Volume 71 Issue 12, 133-143, December 2023
© 2023 Seventh Sense Research Group®

International Journal of Engineering Trends and Technology
ISSN: 2231-5381 / https://doi.org/10.14445/22315381/IJETT-V71112P214

Original Article

A Study of the Flexibility Response of Soil Elements on
Uplifting Elastic Foundation during Seismic Motion

Ugwu Juliet Nnekal, Onyia Micheal Ebie?, Okafor Fidelis Onyebuchi?

!Department of Civil Engineering, Enugu State University of Science and Technology, Enugu, Nigeria.
23Department of Civil Engineering, University of Nigeria, Nsukka, Enugu, Nigeria.

ICorresponding Author : Juliet.ugwu@esut.edu.ng

Received: 05 August 2023 Revised: 20 October 2023 Accepted: 27 October 2023 Published: 06 December 2023

Abstract - This study investigated the influence of soil flexibility on the elastic foundation during uplifting from earthquake
ground motion. Foundation flexibility and uplift are occurrences from ground motions that could cause significant changes to
system responses, considering the Winkler Foundation with its limitations and the Filonenko-Borodich (F-B) foundation to
overcome the limitations of the Winkler foundation. During uplift, the foundation becomes nonlinear as the soil elements yielding
becomes more flexible, reducing the ductility of the soil structure system. EI-Centro (1940) ground motion in the time domain
was used, and differential equations describing motions of the system due to earthquake excitations were developed for the time
history analysis with deformations outside the loaded part of the foundation considered. Analyses were performed using Newton's
second law of motion, by dynamic equilibrium method like D'Alembert's principle and by applying equilibrium of moments for
the equations of motion. The formulated differential equations were solved by applying the Duhamel integral and further solved
using Simpson's numerical method. The resulting response effect of the F-B model was discussed in comparison with the Winkler
model. The numerical case study was used to illustrate the effects of soil flexibility on elastic foundation and soil ductility during
ground motion, which, when neglected, may lead to errors in predicting seismic actions. The structure's response during uplift
may differ from the response before uplift, which might depend on the parameters of the structure foundation and intensity of
excitation that might determine if structure uplift is beneficial.
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stress [4]. Second, many structural foundations are not
bonded perfectly to the ground. Gravity force is the only
source of bonding force. However, most work on soil-
structure interaction was based on the assumption that
foundations are firmly bonded to the soil. These two reasons
make it possible for structures to uplift when their foundation
moves [5] and enable designers to evaluate the real response

1. Introduction

The intensity of earthquake ground motion is based on
several subjective interpretations. One of the two main factors
is the shaking produced at certain locations. The second factor
is the effect on people and their observations of damages to
structures and the environment around them caused by the
quake [1]. The main challenge with earthquakes is that ground

motion acceleration varies a lot with time and is quite
sporadic. However, foundation flexibility and uplift (i.e.
separation between the building foundation and soil) is
important for some types of buildings, especially if the
probable ground motions are exceeded. Thus, allowing uplift
and soil flexibility could change the fundamental period of the
system and lead to significantly different responses under
seismic forces [2, 3]. It is necessary to understand how soil
and structure interact with each other in response to a structure
subjected to ground motion and to know how uplift affects
structures' dynamic response and safety. This is attributed to
the assumption that the soil underlying the structure is
perfectly rigid and the structural foundation is firmly bonded
to the soil. In reality, this assumption has two deficiencies.
Firstly, soils are not infinitely stiff. They have very low tensile

during ground motion, which this response depends on the
soil-structure parameters and ground motion intensity [6, 7].

Typically, soil flexibility is generally not included during
design analysis, resulting in grave consequences considering
soil-structure interactions. Soil flexibility has been known to
cause an increase in natural period and a decrease in stiffness
during uplifting, which then alters the seismic response of the
structure. This makes it a necessary factor to be considered
during design [2], as the natural vibration period helps
understand forces acting on structures during uplift. With the
uplift of foundations being rarely observed as it is expected to
be small and the foundation-soil interface often inaccessible
for observation [8], the weight of the structural members
resists the earthquake forces by using unnecessary dead
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weight, large base mat projections, and even artificial
anchoring schemes [9]. The soil-structure interaction
response effects of structures have been studied by many
researchers. Psycharis and Jennings [10], in their work on
foundation flexibility and energy dissipation using two spring
foundations and the Winkler foundation, concluded that their
analysis showed an increased angle of rotation of the
foundation mat from an uplift occurrence. Not too clear
effects on structural deflections and resulting stresses as
foundation uplifting can cause a reduction in the structural
responses and an increase in the structural response, thereby
altering structural demand [10, 11, 2]. Zhou et al. [12], in their
work, a new uplift foundation analysis model to simulate
dynamic nonlinear soil-structure-interaction showed that if
uplift occurs, the response of super-structure decreases.

