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Abstract. The ultimate bearing capacity and failure mechanism of square footings resting on a sand layer
over clay soil have been investigated numerically by performing a series of three-dimensional non-linear
finite element analyses. The parameters investigated are the thickness of upper sand layer, strength of sand,
undrained shear strength of lower clay and surcharge effect. The results obtained from finite element
analyses were compared with those from previous design methods based on limit equilibrium approach. The
results proved that the parameters investigated had considerable effect on the ultimate bearing capacity and
failure mechanism occurring. It was also shown that the thickness of upper sand layer, the undrained shear
strength of lower clay and the strength of sand are the most important parameters affecting the type of failure
will occur. The value of the ultimate bearing capacity could be significantly different depending on the limit
equilibrium method used.
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1. Introduction

The bearing capacity calculation is one of the most significant problems in foundation design.
A common approach to estimate the bearing capacity of a vertically loaded footing placed on the
surface of a homogeneous soil is the use of conventional Terzaghi bearing capacity theory
(Terzaghi 1943).

Terzaghi bearing capacity theory is applicable to level strip footings resting on or near a level
ground surface where the depth of the foundation is comparable to the foundation width. Also,
theory assumes that bearing stratum is homogeneous and semi-infinite. The bearing capacity of
three-dimensional footings such as square and rectangular shaped are predicted by applying
empirical shape factors to basic equation developed for the plain-strain condition.

In reality, the subsoil profile often consists of distinct soil layers. Each layer may be assumed
homogeneous in itself although the strength parameters of adjacent layers are quite different from
each other. If the thickness of the top layer is less than the foundation width the failure surface will
extent towards to bottom soil layers. In such case, any soil layers within the depth of failure
surface would be expected to influence the bearing capacity. Therefore, conventional bearing
capacity theory may not be appropriate to predict the failure loads.
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Shallow foundations are sometimes located on the surface of a soil consisting of a uniform sand
layer with limited thickness overlying a thick homogeneous bed of clay. In practice, the bearing
capacity of foundations on soft clay is often improved by engineered granular fill layers.

Likewise, in road constructions, a compacted fill layer is used to spread the loads to underlying
soft layers applied by vehicles. On the other hand, if a layer has a good bearing capacity does not
exist at a shallow level, an evaluation of the possibility of relatively thin dense sand placed at
shallow depths could be required to consider as a bearing capacity in the foundation design.

To evaluate the effect of soil layering on the bearing capacity is an important issue for the
design of foundation resting on layered soil profile. The majority of the studies existing in the
literature have been performed for the case of strip footing (Yamaguchi 1963, Yamaguchi and
Terashi 1971, Meyerhof 1974, Purushothamaraj et al. 1974, Hanna and Meyerhof 1980, Hanna
1981, Baglioni et al. 1982, Kraft and Helfrich 1983, Florkiewicz 1989, Michalowski and Shi 1995,
Burd and Frydman 1997, Kenny and Andrawes 1997, Okamura et al. 1997, 1998, Merifield et al.
1999, Shiau et al. 2003, Yamamoto and Kim 2004, Yuan and Luan 2005, Merifield and Nguyen
2006, Akpila 2007, Huang and Qin 2009, Bandini and Pham 2011, Benmebarek et al. 2012). On
the contrary, few experimental, analytical and numerical studies of the bearing capacity of square
footings have been carried out (Gourvenec et al. 2006, Merifield and Nguyen 2006, Yu et al.
2011). The studies for the square footings mentioned above have been performed in the case of
two-layered clays.

No exact solution exists for the problem of surface square footings placed on a uniform sand
layer overlying a clay layer. Therefore, the bearing capacity and failure mechanism of such
non-homogeneous soil profiles still remain unclear (Yamamoto and Kim 2004, Gourvenec et al.
2006, Merifield and Nguyen 2006).

In this paper, three-dimensional non-linear numerical analyses by finite element method have
been performed to investigate the effects of various parameters on the bearing capacity and failure
mechanism of a square footing placed on the surface of a soil consisting of a uniform sand layer
overlying a thick homogeneous bed of clay. The parameters considered in the numerical analyses
are the thickness of upper sand layer, the strength of sand, the undrained shear strength of lower
clay layer and surcharge effect. In addition, the developments of failure types depending on the
thickness of upper sand layer and strength parameters of adjacent layers have been investigated.
Considering the parameters discussed in the study, the changing in the resulting plastic failure
zones were examined. However, the ultimate bearing capacity of square footings in two-layer
foundation soils predicted by finite element analyses were compared with the results obtained
from design methods proposed by Meyerhof (1974) and Okamura et al. (1998). The various
parameters and dimensionless groups influenced the bearing capacity of layered subsoil have been
defined to specify the parametric studies.

2. Definition of the problem

The analytical conditions of the three-dimensional bearing capacity problem considered in this
paper are illustrated in Fig. 1. A square footing of width B rests upon an upper sand layer has a
thickness of H. This sand layer is underlain by a deep bed of clay which has a thickness of 8B-H.

In the bearing capacity calculations, unit weights of y = 15.03 kN/m3and y = 17.06 kN/m3for
the sand layer were used for the loose and dense packings, respectively. The values of the internal
friction angles were ¢’ = 38° and ¢’ = 44° for the cases of loose and dense sand conditions,
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Fig. 1 Problem definition

respectively. The undrained shear strength values chosen for the clay layer depending on the
consistence were ¢, = 7.50, 15.03, 30.06 and 45.09 kN/m2 Each layer was assumed to be
homogeneous. The clay was assumed to be incompressible. The condition considered is intended
to represent undrained behavior of a fully saturated fine grained material subjected to a period of
loading sufficiently short. To avoid complications, Plaxis advised to enter at least a small value for
cohesion (c > 0.20 kPa) parameter in case of cohesionless sands. Since only short-term stability of
the square footing was considered, the sand layer was assumed to be fully drained while the clay
layer was undrained. Symmetry has been exploited for the three-dimensional finite element (FE)
analyses. Therefore, only one-quarter of the problem geometry has been modelled.

