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SYNOPSIS This paper reports on the results of controlled experiments to measure the ultimate bearing

capacity of footings located at various locations within a granular slope. The results from the first series of tests 

were reported by Shields et al (1977) who also described the testing facility. Meanwhile over fifty footing tests 

have been performed and the scope of the project has been expanded to include two sizes of footings, 0.3m and 0.6m 

wide, in order to study the scale effects, and vertical and inclined load applications.

INTRODUCTION

At the present time the bearing capacity of footings 

within granular slopes is estimated from theoretical 

considerations and this is thought to be conservative 

(Shields et al., 1977). Because of the uncertainties 

of this design approach, bridge designers usually avoid 

placing the footings within the fill, and instead 

utilize pile support or other deep foundations for the 

abutnents. Evidently, this latter design, in many 

cases, may not be the most economical solution. Even 

when spread footings are used, the allowable bearing 

pressures are estimated to be small and wide footings 

are required.

This research was performed with two aims in mind, the 

attainment of realistic bearing capacity values and 

the achievement of economics in bridge structure 

foundations. Savings might result if spread footings 

instead of piles or caissons could be used to support 

structural loads and in the case of bridges if the 

footings could be placed closer to the edge of the 

slope and if larger allowable bearing pressures could 

be used or if less expensive soil materials could be 

specified in the compacted approach fills.

THEORETICAL BACKGROUND

The authors are aware of no less than eight bearing 

capacity theories that a design engineer can resort to; 

all eight theories claim to take into account the 

proximity of the slope, that is, the closer the footing 

is placed to the crest of the slope the smaller the 

resulting bearing capacity. At a certain distance away 

from the crest the influence of the slope should become 

negligible. The problem is that all theories give 

different answers and most theories are applicable only 

to a footing located right at the crest of the slope.

Two theories, those of Meyerhof 195 7 and Giroud 19 71, 

treat the general problem of the bearing capacity within 

the slope and employing reasonable analytical methods. 

Again when compared to each other they will yield 

considerable different results for identical footing 

locations (Shields et al 1977). The bearing capacity 

of a footing founded within a slope is given by the

equation

where q = ultimate bearing capacity,

Pascals

Y = unit weight of soil, kN/m3

B = footing width, metres 

N is the dimensionless bearing capacity factor.

There are no theories available which will predict the 

settlement of the footing under a given load. In summary 

then, the designer must take a conservative approach when 

evaluating the bearing capacity of such a footing, which 

means that for a given foundation load he has to place 

the footing well back from the crest of the slope. This 

could be a costly decision, in particular, for bridge 

abutments resting on slab foundations. In equation (1) 

it is assumed that the load is applied vertical and 

concentric through the base of the footing. In most 

practical cases of bridge abutment footings the resultant 

load will meet the base at a certain inclination from the 

vertical due to the earth thrust acting on the vertical 

abutment wall. Equation (1) is still valid for an 

inclined load application, but a different bearing 

capacity factor, Nyq* has to be used, which takes the 

reduction of bearing capacity due to the inclined load 

into account. There are, unfortunately, no theories 

available to calculate a theoretical bearing capacity 

factor for inclined loaded foundations located in 

granular approach fills.

TEST PROCEDURE

The previously reported results of the first series of 

tests concerned themselves with two soil densities, 

compact and dense and the footing locations were either 

at the crest or away from the crest of the slope. 

(Shields et al 1977). Series II, III and IV deal with 

dense soil only, but the footing locations were extended 

to the area within the slope, also two different footing 

sizes were investigated and the load was applied
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concentric through the base of the footings, vertically 

and inclined.

Previous research on footing tests on a flat bed of sand 

(Bauer et al, 19 78) had indicated that the minimum width 

of the footing should be 300 mm. This width then in turn 

determined the size of the testing bin which was needed 

to carry out the tests. The testing bin or sandbox, as 

it is called, was constructed to be 15 metres long, 2 

metres wide and 2 metres high. The bin was divided into 

equal compartments of each 7.5 metres in length. The 

one compartment was used as storage bin for the 50 tonnes 

of uniformly graded sand. The footing was placed across 

the box to simulate a strip or continuous footing. In 

order to overcome the error due to friction on the sides 

of the box, the footing was made in three segments.

Each segment was one third of the total length of the 

footing. This arrangement guaranteed a plane strain 

condition under the centre portion of the footing where 

all the measurements were made. Each segment of the 

footing was loaded by a hydraulic jack which was 

controlled in such a manner that the whole footing 

pressed into the soil at the same rate. A detailed 

description of the test assembly was given by Bauer et 

al (1978) and Shields et al (1977).

The sand used in the test series consisted of a 

specially crushed uniformly graded quartz material. For 

each test 50 tonnes of the sand had to be deposited at 

100 percent of standard Proctor density. This was 

accomplished by a bucket-elevator and sand spreading 

machine. The stress-strain properties of the sand were 

determined from triaxial tests. The peak strength cor

responded to an internal friction angle of <J> = 45°. All 

tests in series II, III and IV were performed with the 

sand deposited in a dense state having an angle of ^

internal friction <p = 45° and a density of p = 1610 kg/m . 