Meanwhile, the response of the foundation shows an
upward trend, which can imply that the super-structure's
response could be declined due to the uplift occurring
between the foundation and the soil. Psycharis [13], in his
work dynamic behavior of rocking structures allowed to
uplift, stated that the apparent resonant fundamental
frequency of uplifting systems is always less than the resonant
fundamental frequency of an interacting system in which
uplift is not allowed as uplift leads to softer vibrating systems.
He also stated that from the engineering point of view, one is
normally more interested in the rocking response rather than
the vertical response. But for many potential applications,
vertical response is important for excitations that can result in
uplift.

Most of these works on foundation uplift were based on
the one-parameter elastic foundation model (Winkler model).
The Winkler model has been used extensively for soil-
structure interaction problems and has given satisfactory
results with its own shortcomings and deficiencies, as there is
no continuity between the loaded and unloaded part of the
foundation surface. This study tends to analyze the
vulnerability of structures on elastic foundations considering
soil flexibility on the two-parameter foundation model, which
is an improvement on the shortcomings of the one-parameter
model. The influence of soil flexibility during uplifting,
considering a two-parameter elastic foundation, will be
compared with the Winkler foundation model.

P

Fig. 1 Winkler One-Parameter foundation model
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Fig. 2 (F-B) foundation model

1.1. Elastic Foundation Model

All structural loads are transferred to the soil, and both
structure and soil continuum act together to support the loads.
There is a need to develop more realistic foundation models
and simplified methods to solve this complex soil-structure
interaction problem for safe and economical designs. The
elastic modeling of the soil is based on the assumption of the
behavior of sub-grade reaction under loading. The dynamic
behavior of structures on elastic foundations has been
investigated by many researchers in engineering Hamarat et
al., [14] to predict the behavior and response of structures
from the dynamic source. These studies mostly considered the
Winkler foundation (one-parameter foundation model) of
Figure 1 because of its simplicity and satisfactory results for
many practical problems. However, due to the shortcomings
of one one-parameter foundation model, it gave rise to the
development of various forms of two-parameter models,
three-parameter models, continuum models, and mixed
models used to improve on and make more realistic the
classical Winkler model [15, 16, 17]. In this study, the elastic
foundation of Filonenko-Borodich (F-B) of Figure 2
foundation models is to be considered for flexibility effect on
response analysis.

The Winkler model is based on the pure bending beam
theory and assumes a linear load versus settlement relation;
that is, the deflection at each point is proportional to the
pressure applied to that point, and there is complete
independence of deflections occurring at the neighboring
parts along the foundation [18]. The deformations outside the
loaded area were neglected and taken as zero.

P(x) = kw (8]

Where:

w = vertical translations of the soil produced by applied load,
P = contact pressure,

k = modulus of the foundation.

According to the F-B model, it requires continuity
between the individual spring elements in Winkler's model by
connecting the top ends of the springs to an elastic membrane
stretched to a constant tension 'T' [16].

P(x) = kw—TLY @)
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2. Methodology
2.1. The Model Systems

The systems are buildings with height 'H' and width' 2B',
as seen in Figure 3 and Figure 4 on Winkler and F-B
foundations. Each has a concentrated mass' m’ from ‘W =myg’
at the centre, and gravity is assumed to point downwards. ‘W’
is weight, and ‘g’ is acceleration due to gravity. The model
systems are assumed to have homogeneous and linear
properties connected to a rigid base and elastic foundation. It
is of height ‘h’ above the foundation supported on the soil,
and the body cannot slip between the foundation and
supporting elements. From this assumption, the body has two
degrees of freedom: vertical motion measured from the
position of rest by vertical displacement and rotation
measured by the angle of tilting ‘o’ from the vertical. The
body is assumed not bonded to soil elements. It is resting on
soil spring elements only through gravity and because of poor
performance of soil in carrying tensile stresses leading to
foundation uplift.

