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This paper aims to investigate the effect of the deformability of a sliding layer on the sliding displacement and
acceleration response of structures subjected to harmonic and pulse ground motion excitations. A two-degree-offreedom model is used for the simulation of the dynamic response of structures founded on sliding layers of
varying deformability. The dynamic equilibrium of motion of the sliding response of the structure to the selected
ground motion excitation is presented in a novel, generalized and dimensionless mathematical formulation
which reduces drastically the complexity of the variables compared to the existing formulations. Based on this
mathematical framework, the stick–slip behavior ranges of structures founded on a deformable sliding layer are
determined and compared with the corresponding behavior ranges of structures founded on a rigid-plastic
sliding layer. The combined effect of the flexibility of the isolated structure and the dimensionless ground motion
amplitude on these stick–slip behavior ranges, the sliding displacement and the acceleration response of the
structure is presented. The use of this deformable layer is beneficial for seismic and vibration isolation of
structures as it leads to a significant reduction of their maximum acceleration response compared to the rigidplastic sliding layer case.

1. Introduction
The sliding hysteretic behavior of structures has been modelled as
rigid-plastic by many researchers in the past. However, the effect of the
deformability of the sliding interface before sliding occurs on the dynamic response of structures is not well understood. The fundamental
goal of this study is the analytical investigation of the potentially
beneficial role of a deformable sliding layer on the reduction of the
sliding displacement and acceleration response of structures.
The concentration of the energy dissipation due to seismic excitation in selected design elements of a structure can be beneficial for the
reduction of its seismic damage, on the condition that the displacement
demand associated with this energy dissipation is not excessive. Sliding
can be used as a seismic isolation strategy that enables this energy
dissipation through the relative displacement of the upper part of a
structure with respect to its base. Therefore, the design of an efficient
sliding seismic isolation system should aim at the reduction of the
seismic forces in the isolated structure, while maintaining its sliding
displacement within reasonable limits. Along these lines, the analytical

investigation of a potential use of a deformable sliding layer towards a
more frequency-independent and robust sliding response of structures is
of utmost importance.
Numerous researchers have addressed modelling of the stick–slip
frictional behavior of sliding interfaces in the past. One of the first
models for the determination of sliding between different solid surfaces
was presented by Coulomb [1]. This model assumes that the kinetic
friction between two solid surfaces does not depend on the velocity of
the sliding occurring between these surfaces. Bowden and Tabor [2]
defined the stick–slip motion of structures as the motion alternating
periodically between adhesion (stick) and sliding (slip).
The sliding behavior of structures based on sliding interfaces is
characterized by different behavior ranges emerging from the stick–slip
frictional behavior of these interfaces. Yang et al. [3] analyzed the
stick–slip phenomenon by establishing analytical criteria that predict
the transition between stick, slip, and separation of the interface. Xia
[4] proposed a method for the identification of the switch conditions for
stick state, slip state and stick–slip state of a two-dimensional oscillator
under arbitrary excitations. Nikfar and Konstantinidis [5] investigated
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the effect of the stick–slip phenomenon on the seismic response of
structures and derived a mathematical formulation describing the
stick–slip sliding problem.
Common theme across the aforementioned studies on the dynamics
of the sliding behavior of structures subjected to ground motion excitation is the dependence of the sliding displacement response from the
shape and the frequency content of the ground motion excitation.
Garini and Gazetas [6] showed that the sequence of pulses present in a
near-fault ground motion acceleration record is a critical parameter
influencing the sliding displacement response of rigid blocks. Constantinou et al. [7] investigated the stochastic response of a sliding rigid
block to filtered random excitations. Mylonakis and Voyagaki [8] and
Voyagaki et al. [9] have investigated the influence of the shape and the
duration of analytical pulse excitation on the response of sliding blocks
on sliding interfaces, showing that the displacement demand of these
structures increases significantly for increasing pulse duration. Tsiavos
et al. [10,11], Vassiliou et al. [12], Furinghetti and Pavese [13,14],
Zhang and Shu [15] and Castaldo and Tubaldi [16] observed this high
displacement demand in the response of seismically isolated structures
due to the filtering effect of seismic isolation, which elongates the
dominant period of the ground motion excitation. However, a wide
variety of engineering solutions have been developed to reduce the
potential excessive sliding displacements of seismic isolation systems
[17–20].
The effect of the flexibility of the superstructure on the sliding response of two-degree-of-freedom systems (2DOF) subjected to harmonic and ground motion excitation was incorporated by Mostaghel
et al. [21] and extended to a simplified substructure-based response
spectrum method by De Domenico et al. [22]. Kulkarni and Jangid [23]
and Jangid [24] concluded that the difference between the acceleration
of a rigid and a flexible isolated structure increases with the increase of
the friction coefficient of the isolation system. Hu and Nakashima [25]
showed that during the sliding phase of flexible oscillators, the vibration of the relative displacement has a higher natural frequency comparing to the stick phase.
The manifestation of deformability before the occurrence of sliding
has been experimentally observed on the frictional behavior of granular
soil layers, which are commonly used as foundation layers for buildings
and bridges [5]. The sliding response of structures founded on a sandrubber layer has been numerically simulated by Tsang [26] and experimentally investigated by Tsiavos et al. [27], towards the development of a low-cost seismic isolation for developing countries. Castaldo
and Ripani [28] quantified the influence of the soil conditions on the
frictional characteristics of seismically isolated structures. The existing
highly-engineered seismic isolation systems, such as the rolling, the
friction pendulum or elastomeric isolation systems manifest also a
limited amount of deformability before sliding occurs [7,29]. However,
the deformability of these systems is significantly lower compared to
the experimentally observed behavior of deformable granular layers
[27].
The aforementioned studies did not focus on the analytical determination of the effect of the deformability of granular layers on the
sliding response of structures. Along these lines, the first goal of this
paper is to quantify the influence of the deformability of a sliding layer
on the response of a structure founded on this layer. The second goal of
this paper is to compare the sliding behavior of a structure founded on a
deformable sliding layer with the behavior of a structure founded on a
rigid-plastic sliding layer. The third goal of this paper is to identify the
conditions, under which the use of a deformable layer is beneficial for
the dynamic response of structures. A generalized mathematical formulation is provided to quantify the fundamental parameters which
govern the response of structures founded on deformable sliding layers.
The presentation of these parameters in dimensionless form through
this novel mathematical formulation reduces drastically the number
and complexity of these fundamental parameters, compared to the existing stick–slip models. Hence, this formulation facilitates a

