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A direct procedure for determining settlement of shallow foundations, combining
the modified hyperbolic function for nonlinear stress and strain ratio with
- correlations from penetration test results, is presented in the paper. The 10% load,
Ivana Luki€ Kristi¢, MSc. CE i.e. 1% of settlement to equivalent foundations diameter ratio, is used in correlations.
University of Mostar Laboratory tests are not needed in this novel procedure, which is a considerable
Faculty of Civil Engineering advantage for coarse-grained soils. A very good correspondence was established
ivana.lukic@gfmo.ba between the load-based settlement curve calculated in this way, and the settlements

measured in sand during load testing of five square foundations of variable size.
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tla. Pokazuje se za ovako izracunane krivulje slijeganja u ovisnosti o opterecenju da
je vrlo dobro poklapanje, s izmjerenim slijeganjima tijekom probnih opterecenja pet
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1. Introduction

The determination of settlement of shallow foundations on
coarse grained soils is still a subject of extensive research. The
expression commonly used for the calculation of settlements is
the one for shallow foundations on a linear elastic soil with the
equivalent (or relevant) Young's modulus. However, soils are not
linear elastic, but rather nonlinear elastoplastic. This inter alia
leads to the problem of determination of the equivalent Young's
modulus for the best prediction of soil settlement.

Load tests in the scope of which shallow foundations are
gradually loaded in situ, and settlement measurements are
taken, form a very precious basis for acquiring knowledge
on the nonlinear soil behaviour (e.g. Briaud and Gibbens [1]).
Such nonlinear load — settlement curves can not be obtained
according to the theory of elasticity, regardless of the way in
which the Young's modulus is varied.

Due to this fact, and also due to their simplicity, the use of
correlations, with in situ penetration test results for calculating
settlement of shallow foundations, is still prevailing in practice.
This is especially the case when the foundation soil is coarse
grained, because the acquisition of such undisturbed soil
samples for laboratory testing is not common in standard
practice. However, these correlations are not fit for nonlinear
stress — strain relationships.

Numerical methods relating to the nonlinear continuum
mechanics, such as the Finite Element Method, can be used for
calculating settlement of shallow foundations using in situ and
laboratory tests for determining parameters that describe the
nonlinear stress — strain relationship. The problem with this
approach is the acquisition of undisturbed samples of coarse
grained soils, and performing complex laboratory tests on
such samples, both of which are required for the determination
of these parameters, which are numerous for an advanced
representation of constitutive relationships.

Due to the mentioned problems, the prediction of shallow
foundation settlements is still insufficiently reliable, as reported
by Briaud and Gibbens [1] who present load test results for
five quadratic footings on sand, with dimensions ranging from
1m to 3m. They organised a worldwide competition among
practitioners and researchers for predicting settlements of
the five footings prior to load tests and made all test results
available. Various methods, including numerical modelling, were
used in these predictions, but the results were close enough
to measurements in rare instances only. After the measured
settlements were published, they were considered as a basis
for development of new methods for determining settlement
of shallow foundations, but satisfactory results have not as yet
been obtained.

Regarding laboratory tests required for predicting settlement
of shallow foundations, triaxial and torsional shear tests
have shown a significantly nonlinear relationship between
deviatoric stress q = ¢, - ¢’ and vertical strain, or between
shear stress and shear strain. Kondner [2] was the first to

propose a hyperbolic function, using the mean effective stress
:$ to describe this nonlinear relationship. Then, Hardin
and Drnevich [3] introduced a reference shear strain, which
eliminates the dependence of hyperbola on p’ Fahey and Carter
[4] modified Kondner's hyperbolic function by introducing a
unique nonlinear relationship between the normalised secant
shear modulus G/G,, where G, is the maximum shear modulus
at very small strains, and the normalised shear stress t/t,
where 1, is the shear strength of soil. This relationship has two
constants, fand g.