Thus, the supporting soil elements can provide an upward
force to the foundation, not a downward pull. During ground
motion, this upward reaction force will vary with time, and
anytime when one edge of the foundation gets to the natural
unstressed level of the spring elements, that edge is in a state
of undergoing uplift. As upward displacement continues,
some foundation parts uplift from supporting elements.
Considering uplift, two contact conditions are given: when the
structure base is in full contact with supporting soil and when
there is partial separation (uplift) of the structure base from
supporting soil elements.

The Winkler foundation of Figure 3 assumes that
deflection at each point is proportional to the pressure applied
to that point. Deflections outside the loaded area are neglected
and taken to be zero. The elastic zone is connected to the base,
which is assumed to be rigid, and the stiffness of the soil
spring is ‘kw’. The Winkler’s foundation model is a crude
approximation of the correct mechanical behaviour of the soil
media as it disregards the effect of continuity and cohesion of
the ground, hence the two-parameter model. Filonenko-
Borodich of Figure 4 improved on the Winkler model by
connecting the top ends of the spring elements to a smooth,
thin elastic membrane stretched to a constant ‘T’ for
continuity, as it tends to provide more reliable information on
stresses and deformations of the soil media. It has two
foundation parameters, spring constant ‘K¢ and applied
tension ‘T’.

2.2. Foundation Flexibility on the System Response

In the determination of system response, equations of
motions were derived for the Winkler and F-B foundation
models. The system is assumed to undergo small
displacements and consists of a sequence of linear problems
with degrees of freedom. Firstly, vertical motion is measured
from the position of rest by vertical displacement ‘y’ at the

centre of mass and secondly, the rotation is measured by the
angle of tilting ‘a’ from the vertical with inertia forces;

—mag, and —mag, applied at the centre of mass of the
structure. ‘V’ is the effect of the foundation continuity. Pyw
and Py are spring element forces of the Winkler and F-B
model. The horizontal direction was ignored because
frictional forces along the structure surface in contact with the
foundation are assumed high enough to prevent sliding. Two
foundation conditions, namely foundation on full contact with
the supporting spring elements and foundation with uplift,
were analyzed. For each condition, equations of motion were
derived for the system’s vertical ‘y’ and rocking direction ‘x’.
The equations were derived using Newton’s second law of
motion, applying D’Alembert’s principle, considering the
moment equilibrium of forces on the system. The equations
of motion of the foundation models are now solved using the
Simpson method for the system responses.

2.3. Before Uplift

In this condition, the equations of motion are linear for
small displacements and are governed by the standard
classical theory of soil structure interaction and differential
equations for a single degree of freedom system [8].

" 2B ;

1 |

P e

_Elastic
foundation

Rigid foundation
Fig. 3 A structure on one-parameter foundation model

28 ,

e

»T

K; <«— Elastic zone

Va
Py,

- Fig. 4 Structure on Two-Parameter foundation (F-B model)

Rigid foundation



Ugwu Juliet Nnekaet al. / 1JETT, 71(12), 133-143, 2023

2.3.1. Vertical Direction
Using Newton’s second law of motion and considering
the equilibrium of forces

ny =0 i (3)
Pk, —W —mag, = my 4)
But,
Pk, =W — 2k,By (5)
Using Equation (5) and Equation (4) gives;
m)} + 2k, By = —mag, (6)

2.3.2. Rocking Direction
Considering the equilibrium of moments about the base
centre ‘C’:

XM =0
m = Wha — (2k,By)ha — =k, (2B)*a + Ry[h +
Ba] @)

m = [W X ha] — [2k,,By X ha] + R4[h + Ba] —
8k B3 ®)

12

a=0

But Ra is the restraining force preventing the structure
from sliding horizontally at point A
)

R, = —mi¥; — mX = mi; — mhd

Applying Equation (9) into (8) )
Wha — 2k, ,Byha — mag,h — mh?a — mag,Ba —

3
mBhaa — Bk:VZB a=0 (10)
Therefore, )
I.a + mBhaa — Wha + 2k,,Byha + mag, Ba +
2kyB3a = —mhag, (11)

Equations (6) and (11) are equations of motions for
Winkler’s foundation on full contact.