Fig. 1. Modelling of sliding structure on low-friction deformable base.

computationally efficient calculation of the response of structures
founded on deformable sliding layers, which is ideal for parametric
investigations by future researchers using the provided dimensionless
ratios.
The analytical investigation and the novel dimensionless formulation presented in this study provide a mathematical framework for the
use of deformable sliding layers for seismic isolation of structures. This
investigation is one of the main goals of the SAFER (Seismic Safety and
Resilience of Schools in Nepal) Project, focusing on the protection of
structures from seismic damage in developing countries.
2. Analytical modelling
The analytical modelling of the dynamic response of a sliding
structural system is presented in Fig. 1.
The dynamic equilibrium of motion for this two-degree-of-freedom
system gives:

m (u¨ d1 + u¨ dg ) + c (ud1
m (u¨ d0 + u¨dg )

c (ud1

(1)

ud0) + Fs = 0
u d 0)

(2)

Fs + Fb = 0

As shown in Fig. 1, ud1 represents the relative displacement of the
structure with primary modal mass m and elastic stiffness k with respect
to the ground and ud0 denotes the relative displacement of the rigid base
with respect to the ground. m corresponds to the mass of the rigid base
slab of the structure, which is founded on the deformable granular layer
and designed to slide at the presented low-friction interface. The horizontal ground acceleration is given by üdg . Fs is the restoring force of
the structure and Fb is the frictional force at the sliding interface. The
viscous damping coefficient of the structure is denoted as c.
2.1. Non-dimensionalisation of equations of motion
We introduce the system parameters
variables thus
2

2

and

and dimensional

k
,
m
c
= m,
gµ

=

ud1 =

2 u1,

ud0 =

gµ

u dg =

gµ

2 u 0,

2 ug

(3)

where u1, u0 , ug denote the dimensionless form of the displacement
response ud1, ud0 , udg defined in Fig. 1. is the critical damping ratio of
the structure, is the natural frequency of the structure, and µ is the
static friction coefficient at the interface layer, which is assumed as
constant for the purposes of this study. The frictional force at the interface layer is defined as follows:

Fb = (1 + ) mgµfb
2427
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where fb (u 0, u 0) is the dimensionless frictional force with respect to the
strength of the sliding layer with static friction coefficient µ representing the part of the frictional strength that is mobilized at the
sliding interface such as:

|fb |

(5)

1

The force–deformation relation of the structure Fs is defined as follows:

Fs = kudy fs =

gµ
2

ku y fs ,

|fs |

1

(6)

where fs is the dimensionless restoring force of the structure with respect to the structural capacity kudy , where k is the elastic stiffness of
the structure and udy is the yield displacement of the structure.
Using Eq. (3), (4) and (6), (1) can be re-expressed as:

(u¨1 + u¨ g ) + 2

(u1

u0) +

2u

y fs

Fig. 2. Modelling of frictional behavior of a deformable layer with
rigid sliding layer with = 106 .

