been carried out to consider
caisson embedded in both dry and submerged soil depending on the permeability of the soil.
Furthermore, width of structure is also considered in the study so that it can be applicable for
rigid geotechnical structures for a series of widths. The effect of soil friction angle, soil-wall
friction angle, seismic acceleration coefficients, excess pore pressure ratio have also been
explored on the seismic passive earth pressure coefficient and vertical profile of failure
wedge. Finally, the effect of relative depth of various layers and relative soil friction angle of
layers on has been investigated on seismic passive earth pressure coefficient. The study
should be helpful for design engineers and researchers when dealing with the problem of
geotechnical structures embedded in layered soil considering dynamic soil properties.
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Chapter 9
CONCLUSIONS

9.1 General

Caisson is a very important foundation system with capabilities to support wide array
of loads by virtue of its huge mass and stiffness. Therefore, various aspects related to caisson
which were either previously unexplored or less studied have been identified through
extensive literature review. Numerical studies using finite-element method-based computer
program ABAQUS has been conducted and elaborated in this thesis. The results of the
numerical modelling, which show that caissons are rigid foundation systems and return the
shape of failure wedge in horizontal and vertical plane, have been further used to develop
theoretical model under variety of conditions to better study the response of caissons.
Theoretical studies have been conducted to explore caissons in c-¢ soil with surcharge
considering 3D log-spiral failure wedge. Analysis of caissons in generalized n-layered
cohesionless soil considering 3D polylinear failure wedge and using modified pseudo-
dynamic method has been conducted to throw light on lesser-known aspects of caisson

behaviour.
9.2 Comparison of Results from Different Theoretical Studies

Pseudo-static and modified pseudo-dynamic approaches have been used to determine
seismic passive earth pressure coefficients under different conditions. The pseudo-static
analysis conducted in Chapter 5 considers principle of superposition to be valid so that total
passive resistance due to all resistive components [cohesion (c), surcharge (g) and unit weight
(»)] acting together is equal to sum of each component acting individually (c=0, g=0 and
y#0), (c=0, g#0 and y=0) and (c#0, g=0 and y=0). Therefore, individual minimum value of
seismic passive earth pressure coefficients for a given set of soil, soil-wall interface and
seismic parameters are returned by the study without taking relative magnitude of ¢, g and y
into account. On the other hand, the pseudo-static analysis in Chapter 6 considers failure
surface with all the resisting components acting together. The seismic passive earth pressure
coefficient is then obtained based on failure wedge obtained considering impact of relative
magnitude of ¢, g and y. Therefore, magnitude of seismic passive earth pressure coefficients

from the proposed model in Chapter 6 is always greater than or equal to that in Chapter 5.
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The modified pseudo-dynamic method considers amplification of seismic acceleration
through the soil strata. The seismic passive earth pressure coefficient obtained from model
proposed in Chapter 7 uses this method with consideration of 3D log-spiral failure wedge.
However, the seismic passive earth pressure coefficient in Chapter 8 is obtained by
considering 3D polylinear failure surface obtained by sequentially optimizing the passive
earth pressure in different layers. For the purpose of comparison of results obtained from
proposed model in Chapter 8, the number of layers has been reduced to 1. Table 9.1
compares the results from various theoretical maodels proposed in the present study. It reflects
that the magnitude of Ksp, obtained from modified pseudo-dynamic method with 3D log-
spiral failure surface is minimum amongst all the proposed models. 1t is also seen that as the
magnitude of d/¢ increases, the magnitude of Ksp, increases more compared to other models.
It is also observed that the magnitude of Ksp, obtained from combined failure surface model is

always greater than individual failure surface model.

