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ABSTRACT: The response of a shallow foundation has been investigated by numerical simulations in a series
of 1g small scale tests using the Finite Element Method. In this numerical study, special attention has been
given to the influence of soft boundaries as a measure to counteract boundary effects, since limitations of space
were present in the containers used for the experiments. These experiments were carried out on rigid shallow
foundations on sand using strongboxes, which are routinely used in the small beam centrifuge at Delft University
of Technology. Two soil constitutive laws were used: 1) the well-known linear elastic perfectly plastic model,
and 2) a hypoplastic model. Soft boundaries have been modelled as a continuum, while soil-soft boundary
interaction has been addressed by zero thickness interface elements. Model parameters have been back-figured
from free field experiments, since boundary effects were considered negligible in these kinds of experiments.
Finally, comparisons between numerical and experimental data showed hypoplasticity performed better than

the elasto-plastic model to reproduce some aspects of mechanical boundary effects.

1 INTRODUCTION

The response of a shallow foundation is generally
evaluated under so-called free field conditions, i.e.
other structures or barriers, if present, are far enough
to not interfere with the system response. Under these
circumstances, classical plasticity solutions are pre-
ferred to assess ultimate capacity, whereas physical
and numerical modelling techniques are less widely
used. However, under constrained conditions the ulti-
mate capacity predicted by analytical expressions as
well as the load-displacement (LD) response may be
affected. These changes in the foundation response
may be properly analyzed using advanced numerical
and physical modelling techniques. Among other cir-
cumstances, constrained conditions may appear e.g.
when small scale tests are performed to evaluate the
response of a shallow foundation and space limita-
tions are present in the facilities, as it is the case of
the small beam centrifuge at Delft University of Tech-
nology (Allersma 1994) or potentially in other geo-
centrifuges around the world with similar characteris-
tics. Under such limitations, boundary effects should
be evaluated with special care, and mitigation strate-
gies should be sought to avoid erroneous conclusions.

Various methodologies have been proposed in the
literature to evaluate and potentially minimize hard
mechanical boundary effects. These methodologies
may entitled within three broad categories: empiri-
cal, numerical, and experimental methods. The reader
may refer to Pozo (2016) for a review of these cate-
gories. An illustrative example of experimental meth-

ods comes from Pozo et al. (2016), where the influ-
ence of hard mechanical boundaries on the response
of a shallow foundation was studied through 1¢g small-
scale tests. In this experimental study, the influence of
boundary effects on LD curves and strain field within
the soil was evaluated. The evolution of volumetric
and shear strain fields was monitored through Parti-
cle Image Velocimetry (PIV) analyses during pene-
tration of the foundation using the MATLAB module
GeoPIV-RG (Stanier et al. 2016). These series of ex-
periments were performed in two strongboxes of dif-
ferent size, each one representing a free field and con-
strained condition, respectively. Through these exper-
iments, Pozo et al. (2016) proved that the implemen-
tation of Soft Boundaries (SB) adjacent to strongbox
walls was a suitable strategy to reduce mechanical
boundary effects under constrained conditions.

In this paper, exemplary tests from Pozo et al.
(2016) and Pozo (2016) have been investigated nu-
merically using the Finite Element Method (FEM),
aiming to reproduce the influence of SB on the be-
haviour of a small-scale shallow foundation. Predic-
tions are restricted to 1g conditions, since sound ex-
perimental evidence has been collected under this sit-
uation; however, future research may include sim-
ilar analyses under Ng conditions. The Finite El-
ement (FE) software package PLAXIS (Brinkgreve
et al. 2016) was used for this task. At first, the re-
sponse under free field conditions is sought to be re-
produced, in the sake of back-figuring model parame-
ters. Later, comparisons are carried out between shear



band predictions against experimental evidence col-
lected through PIV analyses. Within this paper, stress
and strain variables are presented within Soil Me-
chanics sign convention.

2 PHYSICAL MODELLING

2.1  Soil characteristics

Merwede River sand was used in this series of tests. It
is a uniform silica sand which consists of sub-angular
to sub-rounded particles with a mean particle size dsg
of 0.92 mm and a specific gravity G, of 2.65 (Pozo
2016). The sand has a mean uniformity coefficient of
1.3; whereas the minimum and maximum void ratio
have been reported to be e,,;, = 0.52 and e,,,,, = 0.72.
Later, soil packing state will be referred by its relative
dGHSity RD =100 - (emax - 60)/(ema:c - 6mm)[%]a
where ¢ is the initial void ratio.

