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1. INTRODUCTION 
 
 
1.1. RESEARCH PROBLEM STATEMENT 
 
 Vehicular traffic may exist on either the high (fill) side of the Mechanically Stabilized 
Earth (MSE) retaining wall, on the low side, or both sides. For traffic on the high side, a 
conventional traffic barrier might be placed on or near the top of the wall and mounted on a 
moment slab or a bridge deck. For traffic on the low side, a conventional traffic barrier might be 
installed adjacent to the wall or the wall itself may serve as the traffic barrier. Typical MSE wall 
panels are not designed to resist vehicle impacts. Therefore, structural damage to the wall panels 
and the earth fill would require complicated and expensive repairs. A simple reinforced concrete 
crash wall constructed in front of the MSE wall panels can significantly reduce damage to wall 
panels. It may prove practical to implement such a design in order to reduce costly repair to the 
MSE wall structure. 
 
 
1.2. RESEARCH OBJECTIVE 
 
 The overall objective of this study is to analyze wall panels and a crash wall design to 
protect an MSE wall from vehicular impact. It is intended to provide improved crashworthiness 
and reduce structural damage to the MSE wall system. In this phase of the project, the research 
team will review, model, and analyze the proposed crash wall design to determine its expected 
performance under Test Level 4 (TL-4) impact conditions of the crash testing guidelines, Manual 
for Assessing Safety Hardware (MASH) (1).   

 
 

1.3. RESEARCH APPROACH 
 
 The research plan for accomplishing the project objective consisted of five tasks divides 
into two distinct phases outlined below. 
 
PHASE I 
 
Task 1 – Perform Engineering Analysis and Design 
 
 The researchers will review the design provided by Pennsylvania Department of 
Transportation (PennDOT) and other information from the supporting states.  Texas 
Transportation Institute (TTI) researchers will work closely with the supporting states to select 
the appropriate design parameters used to design the crash wall.  As part of this task, TTI 
researchers will perform engineering calculations on the crash wall attached to the MSE wall.  A 
crash wall is designed with respect to American Association of State Highway and 
Transportation Officials (AASHTO) Load Resistance Factor Design (LRFD) Test Level 4 
requirements (2).   
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Task 2 – Perform Computer Simulations    
 
 The finite element code, LS-DYNA (3), is used to evaluate the performance of the 
proposed crash wall design resulting from Task 1 or the design provided by PennDOT.  The 
simulation task consists of the following subtasks: 

1- Build a typical model of an MSE wall structure with the following entities: 
a. Soil (backfill and overburden). 
b. Soil reinforcement (steel strips). 
c. Wall panels and support pad including their reinforcement. 
d. Reinforced crash wall. 

2- Incorporate Single Unit Truck model to simulate MASH Test Level 4. 
3- Perform impact simulations of the MSE wall and the proposed crash wall design. 

 
Task 3 – Submit Research Report    
 
 A report detailing the engineering analysis, design, modeling, and simulation work 
performed under Tasks 1 and 2 will be provided.  The report will include a plan for designing a 
crash wall for either TL-4 or TL-5 impacts with 36000V (80,000 lb) trucks and for performing 
crash tests of the wall.  
 
 
PHASE II 
 
Task 4 – Full-Scale Crash Test    
 

Upon the conclusion of Phase I, the pool fund member states will outline the work plan 
of Phase II of the project.  Possible follow-up work may include full scale crash testing using 
10000S test vehicle per MASH TL-4 and/or engineering design, numerical simulation, and full 
scale crash testing of a crash wall for TL-5 impacts with an 36000V (80,000 lb) truck.  This 
project addresses the Phase I effort.   
 
Task 5 – Submit Final Report    
 
 The research team will provide a final report documenting the entire research effort. 
 
 
1.4. REPORT SCOPE 
 
 This report documents the research efforts, finding, and recommendations of this project.  
The report includes details of the engineering analyses and finite element modeling and analyses. 
 
 



3 
 

2. STATE OF THE PRACTICE 
 
 
2.1. BACKGROUND 
 
 MSE walls typically consist of backfill soil reinforced with either steel strips, steel bar 
mat, or polymeric materials. The reinforcement is attached to the retaining wall (panels) to 
provide stability of the MSE structure (Figure 2.1).  On top of the retaining wall and the backfill 
soil, a barrier-moment slab subsystem is installed to protect the errant vehicular impact.  Figure 
2.2 (4) and Figure 2.3 (5) show two photos as examples of a MSE wall in the highway.  

