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In this study, behaviour of a raft foundation in dry 
cohesionless soil when subjected to dynamic loadings 
is presented. The numerical model is validated by 
model tests on shaking table and numerically by a 
plane strain finite difference program, FLAC 2D. In 
both shaking table tests and numerical analyses, the 
raft located in dry Kasai River sand in Kharagpur has 
been subjected to 10 cycles of equivalent sinusoidal 
loadings with an amplitude of 0.2412 g at a frequency 
of 2 Hz, which represents an irregular time history of 
the Loma Prieta Earthquake (1989). The results of the 
above study in terms of response time histories, bend-
ing moment and lateral displacement of the raft have 
been validated with numerical simulations, and the  
results are in reasonable agreement with the corres-
ponding experimental findings. A methodology to 
study the behaviour of a raft foundation subjected to 
harmonic excitations has been proposed in terms of 
vertical deformations of the raft foundation in dry 
sand for a given value of dynamic (or degraded) factor 
of safety. 
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SIGNIFICANT work has been done on the dynamic perfor-
mances of shallow foundations, including some pioneer-
ing works that have also studied the settlements of 
shallow building foundations during dynamic/earthquake 
loadings1–14. Omer15 solved the problems (static and dy-
namic) of a raft foundation (idealized as a thin plate) rest-
ing on elastic foundations using a coupled methodology 
which involves geometric nonlinearity. The two-
parameter foundation model of Winkler–Pasternak is  
assumed and the effects of its foundation parameters on 
raft responses have been studied. Ribeiro and Paiva16 
have numerically solved the interaction of raft resting on 
soil (which may be half space or having a finite thickness 
on a rigid base), in which the soil is modelled by bound-
ary elements and the raft as a membrane element. The  
infinite boundary elements are used for the simulation of 
far-field condition. Mandal and Roychoudhury17 studied 
the responses of a rectangular raft foundation under vari-
ous transient loadings using a coupled finite element and 

boundary element (FE–BE) approach. Wang et al.18 pre-
sented the Ritz method for settlement analysis of a rec-
tangular thick raft resting on a homogeneous, elastic half-
space. They have considered the effects of shear deforma-
tion on the bending moments and settlement of a raft 
foundation. Stokoe et al.19 has proposed a method for 
predicting settlements of shallow footings on granular 
soils. The method is based on field seismic measurements 
to evaluate the small-strain shear modulus combined with 
nonlinear normalized (G/Gmax – logγ) relationships de-
termined in the laboratory. The settlements obtained from 
experiments were predicted from a commercially availa-
ble finite element program, PLAXIS. Asgari et al.20 con-
ducted numerical studies on sands which contain fines 
with relative densities of 30–40% under different  
surcharge loading on a shallow foundation in FLAC 2D. 
The effects of strong-motion parameters (peak ground  
acceleration (PGA)/PGV, etc.) on complex soil–structure 
interaction were studied. However, most of these studies 
were on shallow, static-footing foundations. Comparatively 
few works have been done on the dynamic behaviour of a 
raft foundation. In view of this, here we present the beha-
viour of a raft foundation during dynamic shaking. 
 We conducted, small-scale model studies on a raft 
foundation resting on dry sand to understand the beha-
viour of a raft subjected to seismic loadings and to eva-
luate the suitability of such type of foundation under 
dynamic loading conditions. The results of the model 
tests were compared with those from a plane strain finite 
difference program called FLAC 2D (ref. 21). A simpli-
fied method has been also proposed to derive a relation-
ship between the dynamic settlement of a raft foundation 
and its corresponding factor of safety under dynamic 
loading conditions for a given raft size, raft thickness and 
superstructure loadings. 

