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Scour effects on the bearing capacity of bridge shallow foundations 
 
Effets d'affouillement sur la capacité portante des fondations superficielles des ponts  
 
Konstantina Papadopoulou & George Gazetas  
National Technical University of Athens, Greece 
 

ABSTRACT: The erosion of foundation soil of piers and abutments in riverbed or any waterway, due to water flowing, is a problem 
of peculiar interest, since scour is a main cause of bridge geotechnical failure. In the paper, the effects of scour and embedment depth 
on the bearing capacity of bridge shallow foundations on cohesionless soil are investigated in order to facilitate the assessment of 
scour vulnerability. The results of 2D and 3D F.E. analyses are presented as interaction diagrams from BSS and are compared with 
those from the conventional methods. Comparisons are also presented for the cases of general erosion and local scour.  

RÉSUMÉ : L'érosion du sol de fondation des piles et des culées dans le lit de la rivière ou de tout cours d'eau, due à l'écoulement de 
l'eau, est un problème d'un intérêt particulier, car l'affouillement est une cause principale de la rupture géotechnique des ponts. Dans 
cet article, les effets de l'affouillement et de la profondeur de la fondation sur la capacité portante des fondations superficielles des 
ponts sur un sol sans cohésion sont étudiés afin de faciliter l'évaluation de la vulnérabilité à l'affouillement. Les résultats des analyses 
2D et 3D F.E. sont présentés sous forme de diagrammes d'interaction issus du BSS et comparés à ceux des méthodes 
conventionnelles. Des comparaisons sont également présentées pour les cas d'érosion générale et d'affouillement local.  
KEYWORDS: Scour, cohesionless soil, embedment depth, F.E. analyses  

 

 
1  INTRODUCTION 

Piers and abutments of many old bridges over the world were 
founded on shallow footings. On the other hand, spread 
footings continue to be an attractive type of bridge foundations 
due to their advantages, as the low cost and the simplicity of the 
construction. After systematic observations and evaluation of 
data, now it is widely accepted that bridge shallow foundations 
can tolerate considerably higher displacements than those 
adopted at the past, thus the Ultimate Limit States criteria have 
in many cases a decisively influence on the design and the 
vulnerability assessment. 

Today changing climate, extreme weather events as rainfalls, 
etc are often causing flood-related damage to bridges. Scour is a 
major reason for bridge foundation failure. The hydraulic 
performance of shallow bridge foundations was extensively 
investigated (i.e. Federal Highway Administration, 2017), while 
case histories of bridge failures due to scour were analyzed and 
discussed (i.e. Lin et al, 2014). However, the procedures aiming 
at the estimation of the vulnerability of bridge shallow 
foundations often overlook the geotechnical factors.  

In the present paper, the following issues are examined, 
based on F.E. analyses results: i) The main factors affecting the 
bearing capacity of shallow foundations on cohesionless soils,  
ii) The effect of the embedment depth on the Bearing Strength 
Surfaces for the general case of loading V, M, H and                  
iii) The scour effects on the bearing capacity. The analyses are 
carried out by the 2D and 3D Plaxis F.E. programs.  

2  FACTORS AFFECTING THE BEARING CAPACITY OF 
FOOTINGS ON COHESIONLESS SOILS 

The factors affecting the bearing capacity (B.C.) of shallow 
foundations resting on homogeneous soil layer and subjected to 
combined V, M, H loading have been extensively investigated. 
Semi-empirical coefficients accounting the effects of shape, 
depth, eccentricity and inclination of loadings, etc, are available 
to be applied in the conventional trinomial equations               
(ie. Poulos et al, 2001). In the important case of cohesionless  
 

soil and horizontal foundation base, the ultimate load, according 
to EN 1997-1 (2004), which is based on a former version of 
DIN 4017 (2006), is given by the simplified equation: 
 

Vu = A΄ (q΄ Νq sq iq + 0.5 γ΄ Β΄ Νγ sγ iγ)               (1) 
 
where A΄ = Β΄L΄ is the effective contact area, Β΄, L΄ the 
effective width and length of footings, q΄ the effective 
overburden pressure at the footing base, Nq, Nγ, the B.C. 
factors, sq, sγ the shape factors and iq, iγ the inclination 
correction coefficients.  

Even in simple cases, several uncertainties are related with 
the various factors of Eq.(1). For example, according to          
EN-1997-1 (2004) the factor iγ is related to the inclination of 
the resultant load, independently of the friction angle φ΄, 
therefore the possibility of sliding is not taken into account, for 
high H/V values. Comparisons of different proposals for the 
shape and load inclination factors were presented and discussed 
at the past (i.e. Zadroga, 1994).  