The ultimate bearing capacity of the two-layer foundation problem can be expressed as the
function of dimensionless quantities given below (Michalowski and Shi 1995, Shiau et al. 2003).

(5o L) @

Where;

p; average limit pressure under the footing,

B; footing width,

H; thickness of the upper sand layer,

Cy; undrained shear strength of the lower clay layer,
y; the unit weight of the sand,

¢'; internal friction angle of the sand,

g; surcharge load at the base level of the footing.
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The bearing capacity is independent of the clay unit weight because of the assumed undrained
behavior of the clay layer (Michalowski and Shi 1995, Merifield et al. 1999). In this study,
three-dimensional non-linear FE analyses have been performed for the problems where H/B ranges
from 0.25 to 3.00 and c¢,/yB values vary from 0.50 to 3.00. These cover most problems of practical
interest.

3. Finite element modelling details

All the finite element (FE) calculations were carried out using the software PLAXIS 3D (2012).
The program is formulated using the displacement method and it uses the constitutive models
based on plasticity theory.

Finite element modelling details of square footing is shown in Fig. 2. The side boundaries of
the mesh extend 5.5B from the footing center while the bottom boundary is far 8B from the ground
surface. The selected mesh dimensions were placed enough to ensure that the zones of plastic
failure and the observed displacement field were contained within the model boundaries at all of
the analyses. Plaxis automatically imposes a set of general fixities to the boundaries of the
geometry model. Zero-displacement boundary conditions prevent out-of-plane displacements of
the vertical boundaries and bottom boundary of the mesh is fixed in all three coordinate directions.
The mesh density including number of nodes, number of elements and average element size was
defined after performing a series of trial analyses with several meshes of increasing refinement
using the model dimensions given above. The analyses have been carried out until no significant
changes were observed with further refinement. The medium mesh density was selected at the end
of the analyses. The selected mesh density is also refined beneath the footing area. The average
element sizes in all cases analyzed were approximately same. The mesh shown in Fig. 2 comprises
8894 elements and 13735 nodes. The PLAXIS 3D (2012) program allows for a fully automatic
generation of FE meshes. The basic soil elements of the 3D mesh are the 10-node tetrahedral
elements. In addition, 6-node plate element is used to simulate the behavior of plates. Moreover,
12-node interface elements are used to simulate soil-structure interaction behavior.

In this study, the sand layer was treated as a linear elastic-perfectly plastic frictional material
and the clay was assumed to be linear elastic-perfectly plastic cohesive material. Mohr-Coulomb
(MC) material model was used to simulate non-linear soil layers behavior because of its simplicity,
reasonable number of model parameters and reasonable accuracy in modelling the bearing
capacity problem of footings. If it is assumed that, the mobilized friction angle within the failure
zone corresponds to the peak value, it would be appropriate to set the friction angle of sand, ¢', as
equal to peak friction angle, ¢'s (Burd and Frydman 1997). Also, the behavior of sand layer would
be expected to be influenced by its dilation angle. The angle of dilation, v, is known to be related
to the peak friction angle, ¢'; and the critical state friction angle, ¢'c of sand. To obtain the suitable
values of the y for use in the FE calculations following formula recommended by PLAXIS was
used.

¥ ~ ¢,-30° ()

The MC model has a fixed yield surface and yield surface is not affected by plastic straining.
For MC type yield functions, the theory of plasticity overestimates dilatancy. Therefore, in
addition to the yield function, f, a plastic potential function, g, is introduced. The plastic potential
function contains the parameter of dilation angle which is required to model positive plastic
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volumetric strain increments. The case g = f is denoted as non-associated plasticity. In the
non-associated flow rule (w < ¢'), plastic potential function is assumed to take a similar form to
that of the yield function but ¢’ replaced by .

Different modelling schemes are possible in PLAXIS 3D (2012) to model undrained behavior
of clay. In this study, undrained clay behavior was modelled using the option of effective stress
analysis with undrained strength parameters. This option enables modelling undrained behavior
using effective parameters for stiffness (Young’s modulus, E’ and poisson ratio, v') and undrained
strength parameters (¢’ = ¢, = 0°and c, = s,). The elastic behavior was described by a poisson ratio
v' = 0.33 and a ratio of undrained Young’s modulus to undrained shear strength of E,/c, = 500. In
this type undrained analyses, In order to ensure realistic computational results, the bulk modulus of
the water must be high compared with the bulk modulus of the soil skeleton. This condition is
sufficiently ensured by requiring v' < 0.35. On the other hand, the effective value of Young’s
moduli was calculated based on the following equation proposed by PLAXIS. The undrained shear
strength of clay layer has been assumed as constant with depth for the analyses performed within
the scope of this paper.