Experimental set-up 

The small-scale model studies on a raft subjected to  
dynamic loadings were performed on a uniaxial shake  
table, which is a steel table of dimensions 1 m × 1 m and 
mounted on rails. The payload of the table is 5 tonne and 
it vibrates only in the horizontal direction (uniaxial). The 
table is attached to an actuator which has a capacity of 
50 kN with a stroke length of ± 100 mm. The actuator is 
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servo-controlled, which can accept both harmonic and 
random vibrations with a frequency range 0.1–50 Hz. 
 We performed experiments on small-scale models rather 
than on the actual prototype. The model tests were per-
formed in a rigid wall container of dimensions 0.8 m × 
0.85 m × 0.6 m (length × breadth × height). The walls of 
the container are made of plexiglass of 16 mm thickness, 
so that one can view inside the test set-up. The plexiglass is 
fixed in frames which essentially consist of steel angles. 
 While performing a dynamic test on the shake table, 
the most relevant point under consideration is to replicate 
the free field conditions present at a site. As the soil  
in the test chamber is confined in a finite dimension, the 
boundary effects present in the chamber result in the  
generation of compression waves which add inaccuracies 
in the recorded responses. 
 Some of the past results reported in the literature  
support the fact that the introduction of foam sheet 
enables dissipation of energy to some extent22,23. This 
dissipation of energy reflects to a relatively unexplored 
area of damping in geotechnical engineering by experi-
mental studies known as radiation damping, which is  
different from material damping of the soil. These  
researchers have studied the effect of thickness of foam 
by plotting the response spectra of foam and wall and 
they have also suggested a upper limit to the thickness of 
foam by providing a relationship22,23. 
 Similar soft materials have been already used by  
others, while studying the dynamic and soil liquefaction 
phenomena23–28. As the tank walls are rigid in this study, 
thermocol of 32 mm thickness was pasted on the inner 
side of the walls to reduce the generation of unwanted 
waves as well as reflection and refraction of waves. 
 All the tests conducted in the present study are in 1 g 
(actual gravity loading) and follow the scaling law pro-
posed earlier by some researchers29–31. The density, grain 
size distribution and strength parameters of the soil used 
in the present study remain the same as those for the  
actual (prototype) soil in the field. The scale factor (λ) 
utilized in the model study to scale down the other para-
meters is 20. Table 1 displays the 1 g scaling relation-
ships utilized in this study. A 6 m × 6 m prototype square 
concrete raft foundation of 0.55 m thickness and M20 
grade has been modelled by a square raft foundation of 
dimensions 300 mm × 300 mm × 15 mm (length, breadth 
and thickness; Figure 1). In the model raft, a square steel 
wire mesh (chicken mesh) of 3 mm square opening has 
been used as the reinforcement. The steel wires are of 
1 mm diameter. The raft is casted using a nominal mix of 
1 : 3 : 6 of ordinary Portland cement, fine sand and coarse 
aggregates. The size of the coarse aggregates is chosen so 
that the mix can pass through the steel reinforcement 
mesh of the raft. After casting, the models are soaked in 
water and allowed to cure for more than 28 days. Three 
strain gauges are attached at the bottom of the raft so that 
the strains along the raft may be measured during dynamic 

excitation. The bending moments along the raft are then 
back calculated from the strain gauge data collected dur-
ing the tests. Figure 1 shows the model raft along with 
the attached strain gauges. 

Material properties of Kasai River sand 

In this study, a local sand from Kasai River in Kharagpur 
was used. The GSD of Kasai River sand is shown in Fig-
ure 2. It is classified as poorly graded sand (SP), accord-
ing to the Unified Soil Classification System (USCS). 
The specific gravity of the sand is 2.72. The maximum 
and minimum dry unit weights are 18.00 and 
14.03 kN/m3 respectively. The uniformity coefficient (cu) 
and coefficient of curvature (cc) of the sand were found to 
be 2.84 and 0.87 respectively. In the model tests, bulk 
unit weight of the sand was maintained at 15.7 kN/m3, 
with a relative density (Dr) of 48%. The drained direct 
shear tests were performed on the sand to find its shear-
strength parameters. Three tests were performed on the 
sand at three different confining pressures (0.5, 1.0 and 
1.5 kg/cm2) to find its shear-strength parameters32. All the 
tests were performed at a strain rate of 1.25 mm/min. 
Figure 3 a shows shear stress versus displacement curves 
for the three tests. Figure 3 b illustrates the relationship 
between normal stress and failure shear stress obtained 
 
 

 
 

Figure 1. Model raft along with the strain gauges. 
 

Table 1. The 1 g scaling law 

System variables Geometric scaling factor 
 

Mass density 1.0 
Acceleration 1.0 
Length λ 
Strain 1.0 
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from the tests. A best-fit straight line is obtained, which 
is a relationship between shear stress and normal stress as 
given by Mohr–Coulomb failure criteria. The intercept of 
this line on the Y-axis gives the effective cohesion (c′) 
and slope of the line gives the effective angle of friction 
(ϕ ′). The shear-strength parameters of the sand (viz. c′ 
and ϕ ′) were found by drained shear tests to be 0.0 and 
32° respectively. Previous studies have shown that shear 
wave velocity (or shear modulus) of sand increases with 
depth because of an increase in the confining pres-
sure33,34. Hence, in this study, a parabolic variation of the 
shear modulus of Kasai River sand, as given below, has 
been assumed21 
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where pref is the reference pressure (100 kPa), p′ the mean 
effective stress, KG is a stiffness multiplier (133.26, in the 
present case) and n is an exponent parameter (0.45 in this 
case). The values of pref and KG were obtained from the 
drained triaxial tests on the sand. Table 2 shows all the 
material properties for the foundation sand. 

