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Abstract: Sand typically exhibits anisotropic internal structure (or fabric) and the fabric
anisotropy has dramatic influence on mechanical behaviour of sand. Meanwhile, the fabric
evolves when sand is subjected to external loading. This eventually makes the response of strip
footings on sand dependent on fabric anisotropy and fabric evolution. A numerical investigation
on this effect is presented using a critical state sand model accounting for fabric evolution. The
model parameters are determined based on plane strain and triaxial compression test data and
the model performance is validated by centrifuge tests for strip footings on dry Toyoura sand.
The bearing capacity of strip footings is found to be dependent on bedding plane orientation of
dense sand. But this effect vanishes as the sand density decreases, though the slope of the force-
displacement curve is still lower for horizontal bedding. Progressive failure is observed for all
the simulations. General shear failure mode occurs in dense and medium dense sand and
punching shear mode is the main failure mechanism for loose sand. In general shear failure,
unsymmetrical slip lines develop for sand with inclined bedding plane due to the noncoaxial
sand behaviour caused by fabric anisotropy. For strip footing on sand with horizontal bedding,
the bearing capacity and failure mechanism is primarily affected by the sand density. The
bearing capacity of a strip footing is higher when the sand fabric is more isotropic for the same
soil density. An isotropic model can give significant overestimation on the bearing capacity of

strip footings.

Keywords: Anisotropy; fabric evolution; sand; bearing capacity; strip footing
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Introduction

It is well recognized that both man-made and natural sand deposits always have anisotropic
internal structure (or fabric) due to compaction and gravitational loading. The fabric anisotropy
can be caused by preferred orientation of particles, contact force directions or void spaces etc.
The mechanical behaviour of sand, such as shear strength and volume change, is significantly
affected by the fabric anisotropy (Muir and Toki, 1982; Oda and Kazama, 1998; Wan and Guo,
2001). An important feature of sand fabric is that it evolves with deformation, which in turn
affects the soil behaviour (Li and Li, 2009; Fu and Dafalias, 2011; Li and Dafalias, 2012; Guo
and Zhao, 2013). There has been extensive research on the anisotropic stress-strain relationship
of sand using either laboratory tests or micromechanical studies (e.g., Oda et al., 1978; Azami
et al., 2010; Thornton and Zhang, 2010; Guo and Zhao, 2016; Chang and Yin, 2009; Yin et al.,
2010; Yin et al., 2014; Zhao et al., 2018), based on which some constitutive models have been
proposed (e.g., Nemat-Nasser and Zhang, 2002; Li and Dafalias, 2012; Gao et al., 2014;
Papadimitriou et al., 2019).

The fabric anisotropy and fabric evolution has influence on not only the mechanical behaviour
of sand elements but also the response of infrastructure built on or using sand, such as
foundations, slopes, suction caissons and offshore embedded anchors. Particularly, there has
been huge interest on the bearing capacity Q, of shallow foundations on sand, which is a
classical problem in soil mechanics. Several small-scale 1g tests have been reported on sand
with different bedding plane orientation, which is typically described by an angle () between
the horizontal direction and plane of sand deposition (Oda et al., 1978; Oda and Koishikawa,
1979; Azami et al., 2010; Kawamura and Muira, 2014). It is found that Q,, of a strip footing
on dense sand is the highest and lowest when bedding plane is horizontal and vertical,
respectively. This difference can reach up to 25% for very dense sand. But such difference in
Q, caused by a vanishes when the relative density of sand D, is below 70% (Oda et al.,
1978; Oda and Koishikawa, 1979). Similar observations have been reported in centrifuge tests
on dry Toyoura sand (Kimura et al., 1985). For strip footings on sand with horizontal bedding,
which is of importance for practical applications, the fabric anisotropy must be properly
considered in calculating the Q,, as well. It is shown that, without proper consideration of the
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strength anisotropy of sand, one may overestimate the bearing capacity factor for a shallow
foundation by as much as eight times when using the classical bearing capacity theory (Guo,
2008). Chaloulos et al. (2019) have shown that @Q,, of a strip footing can be overestimated by
30% using an isotropic critical sand model where the fabric effect on mechanical behaviour of

sand is neglected.