5 2(1+v)
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(b) 3D mesh of the numerical model

(c) Boundary conditions (d) Displacement field

Fig. 2 Finite element modelling details
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In all the FE analyses, the footing was assumed to be rigid and perfectly rough. Footing was
modelled by plate element. The roughness of the footing base was considered taking the value of
Rinter COefficient equal to 1. Riner Value defines the interface behavior depending on the soil strength
parameters (i.e., ¢, ¢ and ). In order to obtain load-displacement relationship as shown in Fig. 3,
loading was achieved by applying the uniform distributed vertical pressure over the footing area.
Load-displacement relationships can be obtained completely using the displacement finite element
method. The footing behaviour and failure mechanism can be understood more clearly by this way.
In order to consider more realistic stress conditions in the soil, FE calculations can be divided into
several sequential calculation phases. Many analysis problems in geotechnical engineering require
specification of initial stresses. The initial stresses in a soil body are influenced by the weight of
the material and history of its formation. This stress state is usually represented by an initial
vertical effective stress. The initial horizontal effective stress is related to the initial vertical
effective stress by the coefficient of lateral earth pressure at-rest, Ko. For the Mohr-Coulomb
model, K, value is obtained based on Jaky’s formula given by Ko = 1 — sing’ (Jaky 1944). At the
end of the initial stress generation, the full soil weight activated. The vertical displacement of the
footing is generated in the plastic calculation phase. The deformations occurred in the initial stress
generation are set to zero beginning of the plastic calculation phase. Therefore, the total
displacement in the plastic calculation can be defined as the settlement occurring in the loading
stage. In the plastic calculation, the total load value that is to be applied is specified. Plaxis has an
automatic load stepping procedure for the solution of non-linear plasticity problems. The load
value is increased step by step for each iteration, and the displacement value corresponds to the
loads are obtained. The calculation terminates when the specified load level is reached or when
soil body is collapsed. Then, load-displacement curves are obtained. End of the calculation steps,
ultimate bearing capacity can be evaluated observing the load-displacement response. The
properties of the soil layers and footing material used in the analyses are summarized in Table 1.

4. Results and discussions

The occurrence of failure mechanism and the bearing capacity of square footings located in a
sand stratum of limited thickness on a deep bed of clay depend on some parameters such as the
thickness of upper sand layer (H), the undrained shear strength of clay (c,), the effective internal
friction of sand (¢"), the deformation characteristics of layers and the surcharge pressure (q).

To investigate the effects of these parameters on the bearing capacity behavior of square
footings a series of 3D non-linear FE analyses were performed considering the different values of
H/B, c,/yB, ¢’ and g/yB. Footing width equal to B = 1.0 m. was used in the analyses. In the FE
simulations, the different values of H/B ratio ranging from 0.25 to 3.0 were used while c¢,/yB
values were selected in the range of 0.50 to 3.0. However, two ¢’ (¢’ = 38° and 44°) and four
surcharge (g/yB =0, 0.50, 1.0 and 2.0) values were considered.

The characteristics of the load-settlement curves essentially depend on the failure type such as
general, local or punching shear failure. Since local and punching shear failure may occur in the
layered soil conditions there is no obvious peak value in the load-settlement curve. In load-defined
finite element (FE) analysis of footings subjected to vertical load, to find a point at which overall
failure can be assumed to occur is very difficult. (Taiebat and Carter 2000, Yuan and Luan 2005).

There are different methods for determining the ultimate bearing capacity, q,, from load-
settlement curves in the literature. One of them is to define the q, as the load corresponding to a
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Fig. 3 Load-displacement curves obtained for the ratio of H/B = 0.50 (g/yB = 0, ¢’ = 38°)

settlement ratio equals to s/B =0.1. According to the full-scaled tests conducted in the Laboratoires
des Ponts et Chaussees (LPC), the bearing capacity has been consistently defined as the load
corresponding to a vertical displacement equal to 10% of the footing width (Amar et al. 1994,
Lavasan and Ghazari 2012). Briaud and Jeanjean (1994), Cerato (2005) and Cerato and
Lutenegger (2007) also adopted this criteria to define the ultimate bearing capacity because of its
simplicity consistency for different size foundations and may be actually close to the average soil
strain at failure. In the present study, the footing unit load g, corresponding to the vertical
displacement equal to 10% of the footing width was defined as the ultimate bearing capacity, q..
This failure criterion is valid for all of the analyses presented in this paper.

Fig. 4 shows the relationships between normalized bearing capacity p/yB and H/B ratio for
different c,/yB values. As shown in Fig. 4, p/yB value of the layered soil increases with increasing
thickness of upper sand layer until it reaches that of uniform sand. The value of p/yB obtained in
the case of uniform sand is an upper limit for the normalized bearing capacity of sand layer
overlying clay. The value of H/B in which p/yB of layered soil reaches that of uniform sand is
refer as to H/Biticar- It Can be said that the failure zone is confined entirely to the upper sand layer
for the H/B values greater than H/Bgiica. Fig. 5 illustrates the plastic failure zones for various
values of H/B with ¢' = 38° c,/yB = 2.0 and g/yB = 0. These plots clearly demonstrate the
improved bearing capacity. As H/B ratio increases, the proportion of the failure mechanism in the
upper sand layer increases. Fig. 6 shows the deformation diagrams obtained from analyses for
different cases. From Fig. 6, it is seen that the value of H/Bisca IS also varies depending on the
undrained shear strength of lower clay layer. For the cases with H/B smaller than H/Bitica, p/yB
increases with increasing c,/yB. The relationship between p/yB and c,/yB is approximately linear in
the cases of H/B <1 while it is not linear for H/B > 1 (Fig. 7). The critical depth, H/Bitica, iS NOt @
constant value for the layered soils. It changes depending on both the strengths of upper sand layer
and lower clay layer. Thus, for the cases of c,/yB < 2.0, the value of H/B ratio is equal to 3 while
for the cases of c,/yB > 2 it is approximately H/B > 1.50. H/B.ica decreases with increasing value
of ¢c,/yB. The shape of the failure zones formed by plastic stress points undergoes a change based
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on the combination of layers considered.

