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Abstract: A study of the assumptions involved in the ultimate bearing capacity equation indicates the shortcomings of that equation and
load test data confirm these shortcomings. A new approach using a normalized load settlement curve is proposed to alleviate these
shortcomings and to obtain the complete load settlement curve for a footing in sand. The normalization consists of plotting the mean
footing pressure divided by a measure of the soil strength within the depth of influence of the footing versus the settlement divided by the
footing width. It is shown that the normalized load settlement curve for a footing is independent of footing size and embedment. It is
proposed to obtain the normalized curve point-by-point from a soil test. Because the deformation of the soil observed under full-scale
footings during loading indicates a barreling effect similar to the soil deformation around a pressuremeter probe, the preboring pres-
suremeter curve is used to obtain the footing curve. The new method consists of transforming the preboring pressuremeter curve
point-by-point into the footing load settlement curve. Load tests and numerical simulations are used to propose a method for a rectangular
footing near a slope subjected to an eccentric and inclined load. The new method gives the complete load settlement curve for the footing
and alleviates the problems identified with the bearing capacity equation.
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Introduction

In many instances, spread footings are more economical than
piles. For example, in the case of bridges where the cost of the
foundation is often as high as 50% of the total cost, it is not
unusual to be able to save 50% of the foundation cost if spread
footings are used instead of piles. The potential savings that
would be derived by providing added information to the engineer
on the behavior of spread footings in sand was the impetus for
this 12-year-long research program. It included performing very
large-scale spread footing tests, extensive numerical simulations,
and a study of existing knowledge including the ultimate bearing
capacity equation, the elasticity equation for settlement of a foot-
ing, and existing footing load test data.

The goal of the research was to develop a method that would
give a complete load settlement curve for the footing, thereby
providing continuity between the common approach of consider-
ing separately ultimate bearing capacity and settlement. The
approach consisted of transforming a pressuremeter curve repre-
sentative of the soil below the footing into a load settlement curve
for that footing. The reason for selecting the pressuremeter curve
was that observations made during full-scale footing load tests
showed that the soil below the footing deformed by lateral expan-
sion, as in the case of a pressuremeter test. The transformation
between the pressuremeter curve and the footing load settlement
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curve proposed in this article is based on 24 footing load tests
with parallel pressuremeter tests, on 15 three-dimensional nonlin-
ear numerical simulations, and on the study of the elasticity settle-
ment equation and the ultimate bearing capacity equation.

Ultimate Bearing Capacity Equation

The ultimate bearing capacity equation for a strip footing in a
uniform sand �no cohesion� states that �Terzaghi et al. 1996�

qu = 0.5�BN� + �DNq �1�

where qu=ultimate bearing capacity �kN·m2�; �=effective unit
weight �kN·m3�; B=width of the footing �m�; D=depth of em-
bedment �m�; and N� and Nq=bearing capacity factors, which are
a function of the effective stress friction angle �. Eq. �1� indicates
that qu increases linearly with B or D.

There seems to be an unresolved debate on some of the short-
comings of Eq. �1� including the fact that spread footing load tests
do not always follow the trend of linear increase with B or D
�Briaud and Gibbens 1999�. Many researchers have studied this
discrepancy and proposed various explanations. Explanations due
to nonlinearity of the failure envelope were proposed by DeBeer
�1965, 1970�, Ovesen �1975�, Graham and Hovan �1986�, Hettler
and Gudehus �1988�, Kutter et al. �1988�, Bolton and Lau �1989�,
and Shiraishi �1990�. Explanations due to progressive failure were
proposed by Muhs �1965� and Yamaguchi et al. �1976� due to
dilatancy by Bolton �1986�, due to the ratio between the footing
size and the grain size by Steenfelt �1977�, and due to other fac-
tors by Corte �1980�, Habib �1985�, Kimura et al. �1985�, Garnier
�1997�, and Perkins and Madson �2000�. In this article, a different
and very simple reason is given to explain the difference between
experimental observations and the theory.