(7)

=0

(u¨ 0 + u¨g )

2

(u1

u 0)

2u

y fs

+ (1 + )

2f
b

=0

thence

(8)

ug = Asin(

Finally, we scale time t = / so that uj = uj and u¨ j = 2uj where
• = •/ and • = 2•/ 2 . Therefore equations of motion become (in
dimensionless form):

(u1 + ug ) + 2 (u1

(u 0 + u g )

2 (u1

u0)

u y fs + (1 + ) fb = 0

(10)

u 0 ( ) = 0 and u¨ 0 ( ) = 0

b

|u0 ||z b |nb sgn (z b) +

b u0

|z b |nb )

(14)

The mathematical condition for the sliding (slip) phase at a certain time
of the excitation is expressed as follows:
(15)

|fb ( )| = 1

The emerging stick-stick, stick–slip and slip-slip behavior ranges of the
presented seismically isolated structure subjected to a sinusoidal
ground motion excitation are illustrated in Fig. 3 below:
The smallest action force on a rigid-plastic sliding layer manifests
itself for the extreme case where the structure is very flexible, so that
k
0 . For this zero-interaction case, the sliding motion of the base is
independent from the motion of the structure. The sliding initiation
factor ri is defined as the ratio of the frictional resisting force Fb to the
acting force above the sliding interface Fact = m · µA :

fb = z b,
(

0 founded on a rigid-

The mathematical condition for the stick phase at a certain time of
the excitation is expressed as follows:

The nonlinear hysteretic behavior and the hysteretic damping of the
deformable layer is simulated using a Bouc–Wen model [30,31]. The
versatility of the Bouc–Wen model and its ability to simulate the behavior of seismic isolation systems and deformable soil under cyclic
loading have been illuminated by Constantinou and Adnane [32] and
Ismail et al. [33], while Munoz et al. [34] showed its applicability for
the simulation of low-cost seismic isolation systems based on deformable, recycled rubber. According to this model, the dimensionless frictional force fb is defined as follows:
nb

(13)

= ¯/

3.1. Sliding response of structures with stiffness k
plastic sliding layer

2.2. Defining nonlinearity for the deformable layer

zb = u0

),

where ¯ and are the angular frequencies of the ground motion and
the superstructure respectively and their ratio = ¯ / is a variable in
this study. The dimensionless ground motion amplitude A is the Peak
Ground Acceleration (PGA) divided by µg .

(9)

u0 ) + u y fs = 0

(12)

u¨ g = Aµg sin( ¯ t )

Similarly, Eq. (2) can be re-expressed as:

= 5 and a

(11)

where =1/ u yb is a dimensionless parameter simulating the deformability of the layer before sliding. u yb is the displacement at which
sliding occurs, z b is a dimensionless parameter of the Bouc-Wen model
given by the evolution Eq. (11), b is the conventional Bouc-Wen hysteretic loop size and nb is the sharpness transition from elastic deformation to sliding. Eq. (11) is derived based on the evolution equation
presented by Tsiavos et al. [10] simulating the hysteretic behavior of a
seismic isolation system with = 1/ u yb . For b + b = 1, Eq. (11) collapses to the well-known frictional model proposed by Constantinou
and Adnane [32] and Charalambakis and Koumousis [35]. The use of
different (and thus u yb ) values facilitates the simulation of the hysteretic behavior of layers with varying deformability before sliding, as
shown in Fig. 2. The dimensionless force–displacement hysteretic loops
are presented for a deformable sliding layer with = 5 and a rigid
sliding layer with = 106 . The value of = 106 was selected to represent the commonly used rigid-plastic modelling of sliding interfaces.
The value of = 5 was chosen based on the experimentally derived
sliding behavior of structures founded on sand-rubber deformable
granular layers [27].

ri =

µ (1 + )
Fb
Fb
m+ m
1 (1 + )
=
=
=
Fact
(m + m)·µA
m
µ· A
A

(16)

where ri 1 is the condition for the initiation of sliding.
Solving Eq. (16) for ri = 1 leads to the determination of the
minimum required value of the non-dimensional ground motion amplitude As which initiates sliding of the base plate when considering a
0:
very flexible structure with k

As = 1 +

1

(17)