Indeed, many attempts have been made in determining or modelling the @, of shallow
foundations on sand with consideration of anisotropy. Meyerhof (1978) was the first to propose
a method for calculating the @, of strip footings on anisotropic cohesionless soil using the
plastic equilibrium approach. It is assumed that the peak friction angle is a function of a, which
means that the effect of « on Q, is independent of soil density. This method has two major
limitations. First, it works for dense sand but not loose sand, because the effect of « on Q,
vanishes when D, is low, although the peak friction angle is always dependent on «,
irrespective of the soil density. Secondly, the expression for friction angle variation with
loading direction is only valid for sand with horizontal bedding plane, which limits the
application of this method for more general cases (Azami et al., 2010). Siddiquee et al. (1999)
used finite element modelling to investigate the response of strip footings on anisotropic sand.
Though the effect of « on Q, can be reproduced, an approach similar to that in Meyerhof
(1978) was used to describe the strength anisotropy of sand. Azami et al. (2010) carried out a
series of small-scale 1g model tests of strip footings on sand with different « and used finite
element modelling to analyse the results using a new constitutive model. Satisfactory agreement
between the numerical results and test data was achieved. But this model cannot account for
the effect of sand density on the soil response. Yuan et al. (2018) used pure numerical modelling
to show that the strength anisotropy and non-coaxial sand behaviour should be accounted for
in calculating the Q, and settlement of strip footings. Chaloulos et al. (2019) reported
comprehensive study on the response of strip footings on anisotropic sand using a newly
developed sand model based on the anisotropic critical state theory (Papadimitriou et al., 2019).
It is shown that the model is capable of capturing the effect of both anisotropy and density on
the strip footing response. As the model employs a coaxial flow rule, it is not able to predict the

formation of unsymmetrical slip lines in sand caused by inclined bedding plane orientation,
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which has been observed in many model tests (Azami et al., 2010; Kawamura and Muira, 2014).

This paper presents new finite element study on the response of strip footings on anisotropic
sand. A critical state sand model accounting for fabric evolution is used. An important feature
of the model is that it employs a non-coaxial flow rule which is dependent the current stress
and fabric state. This allows the model to predict unsymmetrical slip lines under strip footing
on sand with inclined bedding plane orientation (a # 0° and a # 90°). The model
performance will be validated against both element tests and centrifuge tests on Toyoura sand.
The numerical simulations will look into the effect of «, density and initial degree of anisotropy
F, onthe @, and failure mechanism of strip footings. Prediction of an isotropic model for the
centrifuge tests will be shown to demonstrate the importance of considering fabric anisotropy
in modelling the strip footing response. Practical implications of the numerical results will be
discussed. The model will first be introduced in the following, based on which the numerical

implementation and finite element simulations will be presented.

A Constitutive Model for Sand Accounting for Fabric Evolution

Model formulation

The model used in this study is based on the one in Gao et al. (2014). It employs a fabric tensor
for quantifying the anisotropic internal structure of sand. Fabric evolution and its effect on sand
response is considered. Some minor changes have been made in the original model for the sake
of numerical implementation. Specifically, the original model in Gao et al. (2014) employs a
fabric-dependent yield function, which is used to get a non-coaxial flow rule. This yield
function creates some difficulty for explicit integration of the model (Sloan, 1987; Zhao et al.,
2005), especially the detection of the yield surface intersection under complex loading
conditions. To overcome this difficulty, a yield function expressed in terms of the stress
invariants is used, and a separate fabric-dependent plastic potential is employed, which is
similar to the yield function in Gao et al. (2014). It is found that this change has small influence
on the model predictions but can facilitate the model implementation. The main model

formulations for the model will be given in this section.
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The yield function of the model is expressed as

f=R/g(6) —H =0 1)
where R = /3r;1;/2, with 7; = (a;; — pS;;)/p being the stress ratio tensor, in which o;;
is the stress tensor, p = o0;;/3 is the mean normal stress; §;; (=1 for i =j, and =0 for

i # j)isthe Kronecker delta; H isthe hardening parameter; g(@) isan interpolation function

based on the Lode angle 6 of r;; as follows (Li & Dafalias, 2004)

_ J(@+c?)2+4c(1-c?)sin36—(1-c?)

9(6) = (2)

2(1-c)sin30

where ¢ = M,/M, is the ratio between the critical state stress ratio R in triaxial extension

M, and that in triaxial compression M..

The plastic potential function in the 7;; space is expressed as
g =R/g(8) — Hyexp[—kn(1— A)*] =0 ©)
where kj, is a model parameter, A is the anisotropic variable and H, should be calculated

based on the current stress state and A. Note that g is only used to determine the plastic

deviatoric strain increment del?';.,

rather than the total plastic strain increment del?’j. The
anisotropic variable A is defined as
A = Fyjny; (4)
where F;; is the fabric tensor characterising the anisotropy of sand and the loading direction
tensor n;; is expressed by
~ %—(%amn)sum

nij _‘ af ( af 5 )5" H
—__nmn 11/3

aTi]' arm

()

More details of the definition of F;; can be found in Li and Dafalias (2012), Gao et al. (2014)
and Gao and Zhao (2013). For the present study, the initial F;; is given in Eq. (15) below. The

value of A varies between -1 and 1. The plastic potential function in Eq. (3) is used to get the

direction of plastic deviatoric strain increment del."} as below

99 (99 .
aTi]' (armnam”)gll/g

a_g_( agnamn)&jﬂ”