Dry sand only 

Initially, the tank was filled up to 0.55 m height with dry 
Kasai River sand maintaining a dry density of 1600 kg/m3 
(unit weight = 15.7 kN/m3). Two accelerometers were 
placed, one on top of the soil and the another on the 
shake table. The 32 mm thick thermocol sheets were 
placed between the plexiglass container and sand layer on 
three sides to reduce the reflection of compression/shear 
 
 

 
 
Figure 2. Grain size distribution of Kasai River sand from Kharag-
pur. 

waves coming from the tank walls. The bottom of the 
container was made rough by gluing sand grains at the 
bottom to allow shear stress at the bottom of the test tank 
and prevent any slippage23. 

Raft on top of dry sand 

In the next experiment, a model raft was placed on top of 
the sand surface in the middle of the test tank. A vertical 
surcharge pressure of 1.445 kPa (13 kg load) was applied 
on top of the model raft. We had to ensure that the vertical 
surcharge pressure acting on the raft does not cause any 
bearing capacity failure. The gross allowable bearing 
pressure (taking a factor of safety equal to 3.0)35 was 
found to be 16.64 kPa, which was less than the surcharge 
loading on the raft. Hence the foundation was statically 
safe. This surcharge pressure is equivalent to 28.9 kPa in 
the prototype scale and represents the vertical load of a 
single-bay, three-storied building.  
 The inertia of the box is also a contributing factor for 
the response acceleration at any depth of the soil. The 
measured accelerations will be less than the actual values, 
if the box inertia is accounted for23,26. Hence, a correction 
factor for the measured accelerations, expressed as 
(m1 + m2)/m1, has been proposed by Lombardi and Bhat-
tacharya23, where m1 is the mass of the soil within the 
tank and m2 is the mass of the tank. It is found that the 
mass of the tank (or the test container) is less than the soil 
mass by a significant amount; hence the correction factor 
tends to be unity and thus no correction is done in the 
present case for the measured accelerations. Figure 4 a 
and b shows the top view and schematic diagram of the 
test set-up with the raft placed on the sand layer within 
the test chamber. 

Selection of input motion 

The performance of the Kasai River sand was studied for 
a PGA of 0.24 g. The catchment area of the river has a 
number of faults in close proximity, like the Pingla Fault, 
Garhmayna Khandaghosh Fault and Eocene Hinge 
Zone37, due to which mild shakings in this area have  
occurred a number of times in the past. The area comes 
under Seismic Zone 3 according to the seismic zonation 
 
 

Table 2. Geotechnical parameters of sand 

Parameters for foundation sand Value 
 

Mass density (kg/m3) 1600 
Cohesion (c′; Pa) 0 
Angle of internal friction (ϕ ′) 32° 
Stiffness multiplier (KG) 133.26 
Exponent (n) 0.45 
Poisson’s ratio (ν) 0.3 
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Figure 3. (a) Plots of shear–stress versus horizontal displacement curves and (b) failure shear stress versus normal stress for three different ver-
tical stresses in a direct shear test. 
 
 

 
 

Figure 4. (a) Experimental set-up and (b) schematic view with the raft on top of dry sand. 
 

 

 
 
Figure 5. Input motion applied during a shake table test (ACC 2(H)). 

map of India38 and 0.24 g is found to be the maximum 
possible PGA. Several strong ground motions were ana-
lysed and the 18 October 1989 Loma Prieta Earthquake 
(Mw = 7⋅1, N0W component) motion was chosen for this 
study. The PGA, vmax, dmax, and predominant period were 
344.17 cm/s2, 33.339 cm/s, 6.707 cm and 0·607 s 
(1.67 Hz) respectively, for the selected motion. It is 
known that the dynamic stresses and the accelerations are 
inter-related; hence we can replace the actual strong motion 
by an equivalent harmonic motion consisting of a number 
of stress cycles of constant amplitude, as proposed by 
Seed et al.39. The strong motion is modelled by 10 cycles 
of harmonic motion with an amplitude, aavg (two-thirds of 
PGA) of 0.24 g and at a frequency of 2 Hz. The selected 
acceleration time history is applied at the base of the 
shake table at a time interval of 0.01953 sec, as shown in 
Figure 5. 
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Free vibration characteristics of Kasai River  
sand 

