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21 ABSTRACT

23 The choice of structure element to simulate soil reinforcement and soil-structure interaction
24 details for numerical modelling of mechanically stabilized earth (MSE) walls can have a
25  significant influence on numerical outcomes. Program FLAC (finite difference method) offers
26  three different options (beam, cable and strip element) to model the reinforcement and program
27  PLAXIS (finite element method) has two (beam and geogrid element). Both programs use
28  different models and properties to simulate the mechanical behaviour of the interface between
29  dissimilar materials. The paper describes the details of the linear elastic Mohr-Coulomb interface
30  model available in the two software packages to model material interaction and how to select

31  model parameters to give the same numerical outcomes. The numerical results quantitatively
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demonstrate the conditions that give good agreement between the two programs for the same
steel strip reinforced soil-structure problem and the situations where they do not. For example,
the paper demonstrates that results can be very different depending on the type of structure
element used to model horizontal reinforcement layers that are discontinuous in the plane-strain

direction.
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1 Introduction

Mechanically stabilized earth (MSE) walls have advantages with respect to ease of construction
and cost over traditional concrete gravity and cantilever retaining walls, and are now used widely
around the world. However, MSE walls are complicated mechanical structures with multiple
design limit states for internal, external and facing stability modes of failure. Furthermore, the
interactions between the backfill soil and the facing and reinforcement components strongly
affect the performance of MSE walls. The conventional approach to internal stability design of
these structures is to use closed-form solutions based on classical notions of active earth pressure
theory (e.g., AASHTO 2012; BS8006 2010). However, this approach is restricted to simple
structures with simple boundary conditions, geometry and materials. For more complicated
project conditions or for performance-based design, geotechnical engineers often resort to

advanced numerical modelling techniques.

Two numerical methods are generally used to model MSE walls: (a) finite element method (e.g.,
Cai and Bathurst 1995; Karpurapu and Bathurst 1995; Rowe and Ho 1997; Yoo et al.
2011; Damians et al. 2013, 2014a), and (b) finite difference method (e.g., Hatami et al. 2001;
Hatami and Bathurst 2005, 2006; Huang et al. 2009, 2010; Abdelouhab et al. 2011;
Damians et al. 2014b).

The numerical modelling of MSE walls requires the use of interface boundaries to simulate the
discontinuity and transfer of normal and shear stresses from the soil to the reinforcement and
facing components. However, the different treatment of the internal boundaries in commercially
available programs using these two different numerical techniques and choice of reinforcement
structure element available in the programs may result in different numerical predictions for the

nominally identical MSE wall.

The objective of this paper is to examine numerical modelling details of the load transfer within
a segment comprising a precast concrete panel with steel strip soil reinforcement using the finite
difference method (FLAC; Itasca 2011) and the finite element method (PLAXIS 2008). Both

programs are widely used by geotechnical engineers and researchers to solve soil-structure



71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95

96
97
98
99
100
101

Computers and Geotechnics v9

September 2014
interaction problems including MSE wall systems. A method to develop equivalent interface
property values for both programs is presented. The paper also demonstrates the influence of
choice of structure element on numerical outcomes using beam, cable and strip options in FLAC
for the soil reinforcement and the beam and “geogrid” options in PLAXIS. Finally, the paper

identifies situations where the two programs can give very different results.

2  Interface Modelling

For soil and structure zones in direct contact, two options are available to model soil-structure
interaction in advanced numerical models (Ng et al. 1997): (a) interface elements with zero
thickness to transfer shear and normal stresses from the soil to the structure; and (b) continuum
elements with finite thickness. The focus of this paper is on interface elements with zero
thickness that are available in FLAC and PLAXIS.

2.1 Interface Model and Properties in FLAC

The interfaces in FLAC (Itasca 2011) can be defined as glued, unglued, or bonded interfaces
depending on the application. For the purpose of comparison with PLAXIS, unglued interfaces
(where the slip or/and opening of interfaces is allowed and the plastic shear displacement occurs
after the shear stress exceeds a maximum shear strength) are used in this paper. The interface
properties are friction angle (¢;), cohesion (c;), dilation angle (), tensile strength (o), normal
stiffness (k,), and shear stiffness (ks). The interface shear strength is governed by the Mohr-

Coulomb failure criterion:

Ts,max — Ci T 0p tang, [1]

where 75 max IS the maximum shear stress at the interface under normal stress (on).

The normal stress and shear stress (z;) are calculated based on the interface normal displacement

(un) and shear displacement (us) using the following equations:
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oy = kKpUp [2]
o KUs  KsUs <7 px 3]
) Tsmax  KsUs > Ts max

2.2 Interface Model and Properties in PLAXIS

Interfaces using the linear elastic model with Mohr-Coulomb failure criterion in PLAXIS
(PLAXIS 2008) are considered here for comparison with FLAC. These interfaces have
properties of friction angle, cohesion, dilation angle, tensile strength, Young’s modulus (E;), and
Poisson’s ratio (Vj). Young’s modulus and Poisson’s ratio can be replaced by using oedometer
modulus (Eqeqi) and shear modulus (G;). The values of interface properties in PLAXIS can be set
using two options. The first option uses a reduction factor (R; < 1.0) applied to the soil material
when defining soil property values (the default value is R; = 1.0, i.e. a fully-bonded interface).
Hence, the interface property values are directly related to the mechanical properties of the soil

forming the interface as:

Ci = RiCsoil [4]
tang; = R; tan g [5]
= {o R; <1.0 -
Ysoii Ri=1.0
G; = R?Gsoil [7]
v, =0.45 8]
E; = 2G;(1+V;) [9]
Eoedj = 2Gi 11__2\/\2 [10]
i = Riotsoil [11]

where @soil, Csoil, Wsoil, Otsoil, aNd Ggoip are the friction angle, cohesion, dilation angle, tensile

strength, and shear modulus of the surrounding soil, respectively.
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The second option treats the interface as a separate soil zone (with zero thickness). The interface
property values are also calculated using Equations 4-11 but the soil property values are for the
interface and thus can be different from the properties of the surrounding soil. This is a more
flexible approach with respect to equivalency between parameters used in FLAC and PLAXIS
models, especially when the shear stiffness is available from laboratory tests or assumed from
FLAC modelling as discussed below. It should be noted that Poisson’s ratio is fixed with v; =
0.45 in PLAXIS for interfaces which results in the normal stiffness k, = 11k for all interfaces.