 

 
 

   
Figure 2.1  Barriers on top of a MSE wall (6) 

 
 In 2009, TTI conducted six bogie tests and one full-scale crash test using a MASH TL-3 
pickup truck against the barrier placed on MSE wall as shown in Figure 2.4 (6, 7).  The purpose 
of that research was to develop design guidelines for MSE walls subject to vehicular impact.  
Design guidelines for MSE walls were developed using reinforcement pullout tests, full-scale 
impacts of barrier systems mounted on an MSE test wall, and numerical modeling.   

 

Wall Reinforcement 

Wall Panel 

Moment Slab 

Barrier 

Backfill 
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Figure 2.2  MSE wall in Long Beach, CA (4) 

 

 
Figure 2.3  MSE wall in Carmel, IN (5) 
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Figure 2.4  Full-scale crash test on the barrier placed on MSE wall (TTI 475350) (7) 
 

 Few other crash test studies were conducted using vehicular impact on the barrier atop of 
the MSE wall not on the panels of the MSE wall.  Currently there is no guideline on how to 
protect the MSE wall panels from heavy vehicle impacts.  A crash wall constructed of reinforced 
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concrete can be cast against the MSE wall panels with steel anchors embedded between the crash 
wall and the MSE panels.  It may prove practical to implement such a design in order to prevent 
the complexity and the costs involved in repairing the actual MSE wall structure. 
 

 
2.2. SYSTEM DESCRIPTION 
 
 For this study, an MSE wall design from Juniata County, Pennsylvania, was used as the 
typical system (Juniata County S.R. 0022 Section A09) (8).  The drawing for the crash wall is 
referenced in Pennsylvania Department of Transportation (PennDOT) Precast Concrete Wall 
Panels drawing (9).  Figure 2.5 shows an example drawing of an MSE wall with a single face 
concrete barrier for protection against vehicular impact.  Appendices A and B present other 
details of these drawings. 

 

 
 

Figure 2.5  MSE wall section of Juniata County drawing (8) 
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2.3. MSE WALL DESIGN 
 

 AASHTO LRFD specification (2) is used to calculate the static load on the wall 
reinforcing strips due to earth pressure as reference for steady state condition.  In this study, the 
unfactored static load due to earth pressure is determined to compare them with the finite 
element analysis result. 
 
 The following equation in AASHTO LRFD is used (AASHTO LRFD Equation 
11.10.6.2.1-2) to determine the unfactored load (T) expected per wall strip. 
 
 T = σh × At (2-1) 
where σh: Horizontal stress due to the soil, σh = Kr × σv 
 Kr: Lateral earth pressure coefficient (Figure 2.6) 
 At: Tributary area of the reinforcement (Figure 2.7) 
 

 
 

Figure 2.6  Variation of the coefficient of lateral stress ratio with depth (AASHTO LRFD 
Figure 11.10.6.2.1-3) (2) 
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Figure 2.7  Tributary area of the wall reinforcement, At 

 
 Table 2.1 presents a summary of the static load per steel wall reinforcement.  Figure 2.8 
shows the detail of strip locations used in calculation.  Appendix C presents a detailed 
calculation of the unfactored load (T). 
 
 

Table 2.1  Static Load on the MSE Wall. 
Strip Layer Depth Unfactored T 

No. (ft) (kips) 

1 3.96 1.21 

2 6.17 1.822 

3 8.63 2.718 

4 11.09 3.348 

5 13.54 3.913 

6 16 4.415 

7 18.46 4.852 
 

 
 
 

At 
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Figure 2.8  Side view of MSE wall used in calculation 

 
 
 
 

2.4. CRASH WALL DESIGN 
 
 A crash wall was designed to minimize the damage to an MSE wall system upon impact 
by an errant vehicle.  The research team performed finite element analyses on a 2.44 m (8 ft) tall 
× 6.1 m (20 ft) long × 0.2 m (8 in.) thick crash wall to be cast in front of an MSE wall panels.  
For these analyses, a 333.6 kN (75 kips) load was distributed over a 1.22 m (4 ft) long length by 
3.05 m (12 in.) wide and approximately 0.91 m (3 ft) above grade.  This loading was selected to 
represent the TL-4 impact loading from the MASH Single Unit Truck (SUT).  This loading was 
applied at the end of a wall segment or joint.   
 