Quite often, the dynamic properties of the soil are identi-
fied by allowing it to vibrate freely, which leads to gra-
dual reduction in the amplitude of the vibration. This 
reduction in wave amplitude is due to the combined effect 
of radiation damping of the system and material damping 
of the soil. By closely observing the free vibration  
response of the soil, one can obtain the natural frequency 
of vibration as well as overall damping in the system, 
which includes material as well as radiation damping of 
the soil. Hence, natural frequency of the soil column is 
found experimentally from the free-vibration portion of 
the accelerometer readings near the top surface of the 
sand bed (Figure 6). Figure 7 a shows a close view of the 
free vibration portion of the motion. Figure 7 b shows the 
accelerometer readings in the frequency domain from 
where the natural frequency of the soil is obtained. From 
Figure 7 b it may be observed that the natural frequency 
of the sand is around 10.67 Hz. The damping ratio of the 
sand is found from the free vibration portion of the  
response acceleration time history as given below40,41 
 

 ( ) exp( 2 ),nu t A f tπ ξ= ± −  (2) 
 
where fn is the natural frequency of the sand (10.67 Hz) 
which is identified from the Fourier spectrum of the free 
vibration portion and ξ is the damping ratio of the sand. 
 Therefore, approximating the decay by eq. (2), the 
damping ratio of the sand is found to be around 4.47% 
(Figure 7 a). 

Experimental observations 

Dry sand only 

For the first model test, where only the sand bed was  
subjected to dynamic loading, the response acceleration  
 

 
 
Figure 6. Acceleration time-history at the top of dry Kasai River sand 
(ACC 1(H)). 

history at the top of the sand in dry condition was meas-
ured. The amplification of the PGA was calculated by 
taking the ratio of the measured maximum (absolute)  
value of acceleration from the top and bottom response 
histories. The amplification factor was 1.24 for the dry 
sand.  

Raft on top of dry sand 

In the second model test, a raft was placed on top of the 
dry sand and behaviour of the raft under dynamic condi-
tions was studied. The acceleration time history at the top 
of the sand in dry condition was measured and PGA  
amplification was found to be 1.20, which is a little less 
than the value for free field amplification. During the 
test, strains along the length of the raft were measured by 
strain indicators. From the strain gauge values, curvature 
of the raft was calculated. From the curvature equation, 
moments along the raft were calculated using the well-
known relationship for a beam, M = EI/r, where E is the 
modulus of elasticity of the raft, I the moment of inertia 
of the raft and r is the radius of curvature of the raft given 
by ε/y. ε is the strain gauge reading and y is the distance 
of the extreme fibres from the neutral axis. An additional 
accelerometer was placed on the side of the raft to mea-
sure its lateral displacement with time. 

Numerical simulation 

Two-dimensional finite difference analysis of the model 
raft foundation, tested on the laboratory shake table, was 
conducted in FLAC 2D (ref. 21). The 300 mm × 300 m × 
15 mm prototype model of the square concrete raft foun-
dation is numerically discretized by 14 two-dimensional 
beam elements. A beam element has three degrees of 
freedom (two displacements and one rotation) at each 
node. The beam elements are assumed to be elastic. The 
locations of the side and bottom boundaries with respect 
to the raft in the numerical analyses were chosen to satisfy 
the actual dimensions of the sand bed in the shake  
table model tests. The sand bed in the foundation (0.85 m 
width and 0.55 m height), within which the raft is  
located, was discretized by 45 × 25 numbers of four-
noded plane strain quadrilateral elements of size 
0.022 m × 0.022 m. The walls of the test tank were not 
modelled numerically. In static analysis, the soil–
structure system was equilibriated under gravity loads, 
keeping the bottom nodes of the soil boundary fixed in 
both directions (x and y), and the side boundaries fixed in 
the horizontal (x) direction only. It may be noted that  
during static analysis, the flow calculation option in the 
program was turned-off, as no water was involved in 
these tests and the sand was in dry condition. 
 After performing the initial static analysis, dynamic 
analysis was performed. In dynamic modelling, it must be
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Figure 7. (a) Enlarged view of the free vibration portion of acceleration time history and (b) acceleration time history in the frequency domain. 
 
 

 
 

Figure 8. Mesh discretization of the raft resting on a sand bed. 
 
 
ensured that wave propagation through the soil medium is 
captured adequately. This is done by ensuring that the 
grid size is small enough to capture the entire wavelength 
of the shear wave for the desired frequency. In general, 
minimum three points (or grids) are required to capture a 
harmonic wavelength of a particular frequency. Hence, 
corresponding to the grid dimensions, maximum frequency 
of the wave which can be captured was determined using 
the following equation42 
 

 
s ,

10
V

f
l

=
Δ

 (3) 

 
where Vs is the shear wave velocity of the sand and Δl is 
the largest grid size in the numerical model (0.022 m). 
The numerical value 10 implies that the entire harmonic 
wavelength of a shear wave of maximum frequency ( f ) 
can be captured by 10 number of points (grids). For dy-
namic analysis, the free field conditions were applied 