In like manner, the equations of motion for F-B
foundation on full contact;

For the vertical direction;

my + 2k;Vy = —mag,, (12)
For the rocking direction;
3
206 + 2% = _2mhag (13)

The width of the F-B foundation is 2V, which is the
length of the stretched tension applied continuity effect.
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2.4. During uplift

Then, equations of motion are highly nonlinear because
of varying degrees of contact between structure and
foundation as the system continuously changes from one
linear state to another. The governing equations can be
derived by considering the lateral equilibrium of forces acting
on the structure and the moment equilibrium of forces on the
system.

2.4.1. Vertical Direction
Using Newton’s second law of motion and summing
forces,

From Equation (5),
1

Pk, =W — EkWFq (14)
Where F = length of contact during uplift

g = depth of uplift.

The Winkler’s spring constant ‘ky’, considering the
length of foundation contact

Substitute Equation (14) into Equation (4):

W—%kWFq—W—maGy=my (15)
Rearranging Equation (15) becomes;
my — %kaq = —mag,, (16)

From Equation (16), because of uplift, the equation of
motion is highly nonlinear because of varying degrees of
contact ‘F’ and ‘q’ between structure and foundation as the
system continuously changes from one linear state to another.
By linearising the equations gives vertical direction on
Winkler foundation as;

Tk kwB w
y—wp2y 4w
2m m

= —ag, — o (17)

2.4.2. Rocking Direction
Considering the equilibrium of moments about the centre
of the structure base,

kw kw kw
m = Wha — 5(23)361 — (27By) ha —7(Fq X
g) ha + Ry(h + Ba) (18)

Expanding Equation (18) and using (9) then ignoring
nonlinear terms:

Where ‘I’ = moment of inertia about center of base point ‘c’.

I, = mr? = mh?

(19)



Ugwu Juliet Nnekaet al. / 1JETT, 71(12), 133-143, 2023

Therefore;
- )
la+ gkaz‘a ¢ Why

8kwB 2 (20)

= —mhag,

This is the equation for the rocking direction on the
Winkler foundation.

Using the same procedure, the F-B equations during
uplift become;

For the vertical direction;
w

j+Lly -2 = —agy — o (21)
For the rocking direction;
) ;
2I.a + 2ka Ly Wy —2mhag (22)
8ka 2

2.5. Solution of Equations of Motions
2.5.1. Before Uplift

In solving the equations of motion, some assumptions
were applied to simplify solving the equations of motion as
the structure is assumed to undergo small displacements. The
Duhamel integral was applied for the system response, and
this response is in the neighborhood of equilibrium points. On
full contact, the system at rest condition assumes that x, =

%o = 0, the input acceleration is a; with ‘y’ and ‘X’
components.

Winkler foundation from Equation (6) and (11) becomes

t
yO =-3 fo ag, (D)sinws (t — 1)dr (23)
x(t) = ——f ag, (D)sinw, (t — 1)dt (24)
F-B foundation: from Equations (12) and (13) gives;
1 t.
y(t) = _Z7f agy (T)sinw, (t — 7)dr (25)
1 t th
x(8) = —— f T (D)sinwg (t — 1)dt (26)
8 0 c

2.5.2. During Uplift

The system condition is that the initial time uplift will
start when the system deflection equals the vertical
displacement. Then;

Winkler’s model from Equations (17) and (20) for
vertical and rocking direction;
t
1
o f [Bey +

y(t) = y(0)coswz,t +
(@7)

;] (7) sinws,(t — T)dT

&Slnw3At -
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t
x(t) = x(0)cosws,t + = X0 )smw5ut - f [mh2ag, +
cWsu 0
W2h .
8kWB](‘c) sinws, (t — 7)dt (28)

F-B foundation from Equations (21) and (22) for the
vertical and rocking direction;

: t
y(t) = y(0)cosw,,t + wsinwmt - Lf [agy +
W74 w74 J o

—)(r) sinwy 4 (t — T)dr (29)
x(t) = x(0)coswgt + Qsmwg agy +

W2h

Lokt V] (7) sinwg (t — ‘r)d‘r (30)

The system responses were solved using Simpson’s
numerical method.