As presented by Bowden and Tabor [2], the stick–slip motion is defined
as the motion alternating periodically between adhesion (stick) and
sliding (slip).
Along these lines, the three different behavior ranges emerging
naturally from the dynamics of a sliding structure subjected to sinusoidal ground motion excitation are: a stick-stick behavior range, a
stick–slip behavior range and a slip-slip behavior range. The combined
fulfillment of the mathematical conditions defined by Eq. (14) and Eq.
(15) defines a stick–slip response, while the non-fulfillment of Eq. (15)
in the observed response of the seismically isolated structure defines

3. Response to harmonic ground motion excitation
The presented structural system is subjected to sinusoidal ground
motion defined as follows:
2428
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Fig. 3. Stick-stick, stick–slip and slip-slip behavior ranges.

dimensionless sliding force fb , thus triggering the sliding motion of the
infinitely stiff superstructure.
3.3. Sliding response of structures with varying stiffness k founded on a
rigid-plastic sliding layer
Fig. 6 shows the response of a structural system of finite stiffness
with a different mass ratio = 0.1 to a ground motion excitation. The
dimensionless frequency ratio
= 0.1 expresses the frequency characteristics of this structure relative to the frequency content of the
ground motion excitation. The corresponding hysteresis loop and the
phase-space plot are presented in Fig. 7 for a mass ratio value = 0.1.
The high-frequency, jerky motion of the superstructure in this case
transmits a force to the base that leads to exceedance of the yielding
force very fast. The base mass reacts to the motion of the superstructure
in the same frequency. In this case, the response of the structure is slipslip.
The dynamics of stiff, sliding structures subjected to harmonic excitation with increasing amplitude are shown in Fig. 8: A rigid structure
with infinite elastic stiffness k
and rigid-plastic frictional model is
subjected to harmonic ramp loading with increasing dimensionless
amplitude (Eq. (18)).

Fig. 4. Stick-Stick and Stick–Slip behavior ranges and analytical prediction of
sliding initiation for different values of mass ratio and dimensionless ground
acceleration A.

non-exceedance of the frictional strength at the interface (|fb |<1) and a
stick-stick response. The stick-stick and stick–slip behavior ranges of the
presented two-degree-of-freedom model for different values of mass
ratio and dimensionless ground acceleration A are shown in Fig. 4.
The analytical prediction of the required value of dimensionless
ground acceleration As for sliding initiation using Eq. (17) is in excellent agreement with the analytically derived boundary between the
stick-stick and the stick–slip behavior ranges, as shown on the same
figure. Fig. 4 elucidates the influence of the change of the mass ratio on
the initiation of sliding of flexible seismically isolated structures: An
increase of the mass ratio mobilizes a higher acting force above the
sliding interface Fact (Eq. (16)), thus decreasing the ground motion
amplitude As required for the initiation of sliding.

A=

Atarget
2 n

(18)

where Atarget denotes the target value of the amplitude in the end of the
loading (3 in this case) and n the number of harmonic cycles needed to
reach this target value (10 in this case).
As shown in the figure, the transition of the system from stick-stick
to stick–slip occurs for a dimensionless amplitude A = 1.1. The grazing
bifurcation between stick–slip and slip-slip occurs for A = 2.25. The
transition of the system from stick–slip to slip-slip is justified by the
fulfillment of the mathematical condition for sliding defined by Eq. (15)
and the first amplitude A = 2.25 for which the stick phase (Eq. (14))
does not manifest itself in the response of the structure (Fig. 8). The
effect of the base-structure interaction due to the flexibility of the superstructure is significant for the dynamics of the sliding system presented in Fig. 1. Fig. 9 shows the response of the same structural system
with = 0.1 to the selected sinusoidal ground motion excitation using a
frequency ratio = 0.5.
The response of the base in this case is stick–slip: it varies between a
sticking motion (u0 = 0 , u 0 = 0 ) and a sliding motion (|u 0 | > 0 , |fb | = 1).
The base mass in this case manifests a high-frequency, chattering motion, which is not related to the frequency of the motion of the superstructure. The observed maximum sliding displacement response in this

3.2. Sliding response of infinitely stiff structures with stiffness k
founded on a rigid-plastic sliding layer
The steady-state response of an infinitely stiff superstructure isolated with a rigid-plastic sliding layer with a friction coefficient µ = 0.3
is investigated. The Bouc–Wen parameter values b = 0.5, nb = 20 and
= 106 are chosen for the modelling of the frictional behavior of the
sliding interface corresponding to the aforementioned rigid-plastic
(Coulomb) frictional behavior. Fig. 5 shows the dimensionless displacement, velocity, acceleration and frictional force time history response of the structural system subjected to a sinusoidal ground excitation with A = PGA/ µg = 1.2g /0.3g = 4 , shown in the same figure.
The isolated structure is modelled to maintain its response in the
elastic range and damping ratio = 0.05, while the mass of the base
plate corresponds to = 90% of the modal mass of the structure. The
dimensionless inertia action force on the sliding base is equal to the
2429
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Fig. 5. Dimensionless displacement, velocity, acceleration and frictional force time history response of a structure with stiffness k
founded on a rigid-plastic sliding layer to a sinusoidal ground excitation with amplitude A = 4 .

