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ABSTRACT: Bearing capacity of shallow foundations is commonly determined using formulations initially considering
centered vertical loading on a strip horizontal footing and then corrected for taking into account deviations from this ideal
situation, such as eccentricity and inclination of the loads and of the shape of the foundation. Most bearing capacity
formulations don't include correction factors considering seismic actions. In this work, pseudostatic limit analysis
calculations simulating the seismic action with horizontal and vertical seismic coefficients, were performed with mechpy, a
program developed within the authors' team which implements a finite element formulation of the limit analysis theorems.
Based on the results of both lower and upper bound calculations, seismic and load inclination bearing capacity factors are
proposed.

RESUME: La capacité portante des fondations superficielles est généralement déterminée a l'aide de formulations
considérant initialement les charges verticales centrées sur une semelle horizontale filante, puis corrigée pour tenir compte
des écarts par rapport a cette situation idéale, tels que 1'excentricité et l'inclinaison des charges et de la forme de la fondation.
La plupart des formulations de capacité portante n'incluent pas de facteurs de correction prenant en compte les actions
sismiques. Dans ce travail, des calculs d'analyse limite pseudostatique simulant l'action sismique avec des coefficients
sismiques horizontaux et verticaux ont été réalisés avec mechpy, un programme développé au sein de 1'équipe des auteurs
qui implémente une formulation par ¢léments finis des théorémes d'analyse limite. Sur la base des résultats des calculs des
limites inférieure et supérieure, des facteurs de capacité portante sismique et d'inclinaison de charge sont proposés.
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1  INTRODUCTION

Terzaghi’s bearing capacity equation for strip footing
continues to be used in practice. In its simple form, it
is applicable to strip footings, with vertical and
centered loading, and it is then modified, mainly
through correction factors to take into account the
deviations from the original simple case. Inclination of
the loads applied to the footing and seismic effects can
be taken into account in this way.

In this paper, soil is assumed to be purely frictional.
A rigid strip footing is considered, with rough base and
the load is centered and can be inclined. Seismic
effects are considered by a pseudo-static approach: on
the footing the effects are considered included in this
load, and on the soil they are applied through seismic
coefficients k; and &, on the horizontal and vertical
directions, respectively. Numerical bearing capacity
calculations are performed using mechpy, a finite
element code developed within the authors’ team,

implementing the upper and lower bound theorems of
limit analysis (Vicente da Silva and Antéo, 2013).

The numerical calculations are performed to
determine correction factors for the inclination of the
load and for the seismic effects on the soil. These are
initially determined separately and compared with
results from Cascone and Casablanca (2016) and Conti
(2018). Then, the superposition of both effects is
considered, this being the main contribution of the
paper. Equations for the above mentioned factors are
proposed for application to design.

THE PROBLEM

The following equation for the bearing capacity will
be considered:

1 i [
qr = 5¥(L+ky)BNyiyey +q(1+ ky)Ngigeq (1)
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where y is the unit weight if the soil, B is the width of
the footing, g is the loading caused by the soil above
the footing base, N, and N, are the bearing capacity
factors, iy and i, are the load inclination factors, e, and
e, are the seismic factors and £, is the vertical seismic
coefficient. Both %, and &, will affect the seismic
factors. The two summands of eq. (1) are determined
independently, as was the initial proposal for
Terzaghi’s equation, following what is presented in
Figure 1. Coefficient k, can be positive or negative.

Figure 1. Problem considered for determining iy and ey (fop)
and iy and e, (bottom). Note: k, can be positive or negative.

3 NUMERICAL CALCULATIONS

3.1 Bearing capacity factors

Numerical upper and lower bound limit analysis
calculations were performed using program mechpy,
which has been successfully used for determining
collapse loads, namely in three-dimensional
conditions, of a variety of geotechnical problems:
earth pressures (Antdo et al., 2011; Santana et al.,
2023), bearing capacity of shallow foundations (Antao
et al., 2012), tunnels stability (Antdo et al., 2021) and
slope stability (Deusdado et al. 2016). Initial
calculations were performed to obtain N, and N, for
different friction angles, and therefore determining the
collapse loads for angle i=0 and k,=k,=0 (see Figure
1), where i is the inclination of the loading. The results
obtained are presented in Figure 2, where they are
compared with Martin’s solution (Martin, 2005) for &,
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and with the known exact solution for N,. A good
agreement can be observed.