61",:]' aT‘m

(6)

where L is the loading index; ( ) are the Macaulay brackets ((L) =L for L >0 and
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(LY =0 for L < 0).Itisshown by in Gao et al. (2014) and Zhao and Gao (2016) that the flow

rule expressed by Eq. (6) can capture the non-coaxial sand response in monotonic loading

caused by fabric anisotropy. The total plastic strain increment dei"} is (Zhao and Gao, 2016)
1 2
dslpj = deg. +§ds§5ij = (L) (mij + \/;D5ij> = (L)N; )

where N;; is self-evident, del is the plastic volumetric strain increment and D is the

dilatancy relation expressed as

_ g _ dsf _ _ady m{ _
Tl e e ® [Meg(@)e™ — ] ®)
31y Yy

(=9 —e(d-1) 9)
where d;, m and e, are three model parameters; ¢ is the dilatancy state parameter (Li and
Dafalias, 2012); i (= e — e,) is the state parameter (Been and Jefferies, 1985), with e. being
the critical state void ratio corresponding to the current p. The critical state line in the e — p
plane is given by (Li and Wang, 1998)

ec = er — A:(p/pa)* (10)
where er, 4, and & are three material constants and p, is the atmospheric pressure (101

kPa).

The hardening law for the yield function (evolution of for H) is expressed as

Ghyeh24

dH = (L)ry = (1+€)%/ppaR

[M.g(0)e ™ —R] (11)

where h;, h, and n are three model parameters and G is the elastic shear modulus, the
expression for which will be given below. The term e"24 is introduced to give better prediction
for the effect of anisotropy on stress-strain relationship, which makes the plastic modulus

smaller at smaller A (Li and Dafalias, 2012; Papadimitriou et al., 2019).

Fabric evolution with plastic deformation is considered in the model. It is assumed that F;;
becomes co-directional with the loading direction n;; and reaches a magnitude of 1 at the
critical state. Though fabric evolution is affected by both volumetric and shear strain, a

simplified evolution law expressed in terms of the plastic shear strain as below is used
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where k; is a model parameter.

The following empirical pressure-sensitive elastic moduli are employed for this model (Li and

Dafalias, 2000; Gao et al., 2014):

_2
G = Go (2.97-¢) ;—ppa and K=G 2(1+v) (13)

1+e 3(1-2v)

where G, isamaterial constantand v is the Poisson’s ratio. In conjunction with Eq. (13), the

following hypoelastic stress-strain relationship is assumed for calculating the incrementally

reversible deviatoric and volumetric strain increments de;; and deg:

and deg = (14)

Model implementation

This model has been implemented in the finite element package ABAQUS through the user-
material (UMAT) interface using an explicit integration method (Sloan, 1987; Zhao et al., 2005;
Jinetal., 2017; Jin et al., 2018). To increase the efficiency for global equilibrium iteration, the
secant modulus for each step is stored at the end of each strain increment here. The large strain
formulation proposed by Hughes and Winget (1980) (see also ABAQUS User Manual) is
employed in the implementation. The plane strain and triaxial compression test data on Toyoura
sand reported in Oda et al. (1978), Fukushima and Tatsuoka (1984) and Tatsuoka et al. (1986)
is used to benchmark the model simulations for single element soil response, as the centrifuge
tests to be simulated in this study (Kimura et al., 1985) have used similar sample preparation
methods. The model parameters are listed in Table 1. Determination of these parameters have
been discussed in Gao et al. (2014). The parameters for the critical state can be readily
determined based on the critical state stress ratio and critical state line location. The elasticity
parameters are determined using the stress-strain relationship at low strain level. The remaining
ones are obtained via a trial-and-error approach. But our experience shows that there is a certain
range for these parameters, which can be used as initial values for the determination process. It

is noticed that the Bayesian-based parameter identification is a more efficient and powerful
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approach for getting these parameters, which will be pursued in the future (Yin et al., 2018; Jin

etal., 2018; Jin et al., 2019).

Comparison between the model simulations (lines) and test data (dots) on Toyoura sand under
various loading conditions is shown in Figs. 1-3. The initial degree of anisotropy is chosen as
F, = 0.35. This is an estimated value as it is generally difficult to measure F,. One may use
the undrained effective stress path to calculate F, using anisotropic elasticity (Zhao and Gao,
2016). But such data is not available. In this study, horizontal and vertical samples have
horizontal and vertical bedding planes, respectively. Samples with horizontal bedding are used
in the triaxial compression tests. The model gives good prediction on the peak deviator stress
but does not capture the strain softening part well. While the model may need to be improved
to get better predictions, the stress-strain relationship after the peak deviator stress may not

represent the real soil response due to strain localization (Oda et al., 1978; Huang et al., 2010).