 Based on the analyses results, the research team determined that No. 5 vertical bars 
spaced at 152.4 mm (6 in.) on centers are needed approximately 1.83 m (6 ft) from the ends or at 
a joint (2 layers needed).  Vertical steel in the barrier can be No. 5’s spaced vertically on 3.05 m 
(12 in.) on center in the mid-span area of the wall (away from the ends or joint).  Transverse 
reinforcement will be No. 4’s spaced at 3.05 m (12 in.) on centers for the two layers of 
reinforcement in the wall.  Figures 2.9 and 2.10 present the detailed drawings of a crash wall.  
Moreover, the representative crash wall design from the PennDOT drawing was reviewed as 
shown in Figure 2.11.   
 

3.96 ft 

2.21 ft 

2.46 ft 

2.46 ft 

2.46 ft 

2.46 ft 

2.46 ft 

Strip No. 1 

Strip No. 2 

Strip No. 3 

Strip No. 4 

Strip No. 5 

Strip No. 6 

Strip No. 7 
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Figure 2.9  Detail front view drawing of a crash wall (designed by TTI) 
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Figure 2.10  Detail cross section view drawing of a crash wall (designed by TTI) 

 
 Another crash wall design presented herein is provided by PennDOT (9).  This crash wall 
is 0.2 m (8 in.) thick placed in front of the MSE wall panels.  The cast-in-place crash wall is 
connected to the precast wall panels by anchors.  The crash wall is embedded into the ground 
0.5 m (20 in.).  The reinforcing bars in the crash wall consist of longitudinal No. 6 bars at 
304.8 mm (12 in.) and vertical No. 4 bars at 304.8 mm (12 in.) as shown in Figure 2.11.  
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Figure 2.11  Typical crash wall section from PennDOT drawing (9) 
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3. FINITE ELEMENT PROCESS  
 
 
 The finite element model of the MSE wall with a crash wall was developed to evaluate 
the structural response of the crash wall during vehicular impact.  The analyses were performed 
using the commercially available finite element software LS-DYNA (3).  The methodology used 
to model the MSE wall and the crash wall (PennDOT design) and to simulate their performance 
under MASH TL-4 impact consisted of the following steps: 
 

1. Construct finite element model of the MSE wall and the crash wall. 
2. Initialize the model of the MSE wall and the crash wall to account for gravitational 

loading. 
3. Modify SUT to reflect MASH TL-4 and verify the performance of SUT 
4. Simulate MASH TL-4 impact against the wall panels. 
5. Analyze results and verify the performance of the MSE wall. 
6. Simulate the impact against the crash wall placed in front of MSE wall. 
7. Analyze results and verify the performance of the crash wall. 
8. Identify any further investigation needed. 

 
Figure 3.1 presents the flowchart for the finite element model of the crash wall on the 

MSE wall for MASH TL-4 impact conditions.  Chapters 3 and 4 present the details of these steps. 
 
 
3.1. GEOMETRY AND MESHING 
 
 The finite element representation of the MSE wall considers the following major 
components: 

 
1. Precast concrete panels with reinforcement. 
2. Concrete leveling pad. 
3. Precast concrete barrier and cast-in-place moment slab. 
4. Back fill soil and front soil. 
5. Reinforcement in the soil to the wall panels. 
6. Crash wall. 

 
 MSE wall model was a length of 15.1 m (49.5 ft) long and 5.2 m (17.11 ft) tall as shown 
in Figure 3.2.  The barrier and moment slab were placed on the top of the MSE wall.  Since the 
impact happens at the bottom part of the panels in this study, the interaction of the coping of the 
barrier and panels was not represented in this analysis.  The barrier and moment slab were 
modeled as a one component.   
 
 The MSE wall components including soil, wall panels, and a pedestal were modeled 
using solid elements, as were the concrete barrier and moment slab.  Beam elements with six 
degrees of freedom at each end were used to model the rebar of the wall panels, the crash wall, 
and the pedestal.  The steel strip reinforcements for the MSE wall were modeled using shell 
elements 4 mm (0.16 in.) thick by 50.8 mm (2 in.) wide by 4.76 m (15.6 ft) long.  
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Figure 3.1  Flowchart of modeling and simulation processes. 
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The elements of the inner wall panels are meshed using element characteristic size of 
about 40 mm (1.57 in.) at the impact location to capture the wall deformation with improved 
accuracy.  The outer elements of the wall panels are meshed rather coarsely to reduce 
computational costs of the simulation since these panels are outside the impact region.  

 
The soil elements behind the area of impact were meshed finely using element size of 

152.4 mm (6 in.) in order to better represent the transferred load from the vehicle impact.  The 
rest of the soil continuum is variably meshed up to element size of about 254 mm (10 in.) at the 
top backside of the soil.  Figure 3.3 shows the element mesh scheme used in the MSE wall.  