Table 9.1 Comparison of results from various theoretical methods used in the present study
for kv=0 and B/D=1

Input Seismic passive earth pressure coefficient due to unit weight component (Ksp,)
parameters Pseudo-static Pseudo-static analysis Modified Modified
analysis considering combined | pseudo-dynamic | pseudo-dynamic
5@ | 16 | K considering failure wedge (c=15 | analysis for log- analysis for
individual failure kPa, g=15 kPa and spiral failure planar failure
wedge y=18 kN/m?) wedge (£=0.14) | wedge (£=0.14)
0.1 3.127 3.151 2.696 3.055
0 0.2 2.501 2.520 2.233 2.579
20 | U3 0.1 4.410 4.443 3.868 4.301
0.2 3.334 3.359 3.087 3.506
0.1 4772 4.820 4.545 5.230
v 0.2 3.871 3.909 3.758 4.189
0.1 3.993 4.023 3.565 3.940
0 0.2 3.318 3.342 3.016 3.388
2 | 13 0.1 6.257 6.303 5.820 6.300
0.2 5.129 5.167 4771 5.232
0.1 8.057 8.126 7.811 8.369
1e 0.2 6.527 6.592 6.337 6.828
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9.3 Conclusions from the Present Study

Following major conclusions are drawn from the objectives undertaken and work

conducted in the thesis.

9.3.1 Numerical modelling of caisson in layered soil to develop generalized 3D

interaction diagrams

e Caissons are rigid foundation system as evidenced by the linear nature of load-
displacement diagram thereby indicating caissons undergo rigid body rotation and
translation.

e For the same magnitude of vertical load, caisson with lower magnitude of soil-wall
friction angle fails at smaller magnitude of lateral load and moment. A caisson-soil
system with larger magnitude of ¢ will be better suited to resist higher magnitude of
external lateral loads and moments.

e Higher magnitude of soil-wall friction angle tends to stabilize the caisson as it
diminishes caisson displacements. In the present study, this phenomenon has been
reflected through maximum and minimum base pressure, tilt of caisson, point of
rotation and interaction curves.

e Horizontal seismic acceleration coefficient is more dominant factor in deciding failure
load combination than vertical seismic acceleration coefficient. The increase in tilt of
caisson as kp increases from 0 to 0.1; 0 to 0.2 and from 0 to 0.3 is as high as 20.75%,
54.9% 136.35% respectively, for a given loading combination. For the same loading
combination, the increase in tilt of caisson when ky/kn increases from 0 to 0.5 and 0 to
1 is very small and around 1.46% and 2.97% respectively.

e The depth of point of rotation of caissons for a particular vertical load and horizontal
seismic acceleration coefficient tends to converge towards a common point for
different ki/kn ratios.

e Lateral loads, including horizontal seismic force, have higher influence in inducing
yielding of soil as compared to vertical loads. Lateral loading causes large
displacement of caissons causing the surrounding soil to fail as evidenced by tilt, shift

and maximum and minimum base pressure variations.
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9.3.2

The 3-axis interaction diagram reflect that increase in lateral load, and seismic
acceleration coefficients destabilizes the caisson while increase in soil-wall friction

angle and vertical load adds to the stability.
Numerical modelling of caisson in layered soil to determine load sharing behaviour

The normalization of resistive forces with respect to applied lateral and vertical
loading reveals the non-linear response of surrounding soil to external loading, along
width of caisson. The effect of lateral and vertical load on horizontal and vertical skin
friction is found to be linear along depth of caisson, i.e., equal increment in
normalized resistive force for increment in applied lateral load and vertical load.

The magnitude of all the resistive forces on all faces of caisson is found to increase
with lateral load and vertical load, but normalization of horizontal skin friction and
vertical skin friction forces on side faces of caisson reduces its magnitude with
increase in loading.

The magnitudes of normalized horizontal and vertical skin friction and base reaction
decreases with increase in soil-wall friction angle and vertical seismic acceleration
coefficient while the magnitude of normalized base friction increases with increasing
soil-wall friction angle and reduces with increasing vertical seismic acceleration
coefficient. However, the effect of vertical seismic acceleration coefficient (kv) on all
the resisting forces is nominal. Increasing the magnitude of ky, from 0 to kn/2 and kn for
V=800kN, o=¢ and k,=0.1, the reduction in normalized base pressure is 2.93% and
5.89% respectively for Q/V=0.25 and 3.31% and 7.1% respectively for Q/V=0.75.
Normalized shear force diagrams suggest lower demand of normalized lateral
resistive forces to act on caisson for increasing soil-wall friction angle and higher
demand of normalized lateral resistive forces for increasing lateral load, vertical load
and seismic acceleration coefficients.