2.3 Equivalent Interface Properties for FLAC and PLAXIS
The interface friction angle, cohesion, dilation angle, and tensile strength in FLAC are the same
as those in PLAXIS and the same parameter values can be set directly in both programs. If the

normal stiffness and shear stiffness from FLAC are known and k, = 11ks, the equivalent interface

properties in PLAXIS can be found using the following equations:

(3K, — 4K )Kst;

E, = and v; =0.45 [12]
kn - ks

Eoedi = Knli [13]

Gj =kst; [14]

where t; is the virtual thickness of the interface which is related to average element size and
virtual thickness factor in PLAXIS (the exact value used during calculation can be found in the
OUTPUT program — a post-processor in PLAXIS). For cases where k, # 11ks, no equivalent
interface properties can be found for FLAC and PLAXIS.

If Young’s modulus and fixed Poisson’s ratio vi = 0.45 (or oedometer modulus and shear
modulus) at the interface with R;j = 1.0 (using the second option for setting interface property
values) are provided from PLAXIS, the following equations can be used to compute the

equivalent interface properties in FLAC:
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o= Ei(l_vi) — Eoed,i [15]
(1+ Vi )(1— 2Vi )tl ti
E G
k.=—— 1 16
> 2(1+ Vi )ti ti [ ]

It should be noted that Equations 4-11 are used in this investigation to calculate interface
property values including those in Equations 15-16 that are used in turn to compute k, and ks for
FLAC simulations. If the soil Poisson’s ratio is not 0.45 and reduction factor R; < 1.0 are
assumed for the interfaces, Young’s modulus, Poisson’s ratio, oedometer modulus and shear
modulus for Equations 15-16 are computed using Equations 9, 8, 10 and 7, respectively, in
PLAXIS simulations.

3  Problem Definition and Parameter Values

3.1 UnitCells

Figure 1 shows the unit cells (dimensions of 1 mx1 m) that were modeled in this paper. The unit
cell approach with concrete in the top cell was found to be the simplest method to examine
equivalent interface properties for the same geometry and boundary conditions using FLAC and
PLAXIS programs. Two cells were considered for each test. The material in the bottom cell was
soil and the top cell was concrete. The property values for the concrete and the interface are
given in Table 1. The soil property values are unrestricted because of the fixed boundary
conditions. The surcharge load was applied to the top surface of the upper cell. All boundaries of
the lower cell (including the top boundary of the lower cell) were fixed in both the x- and y-
direction. All boundaries of the upper cell were free in both the x- and y-direction. On the left
side of the upper cell, prescribed displacements were applied in the x-direction after surcharging.
The concrete was modeled as a linear elastic medium. The Mohr-Coulomb failure criterion was

applied to the interface. Other details for FLAC and PLAXIS simulations are given below:
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e In FLAC (Figure 1a), each cell was modeled by one zone. The zero-thickness interface
was located between the upper and lower cells.
e In PLAXIS (Figure 1b), each cell was modeled using two 15-node triangle elements.
One 10-node interface element with zero thickness was located between the upper and

lower cells.

The interface normal stiffness and shear stiffness were first assumed in FLAC and the equivalent
interface properties for PLAXIS were calculated using Equations 12-14. The number of zones in
FLAC (and the number of elements in PLAXIS) has no effect on the numerical results because
of the very high elastic modulus assigned to the concrete and the fixed boundary conditions of
the soil.

3.2 Single Precast Concrete Panel Segment

To better understand the load transfer from the backfill soil to the adjacent structures, a single
precast concrete panel segment was simulated as shown in Figure 2. The panel has a height of
1.5 m, a thickness of 0.18 m, and an out-of-plane width of 1.35 m. These dimensions fall within
the range of panel dimensions reported in the literature for steel reinforced soil wall systems.
However, actual dimensions are not critical to the qualitative outcomes in this investigation. The
modelled backfill soil zone is 5.0 m long and 1.5 m high and is supported by a smooth rigid

foundation.

Three cases were examined. For all cases, the top of the backfill soil was free in both the x- and
y-direction and the bottom of backfill soil was fixed in the y-direction. The right side of the
backfill soil was fixed in the x-direction. Other boundary conditions and geometric details are

given below for each case:

e Case 1 (Figure 2a): the panel was fixed in the x-direction and the bottom of the panel
was fixed in the y-direction. The purpose of Case 1 is to model the transfer of normal and

shear stresses from the backfill soil to the facing panel without the reinforcement.
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Case 2 (Figure 2b): two 4 m long by 0.1 m wide steel reinforcement layers (the thickness
of each strip is 0.0023 m) were attached to the back of each facing panel aty = 0.75 m.
These dimensions correspond to a steel strip reinforced soil wall reported by Chida et al.
(1979). Today most of these steel strip reinforcement products are narrower (e.g., 50 mm;
Allen et al. 2004). However, qualitative comparisons are unaffected by the choice of steel
strip reinforcing elements in this range. The steel reinforcement is located horizontally in
the backfill soil with x =0 - 4.0 m and y = 0.75 m. No restriction was applied to panel
movement in the x-direction other than the bottom of the facing was fixed in both x- and
y-direction.

