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Abstract: A numerical and an empirical method for calculating nonlinear load-settlement
curves for shallow foundations on sand are examined and used in a new methodology. Both
methods have merits and drawbacks. The drawbacks are overcome by the methodology
proposed and verified in the paper. This methodology combines the merits of each method.
For this purpose, a modification of the empirical method is proposed that accounts for the
finite initial soil stiffness at very small strains. Computer programs with sophisticated
nonlinear stress-strain relationships, such as Hardening Soil Small in Plaxis 2D, which are
versatile in solving complex foundation problems, can cover strains from very small to large.
When the foundation soil is layered, it is proposed to fit such a numerical load-settlement
curve against the modified empirical relationship for each sand layer separately. This
requires cone penetration tests, measurements of the shear wave velocity, and basic
laboratory tests. The methodology is described and applied at two locations where load tests
on footings were carried out. At one location there was a top layer of clay, which was also
taken into account. The results of the application of the proposed methodology are very
good.

Key words: shallow foundations, settlements, semi-empirical method, soil stiffness,
numerical modeling, small strains

Numeri¢ko modeliranje slijeganja za plitke temelje na
slojevitim tlima

Sazetak: Numericka i empirijska metoda za proracun nelinearnih krivulja opterecenje-slijeganje
za plitke temelje na pijesku ispitane su i primijenjene u novoj metodologiji. Obje metode imaju
prednosti i nedostatke. Nedostaci su prevladani metodologijom predlozenom i provjerenom u
ovom radu. Ovom metodologijom kombiniraju se prednosti svake metode. U tu svrhu predlaze
se promjena empirijske metode kojom se uzima u obzir kona¢na pocetna krutost tla pri vrlo
malim deformacijama. Racunalni programi sa sloZzenim nelinearnim odnosima naprezanje-
deformacija, kao Sto je Hardening Soil Small u Plaxisu 2D, koji su svestrani u rjeSavanju slozenih
problema s temeljima, mogu obuhvatiti deformacije od vrlo malih do velikih. Kad je temeljno tlo
slojevito, predlaze se takvu numeriCku krivulju optereCenje-slijeganje podesiti prema
prilagodenom empirijskom odnosu za svaki sloj pijeska zasebno. To zahtijeva statiCke
penetracijske pokuse, mijerenja brzine posmiénih valova i osnovne laboratorijske pokuse.
Metodologija je opisana i primijenjena na dvije lokacile na kojima su provedena probna
optereéenja na temeljima. Na jednoj lokaciji nalazio se gornji sloj gline, sto je takoder uzeto u
obzir. Rezultati primjene predloZzene metodologije su vrlo dobri.

Kljuéne rije€i: plitki temelji, slijeganja, poluempirijska metoda, krutost tla, numeri¢ko
modeliranje, male deformacije
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1. INTRODUCTION

Load-settlement curves of shallow foundations, spanning the range from very small loads to
those that induce soil failure, are nonlinear. Existing methods for the calculation of this
nonlinear relationship, both numerical and empirical, are reviewed and commented on. One
numerical (Benz 2007) and one empirical (Mayne et al. 2012) method are combined in the
paper in order to match the two load-settlement curves by adjusting the preloading
parameter in the numerical analysis for each sand layer separately. Then, a complex
numerical soil-structure interaction analysis with layered foundation soil including clay layers
can be performed. The Mayne et al. (2012) method is modified in the paper in order to
include the granular soil behavior at very small strains. A high soil stiffness at very small
strains has long been considered as essential for obtaining reliable predictions of soil
deformations in geotechnical engineering (e.g. Burland 1989). For this purpose, it is required
to know the soil shear modulus at very small strains, which can easily be determined from
measurements of the shear wave velocity in the foundation soil. The only other required
parameter is the cone resistance from a cone penetration test (CPT).

In the present study, the commercial finite element computer program Plaxis 2D
(Brinkgreve et al. 2011) was used for numerical modeling with the constitutive (stress-strain)
relationship Hardening Soil Small (HSSmall) developed by Benz (2007). The HSSmall model
allows for modeling the proper reduction of stiffness when straining the soil from very small
strains up to large strains at failure. The required soil parameter is the reference shear
modulus at very small strains (¢ < 10°), which equals the maximum shear modulus at
atmospheric confining pressure. Other sand parameters can be determined from correlations
with the sand relative density (Brinkgreve et al. 2010), and the relative density in turn is
obtained from the correlation with the CPT cone resistance (Jamiolkowski et al. 1985).
Parameters for clay can be obtained from correlations with the CPT cone resistance (Mayne
and Rix 1993; Sanglerat 1972).