Empirical correlation for percentage of resisting moment provided by sides of caisson
has been obtained by extensive regression analysis based on the detailed data set

obtained from ABAQUS and calculations made for obtaining resisting moments.
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9.3.3

9.34

Seismic passive earth pressure resistance on caisson embedded in c-¢ soil with

surcharge load using method of superposition

Kspg and Ky, values diminishes with increase in horizontal and vertical seismic
acceleration coefficients as they exert additional inertial forces which causes larger
wedge of soil to fail. However, the magnitude of Kspc remains unaffected by change in
kn and ky. In case of ¢pn=25°, om=¢m/3 and B=16 m, for ky=0.1, as ky increases from 0
to kn/2 and from kn/2 to kn, the magnitude of K, decreases by 9.43% and 10.22%
respectively while Kspq diminishes by 9.07% and 9.83% respectively. However, for
kn=0.2, this reduction is much more pronounced for both Kspq and Ky,,, as a reduction
of 25.24% and 37.51% respectively is observed in K, for the above-mentioned set of
input parameters.

The seismic passive earth pressure coefficients increase with increasing magnitudes of
soil friction angle (¢m) and soil-wall friction angle (om) as they are direct indicative of
strength of surrounding soil and bonding between soil and structure respectively. The
increase in seismic passive earth pressure coefficients is much more significant for
higher magnitudes of ¢m and Jm.

The magnitude of seismic passive earth pressure coefficients decreases with increase
in B/D ratio. As the width of caissons increase, the 3-D behaviour tends to convert
into plane strain behavior because the volume of soil in side wedges with respect to
volume of wedge in front of caisson keeps diminishing. Therefore, the magnitude of
extra soil resistance per unit width of caisson keeps decreasing with increase in width
of structure.

The present study returns slightly conservative magnitudes of seismic passive earth
pressure coefficients compared to the actual values at failure, as these are absolute
minimum values obtained using principle of superposition assuming each component

is acting alone in absence of the other two.

Seismic passive earth pressure resistance on caisson embedded in c-¢ soil with

surcharge load assuming combined failure surface

The magnitude of Kspc increases with increasing kn and ky values as the larger surface
area of failure wedge generates higher cohesive resistance. The magnitude of seismic
passive earth pressure coefficients due to cohesion component was found to have

nominal sensitivity towards vertical seismic acceleration coefficient.
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9.3.5

Kspg and Ky, values diminishes with increase in horizontal and vertical seismic
acceleration coefficients as they exert additional inertial forces which causes larger
wedge of soil to fail. For B = 16 m, kv = kn/2, ¢m = 25° and om = ¢m/3, as kn is
increased from 0 to 0.1 and 0.1 to 0.2, the magnitude of K, diminishes by 20.72%
and 30.91% respectively. The reduction in Kspq magnitudes for the same increase in kn
values are 20.47% and 30.72% respectively for the identical set of parameters.

The magnitude of earth pressure coefficients diminishes with increase in B/D ratio. As
the width of caissons increase and plane strain conditions start prevailing, the
sensitivity of the coefficients with respect to B/D diminishes. For B/D > 5, these
coefficients remain mostly insensitive to width for all combinations of input
parameters.

The present study returns the practical magnitudes of earth pressure coefficients at
failure which are slightly higher than their absolute minimum values because the
present study assumes a single failure surface for all the resisting parameters acting
together, which is the actual case in field conditions.

The design charts prepared in the present study reflect the seismic passive earth
pressure coefficients when cohesion, surcharge and unit weight components interact
with each other as opposed to minimum values of coefficients acting alone on

individual failure surface which is an impractical assumption.