Finite element modelling of a strip footing response on sand

Simulation of the centrifuge tests

The centrifuge test data reported in Kimura et al. (1985) is used to benchmark the model
simulation of a real footing problem. The prototype size of the footing is used in the simulations
(Fig. 4), which is similar to the approach adopted by Chaloulos et al. (2019). As the size of the
soil box used in the centrifuge tests is not reported in Kimura et al. (1985), the height and width
of the soil body are assumed, which are big enough to eliminate the boundary effect on the
footing response. Simulations with different sizes of soil mass have been performed. It is found

that there is negligible soil movement and stress change at the boundary at the current soil mass
size during loading. The %— Q is relationship does not change if bigger soil mas is used (see

Fig. 5), where s is the vertical footing settlement, B is the footing length and Q is the
vertical pressure applied on the footing. Due to the non-coaxial deformation predicted by the
constitutive model, the stress and deformation field in the soil may not be symmetric. Therefore,
it is not proper to use only half of the soil body for the simulations (Azami et al., 2010;

Kawamura and Muira, 2014). The force and displacement relationship of the footing is mainly
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affected by the soil elements around it, and therefore, a semicircle with finer mesh is created
beneath it (Fig. 4). Eight-node quadratic plane strain elements with reduced integration are used.
Uniform vertical pressure of 1kPa is applied on the top surface of the sand to avoid soil collapse
with zero mean effective stress. Uniform vertical deformation is applied in the footing area,
which means that the relative movement between footing and sand is neglected. No horizontal
or vertical movement is allowed at the bottom of soil body while only horizontal movement is
restricted at the two vertical sides. As there is no water inthe sand, y = ¥’ = 16kN/m? is used
according to Oda and Koishikawa (1979), where y and y’ denote the bulk and effective unit
weight, respectively. The initial lateral earth pressure coefficient is assumed to be the same for
all cases with K, = 0.4 (Okochi and Tatsuoka, 1984). The maximum and minimum void ratios
for Toyoura sand are e,,q, = 0.98 and e,,;, = 0.6. Since the initial stress state is anisotropic
for sand beneath the footing, a value of initial degree of anisotropy (F, = 0.4) higher than that
for the plane strain test samples with initially isotropic stress state is assumed. The initial fabric
for the soil is assumed the same for the entire soil. When the bedding plane is horizontal, it is
given using the equation below

FEox FEy By —Fy/2 0 0

Fi=|Bx By B:|= \E( 0 F, 0 ) (15)

Fox By By 0 0 —F/2

with z-direction being perpendicular to the x-y plane. When the bedding plane is not horizontal,

orthogonal transformation of Eq. (15) has to been carried out (Gao et al., 2014).

The finite element simulation result is dependent on the mesh size and orientation, as the model
uses non-associated flow rule and gives strain-softening response in some cases. Following
Chaloulos et al. (2019), different mesh sizes in the semicircle area were used to simulate the
three cases in Fig. 5 and the mesh size which gives the best prediction for the bearing capacity
is chosen (Fig. 4). The mesh size outside the semicircle has negligible influence on the force

and displacement relationship. The same mesh is used in all the simulations in this study.

Fig. 5 shows the simulations for the centrifuge tests on sand reported in Kimura et al. (1985).
In this and the following figures, B is the footing width. In each group of tests, sand samples
with horizontal (¢ = 0° in Fig. 4) and vertical (¢ = 90° in Fig. 4) bedding planes are used.
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Note that the force and displacement relationships beyond s/B = 0.25 are not shown in most
of the figures in this paper, because there is significant distortion of elements near the footing
edges in some simulated tests, which makes the results unreliable. Higher bearing capacity Q,,
which is the peak value of Q, is observed for relatively dense sand (D, = 86% and D, = 75%)
with horizontal bedding (Figs. 5a and b). The difference is about 12.5% for D, ~ 86% and
10% for D, = 75%. But the effect of bedding plane orientation on Q,, becomes negligible
when D, = 62% (Fig. 5¢), which is consistent with the small model test results in Oda and
Koishikawa (1979). For all the tests, sand with horizontal bedding show smaller settlement at
the same Q before failure. The simulations give good prediction for the bearing capacity in all
three cases. The simulated settlement before failure (peak Q or @, ) is larger than the
measured one for horizontal bedding, especially for the dense sand in Fig. 5a. The initial slope
of the s/B — Q curves predicted by the model is also smaller than the measured one for
horizontal bedding. The discrepancy between simulations and test results could be caused by
the model itself. First, the yield surface for this model does not consider the sand yielding due
to pure compression without change in the stress ratio; Secondly, the small strain stiffness of
sand is not accounted for. But the nonuniformity of sand samples and mesh size may have also
contributed (Oda et al., 1978; Oda and Koishikawa, 1979; Azami et al., 2010). Overall, the
model gives reasonable description for the effect of density and anisotropy on the bearing

capacity of strip footings.

