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Abstract. The analytical evaluation of the bearing capacity of the ring footing
and cutting edge of the open caisson requires a definition of the size of failure
zone in the soil. Whereas the failure zone in soil depends on the type of soil and
the configuration of the ring footing and cutting edge of the open caisson. In the
study, the 1g model tests are carried out to evaluate the failure zone in the sand
beneath the ring footing and cutting edge of the circular open caisson. The radii
ratio of the ring footing and cutting edge of the open caisson models are varied
as ri/ro = 0.615, 0.737 and 0.783 and the tapered angle of cutting edge models
are varied as  = 30 and 45. The radius ratio is the ratio of internal radius to
the external radius of the ring footing and cutting edge of the open caisson. The
ring footing and caisson models are fabricated using Teflon tubes and Indian
standard sand is used as soil medium. The image-based deformation
measurement technique is used to evaluate the failure zone in sand. The image
analysis results are validated from the rigid displacement test.
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1 Introduction

Open caissons are provided with a cutting edge at the bottom to allow the failure of
the soil within the caisson and subsequent sinking. The cutting edge has a sloping
angle with respect to the vertical face of the cutting edge. This sloping angle is called
as tapered angle (). The tapered angle of the cutting edge can varies from  = 30 to
90. It is noted that the cutting edge with flat base (i.e.,  = 90) represents the ring
footing. Ring footings are used as foundations to support the structures with
symmetrical geometries such as silos, storage tanks, chimneys, cooling towers, bridge
piers, etc. The use of ring footing decreases the amount of material usage; hence they
are economical apart from providing a beneficial effect of arching.

The bearing capacity of the cutting edge of open caisson and ring footing depends
on the size of the failure zone i.e., influence zone. Whereas the size of influence zone
depends on the type of soil, configuration of the cutting edge, width and radii ratio of



the ring footing and caisson. The bearing capacity factors of the cutting edge of the
open caisson for a predefined influence zone are evaluated by limit equilibrium
method (Berezantsev, 1952; Solov’ev, 2008; Yan et al., 2011). However, the different
configuration of the cutting edge i.e., variation in the tapered angles of the cutting
edge is not explicitly accounted in their study. It is noted that only one study reports
the experimental evaluation of the influence zone in sand for varying tapered angles
of the cutting edge considering plane strain idealization (Royston et al., 2016). The
bearing capacity of ring footing is evaluated by experimental investigations (Saha,
1978; Clark, 1998; Ohri et al., 1997; Saran et al., 2003; Boushehrian and Hataf, 2003;
Hataf and Razavi, 2003), the limit equilibrium method, the upper and lower bound
plastic limit analyses (Kumar and Chakraborty, 2015), the method of characteristics
(Kumar and Ghosh, 2005; Gholami and Hosseininia, 2017), the finite difference
method (Zhao and Wang, 2008; Benmebarek et al., 2012; Remadna et al., 2016;
Hosseininia, 2016; Benmebarek et al., 2017) and the finite element method
(Choobbasti et al., 2010; Lee et al., 2016a; Lee et al., 2016b; Chavda and
Dodagoudar, 2019; Tang and Phoon, 2018). In the above mentioned studies, the
bearing capacity of the footing depends on the size of failure zone used in the study.
However, the literature on the experimental evaluation of the influence zone in soil
beneath the cutting edge and ring footing is limited.

In many projects, the large diameter caissons (Do > 10 m) are used (e.g.,
Nonveiller, 1987; Allenby et al., 2009; Yao et al., 2014; Royston et al., 2016; Sheil et
al., 2018). In such projects, the sequential excavation is adopted for the uniform and
control sinking of the caisson. A rough estimation of the extent of the influence zone
in the soil based on the configuration of the cutting edge and the soil type helps in
proper planning of sequential excavation strategies (Nonveiller, 1987). In the present
study, the formation of soil displacements field (i.e., influence zone) is evaluated
when the caisson ( = 30 and 45) and ring footing ( = 90) models are penetrated in
the sand. The image-based deformation measurement technique is used in the study.
The experimentally evaluated influence zone in sand beneath the cutting edge and
ring footing are normalized by dividing the radial extent of the influence zone with
the width of the cutting edge and ring footing. These normalized influence zones can
be used in the analytical evaluation of the bearing capacity of the cutting edge and
ring footing.

