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Displacement Fields in Footing-Sand Interactions
under Cyclic Loading

S. Joseph Antony, Z. K. Jahanger

Abstract—Soils are subjected to cyclic loading in situ in
situations such as during earthquakes and in the compaction of
pavements. Investigations on the local scale measurement of the
displacements of the grain and failure patterns within the soil bed
under the cyclic loading conditions are rather limited. In this paper,
using the digital particle image velocimetry (DPIV), local scale
displacement fields of a dense sand medium interacting with a rigid
footing are measured under the plane-strain condition for two
commonly used types of cyclic loading, and the quasi-static loading
condition for the purposes of comparison. From the displacement
measurements of the grains, the failure envelopes of the sand media
are also presented. The results show that, the ultimate cyclic bearing
capacity (qultcyc) occurred corresponding to a relatively higher
settlement value when compared with that of under the quasi-static
loading. For the sand media under the cyclic loading conditions
considered here, the displacement fields in the soil media occurred
more widely in the horizontal direction and less deeper along the
vertical direction when compared with that of under the quasi-static
loading. The 'dead zone' in the sand grains beneath the footing is
identified for all types of the loading conditions studied here. These
grain-scale characteristics have implications on the resulting bulk
bearing capacity of the sand media in footing-sand interaction
problems.

Keywords—Cyclic loading, DPIV, settlement, soil-structure
interactions, strip footing.

I. INTRODUCTION

OILS are periodically subjected to cyclic loading in situ in
situations such as under earthquakes, machine vibrations
and in the construction of foundations, pavements and
railways ballast. In foundation engineering, the magnitude of
the cyclic loading (Qcyc) is generally small, as compared to the
quasi-static load (qs) of the footing; (/< 0.5. The value of
this ratio is usually 0.1-0.3 in many earthquake scenarios,
whereas this ratio greater than 0.5 represents an extreme event
[1]. Under the cyclic loading, foundations could experience a
significant level of settlement that causes structural damage
[2]. The design of the foundations under the cyclic loadings
(Geye) s a challenging task for the geotechnical engineers due
to lack of information on how failure occurs at local and
global scale in soil bed under cyclic loadings.
The term cyclic loading is defined as a system of repeated
loads that shows a constancy rate in the amplitude and the
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frequency is less than 1.0 Hz [3]. Different types of the
environmental cyclic loadings encountered in practice such as
due to the waves, wind and earthquakes. Man-made cyclic
loading can occur from the traffic construction and blasting
operations and when using the rotating machinery [4]. Traffic
might generate vibrations of a periodic character and the
blasting effects can be detrimental to the foundation of an
elevated railway [S]. Many researchers have studied on the
effects of the cyclic loading on the failure of the footings
interacting with soil using different theoretical and
experimental methods. Salem et al. [6] have defined the cyclic
loading failure of the footings interacting with the soil as the
number of loading cycles required to reach liquefaction (quick
condition) or when an axial strain of 5% is reached. Soil
liquefaction defines a phenomenon when a saturated or
partially saturated soil significantly loses their strength and
stiffness in response to the cyclic loading, causing the sand to
behave like a liquid. Andersen [7] suggested that the failure
load caused by cyclic loading is defined at a permanent shear
strain of 15%.

Numerous researchers have studied on the behaviour of the
sand bed under the cyclic loads using different materials and
techniques [1], [2], [8]-[10]. They reported that excessive soil
deformations are produced under cyclic loading and the strains
accumulate with increasing the number of cycles, causing
damage to building foundations. The cyclic loading could
have a significant effect on sandy soil. The strength of the
sand under the cyclic loading could be less than that under the
quasi static loading with the same level of stress amplitude [9].
Asakereh et al. [11] have studied the cyclic response of
footing on geogrid-reinforced sand with a void that modelled a
tunnel. They stated that, the rate of settlement of the footing
was significantly large during the initial loading cycles;
thereafter the rate of settlement decreases significantly as
number of the loading cycle increases. However, experimental
observations of the local scale kinematic failure mechanisms
in silica sands beneath shallow footing under the vertical
cyclic loading are scarce in the literature. Therefore, the
current study deals with the specific case of the plane strain
surface footing interacting with dense sand subjected to
different types of cyclic loading. The aim is to understand the
failure mechanism and local deformation field in the dense
sand under vertical cyclic loadings considered here, and their
comparison with the quasi-static loading condition.