Fig. 5 illustrates the plastic failure zones for various values of H/B with ¢’ = 38°, c,/yB = 2.0
and g/yB = 0. These plots clearly demonstrate the improved bearing capacity. As H/B ratio
increases, the proportion of the failure mechanism in the upper sand layer increases. Fig. 6 shows
the deformation diagrams obtained from analyses for different cases. From Fig. 6, it is seen that

Table 1 The properties of the soil layers and footing material

Sand properties

Loose condition Dense condition
Peak friction angle, ¢peax () 38 44
Cohesion, ¢’ (KN/m3 0.30 0.30
Unit weight, ysang (KN/m3 15.03 17.06
Dilation angle, v (°) 8 14
Young’s modulus, E' (KN/m3 20600 30000
Poisson’s ratio, v' 0.30 0.30
Clay properties
Peak friction angle, ¢’peax (°) ¢'=¢,=0°
Unit weight, yeay (KN/m3 21.00
Dilation angle, v (°) 0
Poisson’s ratio, V' 0.33
Footing material properties
Unit weight, octing (KN/m3J 24.00
Young’s modulus, Eoing (KN/M? 30 x 10°
Poisson’s ratio, v 0.15
Material model Linear Elastic (LE)

60
qyB=0
50 ‘.Unifmm Sand (¢' = 38°, y=15.03 kN/m?)

- - - - &

c,/yB=0.5

/

40

H/B

Fig. 4 Variation of the p/yB with H/B
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H/B =0.25 and p/yB =9.394 H/B = 1.00 and p/yB = 30.739 H/B =3.00 and p/yB = 47.827

(@) (b) ()
Fig. 5 The variation of plastic failure zones with H/B (¢’ = 38°, c,/yB = 2.0, g/yB = 0)

the value of H/Bgical i also varies depending on the undrained shear strength of lower clay layer.
For the cases with H/B smaller than H/Biica, P/yB increases with increasing c,/yB. The
relationship between p/yB and c,/yB is approximately linear in the cases of H/B < 1 while it is not
linear for H/B > 1 (Fig. 7). The critical depth, H/B.iticar, IS NOt @ constant value for the layered soils.
It changes depending on both the strengths of upper sand layer and lower clay layer. Thus, for the
cases of c,/yB < 2.0, the value of H/B ratio is equal to 3 while for the cases of c,/yB > 2 it is
approximately H/B > 1.50. H/Bgica decreases with increasing value of c,/yB. The shape of the
failure zones formed by plastic stress points undergoes a change based on the combination of
layers considered.

At the ultimate load, the square footings rest on a sand layer overlying clay deposit can be
subjected to failure in different ways such as full punching shear failure, partial punching shear
failure and general shear failure. The thickness of the upper sand layer (H), the undrained shear
strength (c,) of lower clay and the strength of sand (¢’) are the most important parameters affecting
the type of failure will occur. The failure type has been defined as full punching shear failure for
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HB=200End B0 H/B=2.00 and q/yB=0
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¢,/YB =0.50 and p/yB = 28.676 ¢,/yB = 1.00 and p/yB = 38.257
(d) () ()

Fig. 6 Displacement fields obtained for different cases
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Fig. 7 Variation of p/yB with ¢ /yB (¢’ = 38°, g/yB = 0)

the normalized bearing capacities, p/yB, up to 70% of the p/yB value estimated for the case of
uniform sand condition. If the p/yB values are greater than or equal to the normalized bearing
capacity calculated for the case of uniform sand, failure is generally caused by general shear
failure.

If the upper sand layer is substantially stronger than the lower clay full punching shear failure
through the top layer occurs. A soil mass of roughly truncated pyramidal shape between the
footing base and the clay surface penetrates into the clay and a general shear takes place in the clay.
The vertical separation of the sand block in the upper layer and then the punching of the block
through to the bottom layer are seen clearly from Fig. 8(a). The mobilized angle of shearing
resistance could be considerably less than the peak value at low values of shear strength ratio
(cu/yB). So, the dominant parameter on the bearing capacity is the undrained shear strength of clay
and the normalized bearing capacity, p/yB, increases with increasing c,/yB.

The value of mobilized internal friction angle increases with increasing undrained shear
strength of clay. As a result of this, failure type transforms from full punching shear failure to
partial punching shear failure. As shown in Fig. 8(b) the separation of the sand block takes place
along a surface inclined at angle o to vertical. However, the penetration of the sand block into clay
tends to reduce significantly as the value of c,/yB increases. As expected, the fraction of the failure
mechanism confined to the sand layer increases. These observations may lead to a conclusion that
the contribution of the upper sand layer to the bearing capacity increases and failure mechanism
occurs under the combined effects of ¢’ and c,.

In the uniform sand condition, it is assumed that the mobilized angle of internal friction is equal
to peak value at failure. For the cases with H/B and c,/yB greater than those of certain values, the
layered soil profile exhibit bearing capacity behavior similar to that of uniform sand and the failure
surface will be completely located in the upper sand layer. As seen in Fig. 8(c), the general shear
dominates the failure behavior and penetration of the upper sand layer into underlying clay is not
the case. The angle of separation surface with vertical increases in general shear failure compared
to partial punching shear failure. As a result, heaving in the soil adjacent to the side of the footing
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more remarkable. The parameter governing the bearing capacity behavior is the mobilized internal
friction angle.

The extent and form of the failure mechanism is mainly depend on depth and strength of upper
sand layer and undrained shear strength of lower clay. A series of finite element analyses have
been performed to investigate the development of failure mechanism. In the analyses, load-
settlement behaviors were extended up to a settlement level equal to 20% of the footing width to
present that punching or local shear is indeed the failure mechanism. The development of the
failure mechanisms are illustrated by deformed mesh and displacement diagrams in Fig. 8. As seen
in Fig. 8, punching and local shears are indeed the failure mechanisms because of development of
failure type are not affected from the amount of footing settlement.