It is well known that soils exhibit a linear elastic behaviour at
very small strains (e.g. Burland [5]; Szavits-Nossan V. et al. [6]).
In this range of strains, the Young's modulus is £, and the shear
modulus is G,. The relatively large soil stiffness at very small
strains, which is encountered when measuring shear wave
velocities in soil, can explain the significantly overestimated
settlements which result from calculations based on traditional
laboratory tests. These tests do not use devices for measuring
soil stiffness at very small shear strains, which is nowadays
possible by using local measuring devices. Very small shear
strains are in the range of 10° to 10 (e.g. Lee et al. [7]). When
soil is loaded to greater shear strains, the secant shear modulus
nonlinearly decreases with an increase in shear strain by ten or
more times with respect to G,

Mayne and Poulos [8] have proposed an expression for soil
settlement under the centre of a flexible circular footing on a
Gibson type of soil [S]. This is a nonhomogeneous, isotropic,
elastic soil, having Young's modulus £ at the footing base,
and the Young's secant modulus linearly increasing with the
foundation soil depth down to the bedrock. Mayne [10] changed
E, in this expression with a special case of the Fahey and Carter's
[4] modified hyperbola (f = 1, g = 0.3) to describe reduction of
the Young's modulus with an increase in deviatoric stress.
Furthermore, instead of using the ratio q/qf (deviatoric stress
over deviatoric stress at failure), he uses the ratio p/pf, where
p is the uniform pressure on the footing and p, is the bearing
capacity of soil. Consequently, this new expression requires
determination of the bearing capacity of sail.
Adirectmethodforcalculating settlementof shallow foundations
on coarse grained and stiff fine grained soils is proposed in this
paper based on the Mayne [10] approach, without the need to
determine bearing capacity of soil. Instead of using a special
case of the Fahey and Carter's [4] modified hyperbola, both
parameters, f and g, are used. They are determined explicitly
from correlations between the pressure required for 10 % and
1 % of the ratio of settlement and the equivalent diameter of a
circular footing, and the results of in situ penetration tests [1,
17]. This enables determination of the two required parameters
without resorting to laboratory shear tests.

P

2. Hyperbolic stress — strain relationships

The nonlinear stress — strain relationship for sand, which
results from laboratory triaxial tests on soil samples, was first
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presented via a hyperbolic function by Kondner [2] in 1963. His
function has the form

’ ’ ‘("
o, —05 =
a+be

(1)

where ¢," and o, are the major and minor principal effective
stresses in the triaxial test, respectively, ¢ is the axial strain of
the soil sample, and a and b are constants shown in Figure 1a.
The ratio 1/a represents the initial, largest Young's modulus
E, for the hyperbolic function, 1/b represents the hyperbola
asymptote, i.e. the value of the limit stress difference of the
hyperbola, (5, - 5,') ., which is different from the shear strength,
or the stress difference at failure, (s," - 6,');, i.e. according to [2]

=c (0'1' - 63' )f (2)

o=

! ! . ’ ’
(0'1—03) :Ilm(c71—0'3):
ult E>0

where cis the ratio of the limit stress difference and the stress
difference at failure. From expression (2), it follows that it takes
an infinite strain to reach the limit stress difference, whereas
failure occurs at a finite strain. The hyperbola is shown as a full
lineupto (o, - o), in Figure 1.3, i.e. up to the strain ¢, and then
it is shown as a dotted line. In a triaxial test, the soil sample
follows the full line at (" - 6.), after reaching e.

