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ABSTRACT  21 

 22 

The choice of structure element to simulate soil reinforcement and soil-structure interaction 23 

details for numerical modelling of mechanically stabilized earth (MSE) walls can have a 24 

significant influence on numerical outcomes. Program FLAC (finite difference method) offers 25 

three different options (beam, cable and strip element) to model the reinforcement and program 26 

PLAXIS (finite element method) has two (beam and geogrid element). Both programs use 27 

different models and properties to simulate the mechanical behaviour of the interface between 28 

dissimilar materials. The paper describes the details of the linear elastic Mohr-Coulomb interface 29 

model available in the two software packages to model material interaction and how to select 30 

model parameters to give the same numerical outcomes. The numerical results quantitatively 31 
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demonstrate the conditions that give good agreement between the two programs for the same 32 

steel strip reinforced soil-structure problem and the situations where they do not. For example, 33 

the paper demonstrates that results can be very different depending on the type of structure 34 

element used to model horizontal reinforcement layers that are discontinuous in the plane-strain 35 

direction.  36 

 37 

Key words: Interface, Soil-structure interaction, Reinforced soil walls, Numerical modelling  38 
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1 Introduction 40 

 41 

Mechanically stabilized earth (MSE) walls have advantages with respect to ease of construction 42 

and cost over traditional concrete gravity and cantilever retaining walls, and are now used widely 43 

around the world. However, MSE walls are complicated mechanical structures with multiple 44 

design limit states for internal, external and facing stability modes of failure. Furthermore, the 45 

interactions between the backfill soil and the facing and reinforcement components strongly 46 

affect the performance of MSE walls. The conventional approach to internal stability design of 47 

these structures is to use closed-form solutions based on classical notions of active earth pressure 48 

theory (e.g., AASHTO 2012; BS8006 2010). However, this approach is restricted to simple 49 

structures with simple boundary conditions, geometry and materials. For more complicated 50 

project conditions or for performance-based design, geotechnical engineers often resort to 51 

advanced numerical modelling techniques. 52 

 53 

Two numerical methods are generally used to model MSE walls: (a) finite element method (e.g., 54 

Cai and Bathurst 1995; Karpurapu and Bathurst 1995; Rowe and Ho 1997; Yoo et al. 55 

2011; Damians et al. 2013, 2014a), and (b) finite difference method (e.g., Hatami et al. 2001; 56 

Hatami and Bathurst 2005, 2006; Huang et al. 2009, 2010; Abdelouhab et al. 2011; 57 

Damians et al. 2014b).  58 

 59 

The numerical modelling of MSE walls requires the use of interface boundaries to simulate the 60 

discontinuity and transfer of normal and shear stresses from the soil to the reinforcement and 61 

facing components. However, the different treatment of the internal boundaries in commercially 62 

available programs using these two different numerical techniques and choice of reinforcement 63 

structure element available in the programs may result in different numerical predictions for the 64 

nominally identical MSE wall.   65 

 66 

The objective of this paper is to examine numerical modelling details of the load transfer within 67 

a segment comprising a precast concrete panel with steel strip soil reinforcement using the finite 68 

difference method (FLAC; Itasca 2011) and the finite element method (PLAXIS 2008). Both 69 

programs are widely used by geotechnical engineers and researchers to solve soil-structure 70 
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interaction problems including MSE wall systems. A method to develop equivalent interface 71 

property values for both programs is presented. The paper also demonstrates the influence of 72 

choice of structure element on numerical outcomes using beam, cable and strip options in FLAC 73 

for the soil reinforcement and the beam and “geogrid” options in PLAXIS. Finally, the paper 74 

identifies situations where the two programs can give very different results. 75 

 76 

2 Interface Modelling 77 

 78 

For soil and structure zones in direct contact, two options are available to model soil-structure 79 

interaction in advanced numerical models (Ng et al. 1997): (a) interface elements with zero 80 

thickness to transfer shear and normal stresses from the soil to the structure; and (b) continuum 81 

elements with finite thickness. The focus of this paper is on interface elements with zero 82 

thickness that are available in FLAC and PLAXIS. 83 

    84 

2.1 Interface Model and Properties in FLAC 85 

 86 

The interfaces in FLAC (Itasca 2011) can be defined as glued, unglued, or bonded interfaces 87 

depending on the application. For the purpose of comparison with PLAXIS, unglued interfaces 88 

(where the slip or/and opening of interfaces is allowed and the plastic shear displacement occurs 89 

after the shear stress exceeds a maximum shear strength) are used in this paper. The interface 90 

properties are friction angle (υi), cohesion (ci), dilation angle (ψi), tensile strength (σt,i), normal 91 

stiffness (kn), and shear stiffness (ks). The interface shear strength is governed by the Mohr-92 

Coulomb failure criterion: 93 

 94 

inimaxs, tan+= υσcτ                                                                                                             [1] 95 

 96 

where τs,max is the maximum shear stress at the interface under normal stress (σn). 97 

 98 

The normal stress and shear stress (τs) are calculated based on the interface normal displacement 99 

(un) and shear displacement (us) using the following equations: 100 

 101 
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 104 

2.2 Interface Model and Properties in PLAXIS 105 

 106 

Interfaces using the linear elastic model with Mohr-Coulomb failure criterion in PLAXIS 107 

(PLAXIS 2008) are considered here for comparison with FLAC. These interfaces have 108 

properties of friction angle, cohesion, dilation angle, tensile strength, Young’s modulus (Ei), and 109 

Poisson’s ratio (vi). Young’s modulus and Poisson’s ratio can be replaced by using oedometer 110 

modulus (Eoed,i) and shear modulus (Gi). The values of interface properties in PLAXIS can be set 111 

using two options. The first option uses a reduction factor (Ri ≤ 1.0) applied to the soil material 112 

when defining soil property values (the default value is Ri = 1.0, i.e. a fully-bonded interface). 113 

Hence, the interface property values are directly related to the mechanical properties of the soil 114 

forming the interface as: 115 

 116 

soilii cRc                                                                                                                                   [4] 117 

soilii tantan υRυ                                                                                                                       [5] 118 










0.1      

0.1           0

isoil

i
i

Rψ

R
ψ                                                                                                               [6] 119 

soil
2

i GRG i                                                                                                                              [7] 120 

45.0i v                                                                                                                                    [8] 121 

 iii 12 vGE                                                                                                                           [9] 122 

i

i
iioed,

21

1
2

v

v
GE




                                                                                                                  [10]   123 

soilt,iit, σRσ                                                                                                                           [11] 124 