Three of the hypotheses on which Eq. �1� is based are �Terza-

ghi 1943�: � is constant with depth, � is constant with depth, and
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the soil is dry. Therefore the effective stress �� and the shear
strength � f increase linearly with depth �Fig. 1�a�� since

� f = �� tan � �2�

Eq. �1� should predict the ultimate bearing capacity with good
accuracy when the soil strength increases linearly with depth. An
standard penetration test �SPT� profile, a cone penetration test
�CPT� profile, or a pressure meter test �PMT� limit pressure pro-
file can be used to determine if such an assumption is verified at
a given site. However, close to the ground surface where spread
footings are often founded, soils are unsaturated or saturated by
capillary action and strength profiles are constant with depth. This
is due to the fact that the total stress increases with depth while
the suction decreases with depth at a rate such that the stress
between the grains is approximately constant. In the case of a
constant strength profile also, one can expect that the ultimate
bearing capacity will not vary with the footing width or the depth
of embedment since the strength is constant within the zone of
influence of the footing. This discussion shows that the soil
strength profile is likely to have an impact on the scale effect and
the embedment effect for a footing on sand. It also indicates that
Eq. �1� is limited to cases where the soil strength increases lin-

Fig. 1. Two types of soil strength profiles: �a� linear increase; �b�
constant

Fig. 2. Influence factors IG and IE
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early with depth since this is consistent with the assumptions on
which it is based.

Elasticity Equation for Settlement

The theory of elasticity is often used to estimate the settlement of
spread footings on sand. The equation �Mayne and Poulos 1999�

s = �qB/E��1 − �2�IGIFIE �3�

where the settlement s=function of the mean footing pressure q;
diameter B=circular footing; and the soil’s Young modulus E and
Poisson’s ratio �, and the factors IE �Fig. 2�, IF, and IG �Fig. 3�
=influence of the footing embedment, the footing flexibility, and
the increase in modulus versus depth, respectively. For a rigid
circular foundation at the surface of a soil with constant modulus
E, Eq. �3� becomes

s = �qB/E��1 − �2��/4 �4�

According to this equation and for a given footing shape, the q
versus s /B curve will be independent of the footing size and will
depend only on the soil properties E and �. On the other hand, the
IE factor �Fig. 2� shows that increasing the embedment decreases
the settlement. The maximum decrease varies from 10 to 15% for
reasonable values of the Poisson’s Ratio �0.3 to 0.5� and for com-
mon embedment values �D /B from 0 to 2�.

Consider now a rigid footing resting on a soil for which the
modulus varies from E0 at the ground surface to 2E0 at a depth of
2B. In this case, � in Fig. 2 is equal to 2 and IG to 0.59. If we now
consider a footing which has a width 2B resting on the same soil,
� is 1, and IG is 0.5. If the scale effect is defined as the ratio of the
two s /B values, this ratio is simply the ratio of the two IG values
�Eq. �3�� or 0.85 for a 15% difference.

This discussion on the elastic settlement shows that the modu-
lus profile with depth has a direct influence on the scale and
embedment effect. Furthermore, it shows that, for average condi-
tions, the influence is small �	15% �. In order to further quantify
the influence of the strength and modulus profiles on the scale
effect and the embedment effects, spread footing load test data
were accumulated.

ted from Mayne and Poulos 1999�
�adap
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Uniqueness of the Normalized Load Settlement
Curve

Considering the theoretical observations made on the ultimate
bearing capacity equation and the elasticity equation, it was de-
cided to plot the load-settlement curve as mean footing pressure p
divided by a measure of the soil strength �N, qc, pL� within the
depth of influence of the footing versus the settlement s divided
by the footing width B. Note that s /B is one half of the mean
normal vertical strain within the depth of influence of the footing
since s
displacement and 2B the depth within which this dis-
placement is occurring. Note also that the normalization of p by N
does not make the ratio nondimensional but does normalize the
pressure by a quantity indicative of the soil strength. The choice
of strength parameter used in the normalization process was dic-
tated by what parameter was available for that case history. The
hope was that with such a normalization, the curve would become
independent of the scale effect and embedment effect. To inves-
tigate the effect of such a normalization, the results of footing
load tests were sought where footing size and footing embedment
had been varied and where the normalized curve could be con-
structed. Five independent studies from three different countries
were found and are described next.

Texas A&M University Large-Scale Footing Tests
„Briaud and Gibbens, 1999…

Briaud and Gibbens �1999� used five concrete footings sized 1
�1, 1.5�1.5, 2.5�2.5, 3�3, and 3�3 m, all 1.5-m-thick, and
embedded 0.75 m in a silty sand with a relatively constant profile
of SPT blow count equal to 20 bpf. The water table was 4.9-m
deep. The pressure versus settlement curves obtained from the
load tests are shown in Fig. 3�a�. The pressure under the footing

Fig. 3. Texas A&M University footing test
was normalized by the average limit pressure of preboring pres-
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suremeter tests performed within the depth of influence of the
footing next to the footing. The settlement was normalized by the
footing width. Fig. 3�b� shows that the normalization brings the
five normalized curves into a narrow band. Therefore, in this case,
the normalized curves are independent of footing width and can
be represented by a unique curve.