Failure mechanism of sand under the strip footing

Progressive failure is observed in all the simulations. The numerical simulations indicate that
shear strain localization initiates at the peak @ states and two clear slip lines (or shear bands)
develop at sufficiently large s/B for dense and medium dense sand (D,- > 45%) with various
bedding plane orientations, which agrees with the 1g model test and centrifuge test observations
(Kimura et al., 1985; Kawamura and Muira, 2014). In this case, the soil elements fail
progressively on the slip lines, with those under the footing centre failing first. This is called
the general shear failure mode (Vesic, 1963; Lau and Bolton, 2011). When D, < 45%, no clear
slip lines develop in sand and the failure mode is close to the punching shear (\Vesic, 1963; Lau
and Bolton, 2011), where only the elements on two sides of a soil wedge beneath the footing

10
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fail (Lau and Bolton, 2011). Similar simulation results have been reported in Loukidis and

Salgado (2011).

Two groups of tests with different sand densities are used to illustrate the general shear failure,
with the force and displacement relationships for footings being shown in Fig. 6. The definition
of a isshown in Fig. 4. The peak and residual Q states in Figs. 6-8 are respectively denoted
by ‘Px”and ‘Rx’, where the number ‘x’ represent the bedding plane orientation in degrees. Figs.
7 and 8 show the contour of incremental shear strain at the peak and residual @ states for these

simulations. The incremental shear strain §¢, is defined as

5Eq = ’ESeij5eij (16)

where e;; is the increment of deviatoric strain for each step. Note that the patterns of total
shear strain contours and incremental shear strain contours at residual states are similar for these
tests. At D, = 86%, the depth of the slip lines is the biggest at « = 0° and smallest at a =
90°, which agrees well with the centrifuge tests (Kimura et al., 1985). But there is no significant
difference in the slip line depth at different « values for test simulations with D, = 70%. In
addition, the slip lines are symmetric when a = 0° and a = 90°, because the initial soil
fabric is symmetric about the middle of the soil body, which makes the displacement field in
sand symmetric and the total reaction force on the footing vertical (Fig. 9a). On the other hand,
unsymmetrical slip lines are predicted at a = 45°, which has also been observed in the model
tests by Kawamura and Muira (2014). This is due to that the non-coaxial sand response makes
the displacement field unsymmetrical, which is shown in Fig. 9b. More discussion on this can
be found in Gao and Zhao (2013). If the horizontal displacement of the footing were not
restricted, the footing would move to the right (positive x direction in Fig. 4) due to such
displacement. In the present study, however, the horizontal movement of the footing is fixed,
which means that there is horizontal reaction force (pointing to the negative x direction) on the
footing due to this restriction. The total reaction force F on the footing thus aligns in the
direction shown in Fig. 9b, which renders the soil swell more on the left (Figs. 7d and 8d).
Indeed, unsymmetrical slip lines have also been observed in model and centrifuge tests with

horizontal bedding plane (Kimura et al., 1985; Kawamura and Miura, 2014). This has

11
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frequently been interpreted as the consequence of nonuniform void ratio distribution (e.g.,
Nibel and Huang, 2004; Bauer et al., 2004). However, this could be associated with fabric
anisotropy as well. Though the bedding plane is horizontal in an average sense, the local soil
fabric may vary at different locations, which makes the displacement field unsymmetrical (Guo

and Zhao, 2016).

One test with horizontal bedding is used to illustrate the punching shear failure mode (D, =
30%). The force and displacement relationship for this test is shown in Fig. 10, in which no
obvious peak @ can be observed. Fig. 11 shows the failure mechanism for this test. The
incremental shear strain contour at s/B=0.25 indicates the development of a soil wedge
beneath the footing. As the vertical displacement increases, the incremental shear strain
concentrates more at the two footing edges, without extending laterally. At s/B=0.4, a fully
developed soil wedge can be observed, with intensive shear strain concentration on the two
sides (Fig. 11b). Though the shear strain localization extends a little beyond the soil wedge,
clear slip lines do not form, which is different from the general shear failure (Vesic, 1963; Lau

and Bolton, 2011).