case is significantly decreased compared to the case of = 0.1. This
decrease is a direct outcome of the change of the nature of the sliding
response of the structure from slip-slip to stick–slip for higher ratios.
The determination of the potential behavior ranges (stick-stick,
stick–slip, slip-slip) of the structure for sinusoidal excitation of different
amplitudes A and frequency ratios
and for rigid-plastic (Coulomb)
frictional behavior is summarized in Fig. 10. The chosen mass ratio
value for this parametric analysis is = 0.1. As shown in the figure, the
slip-slip behavior range manifests itself for frequency ratios varying
between 0.01–0.1. The increase of ratio is associated with a transition
from slip-slip to stick–slip for high amplitude values A. Interestingly,
the amplitude threshold for sliding, expressed as the transition from
stick-stick to stick–slip decreases for an increase of the frequency ratio

and mass ratio

= 0.9

from 0.5 to 1 due to resonance effects between the structure and the
excitation, which facilitate the sliding behavior of the structure in this
frequency range.
For frequency ratios higher than 1, the required amplitude for the
occurrence of sliding is increasing: The high-frequency content of the
excitation and the high flexibility of the structure lead to minimization
of the inertia forces required to trigger the slip (sliding) behavior of the
structure.
The effect of the dynamics of sliding of flexible structures founded
on sliding interfaces with rigid-plastic (Coulomb) frictional behavior on
their dimensionless sliding displacement for different sinusoidal amplitude values A and frequency ratios is presented in Fig. 11.
As shown in the figure, the sliding displacement of these structures

Fig. 6. Dimensionless displacement, velocity, acceleration and frictional force time history response of a stiff structure with
layer to a sinusoidal excitation with amplitude A = 4 and frequency ratio = 0.1.
2430
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initiation of sliding remains constant and close to 1 for frequency ratios
smaller than 0.6. However, for frequency ratios higher than 0.6, the
required amplitude for the occurrence of sliding is increasing: The highfrequency content of the excitation and the high flexibility of the superstructure lead to the minimization of the inertia forces required to
trigger the slip (sliding) behavior of the structure. The deformability of
this layer before sliding reduces drastically the forces acting on the
isolated structure due to its seismic isolation effect, thus inhibiting the
sliding response of the structure for dimensionless frequency ratios
higher than 0.6.
Fig. 14 shows the dimensionless displacement, velocity, acceleration and frictional force time history response of the structural system
to a sinusoidal ground excitation with A = PGA/µg = 1.2g /0.3g = 4 .
The frequency of the acceleration response of the base in this case is
much lower than in the rigid layer case, thus showing the effect of the
deformability of the sliding layer on the reduction of the interaction
between the base and the seismically isolated structure.
Fig. 15 shows the hysteresis loop illustrating the frictional behavior
of the deformable sliding layer with = 5 for the same ground motion
excitation with A = PGA/µg = 4 and frequency ratio of = 0.5. The
phase-space plot for the same frequency ratio is also shown on the same
figure.
Figs. 16 and 17 elucidate the maximum dimensionless sliding displacement and acceleration response of deformable structures founded
on a deformable sliding layer with = 5 for different sinusoidal amplitude values A and frequency ratios . As shown in Fig. 17, the
maximum acceleration of structures founded on this deformable layer is
significantly reduced for the entire frequency spectrum
and for dimensionless amplitude values smaller than 2 compared to the rigid
sliding layer case (Fig. 12). However, the corresponding sliding displacement response values are similar for the two different sliding layer
configurations.
This section presented the three behavior ranges that characterize
the dynamic response of isolated structures founded on deformable
granular layers: stick-stick, stick–slip and slip-slip. The mathematical
conditions that define these behavior ranges were determined. The
frequency boundaries defining these ranges for isolated structures
subjected to sinusoidal ground motion excitation of varying dimensionless frequency ratios
were illustrated. The effect of these
behavior ranges on the sliding displacement and the acceleration response of isolated structures has been quantified for two different
sliding layers: a rigid-plastic sliding layer and a deformable sliding layer
with = 5. The favorable role of the use of a deformable granular layer