Case 3 (Figure 2c): the only difference between Case 2 and Case 3 is that the steel
reinforcement in Case 3 is located in the backfill soil by defining three points (point one
atx=0andy=0.75m, point two at x = 0.05 m and y = 0.745 m, and point three at x =
4.0mandy=0.745 m).

In both FLAC and PLAXIS, the facing panel is modelled using beam elements and the Mohr-

Coulomb model is applied to the backfill soil. Using element (or zone) size smaller than that

used in this study for both programs was shown to have only minor effect on the numerical

results reported later. The details using FLAC are provided below:

For Cases 1, 2 and 3, a total of 20 beam elements for the facing panel and 2000 zones for
the backfill soil were employed. The interface was applied between the facing beam
elements and backfill soil.

For Cases 2 and 3, three different types of structure elements were used (beam, cable and
strip type) with a total of 80 elements defined using x- and y-coordinates to simulate the
steel strips. It should be noted that when using beam elements in FLAC, the extension of
the interface is not necessary because beam elements are defined using coordinates in this
paper.

For Case 3 with beam elements for the reinforcement, no interface was applied between x
= 0 and 0.05 m (the interfaces are applied on both sides of beam elements between 0.05
and 4.0 m).
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In PLAXIS simulations, using a beam element with near zero bending stiffness for the steel
reinforcement is equivalent to the geogrid element which is used hereafter. The following are
details using PLAXIS:

e For Cases 1, 2 and 3, the panel was modelled using 5-node beam elements (total of 8
elements) and the backfill soil was modelled using 15-node triangle elements (total of
202 elements). The 10-node interface elements with zero thickness were applied between
facing beam elements and backfill soil elements.

e For Case 2, the steel reinforcement is modelled using 5-node geogrid elements with a
total of 21 elements and the interfaces between the geogrid elements and backfill soil
were extended to x = 4.25 m (the end of the reinforcement is at x = 4.0 m).

e For Case 3, one “anchor” was applied for the short connection portion of the steel
reinforcement between x = 0 and 0.05 m (Figure 2c; note that the anchor in PLAXIS
only transfers load between two points). The remainder of the steel reinforcement was
modelled using 21 5-node geogrid elements (both anchor and geogrid elements have the
same axial stiffness). The interfaces between the geogrid elements and backfill soil (x =
0.05 - 0.4 m) were extended to x = 0.025 and 4.25 m to avoid stress concentration near x

=0.05 and 4.0 m, respectively.

As shown in Table 2, all interfaces have the same interface property values equivalent to those
for R; = 0.3 applied to the backfill soil in PLAXIS. It should be noted that R; = 0.3 is generally
lower than that commonly used for retaining walls with concrete facing. However this lower
reduction factor can be justified to account for the effect of light compaction equipment that is
recommended immediately behind the facing in current reinforced soil wall construction
practice. However, the general conclusions made in this paper remain valid when the reduction
factor for the interfaces between the facing and backfill soil and between the steel reinforcement
and backfill soil is set to other values (e.g., the commonly used reduction factors are in the range
Ri = 0.6 - 0.9). Interface property values other than those listed in Table 2 are examined later and
numerical outcomes are investigated in the corresponding sections. The equivalent interface
properties for FLAC were evaluated using Equations 16-17. The small strain mode was used in

both programs. Uniformly distributed surcharge load was applied to the top surface of the
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backfill soil at three different magnitudes (q = 10, 50 and 100 kPa). The backfill soil was initially
brought to equilibrium using Ko = 1-sin(gpsei1) = 0.305 for both programs. Parameter values used
in both programs are shown in Table 2. It should be noted that, when cable and strip elements in
FLAC are used to model the steel reinforcement, their property values are calculated from Table
2 based on the definition of these properties in FLAC (Table 3).

In the simulations to follow the out-of-plane width of the reinforcement is 0.1 m and the total
out-of-plane width modelled for the facing panel and backfill soil is 0.675 m (Figure 2). For the
reinforcement using FLAC beam elements and PLAXIS geogrid elements, the modelled
interface between the steel reinforcement and backfill soil has an out-of-plane width of 0.675 m
(this is the only choice for these two element types). When using FLAC cable elements and strip
elements, the out-of-plane width of the interface can be less than 0.675 m. For example, the true
width of the steel strip in this paper is 0.1 m corresponding to 15% area coverage ratio. However,
depending on the steel reinforcement product this coverage ratio could be as high as 50% for
some steel bar mat and welded wire products (Allen et al. 2004). For the case of geosynthetic
sheet reinforcement products the coverage ratio is 100%. It should be noted that for cable and
strip elements in FLAC, the interface-related properties are part of the cable and strip element

properties. In the simulations to follow the above conditions apply unless noted otherwise.