along the vertical boundaries so that the boundaries retain 
their non-reflecting properties when subjected to outward 
propagating waves from the soil structure. The lateral 
boundaries of the main grid were connected to the  
free field grid by viscous dashpots to simulate the quiet 
boundary conditions as developed by Lysmer and  
Kuhlemeyer43. The acceleration time history, given by 
Figure 5 and applied to the shake table in the laboratory 
model tests, was applied at the bottom of the soil domain. 
The magnitude of the maximum acceleration was 
2.366 m/s2 (0.2412 g). Figure 8 is a schematic diagram  
illustrating the numerical models (raft and soil) and 
boundary conditions. In all the numerical analyses, a  
surcharge load of 1.445 kPa acts vertically on top of the 
raft. The soil behaviour under dynamic loading is  
described by an nonlinear elastic-perfectly plastic soil 
model, which is bascially a Mohr–Coulomb failure  
criterion coupled with hysteretic behaviour available in 
FLAC 2D21. 
 The reason for adopting this model is because not only 
does it consider the shear-induced volumetric strain (dila-
tion or contraction)44 during analysis, but it also takes 
care of the fact that shear strength of the soil is not  
underestimated or overestimated at shear strains >1%. 
While the static properties such as shear strength are 
measured at shear strains well above 1% (generally 3–
5%), we must make sure that the dynamic and static me-
thodologies must be able to produce realistic estimates of 
the stress–strain behaviour of the soil45. If we take the 
simple nonlinear case which models nonlinear hysteretic 
damping by in-built ‘sigmoidal’ models, the drawback is 
that it underestimates the shear strength of the soil at 
strains >1%, which is explained subsequently. Four-plane 
strain, four-noded quadrilateral element of the same  
dimension as that of the shear box test (i.e. 6 cm width 
and 4 cm height) was chosen. The soil was subjected to a
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Figure 9. a, A single element along with the boundary conditions. b, Strength degradation curves for Kasai River sand. c, Shear stress versus 
strain plots for two different models. 
 
 
vertical stress of 8.73 kPa on top face of the model and 
allowed to equibriate under gravity loading, keeping the 
side boundaries of the soil on roller and bottom bounda-
ries fixed in both directions. This ensures that the mean 
stress on the soil element is 5.7 kPa, for which the shake 
table test has been simulated. As it is a drained test, the 
bulk modulus of water was kept as 0.0 kPa in this  
simulation. In the next stage, a monotonically increasing 
displacement of amplitude 3 mm was applied on the top 
nodes of the soil element. The soil side boundaries were 
modelled in such a way that they moved in pure shear 
(vertical deformation of the top nodes were not restricted, 
but are constrained to move in an identical manner).  
Figure 9 a shows the element along with its boundary 
conditions. As the shear strains were greater than 0.1% or 
more, we opted for large strain analysis while predicting 
the behaviour of the material in the elemental level or 
simulation of the actual shake table test. In the absence of 
any simple shear test data for dry Kasai River sand, it is 
assumed that the cyclic soil behaviour used for modelling 
the nonlinearity and shake down of the strength of the 
foundation Kasai River sand during dynamic loading 

conditions follow the relationship proposed by Chattaraj 
and Sengupta46. They have reported degradation curves 
for confining pressures of 50, 100, 200 and 400 kPa, but 
in this study the mean confining pressure was around 
5.7 kPa for which the curves need to be obtained. Hence, 
the theoretical G/G0 curves proposed by Menq47 were  
fitted with the experimentally obtained values of Chattaraj 
and Sengupta46 for different confining pressures. Menq47 
proposed an analytical expression for the estimation of 
cyclic strength degradation of sand with several curve-
fitting parameters which are applicable for Kasai River 
sand as shown below: 
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The constant parameter Aγ is estimated as 0.50.07 uC−  
where Cu is the coefficient of uniformity (2.84 in this 
study) and the exponent nγ is estimated as 0.150.5 uC−  for 
Kasai River sand. Equation (4) was used for estimating 
the degradation curve for Kasai River sand at a confining 
pressure of 5.7 kPa, which was an input of the hysteretic  
behaviour (‘sigmoidal’ model) in the numerical simula-
tion. These curves were fitted with the ‘sigmoidal’ func-
tions which are well suited for representing modulus 
degradation curves, because these curves have reasonable 
asymptotic behaviour at large strains. The ‘sigmoidal’ 
model in FLAC 2D (namely, sig3) is defined as follows 
 