2.2 Experimental setup

The experimental database produced by Pozo (2016)
corresponds to tests developed in dry sand. Sam-
ples were prepared through the travelling pluviation
method (Lo Presti et al. 1992) aiming to reproduce
specimens with uniform relative densities within 55 to
93 %. Two strongboxes were used, which were made
up of aluminium, PVC and transparent acrylic glass.
Hereafter, these strongboxes will be referred as FB
(free field condition) and CB (constrained condition).
A steel strip footing with dimensions 30 mm x 50 mm
(height x width) was used. This footing covered the
full strongbox breath, aiming to ensure plain strain
conditions perpendicular to the front acrylic glass. A
sketch of the experimental setup is shown in figure 1.
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Figure 1: Sketch of free field (SB-F) and constrained (SB-S)
strongboxes used for plain strain penetration tests.

2.3 Boundary conditions (BC)

Two types of lateral BC were implemented in the ex-

perimental setup:
1. BCI: A hard boundary of aluminium or PVC
was used. For the sake of simplicity, both ma-

terials were assumed to provide a large rigidity
relative to the stiffness of the soil.

2. BC2: A layer of rubber material (shore hardness
of 8 — 13A) was added between the sand and the
hard lateral boundary to simulate a SB, where
rubber padding thickness was set to 9mm.

Independently of the lateral BC type, a sandpa-
per of a grit size of P150 (100 um of average par-
ticle size) has been located between the soil and the
soft or hard boundary. This procedure was aimed
to enable a uniform roughness between the soil
and lateral container boundaries. The FB-container
was used only with a lateral boundary of the BC1
type, since a free field condition was ensured due
to the large longitudinal dimension of the strongbox
(length oo/ Widthieine = 8.2). These type of tests
will be referred as case 1. In addition, experiments
performed within the CB-container combined with
BC1 and BC2 lateral conditions will be referred as
case 2 and case 3, respectively. The first combination
aimed to mimic a constrained condition; whereas the
latter sought to explore SB effects under constrained
conditions. A summary of strongbox type and BC
used for the three cases is shown in table 1.

Table 1: Strongbox type and BC for different cases.

Case Strongbox type lateral BC
1 FB BC1
2 CB BC1
3 CB BC2

2.4  Load-displacement data and image acquisition

Load-displacement data has been collected during
footing penetration under displacement-controlled
conditions (constant rate of 0.08 mm/s). In addition,
this force-displacement data has been complemented
through an image acquisition process (rate of 2 im-
ages/second) for further PIV analyses (Pozo 2016).
The image acquisition process was carried out using
a digital-single lens reflex camera (Canon EOS 750D)
aided with continuous illumination through a lamp
(~ 800 lumens of luminous flux) positioned 500 mm
away from the strongbox; while the camera was lo-
cated 300 mm away. An illustration of the data acqui-
sition process is shown in figure 2.
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Figure 2: Sketch of parallel acquisition of illumination-aided im-
ages and load data during displacement-controlled tests.



2.5 LD curves from experimental results

Hard mechanical boundary effects were reflected in
three features of the LD data in terms of pre-peak re-
sponse, i.e. an increased bearing capacity and initial
stiffness, and occurrence of peak state at a shorter
penetration depth. While in terms of post-peak re-
sponse, a sharper reduction of load and a lower resid-
ual bearing capacity was observed under constrained
conditions. The three pre-peak aspects could be sat-
isfactorily modified by the implementation of rubber
paddings (case 3), i.e. the stiffness and bearing capac-
ity was decreased, and peak state occurred at a larger
penetration depth when compared to case 2. Never-
theless, post-peak response could not be modified sig-
nificantly, as observed in figure 3.
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Figure 3: LD curves from experimental results.

3 NUMERICAL MODELLING

Plain strain FE models were used in all cases. Model
domain was restricted laterally to half of the corre-
sponding strongbox size due to the ideally symmet-
ric configuration of the experiments, while full soil
specimen depth (H,; = 115 mm) was considered in
the vertical axis. Soil and soft boundaries were mod-
elled by means of 15-noded triangular elements. Re-
gardless of the boundary type (BC1 or BC2), soil el-
ements and virtual hard or soft boundaries were con-
nected by means of 10-noded interface elements to
mimic the influence of sandpaper on soil-SB inter-
action. Domain boundary conditions for case 1 and
case 2 were set as normally fixed and fully fixed in
the lateral and bottom boundaries, respectively. How-
ever, the bottom boundary was set as normally fixed
in case 3, to allow horizontal movement at the base
of the SB to be consistent with experimental obser-
vations through image analyses. For the sake of sim-
plicity, the steel footing has been considered as fully
rigid since a large bending stiffness compared to soil
stiffness is expected under 1g conditions. Therefore,
footing penetration has been modelled using uniform
prescribed displacements at the top of the specimen
level as shown in figure 4.