Spread Footing Tests in Kuwait

Ismael �1985� conducted eight tests on square footings with dif-
ferent widths �0.25–1 m� and with different embedments
�0.5–2 m�. The soil was a slightly silty sand with a relatively
constant SPT blow count profile averaging 20 bpf �Ismael, per-
sonal e-mail communication�. The water table was 2.8 m deep.
Fig. 4 shows the normalized load settlement curves for the effect
of footing size �Fig. 4�a�� and of footing embedment �Fig. 4�b��;
in both instances the four curves collapse into a narrow band. In
this case, the normalized curves are independent of footing width
and footing embedment and become a unique curve. Indeed the
curve for the width effect is the same as the curve for the embed-
ment effect.

FHwA Spread Footing Tests

FHwA �Lutenegger� conducted three tests on square footings
�width 0.91 m, embedment D /B from 0 to 1�. The soil was a
clean sand compacted in layers in a large test pit 7.5�6.5
�3.5 m. The water table in the test pit was 2.1-m deep and the
strength profile increased linearly with depth as measured by the
pressuremeter limit pressure �from 0 at the surface to 550 kPa at
2-m depth�. All the footing tests were performed at an embedment
depth equal to 1.2 m. Fig. 5�a� shows the results of the load tests
as pressure versus settlement over width curves. Fig. 5�b� shows

s �adapted from Briaud and Gibbens 1999�
result
that, after normalization of the footing pressure by the average
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limit pressure within the depth of influence of the footing �p / pl�,
the three curves collapse into a narrow band. In this case, the
normalized curves are independent of footing size and become a
unique curve.

University of Colorado Centrifuge Footing Tests

Pu and Ko �1988� conducted 5 footing tests in the University of
Colorado centrifuge. The square footings were 25.4 mm in size
and were tested at 50 g for a prototype dimension equal to

Fig. 4. Ismael �1985� footing tests results

Fig. 5. FHwA footing tests results �via personal communication
908 / JOURNAL OF GEOTECHNICAL AND GEOENVIRONMENTAL ENGINE
1.27 m. The footings were embedded at D /B ratios equal to 0,
0.5, 1, 3, and 5. The soil was a clean sand with a strength profile
starting at zero at the surface and increasing linearly with depth as
measured by the CPT point resistance �Ko 1999, personal com-
munication�. Since the strength profile was increasing with depth
like the vertical total stress in this dry sand, the normalization was
done by dividing the average footing pressure by 1+ �D /B�,
which is proportional to the stress at a depth equal to 1B below
the foundation. Indeed the footing is buried at a depth D and the

idth influence; �b� embedment influence

negger, 1995�: �a� nonnormalized curves; �b� normalized curves
: �a� w
, Lute
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zone of influence below a square footing is 2B, so the quantity
�D+B��
effective stress representative of the strength of this dry
sand below the footing. Since �
same for all tests and after
dividing by B, which is the same for all tests, the quantity �D
+B�� becomes 1+ �D /B�, which is proportional to the soil
strength within the depth of influence. Fig. 6 shows the five load-
settlement curves before and after normalization; the normalized
curves collapse into a narrow band. In this case again, the nor-
malized curves are independent of footing size and become a
unique curve.

Spread Footing Tests in Brazil

The soil in this case history is a clay not a sand, which is the topic
of the article. It is shown here nevertheless because this clay case
history shows the same behavior as the case histories on sand and
indicates that a similar approach may also be valid for clays.
Consoli et al. �1998� conducted five circular plate tests �diameter
0.3–0.6 m and three square footing tests �width 0.4–1 m�. The
soil was a silty and sandy clay with a cone point resistance aver-
aging 500 kPa. All the tests were performed at an embedment
depth equal to 1.2 m. Fig. 7 shows the eight pressure versus
settlement curves and the eight normalized curves that collapse
into a narrow band. The normalization is based on the unconfined
compression strength. In this case, the normalized curves are in-
dependent of footing size and become a unique curve.