 s
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( )1 exp
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L x
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where the logarithmic strain, L = log10(γ ), while a, b and 
x0 are the curve fitting parameters having values of 1.014, 
–0.4392 and –1.864 respectively. 
 Two cases were simulated, one in which the simple 
‘sigmoidal’ hysteretic damping model was used (as  
described above), which provides hysteresis behaviour 
(loading/unloading paths are different) in the elastic 
range, but it does not simulate the actual yield strength of 
the soil at higher strains. In another case, ‘sigmoidal’ 
hysteretic damping was used with an elastic/plastic 
model. This model is a combination of sigmoidal hyster-
etic damping with a Mohr–Coulomb model, which  
implies that the model can simulate actual yield strength 
of the soil at higher strains. The Mohr–Coulomb model 
has a constant, tangent, elastic shear modulus, Gmax, and a 
constant yield stress. The sigmoidal model has been used 
to provide energy dissipation in the elastic range21. The 
curve fitting parameters used in the sigmoidal model 
were 1.014, –0.9592 and –0.464. Figure 9 b shows the 
modulus reduction curves for the two approaches along 
with the values predicted by Menq47 for the confining 
pressure of 5.7 kPa. The shear stress (τ) and shear strain 
(γ ) relationship can be expressed as follows 
 

 s
0 0

( )
( ) ,sG

M
G G

γτ γ γ γ= =   (6) 

 
where Gs is the strain-dependant shear modulus and a 
function of γ; G0 the small-strain modulus 2( ),sVρ=  Ms 
the normalized secant shear modulus (or modulus decay 
curve with shear strain), ρ the mass density of the soil, γ 
the shear strain of the soil and Vs is the initial shear wave 
velocity of the soil. The small-strain shear modulus G0 of 
the soil for a particular confining pressure can be ob-
tained from eq. (1). Figure 9 c shows the stress–strain 
curve obtained for monotonic loading following the two 
approaches. From the stress–strain curve, one can see the 
appropriateness for usage of the nonlinear elastoplastic 

model for predicting dynamic behaviour of the founda-
tion on the soil, because it preserves the actual soil 
strength at higher strains; hence this justifies the choice 
of our soil model. In the numerical computation of raft 
and soil, the constitutive model was used to update  
at each calculation step, the tangent shear modulus (Mt) 
of the nonlinear elastic-perfectly plastic soil model with a 
Mohr–Coulomb failure criterion using the degradation 
curve (Figure 9 b). 
 In this case, the shear strains of different amplitudes 
were applied to the soil element given in Figure 9 a and 
the response used to calculate the modulus reduction 
curve which is plotted in Figure 9 b (red dots). The soil 
response is given in Figure 9 b (inset) for different values 
of shear strain. It is to be noted that as the nonlinear elas-
toplastic model is used to match the peak shear strength 
of the soil, the soil behaviour will be predicted with less 
nonlinearity level. The shear modulus degradation level 
will be such that it predicts stiff behaviour at small to 
moderate strain levels; but this cannot be avoided because 
if we use ‘sig3’ model in FLAC 2D, it is not capable of 
reaching an asymptotic value of shear stress at high  
strain levels (Figure 9 c); the same was observed by  
Hutabarat48. The advanced numerical curve fitting tech-
niques developed by Groholski et al.49 has the ability to 
capture shear strength of the soil at large strains as well 
as preserve the small-strain behaviour. However, this 
technique is not implemented in FLAC 2D and hence can-
not be used here. To suppress the high-frequency noise in 
the obtained acceleration time history, 0.2% Rayleigh 
damping has been added to hysteretic damping of the 
soil. The interaction between soil and structure is simu-
lated via nonlinear normal and shear springs connecting 
each node of the structure and soil. This simulates the 
relative lateral and downward movement between the soil 
and structure due to various loadings. The interface  
parameters which are the normal and shear stiffness were 
estimated from the drained friction angle (ϕ ′), bulk mod-
ulus (K) and shear modulus (G) of the foundation soil21,50. 
In this study, the values were 9.20 × 108 Pa/m in both 
normal and tangential directions. The cohesion and fric-
tion angle of the interface material were 0.0 and 25°  
respectively. 

Results 

For the case where only the soil (without the raft on it) 
was subjected to dynamic loading, the experimentally  
obtained acceleration time history at the top of the sand 
layer was compared with the corresponding values from 
the numerical analysis in both time and frequency domain 
(Figure 10 a and b respectively). It may be seen from the 
figure that the accelerations predicted by the numerical 
study match closely with the experimental observations 
although there are slight differences which may be due to
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Figure 10. Comparison between experimentally and numerically obtained acceleration time history (a) and frequency domain (b), for dry sand 
near the top surface. 
 