4 Results

4.1 Modelling of Interfaces using Unit Cells

Table 4 shows interface normal displacements and shear stresses under different applied
surcharge loads and displacements. The results from both FLAC and PLAXIS are compared with
the analytical solutions (Equations 2 and 3). For the applied surcharge load g = 10 kPa, the
exact normal displacement at the interface (with k, = 1.1x10’ Pa/m) using Equation 2 is u, =
onlk, = 10000/1.1/107 = 9.09x102 m = 0.909 mm. The maximum shear stress using Equation 1
is calculated to be zsmax = Ci + ontang; = 1000+10000xtan(40°) = 9.39x10° Pa = 9.39 kPa. Thus
the exact shear stress at the interface (with ks = 1.0x10° Pa/m) using Equation 3 under the
applied shear displacement us = 5 mm is zs = keus = 1.0x10°x5x10® =5.0 x10° Pa = 5.0 kPa (<
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9.39 kPa; the shear stress is at the elastic state). For the applied shear displacement us = 10 mm,
the exact shear stress is 7 = zsmax = 9.39 kPa (due to ksus = 1.0x10°x10x10° =10.0 x10° Pa =
10.0 kPa > 9.39 kPa; the shear stress is at the plastic state). The same procedure is used to
evaluate the normal displacements and shear stresses under other applied surcharge loads and
displacements. The numerical results in Table 4 show that the calculated normal displacements

and shear stresses from FLAC and PLAXIS analyses agree very well with the exact solutions.

4.2 Interface Normal and Shear Stresses between Facing and Backfill Soil for Case 1

Figure 3a shows the normal stresses acting at the interface between the facing and backfill soil
for Case 1 (without steel strips) and three different surcharge pressures. For g = 10 kPa, the
normal stress from PLAXIS was 0.64 kPa at the top of the interface (compared to 0.83 kPa using
FLAC) and increased to 13.2 kPa at the bottom of the interface (compared to 13.0 kPa - FLAC).
Increasing the surcharge to q = 50 kPa, the normal stresses at the top and bottom of the interface
using PLAXIS increased to 6.31 kPa (9.01 kPa - FLAC) and 32.3 kPa (32.1 kPa - FLAC),
respectively. When the surcharge was g = 100 kPa, the normal stresses from PLAXIS were 13.5
kPa at top (19.7 kPa - FLAC) and 56.1 kPa at bottom of the interface (55.9 kPa - FLAC). The
normal stresses from PLAXIS and FLAC are judged to be in generally good agreement. The
small visual differences in normal stresses near and at top of the interface are due to the large
plastic deformations in this region that resulted in small differences in predicted normal

displacements between programs.

The shear stresses on the interface between the facing and backfill soil for Case 1 are shown in
Figure 3b. When the surcharge load was q = 10 kPa, the shear stress using PLAXIS was 0.48
kPa at top of the interface (0.50 kPa - FLAC), increasing to a maximum value of 2.60 kPa aty =
0.84 m (2.57 kPa from FLAC at y = 0.83 m), and thereafter decreasing to zero at bottom of the
interface. For g = 50 kPa, the shear stress at y = 1.5 m was 2.13 kPa from PLAXIS (2.80 kPa
from FLAC) and the maximum shear stress was 8.47 kPa from PLAXIS at y = 0.52 m (7.94 kPa
from FLAC at y = 0.53 m). Increasing the surcharge load to g = 100 kPa increased the shear
stress at y = 1.5 m to 4.21 kPa from PLAXIS (5.75 kPa from FLAC) and the maximum shear
stress to 15.1 kPa at y = 0.47 m (14.0 kPa from FLAC at y = 0.53 m). The slight difference for
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shear stresses near and at y = 1.5 m between PLAXIS and FLAC was because the predicted
normal stresses from both programs were slightly different in this area (Figure 3a) which
resulted in different computed maximum shear stress (Equation 1). The difference in shear
stresses using the two programs is greatest near the location of maximum shear stress, especially
for g = 100 kPa. This is due to differences in predicted shear displacements when slippage

(interface shear failure) occurred.

4.3 Reinforcement and Facing Panel Axial Loads for Case 2

The reinforcement axial loads for Case 2 with PLAXIS geogrid elements and FLAC beam
elements are shown in Figure 4. Using PLAXIS, the reinforcement connection load was about
6.33 kKN/m for the applied surcharge load g = 10 kPa. It increased to 21.1 and 39.8 kN/m when
increasing the surcharge load to g = 50 and 100 kPa, respectively. For FLAC, the reinforcement
connection loads were 6.55, 22.7, and 42.3 kN/m for surcharge loads q = 10, 50, and 100 kPa,
respectively. The results for the reinforcement axial load (Case 2) from PLAXIS generally
agreed well with those from FLAC. Figure 4 also showed that the predicted reinforcement axial
load decreased to near zero at the tail of the reinforcement in both PLAXIS and FLAC
simulations. This must be the case at this boundary and thus serves as a check on the validity of

numerical outcomes.

Figure 5 shows the facing panel axial loads for Case 2 with PLAXIS geogrid elements and
FLAC beam elements. Recall that in Case 2 the reinforcement was located at y = 0.75 m (Figure
2b) and the mesh and reinforcement position in PLAXIS and FLAC were not updated during
calculations using the small strain option. Thus the reinforcement generates only horizontal
tensile load. The down-drag force (i.e., vertical load) on the facing panel from the reinforcement
is zero. However, a sharp increase in facing axial load at the reinforcement elevation was
observed for all three surcharge loads (Figure 5) using both programs. For example, using
PLAXIS the facing axial load at y = 0.75 m jumped from 4.08 to 4.76 kN/m when g = 10 kPa,
from 5.74 to 8.72 kN/m when q = 50 kPa, and from 7.80 to 13.6 kN/m when g = 100 kPa. These
jumps in facing axial load were not from reinforcement down-drag forces, but are the result of

unbalanced vertical force between the upper and lower sides of the reinforcement as shown in
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Figure 6. This is the result of the two interface nodes (one above the reinforcement and the other
one below the reinforcement) sharing the same physical position with the beam node at x = 0 and
y=0.75m.