A standard slope of 2 horizontal to 1 vertical was used. 

This slope ratio is used in the design for all compacted 

slopes by the Ministry of Transportation and Communica

tions of Ontario (MjfC) for which these tests were per

formed. A grid of 18 test positions as shown in Figure 

1(a) was thought to represent all practical locations 

in order to determine the ultimate bearing capacity 

factors throughout the slope. These tests were carried 

out with a 300 mm rigid and rough footing. Increments 

of load were applied to the footing until failure was 

reached. The settlement and load were recorded for each 

load increment. Typical load-settlement curves were 

given by Shields et al (1977) and Bauer et al (1979). 

Measurements of the movement of the surface were also 

recorded.

According to theory the bearing capacity increases 

linearly with the width B of the footing. In order to 

investigate the effect of footing width on bearing 

capacity, a series of eight tests were carried out with 

a vertically loaded 600 mm wide footing. The seven 

locations of the test footing within the slope are shown 

in Figure 1 (b).

Series III consisted of seven tests using the 300mm wide 

strip footing with the load being applied at an angle of 

15° from the vertical and towards the slope. The 

present MTC design specification for bridge abutments 

assume that the resultant of all the forces acting on an 

cantilever retaining structure will meet the footing 

base at an angle of 15° from the vertical. Six locations 

within and adjacent to the slope (Figure 2(a)) were 

investigated to determine the reduction in bearing 

capacity due to inclined load application. It should be 

kept in mind that only the load was inclined the footing 

was still in a horizontal position as indicated in 

Figure 2(a).

Series IV consisted of eight tests in as many locations 

within and adjacent to the slope. The load was applied 

to the 600 mm wide strip footing also at an angle of 15° 

from the vertical and towards the slope in order to 

investigate the size or scale effect of the footing 

under inclined loading conditions. The different footing 

locations which were investigated are shown in Figure 

2(b). The location of the slip or failure surfaces 

under the footings was also measured, as will be discus

sed later.

FOOTING TEST RESULTS

Since the model footings had widths of 300 and 600 mm 

respectively and the real footings in the field generally 

have a minimum width of several metres, the results ob

tained in the laboratory would have to be scaled up. 

Therefore, instead of presenting the test results in the 

form of ultimate bearing capacity values, they were 

rather given as dimensionless bearing capacity factors 

calculated from equation (1). The bearing capacity 

factor N can be determined from the above equation,
Y3

since all other quantities are known. The numerical 

value of the ultimate bearing capacity from the 

experimental load-settlement response is dependent on the 

method of graphical interpretation used. In this paper 

the method suggested by Vesic (1973) was chosen. 

Accordingly, the ultimate load occurs at that point of 

the curve at which the slope of the load-settlement curve 

first becomes zero or reaches a steady, minimum value.

The bearing capacity factors are plotted as contours for 

the different footing widths and loading conditions. 

Figure 3 gives the N contours for the dense sand

3
(y = 16.4kN/m ) using the 300 mm wide footing and 

vertical load application. Similarly Figure 4 presents 

the contours for the 600 mm wide footing. Figures 5 and 

6 show the contours from the inclined loading conditions 

for the small and large footings respectively. The 

difference in bearing capacity factors between these 

two figures was thought to be due to scale effect since 

all other parameters were the same.

DISCUSSION

Generally, the bearing capacity factors increase with 

increasing depth of the footing for both vertical and 

inclined loading conditions. The bearing capacity 

factors at a depth of 2B, where B is the width of the 

footing, is two to three times the factor corresponding 

to a surface location. This holds true for both 

vertical and inclined loading conditions. This increase 

of bearing capacity with depth is non-linear as the 

contour spacing decreases with depth. As mentioned 

earlier the two footing widths of 300 and 600 mm were 

chosen to study the effect of footing size. For the 

vertical loading condition there was a definite decrease 

in bearing Capacity factors going from the small to the 

big footing, that is, the smaller footing yielded higher 

factors. The experimental bearing factors were calculated 

from equation (1) such as:

N (0.3) and N (0.6) are the experimental bearing
yq yq
capacity factors under vertical loading obtained for the 

300 and 600 mm wide footing test results respectively.

A scale factor can be defined as follows:

s = % ( 0 . 6 )  (2)

Nyq(0.3)

34



5/3

For the vertical load tests the scale factors varied 

from 0.5 7 to 0.03. The average value was 0.74 but it 

tended to a limit of 0.80 at depths greater than twice 

the footing width or at a distance more than three B 

from the crest of the slope.