 125 

where υsoil, csoil, ψsoil, σt,soil, and Gsoil are the friction angle, cohesion, dilation angle, tensile 126 

strength, and shear modulus of the surrounding soil, respectively.   127 
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 128 

The second option treats the interface as a separate soil zone (with zero thickness). The interface 129 

property values are also calculated using Equations 4-11 but the soil property values are for the 130 

interface and thus can be different from the properties of the surrounding soil. This is a more 131 

flexible approach with respect to equivalency between parameters used in FLAC and PLAXIS 132 

models, especially when the shear stiffness is available from laboratory tests or assumed from 133 

FLAC modelling as discussed below. It should be noted that Poisson’s ratio is fixed with vi = 134 

0.45 in PLAXIS for interfaces which results in the normal stiffness kn = 11ks for all interfaces.  135 

 136 

2.3 Equivalent Interface Properties for FLAC and PLAXIS 137 

 138 

The interface friction angle, cohesion, dilation angle, and tensile strength in FLAC are the same 139 

as those in PLAXIS and the same parameter values can be set directly in both programs. If the 140 

normal stiffness and shear stiffness from FLAC are known and kn = 11ks, the equivalent interface 141 

properties in PLAXIS can be found using the following equations: 142 

 143 
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 147 

where ti is the virtual thickness of the interface which is related to average element size and 148 

virtual thickness factor in PLAXIS (the exact value used during calculation can be found in the 149 

OUTPUT program – a post-processor in PLAXIS). For cases where kn ≠ 11ks, no equivalent 150 

interface properties can be found for FLAC and PLAXIS. 151 

 152 

If Young’s modulus and fixed Poisson’s ratio vi = 0.45 (or oedometer modulus and shear 153 

modulus) at the interface with Ri = 1.0 (using the second option for setting interface property 154 

values) are provided from PLAXIS, the following equations can be used to compute the 155 

equivalent interface properties in FLAC: 156 
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 160 

It should be noted that Equations 4-11 are used in this investigation to calculate interface 161 

property values including those in Equations 15-16 that are used in turn to compute kn and ks for 162 

FLAC simulations. If the soil Poisson’s ratio is not 0.45 and reduction factor Ri < 1.0 are 163 

assumed for the interfaces, Young’s modulus, Poisson’s ratio, oedometer modulus and shear 164 

modulus for Equations 15-16 are computed using Equations 9, 8, 10 and 7, respectively, in 165 

PLAXIS simulations. 166 

 167 

3 Problem Definition and Parameter Values 168 

 169 

3.1 Unit Cells 170 

 171 

Figure 1 shows the unit cells (dimensions of 1 m×1 m) that were modeled in this paper. The unit 172 

cell approach with concrete in the top cell was found to be the simplest method to examine 173 

equivalent interface properties for the same geometry and boundary conditions using FLAC and 174 

PLAXIS programs. Two cells were considered for each test. The material in the bottom cell was 175 

soil and the top cell was concrete. The property values for the concrete and the interface are 176 

given in Table 1. The soil property values are unrestricted because of the fixed boundary 177 

conditions. The surcharge load was applied to the top surface of the upper cell. All boundaries of 178 

the lower cell (including the top boundary of the lower cell) were fixed in both the x- and y-179 

direction. All boundaries of the upper cell were free in both the x- and y-direction. On the left 180 

side of the upper cell, prescribed displacements were applied in the x-direction after surcharging. 181 

The concrete was modeled as a linear elastic medium. The Mohr-Coulomb failure criterion was 182 

applied to the interface. Other details for FLAC and PLAXIS simulations are given below: 183 

 184 
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 In FLAC (Figure 1a), each cell was modeled by one zone. The zero-thickness interface 185 

was located between the upper and lower cells. 186 

 In PLAXIS (Figure 1b), each cell was modeled using two 15-node triangle elements. 187 

One 10-node interface element with zero thickness was located between the upper and 188 

lower cells. 189 

 190 

The interface normal stiffness and shear stiffness were first assumed in FLAC and the equivalent 191 

interface properties for PLAXIS were calculated using Equations 12-14. The number of zones in 192 

FLAC (and the number of elements in PLAXIS) has no effect on the numerical results because 193 

of the very high elastic modulus assigned to the concrete and the fixed boundary conditions of 194 

the soil.   195 

 196 

3.2 Single Precast Concrete Panel Segment 197 

 198 

To better understand the load transfer from the backfill soil to the adjacent structures, a single 199 

precast concrete panel segment was simulated as shown in Figure 2. The panel has a height of 200 

1.5 m, a thickness of 0.18 m, and an out-of-plane width of 1.35 m. These dimensions fall within 201 

the range of panel dimensions reported in the literature for steel reinforced soil wall systems. 202 

However, actual dimensions are not critical to the qualitative outcomes in this investigation. The 203 

modelled backfill soil zone is 5.0 m long and 1.5 m high and is supported by a smooth rigid 204 

foundation.  205 

 206 

Three cases were examined. For all cases, the top of the backfill soil was free in both the x- and 207 

y-direction and the bottom of backfill soil was fixed in the y-direction. The right side of the 208 

backfill soil was fixed in the x-direction. Other boundary conditions and geometric details are 209 

given below for each case:  210 

 211 

 Case 1 (Figure 2a): the panel was fixed in the x-direction and the bottom of the panel 212 

was fixed in the y-direction. The purpose of Case 1 is to model the transfer of normal and 213 

shear stresses from the backfill soil to the facing panel without the reinforcement.  214 
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 Case 2 (Figure 2b): two 4 m long by 0.1 m wide steel reinforcement layers (the thickness 215 

of each strip is 0.0023 m) were attached to the back of each facing panel at y = 0.75 m. 216 

These dimensions correspond to a steel strip reinforced soil wall reported by Chida et al. 217 

(1979). Today most of these steel strip reinforcement products are narrower (e.g., 50 mm; 218 

Allen et al. 2004). However, qualitative comparisons are unaffected by the choice of steel 219 

strip reinforcing elements in this range. The steel reinforcement is located horizontally in 220 

the backfill soil with x = 0 - 4.0 m and y = 0.75 m. No restriction was applied to panel 221 

movement in the x-direction other than the bottom of the facing was fixed in both x- and 222 

y-direction. 223 

 Case 3 (Figure 2c): the only difference between Case 2 and Case 3 is that the steel 224 

reinforcement in Case 3 is located in the backfill soil by defining three points (point one 225 

at x = 0 and y = 0.75 m, point two at x = 0.05 m and y = 0.745 m, and point three at x = 226 