If function (1) is pIotted so that the ordlnate is 6,7 the
hyperbola turns into a line, as shown by the red full line uptoe,
and dotted line after that in Figure 1b. The slope of the blue ||ne
is 1:bc and it corresponds to (o, - 03’)f. In a triaxial test, the soil
sample would follow the hyperbola (straight line with the slope
1:b) up to ¢, and the straight line with the slope 1:bc after that
(full red and blue lines in Figure 1.b). Duncan and Chang[11] use
parameter Rfinstead of Konder's [2] parameter ¢, so that

r r
O, — 0,
ult

=)
R-1-\' *h 3)
and they note that the value of Ris between 0.75 and 1.00. The
function (1) can now be written as

’ ' &

oy —03 = R (4)
E " (o/-o]
f
odnosno
E=E|1-R -2 "% _ (5)

where Eis the Young's secant modulus.

a) A

(o', - o) =3¢

6", -o')

Axial strain, &

b) A

e/lc’,-o')

a [
=

Axial strain, &

Figure 1.a) Hyperbolic function with corresponding constants,
Young's secant modulus E, and deviatoric stress at failure;
b) transformed hyperbolic function (red line) and state at
failure (blue line)

r=—2" (6)
—+
(C

where 1 is the shear stress, y is the shear strain, G, is the initial
shear modulus, and 7 is the limit shear stress on the hyperbola
asymptote, and 6, -5 +—, where v is the Poisson’s ratio.
Expression (6), Jusgz |IL€ expression (1) depends on the
mean effective stress p, so that different values of p' give
different curves. For example, according to Fahey [12], the
initial shear modulus G, is proportional to (p)", where the
value of exponent n ranges between 0.4 and 0.5, and the
shear strength t, is proportional to p; in line with the Mohr-
Coulomb principle. Hardin and Dmevich [3] suggest the
expression that does not depend on p’ by introducing the
reference shear stress (Figure 2)

Tu It

Ve = G, (7)

The coordinates of the point in which the initial hyperbola
tangent cuts the asymptote are (y, t,).By introducing the
secant shear modulus G, expression (6) becomes

G 1
Hardin and Drnevich [3] use function (1) with the shear stress N = (8)
and shear strain in the form 0 1+yl
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Ifitis assumed that the parameter Rffrom expression (3) equals
1.00, Fahey [12] shows that expression (8) can be transformed
into

S )
G, Tt

Expression (9) represents a linear relationship, which is opposed
to the torsional shear test results for Toyoura sand, which show
anonlinear relationship between the normalized shear modulus
and the normalized shear stress, as shown in Figure 3. These
results are presented by Teachavorasinskun et al. [13], and
quoted by Lee et al. [7].

(Yr' Tult)

___________ s Sl
e
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”
Y
Figure 2. Hyperbolic function and reference shear stress (adapted
from [3]
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Figure 3. Hyperbolic function and torsional shear test results
(according to [7], quoted by [13]

Results of many laboratory tests show similarities with results
of the monotonous loading of sand from Figure 3. Mayne [14]
collected the drained and undrained triaxial and torsional shear
test results for eight sand samples, one clayey sand sample,
and eight clay samples. The range of these results is shown in
Figure 4, where it is significant to note that similar results are
obtained for sand and clay.

Figure 4. Range of triaxial and torsional shear test results for 17 sand
and clay samples, adapted from [14]

Fahey and Carter [4] suggest an expression that represents a
nonlinear relationship between the normalized shear modulus
and normalized shear stress, without restrictions on the value
of Rffrom expression (3), in the form

G T ’
e—o‘”H "ol

Ts

where fand g are parameters of the model. Parameter fis a
substitute for R, and parameter g dictates the shape of the
nonlinear curve. These two parameters should be determined
from the laboratory triaxial or torsional shear tests.

Figure 5 shows curves from equation (10) for various values of
parameters fand g. It also shows the monotonous sand loading
curve from Figure 3. Fahey and Carter [4] suggest values of f=
0.98 and g = 0.25 for the curve that best fits the sand loading
results. Mayne [14] takes f= 1, and various values for parameter
g For f=1, and g = 1 equation (10) gives a line, as a standard
hyperbolic curve, which is also shown in Figure 3. Equation (10)
can also be written as

g
E—1—f(iJ (11)
E 9

where E is the secant modulus of elasticity, g is the deviatoric
stress, and g, is the deviatoric stress at failure.
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Equation (11), as a modified hyperbolic function, will serve
in this paper for development of the new direct method for
determining shallow foundation settlements in coarse-grained
and fine-grained stiff soils.