Vanishing effect of a on the bearing capacity of strip footings Q,,

Existing 1g model and centrifuge tests on Toyoura sand show that the effect of « on Q,
becomes negligible when D, <70%, though the settlement at the same Q@ is still larger at
bigger a before Q, (Oda et al., 1978; Kimura et al., 1985). Fig. 12 shows the simulated
variation of Q, with D, for Toyoura sand with horizontal and vertical bedding. Small
difference between the Q, for the two bedding plane orientations can be observed when
D, <70%, while the difference in settlement at the same Q still exists (e.g., Fig. 6b). Note that
there is no obvious peak Q in three of the simulated tests (D, = 60% with vertical bedding,
and D, = 55% with both vertical and horizontal bedding), and therefore, alternative methods
have to be used for estimating Q.. Vesic (1963) recommends using the value of Q at the
fastest rate of settlement with respect to time, which is typically difficult to obtain. In this study,
Q at s/B = 0.2 is defined as Q,, because localized failure and peak Q can be observed at
this settlement level for relatively loose sand in a real test (Kimura et al., 1985).
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The similarity in Q,, seems counter-intuitive, because the effect of anisotropy on shear strength,
stiffness and dilatancy of single sand elements can be observed for any soil densities (e.g.,
Tatsuoka et al., 1986; Yang et al., 2008; Gao et al., 2014). Fig. 13 shows the response of sand
elements about 1B beneath the centre of the footings (Element A in Fig. 4) for four of the
simulations in Fig. 6. Element A is chosen because it is on the slip lines for all the simulated
tests and has direct influence on Q,,. Itis evident that the soil elements show smaller normalized
peak stress ratio R/[M.g(6)] and less volume expansion at a = 90" for two different
densities, which is consistent with the laboratory test observations. Therefore, the difference in
Q, caused by @ cannot be solely attributed to the shear strength anisotropy of sand elements.
The failure mechanism of sand beneath the strip footings must play an important role as well.
When the sand density is high (e.g., D, = 86% in Fig. 6a), progressive failure initiates at
similar settlement level (corresponding to Q,), though different, for different bedding plane
orientations, and the strength anisotropy of sand elements governs the Q,. At lower sand
density (e.g., D, = 70% in Fig. 6b), progressive failure in sand with horizontal bedding
initiates at much higher settlement compared to the counterpart with horizontal bedding.
Delayed progressive failure has allowed the external load to be distributed more evenly in the
soil. Some previous studies have assumed that Q,, is only dependent on the peak friction angle
of sand elements (Meyerhof, 1978; Siddiquee et al., 1999) but independent of the failure
mechanism. Such assumption cannot explain the similarity in Q,, for the tests shown in Fig.

12.

Response of strip footings on sand with horizontal bedding: combined effect of density and
Fy

Discussions in the previous sections have mainly showed how the bedding plane orientation
affects the response of strip footings. But footings on sand with horizontal bedding are of greater
importance for practical applications, which will be the focus of this section. The main objective
is to investigate the combined effect of sand density and F, and identify which of them plays

more important role in governing the bearing capacity and failure mechanism of strip footings.

Fig. 14 shows the effect of relative density on the force and displacement relationship of strip
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footings. Two values of F, (0 and 0.4) are used in the simulations to represent different soil
compaction methods in the engineering practice, because it is shown in Zhao and Gao (2016)
that the stress-strain relationship of sand samples prepared using different methods can be
simulated with different F,. Some research [e.g., Yang et al., (2008)] has shown that about 3 of
the model parameters may have to be adjusted to get quantitative prediction of the soil response.
But qualitative results for the effect of compaction methods are sufficient for this study. There
is obvious peak @ for simulations with D, = 90% and D, = 70%, which is considered as
the bearing capacity (Q,,). But Q keeps increasing with s/B for sand with D, = 50% and
D, = 30%. Same as the previous section, Q corresponding to s/B=0.2 is defined as Q,, for
these tests. For both F, values, dramatic influence of relative density on the bearing capacity
is observed. Q, at D, =90% is almost 6 times of that at D, = 30% for both F, values.

The failure mechanism is found independent of F,.

Fig. 15 shows the effect of F, on the response of strip footings. At D, = 80%, Q, decreases
as F, increases, which indicates that Q, is higher when the soil is more isotropic. This is
attributable to the distribution of anisotropic variable A in the sand. F, can affect Q, by
about 20% for D, = 80% and by about 45% for D, = 50%. Fig. 16 shows the variation of
A insandat s/B=0.11 (close to the Q,, state) for initially isotropic and anisotropic fabric cases
with D, = 80%. For the case with initially isotropic fabric, the value of A lies between 0.01
and 0.02 in the area beneath the footing and is about 0 in the remaining area (Fig. 16a). This
indicates rather uniform distribution of A. Very ununiform distribution of A is observed for
the simulation with F, = 0.6 (Fig. 16b). The maximum A is between 0.4 and 0.6 (beneath
the footing) and the minimum A is about -0.3 (beside the two edges of the footing). For both
cases, the stress state and void ratio for all the elements at this deformation level is similar.
Based on the model formulations, one can see that higher A indicates bigger r; and higher
shear resistance under otherwise identical conditions of stress and void ratio. Therefore, the
sand elements beneath the footing have lower shear resistance when F, = 0 (A is lower in
that area compared to the case with F, = 0.6), but they are supported by elements with higher
shear resistance (bigger A for elements under the two edges of the footing). This eventually
leads to higher bearing capacity of the footing. Such difference in distribution of A can also
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explain why the force-displacement curves for more isotropic sand lie higher beyond % =0.7