 

 
 
Figure 11. Comparison between experimentally and numerically obtained acceleration time histories (a) and frequency domain (b) for dry sand 
near the bottom of the raft. 
 
 
the selection of mesh size and time step in the numerical 
analysis. 
 For the case of a raft on top of the dry sand, the expe-
rimentally obtained response time history at the top of the 
sand was compared with that obtained from the numerical 
study and shown in both time and frequency domain 
(Figure 11 a and b) respectively. The experimental obser-
vations match reasonably well with the results obtained 
from the numerical study. Figure 12 shows a comparison 
between the experimentally and numerically obtained 
bending moments in the raft at the end of the dynamic 
loading. It may be observed that the bending moments 
calculated by FLAC 2D are in reasonably close agree-
ment with those obtained from the laboratory model tests. 
The lateral deformation time history of the raft was also  

verified (Figure 13). It is seen that the numerical predic-
tions are reasonably close to the experimental observa-
tions. 

Correlation between dynamic settlements and  
degraded factor of safety 

In the present study, the correlation between the settle-
ment observed at the end of dynamic loading with the 
dynamic degraded factor of safety (FSdeg) was evaluated 
independently for the prototype raft foundation of M20-
grade and 6 m × 6 m raft size. The raft was subjected to 
various vertical loadings ranging from 30 to 60 kPa, and 
the study was conducted for 0.55 m thick prototype  
raft (Figure 14). The allowable limit of the dynamic  
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settlement is not a unique value, but depends on the ser-
vicebility requirements of various types of superstructure 
resting on it. The dynamic degraded factor of safety 
(FSdeg) depends upon the loading and soil strength para-
meters, which are the average foundation pressure and 
shear strength of the underlying sand layer. On the other 
hand, the dynamic settlement (Sdyn) depends upon the 
characteristics of base excitation, which are peak accele-
ration, amax, peak velocity, νmax (or the predominant exci-
tation period, T ) and the number of significant loading 
cycles (N) as well as the foundation bearing pressure. 
Thus the definition of a factor of safety relates to the  
static loading ratio51 

 

 
ult deg

1q
q FS

= . 

 
Hence we made an effort to relate Sdyn with one compo-
site variable (FSdeg) which takes into account all the other  
 

 
 
Figure 12. Comparison between experimentally and numerically  
obtained bending moments in the raft at the end of dynamic loadings. 
 

 
 
Figure 13. Comparison between experimentally and numerically  
obtained lateral displacement time histories of the raft. 

factors under consideration for a raft resting on dry sand, 
whose properties are given in Table 2. The dynamic 
foundation settlements were considered proportional to 
the term amaxT2N, as for a sinusoidal excitation, amaxT2 is 
equivalent to the vmax

2/amax term (ref. 52) used in the rela-
tionship for the evaluation of dynamic settlement of the 
raft resting on dry sand6. 
 The variation in shear modulus of the sand deposit was 
obtained from eq. (1). In this case, pref is the reference 
pressure (100 kPa), p′ is the mean effective stress and KG 
is the stiffness multiplier (133.26). 
 The natural frequency of the sand column was obtained 
from the following relationship52 
 

 s(2 1)
,

4n
n V

f
H
−

=  (7) 

 
where fn is the natural frequency of the sand, n the mode 
number (1.0 in the present case), Vs the shear wave veloc-
ity of the sand (G/ρ)1/2 and H is the height of the sand 
column (11.0 m in the present case). For finding out the 
natural frequency of a non-homogeneous profile, the soil 
profile was divided into 11 layers, each of depth 1 m. The 
shear modulus of the soil within each layer was taken as 
the average of the top and the bottom shear modulus  
values within that layer, and natural frequency of the soil 
deposit was obtained from the revised relationship as fol-
lows52 
 

 s 4

1

.
i

sii

HV
h
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=

∑
 (8) 

 
The natural frequency obtained from eq. (8) for the fun-
damental mode was found to be 1.70 Hz. 
 To obtain the correlation between dynamic settlement, 
Sdyn with the degraded factor of safety, 22 analyses for 
the raft foundation were conducted for sinusoidal excita-
tions of N (number of cycles) varying from 15 to 20, and 
amax varying from 0.05 to 0.25 g with frequency between 
3 and 4 Hz for superstructure loading of 30–60 kPa on 
top of the raft. All the acceleration records were baseline 
corrected53–56 and applied to the bottom nodes of the  
numerical model. The soil domain was 17 m wide and 11 m  
 
 

 
 