Fig. 9 represents the failure type diagram created by examining the normalized bearing capacity

values, displacement diagrams and plastic yielding zones obtained end of the analyses performed
for different values of H/B (= 0.25, 0.50, 1.0, 1.50, 2.0 and 3.0), ¢,/yB (= 0.50, 1.0, 2.0 and 3.0), ¢'
(= 38°and 44°) with g/yB = 0. It can be said that increasing strength of upper sand layer increases
the probability of punching shear type failure.
As the thickness of upper sand layer greater than the footing width it does not always mean that
the failure zone is limited in the sand. As illustrated in Fig. 10, the failure mechanism may extent
into the underlying clay depending on the undrained shear strength of clay. When the bearing
capacity of a sand layer overlying clay reaches that of the uniform sand it becomes independent of
the c,/yB value.

The values of the vertical displacements obtained on the clay surface for ¢' = 38° and ¢' = 44°
with different values of both H/B and c,/yB are summarized in Table 2. As seen from Table 2, at

(a) H/B = 1.0, c/yB = 0.5, ¢' = 38°, g/yB = 0

(b) H/B = 2.0, c,/yB = 1.0, ¢’ = 38° g/yB = 0

u=0.1B - p/yB =13.968

u=0.2B - p/yB = 15.369

u=0.1B - p/yB =38.257 u=0.2B - p/yB=46.573

(

SN

u=0.1B - p/yB = 46.150 u=0.2B-p/yB = 55.023

(' —
(b) H/B=3.0,c/yB=1.0,¢"=38°q/yB=0

Fig. 8 The types of failure mechanisms developed
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Fig. 10 The variation of plastic failure zones with c,/yB (H/B = 2.0, g/yB = 0)

failure, the amount of vertical displacement occurred in the sand and clay layers are not equal to
each other. The results obtained from the analyses performed for different values of H/B by
keeping the c,/yB constant indicate that the amount of the vertical displacement occurring in the
sand layer, considering the total vertical displacement caused failure, increases with increasing
H/B. Such that for ¢' = 38° and H/B = 0.50, the vertical displacement observed in the sand layer is
about 2% of the total vertical displacement while this ratio is approximately 90% in the case of
H/B = 3.00. Likewise, in the case of ¢’ = 44°, the vertical displacement observed in the sand layer



The bearing capacity of square footings on a sand layer overlying clay

Table 2 Vertical displacement values obtained on the clay surface for the cases of ¢’ = 38°and ¢’ = 44°

H/B cJ/yB X y z Upg = 38> (*10° m) Upg = a0 (¥10° m)
0.50 1.00 0 0 -0.50 -97.726 -96.223
1.00 1.00 0 0 -1.00 -88.231 -86.177
1.50 1.00 0 0 -1.50 -70.906 -79.562
2.00 1.00 0 0 -2.00 -40.046 -57.288
3.00 1.00 0 0 -3.00 -10.152 -27.610
1.00 0.50 0 0 -1.00 -95.895 -94.177
1.00 1.00 0 0 -1.00 -88.231 -86.177
1.00 2.00 0 0 -1.00 -79.199 -83.053
1.00 3.00 0 0 -1.00 -73.744 -77.630
100 -
80 -
60 3
£
40
% - —&— ¢ =38°
—— O =44°
0 T B - =
0.00 1.00 2.00 3.00 4.00

Fig. 11 The effect of the sand strength on the normalized bearing capacity (c,/yB = 1.0, g/yB = 0)

are equal to 4% and 72% of the total vertical displacement for the cases of H/B = 0.50 and H/B =
3.00, respectively.

As a consequence of increasing amount of vertical displacements in the sand layer the value of
the mobilized angle of shearing resistance approaches to the peak value and the bearing capacity of
sand layer overlying clay increases. The value of mobilized angle of internal friction can be
assumed as equal to peak value for the cases H/B > 2.0. However, since the vertical stress
increment on the surface of clay layer decreases with increasing thickness of upper sand layer, the
influence of clay layer on the bearing capacity and failure mechanism will be decreased with
increasing H/B.

In the case of H/B = 0.50 with c,/yB = 1.0, the vertical displacements obtained on the clay
surface are almost the same for ¢’ = 38° and ¢’ = 44°. This observation is valid also for the case of
H/B = 1.0 with c,/yB = 1.0. This result clearly indicates that failure occurs depending on the
bearing capacity of lower clay layer and the strength of sand is not efficient on failure behavior for
the cases of H/B < 1.0. Increasing undrained shear strength of clay effects the deformation
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Table 3 The effect of the sand strength on the bearing capacity

¢'=38° ¢' = 44°
(%)

H/B c./yB p/yB H/B cu/yB P/yB

0.50 1.00 12.775 0.50 1.00 14.652 14.700
1.00 1.00 21.342 1.00 1.00 28.019 31.280
1.50 1.00 31.670 1.50 1.00 40.797 28.820
2.00 1.00 38.257 2.00 1.00 56.858 48.622
3.00 1.00 46.150 3.00 1.00 86.795 88.070

behavior of sand. Such that since the penetration of the upper sand layer into clay gets difficult
with increasing value of c,/yB, the amount of compression occurred in the sand layer will increase.
Consequently, as the lateral movements increase, resulting in an increase in mobilized internal
friction angle. This lateral movement may not be sufficient for the maximum mobilization of the

@'

As can be seen from Fig. 11, the effect of the sand strength on the bearing capacity is more
remarkable for the H/B values which are close to or greater than the critical thickness of upper
sand layer. As shown in Table 3, the rate of increment in normalized bearing capacity, p/yB, is
equal to %15 in the case of H/B = 0.50, c,/yB = 1.0 and g/yB = 0 as ¢’ is increased from 38° to 44°.
For the same set of strength parameters but with H/B = 2.0 and H/B = 3.0, this ratio is equal
to %49 and %88, respectively.