3. Results

The forcing function is 0.32G taken as the seismographic
record of the El-Centro earthquake ground acceleration data
of 1940 used as the maximum ground acceleration with
impulse (Figure 5), and ‘G’ is the acceleration of gravity in
m/s?. The structure is an industrial building of dimension 26m
X 14m and 7.5m high above the ground level with a mass
assumed to be 4078kg and the mass located at height ‘h’ =
3.2m from ground level.

The spring stiffness is 1.8x10°N/m3. The moment of
inertia about the center of the base is 2.6x10* m*. The natural
frequency and period of the system were evaluated, which
were employed in the analysis using Simpson’s numerical
method for the responses. From the analysis, the system
response with regard to the natural frequency, period,
displacements, and Ovelocities for the Winkler and F-B
foundations are presented below.

a(m/s?)

3.2m/s?

t(s)

0.06s 0.06s

Fig. 5 Triangular impulse loading history of the earthquake ground
motion
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Table 1. Fundamental natural frequency (rad/s)

Before Uplift During Uplift
S/No Model Type
Vertical Rocking Vertical Rocking
1 Winkler Model 33.10 52.88 16.552 43.872
2 (F-B) Model 36.47 50.13 18.24 53.27
Table 2. Natural periods (secs.)
Before Uplift During Uplift
S/No Model Type
Vertical Rocking Vertical Rocking
1 Winkler Model 0.03 0.019 0.0604 0.0228
2 (F-B) Model 0.027 0.02 0.0548 0.0187

Table 1 shows the fundamental natural frequency of the
system for the vertical and rocking components for the
Winkler model, and the F-B model before uplift is greater
than during uplift. This reduction of natural frequency during
uplift might result from increased system flexibility.
Comparing the vertical and rocking frequencies showed that
frequencies in the rocking directions are bigger and, as a
result, are stiffer when compared to the vertical direction. This
flexibility of the system helps to reduce energy going into the
structure, though the ductility of the soil structure interaction
is reduced. The F-B model showed the same trend as
Winkler’s but gave an increased natural frequency during
uplift in the rocking direction, which can be from the effects
of soil spring continuity on the structure.

e The natural periods of oscillation of Table 2 showed the
structure of the Winkler model increased with the
occurrence of uplift for the vertical and rocking
components. This can be from the reduction in the soil
stiffness, which then causes an increase in the natural
period of oscillation when uplift occurs, depending on the
frequency content of the ground motion. This elongation
of the natural period is very significant as it can alter the
seismic response of the system; hence, foundation uplift
is important when analyzing short-period structures, as
the natural period of the soil is sensitive to foundation
flexibility. The periods in rocking components decreased
compared to the vertical component in the F-B model.

e The rocking component of the F-B model during uplift
showed a decreased period, which can be attributed to the
continuity interactions of the spring elements from Table
2.

Tables 1 and 2 above showed that the rocking natural
frequency increased more than the vertical natural frequency
when the natural periods of oscillation were reduced for the
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case of before and after uplift. That is, natural frequency
increases in the rocking direction at reduced rocking periods
because as the flexibility of the structure increases, the period
of oscillation or time taken to undergo a complete cycle is
reduced or shortened. As well, the ductility of the soil
structure system is reduced. But, considering the uplift effect,
the reduction of the contact area between the soil and
foundation brought about an increase in support flexibility,
thereby leading to reduced soil-structure stiffness. This may
increase in the natural period of oscillation. So, during uplift,
there is elongation of the period of oscillation as the
foundation becomes softer. This is in line with Psycharis [13]
that the resonant fundamental frequency of uplifting systems
is always less than the resonant fundamental frequency of an
interacting system in which uplift is not allowed as uplift
leads to softer vibrating systems.

e The vertical displacements are rather very important
when foundation uplift becomes pronounced as uplift can
induce significant vertical displacement on the structural
response because, at this stage, the static deflection of the
structure can be affected, thereby being exceeded. The
result showed that the relative decrease in vertical
displacement with respect to static deflection brought
about an increase in the rocking aspect. Hence, accurate
calculation in the vertical direction is important for
analyzing uplift problems since uplift occurrence
depends on its vertical displacement before uplift during
seismic loading. The displacement effects showed the F-
B foundation in a better representation than the Winkler
model before uplift, as in Figures 5 and 6, respectively. It
showed the crude approximations nature of the Winkler
model that disregarded the effect of continuity and
cohesion of the ground. Hence, the two-parameter model
proposed by F-B improves the Winkler and gives a better
response.
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During uplift, Figures 7 and 8 showed the F-B foundation
model continuity effects on the system response, showing the
significant nonlinear nature of the system with the F-B model.