Seismic passive earth pressure resistance on caisson using modified pseudo-

dynamic method

Volume per unit width (V/B) of caisson increases with decrease in width of caisson
since the relative volume of side wedge compared to volume of wedge increases. V/B
of caisson also increases with increase in soil friction angle, soil-wall friction angle,
horizontal and vertical seismic acceleration coefficients and excess pore pressure
ratio. In addition, V/B ratio decreases nominally with increase in damping ratio (¢).
Seismic passive earth pressure coefficient (K,,) increases significantly with decrease
in width of caisson since the V/B ratio increases and provides additional resistance. In
other words, 3D behaviour of failure wedge becomes more and more dominant as the
width of caisson decreases.

Submergence of soil also causes the K, value to decrease. While the decrease is

marginal for free water condition, the reduction in magnitude is significant for

236



9.3.6

restrained water condition. For ¢m = 30°, om = ¢m/3, ru = 0.2, £=0.15, kn = 0.1, ky =0
and B/D = 1, as the soil changes from dry to submerged soil with free water and
submerged soil with restrained water conditions, the K,, value reduces by 3.29% and
21.57% respectively.

Kpy decreases with increase in excess pore pressure and the reduction is much higher
for higher values of ru. As ry increases from 0 to 0.2 and 0.4, K, is found to reduce
by 13.41% and 41.49% respectively for ¢m = 30°, om = ¢m/3, ru = 0.2, £ = 0.15, kn =
0.1, kv =0and B/D = 1.

Kspy increases with increase in ¢m and om but decreases with increase in seismic
acceleration coefficients. Nominal increase is also observed with increase in damping

ratio (&) since it diminishes the extent of amplification of earthquake waves.

Seismic passive earth pressure coefficient for caisson in layered soil using modified

pseudo dynamic method

The proposed model calculates the magnitude of seismic passive earth pressure
coefficient for n-layered cohesionless soil supporting a rectangular caisson. The effect
of soil friction angle, soil-wall friction angle, horizontal and vertical seismic
acceleration coefficient, effect of submergence, excess pore pressure ratio, width of
caisson and relative depth and relative soil friction angle has been presented. The
study can thus provide seismic passive resistance offered by soil layers with different
relative depth and relative soil friction angle for a multitude of parameters.

The magnitude of seismic passive earth pressure coefficient (Ky,,) increases with
increase in soil friction angle and soil-wall friction angle. For Hi/H>=2/3 in 2-layered
soil, the increase in Ky, is 36.03% and 18.91% respectively when ¢ increases from 0
to ¢/3 and ¢/3 to ¢/2 for $,=30°, ¢1/$>=0.8, kn=0.1, kv=0 and B/D=1. The increase is
33.44% and 17.89% respectively for 3-layered soil with Hi:H2:H3=1:2:3 and ¢1: ¢2:
$3=3:4:5, for ¢3=30°, kn=0.1, k,=0 and B/D=1.

The seismic passive earth pressure coefficient reduces with increase in both horizontal
and vertical seismic acceleration coefficients. The seismic passive earth pressure
coefficient diminishes by 20.12% and 40.72% as kn increases from 0 to 0.1 and 0.2
respectively for ¢=35°, d/¢=1/2, k=kn, B/H=1 when failure wedge is formed in
homogeneous soil. For same set of soil properties and caisson geometry, when ky/kx is

increased from 0 to 0.5 and 1 for ks=0.1, the percentage reduction in K, is
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determined as 5.47% and 10.92% respectively which suggests that kn is a more
dominant parameter than ky during seismic analysis of caissons.

Submergence of soil causes K, value to reduce. The percentage reduction in
magnitude of K, when dry soil changes to submerged with free water and submerged
with restrained water is 18.92% and 22.53% respectively for wedge in single layer
with ¢=35°, 6/¢=1/2, kn=0.1, ky=0 and B/H=1.

