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Figure 4. Limitstate:GEO results, variation of v/yB with
s,/yD for (@) D/B=0.5 and (b) D/B=1.

varying linearly with the logarithm of s,/yD and (3)
varying approximately linearly with friction angle ¢’
for a given s,/yD. The equivalent load spread angle
B decreases with decreasing sand friction angle and
increasing undrained shear strength ratio s,/yD.

For sand over normally consolidated clay (s,/yD~
0.25), the values traditionally used for 8 (i.e. 11 and
18°) are cautious. However, they may become unsafe
when the clay undrained shear strength increases:
equivalent § values can even become negative.

4.2 VH yield surfaces

The computed VH yield surfaces are presented on Fig-
ure 7 for one D/Bratio (0.5) and one sand friction angle
(35°). The upper part of the yield surfaces are clearly
curved so that the assumption of a flat top part (see Fig-
ure 2) is unconservative. A typical failure mechanism
for inclined loading is shown on Figure 8.

5 SIMPLIFIED EQUATIONS

5.1 Introduction

Simplified equations derived from the 2D plane strain
numerical results presented above are proposed. These

(b) D/B=0.5, s,/yD=2, ¢’=30°

Figure 5. Limitstate:GEO failure mechanisms for
D/B=0.5 (a) dense sand over soft clay: s,/yD=0.25,
¢’ =40° and (b) loose sand over stff clay: s,/yD=2,
¢’ =30°.
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Figure 6. Variation of equivalent B with s,/yD for
D/B=0.25,0.5,0.75 and 1.

equations can be used to compute VH yield surfaces
of surface strip foundations on sand over uniform clay.

5.2 Pure vertical loading

When assessing the bearing capacity of shallow foun-
dations on sand over clay, the results presented in
section 4 showed that the load spread angle need not
be an input variable. A relationship that computes
automatically the appropriate load spread angle can
easily be found: B is essentially independent of D/B
and linearly varying with the logarithm of s,/yD, and
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Figure 7. Limitstate:GEO results, VH yield surfaces for
strip footing (B=2m, D/B=0.5 and ¢ = ¢ = 35°).

Figure 8. Limitstate:GEO’s example of failure mecha-
nism under VH load (H=0.3V, D/B=0.5, s,/yD =0.25,
¢’ =35°).

with friction angle for a given s,/yD. The following
relationship fits the data reasonably well:

sM

=(0.267¢'-25)1
p=(02674 )“[;@

]+(2¢'—60) €))

where f and ¢ are both in degrees.

5.3 VHyield surface

An attempt has been made to quantify the influence
of the horizontal component of the foundation load
as a further development of the load spread concept
given in Fig. 1. Figure 9 highlights the horizontal
action and reactions on the load spreading sand body
(LSB) transferring part of the horizontal load onto its
lower potential sliding surface. The need for partial
transfer can be inferred from the examination of the
intermediate position of the upper portion of the ref-
erence (Plaxis) failure envelope in Fig. 2 with respect
to either total or zero transfer of horizontal load to the
equivalent footing.
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Figure 9. Load transfer mechanism under inclined load.

As can be seen by comparing Fig. 9 with Fig. 1, the
following assumptions have been made:

— the LSB centerline, which has the same inclination
as the VH load vector, defines the center point C of
an equivalent footing on the underlying clay

- the spreading geometry conforms to eq. (3), keeping
the equivalent footing width B’ resting on top of clay,
ie. B =B+ 2D tanp

— passive resistance mobilized along the LSB sides is
schematized by a horizontal reaction Py, acting at
height npD above the clay.

The horizontal load Hp transferred to the equiv-
alent footing is obtained by horizontal equilibrium
Hp =H —P,, while the moment Mp about point C
applied to the lower equivalent footing is modeled by
the following expression:

M, = D[’]HH —n,F, _ﬂW(H/V)W] “4)

A priori assessments of 7y, 7p, and nw can be sought
by considering the curvature of the funicular thrust line
throughout the LSB, a triangular distribution of passive
pressures (np= 1/3), and the geometric determination
of the centre of mass of the LSB.

The mobilization of Py, follows an initial proportion
a.7 of the applied H according to:

z=P, (P, +S,)
P, =05(K, - K, pH> 5)
S, =s,B'

ult

The initial rate of P,, mobilization is thus commensu-
rate with the ultimate values of the potentially resisting
terms, modulated by the parameter «. One intuitively
expects passive resistance to be mobilized prefer-
entially at low H since the base shear is acting at
a further distance from the footing than the lateral
boundaries of the LSB, especially for large D/B values.
In addition, as H increases, displacement compatibility
penalizes P, mobilization that requires a larger dis-
placement than base shear. An analogy is the better
known problem of end bearing and friction resis-
tance mobilization of a vertically loaded pile. Based
on the above comparison, and allowing for the maxi-
mum P, value to be lower than the reference ultimate
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Figure 10. Comparison between analytical equation and
Limitstate:GEO results for strip footing (B=2m, D/B=10.5
and ¢ = ¥ = 35°).

value Ppax =0.5anH < Py, Py is suggested to be
mobilized according to the following equation:

P, =arH[l-(1-7)H (P, +5,,)] ©)

A typical comparison between the proposed simplified
approach and LSG calculations is presented in Fig. 10
for the case D/B=0.5 and ¢’ =35°. The curves for
the different values of s,/yD =0.25, 0.5, 1 and 2 have
all been obtained using the same parameters: ¢ =1.1,
np and nw = 1/3, and ny = 0.2. It can be observed that
agreement is satisfactory with the upper part of the
calculated failure envelope, which was the primary
target of the developed approach, i.e. modeling the
punch-through mechanism.

Equations presented in this Section have been
inserted into proprietary analytical “load spread”
method software ISOBARE (Fugro, 2009) for every-
day use. This program calculates shallow foundation
capacity under general VHM loading on layered soils.
Bearing capacity under pure V loading is calculated
using the load spread angle deduced from Equation 3.
The upper part of the VH yield surface is computed
using Equations 4, 5 and 6 while the lower part, where
sliding and shear failure in sand dominate, is computed
using conventional sand equations (Brinch-Hansen,
1970).

6 DISCUSSION AND CONCLUSIONS

Limitstate:GEO is an appropriate tool to derive VH
yield surfaces for surface strip footing on sand over

© 2011 by Taylor & Francis Group, LLC

clay. It is fast and reliable and permitted about 800
analyses in a rigorous and consistent manner.

Based on the results of these numerical simula-
tions, simplified equations are proposed to compute
the equivalent load spread angle 8 and the upper part
of the VH yield surface for surface strip footing on sand
over uniform clay. These equations have been cali-
brated in the engineering ranges normally encountered
in geotechnical engineering practice.

Given the encouraging results from this first step
study assuming infinite strips, the method is being
calibrated for other foundation shapes (circles and
rectangles) and soil s, profiles.
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