II. MATERIAL AND EXPERIMENTAL METHODS

A. Sand Sample and Experimental Setup
The sand used in this study is a relatively uniform silica
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sand of grain sizes between 0.07 and 0.9 mm that is a
disturbed dry sample (kiln dry sand) obtained in UK [12]-[17].
The properties of the sand were characterized according to the
American Society for Testing and Materials [18], [19]. Table I
shows the particle size distribution properties of the sand and
its experimentally measured properties. Based on these data,
the soil chosen is classified as poorly graded sand (SP)
according to the Unified Soil Classification System [9], [20]-
[22].

For conducting the DPIV experiments, a planar model box
was designed and constructed to satisfy both the mechanical
and optical requirements. The former requirement is that the
granular box was able to sustain the external loading while
minimising the out of plane deformation of the walls
(including the front measuring side of the box) under the
ultimate load. The latter requirement pertains to enabling the
image recording of the grains at the front face of the box
model. The front face of the box was made of 15 mm thick
Perspex sheet (rigid). The backside of the box was made of 10
mm thick smooth aluminium sheet, whereas the side of the
box was made of aluminium frames having the dimension of
25 mm x 39 mm. The aluminium planar model has an internal
dimension of 460 mmx300 mmx39 mm. Hence, the
dimensions of the test box were kept much greater than that of
the footing to minimize the boundary effects. The relatively
rough rigid aluminium footing dimensions were of 38 mm x
38 mmx 15 mm. The experiments presented here have been
performed as shown in Fig. 1, wherein the planar box filled
with sand is placed stationary, while the footing model was
indented in the sand bed.

TABLE 1
PHYSICAL PROPERTIES OF THE DENSE SAND
Type of the test Unit Results
Dry density, 4 kN/m? 16.2
Void ratio, €, 0.62
Relative density, D, % 76
Peak friction angle, ¢peax degree 44.8
Max. dry density, Yamax KN/m’ 16.50
Min. dry density, Yamin kN/m’ 14.23
Mean grain size, Dsy mm 0.37
Uniformity coefficient, Cy 1.55

The ratio of the width of the footing (B) to the mean grain
size Dsy; i.e., B/Dsy > 100, (which is within the permissible
limit [15], [16], [21], [23]) to minimise any size effect arising
from the relative sizes of the footing and the sand grains. A
small gap of 1 mm was set between the rear surface of the
footing and the rear side of the aluminium wall to minimise
any resisting frictional forces between these surfaces that it
was verified that no significant leakage of the grains occurred
through this gap during the tests. A high speed camera HSC
(Photron Fastcam SAS) was used in front of the planar model
placed in an Instron 5 kN loading machine. The HSC with an
allowable frame speed up to 100000 frames per second (fps)
was used.

B. Preparation of the Dense Sand Packing

The homogeneous packing of dense sand was prepared in
five layers using falling pouring technique method based on
Kumar and Bhoi [24] and Jahanger et al. [15], [16], at a
constant rate, such that the materials formed layers of ~55 mm
thick each. The mass of sand grains laid in the box correspond
to the required height and the packing density of the sand.
Then the sand layer was compacted using 60 blows in 0.035 m
lifts per layer by a hand compaction of 1.10 kg weight [15]-
[17], [20]. The preparation of the sand test box was done
directly on the loading machine baseplate to minimise any
disturbing of the sand grains.

C. Cyclic Loading Types and Test Programme

Two types of strain-controlled tests under the quasi-static
and the cyclic loading pattern were performed (Fig. 2). Details
of the parameters of the model tests are presented in Table II.
For studying the mechanical response of the footing-sand
interactions, experiments were carried out to measure the
quasi-static ultimate bearing capacity (Cy) and the
corresponding settlement of the footing (S,). The quasi-static
load was applied on the footing at a slow rate (0.05 mm/s)
resolution and up to 10 mm using the Instron machine with 0.1
N resolution.

Gap:gnm

N

Sand

Aluminium sheets

Fig. 1 Experimental setup using DPIV

The macroscopic load-settlement relations of the footing on
the dense sand were measured at a frequency of 1 Hz. Though
the quasi-static curve is drawn for the time as in the cyclic
loading test, in reality the test continuous until the peak load
was achieved as shown in Fig. 2 (c). The cyclic load
experiments were conducted using the Instron machine for the
selected types of the cyclic load to measure the cyclic ultimate
bearing capacity (Quicyc) and the corresponding settlement of
the footing (S,c). These are defined here to simulate different
types of the machines cyclic loads, such as typel cyclic load
selected which the loading history consists of stepwise
increasing load cycles (Fig. 2 (a)). Type2 cyclic load was
selected based on the cyclic plate loading test (PLT) in which
the amplitudes increase with the increase of the cycles [9].