3.1 Constitutive laws

3.1.1 Soil

Two constitutive models were chosen, namely 1) a
linear elastic perfectly plastic (LEPP) model within a
Mohr-Coulomb failure criterion and non-associative

plasticity (Vermeer 1982), which has been adopted
with a tension cut-off at the planes 0] = 04, = 0 =0
in the principal stress space since a small cohesion
¢’ = 0.1 kPa has been imposed to prevent premature
soil collapse at the top level; and 2) the hypoplasticity
model from von Wolffersdorff (1996).

Unlike most elasto-plastic constitutive laws, the hy-
poplastic model treats the void ratio e, and the Cauchy
stress tensor o’ as state variables. This enables the
model to capture the mechanical response at different
packing and stress states within a unique parameter
set. As other hypoplastic relations!, this constitutive
law is rate-independent and incrementally non-linear
in the current strain rate €; and can be expressed by a
single tensorial formulation as depicted in equation 1:
'(o',e,¢) =&(0’,e): e+ N(o'e) ||¢] (1)
where ¢’ is the (objective) Jaumman stress rate ten-
sor, € = f,f.(F?S + 026’ ® 6")/(6": ") is a fourth
order tensor with & being the fourth order unit tensor,
andN = f;fy feFa(6'+6))/(6': ¢')is asecond order
tensor. Both tensors are a function of the normalized
stress tensor 6" = o' /tr(¢”), while N is also dependent
on the deviatoric part of the normalized stress tensor
o/, = ¢’ — (1/3)I with I being the second order unit
tensor. Critical states are incorporated in the formula-
tion by the scalar-valued function /' = f(47;) and the

parameter a = /3/8(3/sin(¢.,) — 1). The scalar fac-
tors f., f4 cope with the influence of density; whereas
f» reflects the effect of stress level. Due to space lim-
itations, the reader may refer to Herle and Gudehus
(1999) for further details on parameter calibration.

3.1.2  Soft boundary (SB)

Rubber paddings have been modelled through
isotropic linear elasticity, defined by two parameters,
namely the Young’s modulus g, = 0.271 MPa as
measured from unconfined compression tests (Pozo
2016), and Poisson’s ratio v/, for rubber, which was
adopted as 0.49 to address its widespread volumetric
incompressibility.

3.2 Soil - boundary interaction

Interaction between soil and (rigid or soft) domain
boundaries has been addressed using zero-thickness
interface elements, which may represent a zone of soil
with degraded stiffness and strength properties. This
interface elements connect couples of nodes, enabling
gapping or slipping to occur. The elastic relative dis-
placements which may occur in these interfaces are
governed by the interface elastic constants K and
Kg; where Ky = FEyeq/t, and Kg = G;/t, are the
interface elastic constants with ¢, being the inter-
face virtual thickness. Interface oedometric stiffness
E,cq,; and shear modulus G; are computed from elas-
tic properties of the adjacent soil including a degra-
dation factor R and a Poisson’s ratio v; = 0.45, i.e.

I'The term hypoplasticity may reference to three different the-
ories, namely Karlsruhe-hypoplasticity, Dafalias-hypoplasticity
and CLoE-hypoplasticity. The first meaning is adopted here
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Figure 4: Elucidation of a typical (very fine) mesh for simulations corresponding to case 3 tests: 10207 elements, 82704 nodes

GZ‘ = RQGSOH and Eoed,i = 2G1(1 - l/l)/(l — 21/1) In
the sake of simplicity, the virtual thickness ¢, has been
set to 10% of the average element size.