2 Experimental Program

2.1 Apparatus

In order to fully assess the soil displacement field i.e., influence zone, the progressive
monitoring of the soil movement is of crucial importance until the required depth of
penetration of the caisson and ring footing models is achieved. In order to assess the
zone of influence, the image-based deformation measurement technique is used to
track the particle movement around the half-cut caisson models. The images are
captured through a viewing window of the tank. The caisson model is fixed such that



its cut planar face is parallel and in contact with the viewing window of the tank. This
particular arrangement of the test is shown in Fig. 1. The cutting edge of the caissons
is embedded in the sand to represents the field conditions. The relative displacement
between the camera and the tank is fully arrested during the test, i.e., the tank and the
camera are moving upward with the same strain rate whereas the half-open caisson
model is stationary. Indirectly the captured photographs show the penetration of the
half-open caisson in the sand medium.

Fig. 1. Experimental setup of caisson model test (Chavda et al., 2019)

2.2 Sand Sample, Caisson and Ring Footing Models

Grade II, Indian standard (IS) sand has been used for all the model tests (IS: 650,
1991). The properties of the sand are given in Table 1. During the entire experimental
investigations, the relative density of the sand is maintained as Dr = 50% in order to
limit the scope of the study to one density. For the image-based deformation
measurement analysis, the sand texture has been optimized to maximize the precision
in the measurement of the soil displacements (White et al., 2003; Take, 2003; White
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and Take, 2005; Stanier and White, 2013). The procedure reported in Chavda et al.
(2019) is used for the preparation of the dyed sand and the methodology to achieve
the optimum texture. The texture is generated by mixing the IS sand with 65% of
dyed sand by weight. The sand used in all the experiments comprises of 35% of the IS
sand and 65% of the dyed sand. The dyed sand is prepared by mixing the black color
ink with IS sand such that the geotechnical properties of the dyed sand are not altered.

For the image analysis, the caisson models are half-cut to represent an
axisymmetric problem. The transparent side of the tank is made of Perspex acrylic
sheet. For maximum repetitive use of the transparent acrylic sheet, the caisson and
ring footing models are fabricated with Teflon tubes for the investigation of the soil
displacement field. The models has unit weight = 11 kN/m3, Young’s modulus = 500
MPa and Poisson's ratio = 0.46. The Young’s modulus of the caisson models is almost
80 times higher than the sand (E = 5.768 MPa) and hence the models are relatively
rigid and hence they experience negligible deformations.

Table 1. Index properties of Indian standard sand, Grade II

Parameter Unit Value
Specific gravity - 2.64
Max. unit weight kN/m3 16.81
Min. unit weight kN/m3 14.50
Relative density % 50
Unit weight of sand kN/m3 15.57
Unified soil classification - SPa

aSP - Poorly graded sand

2.3 Data Processing

The soil displacement field around the cutting edge of the open caisson and ring
footing is examined by performing the image-based deformation measurement
analysis using the open source MATLAB program, GeoPIV-RG (White et al., 2003;
Stanier and White, 2013; Stanier et al., 2016). The GeoPIV-RG follows the principle
of particle image velocimetry (PIV), originally developed in the field of experimental
fluid mechanics (Adrian, 1991). Certain modifications to the PIV technique have been
proposed by White et al. (2003) and Stanier et al. (2016) to enhance its applicability
in geotechnical engineering. The images obtained from the tests consist of series of
images from the initial to the final penetration depth i.e., up to the penetration depth
same as the half-width of the cutting edge and ring footing. The resistance load of the
caisson is reached to the ultimate value (i.e., the failure load) corresponding to the
penetration depth lesser than half-width of the cutting edge having  = 30 to 90
(Chavda et al., 2019). In the study, the influence zone in the soil is obtained
corresponding to the penetration depth of half-width of the cutting edge and ring
footing.



2.4 Test Procedure

In the present study, a Nikon D5300 digital single-lens reflex camera is used for
image analysis. An external lighting is provided by the two 16W LED light panels as
shown in Fig. 1. The test is performed by moving the tank in the upward direction
with a constant strain rate of 1.25 mm/min and the photographs are captured at an
interval of 3 seconds (0.33 Hz). This frequency of image acquisition is decided based
on the strain rate and displacement of the soil medium between the two successive
images. The tests are stopped when the penetration of the models reach the
penetration same as the half-width of the cutting edge and the ring footing.

The test results are validated by performing rigid displacement test. In the test, the
tank is moved in the upward direction at the same strain rate of 1.25 mm/min and the
rigid displacement of the tank is measured from the dial gauge positioned over the
pedestal. At the same time, the displacement of the tank is also captured by the
camera. The vertical displacement is calculated from the GeoPIV-RG program and
the same is also noted from the dial gauge. From this test, it is found that the
displacements obtained from the GeoPIV-RG program are predicted within the error
range of  3% of the dial gauge readings.