4.0 m and y = 0.745 m). 227 

 228 

In both FLAC and PLAXIS, the facing panel is modelled using beam elements and the Mohr-229 

Coulomb model is applied to the backfill soil. Using element (or zone) size smaller than that 230 

used in this study for both programs was shown to have only minor effect on the numerical 231 

results reported later. The details using FLAC are provided below: 232 

 233 

 For Cases 1, 2 and 3, a total of 20 beam elements for the facing panel and 2000 zones for 234 

the backfill soil were employed. The interface was applied between the facing beam 235 

elements and backfill soil.  236 

 For Cases 2 and 3, three different types of structure elements were used (beam, cable and 237 

strip type) with a total of 80 elements defined using x- and y-coordinates to simulate the 238 

steel strips. It should be noted that when using beam elements in FLAC, the extension of 239 

the interface is not necessary because beam elements are defined using coordinates in this 240 

paper.  241 

 For Case 3 with beam elements for the reinforcement, no interface was applied between x 242 

= 0 and 0.05 m (the interfaces are applied on both sides of beam elements between 0.05 243 

and 4.0 m).  244 

 245 
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In PLAXIS simulations, using a beam element with near zero bending stiffness for the steel 246 

reinforcement is equivalent to the geogrid element which is used hereafter. The following are 247 

details using PLAXIS: 248 

 249 

 For Cases 1, 2 and 3, the panel was modelled using 5-node beam elements (total of 8 250 

elements) and the backfill soil was modelled using 15-node triangle elements (total of 251 

202 elements). The 10-node interface elements with zero thickness were applied between 252 

facing beam elements and backfill soil elements. 253 

 For Case 2, the steel reinforcement is modelled using 5-node geogrid elements with a 254 

total of 21 elements and the interfaces between the geogrid elements and backfill soil 255 

were extended to x = 4.25 m (the end of the reinforcement is at x = 4.0 m). 256 

 For Case 3, one “anchor” was applied for the short connection portion of the steel 257 

reinforcement between x = 0 and 0.05 m (Figure 2c; note that the anchor in PLAXIS 258 

only transfers load between two points). The remainder of the steel reinforcement was 259 

modelled using 21 5-node geogrid elements (both anchor and geogrid elements have the 260 

same axial stiffness). The interfaces between the geogrid elements and backfill soil (x = 261 

0.05 - 0.4 m) were extended to x = 0.025 and 4.25 m to avoid stress concentration near x 262 

= 0.05 and 4.0 m, respectively. 263 

 264 

As shown in Table 2, all interfaces have the same interface property values equivalent to those 265 

for Ri = 0.3 applied to the backfill soil in PLAXIS. It should be noted that Ri = 0.3 is generally 266 

lower than that commonly used for retaining walls with concrete facing. However this lower 267 

reduction factor can be justified to account for the effect of light compaction equipment that is 268 

recommended immediately behind the facing in current reinforced soil wall construction 269 

practice. However, the general conclusions made in this paper remain valid when the reduction 270 

factor for the interfaces between the facing and backfill soil and between the steel reinforcement 271 

and backfill soil is set to other values (e.g., the commonly used reduction factors are in the range 272 

Ri = 0.6 - 0.9). Interface property values other than those listed in Table 2 are examined later and 273 

numerical outcomes are investigated in the corresponding sections. The equivalent interface 274 

properties for FLAC were evaluated using Equations 16-17. The small strain mode was used in 275 

both programs. Uniformly distributed surcharge load was applied to the top surface of the 276 
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backfill soil at three different magnitudes (q = 10, 50 and 100 kPa). The backfill soil was initially 277 

brought to equilibrium using K0 = 1-sin(υsoil) = 0.305 for both programs. Parameter values used 278 

in both programs are shown in Table 2. It should be noted that, when cable and strip elements in 279 

FLAC are used to model the steel reinforcement, their property values are calculated from Table 280 

2 based on the definition of these properties in FLAC (Table 3). 281 

 282 

In the simulations to follow the out-of-plane width of the reinforcement is 0.1 m and the total 283 

out-of-plane width modelled for the facing panel and backfill soil is 0.675 m (Figure 2). For the 284 

reinforcement using FLAC beam elements and PLAXIS geogrid elements, the modelled 285 

interface between the steel reinforcement and backfill soil has an out-of-plane width of 0.675 m 286 

(this is the only choice for these two element types). When using FLAC cable elements and strip 287 

elements, the out-of-plane width of the interface can be less than 0.675 m. For example, the true 288 

width of the steel strip in this paper is 0.1 m corresponding to 15% area coverage ratio. However, 289 

depending on the steel reinforcement product this coverage ratio could be as high as 50% for 290 

some steel bar mat and welded wire products (Allen et al. 2004). For the case of geosynthetic 291 

sheet reinforcement products the coverage ratio is 100%. It should be noted that for cable and 292 

strip elements in FLAC, the interface-related properties are part of the cable and strip element 293 

properties. In the simulations to follow the above conditions apply unless noted otherwise. 294 

 295 

4 Results 296 

 297 

4.1 Modelling of Interfaces using Unit Cells 298 

 299 

Table 4 shows interface normal displacements and shear stresses under different applied 300 

surcharge loads and displacements. The results from both FLAC and PLAXIS are compared with 301 

the analytical solutions (Equations 2 and 3).  For the applied surcharge load q = 10 kPa, the 302 

exact normal displacement at the interface (with kn = 1.1×10
7
 Pa/m) using Equation 2 is un = 303 

σn/kn = 10000/1.1/10
7
 = 9.09×10

-2
 m = 0.909 mm. The maximum shear stress using Equation 1 304 

is calculated to be τs,max = ci + σntanυi = 1000+10000×tan(40°) = 9.39×10
3
 Pa = 9.39 kPa. Thus 305 

the exact shear stress at the interface (with ks = 1.0×10
6
 Pa/m) using Equation 3 under the 306 

applied shear displacement us = 5 mm is τs = ksus = 1.0×10
6
×5×10

-3
 =5.0 ×10

3
 Pa = 5.0 kPa (< 307 
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9.39 kPa; the shear stress is at the elastic state). For the applied shear displacement us = 10 mm, 308 

the exact shear stress is τs = τs,max = 9.39 kPa (due to ksus = 1.0×10
6
×10×10

-3
 =10.0 ×10

3
 Pa = 309 

10.0 kPa > 9.39 kPa; the shear stress is at the plastic state). The same procedure is used to 310 

evaluate the normal displacements and shear stresses under other applied surcharge loads and 311 

displacements. The numerical results in Table 4 show that the calculated normal displacements 312 

and shear stresses from FLAC and PLAXIS analyses agree very well with the exact solutions. 313 