From Fig. 12, it is seen that as the H/B increases, the surcharge effect on the clay layer
increases. The surcharge clearly suppresses the upward movement of clay and forces the plastic
failure zone to be much wider and deeper mobilizing more of the available shear strength of clay
and provides a positive contribution to the bearing capacity. This behavior is more remarkable for
the cases in which the governing criterion for the bearing capacity is undrained shear strength of
clay. However; similar behavior could not be observed for the cases with H/B ratios (H/B > 1.50)
in which the thickness of upper sand layer close to or greater than H/Bica. In the latter case,
bearing capacity increases depending on the size of plastic failure zones situated within the upper
sand layer.

Fig. 13 presents the relationships between p/yB and c,/yB obtained for the different values of ¢’
for the case where H/B = 1.0 and g/yB =0. It is seen from Fig. 13 that p/yB increases with
increasing c,/yB in both cases. The p/yB values obtained from FE analyses performed for different
values of c,/yB keeping the H/B ratio constant as equal to 1.0 in the cases of ¢’ = 38°and ¢’ = 44°
are summarized in Table 4. As shown in Table 4, the rate of increment in p/yB is equal to 29% in
the case of c,/yB =0.50, H/B = 1.00 and g/yB =0 as ¢’ is increased from 38° to 44° while this ratio
is equal to 37% for the case of c,/yB = 3.0. This fact implies that since the increasing undrained
shear strength of clay increases the compressibility of the sand mass between the footing base and
clay layer, it provides a positive contribution to the bearing capacity.

As illustrated in Fig. 14, the portion of the plastic failure zones occurring in the clay layer get
much wider and deeper due to the increasing strength of sand. It is expected to occur punching
shear failure for the cases with relatively limited upper layer thicknesses such as H/B = 0.50 and
1.0. On the other hand, increasing ¢’ in the upper sand layer giving rise to possibility of punching
shear failure also with increasing H/B.
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4.1 Comparison with predictions from previous design methods based on limit
equilibrium approach

Some of the design methods based on limit equilibrium approach to predict the ultimate bearing
capacity of footings on sand layer overlying clay are briefly summarized in the following.

The bearing capacity of a strip footing placed on soil surface is estimated using Punching Shear
Model suggested by Meyerhof (1974). In this model, it is considered that a sand block with
vertical sides is pushed together with footing into lower clay layer. In addition, it is assumed that
the sand layer to be in a state of passive failure along vertical planes beneath the footing edges.
The bearing capacity of footing is obtained from the equilibrium of forces acted on sand block.

Meyerhof (1974) suggested the following equation to determine the bearing capacity of
rectangular footings.

B B 5
Qu = (1 +0.2 Z) cN, + (1 + Z) yH*(1+ 2D/H)Ks tan®/B + yD (4)

H/B=0.25 and p/yB=4.298 H/B=0.5 and p/yB=7.620 H/B=1.0 and p/yB=13.968

(@) (b) (©)

H/B=1.5 and p/yB=21.368

(d)

H/B=2.0 and p/yB=28.676

(€)

H/B=3.0 and p/yB=42.738

(f)

Fig. 12 The variation of the plastic yielding zones with H/B ratio (c,/yB = 0.5, g/yB = 0)
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Fig. 13 The variation of p/yB with c,/yB (H/B = 1.0, g/yB = 0)

Table 4 The p/yB values obtained from FE analyses in the cases of ¢’ = 38°and ¢’ = 44°

¢I = 380

¢’ = 44°

H/B (m) c./yB P/yB H/B (m) cu/yB P/yB (%)
1.00 0.50 13.968 1.00 0.50 18.036 29.127
1.00 1.00 21.342 1.00 1.00 28.019 31.287
1.00 2.00 30.739 1.00 2.00 41.889 36.274
1.00 3.00 37.208 1.00 3.00 51.123 37.395

depth of the footing from the ground level,

Where;

Ne; bearing capacity factor, N, =5.14,
;i unit weight of sand,

B; footing width,

L, footing length,

D;

H;

clay layer.

Hanna and Meyerhof (1980) have shown that in case of relatively weak clay layer compared to
sand layer, passive failure of the sand may be accompanied by a failure surface that extends
downwards into clay. In this case, passive earth pressure coefficient, Kp, value that is obtained by
assuming the failure confined into sand layer, would be much higher. Therefore, Hanna and
Meyerhof (1980) developed a new coefficient called Punching Shear Coefficient, Ks, to consider
conveniently the passive force on a vertical plane beneath the footing edges. Ks is related with Kp
by the equation Kp tand = Ks tang’. ¢ is inclination of the passive force Pp with the horizontal.
Hanna and Meyerhof (1980) developed alternative design charts to define the coefficient of

punching shear.

the thickness of the sand layer as a distance between the footing base and surface of
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Fig. 14 The plastic failure zones occurring in clay layer for the cases of ¢’ = 38° and 44° (c,/yB =

1.0, a/yB = 0)

H/B=0.5 and ¢'= 44°
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Okamuraetal. (1997) investigated ultimate bearing capacity, failure mechanism and deformation
behavior associated with it, by performing a series of centrifuge model tests on dense sand
overlying soft clay. Okamura et al. (1998) suggested a failure mechanism based on centrifuge test
results. The following equation was obtained using the limit equilibrium method and offered for

circular footings.
2

H . ,
qr = (1 + ZEtanaC> (CuNcSc Pty H)

AKpsin(@ —a.) (( . Y H\H . H\* 2, H\?
+ po + — |5 + potana, (—) + =y Htana, (§> (5)

cos@ cosa, 2 )B B 3

yH( (H H
-— 4(—) tan ac+6§tanac+3

3 B
Where;
Ne; bearing capacity factor, N, =5.1,
Sc, shape factor, s, =1.2 for circular footings,
Y effective unit weight of sand,
B; diameter of footing,

H; the thickness of the sand layer,
p;  effective overburden pressure at the footing base level.

