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Abstract

The effects of the combined loading on the bearing capacity (B.C.) shallow bridge founda-
tions on cohesionless soil are investigated by 2D and 3D finite element analyses (F.E.A.),
in conjunction with the main parameters involved, as the embedment depth. For the better
visual understanding how the various loading or inherent parameters affect the ultimate B.C.
the results of F.E.A. are presented as interaction diagrams of the normalized vertical load,
moment and horizontal load. The scour effects on the B.C. of shallow foundation are investi-
gated, through the normalized scour depth.
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1 Introduction

Spread footings continue to be an attractive type of bridge foundations, due to the simplic-
ity of construction and the low cost. On the other hand, piers and abutments of many old
bridges over the world were supported on shallow foundations and it is often necessary to
have a sense of their vulnerability, mainly during flood events. The settlements of shallow
bridge foundations on cohesionless soils in most cases are not significant, while systematic
observations and evaluation of data indicated that considerably higher displacements are
tolerable than those adopted at the pasti.e.[1]. Consequently, the Ultimate Limit States cri-
teria have a decisively influence on the design and the vulnerability of bridge foundations in
many cases.

Scour is a major reason for bridge foundation failure. Case histories of bridge failures due to
scour were analyzed and discussed [2]. The hydraulic performance of shallow bridge foun-
dations was extensively investigated (i.e. Federal Highway Administration, [3]), but the pro-
cedures aiming at the estimation of the vulnerability of theses, in many cases overlook the
geotechnical factors.

In the present paper the following issues are examined, based on 2D and 3D F.E.: i) The em-
bedment depth effect on the bearing capacity of shallow foundations on cohesionless soils
for the general case of combined loading M, V, H. ii) The scour effects on the bearing capac-
ity. The results are presented as interaction diagrams, from sections of the bearing strength
surfaces (BSS) by representative planes.
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2 Depth effects on the bearing capacity of footings on cohesionless
soils

In case of cohesionless soil, assuming horizontal foundation base, the ultimate vertical load,
for the combined loading V, M, H, according to EN 1997-1[4], which is based on a former ver-
sion of DIN 4017 [5], is given by the equation:

vV, =A"-(q ‘N s i+ 0.5-y" B’ .Ny.svoiv) ©)

where A" =B’L" is the effective contact area, B, L’ the effective width and length of footings,
g’ the effective overburden pressure at the footing base, N, N, the B.C. factors, Ser Sy the
shape factors and iq, iv the inclination correction coefficients.

Semi-empirical coefficients accounting the effects of shape, depth, eccentricity and inclina-
tion of loadings are available to be applied on the equations, i.e.[6]. Comparisons of various
proposals for the shape and inclination were presented and discussed at the past (i.e.[7]).
The same important factors were investigated using numerical approach by [8]. The effect of
embedment depth D on the B.C. is of great importance and it is taken into account, according
to Eq.(1) through the effective overburden pressure q’ at the footing base.
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Figure1 Rectangular footing on cohesionless soil: a) Combined loading V, M, H on rectangular footing,
b) Example of 3D F.E. mesh

Following the conventional methods, a real problem according to Fig. 1a, could be simulated
by a footing on the surface, which is loaded by a uniformly distributed load q’. This simpli-
fication is usual, even in FE analyses, as for example after [9]. In order to examine the effect
of embedment depth, owing not only to the equivalent loading, q" =y’ - D, FE analyses are
carried out under 2D and 3D conditions, by the more realistic simulation as in Fig. 1b. In order
to compare the FE results with those from the conventional method, firstly the simple case
of vertical centric load at the base of a rectangular foundation is examined. The water table
is considered at the surface, therefore q" =y’ - D. The ultimate vertical load for a rectangular
footing (L, B) corresponding to the conventional methods can be expressed at the normal-
ized form:
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Figure 2 Effect of the foundation depth on the normalized ultimate load: cohesionless soils, vertical loads:
a) Strip footing, b) Square

Following the Eq. (2) and the FEA results, comparative diagrams are presented in Figs. 2a and

2b, for strip and square footings, respectively, where the following can be observed:

« For strip footings and low ratios D/B, the normalized values of the ultimate loads, accord-
ing to Eq. (2), are higher than those resulted from the FEA, due to the lower values of the
B.C. factor NV in the latter case. On the contrary, for highervalues D/B, the initial differenc-
es are decreased, owing to the higher rate of increase of V with increasing embedment
depth from theFEA.