 

 
 

 
Figure 3.2  Overall view of MSE wall model 
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Figure 3.3  Element mesh scheme of the MSE wall model 

 
 Three types of panels were selected to build the model from PennDOT drawing (9).  All 
three panels have same width and thickness of 2.98 m (9 ft-9 1/4 in.) and 140 mm (5 1/2 in.), 
respectively.  The height of panels varied from 0.73 m (2 ft-4 3/4 in.) to 2.23 m (7 ft-3 3/4 in.).  
The three kinds of panels shape, “A,” “D,” and “N,” were used using an alphabetical indicator as 
shown in Figure 3.2.  Figure 3.4 through Figure 3.6 show the panel details and models.  
 

            
 

                                                                
 

Figure 3.4  Panel “A” details and model 
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Figure 3.5  Panel “D” details and model 
 

  

                  
Figure 3.6  Panel “N” details and model 
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 To account for realistic interaction between wall panels, the detail joint between panels in 
both vertical and horizontal direction was explicitly modeled as shown in Figure 3.7 and Figure 
3.8.  In the horizontal joint, bearing pads between wall panels is assumed to be the part of the 
panel as shown in the circle in Figure 3.8. 

 

            
 

Figure 3.7  Vertical joint details and model 
 
 

      
 

Figure 3.8  Horizontal joint details and model 
 
 The 15.1 m (49.5 ft) long crash wall was placed on the wall panels.  The crash wall was 
used with the thickness and height of 203.2 mm (8 in.) and 4 m (13.1 ft), respectively.  The 
details of rebars were modeled based on the PennDOT drawing as shown in Figure 3.9.   
 
 Figure 3.9 shows the embedded anchors between the wall panels and the crash wall.  
Since the details of such anchor were not available to research team, they were estimated based 
on scaling of other dimensioned entities on the PennDOT drawing.  Based on that, the anchor 
size and length estimated to be 50.8 mm (2 in.) thick and 225 mm (8.85 in.) long.  The anchor 
spacing was 450 mm (18 in.) on both ways.   
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Figure 3.9  Crash wall details and model 

 
 The vehicle impact point against the wall panels was located on the second panel from 
the left shown in Figure 3.10.  The distance from the end of the wall panel from the left was to be 
5.35 m (17.55 ft).  This point was chosen to maximize the severity of impact by making the 
impact point closer to the joint. 
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Figure 3.10  Vehicle impact point on the wall panel 

 
 
3.2. COMPONENTS INTERACTIONS AND BOUNDARY CONDITION 
 
 Capturing interaction between solid and beam or shell elements is rather complex using 
matching nodes.  The requirement of matching nodes to merge the reinforcing steel inside the 
concrete continuum would dictate the creation of elements with poor aspect ratios and the 
creation of unnecessarily small element sizes, which has a significant effect on the time step 
(10).  To mitigate this problem, a different coupling scheme was utilized between solid and beam 
or shell elements.   
 
 The steel reinforcements are coupled (rather than merged) to the surrounding concrete to 
prevent the poor quality elements otherwise required as mentioned above. This was achieved 
using the CONSTRAINED_LAGRANGE_IN_SOLID feature in LS-DYNA.  The use of this 
coupling permits the concrete mesh to be constructed without consideration of the location of 
steel reinforcement.  The steel reinforcements are treated as a slave material that is coupled with 
a master material comprised of the moment slab and barrier concrete.  The slave parts (i.e., steel 
rebar) can be placed anywhere inside the master continuum part without any special mesh 
accommodation.  The wall reinforcements are coupled to the backfill soil in a same manner.  The 
anchors coupled to both the crash wall and the wall panels.  
 

17.55 ft 
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Figure 3.11  Placement of solid, beam, and shell elements 

 
 The interaction between the soil and concrete was modeled using contacts to capture the 
interface forces generated between the concrete structure and the MSE wall. The contact friction 
was based on the estimated backfill soil internal friction angle. The soil friction angle, φ was 
35 degrees and then the contact friction angle was calculated to be 0.7 (tan φ).  This method 
allows modeling soil-structure interaction without considering cohesion, which is accurate for 
backfill.  
 