In the second step, the preloading parameter is adjusted for each sand layer by fitting
the numerical load-settlement curve for the model consisting only of the material in that layer
against the modified Mayne et al. (2012) curve. A footing of size close to that from the
database used by Mayne et al. (2012), say, 2 m, is used.

The proposed methodology was verified at two locations with footing load tests on
layered foundation soils. The first location was Green Cove Springs, Florida (Anderson et al.
2007), and the second location was Alvin (East), Texas (Tand et al. 1994). At the second
location, there was a top clay layer. In the absence of shear wave velocity measurements at
either location, the sand stiffness at very small strains was determined. The application of the
proposed methodology gave very good results when comparing measured settlements with
results of numerical analyses for layered foundation soils.

2. NUMERICAL AND EMPIRICAL METHODS FOR PREDICTIN SHALLOW
FOUNDATION LOAD-SETTLEMENT CURVES

2.1 Numerical methods

Generally, nonlinear load-settlement curves may be predicted in several steps. These are as
follows: obtaining a sufficient number of high-quality undisturbed samples representative of
the foundation soil, stress-strain testing of these samples in a laboratory, interpreting the test
results to obtain parameters for an appropriate constitutive soil model, and using these
parameters to run a finite element computer program that incorporates this constitutive
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model. This procedure can be used to solve underlying nonlinear boundary value problems
for successively increasing foundation loads. However, it heavily relies on representative
undisturbed soil samples that are difficult to obtain and mount into a laboratory apparatus
when the foundation soil is a particulate coarse grained material such as sand.

An alternative approach is to correlate parameters of a constitutive model with in situ
tests. In that respect, Byrne et al. (1987) used the hyperbolic constitutive model of Kondner
(1963) and Duncan and Chang (1970). Byrne et al. (1987) correlated parameters of this
model with the relative density of sand, and field penetration test results [standard
penetration test (SPT) and CPT] obtained in this sand. Correlations were based on an
examination of laboratory and field measurements available in the literature. The examined
laboratory triaxial tests were conducted on disturbed sand samples at various relative
densities. Then, the researchers carried out numerical finite-element back analyses of field
observations of foundation settlements on sand in order to check whether the laboratory test
results were representative of the field conditions. They concluded that the stiffness
parameters obtained from triaxial tests are appropriate for settlement prediction by their
hyperbolic law at low sand relative density, whereas the sand stiffness is considerably
underpredicted at high relative densities. Therefore, this procedure proved not to be suitable
for predicting foundation settlements at higher relative densities.

A similar but much more sophisticated approach was reported by Benz (2007) 20 years
later. He developed an elastic plastic hardening constitutive model called HSSmall that
accounts for the remarkable reduction of the high initial stiffness of sand by about 70 % when
it is strained from very small strains (in the range of 0.0001 %) up to small strains of about
0.1 %. This high stiffness and its large reduction with straining became apparent in laboratory
tests only when appropriate techniques and strain gauges were developed that explained
previous systematic overpredictions of field deformations based on the standard laboratory
testing of stiff and medium-stiff soils (Burland 1989). The HSSmall model can also account
for soil hardening induced by preloading (loading and unloading), thus simulating an
overconsolidated soil.

In order to validate his constitutive model, which was incorporated into the Plaxis 2D
finite element computer program, among other structures, Benz (2007) analyzed the load-
settlement curve of one of the experimental square footings on sand tested at the location of
Texas A&M University (Briaud and Gibbens 1994; 1997). Five load tests were performed on
square footings ranging in size from 1 m to 3 m, embedded 0.76 m into an 11-m-thick layer
of medium dense, fairly uniform silty fine silica sand, underlain by stiff clay. Load tests were
carried out until the soil settlement reached 15 cm for each footing. Extensive tests at the
experimental site, including measurements of the shear wave velocity and penetration
resistance by cone penetration tests, as well as extensive laboratory tests on samples
recovered from the site, including triaxial and resonant column tests, were performed (Briaud
and Gibbens 1997). The foundation settlements were measured throughout the load tests.