Figure 14. Raft of 6 m size with a thickness of 550 mm. 
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deep. The cyclic soil behaviour of Kasai River sand has 
been represented by the relationship between Ms and  
γ given by eq. (5) for a mean confining pressure of 
113.81 kPa. For simulating the hysteretic behaviour of 
sand in the model, the modified curve-fitting parameters 
a, b and x0 for the ‘sigmoidal’ model were 1.014,  
–0.3892 and –1.304 respectively. To suppress the high-
frequency noise in the obtained acceleration time history, 
0.2% Rayleigh damping was added to hysteretic damping 
of the soil. The extent of soil domain is the scaled-up  
dimensions of the shake table. The raft is made of con-
crete of M-20 grade with the modulus of elasticity E = 
5000√fck (MPa) (IS 456)54. In the numerical model,  
element size was taken to be 0.2 m × 0.2 m and maximum 
frequency that the grid can capture was found to be 
around 25 Hz, according to eq. (3). This covers a  
frequency range wide enough for the concerned structure 
and soil domain. The value of the interface normal and 
shear stiffness for soil–structure interaction of the raft 
was taken to be 5.96 × 108 Pa/m for the analysis. The  
cohesion and friction angle of the interface material were 
0 and 25° respectively. 
 The values of dynamic settlements with the sinusoidal 
base excitations were normalized against amaxT2N and 
plotted against 1/FSdeg (Figure 15). The following  
approximate relationship has been established for a raft 
foundation resting on the Kasai River sand 
 

 
1.64762

dyn
2

degmax

10.78337 .
s

FSa T N

⎛ ⎞
= ⎜ ⎟⎜ ⎟

⎝ ⎠
 (9) 

 
Rearranging the terms in eq. (9), we get, 
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Figure 15. Relationship between degraded factor of safety and seis-
mic settlement for the raft foundation. 

The evaluation of dynamic settlement using eq. (10)  
requires knowledge of post-shaking bearing capacity and 
degraded factor of safety (FSdeg), and is clearly explained 
by Richards et al.6. 
 The ultimate bearing capacity that a strip footing can 
sustain was estimated according to Terzaghi56 failure  
mechanism as 
 

 ult
1 ,
2cE qE Eq cN qN B Nγγ= + +  (11) 

 
where c = 0.0, φ = 32° for Kasai River sand. Since  
the raft lies on the surface, surcharge load, q = 0.0 in  
eq. (11). Therefore, the ultimate bearing capacity for the 
raft is 
 

 ult
1 ,
2 E Sq B N Fγ γγ=  (12) 

 
where Fγs is the shape factor for the raft (1 – 0.4(B/L); 0.6 
in this study), NcE, NqE and NγE are the seismic bearing 
capacity factors which depend on the angle of internal 
friction of the soil and 
 

 htan
(1 )v

k
k

θ =
−

 

 
where kh is the horizontal PGA value applied at the  
bottom of the soil (0.025, 0.05, 0.1, 0.15, 0.2 and 0.23 in 
this study) while kv is the vertical PGA value (0.0 in this 
study). Table 3 shows the values of seismic-bearing ca-
pacity for various levels of ground motion. It should be 
noted that eqs (9) and (10) proposed are established from 
1 g model tests, which suffer from the limitation of con-
fining pressure. The results are for only one relative den-
sity of sand. Hence, generalizing the proposed equations 
is not advisable. In addition, the proposed equations must 
be revised considering the depth effects (if the raft is em-
bedded in the soil), size of the raft as well as different 
earthquake loading conditions. However, for ‘different 
earthquake loading conditions’, one can convert the ac-
tual earthquake into equivalent number of harmonic load-
ing cycles with a reduction of PGA with the predominant 
frequency of the earthquake, using the method proposed  
 
 

Table 3. Variation of seismic-bearing capacity for  
  various levels of ground motion 

kh Nγ(E)/Nγ(s) Nγ(E) q (kPa) 
 

0.025  0.95 28.5548  822.3786105 
0.05  0.82 24.6473  709.8425902 
0.1  0.65 19.5375 562.680102 
0.15 0.5 15.0288  432.8308477 
0.2  0.44 13.2254  380.8911459 
0.23  0.37 11.1213  320.2948273 
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by Seed et al.39. However, if the strong motion consists of 
a wide range of frequencies, then there is difficulty in  
determining a single predominant frequency, in which 
case the actual strong motion needs to be applied to  
determine the seismic settlement. 

Conclusion 

In this study, the dynamic behaviour of a raft foundation 
resting on top of dry cohesionlesss soil has been analysed 
using laboratory model tests on shake table and numeri-
cally by a plane strain finite difference program21. A rea-
sonable match was found between experimental 
observations and the numerical study. The variations in 
the results were within tolerable limits. A parametric 
study has been conducted on the geometry of the raft  
under sinusoidal harmonic loadings and a simplified  
methodology for the estimation of dynamic settlements of 
a square raft foundation resting on dry cohesionless sand 
has been proposed for a given value of dynamic (or  
degraded) factor of safety. However, this equation cannot 
be generalized, because it suffers from limitations in 
terms of confining pressure, relative density of sand as 
well as embedment depth of the raft. 
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