10
—e— f=098,g=025
-« @ test on sand
f=1
08 e g 03
—  g=03
—_— =04
06 — g=06
o — 8=1
L)
e
L]
04
02
0

0 0.2 0.4 06 08 10

Figure 5. Monotonous loading of sand from Figure 3; f= 0.98 and g
= 0.25 adapted from [4]; curves for f =1, adapted from [14]

3. Shallow foundation settlements according to
theory of elasticity

The settlement of shallow foundations loaded axially by a
force smaller than the soil bearing capacity is in practice often
determined using the theory of elasticity (e.g. according to
Eurocode 7) by

s=PBl_p
E. k

m

(12)

where pis the average contact pressure between the foundation
and the soil, B is the foundation width, /is the coefficient of
settlement that is dependent on the foundation shape, its
embedment depth, and the soil layer thickness, and E_is the
corresponding (equivalent) Young's modulus that will, according
to expression (12), give an approximate settlement value for soil
that is not linearly elastic. The parameter k

k:B:i (13)
s B/

determines the stiffness of the foundation soil. This stiffness is
sometimes referred to as the Winkler coefficient of the subsoil.
Davis and Poulos [15] commented on the validity of applying
the expression from the theory of elasticity, with an appropriate
choice of the equivalent Young's modulus, for the determination
of settlement of shallow foundations. They state that the
theory of elasticity can be applied in practice, provided that
laboratory determination of the equivalent Young's modulus is
carried within the range of stresses relevant for field conditions.

However, there is still a problem with laboratory tests on
undisturbed coarse grained samples.

Numerous expressions for calculating displacement of elastic
bodies subjected to loading on their surface or in their interior
have been deduced from the theory of elasticity. Poulos
and Davis [16] have selected those that might be useful in
geotechnical practice. The simplest such case is the one of a
circular plane under uniform normal pressure on the surface of
the isotropic and homogeneous elastic half space. For a flexible
circular footing having the diameter d on this kind of soil with
Young's modulus £, and Poisson’s ratio v, the foundation soil
stiffness for calculating the footing settlement at its centre is
given in the following expression (Timoshenko and Goodier [17])

E

where the coefficient of settlement is
[=1-v2 (15)

In case of a rigid circular foundation, the rigidity kis given by

_4_E
k= (16)

Mayne and Poulos [8] suggested an approximate expression
for @ much more general case of non-homogenous, isotropic,
linearly elastic soil, where Young's modulus linearly increases
with the soil depth z so that it is equal to £, at the footing base,
and then it increases with the coefficient k, so that £ = £ +
k.z (Figure 6). The soil with these characteristics is called the
Gibson type of soil [S]. A flexible circular footing of diameter d,
thickness ¢, Young's modulus £, and a constant Poisson’s ratio v,
is embedded to the depth D, in the soil of thickness h, measured
from the footing base down to the bedrock.

circular footing
Modulus of elasticity

\\\\\\\\\\\\\\\\\\\\\\\\\

Figure 6. Notations related with expression (17) for settlement of
circular footing embedded in Gibson type of soil [9]
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According to Mayne and Poulos [8], the settlement under the centre
of a flexible circular footing on the Gibson type of soil is given by

S:pdgggﬁfﬁ) p

== (17)
E, k
so that the stiffness of the soil is given by
=: (18)

k:dgkgﬁ—%)

where /, /.and /,are the factors that will be defined below. According
to the same authors, the expression (17) can also be used, with a
minor error, for a rectangular footing of area A, the width and length
of which not differing greatly from one another, in such away thatan
equivalent diameter of the footing is calculated as

d:2\/E (19)
7

I, is the factor of non-homogeneity, which depends on the
parameter
EO
k.d

B= (20)

and theratio h/d. Mayne and Poulos [8] show the dependence of /_on
B in the form of a diagram for various values of h/d. The approximate
expression for the non-homogeneity factor can be written as