e Earthquake engineering gives the necessary tools to limit
structure damage by designing structures for high
earthquake resistance. Duhamel integral was used to
determine the response of a time-dependent system
induced by an external force, which includes
displacement, velocity, natural frequency, and period of
the system. If the displacement and velocity of the system
are known at some time, the state of the system at
subsequent times can be computed with the response

spectra plotted against time. This is shown in Figure 5 to
Figure 12.

From the displacement curve of the vertical and rocking
direction when the foundation is in full contact, shown in
Figure 5 and Figure 6, the Winkler model was more
prominent than the F-B model, which can be due to some
estimation associated with the supporting system of
Winkler resulting to high displacement values. However,
the two supporting systems have a better representation
of the actual condition of a continuous series of spring
elements and their curve shapes are better represented.
The tension field of the F-B model has the physical effect
of reducing the foundation reaction pressure [16].
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Fig. 9 Vertical velocity of each model before uplift
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e The sensitivity of the rocking response of the system is
obvious from the applied ground motion. This can be
seen from the case of before uplift and during uplift as
the displacement and velocity values of the system
increase as compared to the system’s vertical responses.
The system rocking response showed sensitivity to small
changes to the details of ground motion and system
parameters. During uplift, the system response increased
for the foundation models as uplifting of the system led
to an increase in the system response for both
foundations.

e Itis evident from the results gotten that responses from
the rocking directions are more significant than the
vertical responses during uplift, which, from the
engineering point of view, attention should be given to
the rocking response as the vertical response that causes
uplift reduces the possibility of complete separation of
the structure base and foundation.

4. Conclusion

In the interaction of the soil and structure, there is a
reduction of the system's fundamental frequency for the
Winkler foundation. This reduction during uplift resulted in
increased flexibility of the system, and this flexibility reduces
the ductile nature of the soil system. This can be attributed to
Zhou et al. [12]; in their work, a new uplift foundation
analysis model to simulate dynamic nonlinear soil-structure-
interaction showed that if uplift occurs, the response of super-
structure decreases and the response of the foundation shows
an upward trend which can impute that the response of the
super-structure could be declined due to the uplift occurring
between the foundation and the soil. The rocking frequencies
are greater and stiffer than vertical frequencies. The system's
flexibility helped reduce energy inflow into the structure,
thereby reducing the resonance phenomenon. F-B foundation
tends to have an increased natural frequency during uplift,
which might be from the spring continuity effects on the
structure. In the case of strong ground motion that can cause
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period is very significant as foundation uplift is important
when analyzing short-period structures, as the natural period
of the soil is sensitive to the foundation's flexibility and
ductility. But, considering the uplift effect on the structure,
the reduction of the contact area between the soil and
foundation brings about an increase in support flexibility,
thereby leading to reduced soil-structure stiffness. This may
result in an increase in the natural period so that during uplift,
the period increases as the foundation becomes softer. The
analysis showed that during system uplift, the system
response increased for the foundation models, leading to
increased system responses for the vertical and rocking
directions. It is evident from the results that responses from
the rocking directions are much more significant than the
vertical responses. Hence, from the engineering point of view,
one is very interested in the system's rocking response as the
vertical response for uplifting systems for the structure's
integrity.

Acknowledgement

The authors appreciate the Tertiary Education Trust Fund
(TETFUND) through the management of Enugu State
University of Science and Technology, Enugu, Nigeria.