In these interface elements, non-associatve plastic-
ity governs the flow rule within a yield surface of
the Mohr-Coulomb type with a nil dilatancy angle
;. Strength reduction is achieved in a similar man-
ner as carried out for the interface stiffness. In this
case, the relations tan(¢;) = tan(¢')/Rand ¢, = /R
have been adopted. It is worth to mention that when
soil behaviour has been set to be hypoplastic, the in-
terface yield locus has been removed to avoid conver-
gence problems (by deactivating interface elements).
Furthermore, when this advanced constitutive law has
been used, a reference interface shear modulus has
been estimated as G/ = R2ErS! /[2(1 + /)], with
V' = 0.3 and EL/ = 600RD[K Pa] for a reference
pressure of 100k Pa (Brinkgreve et al. 2010). In ad-
dition, a rate of stress dependency m = 0.5 (typical
value for sands) has been adopted. The reduction fac-
tor R has been adopted as 0.75 independently of the
soil constitutive law, in the sake of simulating a rough
soil - boundary interface (as intended with the imple-
mentation of sandpaper in the experimental setup).

3.3 Finite Element mesh

Three kinds of mesh density have been applied as
available by default in PLAXIS, i.e. medium, fine
and very fine mesh. The difference lies on the av-
erage element size /4,4, which can be computed as

lawg = 0.067c+/22, . + Y2,,.. Where 7. takes the de-

fault values of 1.00, 0.67 and 0.50 for medium, fine
and very fine mesh configurations, respectively; and
Tmae aNd Ypnq, are the maximum horizontal and ver-
tical lengths of the model domain, respectively. In
addition, strategic mesh refinement zones have been

adopted in the vecinity of the footing corner to im-
prove the quality of displacement and strain fields,
and within soft boundaries as shown in figure 4.

3.4 Stress field initialization

Soil initial stress field under 1g conditions has been
generated using the so-called ky— procedure. In this
procedure, only soil clusters are present and gravity
loads are applied. These loads derive from the (dry)
soil unit weight v,.;. Required values of ~,,; have
been estimated as a function of the initial void ra-
tio, i.€. Vsoi = YuwaterGs/(1 + €g). Effective vertical
stresses o/ are calculated to comply with equilibrium
in terms of body forces. Nevertheless, the effective
lateral stress is back-figured from o, based on the co-
efficient of earth pressure at rest ko, i.e. oy, = koo, .
Required k,—values have been estimated empirically
as suggested by Jacky (1944), i.e. kg ~ 1 — sin¢/,
where ¢’ is the friction angle. Values of this param-
eter have been obtained using the empirical formula
for sands ¢’ ~ 28 + 12.5RD /100 [°] (only for stress
initialization), derived by Brinkgreve et al. (2010) us-
ing regression analysis on experimental data from Jef-
feries and Been (2006). This procedure enabled to ob-
tain a realistic initial stress field, regardless of the cho-
sen consitutive law. Soft boundaries, if present, were
simulated using Y,ypper = 11.0 KN/m? as wished-in-
place, by switching soil material models into soft
boundary material. This initialization process caused
inevitably artificial soil displacements, which were re-
set before further calculations were carried out.

3.5 Displacement-controlled tests

Footing displacement-controlled tests were modelled
through sequential calculation phases involving small
prescribed displacement increments, i.e. 1 mm per
calculation phase. Within each calculation phase,



the maximum prescribed displacement increment has
been set to 1% per step to ensure that at least 100
steps are computed within each 1 mm of footing dis-
placement. This procedure aided to reduce the re-
quired number of iterations per step. Soil collapse
in the FEM simulations has been considered to be
reached if the automatic load-increment routine is un-
able to proceed with increasing prescribed displace-
ments (after trial-and-error a reasonable upper bound
of maximum number of iterations per step was found
to be ~ 60). Finally, Load-displacement curves have
been elaborated by post-processing the vertical reac-
tion force (per width) at model boundaries (induced
by prescribed displacement increments only).

4 NUMERICAL RESULTS AND DISCUSSION

4.1 Back-analysis of model parameters

Tests corresponding to case 1 were chosen for inverse
analysis, primarily because of the nearly negligible in-
teraction of the strongbox boundaries with the adja-
cent soil. Model parameters were adjusted wisely by
trial-and-error until a reasonably good agreement was
achieved between experimental and numerical data.

In general, each parameter tend to dominat differ-
ent features of the mechanical response. For instance,
when the linear elastic perfectly plastic model was
used, the Young’s modulus controlled the slope of
LD curves. Therefore, this parameter was changed
upon an initial good agreement in terms of the secant
slope of LD data, while the Poisson’s ratio was set
to 0.3 (typical value for soils). As an initial guess of
strength parameters, the approximation ¢’ — ¢ =~ 30°
(Brinkgreve et al. 2010) was adopted, while keeping
a reasonable value of ¢'. In general, final tuning be-
tween numerical and experimental data required re-
finement of all the parameters, since they interact be-
tween each other to some extent.