The tests were conducted by first applying the initial static
settlement, S=5;=2 mm with corresponding initial static stress
g=0s, on the footing (Fig. 2 (a)). Before applying the cyclic
settlement (S.y.), the initial static settlement (S;) was applied
[9]. The allowable load of the dense sand bed was first applied
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under the initial static settlement of $;=2 mm. Then, the cyclic
loadings were applied using a sinusoidal loading. The intensity
of the load on the footing was then varied between the S= S;
and S= §; + Sy with a frequency of 0.23 Hz and 0.35 Hz
(cycle/sec) for cyclic loading type 1-2 respectively (Fig. 2 (a)).
The amplitude was incrementally increased at lmm per each
cycle. The cycles of the loading, unloading and reloading were
continued until the ultimate load and the subsequent failure of
the sand was reached (Fig. 2 (b)).

TABLE II
DETAILS OF THE LABORATORY MODEL TESTS
C]..ucyc /qult
Quasi-static - -
Type 1 0.59 0.155
Type 2 0.59 0.165

Tests s /Cluit

D. Digital Particle Image Velocimetry (DPIV) Analysis

DPIV pertains to the digital platform of particle image
velocimetry [12]-[17]. PIV is often used in the field of fluid
mechanics to track the motion of particles in the fluid flow
using the tracer particles [25]. Researchers have used Particle
Image Velocimetry (PIV) to study the displacement and (/or)
strain distribution in some cases of granular packing under
quasi-static loading conditions [12]-[17], [26]-[28].

The macroscopic load-settlements of the footing on the
dense sand were recorded from the tests. In the present study,
the DPIV camera lens was focused normal to the plane of the
footing structures—soil interface region of ~ 273 mm x 154
mm and two light sources were used to illuminate the rig (Fig.
1). This was further sub-divided into 129600 interrogation
areas (IA) of minimum of 4x4 pixels each covering a zone of
about 0.57 mm x 0.57 mm which contains a minimum of three
grains in each IA. The resolution of the images was 1920 x
1080 pixels. This corresponds to a scale of ~ 0.14 mm per
pixel in this study. Hence, the PIV experimental
measurements made here are at the local-scale. However, as
the loading condition is cyclic in this study and the storage
capacity of the acquisition system (60 seconds of recording
capacity), the recording at 250 fps was found to be adequate
until soil failure was reached. This acquisition of 250 fps of
the recoded images was captured having spatial resolution of
about 0.028 mm- 0.0001 mm.

In this study, Dynamic Studio Software Platform (DSSP)
was used to analyse the digital images acquired during test
using DPIV [29]. This functionality built in the DSSP was
used to analyse the digital frames of the grains, and to
calculate velocity vectors of the grains and their evolution
during load application within the sand layer between two
successive images [12]-[17], [30]. The mean number of
particles per maximum IA should vary between 10 and 25
[29]. The convergence limit equals 0.01 pixel was employed
in the image analysis. A typical mean size of sand grain was
represented by a patch of 3 pixel x 3 pixel to reduce PIV error
[31]. Each of these patches was tracked using an adaptive PIV
method, to identify the deformation field of sand grains
between successive images, to a measurement precision of
0.014 mm for the field of view used during these experiments.

This space-pixel dimension of the measurement was calibrated
by printing a known scale on the test box along the horizontal
and vertical directions. The variation in the image scale in
both horizontal and vertical direction was not significantly
different. Furthermore, texture enhancement of the sand with
coloured grains was adopted to increase the accuracy of the
image correlation. The tests were repeated at least twice to
verify the repeatability and the consistency of the test data
[12]-[16], [24]. The displacement measures, i.e. horizontal
displacement (Sy), vertical displacement (S,), and the resultant
displacement (Sg) were calculated under a given load in total.
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Fig. 2 Pattern of cyclic and quasi-static loadings

E. Scale Effects and Limitations

It is acknowledged that the scale effects of the footing
model could affect the estimations of their strength
characteristics [15]. Though the small-scale models are widely
used to investigate the behavior of the full scale foundation,
there could be some differences between the results of the
experiments using laboratory models and the prototype [32],
[33]. To minimize the scaling effect, it was suggested that the
packing density of the tested sample should not pertain too
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close to its maximum void ratio (€,,,) and minimum void ratio
(Emin) [34]. These suggestions were accounted for in the
current study to minimise the scale effects.