In the case of the inclined loaded footings, the op

posite was observed. The scale factor as defined in 

equation (2) also increased with depth, varying from 

1.29 close to the surface to 1.60 at a depth of several 

B. The average value was 1.39. The reduction in 

bearing capacity due to the inclination of the loading 

was also investigated. The inclination of load by 15® 

from the vertical caused a considerable reduction in 

An inclination factor was defined

N *

\  = (3)
T N

yq

= inclination factor

= experimental bearing capacity factor 

for inclined loading

= experimental bearing capacity factor 

for vertical loading

The average inclination factors were 0.28 and 0.53 for 

the 300 and 600 mm wide footings respectively. As the 

embedment depth of the footings increased the inclina

tion factors reached limit values of 0.3 for the smaller 

footing and 0.6 for the larger footing. Meyerhof (196 3) 

suggested the following relationship to calculate the 

inclination factor:

i = (1 - x>2 <4>
Y

Where oc = angle of load inclination from

vertical

<J> = angle of frictional resistance

If a value for <J> of 45° is substituted into the above 

equation then i^ equals 0.44 which falls between the

two experimental average values. It is important to 

note that an inclination of 15® will cause a reduction 

in the experimental bearing capacity factor by as much 

as 70 per cent if the footing is narrow in width. The 

inclined loading conditions produced much shallower 

failures planes under the footings than those from 

vertical loading. Two typical failure planes are shown 

in Figure 7, one determined at the centre and the other 

at the edge of the footing. The difference in these 

surfaces is attributed to frictional influence from the 

sides of the sand box. The failure surfaces within the 

soil mass were determined from static penetration tests 

with a small diameter polished steel rod. At the 

failure zone the initially dense sand dilated to a 

looser state which could be easily detected by a re

duction in penetration resistance.

CONCLUSIONS

From this investigation and the analysis of results 

the following conclusions can be drawn.

The experimental values of bearing capacity factors 

N which are presented in Figures 3 to 6 give the best

indication to date of the distribution of these factors 

within a granular slope. It should be kept in mind that 

the tolerable settlement of a footing could govern and 

therefore proper consideration to this problem should 

be given.

bearing capacity 

as follows:

i
Y

N *
yq

N
Yq

Due allowance should also be made for the effects of 

size of the footing. According to equation (1) the 

ultimate bearing capacity will increase directly with 

increasing footing width. This has not been substantia

ted in this investigation. Other researchers have also 

confirmed this discrepancy with theory (Vesic, 1973; 

Graham, 1973) .

For the vertical loading tests, the bearing capacity 

factors determined from the 600 mm wide footing were on 

the average 80 per cent of those obtained from the 

smaller footing. In contrast, for the inclined loading 

tests the wider footings yielded slightly higher values. 

Meyerhof's method for calculation of an inclination 

factor seems to agree in general with the experimentally 

found values.

A significant reduction in bearing capacity results from 

inclining the load application by 15°. The maximum 

reduction was 70 per cent. An increase in footing size 

reduces the inclination effect, which means that designs 

of large footings based on Figures 5 and 6 should be on 

the safe side.

ACKNOW JUDGEMENTS

The financial support of the National Science and 

Engineering Research Council (NSERC) which enabled the 

testing facility to be built and maintained is grate

fully acknowledged.

The project was financed by the Ministry of Transporta

tion and Communications of Ontario.

REFERENCES

Bauer, G.E., Shields, D.H., Scott, J.D., and 

Nwabuvkei, S.O. (1978). Measurement of Normal and 

Shear Stress Distribution of a Rough Rigid Footing 

on Sand. Can. Geot. Journal, 16:177-189.

Bauer, G.E., Shields, D.H., and Scott, J.D. (1979).

The Bearing Capacity of Footings on Approach Fills.

Final Report to Ministry of Transportation and 

Communications of Ontario, 83 pages.

Giroud, J.P., and Tran-Vo-Nhiem. (1971) Force portant 

d ’une fondations sur une pente. Annals of I.T.B.T.P., 

No. 142, Paris.

Graham, J. (1973). Discussion on Analysis of Ultimate 

Loads of Shallow Foundations, by A.S. Vesic (1973),

JSMFD, ASCE, (99), SMIO, October, 897-899.

Meyerhof, G.G. (1957). The Ultimate Bearing Capacity 

of Foundations on Slopes. Proc. 4th ICSMFE, III: 

384-386.

Meyerhof, G.G. (196 3). Some Recent Research on the 

Bearing Capacity of Foundations. Can. Geot. Journal, 

1:1, 16-26.

Shields, D.H., Scott, J.D., Bauer, G.E., Deschenes,J.H., 

and Barsvary, A.K. (1977). Bearing Capacity of 

Foundations Near Slopes. Proc. 10th ICSMFE, Tokyo, II: 

715-720

Vesic, A.S. (1973). Analysis of ultimate Loads 

Shallow Foundations, JSMFD, ASCE, (99), SMI, January, 

pp. 45-73.

35



5/3

LOCATION OF TESTS 
VERTICAL LOADING
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