Benz (2007) determined numerous soil parameters for the HSSmall model from the
results of triaxial and resonant column tests on samples reconstructed to the field sand
density. The reference shear modulus at very small strains was determined both by a
resonant column test (laboratory parameters) and as a considerably larger value for in situ
conditions (in situ parameters). Using the Plaxis 2D program to model the square 3 m x 3 m
footing North as an equivalent circular footing, Benz calculated load-settlement curves for
both values of the shear modulus at very small strains. He assumed that the sand at the
experimental site was normally consolidated (NC), i.e., that it never underwent a load-unload
cycle in its geological history. Fig. 1 compares both newly calculated curves with Benz's
parameters and the measured load-settlement data. Although the calculated curve using in
situ conditions is closer to the measured data, it still considerably overpredicts the measured
settlements.
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Figure 1. Measured and calculated settlements of Texas A&M 3 m x 3 m North footing.
Calculated settlements use laboratory and in situ values of shear modulus at very small
strains. Soil is assumed to be normally consolidated (NC). Measured settlements from Briaud
and Gibbens (1997)

In order to match the measured data, Benz (2007) assumed that the sand at the site had
been temporarily preloaded, i.e., loaded and then unloaded by the same uniform surface
pressure, thus rendering the sand overconsolidated (OC). Preloading the sand was obviously
only an assumption, since there was no means to prove it independently. Benz was
ambiguous by not stating the value of preloading. Therefore, for the purpose of the present
research, load-settlement curves were recalculated with the Plaxis 2D program using Benz’s
parameters. For the newly calculated curves, a preloading of 160 kPa was used in order to
make the foundation soil overconsolidated. It is stressed, however, that the value of
preloading the soil in the recalculated numerical analyses was reached by trial and error until
a good match between the newly calculated and Benz's load-settlement curves was
obtained.

The newly calculated load-settlement curves by Plaxis 2D, using the same HSSmall
model parameters as Benz's (in situ shear modulus at very small strains), and preloading by
160 kPa, are shown in Fig. 2 of the next subsection for all five experimental A&M footings.

It is seen in this subsection that examples of Byrne et al. (1987) and of Benz (2007)
demonstrate that the predictions of load-settlement curves of footings on sand based on
laboratory tests of sand samples are unreliable.

2.2 Empirical methods

A completely different approach to predict load-settlement curves of foundations on sand
was proposed by Akbas and Kulhawy (2009a; 2009b). They used measured load-settlement
curves of 167 prototype foundations at 37 locations with homogeneous sand as the
foundation soil. The prototype foundations were square or rectangular with a width-to-length
ratio close to 1. Akbas and Kulhawy (2009a) derived a hyperbolic type of load-settlement
relationship for footings on sand having one parameter that is related to the bearing capacity
of the foundation sand given by Vesi¢ (1975). The bearing capacity is related to the friction
angle of sand, which in turn has to be determined from a suitable correlation with results of
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some in situ tests. The advantage of this method is in avoiding the need for the laboratory
testing of sand samples.

Following the line of avoiding the need for laboratory testing of sand, Mayne et al. (2012)
developed a simple expression relating the nonlinear load-settlement curve of a square
footing on sand and the average cone resistance of the standard CPT performed at the
footing location. Mayne et al. (2012) analyzed full-scale load tests on 31 square or nearly
square footings with widths of 0.5 m < B <6 m situated on 13 different quartz-silica sand
sites, and derived a simple one-parameter power law function for load-settlement curves.
They correlated the parameter of this function directly to the average CPT cone resistance at
all footing sites, and obtained the following relationship between the average applied footing
pressure p, the footing settlement s, square footing size B, and average cone resistance q.:

p=0585q,,% (1)

with the coefficient of determination r# = 0.933. They recommended that the value of g. used
in equation (1) should be determined as the average cone resistance of the soil below the
footing and down a distance of 2B. Fig. 2 compares load-settlement curves calculated by Eq.
(1) with measured data for the five experimental footings of the A&M test site, which has an
average cone resistance of q. = 7.5 MPa, as taken by Mayne et al. (2012). The comparison
indicates the level of accuracy that can be expected when using equation (1) in predicting
load-settlement curves for footings on sand, and it is very good. Fig. 2 also shows Plaxis
calculations after the foundation soil was preloaded at 160 kPa (OC), with the same
parameters as those that Benz (2007) used for the 3 m x 3 m footing North (in situ value of
the maximum shear modulus).