Fig. 7. Hysteresis loop and phase space plot of a stiff structure with mass ratio
= 0.1 to a sinusoidal ground excitation with A = PGA/ µg = 1.2g /0.3g = 4 and
frequency ratio = 0.1.

increases tremendously for low frequency ratios, even for low amplitude values, as observed by Castaldo and Tubaldi [16]. The amplitude
values leading to high sliding displacement response increase for higher
frequency ratios, thus showing that the stick–slip behavior observed in
this frequency range (Fig. 10) is associated with a significantly reduced
sliding displacement response. The efficiency of sliding towards the
reduction of the acceleration of the top mass of the selected structural
system (Fig. 1) for different sinusoidal amplitude values A and frequency ratios is presented in Fig. 12.
As presented in the figure, the sliding frictional response with rigidplastic frictional behavior is efficient in reducing the top mass acceleration for ratios between 0.2 and 1 for all the investigated dimensional amplitude values. However, there is an observed increase in the
acceleration response of the top mass for ratios between 1 and 2 due
to the lower efficiency of sliding as a response modification strategy in
that range. This observation is consistent with the increasing stick-stick
behavior range observed for
ratios between 1 and 2, presented in
Fig. 10.
3.4. Sliding response of structures with varying stiffness k on a deformable
sliding layer with = 5
The behavior ranges of a structure founded on a deformable sliding
layer with = 5 for sinusoidal excitation with different amplitudes A
and frequency ratios are presented in Fig. 13. The chosen mass ratio
value for this parametric analysis is = 0.1. As shown in the figure, the
slip-slip behavior range does not manifest itself in this case due to the
deformability of the sliding layer. The amplitude threshold for the

Fig. 8. Dimensionless displacement, velocity and acceleration response to a sinusoidal ground excitation with increasing amplitude A (ramp load) and identification
of the sliding behavior ranges.
2431
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Fig. 9. Dimensionless displacement, velocity, acceleration and frictional force time history response of a flexible structure with mass ratio
ground excitation with A = 4 and frequency ratio = 0.5.

= 0.1 to a sinusoidal

existing stick–slip models. Furthermore, the determination of the effect
of the deformability of the sliding layer on the stick-stick, stick–slip and
slip-slip behavior ranges and the dynamic acceleration and sliding
displacement response of seismically isolated structures constitutes a
unique and comprehensive representation of the dynamic behavior of
these structures, which has not been systematically considered before
by the existing approaches.
4. Response to analytical pulse ground motion excitation
The representation of earthquake ground motions with analytical
pulse excitation has been found to yield a good approximation of the
kinematic characteristics of these motions [12]. Hence, the structural
system presented in Fig. 1 with a vibration period T = 2 / = 0.1 s,
= 0.1, founded on a sliding layer with µ = 0.4 , is excited by a symmetric Ricker pulse [36] with ap = PGA = 0.6 g and period Tp = 1 s,
defined by Eq. (19) and shown in Fig. 18. The dimensionless amplitude
of the symmetric Ricker pulse is A = PGA/μg = 0.6 g/0.4 g = 1.5,
while the dimensionless frequency in this case is = T / Tp = 0.1.

Fig. 10. Identification of the potential behavior ranges (stick-stick, stick–slip,
slip-slip) of structures founded on a rigid-plastic (Coulomb) sliding layer subjected to sinusoidal ground excitation with varying amplitude A and frequency
.

u¨ g = ap 1

2 2t 2
e
Tp2

1 2 2t 2
2 T2
p

(19)

According to Eqs. (1), (2), (4), (6) and (19), the displacement response
of a structure founded on a deformable granular layer, which is subjected to an analytical pulse ground motion excitation can be determined as a function of the following 9 variables, following the presentation format used in the dimensionless approach presented by
Makris and Black [37] for bilinear oscillators:

Fig. 11. Dimensionless sliding displacement of structures founded on a rigidplastic (Coulomb) sliding layer for sinusoidal excitation with varying amplitude
A and frequency .

ud1 = f (k, udy , fs , m , µ , fb , c, ap , Tp)

with = 5 compared to the commonly used existing approach of a
rigid-plastic sliding layer manifests itself in its efficiency in the reduction of the maximum acceleration response of structures for the entire
frequency spectrum and for dimensionless amplitude values smaller
than 2. The obtained sliding displacement maxima are comparable for
the two different sliding layer types.
The presentation of the fundamental parameters in dimensionless
form through a novel mathematical formulation reduces substantially
the number and complexity of these parameters, compared to the

(20)

The emerging reference dimensions of this problem are Length [L] and
Time [T]. Hence, the dimensionless response of a structure founded on
a deformable granular layer can be represented according to Buckingham’s theorem [38] using only 9–2 = 7 dimensionless terms:

u1 = f ( , A, fb , , u y , , )

(21)

The response of the structure subjected to Ricker pulse excitation is
investigated for the two different sliding layer types presented in the
harmonic excitation of the structure: A rigid-plastic sliding layer with
2432
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Fig. 15. Hysteresis loop and phase space plot of a flexible structure with = 0.1
founded on a deformable layer with = 5 to a sinusoidal excitation with amplitude A = 4 and frequency ratio = 0.5.