when D, = 50% (Fig. 15b). The failure mechanism of sand under the footing is mainly

controlled by the sand density.

It can be seen from Figs. 14 and 15 that the sand density plays a more dominant role in
controlling the bearing capacity and failure mechanism of strip footings. A small variation of
D, can result in a big change in Q... Though F, affects Q, as well, this influence is smaller
compared to the effect of D, (Gao etal., 2014; Chaloulos et al., 2019). However, this does not
mean that fabric anisotropy should be neglected in modelling the response of strip footings. If
an isotropic model is used, Q,, can be significantly overestimated, which will be discussed in

the next Section.

Prediction of the strip footing response by an isotropic model

The previous section shows that the influence of F, on Q, issmallerthanthat of D,.Butthis
does not mean that fabric anisotropy should be neglected in modelling the bearing capacity of
strip footings. The soil fabric will become anisotropic when it is subjected to external loading,
even though it is initially isotropic. Therefore, the effect of fabric anisotropy on soil response
is present for an initially isotropic soil sample. To show the importance of considering fabric
anisotropy in describing the response of strip footings on sand, prediction of the isotropic model

will be given below.

The parameters for the isotropic model are determined using drained triaxial compression tests
and plane strain compression tests on sand with horizontal bedding (Figs. 17 and 18). All the
parameters are shown in Table 2, with those associated with fabric anisotropy set 0 (see also
Chaloulos et al., 2019). The model gives good prediction for triaxial compression test data. For
plane strain tests, the model does not capture the softening part well, as strain localization in

the sample makes the decreasing of deviator stress more dramatic.
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Prediction of the isotropic model (lines) for the centrifuge test data (dots) with horizontal
bedding are shown in Fig. 19. The same mesh and boundary conditions shown in Fig. 4 are
used. The model overestimates the Q, dramatically. For the tests with D, = 64.6% and
D, = 75.1%, the predicted Q, is almost twice of the measured one. At D, = 85.6%, the
isotropic model gives about 50% overestimation of Q,,. This indicates that fabric anisotropy
must be properly considered in modelling the strip footing response on sand, which is consistent
with the conclusion in Chaloulos et al., (2019). The main reason for this overestimation is that
the isotropic model gives too high shear strength for elements with non-vertical major principal

stress direction under the footing (Tatsuoka et al., 1986).

Conclusions

This paper presents a new numerical study on the fabric effect on bearing capacity and failure
mechanism of strip footings on anisotropic sand. A critical state sand model accounting for
fabric evolution is used. It employs a non-coaxial flow rule which is expressed in terms of the
current state of stress and fabric. The model is validated against both element and centrifuge
tests on Toyoura sand. The following conclusions can be drawn from the study:

(@) The bearing capacity @, of strip footings on sand with different bedding plane
orientation « is governed by not only the strength anisotropy of sand elements but also
the failure mechanism of soil body. Strength anisotropy of sand elements has more
influence on Q,, when the sand density is high, making @, higher when the bedding
plane is horizontal. The difference in Q,, caused by a vanishes at lower sand density
(e.g., D, < 70% for Toyoura sand), as progressive failure initiates at larger settlement
for sand with vertical bedding plane, which allows the external loading to be distributed
more evenly in the soil. Irrespective the sand density, the settlement of footings at the
same Q increases as a increases before Q.

(b) Progressive failure is predicted in all the simulations, which is supported by small-scale
and centrifuge test observations. General shear failure mode is observed in dense and
medium dense sand. For this failure mode, progressive failure initiates at the peak Q
state and clear slip lines can be observed at large settlement. The slip lines are
symmetrical when the bedding plane is horizontal or vertical. Due to the non-coaxial
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deformation of sand caused by fabric anisotropy, unsymmetrical slip lines develop when
the bedding plane is inclined. Punching shear failure is the main failure mechanism for
loose sand, where soil failure concentrates along two edges of a soil wedge beneath the
footing.