 During initialization due to gravity, the front elements of wall reinforcing strip developed 
the bending stress.  Therefore, dummy sliding shells were added to enable the strip to slide as 
shown in Figure 3.12.  Figure 3.13 shows the comparison of gravitation analysis without and 
with sliding mechanism in this initialization step.  Figure 3.13 shows clearly the significant 
reduction in artificial bending by incorporating the sliding mechanism in the model.  The dummy 
sliding shells were removed and then a tied contact definition was defined to account for the 
connection between the panels and the wall reinforcing strips. Directional translational 
constraints were applied on the boundary surfaces to account for boundary conditions of the 
structures. 
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Figure 3.12  Sliding system to account for gravitational loading on the strip 

 

 
       (a) without sliding system      (b) with sliding system 
 

Figure 3.13  Displacement of the strip on two systems at the gravitational step 
 
 
 
3.3. MATERIAL MODELS AND PARAMETERS 
 
3.3.1  Concrete and Steel Material  
 
 The outside wall panels, a barrier, a moment slab, and a leveling pad were modeled using 
elastic material (MAT Type 1).  The parameters of the elastic model are density, elastic modulus, 
and Poisson’s ratio.  The center wall panels subjected to direct impact was modeled using a non-
linear response concrete material model definition.  In LS-DYNA 971, it is designated as 
material MAT Type 159, CSCM Concrete (11).  This is a more sophisticated but 

Sliding 
Shells 
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computationally expensive method to explicitly model concrete.  In this model, a brittle material 
like concrete will lose (at a given rate) its ability to carry load when a specified damage/failure is 
reached.  This is very useful because it provides a more accurate representation of the failure 
mechanism of the concrete components and better prediction of the impact load transfer.  The 
parameters of MAT Type 159 can be assigned using two additional concrete properties, the 
confined compressive strength of concrete f’c and the maximum aggregate size of 25.4 mm 
(1 in.).  
 
 All steel rebar and steel strips were modeled using a piecewise linear plasticity material 
model (MAT Type 24) that is representative of an elastic-plastic stress-strain relationship of the 
material.  Steel rebar exhibits rate effects and yields in a ductile manner until it breaks at an 
ultimate strain greater than approximately 20 percents.  Before yield, the material is assumed to 
be linearly elastic.  After yielding, the steel can undergo plastic deformation and strain 
hardening.  Table 3.1 shows detail material properties of concrete and steel models. 
 

Table 3.1  Material Properties of Concrete and Steel Model. 

 E  
(MPa) ν 

ρ  
(Tonne/mm^2) 

f’
c  

(MPa) 
Yield Stress 

(MPa) 

Elastic Concrete 2.485E+4 0.17 2.328E-9 NA NA  

Damage 
Concrete 2.485E+4 0.17 2.328E-9 27.58 NA 

Wall Strip  
(A572 Gr. 65) 2.1E+5 0.3 7.85E-9 NA 448.175 

Rebar Steel  2.1E+5 0.3 7.85E-9 NA 413.7 

       * E is the young’s modulus, ν is Poisson’s ratio, ρ is the mass density, and f’
c is the compressive strength. 

 
 
3.3.2  Soil Material  
 
 The soil elements were modeled using the two-invariant geological cap material model 
(MAT type 25).  The advantage of the cap model over other models such as the Drucker-Prager 
formulation is the ability to model plastic compaction.  In these models all purely volumetric 
response is elastic until the stress point hits the cap surface.  Therefore, plastic volumetric strain 
(compaction) is generated at a rate controlled by the hardening law.  Thus, in addition to 
controlling the amount of dilatency, the introduction of the cap surface adds another 
experimentally observed response characteristic of geological materials into the model (12, 13). 
 
 The cap model is defined in terms of the first stress invariant 1 ( )I trace σ=  

11 22 33σ σ σ= + +  and the second deviatoric stress invariant J2 = 1/2 SijSij = 1/2 (S11
2+ S22

2+ S33
2), 

where σ is the stress tensor and Sij = σi + σj is the deviatoric stress tensor.  The yield surface of 
the cap model consists of three regions (Figure 3.14): a failure envelope f1 (σ), an elliptical cap f2 
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(σ, κ), and a tension cutoff region f3 (σ), where κ  is the hardening parameter.  The functional 
forms of the three surfaces are (12, 13): 

 
1. Failure envelope region: 1 2 1( ) ( ) 0D ef J F Iσ = − = , for 1 ( )T I L κ≤ <  (3-1) 

2. Cap region: ( )2 2 1( , ) , 0D cf J F Iσ κ κ= − = , for 1( ) ( )L I Xκ κ≤ <  (3-2) 
3. Tension cutoff region: 3 1( ) 0f T Iσ = − = , for 1I T=  (3-3) 

 

 
 

Figure 3.14  Cap soil model general yield surface (12) 
 
 In the failure envelop region, Fe (I1) can be expressed as: 
 1

1 1( ) I
eF I e Iβα γ θ−= − +  (3-4) 

where the yield surface was determined by the parameters α, θ, γ and β, which are usually 
evaluated by fitting a curve through failure data taken from a set of triaxial compression tests. 
 