 314 

4.2 Interface Normal and Shear Stresses between Facing and Backfill Soil for Case 1 315 

 316 

Figure 3a shows the normal stresses acting at the interface between the facing and backfill soil 317 

for Case 1 (without steel strips) and three different surcharge pressures. For q = 10 kPa, the 318 

normal stress from PLAXIS was 0.64 kPa at the top of the interface (compared to 0.83 kPa using 319 

FLAC) and increased to 13.2 kPa at the bottom of the interface (compared to 13.0 kPa - FLAC). 320 

Increasing the surcharge to q = 50 kPa, the normal stresses at the top and bottom of the interface 321 

using PLAXIS increased to 6.31 kPa (9.01 kPa - FLAC) and 32.3 kPa (32.1 kPa - FLAC), 322 

respectively. When the surcharge was q = 100 kPa, the normal stresses from PLAXIS were 13.5 323 

kPa at top (19.7 kPa - FLAC) and 56.1 kPa at bottom of the interface (55.9 kPa - FLAC). The 324 

normal stresses from PLAXIS and FLAC are judged to be in generally good agreement. The 325 

small visual differences in normal stresses near and at top of the interface are due to the large 326 

plastic deformations in this region that resulted in small differences in predicted normal 327 

displacements between programs.  328 

 329 

The shear stresses on the interface between the facing and backfill soil for Case 1 are shown in 330 

Figure 3b. When the surcharge load was q = 10 kPa, the shear stress using PLAXIS was 0.48 331 

kPa at top of the interface (0.50 kPa - FLAC), increasing to a maximum value of 2.60 kPa at y = 332 

0.84 m (2.57 kPa from FLAC at y = 0.83 m), and thereafter decreasing to zero at bottom of the 333 

interface. For q = 50 kPa, the shear stress at y = 1.5 m was 2.13 kPa from PLAXIS (2.80 kPa 334 

from FLAC) and the maximum shear stress was 8.47 kPa from PLAXIS at y = 0.52 m (7.94 kPa 335 

from FLAC at y = 0.53 m). Increasing the surcharge load to q = 100 kPa increased the shear 336 

stress at y = 1.5 m to 4.21 kPa from PLAXIS (5.75 kPa from FLAC) and the maximum shear 337 

stress to 15.1 kPa at y = 0.47 m (14.0 kPa from FLAC at y = 0.53 m). The slight difference for 338 
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shear stresses near and at y = 1.5 m between PLAXIS and FLAC was because the predicted 339 

normal stresses from both programs were slightly different in this area (Figure 3a) which 340 

resulted in different computed maximum shear stress (Equation 1). The difference in shear 341 

stresses using the two programs is greatest near the location of maximum shear stress, especially 342 

for q = 100 kPa. This is due to differences in predicted shear displacements when slippage 343 

(interface shear failure) occurred. 344 

 345 

4.3 Reinforcement and Facing Panel Axial Loads for Case 2 346 

 347 

The reinforcement axial loads for Case 2 with PLAXIS geogrid elements and FLAC beam 348 

elements are shown in Figure 4. Using PLAXIS, the reinforcement connection load was about 349 

6.33 kN/m for the applied surcharge load q = 10 kPa. It increased to 21.1 and 39.8 kN/m when 350 

increasing the surcharge load to q = 50 and 100 kPa, respectively. For FLAC, the reinforcement 351 

connection loads were 6.55, 22.7, and 42.3 kN/m for surcharge loads q = 10, 50, and 100 kPa, 352 

respectively. The results for the reinforcement axial load (Case 2) from PLAXIS generally 353 

agreed well with those from FLAC. Figure 4 also showed that the predicted reinforcement axial 354 

load decreased to near zero at the tail of the reinforcement in both PLAXIS and FLAC 355 

simulations. This must be the case at this boundary and thus serves as a check on the validity of 356 

numerical outcomes.   357 

 358 

Figure 5 shows the facing panel axial loads for Case 2 with PLAXIS geogrid elements and 359 

FLAC beam elements. Recall that in Case 2 the reinforcement was located at y = 0.75 m (Figure 360 

2b) and the mesh and reinforcement position in PLAXIS and FLAC were not updated during 361 

calculations using the small strain option. Thus the reinforcement generates only horizontal 362 

tensile load. The down-drag force (i.e., vertical load) on the facing panel from the reinforcement 363 

is zero. However, a sharp increase in facing axial load at the reinforcement elevation was 364 

observed for all three surcharge loads (Figure 5) using both programs. For example, using 365 

PLAXIS the facing axial load at y = 0.75 m jumped from 4.08 to 4.76 kN/m when q = 10 kPa, 366 

from 5.74 to 8.72 kN/m when q = 50 kPa, and from 7.80 to 13.6 kN/m when q = 100 kPa. These 367 

jumps in facing axial load were not from reinforcement down-drag forces, but are the result of 368 

unbalanced vertical force between the upper and lower sides of the reinforcement as shown in 369 
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Figure 6. This is the result of the two interface nodes (one above the reinforcement and the other 370 

one below the reinforcement) sharing the same physical position with the beam node at x = 0 and 371 

y = 0.75 m. 372 

 373 

For Case 2 shown in Figure 5, the calculated facing axial loads from PLAXIS generally agreed 374 

well with those from FLAC. The slight difference in axial loads for the facing panel below the 375 

reinforcement layer (y ≤ 0.75 m) was due to slightly different normal stress on the upper side of 376 

the reinforcement at x = 0 and y = 0.75 m calculated by the two programs. For example, when q 377 

= 100 kPa the normal stress on the upper side of the reinforcement at x = 0 and y = 0.75 m was 378 

about 380 kPa from PLAXIS and about 284 kPa from FLAC as shown in Figure 6. The 379 

modeling also showed that the calculated interface normal stresses on the upper and lower sides 380 

of the reinforcement using PLAXIS were in generally good agreement with those from FLAC 381 