In this failure mechanism, it was assumed that the vertical stress on the base of sand block is
equal to the ultimate bearing capacity of a rigid footing with rough base on the clay subjected to a
surcharge pressure. However, load spread angle in the upper sand layer changes with both strength
parameters of layers and the thickness of upper sand layer.

In this paper, to calculate the bearing capacity of a square footing using the method proposed
by Okamura et al. (1998), the base area of the square footing was converted to equivalent circular
area.

Normalized bearing capacity, p/yB, values obtained from the FE analyses were compared with
those from the limit equilibrium equations proposed by Meyerhof (1974) and Okamura et al.
(1998). p/yB values were obtained for different H/B ratios ranging from 0.50 to 2.0 and c,/yB
values selected as 0.50 — 1.0 and 2.0. The results presented in Table 5.

As seen from Table 5, Meyerhof’s results tend to underestimate the bearing capacity for all of
the cases considered. Ultimate bearing capacities obtained from Meyerhof’s method are nearly half
of those estimated from FE method for all of the H/B ratios and value of c,/yB = 0.50. The
differences are averagely 45% and 40% for the c,/yB values of 1.0 and 2.0, respectively. Therefore,
Meyerhof” method is over safe.

The method proposed by Okamura et al. (1998) showed good agreement with the FE solutions
up to H/B < 1.0. For the H/B ratios higher than 1.0 the results become inconsistent. The values of
the normalized bearing capacities obtained from the method by Okamura et al. (1998) are higher
than the values estimated by FE method for the ratios of H/B > 1.0. The difference between p/yB
values is 67% for the case of H/B = 1.50 and c¢,/yB = 0.50. This ratio is averagely 39% for the
cases of ¢,/yB = 1.0 and 2.0. These methods have been developed when the punching shear effects
are significant and cannot be neglected. Up to H/B < 1.50, punching shear seems to be effective
and this effect diminishes for higher H/B ratios greater than 1.0.
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Table 5 The comparison of the normalized bearing capacity (p/yB) values

¢’ =38° Normalized bearing capacity values, p/yB
H/B c,/yB a/yB (p/yB)wmeyerhot (p/yB)okamuract. al. (P/yB)piaxis 3p
0.50 3.851 6.882 7.620
0.50 1.00 0 7.144 11.362 12.775
2.00 13.521 20.286 21.748
0.50 4.810 10.439 10.394
1.00 0 8.365 16.391 15.746
0.75 2.00 15.003 26.905 23.553
0.50 6.152 17.049 13.968
1.00 0 10.074 22.830 21.342
1.00 2.00 17.078 35.590 30.739
0.50 9.988 35.780 21.368
150 1.00 0 14.957 44.069 31.670
2.00 23.006 60.223 43.204
2.00 1.00 0 21.793 76.026 38.256
0.50 11.074 20.037 20.892
1.00 1.00 1 18.887 41.434 30.805
1.50 27.676 73.558 43.246

The value of the ultimate bearing capacity could be significantly different depending on the
limit equilibrium method used.

Table 5 presents the comparison of the values of normalized bearing capacities obtained from
FE analyses and different methods based on limit equilibrium approach.

4.2 Surcharge effect

A series of FE analyses have been performed to investigate the surcharge effect on the bearing
capacity of a sand layer overlying clay considering four different surcharge values such as g/yB =
0, 0.50, 1.0 and 2.0. The surcharge was modelled applying a constant uniform distributed pressure
to the top boundary of surface elements equal to the considered magnitude of surcharge (Lee et al.
2005).

Fig. 15 shows the normalized bearing capacity-settlement curves obtained for different values
of surcharge in the case of H/B = 1.0, c,/yB=1.0 and ¢’ =38°. As shown in Fig. 15, the normalized
bearing capacity increases with increasing surcharge effect and the curves get stiffer. Plastic
failure zones obtained from FE analyses for different values of g/yB in the case of H/B = 1.0, c,/yB
= 1.0 and ¢’ = 38° have been illustrated in Fig. 16. As surcharge effect increases, the failure zones
within the lower clay extend more deeper by enlarging while in the upper sand layer, plastic failure
zones are more intense and narrow.

When a surcharge exists, further variation of the friction angle with respect to the no-surcharge
condition is expected. Because, surcharge increases the magnitude of confining stress acting on the
upper sand layer located within the failure zone and causes mobilizing more of the available shear
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Fig. 15 The normalized bearing capacity-settlement curves with surcharge (H/B = 1.0, c,/yB = 1.0, ¢’ = 38°)

q/yB=0and p/yB=21.342 q/yB=1.0 and p/yB=30.805 q/yB=2.0 and p/yB=36.373
(a) (b) ()
Fig. 16 The plastic failure zones obtained for different values of g/yB (H/B = 1.0, c,/yB = 1.0, ¢’ = 38°)

resistance angle. In addition, dilatancy behavior of sand layer is suppressed due to the surcharge
limits the upward movement of sand near the footing edge. These result in an increase in bearing
capacity. However, the failure zones within the clay layer extend much deeper by enlarging
because of the increasing overburden pressure on the clay surface including the weight of upper
sand layer and surcharge. When the surcharge increases, the probability of occurrence of punching
shear failure increases.

As seen from Fig. 17, the mechanism associated with failure of square footings, for the cases of
H/B < 1.50, suggests diagonal symmetry. However, the diagonal symmetry of the failure
mechanism gets lost with H/B ratios greater than 1.50.