 In Eq. (3-2), Fc (I1, κ) can be expressed as; 
 

 ( ) [ ] [ ]2 2
1 1

1, ( ) ( ) ( )cF I X L I L
R

κ κ κ κ= − − −  (3-5) 

 ( ) ( )eX RFκ κ κ= +  (3-6) 

 
0

( )
0 0

if
L

if
κ κ

κ
κ

>⎧
= ⎨ ≤⎩

 (3-7) 

 
where X(κ) is the intersection of the cap surface with the 1I  axis and the hardening parameterκ is 
related to the plastic volume change p

vε through the hardening law: 
 
 [ ]{ }01 exp ( ( )p

v W D X Xε κ= − − −  (3-8) 
 
where the values of parameters W and D are found from hydro static compression test data.  The 
value of R is the ratio of major to minor axes of the quarter ellipse defining the cap surface.  
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Table 3.2 shows the parameters used in the numerical simulation.  Using these parameters, the 
cap yield surface can be defined as shown in Figure 3.15. 
 To understand the failure behavior of the cap soil material, the various soil properties 
were collected as presented in Table 3.2.  Two different cap models, the McCormick Ranch Sand 
(14) and the elasto-plastic soil parameters given in NCHRP Report 556 (15) were compared to 
the cap model used in this study.  
 
 The cap models for each case were plotted as shown in Figure 3.15.  In the failure 
envelope 1( )f σ and tension cutoff region 3 ( )f σ , the three soil models show good agreement, but 
in the elliptical cap 2 ( , )f σ κ , the soil material used in this study shows a larger cap surface area 
than the other soils due to the large R. 
 
 However, this difference is not an issue for this study since the cap surface is intended for 
very long compressive pressure.  Numerical evaluation of the state of stress for this study 
indicated that the pressure is relatively smaller than L(κ). 

 
Table 3.2  Comparison of Three Cap Soil Models. 

  This Study McCormick  
Ranch Sand (14) 

NCHRP 556 
(15) 

Elasticity 
K (MPa) 22.219 459.676 52.19 

G (MPa) 7.407 275.792 24.087 

Plasticity 

α (MPa) 4.154 0.00186 0.01 

β (MPa-1) 0.0647 0.09718 0 

γ (MPa) 4.055 0.00117 0 

θ (radian) 0 0.02 0.2925 

Hardening 
Law 

W 0.08266 0.064 0.023 

D (MPa-1) 0.239 0.00725 0.87 

R 28 2.5 4 

X0 (MPa) −2.819 1.20658 0.01593 

Tension Cut T (MPa) 0 −2.06843 0 
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Figure 3.15  Comparison of cap models 

 
 
3.4. INITIALIZATION OF THE MODEL FOR GRAVITATIONAL LOADING  
 
 The MSE wall and barrier model had to be initialized first to account for gravitational 
loading.  Gravity loading affects soil pressure on the wall panels and steady state stresses in the 
steel strips.  Therefore, the initialization step had to be performed prior to any impact simulation 
process. Initialization was achieved by gradually ramping up gravitational load on the system 
while imposing a diminishing damping on the soil mass to prevent oscillatory forces from 
developing.  Figure 3.16 shows the gravitational loading and damping profiles. 
 
 The difference between the total vertical reaction and the calculated weight of the system 
was used as a convergence criterion for achieving the steady state solution of the MSE wall 
model.  In this model, the total mass of MSE wall model is 1,180,570 kg (80,895 slug), which 
corresponds to a weight of 11,576.7 kN (2,602.5 kips).  The total vertical reaction of the finite 
element model was 11,241 kN (2,527 kips) at the end of the initialization process, which is less 
than 3% different from the calculated total weight.  This is a reasonable agreement between the 
calculated weight and the total vertical reaction from the finite element analysis as shown 
in Figure 3.17.   
 