New Load Settlement Curve Method

The previous experimental data and theoretical considerations
give strong indications that the normalized load settlement curve
is independent of scale and embedment. Therefore it was postu-
lated that the curve could be obtained from a soil test alone for a
reference footing case and that other factors such as shape, load

Fig. 6. University of Colorado footing tests results adapted from
eccentricity, load inclination, and proximity of a slope could be
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incorporated by using correction factors. This is similar to the
bearing capacity equation, which exists for a reference case �strip
footing�, and is extended to the general case through multiplica-
tion by a series of influence factors. The choice of a soil test as a
reference for the new method was based on the following obser-
vation. The inclinometer casing measurements made during the
large scale footing tests at Texas A&M University showed that the
deformation of the soil mass under the footing during loading was
a barreling effect very much similar to the soil deformation
around a preboring pressuremeter test during expansion �Briaud
and Gibbens 1999�. Therefore, an attempt was made to transform
the normalized preboring PMT curve into the normalized load
settlement curve for the footing �Fig. 8�. The pressuremeter curve
�Briaud 1992� gives the borehole pressure pp �boundary radial
stress� versus the relative increase in cavity radius �R /R0 �bound-
ary hoop strain�. The footing curve is the average footing pressure
pf versus the relative settlement s /B. The transformation was
made on the basis of two equations, one aimed at matching strain
levels between the two tests, the other aimed at transforming the
pressures for that strain level

s/B = 0.24�R/Ro �5�

pf = pp �6�

where s=footing settlementl; B=footing width; �R=increase in
cavity radius in the PMT; Ro=initial radius of the PMT cavity;
pf =mean pressure under the footing when the settlement is s;
pp=pressure in the PMT when the increase in cavity radius is �R;
and =Gamma function linking pp to pf. Eq. �5� matches the
strains at the ultimate values, which are s /B equal to 0.1 for the
footing �a typical reference� and �R /Ro equal to 0.414 for the
PMT �corresponding to the definition of the limit pressure�. In-
deed the limit pressure for the pressuremeter is reached when the

and Ko 1988�: �a� nonnormalized curves; �b� normalized curves
�Pu
cavity volume has doubled; this corresponds to an increase in

EOENVIRONMENTAL ENGINEERING © ASCE / AUGUST 2007 / 909



cavity radius from R0 to 1.414 R0 or �R /Ro=0.414. Then the
ratio 0.1/0.414 is 0.24 in Eq. �5�. The second equation is the
pressure transformation equation which requires a function .
This function  �Fig. 9� was originally found experimentally
using the large scale Texas A&M University spread footing tests
and parallel pressuremeter tests, and verified numerically using
ABAQUS FEM simulations �Briaud and Jeanjean 1994�. Later,

Fig. 7. Consoli et al. �1998� footing tests resu

Fig. 8. Transforming the PMT curve i
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the  function was evaluated against other footing tests �Fig. 9�
for which the load settlement curve and pressuremeter tests were
available. The data presented in Fig. 9 comes from the following
sources: Larsson 1997; Lutenegger 1995 �labeled FHWA in Fig.
9�; Gibbens 1999 �labeled TAMU in Fig. 9�; Despreles 1990;
Khebib et al. 1997 �labeled LCPC in Fig. 9�; Tand et al. 1994.
The scatter gives the engineer an idea of the precision to expect

nonnormalized curves; �b� normalized curves

e spread footing load settlement curve
lts: �a�
nto th
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from the new method. Two  functions were identified �Fig. 10�.
The mean  function was obtained by taking the average of the 
values on Fig. 9 for a given value of s /B while the design 
function was obtained by taking the mean minus one standard
deviation of the  values in Fig. 9 for a given value of s /B.

Influence Factors

The  function presented in the previous section refers to the case
of a square footing loaded vertically at its center on a flat ground
surface; this is called the reference case. In order to provide a
solution for the more general case of a rectangular footing located
near a slope and subjected to an eccentric and inclined load, sev-
eral influence factors were developed to modify the  function.
The factors were developed on the basis of three-dimensional
nonlinear finite-element analyses �Hossain 1996� by varying one
of the factors while keeping all others equal to the ones in the
reference case. The program used was ABAQUS �1991�, and the
soil model was the Duncan–Chang hyperbolic model �Duncan
and Chang 1970; Seed and Duncan 1983�. The size of the mesh
was 30B in all directions where B
footing width. The footing
was also simulated with a thickness equal to 1 m and a size of
3�3 m. The bottom of the footing had a nonslip interface with
the soil below and the side and bottom boundaries of the mesh
were on rollers. The calibration of the model was achieved by