(Figure 6). The difference near the tail-end of the reinforcement was because of the extended 382 

interface adopted in PLAXIS to avoid stress concentration near the tail.    383 

 384 

4.4 Reinforcement Modelled by Structure Elements without Normal Stiffness for Case 2 385 

 386 

The previous section used beam elements in FLAC to model the steel reinforcement. However, 387 

more often cable and strip structure elements are used in FLAC for this type of application 388 

(Abdelouhab et al. 2011). In this section, both cable and strip elements are assumed to have an 389 

interface on each side of the reinforcement with out-of-plane width of 0.675 m as in the previous 390 

section (the influence of true out-of-plane thickness of 0.1 m for typical steel strip reinforcement 391 

is examined later). It should be noted that the cable and strip elements in FLAC only have shear 392 

stiffness (no normal stiffness is specified) and the backfill soil can move through the plane of 393 

reinforcement without restriction when using cable and strip elements. The results using cable 394 

and strip elements were the same for all cases and conditions examined in this paper and thus for 395 

brevity the results with cable elements are not reported in this paper. 396 

 397 

Figure 7 shows the reinforcement axial loads for Case 2 using PLAXIS geogrid elements and 398 

FLAC strip elements. The reinforcement connection loads at different surcharge loads from 399 

FLAC with strip elements were similar to those from FLAC with beam elements (Figure 4). 400 
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Good agreement between calculated reinforcement tensile loads using PLAXIS with geogrid 401 

elements and FLAC with strip elements can be seen in Figure 7. 402 

 403 

The calculated facing panel axial loads for FLAC with strip elements are shown in Figure 8 and 404 

compared with those from PLAXIS with beam elements. The FLAC results show the facing 405 

panel axial load increasing gradually from top to bottom of the facing with no jump. This 406 

confirms that the sudden change in the facing axial load at y = 0.75 m (Figures 5 and 8) was due 407 

to the unbalanced vertical force at x = 0 and y = 0.75 m between the upper and lower interfaces 408 

of the reinforcement when normal stiffness was applied (Figure 6). 409 

 410 

4.5 Reinforcement and Facing Panel Axial Loads for Case 3 411 

 412 

The previous sections have shown that the calculated facing axial loads can be different when 413 

using different structure elements in FLAC, and they are also different when using strip elements 414 

in FLAC and geogrid elements in PLAXIS with the same out-of-plane width. Hereafter, the short 415 

connection segment between the reinforcement and facing panel shown Figure 2c was included 416 

in numerical simulations using both programs.  417 

 418 

Figure 9 shows the reinforcement axial loads for Case 3 with PLAXIS geogrid elements and 419 

FLAC beam elements. For the surcharge load condition q = 10 kPa, the reinforcement 420 

connection load was 6.52 kN/m and the reinforcement axial load gradually decreased to near 421 

zero at x = 4.0 m. The steel strip connection load was 22.3 and 42.2 kN/m when q = 50 and 100 422 

kPa, respectively. The results show that the reinforcement axial loads predicted from both 423 

programs are in very good agreement using geogrid and beam elements. 424 

 425 

For Case 3, the facing axial loads due to the interface shear stresses from backfill soil and down-426 

drag loads from the reinforcement are shown in Figure 10. Recall that the steel strips were 427 

modelled using geogrid elements in PLAXIS and beam elements in FLAC. For the surcharge 428 

load q = 10 kPa, the axial load increased from zero at y =1.5 m to 4.09 kN/m at y = 0.75 m (just 429 

above the reinforcement). The down-drag load (0.66 kN/m) from the steel strips resulted in a 430 

jump in facing axial load from 4.09 to 4.75 kN/m at y = 0.75 m. The reinforcement connection 431 
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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 432 

connection load of 6.52 kN/m at q = 10 kPa the down-drag force from the reinforcement is 433 

6.52×sin(tan
-1

(1/10)) = 0.65 kN/m. This confirms that the sharp change in facing axial load is 434 

from the down-drag load in the reinforcement due to the connection geometry in Figure 2c. The 435 

facing panel axial load continued increasing to 9.15 kN/m at bottom of the facing (y = 0). For q = 436 

50 kPa, the down-drag load from the reinforcement was about 2.27 kN/m and the maximum 437 

facing axial load was about 15.9 kN/m at y = 0. When the surcharge load was increased to q = 438 

100 kPa, the down-drag load from the reinforcement increased to 4.28 kN/m and the maximum 439 

facing load increased to 24.3 kN/m. In conclusion, the results from both programs agreed very 440 

well when geogrid elements in PLAXIS and beam elements in FLAC were used to model the 441 

reinforcement for Case 3. 442 

 443 

4.6 Reinforcement Modelled by Structure Elements without Normal Stiffness for Case 3 444 

 445 

The use of different structure elements in FLAC resulted in different facing axial loads for Case 446 

2. In this section the effect of different structure elements on the reinforcement tensile loads and 447 

facing axial loads for Case 3 are examined. The reinforcement axial loads are shown in Figure 448 

11 for the reinforcement using strip elements in FLAC. Again very good agreement was 449 

observed between the strip elements in FLAC (Figure 11) and beam elements in FLAC (Figure 450 

9) for reinforcement axial loads. When comparing the predicted reinforcement axial loads from 451 

FLAC (with strip elements) with those from PLAXIS (with geogrid elements), the maximum 452 

difference was within 2% for q = 100 kPa. 453 

 454 

Figure 12 shows the facing axial loads using strip elements in FLAC. Differences in facing axial 455 

loads are minor when using beam (Figure 10) and strip (Figure 12) elements in FLAC. When 456 

comparing the predicted facing axial loads from FLAC (with strip elements) with those from 457 

PLAXIS (with geogrid elements), the maximum difference was within 10% near y = 0.75 m for 458 

the surcharge load q = 100 kPa. The modeling results show that for Case 3, the reinforcement 459 

tensile loads and facing axial loads between different structure elements and between different 460 

programs agree very well. 461 

 462 
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4.7 Effect of Backfill Soil Modulus for Case 3 463 

 464 

Figure 13 shows the effect of the backfill soil modulus value on the reinforcement axial loads 465 

using FLAC and PLAXIS. Compared to the results with Esoil = 5 MPa in Figure 9, increasing the 466 

backfill soil modulus to Esoil = 50 MPa (Figure 13) decreased the tensile loads in the 467 

reinforcement when other conditions remained the same (i.e., interface property values kept the 468 

same using the second option described in Section 2.3). The slight differences in tensile loads 469 

occur for the beam elements in FLAC and geogrid elements in PLAXIS when q = 50 and 100 470 

kPa and are due to the small differences in predicted displacements. Thus the results show that 471 

greater backfill modulus and larger surcharge load have more effect on the differences in 472 

predicted reinforcement tensile loads between FLAC and PLAXIS than cases with lower values.  473 