Despite the obvious advantage of using a direct correlation between the load-settlement
curve and results of a common field test in avoiding laboratory tests, this approach is not
suitable for cases with layered soils or flexible spread foundations that require the numerical
modeling of soil-structure interaction. Furthermore, equation (1) implies an infinite soil
stiffness starting at a zero load. This is a drawback if it is used in numerical back analyses to
match the analytical curve because sand exhibits finite stiffness at very small strains, along
with large reductions in stiffness in the range of small strains, as in the case of the HSSmall
model discussed in the preceding subsection. To overcome this drawback, a modified load-
settlement function that represents an extension of Mayne et al. (2012) is proposed in the
next section.
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Figure 2. Measured and calculated settlements for all Texas A&M footings: measured
settlements from Briaud and Gibbens (1997), calculated from equation (1) with average cone
resistance of q. = 7.5 MPa, and newly calculated by Plaxis 2D with in situ value of initial sand

stiffness and preloading of 160 kPa (overconsolidated)

3. MODIFIED EMPIRICAL METHOD
3.1 Development of load-settlement function

Sand at very small strains behaves as an elastic material. Therefore, it is proposed herein to
extend the Mayne et al. (2012) equation (1) to account for high foundation soil stiffness at
very small strains.

The elastic settlement s° of a rigid square footing with size B loaded with a uniform
pressure p, embedded by a depth D; into a homogeneous elastic layer of thickness h
underneath the footing base, the maximum Young's modulus E, constant with depth, and
Poisson’s ratio v can be calculated from the following expression suggested by Mayne and
Poulos (1999):

s _pl
5 (2)
where:
Jr )
|=7”|G|E(1—v ) 3)

It and Is are correction factors for the foundation embedment and the layer thickness,
respectively, and are given by
1

I, =1- (4)

3.95[5 + 1.42jexp(1.22v ~0.4)

f
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1.42D

lg=—B (5)
1+1.42—
B

With an increasing load, plastic strains begin to develop. For additional settlements
owing to plastic strains, a power law similar to that of equation (1) is added to equation (2):

b
s_pb, a[ij 6)
B E, P,

where p_ is the value of pressure p at s/B=0.1, i.e,, it is the average contact pressure
referred to as the bearing capacity (e.g., Briaud and Gibbens 1997).
Parameter a can be determined by introducing p = p, into equation (6), giving

%:E—“{O.l—%‘}(ﬂj (7)
0 0 pL

Parameters b and p,. are determined by a linear regression analysis of pressure-
normalized settlement pairs measured during each of 16 load tests performed at four
locations of sand, as reported in the literature. Then, parameter b is determined as the
average value for the 16 footings, and a correlation is set between p, for all footings and the
CPT cone resistance at the four locations, as shown in the next subsection.

3.2 Database of 16 load tests at four locations, and statistical analysis

The four locations of load tests were chosen to determine parameters b and p_ (Lukic Kristic
et al. 2019). In total, 16 footings were load tested at these locations. All footings were made
of reinforced concrete. The four experimental locations are included in the analysis by Mayne
et al. (2012). Nevertheless, at these four locations, the stiffness spans the range for 12 out of
13 sands used by Mayne et al.

From a regression analysis of all measured data at the four locations, 16 pairs of values
pL and b were obtained (Lukic Kristic et al., 2019). The average value is b = 2.14. This value
is very close to the exponent used by Mayne et al. (2012), which was b = 2. Fig. 3 shows 16
pairs of values of p. and the corresponding q. for the four experimental locations. The best fit
line in Fig. 3 gives p. = 0.18 g, with the coefficient of determination * = 0.956.

The final form of the equation for the modified empirical method is given by

2.14
izp_l+ 01_0.18qcl p (8)
B E, | E, 0.18q,

The correlation between p, and q. is the same as that of Mayne et al. (2012). Thus, it is
expected that the proposed load-settlement curve of equation (8) gives very similar results to
those obtained by equation (1). This was checked for the four locations used herein, and was
proven correct. However, differences between the two methods emerge in the range of very
small and small strains.
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Fig. 4 shows the differences between the two methods in the range of normalized
settlement s/B up to 0.001 for the Texas A&M footing of 3 m x 3 m, which corresponds to
small strains. Very similar shapes and distances between the two curves are observed for
the other three footings at this experimental site. The maximum Young’s modulus E, was
determined from the shear wave velocity profile at the experimental site from Gy = p v,
where Gy is the maximum shear modulus, p is the soil density, and vs is the average shear
wave velocity. Then, E; = 2G, (1+v).