For Case 2 shown in Figure 5, the calculated facing axial loads from PLAXIS generally agreed
well with those from FLAC. The slight difference in axial loads for the facing panel below the
reinforcement layer (y < 0.75 m) was due to slightly different normal stress on the upper side of
the reinforcement at x = 0 and y = 0.75 m calculated by the two programs. For example, when g
= 100 kPa the normal stress on the upper side of the reinforcement at x = 0 and y = 0.75 m was
about 380 kPa from PLAXIS and about 284 kPa from FLAC as shown in Figure 6. The
modeling also showed that the calculated interface normal stresses on the upper and lower sides
of the reinforcement using PLAXIS were in generally good agreement with those from FLAC
(Figure 6). The difference near the tail-end of the reinforcement was because of the extended

interface adopted in PLAXIS to avoid stress concentration near the tail.

4.4 Reinforcement Modelled by Structure Elements without Normal Stiffness for Case 2

The previous section used beam elements in FLAC to model the steel reinforcement. However,
more often cable and strip structure elements are used in FLAC for this type of application
(Abdelouhab et al. 2011). In this section, both cable and strip elements are assumed to have an
interface on each side of the reinforcement with out-of-plane width of 0.675 m as in the previous
section (the influence of true out-of-plane thickness of 0.1 m for typical steel strip reinforcement
is examined later). It should be noted that the cable and strip elements in FLAC only have shear
stiffness (no normal stiffness is specified) and the backfill soil can move through the plane of
reinforcement without restriction when using cable and strip elements. The results using cable
and strip elements were the same for all cases and conditions examined in this paper and thus for

brevity the results with cable elements are not reported in this paper.

Figure 7 shows the reinforcement axial loads for Case 2 using PLAXIS geogrid elements and
FLAC strip elements. The reinforcement connection loads at different surcharge loads from

FLAC with strip elements were similar to those from FLAC with beam elements (Figure 4).
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Good agreement between calculated reinforcement tensile loads using PLAXIS with geogrid

elements and FLAC with strip elements can be seen in Figure 7.

The calculated facing panel axial loads for FLAC with strip elements are shown in Figure 8 and
compared with those from PLAXIS with beam elements. The FLAC results show the facing
panel axial load increasing gradually from top to bottom of the facing with no jump. This
confirms that the sudden change in the facing axial load at y = 0.75 m (Figures 5 and 8) was due
to the unbalanced vertical force at x = 0 and y = 0.75 m between the upper and lower interfaces

of the reinforcement when normal stiffness was applied (Figure 6).

4.5 Reinforcement and Facing Panel Axial Loads for Case 3

The previous sections have shown that the calculated facing axial loads can be different when
using different structure elements in FLAC, and they are also different when using strip elements
in FLAC and geogrid elements in PLAXIS with the same out-of-plane width. Hereafter, the short
connection segment between the reinforcement and facing panel shown Figure 2c was included

in numerical simulations using both programs.

Figure 9 shows the reinforcement axial loads for Case 3 with PLAXIS geogrid elements and
FLAC beam elements. For the surcharge load condition g = 10 kPa, the reinforcement
connection load was 6.52 kN/m and the reinforcement axial load gradually decreased to near
zero at X = 4.0 m. The steel strip connection load was 22.3 and 42.2 KN/m when g = 50 and 100
kPa, respectively. The results show that the reinforcement axial loads predicted from both
programs are in very good agreement using geogrid and beam elements.

For Case 3, the facing axial loads due to the interface shear stresses from backfill soil and down-
drag loads from the reinforcement are shown in Figure 10. Recall that the steel strips were
modelled using geogrid elements in PLAXIS and beam elements in FLAC. For the surcharge
load q = 10 kPa, the axial load increased from zero at y =1.5 m to 4.09 kN/m aty = 0.75 m (just
above the reinforcement). The down-drag load (0.66 kN/m) from the steel strips resulted in a

jump in facing axial load from 4.09 to 4.75 kN/m at y = 0.75 m. The reinforcement connection
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segment in Figure 2c has a slope of 0.005 m/0.05 m = 1/10. Thus, based on the reinforcement
connection load of 6.52 kN/m at g = 10 kPa the down-drag force from the reinforcement is
6.52xsin(tan*(1/10)) = 0.65 kN/m. This confirms that the sharp change in facing axial load is
from the down-drag load in the reinforcement due to the connection geometry in Figure 2c. The
facing panel axial load continued increasing to 9.15 kN/m at bottom of the facing (y = 0). For g =
50 kPa, the down-drag load from the reinforcement was about 2.27 kN/m and the maximum
facing axial load was about 15.9 kN/m at y = 0. When the surcharge load was increased to q =
100 kPa, the down-drag load from the reinforcement increased to 4.28 KN/m and the maximum
facing load increased to 24.3 kKN/m. In conclusion, the results from both programs agreed very
well when geogrid elements in PLAXIS and beam elements in FLAC were used to model the

reinforcement for Case 3.

4.6 Reinforcement Modelled by Structure Elements without Normal Stiffness for Case 3

The use of different structure elements in FLAC resulted in different facing axial loads for Case
2. In this section the effect of different structure elements on the reinforcement tensile loads and
facing axial loads for Case 3 are examined. The reinforcement axial loads are shown in Figure
11 for the reinforcement using strip elements in FLAC. Again very good agreement was
observed between the strip elements in FLAC (Figure 11) and beam elements in FLAC (Figure
9) for reinforcement axial loads. When comparing the predicted reinforcement axial loads from
FLAC (with strip elements) with those from PLAXIS (with geogrid elements), the maximum
difference was within 2% for q = 100 kPa.