Fig. 12. Dimensionless acceleration of structures founded on a rigid-plastic
(Coulomb) sliding layer subjected to sinusoidal excitation with varying amplitude A and frequency .

Fig. 16. Dimensionless sliding displacement of structures founded on a deformable layer with = 5 for sinusoidal excitation with varying amplitude A
and frequency .

Fig. 13. Identification of the potential behavior ranges (stick-stick, stick–slip,
slip-slip) of structures founded on a deformable sliding layer with = 5 subjected to sinusoidal ground excitation with varying amplitude A and frequency
.

different sliding layers u¨ def u¨ rig is generalized for a wide range of
pulse excitation frequency ratios in Fig. 20.
As presented in Fig. 20, the maximum acceleration response of a
structure founded on a deformable layer üdef is significantly smaller for
the majority of the investigated frequency ratios , compared to the
rigid-plastic layer case (ürig ). The biggest difference in the response of
the two systems manifests itself in the short frequency range with
< 1, where the use of a deformable layer decreases the acceleration
response substantially compared to the rigid layer case for high dimensionless acceleration amplitudes. The higher dimensionless acceleration of structures founded on deformable layers for a short dimensionless frequency range characterized by low frequency ratios
(0.25 < < 0.4 ) and small dimensionless amplitudes (0.2 < A < 0.8)

= 106 and a deformable sliding layer with = 5.
The dimensionless acceleration and sliding displacement response
of the structure founded on the two different sliding layers to the presented Ricker ground motion excitation are shown in Figs. 18 and 19,
respectively. The chosen mass ratio value for this parametric analysis is
= 0.1.
As shown in Fig. 18, the maximum acceleration of the structure
founded on the deformable layer is decreased, compared to the rigidplastic layer case. However, the corresponding sliding displacement is
significantly higher for the deformable layer case (Fig. 19). The observed trends in the difference between the maximum dimensionless
acceleration of the structure founded on the aforementioned two

Fig. 14. Dimensionless displacement, velocity, acceleration and frictional force time history response of a flexible structure with
layer with = 5 to a sinusoidal excitation with amplitude A = 4 and frequency ratio = 0.5.
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case. However, this behavior is not observed for dimensionless amplitude values higher than A = 1, which correspond to initiation of the
sliding behavior the structure. For this dimensionless amplitude range,
which refers to much stronger and potentially more disastrous ground
motion excitation, the dimensionless acceleration observed for the deformable layer is decreased compared to the rigid-plastic layer case.
This higher efficiency of a deformable sliding layer on the reduction of
the maximum acceleration of stiff structures compared to the rigidplastic layer case is in complete agreement with the trends observed in
the response of the two systems to sinusoidal excitation, thus generalizing the results of this study to two different ground motion excitation
types.

Fig. 17. Dimensionless acceleration of structures founded on a deformable
sliding layer with = 5 subjected to sinusoidal excitation with varying amplitude A and frequency .