1.6ﬁ

Iy = d
(1+0£J(1+1.6hJ
B d

I.is the stiffness factor of the elastic footing, which depends on
the footing thickness tand its Young's modulus. It is given by the
expression

(21)

1
=g (22)
3
T 10 ﬁ (EQ
1-Z Ey+ked d

I.is the factor of the footing embedment, given by

1
I =1- j (23)

3.5exp(1.22v —0.4)(3 +1.6

f
Mayne [10, 14] extends the expression (17) for settlement with the
Fahey and Carter [4] function (11), using specific values of the two
parameters, i.e. f=1and g = 0.3. Mayne claims that these values give
reasonable approximations for determining settlement of shallow
foundations. The extended expression takes into account reduction
of the Young's secant modulus with an increase in strain, relative to

its initial value £. Mayne also replaces in expression (11) the ratio of
the deviatoric stress and the deviatoric stress at failure (g/ q/) with the
ratio of (p/p), where pis the uniform pressure on the footing, and p,is
the bearing capacity of soil. The ratio (¢/q), which is analogous to (t/
r/), equals 1/FS, where FS is the factor of safety, and the same can be
applied to the ratio (p/p). Thus, according to[10, 14]

. pdiglls (1-v?)
0.3
“[+{z]]
Ps

Mayne [10] uses the expression (24) to calculate settlements
corresponding to a load test performed at A&M Texas University
[1] on a 3 m square footing (North) on sand. Figure 7 shows
settlements measured according to [1] and calculated according
to (24), based on the parameters given in [14]. It should be noted
that expression (24) gives positive values of settlement, whereas
settlements are shown as negative values in Figure 7 (and in other
load - settlement diagrams). The soil bearing capacity is calculated
according to the Vesi¢ method. Vertical portions of the curve with
settlements measured in Figure 7 represent the soil creep during

30 minutes at constant load. Briaud and Garland [18] (cited in [1])
suggested the following expression for prediction of soil creep

s_(t)
S, (tzj =

where s is the settlement after time of creep ¢, s, is the settlement
after time of creep ¢,and nis the exponent related to soil viscosity.
Typical values of the parameter nfor sand range from 0.005 to 0.03
[1]. Briaud and Gibbens [1] used the expression (25) to estimate the
creep of sand at the location of A&M University, Texas, with n =0.03.
If it is assumed in equation (25) that t,= 50 vears, t,= 30 minutes,
and n =0.03, then s, s,= 1.50, which means that the settlement
after 50 years will be by 50 % greater than the one after 30 minutes.

o

(24)

=20

40

Settlement [mm]
8

=140
=160 n
Footing 3 mx 3 m (north)
—&— measured
-180 Mayne [10, 14]
e e L O N T N T T T T T TN T B
0 2 4 -1 B 10 12

Load Q [MN]

Figure 7. Measurements from load test (A&M Texas) [1] and
settlements calculated from equation (24)

472

GRADEVINAR 69 (2017) 6, 467-477



Direct method for determination of shallow foundation settlements

Despite the good correspondence a) 18 b) 18

between the measured and calculated 1% E ] 16 F ]

settlements in Figure 7, it should be sl il ;]

emphasized that Mayne [10, 14] showed - 3

this comparison for only one footing on = wr = !

sand. This approach should, therefore, %- L i i % T

be verified on a greater number of 2 %8l 1 @ 98r

load tests performed on footings. In 2 05 [ =g |4 £ os | e

addition, expression (24) uses the soil 04 H e i buadi B o4 H T

bearing capacity, which can not be 02 —3mxam) | ] 02 —— 3mx3mf

unambiguously determined by any of the il gy s g B o sl g e v pan @ e

methods that are often used in practice. 0 20 40 60 8 100 120 140 0 002 004 006 008 01
s [mm] s/d

4. New direct method for
calculating settlement of
shallow foundations

This new method uses equation (24), with both Fahey and
Carter [4] parameters fand g, so that

pdiglle (1-v?)
S=— 7 ————=

g

E, 1—f[p]

