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Abstract. The settlement of a surface strip footing on dense sand due to long-
term repetitive load (1 million cycles) is analyzed with the help of Finite Ele-
ment Method (FEM). The analysis is performed by applying both static and cy-
clic load on the center of footing, in the vertical direction and observing the cor-
responding settlement. The intensity of the static load is determined by dividing
the ultimate static load by factor of safety (FS). The static load is calculated for
different values of FS i.e.,, 2, 2.5, 3, 3.5. The intensity of the dynamic load
(gdmax)) is some percentage of the ultimate bearing capacity (qu) of the founda-
tion. Three values of (qumax/ qu) have been considered in the study i.e. 5%,
10%, 13%. Three different frequencies of cyclic load (0.5 Hz, 1 Hz and 2 Hz)
have also been considered. Based on the settlement pattern of the foundation,
the critical number of load cycles (ncr) for each case is determined beyond
which the increase in settlement becomes insignificant for further load cycles.
The study reveals that even a minor change in the frequency of loading can re-
sult in major variations in the ncr.
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1 Introduction

Foundations in the vicinity of industrial areas, generally apart from static dead
loads from the superstructure are subjected to dynamic forces in the form of machine-
induced loads. In cases, such as the foundation beneath the railway track is generally
subjected to long term vertical cyclic loads. Other circumstances include the founda-
tions under vertically oscillating machines. The behaviour of these foundations is far
different from that of the foundations under only static loads. The cyclic settlement
response of footing was observed in the late 70’s by [1]. They concluded that, the
settlement is basically controlled by the cyclic load intensity and soil condition. A
similar methodology was adapted by [2] to study the settlement of square footing.
Sawicki et al. [3] observed the response of circular footing under cyclic load. The
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response of footing under the incremental cyclic load was reported by Tafreshi et al.
[4]. Apart from experimental models, various numerical methods are available to
study the actual footing response. When it comes to the numerical model for shallow
foundations, the Winkler model predicts the foundation response with significant
accuracy. With time, this model has evolved to capture the accurate nonlinear re-
sponse of footing. The Nonlinear response of footing was observed with the help of
Beam on Nonlinear Winkler Foundation (BNWF) model by researchers like [5]-[8].

The numerical analyses discussed mainly the seismic response. Also the effect
of change in frequency of loading has not been clearly defined in available studies.
Rather than considering dynamic loads of small durations, the present study aims at
studying the long term response of footing with the help of numerical simulations.
The foundation is modeled using BNWF method to study the response of the founda-
tion. A large number of loading cycles i.e. 108 cycles are applied to the center of the
footing to study the long term response. This type of loading condition generally takes
place in the case of a railroad foundations. The work is further extended to observe
the influence of possible change in frequency on the settlement response of footing.
The phenomenon of near cessation of settlement after a certain load cycle is observed
which is greatly controlled by the frequency of loading. The numerical methods and
the obtained results are described in the following sections.

2 Numerical modeling approach

A Finite Element Model (BNWF model) is adapted to observe the settlement of a
strip footing of dimension 0.5m x 0.1m x 0.03m (Lengthx Widthx Thickness). The
soil parameters used in the analysis are listed in Table 1. A schematic diagram of the
foundation and loading system is shown in Figure 1. The static load is the allowable
load, determined by dividing the ultimate load by an appropriate FS. The cyclic load
is a vertical rectangular pulse load as shown in Figure 1. In the study, 1 million cycles
are considered to study the response of footing. The footing is divided into 100 equal
parts with the help of 101 nodes. The footing nodes having 3 degrees of freedom,
DOF (2 translations and 1 rotation) are connected with the soil nodes (fixed, DOF =0)
using springs modeled as zeroLength elements. The nodes are connected by using
one-dimensional elastic beam-column elements defined with the help of area of cross-
section, Young’s modulus (E) and moment of inertia. Each spring consists of three
components, i.e. elastic, plastic and gap. The role of gap component (drag + closure)
is to simulate soil-foundation separation behaviour. Radiation damping is provided
with the help of a damper parallel to the elastic component. Generally, for soil, a radi-
ation damping value of 5% is applicable. The governing equations for spring behav-
iour can be found in [9]. The stiffnesses and capacities of the springs are determined
according to Gazetas [10] and Meyerhof [11] respectively. FEMA 356:2000 [12]
suggests assigning more stiffness at the end portion of the footing dimension consid-
ered (Leng). The end length ratio (End length/Total length) and stiffness intensity ratio
(End portion stiffness/Mid portion stiffness) for the present model are selected as per
[7]. The nonlinear properties for vertical springs are defined by QzSimple2 material
for shallow foundations according to Raychowdhury [13]. The Qzsimple springs used
for capturing the vertical response have lesser strength in tension to simulate real soil



type conditions. Apart from vertical springs, the sliding resistance of footing is taken
care of with the help of additional horizontal spring, defined as TzSimple material.
The sliding capacity is calculated as

t,, =Wtano )

Where W =weight on footing, J = soil-concrete interfacial friction angle = 0.66 x ¢

The loading applied on the footing consists of 2 phases, application allowable stat-
ic load followed by the cyclic load. Different amplitudes (Qagmax/ qu = 5%, 10%,13%)
and frequencies (f = 0.5 Hz, 1 Hz, 2 Hz) of cyclic load are considered to observe the
corresponding parametric variation effect on settlement. The parameters and corre-
sponding numeric values used in the study are mentioned in Table 2. The D, (%), ¢
and y are taken as the values considered in Patra et al. [14]. The E and v are adapted
from EPRI [15]. The entire simulation is performed using numerical tool OpenSEES
[16].