5. Conclusions
This paper focuses on the analytical investigation of the dynamics of
the sliding response of structures founded on a sliding layer of varying
elastic stiffness and deformability before the initiation of sliding. The
goal of this investigation is to shed light on the potentially beneficial
role of the deformability of a sliding layer on the dynamic response of
structures subjected to harmonic and pulse ground motion excitation.
A two-degree-of-freedom model is used to simulate the sliding response of the structure subjected to the aforementioned types of ground
motion excitation. The well-defined ground motion characteristics of
the harmonic and pulse excitation facilitate their use for dimensional
analysis. The dynamic equilibrium of motion of the sliding response of
the structure to the selected ground motion excitation is presented in a
convenient and generalized dimensionless mathematical formulation.
The derived dimensionless sliding displacement and acceleration ratios
quantify the sliding response of structures for a wide range of dimensionless ground motion frequencies and amplitudes, thus providing
a holistic, dimensionless mathematical framework for an efficient
computation and investigation of the dynamics of these structures.
Based on this mathematical framework, the stick–slip behavior
ranges of structures founded on a rigid layer are determined first. The
grazing bifurcation between stick and stick–slip behavior is analytically
derived for varying mass ratios expressing the weight of the sliding base
compared to the total weight of the structure. The combined effect of
the flexibility of the isolated structure and the dimensionless ground
motion amplitude on these stick–slip behavior ranges, the sliding displacement and the acceleration response of the structure is presented.
Two critical behavior ranges for the response of these structures
founded on a rigid layer are identified: First, a slip-slip behavior range
characterized by high maximum sliding displacement response values
occurring for stiff structures excited by long-period ground motion
excitation. Second, a resonance behavior range, where the frequency of
the excitation is close to the frequency of the structure, characterized by
initiation of sliding (stick–slip behavior) for very low ground motion
amplitudes and very high acceleration response values of the isolated
structure.
The corresponding stick–slip behavior ranges for structures founded
on a deformable layer are quantified and compared with the derived
ranges for structures founded on a rigid layer. The beneficial role of the
use of a deformable layer with = 5 on the sliding response of structures is emerging from the change of the critical behavior ranges in the
dynamics of the system: The amplitude at which sliding occurs for the
case of resonance ( = 1) is much higher than in the rigid layer case
and depends less on the frequency of the excitation. Moreover, the
acceleration response of the structures founded on this layer is substantially reduced for dimensionless ground motion amplitudes smaller
than 2 comparing to the rigid sliding layer case. These trends were
generalized for the excitation of the same structure by analytical pulse
ground motion excitation. Henceforth, the use of the presented deformable layer is beneficial for the seismic isolation of structures as it
leads to a more robust and frequency-dependent sliding response of
structures and a significant reduction of their maximum acceleration

Fig. 18. Dimensionless acceleration time history response of a structure
founded on two different sliding layer types to a Ricker pulse ground excitation
with amplitude A = 1.5.

Fig. 19. Dimensionless sliding displacement time history response of a structure founded on two different sliding layer types to a Ricker pulse ground excitation with amplitude A = 1.5.

u¨rig between structures
Fig. 20. Dimensionless acceleration difference u¨def
founded on a deformable and a rigid-plastic sliding layer subjected to analytical
pulse excitation with varying amplitude A and frequency .

is attributed to the vibration of stiff structures subjected to pulse excitation before sliding occurs, which is enabled by the flexibility of the
deformable layer but is much less pronounced for the rigid-plastic layer
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response compared to the rigid sliding layer case. This reduced acceleration response is associated with lower seismic forces, thus illustrating the potentially favorable role of this layer for the seismic damage mitigation of structures.
However, the consideration of the inelastic behavior of the structure
and the use of recorded ground motion excitations are required to extend the application range of these results. Furthermore, the effect of
the variation of the mass ratio on the sliding behavior ranges and the
dynamic behavior of structures of varying, finite stiffness, founded on a
deformable layer could be quantified by future studies, thus further
extending the application of the research outcome of this work to a
wider range of structures. The use of a deformable sliding layer as a
means of seismic isolation of structures must be combined with the
design of a buffer zone around the structure or a recentering mechanism, which prevent its pounding with adjacent structures. If the
engineering of this buffer zone or the recentering mechanism are not
possible, the use of backfill material with damping properties, such as
recycled rubber granulate, in the perimeter of the sliding zone of the
structure could inhibit the effect of its potential pounding with adjacent
structures.
The dimensionless mathematical framework for the determination
of the sliding response of structures, the illustration of the stick–slip
behavior ranges and the quantification of the grazing bifurcations between these ranges for sliding layers of different deformabilities provided in this paper lay the foundation for a holistic and computationally
efficient determination of the dynamic behavior of these structures. The
practical application of the use of a deformable layer presented in this
study is viewed in the development of the emerging technologies for
seismic isolation of structures in developing countries. Many of these
technologies focus on the foundation of the structure on deformable
layers consisting of sand [39] or mixtures of sand with rubber [26,27],
which enables the design of a low-cost sliding mechanism for the
seismic isolation and the protection of the structure from seismic damage. The dimensionless design parameters provided in this study and
the ongoing experimental investigations on the variability of these
parameters [26,27,39] lay the basis for future studies exploring a
probabilistic assessment of the seismic response of structures founded
on deformable granular layers. This probabilistic assessment can focus
on the quantification of the influence of the uncertainties in the determination of the presented design parameters on the seismic response
of these structures.
The aforementioned investigations can shed more light on the
emerging beneficial role of a deformable layer towards the decrease of
the maximum acceleration response and the protection of structures
from seismic damage. The illumination of this beneficial role can lead
to the design of more efficient seismic and vibration response modification strategies, thus improving the dynamic performance of a wide
range of structures.
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