« For square footings, the normalized ultimate load values from FEA are quite higher, inde-
pendently of the embedment depth. Therefore, the effect of D/B on the B.C. is considerably
greater, in accordance with the FEA.

Evidently, the failure mechanism for the real case of foundation at depth D is different from
the simplified simulation of depth by an equivalent loading q" at the surface, as it is shown
in Figs. 3a and 3b for a centric vertical load and an eccentric and highly inclined load respec-
tively.

Figure 3 Failure mechanisms of embedded footing: a) centric vertical load, b) eccentric and inclined load

The simultaneous effects of the relative depth and the shape of footing on the normalized
ultimate load are illustrated in Fig. 4, where the effect of embedment depth on the ultimate
load V| for rectangular footings, is considerably higher in finite element analysis method
than this from Egs. (1) and (2) and the relevant shape factors Sq and S,
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Figure 4 Effect of shape on the normalized ultimate load of embedded footing

3 Interaction diagrams for combined loadings

In the general case of loading V, M, H (vertical load, moment and shear force), all combina-
tions, which lead to shear failure, form a three-dimensional bearing strength surface (B.S.S.)
These surfaces were investigated by many authors, as for example by [10] and [11]. A con-
venient way to examine a B.S.S. is to use the normalized loading values, according to the
relationships:

\ M H
V= ;M= h=
Vio VioB Vio 3

where the basic normalized loading parameter, V is the ultimate vertical and centric load.
Comparative interaction diagrams resulting from the conventional B.C. methods and FEA are
presented for the simplest case of strip footing on the surface. In Fig. 5a, the interaction
diagrams v-h resulting from the section of B.S.S. by a vertical plane at m = 0, are almost iden-
tical, so the inclination factor iy in the conventional method is verified by the FEA. However,
in Fig. 5b, presenting the interaction diagrams v-m for two cases, h = 0 and h = 0.06, it can
be observed that despite the fact that the differences are not appreciable for vertical load,
the simultaneous effect of eccentricity and inclination results in significantly lower values in
conventional methods, for the inclined loading.

The effect of the inclination of loading through the normalized value h, for square footing and
normalized embedment depth D/B = 0.5, on the interaction diagrams v-m is shown in Fig.
6a, while the diagram v-h (for m = 0) is presented in Fig. 6b. From Fig. 6b and FEA for greater
ratios D/B, it can be concluded that the inclination of the loading, H/V = h/v increases with
increasing embedment depth, therefore for centric and inclined load (m = 0) relatively high
horizontal loads, H, can be undertaken, even for very low vertical ones, V. The effects of the
embedment depth on the interaction diagrams in the simple case of strip footing are illus-
trated in Fig. 7a (v-m and h = 0) and 7b (v-h and m = 0). For increasing ratio D/B, the ability
to undertake either higher horizontal loads or higher moments is evident.