[1] N. Storgaard, “Earthquakes and Their Effects on Building,” Unpublished Thesis, VIA University College, 2010.
[2] Amir Hossein Jafarieh, and Mohammad Ali Ghannad, “Seismic Performance of Nonlinear Soil-Structure Systems Located on Soft Soil
Considering Foundation Uplifting and Soil Yielding,” Structures, vol. 28, no. 1, pp. 973-982, 2020. [CrossRef] [Google Scholar]

[Publisher Link]

[3] Piotr Adam Bonkowski, Zbigniew Zembaty, and Maciej Yan Minch, “Engineering Analysis of Strong Ground Rocking and its Effect on
Tall Structures,” Soil Dynamics and Earthquake Engineering, vol. 116, pp. 358-370, 2019. [CrossRef] [Google Scholar] [Publisher Link]

[4] Jian Li et al., “Effect of Discrete Fiber Reinforcement on Soil Tensile Strength,” Journal of Rock Mechanics and Geotechnical
Engineering, vol. 6, no. 2, pp. 133-137, 2014. [CrossRef] [Google Scholar] [Publisher Link]

[5] Anil K. Chopra, and Solomon C.S. Yim, “Simplified Earthquake Analysis of Structures with Foundation Uplift,” Journal of Structural
Engineering, vol. 111, no. 4, pp. 906-930, 1985. [CrossRef] [Google Scholar] [Publisher Link]

[6] R. Thiers-Moggia, and C. Malaga-Chuquitaype, “Dynamic Response of Post-Tensioned Rocking Structures with Inerters,” International
Journal of Mechanical Sciences, vol. 187, 2020. [CrossRef] [Google Scholar] [Publisher Link]

[7] B.R. Jayalekshmi, Ansu Thomas, and R. Shivashankar, “Dynamic Soil-Structure Interaction Studies on 275m Tall Industrial Chimney
with Openings,” Earthquakes and Structures, vol. 7, no. 2, pp. 233-250, 2014. [CrossRef] [Google Scholar] [Publisher Link]


https://doi.org/10.1016/j.istruc.2020.09.046
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Seismic+Performance+of+Nonlinear+Soil-Structure+Systems+Located+on+Soft+Soil+Considering+Foundation+Uplifting+and+Soil+Yielding&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S2352012420305221
https://doi.org/10.1016/j.soildyn.2018.10.026
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Engineering+analysis+of+strong+ground+rocking+and+its+effect+on+tall+structures&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0267726118305979
https://doi.org/10.1016/j.jrmge.2014.01.003
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Effect+of+Discrete+Fiber+Reinforcement+on+Soil+Tensile+Strength&btnG=
https://www.sciencedirect.com/science/article/pii/S1674775514000122
https://doi.org/10.1061/(ASCE)0733-9445(1985)111:4(906)
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Simplified+Earthquake+Analysis+of+Structures+with+Foundation+Uplift&btnG=
https://ascelibrary.org/doi/abs/10.1061/(ASCE)0733-9445(1985)111:4(906)
https://doi.org/10.1016/j.ijmecsci.2020.105927
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Dynamic+Response+of+Post-Tensioned+Rocking+Structures+with+Inerters&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0020740320305191
https://doi.org/10.12989/eas.2014.7.2.233
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Dynamic+soil-structure+interaction+studies+on+275m+tall+industrial+chimney+with+openings&btnG=
http://www.techno-press.org/content/?page=article&journal=eas&volume=7&num=2&ordernum=7

Ugwu Juliet Nnekaet al. / 1JETT, 71(12), 133-143, 2023

[8] Chik-Sing Yim, and Anil K. Chopra, “Earthquake Response of Structures with Partial Uplift on Winkler Foundation,” Journal of
Earthquake Engineering & Structural Dynamics, vol. 12, no. 2, pp. 263-281, 1984. [CrossRef] [Google Scholar] [Publisher Link]

[9] Xiaoyang Qin, and Nawawi Chouw, “Shake Table Test on Uplift Behaviour of a Shear Frame in Earthquake,” World Congress on
Advances in Civil, Environmental and Materials Research, pp. 2061-2071, 2012. [Google Scholar] [Publisher Link]

[10] loannis N. Psycharis, and Paul C. Jennings, “Rocking of Slender Rigid Bodies Allowed to Uplift,” Earthquake Engineering and Structural
Dynamics, vol. 11, no. 1, pp. 57-76, 1983. [CrossRef] [Google Scholar] [Publisher Link]

[11] Shijun Ding et al., “Uplift Bearing Capacity of Transmission Tower Foundation in Reinforced Aeolian Sand Using Simplified Model
Tests,” Advances in Civil Engineering, 2021. [CrossRef] [Google Scholar] [Publisher Link]