(c) For strip footings in practical applications where the bedding plane is horizontal, soil
density plays a more dominant role in governing the bearing capacity and failure
mechanism of the soil body. At the same density, Q,, is higher when the initial sand
fabric is more isotropic, because the soil beneath the footing is supported by soil with
higher shearing resistance below the footing edges. The initial degree of fabric
anisotropy F, does not have effect on development of general shear or punching shear
failure.

(d) An isotropic model can give significant overestimation of @, of strip footings on
anisotropic sand. The main reason for this overestimation is that the isotropic model
gives too high shear strength for elements with non-vertical major principal stress
direction under the footing (Tatsuoka et al., 1986).

This research has several implications for engineering practice: (a) It is important to realize that
the bearing capacity is not only dependent on the strength anisotropy of sand but also the failure
mechanism of soil body; (b) The unsymmetrical slip lines observed under strip footings could
be caused by both fabric anisotropy and ununiform distribution of soil density; (c) For a typical
range of F, and horizontal bedding, the sand density plays a more important role in governing
Q, and failure mechanism of sand. However, if an isotropic model is used, Q, can be

significantly overestimated, which is consistent with previous research findings.

Data Availability Statement

Some or all data, models, or code generated or used during the study are available from the

corresponding author by request.
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Fig. 1 Model simulation for plane strain tests on dense Toyoura sand with horizontal and
vertical bedding: (a) and (b) g5=50 kPa; (c) and (d) g5=200 kPa (data from Oda et al., 1978)

Fig. 2 Comparison between the model simulations and plane strain test data on Toyoura sand
with different density and confining pressure: (a) and (b) o5=5 kPa; (c) and (d) g3;=400 kPa
(data from Tatsuoka et al., 1986)

Fig. 3 Comparison between the model simulation and drained triaxial compression test data on
Toyoura sand: (a) and (b) dense sand; (c) and (d) Medium dense sand (data from Fukushima
and Tatsuoka, 1984)

Fig. 4 Size of the soil body and mesh for simulations

Fig. 5 Comparison between the centrifuge test data and finite element simulations for the force-
displacement relationships of sand with different relative densities and bedding plane
orientation (data from Kimura et a., 1985)

Fig. 6 The force-displacement relationship for a strip footing on sand with different bedding
plane orientation: (a) D, = 86% and (b) D, = 70%

Fig. 7 Contours of the incremental shear strain for sand with D, = 86%

Fig. 8 Contours of the incremental shear strain for sand with D, = 70%

Fig. 9 Displacement magnitude contour for sand with D,. = 86%: (a) « = 0°, s/B = 0.2; (b)
a =45° at s/B =0.21

Fig. 10 The force displacement relationship for strip footings on sand with horizontal bedding

and F, = 0.4 and D, = 30%
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Fig. 11 (a) The incremental shear strain contour at s/B=0.25 and (b) the total shear strain
contour at s/B=0.4. The sand has horizontal bedding and D, = 30%.

Fig. 12 Variation of @, for horizontal and vertical bedding at different D,

Fig. 13 Mechanical response of Element A beneath the strip footings on sand with different
density and bedding plane orientation

Fig. 14 Effect of density on the bearing capacity of strip footings on sand with horizontal
bedding plane orientation: (a) F, = 0 and (b) F, = 0.4

Fig. 15 Effect of initial degree of anisotropy F, on the response of strip footings on sand with
horizontal bedding plane orientation: (a) D,, = 80% and (b) D, = 50%

Fig. 16 Distribution of anisotropic variable A at s/B=0.11 for sand with D,, = 80% and (a)
Fy=0,(b) F, =0.6

Fig. 17 Comparison between the isotropic model prediction and drained triaxial compression
test data on Toyour sand: (a) and (b) Dense sand; (c) and (d) Medium dense sand (data from
data from Fukushima and Tatsuoka, 1984)

Fig. 18 Comparison between the isotropic model prediction and drained plane strain
compression test data on Toyoura sand: (a) and (b) g3=200 kPa; (c) and (d) 03=50 kPa (data
from Oda et al., 1978)

Fig. 19 Prediction of the isotropic model for the centrifuge tests on sand with horizontal bedding

plane (data from Kimura et a., 1985)
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	where ,𝑑-1., 𝑚 and ,𝑒-𝐴. are three model parameters; 𝜁 is the dilatancy state parameter (Li and Dafalias, 2012); 𝜓 (=𝑒−,𝑒-𝑐.) is the state parameter (Been and Jefferies, 1985), with ,𝑒-𝑐. being the critical state void ratio corresponding to...
	,𝑒-𝑐.=,𝑒-Γ.−,𝜆-𝑐.,,,𝑝-,𝑝-𝑎...-𝜉.                           (10)
	where ,𝑒-Γ., ,𝜆-𝑐. and 𝜉 are three material constants and ,𝑝-𝑎. is the atmospheric pressure (101 kPa).