572 GEOTECHNICAL DESIGN, MONITORING, MANAGEMENT AND OPTIMIZATION
7" International Conference on Road and Rail Infrastructure - CETRA 2022



0,12 1

0,1

0,08 4

0,06 1

0,04 4

0,02 4

NORMALIZED HORIZONTAL LOAD, h

STRIP,D/B=0,m=0

@ E V|

—Gu— -7

a)
Figure g

0,8 4
0,6
0,4

0,2 <

NORMALIZED VERTICAL LOAD, v

0,25 0,5 0,75 1
NORMALIZED VERTICAL LOAD, v

SQUARE FOOTING, D/B = 0.5
—— | = O
—— | = 0.07
e ) = 0.10

a)

4017 (dashed lines): a) v-h on the plane m = 0, b) v-m

Figure 6

NORMALIZED VERTICAL LOAD, v

a)

Figure 7 Strip on cohesionless soil: Effect of the embedment depth on the interaction diagrams: a) m-v,
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b)

Strip on cohesionless soil. Comparative diagrams from FE analyses (solid lines) and after EC-7/DIN
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4 Scour effects on the bearing capacity of shallow foundations

The loss of foundation soil in riverbed due to water flowing is associated with distinct mech-
anisms, form which more important are the general erosion and the local scour. The latter
one is generated by the rapid variation of intensity and distribution of the water velocity and
generally represents the most significant scour process, since this can reach great depths.
Federico et al [12] presented a simple method to estimate the vulnerability of bridge founda-
tions owing to scour, applying the conventional B.C. equation. The ultimate vertical load V
mainly depends on the effective, remaining foundation depth D'=D - D_, (where D_the scour
depth and D the initial one) and the geometry of the vertical section at the foundatlon posi-
tion. The key Fig. 8a refers to the case of general scour, while Fig. 8b presents a simplified
cross section, where B_is the base of the mechanism (BS > B).

R NV

—— D

a) «——B— b) «— B —
Figure 8 Key Figures: a) General erosion, b) Local scour

The differences of failure mode for the two scour cases, reflect on the ultimate vertical load,
V, - From relevant comparative FEA for strip footing, the effect of the relative scour depth
D /D ontheratioV, /V  isindicatively shown inFig.9, whereV _ isthe ultimate load forthe
|n|t|al conditions, where D,=0and D’ =D. The decrease of the ultlmate load with increasing
scour ratio D_/D is almost lmear in case of general erosion and very significant. In Fig. 9, the
ultimate load V, .is approximately 20 % of the initial one for D_/D = 1. On the contrary, in the
case of local scour the decrease of V _with increasing D_/D is almost insignificant, if D_/D
< 0.7, even for the higher Bs/B ratios. The differences of the resulted values of the ultlmate
load V,  forgeneral and local scour and the same ratio D_/D is explained by the failure mode
in each case. The failure mechanism for local scour (D, /D 0.75) and eccentric inclined load
is illustrated in Fig. 10.

In the case of local scour, representative interaction diagrams with D_/D = 0.75 and D/B =
1.50 are shown in Fig. 11. The normalization value V_  is the initial one, without scour, i.e. D,
= 0, thus the diagrams illustrate the relative decrease of all values v, m, h, due to the local
scour. Despite the fact that the increase of the horizontal loading (through the normalized
value h) results in a quite significant decrease of m values for any given value of vertical load,
the ability to undertake combined loadings remains remarkable.
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Figure 10 Local scour, DS/D =0, 75: Failure mechanism
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Figure 11 Local scour, D /D = 0.75: Effect of h on diagrams v-m

5 Conclusions

Following theFEA results, it can be concluded that the simultaneous effects of embedment
depth, shape of the foundations, inclination and eccentricity of the loadings on the bearing
capacity can not be approached by the product of coefficients e.t.c., according to the conven-
tional methods, which it seems that considerably underestimate the ultimate loads in many
cases. From the comparison of the interaction diagrams for increasing relative depth, it can
be shown that the Bearing Strength surfaces become wider (at m direction) and higher (at
h direction). Moreover, the BSS for given D/B surrounds the others corresponding to lower
relative depths. The scour effects on the B.C. mainly depend on the type of scour (general
erosion or local scour) and the scour depth, as well. Although the case of general erosion is
the unfavourable one, for given D_/D value, it may be noted that local scour, generally reach-
es greater depths.
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