0

0.2

0.4

0.6

0.8

1

-5 0 5 10 15 20

I1 (Mpa)

SQ
R

T
(J

2D
) (

M
pa

)
Cap Model used in Simulation

McCormick Ranch Sand 

NCHRP 556

 this study



27 
 

 
Figure 3.16  Initialization for gravitational and damping profile of the model 

 
 

 
Figure 3.17  Comparison of simulation weight and calculated static weight 

 

0

0.2

0.4

0.6

0.8

1

1.2

0

50

100

150

200

250

300

350

400

450

500

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

G
ra
vi
ty
 (g
)

D
ap

m
in
g 
(s
ec

‐1
)

Time (sec)

Damping

Gravity

0

2000

4000

6000

8000

10000

12000

14000

0 0.2 0.4 0.6 0.8 1

W
ei
gh

t (
kN

)

Time (sec)

Simulation weight

Calculated weight



28 
 

 Once the gravitational initialization is completed, the vertical stress distribution in the 
backfill soil is stabilized and is shown in Figure 3.18.  The load in the wall strips from simulation 
is compared to the unfactored load as shown in Table 3.3.  The differences from calculation 
using AASHTO LRFD and simulation are less than 15% except the first layer.  Since the 
Eq. (2-1) does not account for different materials than soil (i.e., concrete of the moment slab), the 
loading pattern of the first strip is not accurately captured by this formula.  Moreover, at such 
small loads, a small variation would results in large percentage difference.  
 

 
Figure 3.18  Vertical stress on the soil due to the gravitational loading 

 
Table 3.3  Comparison of Static Load on the MSE Wall. 

Rein. 
Layer Depth Unfactored T 

(AASHTO LRFD) 
Load in the strip 
from simulation Difference 

No. (ft) (kips) (kips) (%) 

1 3.96 1.21 1.7 28.8 

2 6.17 1.822 1.82 0.1 

3 8.63 2.718 2.5 8.7 

4 11.09 3.348 3.2 4.6 

5 13.54 3.913 3.9 0.3 

6 16 4.415 4.8 8.0 

7 18.46 4.852 5.5 11.8 
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3.5. SINGLE UNIT TRUCK VEHICLE MODEL 
 
 The single unit truck (SUT) vehicle model was developed by the National Crash Analysis 
Center (NCAC) (16).  The Ford F800 Series Truck meets the NCHRP Report 350 (17) criteria of 
the 8000S test vehicle specification.  NCHRP Report 350 is replaced by MASH, which has new 
test vehicles.  Thus, the SUT model needs to reflect the MASH 10000S test vehicle specification.  
For the TL-4 in MASH (1), the mass of the SUT increased from 8,000 kg (17,637 lb) to 
10,000 kg (22,000 lb) and the impact speed increased from 80.47 km/h (50 mph) to 90.12 km/h 
(56 mph).  The ballast height of MASH TL-4 SUT is changed to 1.25 m (63 in.) from 1.7 m 
(67 in.) in NCHRP Report 350.  Table 3.4 shows the comparison of TL-4 SUT vehicle 
specification per both guidelines.   
 
 The 8000S vehicle model was modified to reflect MASH 10000S test vehicle 
specification and calibrated using crash test results of TTI Project 476460-1b (18).  Major 
changes include: 
 

1. U-bolts connecting the front axle to the suspension were modified to calibrate their 
failure mechanism.  Moreover, null shell elements were added around the beam elements 
to capture the interaction of the U-bolt and the front axle as shown in Figure 3.19.   
 

2. Two 50.8 mm (2 in.) thick wood panels were added between the bed rail and the frame of 
the truck as shown in Figure 3.20.  
 

3. Lateral constraint brackets (shear plate) were added to restrain lateral displacement of the 
bed relative to the frame rail as shown in Figure 3.20.   
 

4. The Z-shaped steel cross members on the bottom of the truck box were modified to be I-
shaped cross members.  This is representative of TTI 476460-1b test vehicle.  Figure 3.20 
shows these changes. 
 

5. TTI Test 476460-1b had concrete ballast that was smaller in volume than the original 
SUT model ballast. Therefore, the ballast of the vehicle model was updated to reflect that 
as shown in Figure 3.21.  In order to adjust the CG height of ballast to be 1.25 m (63 in.) 
above ground, two 50.8 mm (2 in.) thick wood supports were added beneath the ballast.   
 

6. The number of contacts (25 contacts) was reduced to a total of 10 contacts to improve 
stability of the model.  
 

 After modification, the specification of the test vehicle and the vehicle model are 
compared as presented in Table 3.4.  Although the wheelbase and overall length show some 
differences, the total mass and CG correlates well with the test vehicle specification.   
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Table 3.4  Specification of TL-4 Single Unit Vehicle. 