The authors wish to point out that, in the case of strip
footings used in practice, 3D condition could exist around the
ends of the strip footings even if the footing is long. However,
for most parts of long strip footings, plane strain condition
could exist [15], [16], [35], [27] as assumed in the current 2D
plane strain experiments [15], [16], [36].

III. RESULTS AND DISCUSSION

We observed that (Fig. 2 (b)) the ultimate cyclic bearing
capacity (Quiceye) Occurred at higher settlement value compared
to the quasi-static experiment conducted here. This agrees
with the previous quasi-static and cyclic loading results of
sand [9], [37]. In general, a well-defined peak was obtained
for the cases of the cyclic loading tests and the failure
corresponds to general shear failure [38]. Mostly, a peak value
of the cyclic load response was obtained within the first seven
cycles of loading. The ratio of ultimate vertical cyclic
settlement (S,cyc) under the ultimate cyclic load to B, i.e., Sycye/
B is ~13-18% in all cases of the cyclic loading considered in
the study. This ratio is about 11.8% in the case of quasi-static
loading test (Fig. 2 (c)). These measures are consistent with
the results reported earlier for example, Andersen [7]. The
slight increase of this ratio in the case of cyclic loading
experiments can be due to the potential increase in the soil
stiffness as sand accommodates relatively large strain in the
soil beneath the footing under the ultimate load [9] (Figs. 2 (b)
and (c)).

IV.LoCAL DISPLACEMENTS OBTAINED FROM THE DPIV
ANALYSIS

Fig. 3 compares the DPIV based measures of the mean
resultant displacement vector under the ultimate load. In this,
scalars contours of the vertical (Fig. 3 (i)) and horizontal (Fig.
3 (ii)) displacements are also superimposed for the comparison
purposes. This visualization illustrates whether horizontal or
vertical soil displacements dominate the failure mechanism
mobilised in the sand bed under the cyclic loads. The
displacement fields are clearly very different for the cyclic
loading compared with from the quasi-static loading. Under
the ultimate load, approximately a triangular wedge of dead
zone (with a constant amount of resultant displacement of the
grains but has the highest vertical displacement (Fig. 3 (i)) is
formed beneath the base of the footing in all cases of loadings.
It is worth mentioning that the dead zone does not mean that
the grains are not moving at all but move as a block of grains
with almost the same magnitude of displacement [15], [16].
The depth of this wedge at the ultimate bearing load is equal to
about 0.6B, 0.8B, and 0.7B for quasi-static, typel and type2,
respectively. The relatively higher value of the resultant
displacement occurs in the case of footing subjected to the
type 2 loading.

As seen in Fig. 3, there is considerably more horizontal
spread of the displacement in the sand due to the cyclic loads

than in the quasi-static load where the vertical soil
displacements tend to dominate. The ‘general shear’ type
failure mechanism [38] is more dominant in the dense sands
bed under the loading conditions considered here. The
boundaries of the zone of plastic flow at failure load profiled
using the advanced DPIV here are fairly similar to such
intuitive diagrams suggested by Terzaghi’s in 1940s [38]. In
general, the vertical displacement component significantly
diminished in magnitude at a depth of z/B>2.

V. CONCLUSION

In this study, DPIV is used to understand the local scale
geomechanical deformation characteristics of an axially
loaded rigid strip footing under different types of cyclic
loading and quasi-static load. The displacement patterns in the
sand are studied qualitatively and quantitatively from the
output of the DPIV experiments.

There is significantly more horizontal displacement in the
cyclic loading types considered here than in the quasi-static
loading where vertical soil displacements tend to dominate.
This is due to the increase in the width of the active zones that
pushed the sand grains outward and upward to the ground
surface relatively more under the cyclic loading as confirmed
by DPIV here. The DPIV analyses show a general shear
failure mechanism in the dense sand for all types of loading
considered here. Overall, the deformation behavior of sand
bed is sensitive to the type of the loading considered here.
Further studies are ongoing to compare the current
experimental results with established numerical methodologies
such as FEM, and for more types of the cyclic loading
environments to get better understandings on the mechanics of
sand-structure interactions in future.
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Fig. 3 Map of the mean resultant displacement vector under the
ultimate load for the quasi-static and cyclic tests (i) vertical
displacement (ii) horizontal displacement
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