Similarly, when hypoplasticity was used, some pa-
rameters were fixed according to correlations from
Herle and Gudehus (1999) and recommendations by
Bauer (1996). Correlations for characteristic void ra-
tios in terms of minimum and maximum void ra-
tios were adopted, namely e;0 = 1.2€,,423 €0 = €mazs
€d0 = €min. The exponent S was set to 1.0, which
may be valid for a wide range of sands. In addition,
typical ranges were used to narrow possibilities dur-
ing parameter adjustment, i.e. 0.10 < o < 0.30 and
0.18 <n < 0.40.

The non-linearity of stiffness in LD curves could
not be captured when the LEPP model was used, as
observed in Figure 5. This can be explained by the
fixed Young’s modulus of the constitutive law (no
stress dependency of stiffness is taken into account),
and its incapacity to take into account the void ra-
tio dependency of stiffness in the soil. Nevertheless,
the average trend of LD response could be captured
within a proper choice of Young’s Modulus. There-
fore, parameter selection was focused to force fitting

in terms of peak state only. This drawback was ob-
served to be less severe under looser samples, where
non-linearity is less pronounced during pre-peak re-
sponse. In addition, it is clarified that only pre-peak
response was studied with the LEPP model since no
softening behaviour is included in the formulation.

On the other hand, the pre- and post-peak evolu-
tion of stiffness was intended to be captured when
a hypoplastic model was used. Remarkably, strain
softening-like behaviour was poorly captured by the
hypoplastic model; unveiled by sudden load drops as
shown in figure 6. In this case, it was difficult to match
both pre- and post-peak behaviour for all relative den-
sities within a unique parameter set. The chosen pa-
rameter set performed better for a dense packing state
(RD = 92 — 93%) at the expense of a poor post-peak
response for a looser state (RD = 59%). Parameters
were chosen on purpose to perform better at a dense
state because further numerical investigations are fo-
cused in dense samples only, where boundary effects
may be more pronounced (Pozo et al. 2016). Tables 2
and 3 summarize back-figured model parameters and
interface parameters, respectively.

Table 2: Soil constitutive model parameters

LEPP model
RD %]  E[kPa] JkPa]l ¢ [T O[]
93 800 0.3 0.1 48.00 25.00
75 650 0.3 0.1 45.00 21.50
59 470 0.3 0.1 42.70 18.60
Hypoplasticity
] hs[MPa] n a B eo € €do
37.0 920 0.18 0.15 1.0 0.86 0.72 0.52

Table 3: Soil - (hard or soft) boundary interface parameters

LEPP model
RD %] G [KPa] FE,eq;[KPa] ¢, [kPa] ¢, [°] L[]
93 173 1904 0.075 39.80 0.0
75 141 1547 0.075 36.90 0.0
59 102 1119 0.075 34.70 0.0
Hypoplasticity
RD (%] G [kPa] EL:] [kPa] pres [kKPa] m
93 12072 132793 100 0.5
59 7659 84245 100 0.5

The influence of mesh density was negligible when
the linear elastic perfectly plastic model was used;
nevertheless, mesh density was observed to have ma-
jor effect with hypoplasticity, as observed in figure 7.
Therefore, back-figured model parameters were cho-
sen to ensure fitting when a very fine mesh configura-
tion was used.

4.2 Validation against Direct Shear (DS) tests

Hypoplastic model parameters have been validated
against experimental data on DS tests. These tests
were carried out on (dry) medium dense sand sam-
ples (RD = 75%) under 16 kPa, 60 kPa and 103 kPa
of normal load. A plot for comparison between nu-
merical simulations and experimental data is shown in
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Figure 7: Mesh sensitivity for case 1 using hypoplasticity.

figure 8. Numerical simulations were observed to ap-
proximate better the experimental results for tests un-
der low normal loads; whereas for medium loads, the
hypoplastic model showed underprediction of shear
stress and an overprediction of dilatancy. Differences
between predictions and experimental data has been
quantified by the Root Mean Square Error (RMSE),
which has ben normalized by the residual shear stress
and volumetric strain after 10 mm of horizontal dis-
placement. The normalized RMSE:s in terms of shear
stresses have been found to be 15.9%, 20.1% and
25.2% for samples under 16 kPa, 60 kPa and 103 kPa
of normal load, respectively; whereas in terms of vol-
umetric strains, RMSEs were determined to be 10.4%,
8.5% and 15.2% for samples under 16 kPa, 60 kPa and
103 kPa of normal load, respectively. These element
test validations showed that the back-figured model
parameters possessed better predictive capabilities in
terms of volumetric strains than for shear stresses.