Fig. 9. Experimental de
matching the predicted load settlement curves with the load settle-
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ment curves measured for the large spread footing tests at Texas
A&M University. The soil model parameters derived from this
matching process �Table 1� were retained for all other simula-
tions. The definition of all the Duncan–Chang model parameters
in Table 1 can be found in Hossain �1996�. The results obtained
are associated and limited to the conditions simulated. Wherever
possible, each influence factor is compared to measured data

ation of the  function

Fig. 10. Recommended  function
termin
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found in the literature as well as existing recommendations for
influence factors applying to the ultimate bearing capacity.

Shape of the Foundation

Simulations were performed for L /B ratios �length to width ra-
tios� equal to 1, 2, 3, and 5. These simulations lead to predicted
load settlement curves for the reference footing �3�3 m� and for
the rectangular footings being simulated �e.g., 3�6 m� �Fig. 11�.
If the  function for a square footing is L/B=1 and if the  func-
tion for a rectangular footing is L/B, then the ratio
L/B /L/B=1
influence factor fL/B for the shape of the footing

L/B = fL/BL/B=1 �7�

Eq. �6� indicates that the ratio of L/B /L/B=1 is also the ratio of
footing pressures pf�L/B� / pf�L/B=1� since the pressuremeter pressure
will be the same. This ratio was calculated for each value of s /B
and gave the corresponding value of fL/B �Fig. 12�. The values of
fL/B show some variation but in the interest of keeping the method
simple, it was decided to recommend a single average value of
fL/B for each value of L /B. This lead to the regression of Fig. 13

fL/B = = 0.8 + 0.2B/L �8�

Also shown in Fig. 13 for comparison purposes are previous
shape factors from various authors and some experimental data.
As can be seen the recommendations collected vary significantly.
The values found in this study match well with Meyerhof’s rec-
ommendations and with load tests performed by FHwA.

Table 1. Back-Calculated Values of the Soil Parameters for the Duncan–
Chang Hyperbolic Model

Modulus parameters Poisson’s ratio parameters Other soil parameters

K 3,500 G 0.3 � 16 kN·m3

� 0.5 F 0.0 K0 0.65

c 0.0 Ag 0.001

� 31° Af 0.0

Rf 0.92 Bg 2.0

Kur 3500 Bf 0.0

Note: Parameter definitions can be found in Hussain �1996�.

Fig. 11. Pressure versus normalized settlement for footings with
different shapes
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Eccentricity of the Load

Simulations were performed for e /B ratios �eccentricity to width
ratios� equal to 0, 1 /16, 2 /16, 4 /16, and 6/16. Fig. 14 shows an
example mesh including the footing and indicates that the footing
does not settle evenly with one edge �the critical edge� settling
more than the center of the footing. Nevertheless, the footing
pressure pf was always taken as the load divided by the total area
of the footing. If the  function for zero eccentricity is e=0 and if
the  function for an eccentricity e is e, then the influence factor
for eccentricity fe is given by

e = fee=0 �9�

As in the case of the shape, the fe values did not vary much with
s /B and a single average value was used for each eccentricity
case. Fig. 15 shows the values of fe as a function of e /B from
which the following regressions were obtained

At the critical edge fe = 1 − �e/B�0.5 �10�

At the center fe = 1 − 0.33�e/B� �11�

Also shown on Fig. 15 for comparison purposes are previous
eccentricity factors from various authors and some experimental
data. The proposed factor fe in this study matches well with pub-
lished data by the LCPC �1991� for the center of footing and by
Aiban and Znirdacic �1995� for the edge of the footing. Meyer-
hof’s �1953� recommendations fall between the proposed recom-
mendations for the center and the edge of the footing.