Although the p/yB increases with increasing g/yB for all of the H/B ratios considered, the growth
of the p/yB is not linearly proportional to the increment of g/yB. As seen from Table 6, the amount
of increment in bearing capacity observed for the cases that qg/yB increases from 1.0 to 2.0
increases with increasing H/B. As the depth of upper sand layer increases, the confining stress
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effect of the surcharge pressure on the sand layer decreases. Therefore, increment in the bearing
capacity decreases with increasing H/B ratio when the g/yB increases from 0 to 1.0. As shown in
Table 7, the amount of increment in the p/yB values decreases with increasing c,/yB when the g/yB
increases from 1.0 to 2.0.

Table 6 The variation of p/yB with q/yB for different H/B values

H/B c/yB q/yB p/yB %
0 12.775
63.538
0.50 1.00 20.892
14.388
2.00 23.898
21.342
0 3 44.339
1.00 1.00 1.00 30.805
18.074
2.00 36.373
0 38.257
40.868
2.00 1.00 53.892
21.767
2.00 65.623

(d) (e)
Fig. 17 The variation of failure mechanism of square footings with H/B ratios (c,/4B = 1.0 and ¢' = 38°)
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Table 7 The variation of p/yB with g/yB for different c,/yB values

H/B cu/yB q/yB plyB %
00 13.968
51.954
0.50 1.00 21.225
25.38
2.00 26.613
0 21.342
44.339
1.00 1.00 30.805
18.074
2.00 36.373
1.00
0 30.739
51.514
2.00 1.00 46.574
14.284
2.00 53.227
0 37.208
60.933
3.00 1.00 59.880
11.112
2.00 66.534

5. Conclusions

The ultimate bearing capacity and failure mechanism of square footings on a sand layer
overlying clay soil have been investigated numerically by performing a series of three-dimensional
non-linear finite element analyses. Based on the investigation results following main conclusions
can be drawn.

e The critical depth, H/Bgiica, iS NOt a constant value for the layered soils. It changes
depending on both the strengths of upper sand layer and lower clay layer. Thus, for the cases
of c,/yB < 2.0, the value of H/B ratio is equal to 3 while for the cases of c,/yB > 2 it is
approximately H/B > 1.50. H/Bisicar decreases with increasing value of ¢ /yB. For the cases
with H/B smaller than H/Biica, p/yB increases with increasing c./yB. The relationship
between p/yB and c,/yB is approximately linear in the cases of H/B < 1 while it is not linear
for H/B > 1.

e The thickness of the upper sand layer (H), the undrained shear strength (c,) of lower clay
and the strength of sand (¢’) are the most important parameters affecting the type of failure
will occur. Increasing strength of upper sand layer increases the probability of punching
shear type failure. As the thickness of upper sand layer greater than the footing width, it
does not always mean that the failure zone is limited in the sand. When the bearing capacity
of a sand layer overlying clay reaches that of the uniform sand it becomes independent of
the c,/yB value.

o The value of mobilized angle of internal friction can be assumed as equal to peak value for
the cases H/B > 2.0. However, since the vertical stress increment on the surface of clay layer
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decreases with increasing thickness of upper sand layer, the influence of clay layer on the
bearing capacity and failure mechanism will be decreased with increasing H/B. Failure
occurs depending on the bearing capacity of lower clay layer and the strength of sand is not
efficient on failure behavior for the cases of H/B < 1.0.

o As the H/B increases, the surcharge effect on the clay layer increases. The surcharge clearly
suppresses the upward movement of clay and forces the plastic failure zone to be much
wider and deeper mobilizing more of the available shear strength of clay and provides a
positive contribution to the bearing capacity. This behavior is more remarkable for the cases
in which the governing criterion for the bearing capacity is undrained shear strength of clay.
However; similar behavior could not be observed for the cases with H/B ratios (H/B > 1.50)
in which the thickness of upper sand layer close to or greater than H/Biticar-

o Meyerhof’s results tend to underestimate the bearing capacity for all of the cases considered.
Ultimate bearing capacities obtained from Meyerhof’s method are nearly half of those
estimated from FE method for all of the H/B ratios and value of ¢,/yB =0.50. The differences
are averagely 45% and 40% for the c,/yB values of 1.0 and 2.0, respectively. Therefore,
Meyerhof” method is over safe.

o The method proposed by Okamura et al. (1998) showed good agreement with the FE
solutions up to H/B < 1.0. For the H/B ratios higher than 1.0 the results become inconsistent.
The values of the normalized bearing capacities obtained from the method by Okamura et al.
(1998) are higher than the values estimated by FE method for the ratios of H/B > 1.0. The
difference between p/yB values is 67% for the case of H/B = 1.50 and c,/yB = 0.50. This
ratio is averagely 39% for the cases of ¢,/yB = 1.0 and 2.0.

e The methods based on limit equilibrium approach have been developed when the punching
shear effects are significant and cannot be neglected. Up to H/B < 1.50, punching shear
seems to be effective and this effect diminishes for higher H/B ratios greater than 1.0.

o The value of the ultimate bearing capacity could be significantly different depending on the
limit equilibrium method used.

e The normalized bearing capacity increases with increasing surcharge effect and the
load-settlement curves get stiffer. As surcharge effect increases, the failure zones within the
lower clay extend deeper by enlarging while in the upper sand layer, plastic failure zones are
more intense and narrow. Although the p/yB increases with increasing g/yB for all of the
H/B ratios considered, the growth of the p/yB is not linearly proportional to the increment of
q/yB.

e The mechanism associated with failure of square footings, for the cases of H/B < 1.50,
suggests diagonal symmetry. However, the diagonal symmetry of the failure mechanism
gets lost with H/B ratios greater than 1.50.
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