 474 

Figure 14 shows the facing panel axial loads for the case of backfill soil modulus Esoil = 50 MPa. 475 

The higher modulus of the backfill soil resulted in lower facing axial loads when compared to 476 

those with Esoil = 5 MPa in Figure 10 and is attributed to less soil deformation due to the greater 477 

backfill soil modulus. The facing axial loads using FLAC generally agreed well with those from 478 

PLAXIS. The slight differences in facing axial loads were because of small differences in down-479 

drag loads predicted using the two programs as shown in Figure 13. 480 

 481 

4.8 Effect of Interface Stiffness for Case 3 482 

 483 

The magnitude of the normal and shear loads transferred from the backfill soil to the 484 

reinforcement and facing panel is controlled by the interface stiffness and shear strength. Figure 485 

15 shows the effect of the interface stiffness on the reinforcement tensile loads. When compared 486 

to the tensile loads of the reinforcement with kn = 49.7 MPa/m and ks = 4.51 MPa/m in Figure 9, 487 

the increase in interface stiffness (kn = 497 MPa/m and ks = 45.1 MPa/m) increased the 488 

reinforcement tensile loads (Figure 15). The data in Figure 15 show that the reinforcement 489 

tensile loads using FLAC agree very well with those using PLAXIS even for cases with higher 490 

interface stiffness.  491 

 492 
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The effect of the interface stiffness on the facing axial loads is shown in Figure 16. The higher 493 

interface stiffness (kn = 497 MPa/m and ks = 45.1 MPa/m) in Figure 16 resulted in larger facing 494 

axial loads when compared to results in Figure 10 with kn = 49.7 MPa/m and ks = 4.51 MPa/m. 495 

The predicted facing axial loads from FLAC agree well with those from PLAXIS as shown in 496 

Figure 16 for the higher interface stiffness.   497 

 498 

4.9 Effect of Contact Area between Soil and Reinforcement for Case 3 499 

 500 

The results reported in previous sections for Case 3 are very encouraging because the predictions 501 

for facing axial loads, reinforcement axial loads are generally in very good agreement using both 502 

programs. However, the out-of-plane width of the steel reinforcement is 0.1 m (less than 0.675 m 503 

as noted earlier in the paper and the interface with out-of-plane width of 0.675 m was assumed in 504 

the previous sections for Cases 2 and 3). The geogrid elements in PLAXIS and beam elements in 505 

FLAC with interfaces between the structure elements and backfill soil assume that the 506 

reinforcement is continuous in the out-of-plane direction. However, the cable and strip elements 507 

in FLAC can be used to model both continuous and discontinuous structures in the out-of-plane 508 

direction. In this section, the out-of-plane width of 0.1 m for the steel strip was modelled using 509 

strip elements.  510 

 511 

The reinforcement axial loads from FLAC with strip elements are shown in Figure 17. The 512 

FLAC results clearly show that, when the 0.1-m wide steel strip was modelled, the reinforcement 513 

axial loads were lower than those assumed using a 0.675-m wide steel strip in PLAXIS (for the 514 

same reinforcement axial stiffness computed, i.e., Esteel × As). The reduced contact area between 515 

the 0.1-m wide steel strip and backfill soil was the main reason for the lower reinforcement axial 516 

loads when compared to the assumed 0.675-m wide steel strip in PLAXIS. 517 

 518 

Figure 18 shows the facing panel axial loads using strip elements with the out-of-plane width of 519 

0.1 m in FLAC. Predicted facing axial loads using PLAXIS with geogrid elements (out-of-plane 520 

width of 0.675 m), were similar to facing axial loads over the range y = 0.75 to 1.5 m but facing 521 

axial loads were visibly lower for y = 0 to 0.75 m using FLAC with strip elements (out-of-plane 522 

width of 0.1 m). These differences increased with increasing surcharge load. The differences in 523 
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facing axial loads were due to lower reinforcement loads (Figure 17) resulting in less down-drag 524 

forces using FLAC with 0.1-m wide steel strip when compared to PLAXIS with assumed 0.675-525 

m wide steel strip. 526 

 527 

5 Conclusions 528 

 529 

A number of commercially available software programs are available to geotechnical design 530 

engineers and researchers to predict the behaviour of reinforced soil walls (MSE walls). Most 531 

programs are based on the finite element method. An example program is PLAXIS (2008).  532 

Another widely used software program is FLAC (Itasca 2011) which is based on the finite 533 

difference method. The treatment of soil-facing interfaces and the inclusions used to model the 534 

reinforcing layers in MSE walls also vary between and within the programs. Potential 535 

quantitative differences in numerical predictions for nominally identical wall cases using these 536 

two programs are of interest to both designers and researchers. This is the motivation for the 537 

work described in this paper.  538 

 539 

Numerical predictions using both programs were focused on reinforced soil–facing panel 540 

interaction with equivalent interface properties based on the Mohr-Coulomb failure criterion. 541 

The numerical analyses using unit cells showed that for the same surcharge loads and applied 542 

lateral displacement for the upper cell the predicted normal and shear stresses and normal 543 

displacements from both computer programs agreed very well. A MSE wall model segment with 544 

and without steel reinforcement was used to demonstrate how the reinforcement can be modelled 545 

in both programs using interfaces with zero thickness to capture soil-structure interactions. Based 546 

on the cases and conditions examined, the following conclusions can be made: 547 

 548 

 The predicted normal and shear stresses between the facing panel and backfill soil using 549 

FLAC generally agreed well with those from PLAXIS (Case 1 shown in Figure 2a). The 550 

slight differences in normal and shear stresses between the two programs were due to very 551 

small differences in predicted plastic displacements. 552 
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 Considering the steel reinforcement with out-of-plane width of 0.675 m (Case 2 shown in 553 

Figure 2b), the tensile loads of the reinforcement agreed well between FLAC (beam, cable, 554 

strip elements) and PLAXIS (geogrid elements). However, the facing panel axial loads using 555 