Figure 12 shows the facing axial loads using strip elements in FLAC. Differences in facing axial
loads are minor when using beam (Figure 10) and strip (Figure 12) elements in FLAC. When
comparing the predicted facing axial loads from FLAC (with strip elements) with those from
PLAXIS (with geogrid elements), the maximum difference was within 10% near y = 0.75 m for
the surcharge load g = 100 kPa. The modeling results show that for Case 3, the reinforcement
tensile loads and facing axial loads between different structure elements and between different

programs agree very well.
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4.7 Effect of Backfill Soil Modulus for Case 3

Figure 13 shows the effect of the backfill soil modulus value on the reinforcement axial loads
using FLAC and PLAXIS. Compared to the results with Eg,; =5 MPa in Figure 9, increasing the
backfill soil modulus to Esi = 50 MPa (Figure 13) decreased the tensile loads in the
reinforcement when other conditions remained the same (i.e., interface property values kept the
same using the second option described in Section 2.3). The slight differences in tensile loads
occur for the beam elements in FLAC and geogrid elements in PLAXIS when q = 50 and 100
kPa and are due to the small differences in predicted displacements. Thus the results show that
greater backfill modulus and larger surcharge load have more effect on the differences in

predicted reinforcement tensile loads between FLAC and PLAXIS than cases with lower values.

Figure 14 shows the facing panel axial loads for the case of backfill soil modulus Es; = 50 MPa.
The higher modulus of the backfill soil resulted in lower facing axial loads when compared to
those with Eg = 5 MPa in Figure 10 and is attributed to less soil deformation due to the greater
backfill soil modulus. The facing axial loads using FLAC generally agreed well with those from
PLAXIS. The slight differences in facing axial loads were because of small differences in down-

drag loads predicted using the two programs as shown in Figure 13.

4.8 Effect of Interface Stiffness for Case 3

The magnitude of the normal and shear loads transferred from the backfill soil to the
reinforcement and facing panel is controlled by the interface stiffness and shear strength. Figure
15 shows the effect of the interface stiffness on the reinforcement tensile loads. When compared
to the tensile loads of the reinforcement with k, = 49.7 MPa/m and ks = 4.51 MPa/m in Figure 9,
the increase in interface stiffness (k, = 497 MPa/m and ks = 45.1 MPa/m) increased the
reinforcement tensile loads (Figure 15). The data in Figure 15 show that the reinforcement
tensile loads using FLAC agree very well with those using PLAXIS even for cases with higher

interface stiffness.
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The effect of the interface stiffness on the facing axial loads is shown in Figure 16. The higher
interface stiffness (k, = 497 MPa/m and ks = 45.1 MPa/m) in Figure 16 resulted in larger facing
axial loads when compared to results in Figure 10 with k, = 49.7 MPa/m and ks = 4.51 MPa/m.
The predicted facing axial loads from FLAC agree well with those from PLAXIS as shown in

Figure 16 for the higher interface stiffness.

4.9 Effect of Contact Area between Soil and Reinforcement for Case 3

The results reported in previous sections for Case 3 are very encouraging because the predictions
for facing axial loads, reinforcement axial loads are generally in very good agreement using both
programs. However, the out-of-plane width of the steel reinforcement is 0.1 m (less than 0.675 m
as noted earlier in the paper and the interface with out-of-plane width of 0.675 m was assumed in
the previous sections for Cases 2 and 3). The geogrid elements in PLAXIS and beam elements in
FLAC with interfaces between the structure elements and backfill soil assume that the
reinforcement is continuous in the out-of-plane direction. However, the cable and strip elements
in FLAC can be used to model both continuous and discontinuous structures in the out-of-plane
direction. In this section, the out-of-plane width of 0.1 m for the steel strip was modelled using

strip elements.

The reinforcement axial loads from FLAC with strip elements are shown in Figure 17. The
FLAC results clearly show that, when the 0.1-m wide steel strip was modelled, the reinforcement
axial loads were lower than those assumed using a 0.675-m wide steel strip in PLAXIS (for the
same reinforcement axial stiffness computed, i.e., Eseel X As). The reduced contact area between
the 0.1-m wide steel strip and backfill soil was the main reason for the lower reinforcement axial

loads when compared to the assumed 0.675-m wide steel strip in PLAXIS.

Figure 18 shows the facing panel axial loads using strip elements with the out-of-plane width of
0.1 m in FLAC. Predicted facing axial loads using PLAXIS with geogrid elements (out-of-plane
width of 0.675 m), were similar to facing axial loads over the range y = 0.75 to 1.5 m but facing
axial loads were visibly lower for y = 0 to 0.75 m using FLAC with strip elements (out-of-plane

width of 0.1 m). These differences increased with increasing surcharge load. The differences in
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facing axial loads were due to lower reinforcement loads (Figure 17) resulting in less down-drag
forces using FLAC with 0.1-m wide steel strip when compared to PLAXIS with assumed 0.675-
m wide steel strip.

5 Conclusions

A number of commercially available software programs are available to geotechnical design
engineers and researchers to predict the behaviour of reinforced soil walls (MSE walls). Most
programs are based on the finite element method. An example program is PLAXIS (2008).
Another widely used software program is FLAC (ltasca 2011) which is based on the finite
difference method. The treatment of soil-facing interfaces and the inclusions used to model the
reinforcing layers in MSE walls also vary between and within the programs. Potential
quantitative differences in numerical predictions for nominally identical wall cases using these
two programs are of interest to both designers and researchers. This is the motivation for the

work described in this paper.