In Fig. 4, there is a correct slope of the tangent to the curve at zero load calculated by
the proposed method. This slope corresponds to the sand stiffness at very small strains, E,.
On the other hand, the tangent to the curve calculated by Mayne et al. (2012) is horizontal,
indicating an infinite soil stiffness at very small strains. The addition of the elastic response of
the foundation sand for very small loads, as given by Eq. (8), is preferable when the curve is
used as a benchmark in back analyses to be performed by numerical modeling that
incorporates the behavior of sand at very small and small strains, as described in the next
section.
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Figure 3. p. and g, for all 16 footings (q. Figure 4. Settlement vs. applied footing load
values taken from Mayne et al. 2012) at very small and small strains up to
s/B=10.001

4. PROPOSED METHODOLOGY FOR CALCULATING LOAD-SETTLEMENT
CURVES

For complex shallow foundations on layered soil, none of the previously published methods
of calculation for the load-settlement curve can be reliably applied, as explained in previous
sections. The Mayne et al. (2012) method works very well for rigid square footings of sizes in
the range from 0.5 mto 6 m on a relatively homogeneous sand layer. The only parameter
required for this method is the average CPT cone resistance of the foundation soil. If a load-
settlement curve has to be predicted for a similar footing or similar ground conditions, neither
the proposed modified load-settlement curve nor sophisticated numerical modeling would
enhance the predictions. However, if the ground contains sand layers of markedly different
stiffness or even contains layers of fine-grained soil, or the depth below the foundation to a
very stiff stratum is smaller than double the foundation width, or the spread foundation is
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flexible (such as foundation slabs and plates that necessitate a numerical soil-structure
interaction analysis), direct empirical methods for predicting load-settlement curves such as
those described in the present paper are of little use. Similarly, finite-element or likewise
numerical methods with complex constitutive models for soils, despite being powerful
modeling tools, have drawbacks in the case of coarse soils owing to problems in recovering
undisturbed soil samples and their handling in the laboratory.

Furthermore, it was shown that an a priori unknown preloading of the foundation soil is
necessary in order to match the measured data. This paper advocates a third approach that
combines the merits of numerical modeling with the modified Mayne et al. (2012) method
given by equation (8). No stress-strain laboratory tests for coarse-grained soil layers are
required. In the case of fine-grained soil layers, undisturbed samples should be retrieved for
laboratory stress-strain testing. In the absence of laboratory tests, correlations with the CPT
cone resistance can be used. The only two in situ tests that should be carried out are the
CPT and geophysical measurements of the shear wave velocity. The proposed approach for
a reliable numerical soil-structure interaction analysis requires the following steps:

1. Perform field CPT and shear-wave-velocity measurements at the future foundation
site. Identify layers in the soil profile.

2. Use the values of the shear wave velocity profile to determine the shear modulus at
very small strains for the numerical modeling of each soil layer, and for use in
equation (8) for sand. This equation is suggested if the constitutive model used in the
numerical analysis has the capability of capturing the nonlinear stress-strain behavior
in the range of very small to large strains (such as HSSmall of the Plaxis program).
Determine other required parameters for numerical modeling by using correlations
with the CPT cone resistance.

3. For each coarse-grained layer in the soil profile, numerically calculate the load-
settlement curve for an imaginary rigid square, or equivalent circular footing having a
similar size to those described herein, that rests on the entire foundation soil being a
homogeneous layer of the same soil. Adjust the preloading input parameter in order
to match the load-settlement curve calculated from equation (8) for each coarse-
grained soil layer.

4. Use the model parameters determined in steps 2 and 3 for each soil layer, and
perform a numerical analysis on the complex soil-structure interaction problem or
settlement analysis for the layered soil profile.

5. VERIFICATION

Two locations with simple footing configurations and layered foundation soils, where load tests
were carried out, were chosen to verify the proposed methodology. The first location is Green
Cove Springs, Florida (Anderson et al. 2007), and the second is Alvin (East), Texas (Tand et al.
1994). At the first location, settlements were measured up to 4 mm, i.e., only in the range of small
strains, so that the influence of elastic deformations in equation (8) could be investigated. At the
second location, there is a clay top layer for which parameters were determined through
correlations with the CPT cone resistance. CPT tests performed in situ gave values of the cone
resistance for each layer at the two locations. No measurements of the shear wave velocity were
performed at either location, so the shear modulus at very small strains for each layer also had to
be determined through correlations with the CPT cone resistance. These two examples serve as
an illustration of the capabilities of the proposed methodology. When measurements of the shear
wave velocity are available, the methodology becomes quite simple.
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Plaxis 2D with the HSSmall constitutive model (Brinkgrave et al. 2011) was used in all
numerical simulations.
For a coarse-grained soil with ¢’ = 0, Gy and G,™ are related through

G, —Gsef[ ;’J ©)

where o3 is the minor principal stress and p™ is the reference pressure, usually taken as the
atmospheric pressure (100 kPa). A similar relationship holds for all reference values above.