[12] F. Zhou, M. Mori, and N. Fukuwa, “A New Uplift Foundation Analysis Model to Simulate Dynamic Nonlinear Soil-Structure Interaction,”
15WCEE, LISBOA, 2012. [CrossRef] [Google Scholar] [Publisher Link]

[13] loannis N. Psycharis, Dynamic Behavior of Rocking Structures Allowed to Uplift, Ph.D Thesis, California Institute of Technology,
Pasadena, California, 1982. [Google Scholar] [Publisher Link]

[14] M.A. Hamarat, U.H. CalikKarakose, and E. Orakdogen., “Seismic Analysis of Structures Resting on Two Parameter Parameter Elastic
Foundation,” 15" World Conference on Earthquake Engineering, 2012. [Google Scholar] [Publisher Link]

[15] Dobromir Dinev, “Analytical Solution of Beam on Elastic Foundation by Singularity Functions,” Engineering Mechanics, vol. 19, no. 6,
pp. 381-392, 2012. [Google Scholar]

[16] Sarvesh Chandra, “Modelling of Soil Behaviour,” Indian Institute of Technology, Kampur, 2012. [Google Scholar] [Publisher Link]

[17] H. Jane Helena, Theory of Elasticity and Plasticity, PHI Learning Pvt Ltd, 2017. [Google Scholar] [Publisher Link]

[18] S. Chandra, Madhira R. Madhav, and N.G.R. lyengar, “A New Model for Non-Linear Subgrades,” Mathematical Modelling, vol. 8, pp.
513-518, 1987. [CrossRef] [Google Scholar] [Publisher Link]

143


https://doi.org/10.1002/eqe.4290120209
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Earthquake+Response+of+Structures+with+partial+Uplift+on+Winkler+Foundation&btnG=
https://onlinelibrary.wiley.com/doi/abs/10.1002/eqe.4290120209
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Shake+Table+Test+on+Uplift+Behaviour+of+a+Shear+Frame+in+Earthquake&btnG=
http://www.i-asem.org/publication_conf/acem12/T5D-5.pdf
https://doi.org/10.1002/eqe.4290110106
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Rocking+of+slender+rigid+bodies+allowed+to+uplift&btnG=
https://onlinelibrary.wiley.com/doi/10.1002/eqe.4290110106
https://doi.org/10.1155/2021/6630731
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Uplift+Bearing+Capacity+of+Transmission+Tower+Foundation+in+Reinforced+Aeolian+Sand+Using+Simplified+Model+Tests&btnG=
https://www.hindawi.com/journals/ace/2021/6630731/
https://doi.org/10.1155/2021/6630731
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=A+New+Uplift+Foundation+Analysis+Model+to+Simulate+Dynamic+Nonlinear+Soil-Structure+Interaction&btnG=
http://www.sharaku.nuac.nagoya-u.ac.jp/wp-content/uploads/photo/sites/2/2015/10/WCEE2012_2191.pdf
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Dynamic+behavior+of+rocking+structures+allowed+to+uplift&btnG=
https://thesis.library.caltech.edu/10901/
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=A+New+Uplift+Foundation+Analysis+Model+to+Simulate+Dynamic+Nonlinear+Soil-Structure+Interaction&btnG=
http://www.sharaku.nuac.nagoya-u.ac.jp/wp-content/uploads/photo/sites/2/2015/10/WCEE2012_2191.pdf
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Analytical+Solution+of+Beam+on+Elastic+Foundation+By+Singularity+Functions&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Modelling+of+Soil+Behaviour&btnG=
http://home.iitk.ac.in/~peeyush/mth426/Lec4_schandra.pdf
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Theory+of+Elasticity+and+Plasticity&btnG=
https://books.google.co.in/books?hl=en&lr=&id=4iYtDwAAQBAJ&oi=fnd&pg=PP1&dq=Theory+of+Elasticity+and+Plasticity&ots=2TjC4cfmSo&sig=t003X6murLPl6yY31G6I6Zx3cBc&redir_esc=y#v=onepage&q=Theory%20of%20Elasticity%20and%20Plasticity&f=false
https://doi.org/10.1016/0270-0255(87)90635-X
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=A+New+Model+for+Non-Linear+Subgrades&btnG=
https://www.sciencedirect.com/science/article/pii/027002558790635X