Numerical predictions using both programs were focused on reinforced soil-facing panel
interaction with equivalent interface properties based on the Mohr-Coulomb failure criterion.
The numerical analyses using unit cells showed that for the same surcharge loads and applied
lateral displacement for the upper cell the predicted normal and shear stresses and normal
displacements from both computer programs agreed very well. A MSE wall model segment with
and without steel reinforcement was used to demonstrate how the reinforcement can be modelled
in both programs using interfaces with zero thickness to capture soil-structure interactions. Based

on the cases and conditions examined, the following conclusions can be made:

e The predicted normal and shear stresses between the facing panel and backfill soil using
FLAC generally agreed well with those from PLAXIS (Case 1 shown in Figure 2a). The
slight differences in normal and shear stresses between the two programs were due to very

small differences in predicted plastic displacements.
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e Considering the steel reinforcement with out-of-plane width of 0.675 m (Case 2 shown in
Figure 2b), the tensile loads of the reinforcement agreed well between FLAC (beam, cable,
strip elements) and PLAXIS (geogrid elements). However, the facing panel axial loads using
FLAC with cable and strip elements were different from those using FLAC with beam
elements and PLAXIS with geogrid elements.

e When the steel reinforcement was assumed to be 0.675 m wide (Case 3 shown in Figure 2c),
both programs predicted similar results for facing and reinforcement axial loads even though
the reinforcement was modelled using different structure elements (geogrid in PLAXIS, and
beam, cable, and strip in FLAC).

e Increasing the backfill soil modulus decreased both the reinforcement tensile loads and facing
axial loads. Small differences in the reinforcement tensile loads and facing axial loads were
observed between FLAC and PLAXIS results for larger backfill soil modulus values and
larger surcharge loads (other conditions being equal).

e Increasing the interface stiffness increased both the reinforcement tensile loads and facing
axial loads. The numerical results from both FLAC and PLAXIS agreed very well.

e Modelling the true out-of-plane width of 0.1 m for the steel strip with cable and strip elements
in FLAC resulted in lower reinforcement axial load and less down-drag forces on the facing
panel when compared to results from both FLAC and PLAXIS using the assumed out-of-
plane width of 0.675 m (using the same reinforcement axial stiffness).

e For the case of soil reinforcement materials which are discontinuous in the out-of-plane
direction, program PLAXIS with geogrid elements and program FLAC using beam elements
use larger interface area and therefore predict greater reinforcement axial loads than program

FLAC using cable and strip elements.

Despite the potential for different quantitative predictions depending on which program is used
and which options and constitutive models available in each program are adopted, both programs
have been used to reproduce the measured performance of instrumented full-scale walls to
acceptable accuracy by adjusting soil parameter values within reasonable limits to improve
agreement (e.g., Hatami et al. 2005, 2006; Huang et al. 2009; Damians et al. 2014a).
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643  Table 1. Property values for unit cells (Note: the property values for the soil are unconstrained
644  because all boundaries of the bottom soil cell are fixed in x- and y-direction)
645

Parameter Value Program’
Concrete

Unit weight, yeonc (KN/m?®) 0 Fand P
Young’s modulus, Econe (GPa) 32.0 Fand P
Poisson’s ratio, Veonc (-) 0.15 Fand P
Interface

Interface friction angle, ¢; (degree) 40.0 FandP
Adhesion, ¢; (kPa) 1.0 FandP
Dilation angle, w; (degree) 0 Fand P
Tension strength, at; (kPa) 0 FandP
Young’s modulus, E; (MPa) 0.82 P
Poisson’s ratio, V; (-) 0.45 P
Compression modulus, Egeq i (MPa) 3.11 P
Shear modulus, G; (MPa) 0.283 P
Virtual interface thickness, t; (m) 0.283 P
Normal stiffness, k, (MPa/m) 11.0 F
Shear stiffness, ks (MPa/m) 1.0 F

646  Note: " F and P denote FLAC and PLAXIS computer programs, respectively:
647
648

649
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650 Table 2. Property values for model with single precast concrete panel segment and single layer
651  of soil reinforcement

652
Parameter Value Program’
Concrete panel
Unit weight, yeonc (KN/m?®) 24.0 Fand P
Young’s modulus, Econe (GPa) 32.0 Fand P
Poisson’s ratio, Veone (-) 0.15 P
Cross-sectional area’, A, (m°) 0.18 F
Moment of inertia®, 1, (m*) 4.86x10™ F
Axial stiffness?, EconcAp (GN/m) 5.76 P
Bending stiffness?, Econclp (MN/m?/m)  15.6 P
Backfill soil
Unit weight, ysit (KN/m®) 18.0 FandP
Friction angle, ¢ (degree) 44.0 FandP
Cohesion, Csil (kPa) 1.0 Fand P
Dilation angle, v« (degree) 14.0 FandP
Tension strength, oi il (KPa) 0 FandP
Young’s modulus, Eg; (MPa) 5.0 FandP
Poisson’s ratio, Vs (-) 0.3 Fand P

Steel reinforcement

Young’s modulus, Egte (GPa) 200 F
Scaled cross-sectional area®, As (m*/m) 3.41x10™ F
Moment of inertia, 1, (m*) 0 F
Scaled axial stiffness®, EgesiAs (MN/m)  68.2 P
Interface

Friction angle, ¢; (degree) 16.2 FandP
Cobhesion, ¢; (kPa) 0.3 FandP
Dilation angle, w; (degree) 0 FandP
Tension strength, oy (kPa) 0 FandP
Young’s modulus, E; (MPa) 0.502 P
Poisson’s ratio, V; (-) 0.45 P
Compression modulus, Eqeq i (MPa) 1.90 P
Shear modulus, G; (MPa) 0.173 P
Virtual interface thickness, t; (m) 0.0383 P
Normal stiffness, k, (MPa/m) 49.7 F
Shear stiffness, ks (MPa/m) 451 F

653  Note: ~F and P denote FLAC and PLAXIS computer programs, respectively;

654 2 based on out-of-plane width of 1 m and the unit of the variable based on corresponding
655  computer program manual; * the value is scaled to 1.0 m out-of-plane width for plane strain
656  calculation.