When shear wave velocities vs are measured throughout the foundation soil profile, it is
possible to determine the Gy profile, and then Go™ from equation (9) for each distinct layer. This
is the starting point for numerical back analyses. In the absence of vs measurements at the two
analyzed locations, correlations between G, and q. were used first. Schnaid et al. (2004) (after
Schnaid 2009) gave the following correlation for sand:

G, = 9,0, P, (10)

where 0,0’ is the in situ vertical effective stress relevant to the CPT cone resistance in a layer,
and p, is atmospheric pressure equal to 100 kPa. The coefficient « varies from 110 to 800, the
value of 110 being the lower bound for uncemented sand, and the value of 800 the upper bound
for cemented sand. In the absence of any relevant indication which value of « to use, in this
study a value of « =400 was adopted for all sand layers at the Green Cove Springs location, and
a = 250 for all sand layers at the Alvin (East) site.

Values of q. provided for each sand layer by Anderson et al. (2007) and Tand et al. (1994)
were taken as q¢. In situ vertical effective stresses were calculated at the midpoint of each layer
in the layered foundation soil. It was then assumed that for a thick homogeneous foundation soil
consisting of the sand of one layer, the CPT cone resistance varies with depth. From equations
(9) and (10), it can be deduced that

, 3m-1
O
ch _qCIL VOZ’] (11)
Oy01

where 0,0, is the in situ vertical effective stress in the thick homogeneous layer at depth (D5 + B),
where D:is the footing embedment depth. Values of g, and 0,5’ were used to calculate the
relevant G, from equation (10) and then E, for use in equation (8) for the modified Mayne et al.
(2012) method.

Mayne and Rix (1993) gave the following correlation for clay:

G, =287 (12)

C

where Gy and g, are in kPa. This correlation was used for the clay layer at the Alvin site.

In order to determine unknown HSSmall parameters (except for Gy when the v, profile is
known), the relative density D, (%) for each sand layer was determined first from the correlation
given by Jamiolkowski et al. (1985):
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D, = -98+ 66log,,—* (13)

0.5
'
O-VO

where g, and 0,0” are in t/m?, 04" was taken at the midpoint of the particular layer in the layered
soil profile, and g. = qgc1.

Brinkgreve et al. (2010) suggested to correlate HSSmall parameters with the sand relative
density:

ref _ pref
E, =E

oed

D
= 60000 © (kPa) Er =3E
5 (14)
Gy = 60000+ 68000 & (kPa) w =9 —30°

For sand layers Vuns = Vsat-

For the clay layer, assuming a constant shear wave velocity with depth, m=0 so that
Go™ = Gy, and G, was determined from equation (12). The constrained modulus Eoeq™ = Eoeq
was obtained from the following correlation (Sanglerat 1992, after Schnaid 2009):

E=a,0. for 0.7<g,<2MPa 2<g, <5 (15)

Ese™ and E,"™ = 3 E5™ were adjusted with E,q® according to Plaxis’ suggestions so that
equation (15) is satisfied.

After having determined parameters for numerical analyses of all soil types, each sand layer
is modeled as if the entire foundation soil consisted of the material of that layer. The two footings
were modeled with dimensions equal to those used in the load tests. The sizes of the equivalent
base area square footings are within the range of values analyzed by Mayne et al. (2012). The
footing material is reinforced concrete.

It was stated in the subsection on numerical modeling that Benz (2007) had to use
preloading of the foundation sand in order to make it overconsolidated and match the numerical
and measured data. Setting the pre-overburden pressure (POP) among the initial condition input
data to the value of preloading used in the analysis has the same effect as loading and unloading
the soil by that value prior to simulating the load test. POP has a constant value for a given sail,
and it is given by (Brinkgreve et al. 2011)

POP:‘GP -0,

(16)

where 0, is the preconsolidation pressure.

If POP is set to zero, the soil is normally consolidated, and plastic deformations start from
the beginning of calculations. When POP is set to a nonzero value, according to the HSSmall
model, there are elastic deformations at very small strains.

Now, the analytical load-settlement curve according to equation (8) is calculated, and POP
in Plaxis is adjusted so that the two curves fit the best. However, this step can be used only when
values of G, for each layer are determined from shear wave velocities. Since this study uses no
Vs measurements, additional steps must be undertaken.