Ps

Briaud and Gibbens [1] present results from five load tests
on square footings ranging in dimensions from 1 m to 3 m
on sand, performed at the A&M University, Texas. They show
that dividing settlement with the footing width (s/B), or its
equivalent diameter (s/d), normalises pressure — "strain" curves
so that these curves almost overlap, at least up to the "strain" of

s/B =0.05. Thus, the footing width has no effect on such curves
up to this "strain". They also state that extrapolation of this

(26)

—+—1mxim

—4+—15mx15m
—4+—25mx25m
—4— 3mx3mi(s)
—— 3mx3Imij}

-20 b=

-0 b=

Settlement [mm]
8
T

-120 =

TN T N SN T T T T T A O T Y
1] 2 4 ] 8 10 12

Load Q [MN]

Figure 8. Load-settlement curves for five footings at A&M Texas;
average settlements after 30 minutes of creep; (N) North,
(S) South (adapted from [1])

Figure 9.a) Pressure — settlement curves according to measured values from Figure 8;
b) pressure - “strain” curves (adapted from [1])

finding up to soil failure would give the same bearing capacity
for all footings at a given location [1]. This is contrary to the
basic Terzaghi expression for the soil bearing capacity of strip
foundation, p, :%yBN,, where g is the unit weight of soil, and N,
is the bearing capacity factor depending on the angle of friction
j. Briaud and Gibbens [1] interpret this in two ways: either the
soil bearing capacity does not depend on the foundation width,
or the bearing capacity factor N, depends not solely of ¢’ but
also on foundation width. In any case, this is an additional
indication that it is not advisable to use the soil bearing capacity
for settlement calculations.

Figure 8 shows load - settlement curves for all five foundations
at A&M Texas. The curves present average settlement values
after 30 minutes of creep. Figure 9.a shows the same results
in the form of pressure - settlement curves. Figure 9.b shows
curves similar to those given in Figure 9.a, with settlement
being replaced by "strain" (s/d).

Briaud and Gibbens [1] use the "strain" (s/d) = 0.05 for the five
footings, because all five of them were loaded to a settlement
of 15 cm, and it can be seen from Figure 9b that all foundations
reached this "strain". The authors recommend that the soil
bearing capacity should be defined for the "strain of 10 %, i.e.
for (s/d) = 0.1. Furthermore, they propose correlations for the
pressure required to reach (s/d) = 0.1, with the penetration test
results (SPT - standard penetration test; CPT- cone penetration
test), as follows

N
Pr =Py = 1 N[MPa], Nnumber of SPT blows/0,3m (27a)
—p. =%
Pr = Py 4 (27b)

where g_is the cone tip resistance.

Since the allowed pressure can be calculated as 1/3 of the
bearing capacity, authors [1] also give correlations for the
allowed pressure p, that roughly corresponds to s/d = 0.01
from Figure9.b, so that

GRADEVINAR 69 (2017) 6, 467-477
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N

Pa = Poor = 36 N[MPa], Nnumber of SPT blows/0,3m (28a)
—p =9

pa - p0.01 12 (28b)

Briaud and Gibbens [19] give slightly different figures for
correlations

P, = 0,075 N[MPa], N number of SPT blows/0,3 m (292)
P,,=023¢, (29b)
P, =17P, (29¢)
where P, is the pressuremeter limit pressure, and

P, = 0,03 N[MPa], N number of SPT blows/0,3 m (30a)
Py, =003 g, (30b)
Po,=0.7P, (30¢)

Equation (26) can now be written as

pdi . (1-v*
E, 1—f(p]
p0.1
where the soil bearing capacity no longer appears in the
traditional sense, but rather as pressure p,,. This is a great
advantage of this method, which allows for parameters fand
g to be determined from the two equations that are used to

correlate p,.and p, ., with SPT or CPT results. This gives explicit
expressions for fand gin the form

f:1—0p1°l-;_ ol le (1-v7) (32)

0

1 Po. 2
Iog{f[1 - 0.00101150 Il (1-v )H
g= (33)
log Po.o1

p0.1

Table 1. Dimensions of tested footings

The use of the pressure p,,instead of the soil bearing capacity
which appears in Mayne's expression for settlement of
shallow foundations [10, 14], and the explicit determination of
parameters fand g from two correlations among expressions
(27) to (30), instead of their determination in the laboratory, are
the basic advantages of this new direct method for calculating
settlement of shallow foundations.