Inclination of the Load

Simulations were performed for inclination angles equal to 0, 10,
20, and 30° from the vertical. Again in this case, the footing does
not settle evenly and one edge �the critical edge� settles more than
the center. Nevertheless, the footing pressure was taken as the
load divided by the total area of the footing. If the  function for
zero inclination is �=0 and the  function for an inclination � is
�, then the influence factor for inclination is f� given by

Fig. 12. Influence factor for footing shape as a function of
normalized settlement
� = f��=0 �12�
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Fig. 13. Influence factor for footing shape
Fig. 14. Simulation of a footing subjected to an eccentric load �adapted from Hossain 1996�.
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Fig. 15. Influence factor for load eccentricity
Fig. 16. Influence factor for load inclination
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As in the case of the eccentricity, the f� values did not vary much
with s /B and a single average value was used for each inclination
case. Fig. 16 shows the values of f� as a function of � from which
the following regressions were obtained

At the critical edge f� = 1 − ��/360�0.5 �13�

At the center f� = 1 − ��/90�2 �14�

Also shown on Fig. 16 for comparison purposes are previous
inclination factors from various authors and some experimental
data. The recommendations from this study are close to the mea-
surements made by the LCPC �1991� and indicate that up to an
inclination of 20°, there is little reduction in capacity. The results
from Meyerhof �1953�, Muhs and Weiss �1973�, and Aiban and
Znidarcic �1995� recommend a much larger reduction.

Proximity of a Slope

Simulations were performed for a 3-m-wide strip footing near a 2
to 1 slope ��=26.6° � and a 3 to 1 slope ��=18.4° �. The founda-
tion was always on the ground surface but the ratio d /B of the
distance to the slope and the footing width �Fig. 17� was taken
equal to 0, 1, 3.33, 10, and 15. If the  function for the absence of
slope is �=0 and the one for a slope angle � and a distance d is

Fig. 17. Influence facto
�,d, then the influence factor is f�,d such that
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�,d = f�,d�=0 �15�

Contrary to other cases, the f�,d varied significantly with s /B and
it was decided to select the most conservative value �larger dis-
placements predicted�. Fig. 17 shows those values from which the
following equations were derived

For a 3 to 1 slope f�,d = 0.8�1 + d/B�0.1 �16�

For a 2 to 1 slope f�,d = 0.7�1 + d/B�0.15 �17�

Note that for d /B=10 the slope has no influence. Also shown on
Fig. 17 for comparison purposes are previous slope factors from
various authors and some experimental data. The recommenda-
tions in this study match reasonably well the load test results from
the LCPC �1991�, Bauer et al. �1981�, and Shields et al. �1990�.
Exception is noted for small edge distances �d /B	3� where the
Bauer et al. �1981� and Shields et al. �1990� studies give more
severe reductions.

Superposition

Now that the individual effects have been estimated through the
individual influence factors, it is necessary to combine their effect

he proximity of a slope
r for t
when more than one influence factor is to be accounted for. No
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detailed simulation study was undertaken to investigate the super-
position process; this remains to be done. The individual influ-
ence factors developed in this study apply to the complete load
settlement curve. These influence factors have been compared in
the previous sections with similar individual influence factors de-
veloped for the ultimate bearing capacity �Meyerhof 1963; Brinch
Hansen 1970�. The same authors recommend that cases present-
ing a combination of influences be solved by multiplying the
individual influence factors to obtain a combined influence factor
�Fang 1991�. Six 3D nonlinear FEM simulations were performed
involving the combination of several factors including shape, in-
clination, and eccentricity �Hossain 1996�. The load settlement
curves generated by this direct simulation of combined cases were
compared to the load settlement curves obtained by multiplying
the pressure axis of the load settlement curve for the reference
case by the combined influence factor. The reference case was the
case of a square footing on flat ground subjected to a centered
vertical load. The combined influence factor was obtained by
multiplying the individual influence factors. In five out of the six
cases the results indicated that the multiplication approach is con-
servative as it yielded larger settlements for the same pressure. In
the absence of other evidence, the classical multiplication ap-
proach is recommended here

pf = fL/Bfef�f�,dpp �18�

Long-Term Settlement

The load settlement curves predicted by the new approach are
calibrated against load tests that typically bring the footing to a
large displacement in a matter of hours. Yet the foundations to be
designed using that new approach are typically designed for much
longer time periods �say 50 years�. Since settlement in soils is a
time-dependent phenomenon, the effect of time on the settlement
of footings in sands was addressed. The chosen model is one that
has been used for many years to address the problem of time-
dependent effects in soils �Briaud and Garland 1985�. This model

Fig. 18. Settlement versus time observed for a 3�3 m spread footing
test �adapted from Briaud and Gibbens 1999�
is
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s�t�/s�t1� = �t/t1�n �19�

where s�t� and s�t1�=settlements after a time equal to t and t1,
respectively; and n=time dependency exponent. The time
t1
reference time corresponding to the PMT test and is set at
1 min.