Whenever the value of POP is changed for a given homogeneous foundation sand, the
horizontal effective stresses in the initial state also change. Therefore, for each new value of
POP, the horizontal effective stress at depth (D + B) is read off from the Plaxis presentation of
the initial state. Then, G, for the current calculation is obtained from equation (9), where the
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value of Gy is taken as the one previously determined at depth (Ds + B) for the use of E; in the
analytical equation (8).

When the fitting procedure is completed for all sand layers, and parameters are defined for
the clay layer at the Alvin site, all parameters for the Plaxis analysis of the layered foundation
soil, including POP for each sand layer, are set.

5.1 Green Cove Springs

At 1.8 m in diameter, 0.6 m in thickness, and 0.6 m embedded in the ground, reinforced
concrete footing was load tested to 222 kPa in Green Cove Springs, Florida (Anderson et al.
2007). The groundwater table was at 1.7 m from the ground surface. The 1.8-m-diameter circular
footing was taken as an equal area square footing with the size 1.6 m for the analytical
expression, and it was numerically modeled as an axisymmetrical footing.

A description of the four foundation soil layers and their relevant parameters are given by
Anderson et al. 2007, along with relative densities calculated from equation (13). For the fourth
layer, equation (13) gives the relative density of 0. Thus, a value of 0.1 was adopted in order to
calculate parameters for Plaxis.

Fig. 5 shows the finite element mesh for the layered foundation soil. Strain-controlled calculations
were carried out.

Fig. 6 shows the measured data (Anderson et al. 2007) and all calculated results. The full
black curve is the result of a Plaxis calculation of settlements for the layered foundation soil. It
matches the measured data very well. The full gray curves are the results of settlement
calculations by equation (8) for the modified Mayne et al. (2012) method for the entire foundation
soil comprised of the material of each layer separately, and the dashed curves are the Plaxis
best fit to equation (8) for the same foundation soil conditions as for equation (8).

0.0

Green Cove Springs

B=1.6m
* measured

Plaxis 4 layers
equation (8)
— = Plaxis fit

settlement (mm)
to
(]
)

600 \ numbers

sopt R\ N
35 F |® ‘li@\ @ \\
100 _4.0_llllllhll\llllllllll\ll
0.0 0.2 0.4 0.6 0.8 1.0
load (MN)
Figure 5. Green Cove Springs finite element Figure 6. Measured data (Anderson et al.
mesh for layered foundation soil 2007), Plaxis results for layered foundation

soil, and Plaxis best fit to equation (8)

The Plaxis fit to equation (8) is very good for all four sand layers. This was achieved by
selecting Go™ through the procedure described above in the absence of v measurements. Then,
POP was adjusted for the best fit. In this analyzed case, the advantage of using the modified
Mayne et al. (2012) method for the correct prediction of the soil behavior at very small and small
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strains is apparent, since settlements were measured in this range of strains. Fitting Plaxis
calculations for each sand layer to the Mayne et al. curve would give different results because
the tangent to their curve is horizontal at very small strains.

The depth of 2B = 3.2 m is within the second layer. Thus, layers 1 and 2 have the most
influence on the final Plaxis curve for the layered soil. The final result is promising in terms of the
proposed methodology. For this site, it would have been sufficient to use the method by Mayne
et al. (2012) given by equation (1), but this is a simple example where a load test was carried out
so that the final result could be compared to measured data for a layered foundation soil. The
proposed methodology is convenient for the prediction of load-settlement curves in geotechnical
problems where it is not plausible to use the simple Mayne et al. method. Furthermore, it
provides direction for more efficient numerical modeling of shallow foundations.

5.2 Alvin (East)

Another simple illustrative example of the application of the proposed methodology is one of
the four load tests performed in Alvin, Texas (Tand et al. 1994), which essentially covers two
footings. Four belled reinforced concrete footings were load tested at two separate locations
(East/West). The two footings at each site were installed 2.7 m apart using a crane-mounted
drilling rig. The upper 2.7 m at each site is primarily stiff sandy clay (CL) to clay (CH). The clay is
underlain by a thick deposit of medium dense to dense sand (SM/SP) to a depth greater than
15 m. The water table is at 1.9 m below the ground surface.

The East location was chosen in this study. The analysis presented herein covers both
footings at the East location with a single model. The two footings at this location have an
average base diameter of 1.95 m, which corresponds to an equal area square footing of
B = 1.7 m. The footings are embedded at 2.2 m, which equals their thickness. Therefore, there is
a clay layer 0.5 m thick below the footing bases. A description of the four foundation soil layers
and their relevant parameters are given by Tand et al. 1994. The first layer composed of clay
was numerically modeled in the undrained state with the undrained shear strength ¢, as the input
parameter for strength characteristics (¢, = 1° for numerical reasons).