FLAC with cable and strip elements were different from those using FLAC with beam 556 

elements and PLAXIS with geogrid elements.  557 

 When the steel reinforcement was assumed to be 0.675 m wide (Case 3 shown in Figure 2c), 558 

both programs predicted similar results for facing and reinforcement axial loads even though 559 

the reinforcement was modelled using different structure elements (geogrid in PLAXIS, and 560 

beam, cable, and strip in FLAC). 561 

 Increasing the backfill soil modulus decreased both the reinforcement tensile loads and facing 562 

axial loads. Small differences in the reinforcement tensile loads and facing axial loads were 563 

observed between FLAC and PLAXIS results for larger backfill soil modulus values and 564 

larger surcharge loads (other conditions being equal). 565 

 Increasing the interface stiffness increased both the reinforcement tensile loads and facing 566 

axial loads. The numerical results from both FLAC and PLAXIS agreed very well. 567 

 Modelling the true out-of-plane width of 0.1 m for the steel strip with cable and strip elements 568 

in FLAC resulted in lower reinforcement axial load and less down-drag forces on the facing 569 

panel when compared to results from both FLAC and PLAXIS using the assumed out-of-570 

plane width of 0.675 m (using the same reinforcement axial stiffness). 571 

 For the case of soil reinforcement materials which are discontinuous in the out-of-plane 572 

direction, program PLAXIS with geogrid elements and program FLAC using beam elements 573 

use larger interface area and therefore predict greater reinforcement axial loads than program 574 

FLAC using cable and strip elements. 575 

 576 

Despite the potential for different quantitative predictions depending on which program is used 577 

and which options and constitutive models available in each program are adopted, both programs 578 

have been used to reproduce the measured performance of instrumented full-scale walls to 579 

acceptable accuracy by adjusting soil parameter values within reasonable limits to improve 580 

agreement (e.g., Hatami et al. 2005, 2006; Huang et al. 2009; Damians et al. 2014a). 581 

 582 
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Table 1. Property values for unit cells (Note: the property values for the soil are unconstrained 643 

because all boundaries of the bottom soil cell are fixed in x- and y-direction) 644 

 645 

Parameter Value Program
1 

Concrete   

Unit weight, γconc (kN/m
3
) 0 F and P 

Young’s modulus, Econc (GPa) 32.0 F and P 

Poisson’s ratio, vconc (-) 0.15 F and P 

   

Interface   

Interface friction angle, υi (degree) 40.0 F and P 

Adhesion, ci (kPa) 1.0 F and P 

Dilation angle, ψi (degree) 0 F and P 

Tension strength, σt,i (kPa) 0 F and P 

Young’s modulus, Ei (MPa) 0.82 P 

Poisson’s ratio, vi (-) 0.45 P 

Compression modulus, Eoed,i (MPa) 3.11 P 

Shear modulus, Gi (MPa) 0.283 P 

Virtual interface thickness, ti (m) 0.283 P 

Normal stiffness, kn (MPa/m) 11.0 F 

Shear stiffness, ks (MPa/m) 1.0 F 

Note: 
1 

F and P denote FLAC and PLAXIS computer programs, respectively; 646 

 647 

 648 

  649 



Computers and Geotechnics v9 

  September 2014 

 

Table 2. Property values for model with single precast concrete panel segment and single layer 650 

of soil reinforcement 651 

 652 

Parameter Value Program
1 

Concrete panel   

Unit weight, γconc (kN/m
3
) 24.0 F and P 

Young’s modulus, Econc (GPa) 32.0 F and P 

Poisson’s ratio, vconc (-) 0.15 P 

Cross-sectional area
2
, Ap (m

2
) 0.18 F 

Moment of inertia
2
, Ip (m

4
) 4.86×10

-4
 F 

Axial stiffness
2
, EconcAp (GN/m) 5.76 P 

Bending stiffness
2
, EconcIp (MN/m

2
/m) 15.6 P 

   

Backfill soil   

Unit weight, γsoil (kN/m
3
) 18.0 F and P 

Friction angle, υsoil (degree) 44.0 F and P 

Cohesion, csoil (kPa) 1.0 F and P 

Dilation angle, ψsoil (degree) 14.0 F and P 

Tension strength, σt,soil (kPa) 0 F and P 

Young’s modulus, Esoil (MPa) 5.0 F and P 

Poisson’s ratio, vsoil (-) 0.3 F and P 

   

Steel reinforcement   

Young’s modulus, Esteel (GPa) 200 F 

Scaled cross-sectional area
3
, As (m

2
/m) 3.41×10

-4 
F 

Moment of inertia, Ip (m
4
) 0 F 

Scaled axial stiffness
3
, EsteelAs (MN/m) 68.2 P 

   

Interface   

Friction angle, υi (degree) 16.2 F and P 

Cohesion, ci (kPa) 0.3 F and P 

Dilation angle, ψi (degree) 0 F and P 

Tension strength, σt,i (kPa) 0 F and P 

Young’s modulus, Ei (MPa) 0.502 P 

Poisson’s ratio, vi (-) 0.45 P 

Compression modulus, Eoed,i (MPa) 1.90 P 

Shear modulus, Gi (MPa) 0.173 P 

Virtual interface thickness, ti (m) 0.0383 P 

Normal stiffness, kn (MPa/m) 49.7 F 

Shear stiffness, ks (MPa/m) 4.51 F 

Note: 
1 

F and P denote FLAC and PLAXIS computer programs, respectively; 653 
2 

based on out-of-plane width of 1 m and the unit of the variable based on corresponding 654 

computer program manual;
 3 

the value is scaled to 1.0 m out-of-plane width for plane strain 655 

calculation. 656 

 657 

  658 
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Table 3. Cable and strip property values in FLAC 659 

 660 

Parameter
1
 Value 

Cable element  

Exposed perimeter, perimeter (m) 0.2 (1.3) 

Cross-sectional area, area (m
2
) 2.3×10

-4
 

Grout stiffness
2
, kbond (MN/m/m) 0.903 (6.09) 

Grout cohesion
3
, sbond (kN/m) 0.06 (0.405) 

Grout frictional resistance, sfriction (degree) 16.2 

Spacing, spacing (m) 0.675 

Out-of-plane stress component, szz (-) 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, fstar1 (-) 0.3 

Strip/interface shear stiffness
4
, strkbond (MN/m/m) 0.903 (6.09) 

Strip/interface cohesion
5
, strsbond (kN/m) 0.06 (0.405) 

Strip width, strwidth (m) 0.1 (0.675) 

Strip thickness
6
, strthickness (m) 2.3×10

-3
 (3.41×10

-4
) 