This model was found to fit well with the observations of
settlement versus time made on the large scale footings tested at
Texas A&M University �see Fig. 18; Briaud and Gibbens 1999�.
Indeed, Eq. �19� indicates a linear variation on a log–log scale and
Fig. 18 shows that the measurements corroborate such linearity.
The time dependency exponent n typically varies from 0.005 to
0.03 for sands and from 0.02 to 0.08 for clays �Briaud 1992�. It is
recommended that site specific n values be obtained by creep
pressuremeter testing �Briaud 1992�; if this is not convenient, a
value of 0.03 seems conservative for sands in most cases.

Step-by-Step Procedure and Reliability

The steps for the new load settlement curve method follow:
1. Perform preboring pressuremeter tests within the zone of in-

fluence of the footing.
2. Plot the PMT curves as pressure pp on the cavity wall versus

relative increase in cavity radius �R /Ro for each test. Extend
the straight line part of the PMT curve to zero pressure and
shift the vertical axis to the value of �R /Ro where that
straight line intersects the horizontal axis; re-zero that axis
�Fig. 8�. This is done to correct the origin for the initial
expansion of the pressuremeter to fill the borehole.

3. Develop the mean pressuremeter curve of all the PMT curves
within the depth of influence of the footing by using an av-
eraging technique based on the influence diagram shown on
Fig. 19 �Schmertmann 1970�.

4. Transform the PMT curve point by point into the footing
curve by using

s/B = 0.24�R/Ro �20�

pf = fL/Bfef�f�,dpp �21�

Shape factor fL/B = 0.8 + 0.2�B/L� �22�

Eccentricity factor fe = 1 − 0.33�e/B� center �23�

fe = 1 − �e/B�0.5 edge �24�

Inclination factor f� = 1 − ���degrees�/90�2 center

�25�

f� = 1 − ���degrees�/360�0.5 edge �26�

0.1
Slope factor f�,d = 0.8�1 + d/B� 3 to 1 slope �27�
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f�,d = 0.7�1 + d/B�0.15 2 to 1 slope �28�

5. Generate the short term load settlement curve for the footing
from the normalized curve.

6. Generate the long term load settlement curve by multiplying
all settlement values by the factor �t / t1�n where t
design
life, t1 is 1 h, and n
time exponent obtained from PMT tests
or set equal to 0.03 as the default value.

Fig. 20 shows an example of calculations using the new ap-
proach. Predictions of the short-term settlement using the new
method were compared to measurements of settlement made for
the spread footings of the database. Note that it would be much
more desirable to use a completely separate database to evaluate
the method. Fig. 21 shows that comparison for the 0.01B level of
displacement and the 0.1B level of displacement. As can be seen
the method is nearly always on the safe side when the design
function is used �predicted settlements larger than observed settle-
ments�. If this method is to be used as a prediction method the
mean  function should be used, while if the new method is to be
used as a design method the design  function �mean minus one

Fig. 19. Averaging the pressuremeter curves within t
standard deviation� should be used.
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Conclusions

The following conclusions are based and limited to the extent of
the data presented. This data includes soil strength profiles that
are constant with depth or increase linearly with depth. This
method has not been verified for cases where the profile within
the footing depth of influence consists of layers with significantly
different stiffness and strength properties.
1. For a spread footing in sand, there is no scale nor embedment

effect on the normalized load settlement curve; this curve is
a plot of the mean pressure under the footing normalized to a
parameter representing the soil strength within the zone of
influence of the footing versus the settlement divided by the
footing width. This curve is a unique property of the soil
alone.

2. The general bearing capacity equation for sands corresponds
to a soil strength profile which increases linearly with depth;
in this case, the bearing capacity factors N� and Nq are con-
stant and the equation describes properly the influence of B
and D on the footing capacity. For any other soil strength

ting zone of influence �adapted from Jeanjean 1995�
he foo
profile including the common profile of constant strength
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with depth, this equation should not be used because the
hypotheses on which the equation is based are not verified
and it does not represent the true variation of the ultimate
bearing capacity with depth and with embedment.

3. A new method is proposed to alleviate this problem and to
obtain the complete load settlement curve for a spread foot-
ing on sand from the pressuremeter curve. The problem
solved is the one of a rectangular footing located near a slope
and subjected to an eccentric and inclined load applied for a
given period of time. The development of the method is
based on load test data �24 spread footing load tests�, numeri-
cal simulations �20 FEM runs�, and an established time effect

Fig. 20. Exa
model.
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