Table 1. Soil properties.

Relative Angle of internal L Modulus of ) )
) Unit weight of o Poison’s ratio
density friction (¢, de- ) elasticity
soil (y, KN/m3) ()
(Dr, %) gree) (E, MPa)
69 40.8 14.36 55 0.35

Table 2. Details of the numerical model.

FS qd(max)/ Qu, % f, Hz
2

5 0.5
25

10 1
3

13 2

3.5
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Fig.1. Schematic diagram of the foundation and loading system

2.1. Validation of the numerical model

One of the key criterion to evaluate the accuracy of the model is to compare the
outcome with that generated from a different constitutive model, for same soil condi-
tions. The suitability from the present model has already been ascertained by compar-
ing the static response of the foundation, for the same footing dimension and soil
(dense sand) condition with the results obtained from Plaxis 3D [17]. The details of
the validation study can be found in Sasmal and Behera [18] (Figure 2).

3 Results and Discussions

The long term settlement responses of footing following simulations of numerical
model conditions are illustrated in Figures 3-6 which are discussed in this section.

3.1. Effect of intensity of loading

It is obvious that, the settlement of footing always increases with the increase in
loading intensity (static and cyclic) which can be observed from Figures 3-6. The role




of the static load is found to be the factor that controls the total settlement of footing.
A decrease in the settlement is observed with an increase in the FS, keeping the inten-
sity and frequency of cyclic load constant. It is attributed to the fact that the more the
FS, the less is the amount of static load on the foundation. Hence, it can be inferred
that the total settlement is proportional to both cyclic load and static load.

3.2. Effect of uncertainty in loading frequency

A traditional way of observing the effect of the number of load cycles, is to keep
the loading frequency constant. However, in real-world, the frequency of a certain
type of loading is not same always. This is highly dependent on the source of load. In
this study, results of the change in the settlement pattern of footing are presented al-
tering the frequency of loading. It is noted that with a slight increase in the frequency
of loading, the settlement of footing increases although not very significantly. The
increase in settlement of footing with an increase in frequency is attributed to the fact
that the more frequently the load strikes the footing the less time the foundation soil
gets to recover from the effect of the previous load cycle. It can be observed from
Figures 3 and 6, as the factor of safety increases, the gap among settlement responses
of three frequencies increases, whereas for a lower factor of safety the settlements for
different frequencies have nearly similar values. Hence, the changing frequency of the
loading cycle controls the settlement response more for lower intensity of static load
or a higher factor of safety. It is also observed that, for all the cases, the footing un-
dergoes more settlement with an increase in the frequency of cyclic load for a higher
intensity of cyclic load.

3.3. Analysis of the number of load cycles

Upon subjecting the footing to 1 million load cycles, it is observed from Figures 3-
6 that the rate of increase in the settlement with further loading cycles becomes very
small or negligible after a particular value of the number of load cycles. This number
is dependent on the frequency of load cycles. This phenomenon takes place due to the
increased strength of soil with increasing compression of soil mass with time. Similar
outcomes have been presented in [2].

Provided the fact that nr is a time-dependent parameter beneath the footing, its
value is bound to be different for different frequencies of loading. nc takes lower
value for the higher value of loading frequency, justifying the fact that the more fre-
quently the load compresses the soil mass, the less time is required to achieve suffi-
cient strength so that further loading cannot do any significant harm. The n¢ values
for different frequencies are presented in Figure 7. It can be observed from Figure 7
that, the n¢is linearly influenced by the frequency of the loading.
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Fig. 2. Verification of accuracy of the present model, (Sasmal and Behera [18])
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Fig. 3. Long term settlement of footing under cyclic pulse (FS = 2)
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Fig. 4. Long term settlement of footing under cyclic pulse (FS = 2.5)
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Fig. 6. Long term settlement of footing under cyclic pulse (FS = 3.5)

9.8x10° T T T T

9.6x10° |- -
9.4x10° | -
9.2x10° | -
9.0x10° | s
8.8x10° |- -
8.6x10° | -
8.4x10° | -

8.2x10° .

Critical number of load cycles, n..

8.0x10° - .

7.8x10° L ! L L
0.0 0.5 1.0 1.5 2.0 2.5

Frequency (Hz)

Fig. 7. Critical number of load cycles corresponding to different loading frequencies.



4

Conclusions

In the present work, the static-cyclic settlement response of a shallow foundation resting on a
homogeneous layer of dense sand is discussed. Emphasis has been given to study the effect of
uncertainty in the frequency of loading. Based on the finite element model constituted for dif-
ferent loading conditions incorporating four different intensities of static load, three intensities
of cyclic load and three frequencies of cyclic load, the following major inferences are drawn;

The settlement (s) of footing increases with an increase in gamax/qu (%) and a de-
crease in FS. The settlement becomes negligible after ncr, which is highly influenced
by the loading frequency. ncris lower for higher loading frequency.

The variation in settlement increases with a change in frequency for a higher range of
FS.

Irrespective of the FS, the effect of frequency is more felt for greater qamax/qu (%).
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