5. Verification of new method

5.1. Description of test field and results of soil
behaviour prediction during load tests

The test field that is used for verification of the new method
for calculating settlement of shallow foundations is located at
Riverside Campus of A&M Texas University, close to the College
Station [18]. Three square footings, with dimensions 1x1m, 1.5
x 1.5mand 2.5 x 2.5 m, and two footings of 3 x 3 m were tested,
three of them embedded 0.76 m (Table 1.)ina 11m thick layer of
uniform, medium dense silicate silty sand. The lower boundary
of this layer, in contact with a layer of stiff clay, is beyond the
influence of loading on the soil. The groundwater is 4.9 m below
the ground level. Among other measurements, vertical and
horizontal displacements of footings were determined, and the
load was applied every 30 minutes (in some cases even after
24 hours) until the settlement of 15 cm was reached. The soil
at the test field was extensively tested by in-situ investigations
and in the laboratory. Seismic cone penetration tests, with pore
pressure measurements, provided continuous profiles of the
velocity of shear waves, cone tip and shaft resistances, and
the pore pressure along the depth of the sand layer. Using the
shear wave velocity v, the maximum shear modulus can be
determined from G = rv %, where p is the soil density.
Itisinterestingtonotethat, prior to performingload testsat A&M
Texas, a competition was announced in which the competitors
were to predict the load at a settlement of 25 mm, the load
at a settlement of 150 mm, and soil creep during 30 minute
intervals between two load phases. The site documentation
was requested by 150 candidates, and 31 contestants from 8
countries delivered the requested data.

None of the contestants predicted all 10 results (two required
loads for each of 5 foundations) within = 20 % of measured
values. Two contestants met this criterion for 8 results. For
loads at a settlement of 25 mm, 80 % of calculated settlements

Lenght x width Thickness Embedment depth Notation in the text
[m x m] [m] [m] [m]

0.991x0.991 1.168 0.711 1x1

1.505 x 1.492 1.219 0.762 1.5x15

2.489 x 2.496 1.219 0.762 25x25

3.004 x 3.004 1.219 0.762 3 x 3 sjever

3.023x3.016 1.346 0.889 3x3jug
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were greater than the measured ones, 0 [ —a— — o i ——
and for loads at a settlement of 150 20 |- i AT St
mm, there were 63 % such results. These -0 - el O 4o F N i
results indicate that shallow foundations T 0 4 ‘E 80 ':' % -‘J,.

could be designed more economically. < C 7 E w0 C b )

Eighteen  contestants used the E gl A E‘ A0 h
Schmertmann method [21] (cited in [1]), £ 0} : £ 20 b

9 competitors used the Burland and A gLl u G o f . -

Burbidge method [22], and 8 competitors -160 | g -160 |

conducted numerical modelling with the el (RO aep  FORIEMELIM

finite element method (some contestants YA IR 200 Lo dbol,
used more than one method). It is hard i = szdo[n;;] ® . Wi R E’;d ;[M;']S S 8
to say which one of these methods is T 5

the best, because contestants have 20 Pt Sl e 3 T s
combined one or more of these methods wl ) i w

based on their previous experience. = wf —crThis) —

Briaud and Gibbens [1] carried out E sl B o

independent calculations according to T G % sl

12 methods for settlement prediction, E s L e 5 sl

and 6 methods for predicting bearing S b ; gk

capacity of soil. They showed that the e b i e b

Schmertmann method [23] (cited in [1]) 1gp [ Footing25mx25m qgp [ Footing3mx3m

and the Peck and Bazaraa method [24] T . . T —
(cited in [1]) were the best, even though 0 2 4 6 8 10 0 2 4 6 8 0 12
they both gave somewhat smaller Load Q[MN] Load Q [MN]