In submerged soil, the seismic passive earth pressure coefficient also diminishes with
increasing excess pore pressure ratio (ru). For kn=0.1, kv=kn, ¢=35°, d/¢=1/2 and
B/H=0.5, K, reduces by 9.57% and 16.53% as ry increases from 0 to 0.2 and 0.3
respectively in free water condition and 10.65% and 18.46% in restrained water
condition.

The extent of failure wedge in front of caisson increases with increasing ¢, o, kn, ru
and width of caisson. The extent of failure wedge is also increased upon submergence

of dry soil. However, it is found to be unaffected with increase in ky values.

9.4 Contributions from the Present Study

Following major contributions have been made to the existing research work from the

present study:

Development of generalized 3D interaction diagram relating vertical load-lateral load-
moment (V-Q-M) at failure based on numerical analysis of caisson in layered soil with
consideration of pore water pressure.

Determination of variation of various resistive forces acting on different faces of
caisson under varying loading, soil-wall friction angle and seismic acceleration
coefficients and development of empirical correlation for percentage of resisting
moment shared by sides of caisson.

Formulation and design charts for seismic passive earth pressure coefficients
considering individual- and combined failure surface for different resisting
components, i.e., cohesion, unit weight and surcharge component.

Modified pseudo-dynamic analysis of caisson highlighting the effect of width of
caisson considering 3D log-spiral failure wedge obtained from numerical study.
Formulation for pseudo-dynamic analysis of caisson embedded in n-layered
cohesionless strata reflecting the effect of relative depths and soil friction angles of

layers.
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e Parametric study of variation of extent of failure wedge in front of caisson for

variation of a wide array of input parameters and its effect on seismic passive earth
pressure coefficient.

Table 9.2 Comparison of merits, demerits and reliability of the various theoretical models

Pseudo-static

Pseudo-static

Modified pseudo-

Modified pseudo-

Model Ivsi ideri Ivsi ideri q : vsis | d . Ivsi
,| analysis considering | analysis considering | dynamic analysis | dynamic analysis
individual failure combined failure for log-spiral for planar failure
Criterionl wedge wedge failure wedge wedge
_ Considers effects
Considers the
_ _ of excess pore _
Simple magnitudes of Simple
I pressure and
resisting components ) ]
damping ratio
_ _ Considers both _
) Considers a unique Effectively
Less computational j dry and
: ) failure wedge for all models layered
Merits effort required submerged ]
components il soil
conditions
Reports variation of _ _
| ¥ ] g ! Considers Considers
Assumes realistic | seismic passive earth ) )
) . acceleration acceleration
shape of failure pressure coefficient . y - )
) . variation with variation with
wedge due to cohesion with
depth depth
kn and ky
Considers different
failure wedge for Acceleration .
: o Rigorous Accuracy reduces
different components variation is not ! _
) ) analysis at higher ¢
_ for failure in same accounted
Demerits
stratum
Acceleration ] ) Considers Considers
o High computational ) _ ) _
variation is not ) cohesionless soil | cohesionless soil
effort required
accounted only only
Reliability Moderate Fair High High
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9.5 Limitations of the Present Study

9.6

Some of the identified limitations of the present study are mentioned below.

Use of traditional Mohr-Coulomb model for modelling of sand during numerical
study.

Variation of caisson geometry, embedment depth and soil friction angle has not been
considered in the numerical study.

Linear ground response analysis has been adopted for obtaining the acceleration
profile in various layers in modified pseudo dynamic analysis.

Surcharge load and cohesion of soil has not been considered in the modified pseudo-

dynamic analysis

Scope for future work

Following studies may be undertaken in the future:

Dynamic numerical analysis of caisson in presence of pore water may be performed to
capture response to lateral spreading induced from liquefaction.

Consideration of equivalent linear or non-linear ground response for modified pseudo-
dynamic analysis will be able to capture soil behaviour with more accuracy.
Theoretical study of caisson in layered c-¢ soil using modified pseudo-dynamic
method considering 3D log-spiral failure wedges and subjected to surcharge load.
Wave loading may be taken into consideration as a dynamic load for the analysis of

caisson.
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