Fig. 7(a) shows the results of Plaxis fit to equation (8) for each sand layer, again by adjusting
POP. In this case, the two curves for separate layers do not fit as well as in the previous case
because the settlements were calculated up to 70 mm, whereas they were calculated up to
4 mm for the Green Cove Springs location. Fig. 7(b) shows the measured data (Tand et al. 1994)
and final Plaxis calculation for the layered foundation soil (full black curve). This curve matches
exceptionally well with the measured data. The Plaxis curves are reproduced for layers 2 and 3,
and the Plaxis curve for clay is added for reference in Fig. 7(b). The depth of 2B = 4.4 m is within
the third layer.

This example also shows that the approach suggested in the proposed methodology can
provide good results. This is especially encouraging for the numerical modeling of shallow
foundations because of the usual problems with the determination of numerous input parameters
which, according to the proposed procedure, require CPT and shear wave velocity
measurements in situ and only standard tests in the laboratory (e.g., direct shear and
determination of basic soil characteristics). It is further encouraging because the problem of
systematic overprediction of settlements on sand by numerical modeling can be solved by
adjusting the POP or likewise the specification of overconsolidation in other computer programs
against the analytical calculation given by equation (8) for the modified Mayne et al. (2012)
method.
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Figure 7. (a) Equation (8) and Plaxis best fit to equation (8), (b) measured data (Tand et al.
1994), Plaxis calculation for layered soil, and Plaxis calculation for first three layers separately

6. CONCLUSIONS

The nonlinear load-settlement curve for a simple footing on thick, fairly homogeneous
sand stratum may best be predicted by empirical methods that correlate it directly to the
results of some in situ tests. The method by Mayne et al. (2012) uses the cone resistance of
the standard cone penetration test as a single soil parameter and appears to be the most
simple and convenient solution. For more elaborate spread foundations or soil strata that
cannot be treated as deep and homogeneous, this method is not applicable. Finite element
or similar numerical methods, along with appropriate constitutive models for soils, which
have the potential to model these geometrically more complex problems, have drawbacks.
The constitutive model parameters used in the numerical analysis, if determined from
unavoidably disturbed sand samples to be tested in the laboratory, are not reliable enough
(Benz 2007). In addition, Benz introduced a hypothetical preload of the foundation sand to
match the numerically calculated and measured settlements of an experimental footing.
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To mitigate the described deficiencies, a methodology is proposed in the paper that
combines the advantages of both the empirical and numerical approaches in predicting load-
settlement curves for shallow foundations. The proposed methodology may be used for
layered foundation soil that also contains fine-grained soil layers, or when a reliable nonlinear
soil-structure interaction analysis is desired. In the proposed methodology, it is suggested to
determine the maximum shear modulus from measurements of the shear wave velocity in
the field, and perform a CPT. Then, soil parameters for the numerical soil model for each
layer from the soil profile separately, and comprising the entire foundation soil, can be
determined from correlations with the CPT cone resistance. For each sand model, a load-
settlement curve is calculated using the proposed modified Mayne et al. (2012) method,
which accounts for the finite soil stiffness at very small strains. The numerical load-settlement
curve is fitted to match this calculated curve by adjusting the overconsolidation parameter.

The modified load-settlement curve has two parameters that were determined through a
statistical analysis of 16 footings at four locations. The four selected locations span the range
of 12 out of 13 soil stiffness values used in Mayne et al. (2012). Load-settlement curves
calculated by the Mayne et al. method and by the proposed modified method are very similar
when plotted up to failure, but differ at very small and small normalized settlements (up to
s/B=0.1 %).

The proposed methodology was verified at two locations where load tests of simple
footings resting on nonhomogeneous foundation soil were carried out: Green Cove Springs
(Anderson et al. 2007) and Alvin (East) (Tand et al. 1994). The two examples were used to
illustrate the potential of the methodology, even though neither location had measurements
of the shear wave velocity. The shear modulus at very small strains was estimated from
correlations with the CPT cone resistance. The final results at both locations showed very
good matching between the measured settlements and those calculated numerically for a
footing on layered soil. This is very promising because of problems encountered when soill
parameters for a complex constitutive model have to be determined, and because of the
systematic overprediction of settlements on sand by standard numerical modeling.
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