657

658
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Table 3. Cable and strip property values in FLAC

Parameter’ Value

Cable element

Exposed perimeter, perimeter (m) 0.2 (1.3)

Cross-sectional area, area (m?) 2.3x10™

Grout stiffness®, kbond (MN/m/m) 0.903 (6.09)

Grout cohesion®, shond (kN/m) 0.06 (0.405)

Grout frictional resistance, sfriction (degree) 16.2

Spacing, spacing (m) 0.675

Out-of-plane stress component, s;; (-) off

Strip element

Calculation width, calwidth (m) 0.675

Number of strips per calculation width, nstrips (-) 1

Initial apparent friction coefficient, fstar0 (-) 0.3

Minimum apparent friction coefficient, fstarl (-) 0.3

Strip/interface shear stiffness®, strkbond (MN/m/m) 0.903 (6.09)

Strip/interface cohesion®, strsbond (kN/m) 0.06 (0.405)

Strip width, strwidth (m) 0.1 (0.675)

Strip thickness®, strthickness (m) 2.3x10° (3.41x10™)

Note: * italicized parameter names are used in the FLAC manual.

2 kbond = ksxperimeter;
% shond = cixperimeter;
4 strkbond = kex2xstrwidth;
®strshond = ¢jx2xstrwidth;

® to keep the same cross-sectional area of 2.3x10™* m? (strwidthxstrthickness) and therefore the

same axial stiffness.
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671  Table 4. Numerical results for the soil-concrete interface response between unit cells
672
Applied  Applied Soil-concrete interface (k, = 1.1x10" Pa/m, ks = 1.0x10° Pa/m)
surltz)r;a:jrge d'fﬁéﬁe_ Normal displacement (mm) Shear stress (kPa) Shear
(kPa) (mm) FLAC PLAXIS Analytical FLAC PLAXIS Analytical stress state
5 5.00 5.00 5.00 Elastic
10 9.39 9.40 9.39 Plastic
=10 0.909  0.910 0.909
a 15 039 9.40 9.39 Plastic
20 9.39 9.40 9.39 Plastic
20 20.0 20.0 20.0 Elastic
40 40.0 40.0 40.0 Elastic
=50 4.55 4.55 4.55
a 60 430 430 43.0 Plastic
80 43.0 43.0 43.0 Plastic
80 80.0 80.0 80.0 Elastic
100 84.9 85.0 84.9 Plastic
=1 : A .
q=100 120 9.09 910 9.09 84.9 85.0 84.9 Plastic
140 84.9 85.0 84.9 Plastic
673

674
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Figure 1. Schematic showing unit cells with concrete-soil interface: (a) boundary conditions and
finite difference numerical grid with FLAC and (b) boundary conditions and finite element mesh
with PLAXIS (Note: for boundary conditions and concrete material modulus examined, the
number of zones in FLAC and elements in PLAXIS does not affect numerical results)
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697  Figure 2. Schematic showing single precast concrete panel wall segment: (a) without steel strips,
698 (b) with steel strips defined horizontally, and (c) with steel strips defined specially at the
699  connection part (Note: the extension of interfaces between the steel strips and backfill is applied
700 only when using PLAXIS; x is the horizontal direction; y is the vertical direction; z is the out-of-
701  plane direction)
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Figure 3. Load transfer from backfill soil to facing panel (Case 1): (a) normal stress and (b)

shear stress
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Figure 6. Interface normal stresses on the upper and lower sides of the reinforcement using

PLAXIS geogrid elements and FLAC beam elements
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Figure 7. Reinforcement axial loads (Case 2) using PLAXIS geogrid elements and FLAC strip

elements
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Figure 8. Facing panel axial loads (Case 2) using PLAXIS geogrid elements and FLAC strip

elements
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Figure 9. Reinforcement axial loads (Case 3) using PLAXIS geogrid elements and FLAC beam

elements
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Figure 10. Facing panel axial loads (Case 3) using PLAXIS geogrid elements and FLAC beam

elements



Computers and Geotechnics v9
September 2014

A
o

PLAXIS (Geogrid)
0 O v FLAC (Strip)

q = surcharge load
E. =5 MPa

soil

k, = 49.7 MPa/m
k. = 4.51 MPa/m

40 ]

Reinf. axial load (kN/m)

780 Distance from back of facing (m)

781

782  Figure 11. Reinforcement axial loads (Case 3) using PLAXIS geogrid elements and FLAC strip
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800  Figure 14. Facing panel axial loads (Case 3) using PLAXIS geogrid elements and FLAC beam
801 elements with higher Young’s modulus of the backfill soil
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Figure 15. Reinforcement axial loads (Case 3) using PLAXIS geogrid elements and FLAC beam

elements with higher interface stiffness
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Figure 16. Facing panel axial loads (Case 3) using PLAXIS geogrid elements and FLAC beam

elements with higher interface stiffness
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819  Figure 17. Reinforcement axial loads (Case 3) using PLAXIS geogrid elements (out-of-plane
820  width =0.675 m) and FLAC strip elements (out-of-plane width = 0.1 m)
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825  Figure 18. Facing panel axial loads (Case 3) using PLAXIS geogrid (out-of-plane width = 0.675
826  m) and FLAC strip (out-of-plane width = 0.1 m)
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