4.3  Comparisons with PIV for cases 2 and 3

Numerical predictions for a dense sand (RD = 93%)
in terms of shear strains are presented in figure 9 (a)
& (b) and (c) & (d) for cases 1 and 2, respectively.
Figures 9 (a) and (b) show that shear band develop-
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Figure 8: Shear stress and volumetric strain response on DS tests.

ment for case 1 could be captured reasonably well
by both constitutive laws. In both cases, shear band
(horizontal) extension was in agreement with PIV re-
sults; however, shear band depth and inclination with
respect to the horizontal plane near shear band tail
were underestimated, whereas shear band inclination
beneath the footing was overpredicted.

As discussed in the literature, shear band incli-
nation 6 with respect to the major principal stress
direction may show dependency on the friction an-
gle (Mohr-Coulomb theory: § = 7/4 — ¢'/2) and on
the dilatancy angle (Roscoe (1970): 0 = w/4 — ' /2;
Arthuretal. (1977): 0 = 7w /4 — ¢' /4 — 1)’ /4). For both
constitutive laws, the major principal stress direction
showed the tendency to be rotated from a nearly ver-
tical direction within the soil beneath the footing into
a nearly horizontal direction within the soil near shear
band tail. Therefore, this tendency of major principal
stress direction rotation combined with too high val-
ues of friction angles (¢’ and ¢/,) and the overpredic-
tion of dilatancy (too high values of ¢’ in LEPP pa-
rameters and overprediction of dilatancy as discussed
in section 4.2) may have been the cause of an inade-
quate prediction of shear band inclination (underpre-
diction of #) within both constitutive laws. In addi-
tion, this poor predictive capability of both constitu-
tive models in terms of shear band inclination may be
a major contribution to the underprediction of shear
band depth for both constitutive laws, since it affects
shear band geometry.

In case 2, shear band depth was observed to be re-
duced through image analyses (see figure 9). Remark-
ably, only the hypoplastic model showed qualitatively
this behaviour when compared to the prediction for
case 1. On the other hand, a deeper shear band branch
was predicted to be developed by the LEPP model.
This resulted in reflected shear bands adjacent to the
lateral boundary within an inclination of 45° — ¢'/2
(¢ = 48°), which may have erroneously suggested the
occurrence of passive thrust.

4.4  Effect of mechanical boundaries on LD curves

4.4.1 FEM simulation of case 2

In this case, the LEPP model was not able to capture
neither an increase in stiffness response and bearing
capacity properly, nor a reduction in Peak State Pene-
tration Depth (PSPD). Based on the experimental re-
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sults, the peak secant stiffness was expected to be in-
creased in 51.1%; the bearing capacity in 31.2%; and
the PSPD to be reduced in 13.4%. However, the LEPP
model predicted only 2.6% of increase in peak se-
cant stiffness; an increase of 1.1% in bearing capacity;
and a reduction of 1.4% in PSPD, i.e. hard mechan-
ical boundary effects on the LD response were erro-
neously predicted to be negligible under a constrained
condition. On the other hand, the hypoplastic model
performed better in predicting an increased bearing

capacity within 5.0% of error with respect to the
experimental observation; however, it overpredicted
the secant stiffness response by 35.8% and underpre-
dicted the PSPD by 22.7%. In addition, no post-peak
response could be captured since soil (numerical) col-
lapse was obtained after the peak state occurred. Re-
markably, the initial stiffness response until 2 mm of
penetration was in good agreement with the experi-
mental result when hypoplasticity was used; whereas
a good agreement was observed only until 1 mm of
penetration for the LEPP model. The poor predictive
performance of the LEPP model in terms of key as-
pects of hard mechanical boundary effects could be
attributed to the lack of stiffness stress dependency
in its formulation. On the contrary, the better perfor-
mance of hypoplasticity in capturing the influence of
hard mechanical boundaries on the bearing capacity
may be explained after the picnotropy and barotropy
dependence of stiffness. Nonetheless, it should be no-
ticed that poor capturing of strain-softening of the hy-
poplastic model was reflected again in sudden sharp
load drops during strain localization. Finally, the pre-
mature (numerical) soil failure predicted at a penetra-
tion depth of 4.1 mm might be explained after this
drawback of the model. Predictions of case 2 for a
dense sand (RD = 93%) are shown in figure 10.