2.5 Evaluation of Size of Failure Zone

The vectorial displacement plots and horizontal displacement plots corresponding to
the penetration depth of 0.5B is obtained from GeoPIV_RG. In the horizontal
displacement plot, only the radial inward horizontal displacement vectors are plotted
in order to get the clear picture of the failure zone. The typical plot of the vectorial
displacement, horizontal displacement contours, and the radial inwards displacement
contours are shown in Fig. 2 corresponding to the cutting edge having radius ratio of

0.783 and the tapered angle of 60. The failure zone is evaluated from these three
plots corresponding to the penetration results of cutting edge and ring footing. The
influence zone are normalised by diving the radial and vertical extent of the failure
zone by the width of the cutting edge and ring footing. Thus the failure zone obtained
is called normalised influence zone.

3 Results and Discussion

In the study, the shear strain () of 10% and 20% is also evaluated. The region of
soil between the shear strain value of  = 10% and 20% represents the soil whose
shear strain is mobilized up to 20%. In the present study, the normalized failure zone
and the shear strain = 20% is presented for varying radii ratio (ri/ro = 0.615, 0.737,
and 0.783) and different tapered angles ( = 30, 45 and 90) of the cutting edge. The
tapered angle  = 90 represents the ring footing.



Fig. 2. Typical vectorial displacement, horizontal displacement contour, and the radial inward
displacement contour plots

3.1 Failure Zone: Ring Footings

The failure zones in the sand beneath the ring footings obtained from the image
analysis for varying radii ratio are shown in Fig. 3. It is seen from the figure that with
increase in the radii ratio, the failure zone tends to move away from the centroidal
axis of the ring footing. It is also noted that the failure zone tends to move asymmetric
failure zone to symmetric failure zone with increase in the radii ratio of the ring
footing. Hence, it is opined that with increase in the radii ratio of ring footing nearly
to 1, the failure zone will be similar to the strip footing having width same as the
width of the ring footing. The size of failure zone is less within the ring footing and it
increases with increase in the radii ratio. Whereas, the size of failure zone outside the
ring footing increases with increase in the radii ratio. At lower value of radius ratio
(ri/ro = 0.615), the size of failure zone within footing is lesser than the size of failure
zone outside the footing. This is possibly due to the arching action i.e., more volume
of soil, present outside the footing, contributes the capacity of the footing.



Fig. 3. Failure zone in sand beneath ring footing

3.2 Failure Zone: Cutting edge of Open Caisson

The failure zones in the sand beneath the cutting edge of circular open caisson
obtained from the image analysis for varying radii ratio and different tapered angles
are shown in Fig. 4. It is seen from the figure that with increase in the radii ratio, the
size of the failure zone increases for both the tapered angles of cutting edge. However,
the size of failure zone is higher for  = 30 compared to the cutting edge with  =
45. The region of soil whose shear strain is mobilized up to 20% tends to move
outside the cutting edge for  = 45 compared to the cutting edge with  = 30. The
failure zone is attributed within the caisson only when steeper cutting edges are used
(i.e.,  = 30).



Fig. 4. (continued on next page)



Fig. 4. Failure zone in sand beneath cutting edge of open caisson

4 Conclusions

In the study, the 1g model tests are carried out and the failure zone in the sand
beneath the ring footing and cutting edge of circular open caisson is evaluated. The
caisson and ring footing models are fabricated with varying radii ratio (ri/ro = 0.615,
0.737, and 0.783) and caisson has cutting edge with two different tapered angles ( =



30 and 45). The present study results can be used in the analytical studies in
determination of the bearing capacity of the cutting edge and ring footing. The
following conclusions are drawn from the experimental investigations.

 The failure zones in sand beneath the ring footing and cutting edge of circular
open caisson are evaluated using image processing technique.

 At lower value of radius ratio = 0.615, the size of failure zone in sand is less
within the ring footing compared to the size of failure zone in sand outside the
ring footing. The size of failure zone in sand within ring footing increases with
increase in the radii ratio of the footing. The failure zone tends to move
asymmetric failure zone to symmetric failure zone with increase in the radii ratio
of the ring footing.

 The size of the failure zone in the sand beneath the cutting edge of caisson
increases with increase in the radii ratio for both the tapered angles of the cutting
edge. The size of the failure zone decreases with increase in the tapered angles of
the cutting edge. The steeper cutting edge has higher capacity than the flatter
cutting edge. The steeper cutting edges restrict the failure of soil within the
caisson only.

The mean stress level can influence the failure process of the granular material. For
the usage of results in practice, the failure zone obtained in the study are normalised
by the width of the cutting edge. However, it is opined that the further consideration
of scaling effects can be made by a comprehensive numerical approach to calibrate
the model with the experimental results and extrapolated later to the real-field
situations.
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