1000 T
UB

A
o NY . 5
NI
100 i -
> q
% ,,,,,,,,,,,,, N, (Martin, 2005) &~
= NEX =
q 8
10
a7
-

15 20 25 30 35 40 45 50
¢
Figure 2. Bearing capacity factors obtained from upper

(UB) and lower bound (LB) numerical calculations;
comparison with known solutions.

3.2 Load inclination and seismic factors

Two sets of calculations were then performed: for
determining the load inclination factors, no seismic
action was considered; for the seismic factors, no load
inclination was applied.

For the first set, three values of tan(i) were
considered: 0.1, 0.2 and 0.3. The results are presented
in Figures 3 and 4. In these figures, the factors
identified as UB or LB were obtained from the UB or
LB calculations: for example, i, (UB) was obtained
through g:.y20, 4=0, i20/qr.y#0, ¢=0, i=0; this means that i, (UB)
is the ratio between two UB values and not necessarily
an upper bound anymore. It can be seen in Figures 3
and 4 that there is some dependency of the friction
angle and not only on the load inclination, as in some
simplified proposals for these coefficients. It was
found that the numerical results could be fitted by the
following equations:

] tan i \(1-3tan i+3)(tan pnNe

by = (1 N tan ¢l) (2)

_ tan i \2-3(tan )P

ta = (1  tan ¢l) @)
where:

a=0.88tani + 1.19 4)

b =1.06tani+ 1.37 ®))

These equations are also represented in Figures 3
and 4.
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Figure 3. Load inclination factor iy obtained from upper
(UB) and lower bound (LB) numerical calculation;
comparison with proposed equation (2).
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Figure 4. Load inclination factor i, obtained from upper
(UB) and lower bound (LB) numerical calculations;
comparison with proposed equation (3).

For the second set of calculations, the load was
considered vertical and the seismic coefficients were
applied as represented in Figure 1. The following
values of k;, were considered: 0.1, 0.2, 0.3, 0.4 and 0.5;
the coefficient &k, was assumed 0, +4;/2 and -k,/2. For
some lower friction angles, results could not be
obtained, as this seismic loading was not stable. It was
found that using equation (1) results for the seismic
factors would depend only on angle 6, equal to:

K
0 = atan —=
1+k,

(6)

The obtained values are represented in Figures 5
and 6. In the same figures, other results obtained
within this work are also represented and will be
addressed in the next section.

It was found that the obtained results could be fitted
with the following equations:
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Figure 5. Seismic factor ey obtained from upper (UB) and
lower bound (LB) numerical calculations, comparison with
proposed equation (7) and with other proposals.
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Figure 6. Seismic factor eq obtained from upper (UB) and
lower bound (LB) numerical calculations; comparison with
proposed equation (8) and with other proposals.

These equations are also represented in Figure 5
and 6, where good agreement can be observed. In the
same figures, the proposals for the same coefficients
from Cascone and Casablanca (2016) and Conti (2018)
are also represented, also showing a good general
agreement.

3.3 Seismic factors with load inclination

Numerical calculations for obtaining seismic factors
when inclined loading is applied were also performed.
They are referenced in the present paper as e, and
eq and are also represented in Figures 5 and 6. It is
observed that they can be described by the same
equations (7) and (8).This occurs for all cases.
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Figure 7. Maximum plastic distortion zones obtained from UB calculations for ¢ ’'=30° and tan i=0.2.

analysed, for ¢,, and for the cases where i+06<¢’, for
ey.

Figure 7 shows the maximum plastic distortion
zones obtained from upper-bound calculations for
¢’=30°, tan i=0.2, three values of 8 and for ¢g=0 and
y=0. From the images on this figure, the mechanisms
involved in each case can be inferred.

4 CONCLUSIONS

Correction factors for the bearing capacity of strip
shallow foundations for cohesionless soils under
drained conditions for load inclination and seismic
actions were determined using limit analysis
calculations with program mechpy. It was found that
the results from upper- and lower-bound calculations
are quite close. Equations to approximate those factors
were proposed and compared with other solutions
from the literature.

It was shown that these factors can be combined as
long as i+6<¢’.
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