4.4.2 FEM simulation of case 3

When case 3 was simulated using a LEPP model,
the peak secant stiffness remained nearly unchanged
within a reduction of 3.3% (percentage taken with re-
spect to its numerical prediction of case 1). This sup-
ports the previous discussion on the insensitivity of
the model to properly capture changes on LD stiff-
ness as a boundary effect, due to the lack of pressure
and void ratio dependency of stiffness in its formula-
tion. Moreover, it erroneously predicted an increase of
bearing capacity with respect to its numerical predic-
tion for case 2 within 8.0%; contradictory to the ex-
pected reduction of bearing capacity when SB are im-
plemented under constrained conditions (based on the
experimental observations in section 2.5). This anal-
yses revealed a poor predictive capacity of the LEPP
model in terms of capturing hard and soft boundary
effects.

On the other hand when case 3 was simulated using
hypoplasticity, a reasonably good agreement in terms
of bearing capacity was obtained. In this situation, the
bearing capacity was predicted to be reduced with re-
spect to its numerical prediction for case 2; consistent
with experimental observations. This predicted bear-
ing capacity was only 3.3% below the one measured
experimentally in case 3. Nonetheless, the hypoplas-
tic model overpredicted the initial stiffness, which re-
sulted in an underprediction of the PSPD of 43.6%
with respect to the experimental result. In this situ-
ation, a reduction of peak secant stiffness was cap-
tured as expected from experimental evidence; how-
ever, yet this reduction was quantified in 10.3% only,
against a reduction of 28.9% as measured experimen-



tally. Regarding post-peak response, the hypoplastic
model overpredicted the residual load at 10 mm of
footing penetration by a factor 25.2% with respect to
the experimental result. This revealed hypoplasticity
was able to predict most of the aspects of hard and soft
boundary effects qualitatively. Moreover, it proved to
have a good predictive capability of the influence of
mechanical boundary effects in terms of bearing ca-
pacity. Nevertheless, a poor capacity to mimic strain-
softening like behaviour was witnessed in case 3 as
well, observed as sudden load drops which were per-
sistent during post-peak response. In addition, the
poor capacity of the model to capture properly the ini-
tial stiffness may be attributed to calibration-related
problems. For instance, the parameter [ which influ-
ences the size of the response envelop ( therefore it af-
fects the bulk and shear stiffness) has been adopted as
1.0 (typical for sands) during back-analysis because
no further lab experiments were available at the mo-
ment numerical predictions were made. However, this
dimensionless parameter controls the response under
proportional stress paths such as oedometric compres-
sion (Herle and Gudehus 1999). Therefore, potential
inaccuracies in the calibration of the 5 parameter may
have influenced on the response of case 2 and 3, since
these constrained conditions may be fairly considered
to approach an oedometric condition. This suggests
potential issues related to the uniqueness of the so-
lution; however, such a discussion may exceed the
scope of the current study.
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Figure 10: LD curves (RD = 93%): a) case 2, b) case 3.

5 CONCLUSIONS

A numerical investigation of the behaviour of a shal-
low foundation has been carried out using FEM, pro-
viding special attention to boundary effects. A LEPP
and a hypoplastic model were used. Through this in-
vestigation, drawbacks of both constitutive laws have
been revealed. The first constitutive law was unable
to capture typical mechanical boundary effects, even
after it proved to work reasonably well for free field

conditions. Only the second law was able to repro-
duce some typical boundary effects, i.e. under con-
strained conditions, an increased ultimate capacity
and larger stiffness was predicted, consistent with
experimental evidence; however, premature soil fail-
ure prohibited to capture post-peak response (poten-
tially attributed to the poor capacity of hypoplastic-
ity to capture strain-softening like behaviour). When
SB were modelled, a drop in ultimate capacity was
observed, which was in agreement with experiments;
nevertheless, the initial stiffness was overpredicted.
As a result, the capacity of hypoplasticity to cap-
ture most of the aspects of hard and soft mechanical
boundary effects has been shown.
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