Note: 
1
 italicized parameter names are used in the FLAC manual. 661 

2
 kbond = ks×perimeter; 662 

3
 sbond = ci×perimeter; 663 

4 
strkbond = ks×2×strwidth;  664 

5 
strsbond = ci×2×strwidth; 665 

6
 to keep the same cross-sectional area of 2.3×10

-4
 m

2
 (strwidth×strthickness) and therefore the 666 

same axial stiffness. 667 

 668 

 669 

  670 
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Table 4. Numerical results for the soil-concrete interface response between unit cells 671 

 672 

Applied 

surcharge 

load  

(kPa) 

Applied 

displace-

ment 

 (mm) 

Soil-concrete interface (kn = 1.1×10
7
 Pa/m, ks = 1.0×10

6
 Pa/m) 

Normal displacement (mm) Shear stress (kPa) Shear 

stress state FLAC PLAXIS Analytical FLAC PLAXIS Analytical 

q = 10 

5 

0.909 0.910 0.909 

5.00 5.00 5.00 Elastic 

10 9.39 9.40 9.39 Plastic 

15 9.39 9.40 9.39 Plastic 

20 9.39 9.40 9.39 Plastic 

q = 50 

20 

4.55 4.55 4.55 

20.0 20.0 20.0 Elastic 

40 40.0 40.0 40.0 Elastic 

60 43.0 43.0 43.0 Plastic 

80 43.0 43.0 43.0 Plastic 

q = 100 

80 

9.09 9.10 9.09 

80.0 80.0 80.0 Elastic 

100 84.9 85.0 84.9 Plastic 

120 84.9 85.0 84.9 Plastic 

140 84.9 85.0 84.9 Plastic 

 673 

  674 
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 675 

                      676 

Figure 1. Schematic showing unit cells with concrete-soil interface: (a) boundary conditions and 677 

finite difference numerical grid with FLAC and (b) boundary conditions and finite element mesh 678 

with PLAXIS (Note: for boundary conditions and concrete material modulus examined, the 679 

number of zones in FLAC and elements in PLAXIS does not affect numerical results) 680 

 681 

 682 

 683 

 684 

 685 

 686 

 687 

 688 

 689 

 690 

 691 

 692 

 693 

1
.0

 m

1.0 m

Surcharge load q

x

y

D
is

p
la

ce
m

en
t

1
.0

 mConcrete

Interface

Soil

(a)

1
.0

 m

1.0 m

Surcharge load q

x

y

D
is

p
la

ce
m

en
t

1
.0

 mConcrete

Interface

Soil

(b)



Computers and Geotechnics v9 

  September 2014 

 

 694 

 695 
 696 

Figure 2. Schematic showing single precast concrete panel wall segment: (a) without steel strips, 697 

(b) with steel strips defined horizontally, and (c) with steel strips defined specially at the 698 

connection part (Note: the extension of interfaces between the steel strips and backfill is applied 699 

only when using PLAXIS; x is the horizontal direction; y is the vertical direction; z is the out-of-700 

plane direction) 701 
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 704 
(a) 705 

 706 
(b) 707 

 708 

Figure 3. Load transfer from backfill soil to facing panel (Case 1): (a) normal stress and (b) 709 

shear stress 710 
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 717 

Figure 4. Reinforcement axial loads (Case 2) using PLAXIS geogrid elements and FLAC beam 718 

elements 719 

 720 

 721 

 722 
 723 

Figure 5. Facing panel axial loads (Case 2) using PLAXIS geogrid elements and FLAC beam 724 

elements 725 

 726 

 727 

 728 

 729 

 730 

Distance from back of facing (m)

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

R
e
in

f.
 a

x
ia

l 
lo

a
d
 (

k
N

/m
)

0

10

20

30

40

50

PLAXIS (Geogrid)

FLAC (Beam)

q = 10 kPa

q = 50 kPa

q = 100 kPa

q = surcharge load
E

soil
 = 5 MPa

kn = 49.7 MPa/m

ks = 4.51 MPa/m

Case 2

Facing panel axial load (kN/m)

0 5 10 15 20 25 30

E
le

v
a
ti
o
n
 (

m
)

0.0

0.5

1.0

1.5

PLAXIS (Geogrid)

FLAC (Beam)

q = 10 kPa

q = 50 kPa

q = 100 kPa

Case 2
q = surcharge load
E

soil
 = 5 MPa

kn = 49.7 MPa/m

ks = 4.51 MPa/m



Computers and Geotechnics v9 

  September 2014 

 

 731 
 732 

Figure 6. Interface normal stresses on the upper and lower sides of the reinforcement using 733 

PLAXIS geogrid elements and FLAC beam elements 734 
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 752 

Figure 7. Reinforcement axial loads (Case 2) using PLAXIS geogrid elements and FLAC strip 753 

elements 754 
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Figure 8. Facing panel axial loads (Case 2) using PLAXIS geogrid elements and FLAC strip 759 

elements    760 
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 766 

Figure 9. Reinforcement axial loads (Case 3) using PLAXIS geogrid elements and FLAC beam 767 

elements 768 
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 772 

Figure 10. Facing panel axial loads (Case 3) using PLAXIS geogrid elements and FLAC beam 773 

elements 774 
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 781 

Figure 11. Reinforcement axial loads (Case 3) using PLAXIS geogrid elements and FLAC strip 782 

elements 783 
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Figure 12. Facing panel axial loads (Case 3) using PLAXIS geogrid elements and FLAC strip 788 

elements 789 
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 793 

Figure 13. Reinforcement axial loads (Case 3) using PLAXIS geogrid elements and FLAC beam 794 

elements with higher Young’s modulus of the backfill soil 795 
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Figure 14. Facing panel axial loads (Case 3) using PLAXIS geogrid elements and FLAC beam 800 

elements with higher Young’s modulus of the backfill soil   801 
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 804 

Figure 15. Reinforcement axial loads (Case 3) using PLAXIS geogrid elements and FLAC beam 805 

elements with higher interface stiffness 806 
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Figure 16. Facing panel axial loads (Case 3) using PLAXIS geogrid elements and FLAC beam 811 

elements with higher interface stiffness    812 
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 817 
 818 

Figure 17. Reinforcement axial loads (Case 3) using PLAXIS geogrid elements (out-of-plane 819 

width = 0.675 m) and FLAC strip elements (out-of-plane width = 0.1 m) 820 
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Figure 18. Facing panel axial loads (Case 3) using PLAXIS geogrid (out-of-plane width = 0.675 825 

m) and FLAC strip (out-of-plane width = 0.1 m) 826 
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