The effect of embedment depth, D, on the B.C. and 
consequently on the decrease of the ultimate loads due to scour, 
is of great importance. The depth effect, according to Eq.(1) is 
taken into consideration through the term q΄, equal to the 
effective overburden pressure at the base of foundation.  

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 
simplification is usual, even in F.E. analyses, as for example 
after Krabbenhoft et al (2014). In order to examine the effect of 
embedment depth, owing not only to the equivalent loading, q΄ 
= γ΄D, F.E. analyses are carried out under 2D and 3D conditions, 
by the more realistic simulation as in Fig. 1b. In order to 
compare the F.E. 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 normalized 
ultimate vertical load according to Eq.(1), increases linearly 
with the relative foundation depth:  
 

 !!"΄$	&" = ('&) Nq sq +	() Nγ sγ                                    (2) 
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It is noted that the water table for simplification reasons is 
considered at the surface, according to Fig.1a, so the unit 
weight in terms of effective stresses is the same above and 
below the foundation base.  

 
 
 
 

 
 
 
 
 
 
 
a) 
 

b) 
Figure 1. Rectangular footing on cohesionless soil: a) Combined 
loading V, M, H on rectangular footing, b) Example of 3D F.E. mesh.  

 

a)  

b)  
Figure 2: Effect of the foundation depth on the normalized ultimate 
load: cohesionless soils, vertical loads: a) Strip footing, b) Square.  

In case of strip footing, L = 1, in Eq.(2) and the normalized 
ultimate load is compared for three values of φ΄, in Fig.2a. For 
footings on the surface, the values of conventional method are 
higher (due to lower values of Νγ from the F.E. analyses). On 
the contrary, the rate of increase of the normalized Vu with 
depth is higher from the F.E. analyses, therefore the effect of 
depth is more significant in comparison with this from Eqs (1) 
and (2). From Fig.2b, where the case of a square footing (L = B) 
is presenting, it is shown that for any relative depth, the values 
of ultimate load from 3D F.E. analyses are higher, even for 
footing at the surface (D = 0). Moreover, the differences from 
the conventional method are very significant for the higher 
values of relative depth. Fig. 3 illustrates the effect of the shape 
of footing. The shape effects on the normalized ultimate load in 
conjunction with the relative depth are much higher than those 
resulting from the conventional equations.  

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 3: Effect of the shape of footing on the normalized ultimate load 
vs relative foundation depth.  

3  DEPTH EFFECTS ON THE BEARING STRENGTH 
SURFACES 

3.1  Bearing Strength Surfaces in cohesionless soils 

In the general V, M, H case of loading, all combinations, 
which lead to shear failure, form a three-dimensional surface 
(BSS). These BSSs were investigated by many authors, as for 
example by Georgiadis (1985), Pender (2017), Vrettos and 
Seibel (2018). A convenient way to examine a BSS is to use the 
dimensional values of vertical load, moment and horizontal 
force, according to the relationships: 
 
v = !!!,$ ,  m =  *!!,$	& ,  h = +!!,$                    (3)  
 
where Vu,o is the normalized parameter, equal to the ultimate 
vertical, centric load.  

Comparative results from the conventional method and F.E. 
analyses for the simplest case of strip on the surface, are 
presented in Fig.4. On the plane v-h (Fig.4a), the interaction 
diagrams from the sections of BSSs by the vertical plane m = 0, 
are almost identical, therefore the F.E. results verify the effect 
of inclination without eccentricity through the conventional 
inclination factor iγ. From Fig.4b, it can also be observed that 
the differences for h = 0 (vertical, eccentric loads) are not 
appreciable. On the contrary, even for the relatively low 
inclinations, i.e. for h = 0.06, the simultaneous effect of 
eccentricity and inclination, results in significantly lower values 
according to the conventional equations.  
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a)  

b)  
Figure 4: Strip on cohesionless soil. Comparative diagrams from F.E. 
analyses (solid lines) and after EC-7/DIN 4017 (dashed lines): a) v-h on 
the plane m = 0, b) v-m (h = 0 and h = 0.06).  

a)  

b)  

Figure 5: Square footing on cohesionless soil, D/B = 1. Interaction 
diagrams: a) v-m sections for various h, b) v-h (m = 0 plane).  