settlements compared to the ones
measured at the same load. The best
methods that gave greater settlements
than the measured ones at the same load, are the one by Briaud
[25] (cited in [1]) and the one by Burland and Burbidge [22].
Briaud's simple 0.2 g. method [26] (cited in [1]), proved to be the
best for calculating bearing capacity of soil, whereas most other
methods gave 25 % to 42 % smaller values compared to the ones
obtained by measurements.

5.2. Simulations of A&M Texas load test results by
new method

The new direct method was used for calculating the load -
settlement relationship for all 5 A&M Texas footings, according
to equation (31). The corresponding results are shown in Figure
10. The four curves shown in each diagram refer to the four types
of correlations used to determine p,, and p,,, from SPT blow

Figure 10. Measured settlements and calculated settlements using the new direct method
with correlations from equations (27) to (30)

count N [1]and [19], and from the cone tip resistance g_[1]and
[19], according to equations (27) to (30). The average number of
SPT blows is N = 18.8, and the average cone tip resistance is g
=7 MPa. The values p,,and p,, were inserted in equations (32)
and (33) in order to determine parameters fand gin equation
(31). £, was determined from the average shear wave velocity
v, and Poisson’s ratio v = 0.2. Thus, £ was calculated as 230.4
MPa. Factors /, /, /. were determined for each footing from
equations (21), (22) and (23) respectively, with k. = 0, because
Young's modulus did not change significantly throughout the
sand layer, so that, according to (20),1/8 = 0.

It can not be seen from diagrams presented in Figure 10 which of
the four correlations is the best. They all correspond very well to
measured settlements, except for the footing 3m x 3m (South)
at higher load values. It is, however, possible to single out the

Table 2. Measured and calculated values of @,  and Q, ., (kN)
Measured Calculated

Footing . .

qzs 0150 st o 0150 o
Tmx1Tm 850 1740 817 -3.9 1673 -3.9
1.5mx1.5m 1500 3400 1484 -1 3370 -0.9
25mx25m 3600 7100 3012 -16.3 7773 +9.5
3mx 3 m(sjever) 5200 10250 3880 -25.4 10437 +1.8
3mx3m ljug) 4500 9000 3907 -13.2 10520 +16.9
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correlations with the SPT blow count [1] (red curves) when
considering differences between the calculated and measured
settlements for the whole range of loads, and for all footings.
These curves enabled calculation of the loads Q,, and Q,,,
for achieving settlement values of 25mm and 150 mm,
respectively, which was requested in the described competition.
The measured and calculated values are presented in Table 2.

It can be seen from Table 2, that excellent results have been
obtained. Nine out of ten forces are within + 20 % from the
measured data, and the tenth force is not much out of this
range. Moreover, five results are within = 5 %. Seven out of ten
calculated settlements are greater than those measured at the
same load.

This shows that the verification of the new direct method for
calculation of shallow foundation settlements gives credibility
to this method, although additional load tests have to be carried
out for shallow foundations in sands and stiff clays.

6. Conclusion

A new direct method for calculating settlement of shallow
foundations in sand and stiff clay is presented. This method is
based on the Fahey and Carter [4] modified hyperbola for the
nonlinear stress — strain relationship, and on the Mayne and
Poulos [8] expression for settlements, where they used alinearly
increasing Young's modulus with the soil depth according to
the Gibson type of soil [9], and factors of non-homogeneity,
stiffness of the elastic footing, and footing embedment. It is
also based on the method presented by Mayne [10, 14], who
introduced the bearing capacity of soil in the expression for
settlement of shallow foundations, for a special case of modified
hyperbola [4]. Finally, the method makes use of the Briaud and
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