The effects of dimensionless ratio h on the BSS of square 
footing with embedment depth D = B, are illustrated in Fig.5. 
The interaction diagrams v-m (Fig.5a) are sections of the BSS 
with horizontal planes at various levels, h. It may be noted that 
the inclination of the resultant load varies, according to the 
relationship tanθ = H/V = h/v. From Fig.5b it can be concluded 
that for centric inclined load (m = 0), relatively high horizontal 
loads can be undertaken by the footing, because of the 
embedment depth, even for low values of v.  
 

3.2  Depth effects on the Bearing Strength Surfaces 

The effects of the embedment depth on the Bearing Strength 
Surfaces for strip footings are illustrated in Fig.6. For high D/B 
values, the ability of the foundation to undertake relatively high 
moments is obvious (Fig.6a). For inclined, centric loads (m = 0), 
the higher embedment depth results in relatively higher ultimate 
horizontal loads, even for low vertical ones, as it is shown in 
Fig 6b. Similar conclusions can be drawn for square footing, for 
vertical loads (Fig.7a) and eccentric inclined loads (h = 0.1) in 
Fig.7b and inclined centric loading (m = 0), as it is presented in 
Fig.7c. It is noticeable that the favourable effect of the 
embedment depth in case of eccentric and inclined loads is very 
significant.  
 
 

a)  

b)  
Figure 6: Strip on cohesionless soil: Effect of the embedment depth on 
the interaction diagrams: a) Sections of the BSSs by the plane h = 0,  
b) Sections by the plane m = 0.  
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a)  

b)  

 c)  

Figure 7: Square footing on cohesionless soil. Effect of relative  
depth on the interaction diagrams: a) v-m, plane h = 0,         
b) v-m, plane h = 0.10, c) v-h, m = 0. 

4  SCOUR EFFECTS ON THE BEARING CAPACITY OF 
SHALLOW FOUNDATIONS 
 
The loss of foundations soil in riverbed due to water flowing is 
associated with three distinct mechanisms, from which local 
scour is the most significant, because this may reach quickly 
great depths. The ultimate vertical load Vu, mainly depends on 
the effective foundation depth D΄ = D-Ds, where D is the initial 
embedment depth of the bridge footing and Ds the scour depth. 
The favourable effect of the remaining depth, D΄, is illustrated 
in Figs 2 and 3. Federico et al (2003) presented a simple method 

to estimate the vulnerability of bridge foundations owing to 
scour, applying the conventional B.C. equation. 
 

a)  

b)  

Figure 8: Comparison of failure mechanisms for two scour cases.                                                        

 

a)  

b)  

Figure 9: Κey Figures: a) General erosion, b) Local scour.  

 

Figure 10: Effect of relative scour depth on the ultimate load ratio.  
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However, the main factor affecting the ultimate capacity of 
footings certainly is the relative scour depth Ds/D, but also the 
mechanism of foundation soil loss, owing either to general 
erosion or to local scour. For example, in Fig.8 the failure 
mechanisms of the above-mentioned cases are compared for 
relative embedment depth D/B = 1.50 and relative scour depth, 
Ds/D = 0.5. The shape due to the local scour is simulated 
according to the simplified Key Fig.9, depending only on the 
ratios Ds/D and Bs/B. The differences of failure mode for two 
cases reflect on the ultimate load Vu,s. The effect of the ratio 
Ds/D on the normalized ultimate load Vu,s/Vu,o (where Vu,o the 
ultimate vertical load without scour or erosion) is indicatively 
illustrated in Fig.10 for strip foundation.  

The decrease of the ultimate load Vu,s with increasing ratio 
Ds/D in case of general erosion is almost linear and very 
significant. Quite the opposite, the rate of decrease in case of 
local scour is very low up to Ds/D = 0.5 approximately, while 
becomes appreciable for greater scour depths, mainly for the 
higher Bs/B value. On the other hand, it may be noted that in 
case of general erosion, the depths Ds are lower than those for 
local scour. Moreover, the differences between the two cases for 
eccentric and inclined loads should be quite lower than those 
indicated in Fig.10.  

5  CONCLUSIONS 

 
The scour effects on the bearing capacity mainly depends on the 
effective foundation depth and on the type of soil loss due to 
water flow, as well (general erosion or local scour).  

Following the results of F.E. analyses, it seems that the 
simultaneous effects of depth, shape of the footings, 
eccentricity and inclination of loadings on the bearing capacity 
cannot be approached by the product of coefficients and 
correction factors of the conventional methods, which 
considerably underestimate the ultimate loads in some cases.  

The Bearing Strength Surfaces for increasing relative 
foundation depth are wider (at m direction) and higher (at h 
direction), thus for any D/B the BSS surrounds the others 
corresponding to lower relative depths.  
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