 
NCHRP 350 

TL-4-12 
(17) 

MASH  
TL-4-12 

(1) 

Test 
476460-1b  

(18) 

Modified 
Single Unit 

Vehicle Model 

Property     

    Vehicle 8000S 10000S Ford 10000S N/A 

    Speed, mph (km/h) 50 (80.0) 56 (90.0) 57.4 (92.4) 57.4 (92.4) 

    Angle, degrees 15 15 14.4 14.4 

Mass, lb (kg)     

    Curb 
12,000 ± 

1,000 
(5,450 ± 450) 

13,200 ± 2,200 
(6,000 ± 1,000) 

12,200 
(5,534) 

12,617 
(5,753) 

    Ballast As Needed As Needed 9,890 
(4,486) 

9,577 
(4,292) 

    Test Inertial 17,640 ± 440 
(8,000 ± 200) 

22,046 ± 660 
(10,000 ± 300) 

22,090 
(10,020) 

22,194 
(10,045) 

Dimension, inch (mm)      

    Wheelbase (max) 210 (5350) 240 (6,100) 188 (4,775) 208 (5,287) 

    Overall Length      
      (max) 343 (8700) 394 (10,000) 304 (7,721) 337.2 (8,565) 

    Trailer Overhang N/A N/A 80.5 (2,045) 88.15 (2,239) 

    Cargo Bed Height 
      (Above Ground) 

51 ± 2 
 (1,300 ± 50) 

51 ± 2 
(1,300 ± 50) N/A 48.2 

(1,224) 

Center of Mass Location, inch (mm)     

    Ballast  
      (Above Ground) 

67 ± 2 
(1,700 ± 50) 

63 ± 2 
(1,600 ± 50) 

63 
(1,600) 

61.7 
(1,567) 

    Test Inertial 
      (Above Ground) 

49 ± 2 
(1,250 ± 50) N/A 50.8 

(1,290) 
50.7 

(1,287) 
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(a) Front U-bolt of S10000 Vehicle for TTI Test 476460-1b (18) 

 

   
(b) Original      (c) Modified 

 
Figure 3.19  Modification to the front axle U-bolt of the SUT model 
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(a) 10000S vehicle for TTI Test 476460-1b (18)  

 
 
 
 
 
 

  
  
 

(b) Original      (c) Modified 
 

Figure 3.20  Modification to the chassis of the SUT model 
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(a) 10000S test vehicle of TTI Test 476460-1b (18)  

 

  
(b) Original      (c) Modified 

 
Figure 3.21  Modification to ballast of the SUT model 
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3.6. VALIDATION OF SUT MODEL  
 
 The validity of the modified SUT model was investigated by performing a full-scale 
vehicle impact simulation and comparing the results to a previously conducted crash test.   
 
 The crash test used for this investigation was conducted at TTI using MASH TL-4 impact 
conditions (18).  A 0.81 m (32 in.) New Jersey Safety (N.J.) Shape bridge rail was used in this 
test.  Figure 3.22 shows the initial bridge rail set-up with the 1999 Ford F-800 SUT.  The test 
vehicle was traveling at an impact speed of 92.4 km/h (57.4 mph), impacted the safety shape 
bridge rail 6.1 m (20 ft) from the upstream end at an impact angle of 14.4 degrees.   
 
 
3.6.1  Vehicle Impact Simulation 
 
 To validate the modified 10000S vehicle model, an impact simulation was performed 
similar to the full-scale crash test as shown in Figure 3.22.  The vehicle model impacted the N.J. 
bridge rail at a speed of 92.4 km/h (57.4 mph) and an angle of 14.4 degrees.  The vehicle in the 
simulation rolled on the top and over the bridge rail matched closely with the crash test results.   
 
 

  
 

  
 

Figure 3.22  Initial set-up of TTI test 476460-1b (18) and simulation 
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 In the TTI Test 476460-1b, two accelerometers were installed near the vehicle CG and in 
the rear axle of the vehicle to measure longitudinal, lateral, and vertical acceleration as shown 
in Figure 3.23.  A solid-state angular rate transducer was installed in the cabin of vehicle to 
measure roll, pitch, and yaw angles as shown in Figure 3.24.   
 

 
 

Figure 3.23  Location of accelerometers and angular rate transducer in TTI Test 476460-1b 
 

 
 

Figure 3.24  Installation of angular rate transducer in the cabin (18) 
 
 
 

Accelerometer @ 
rear axle of vehicle  Accelerometer @ 

test vehicle CG 
Angular 

rate transducer 
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 The accelerometer data were calibrated using the Society of Automotive Engineers 
(SAE) J211 class 180 Hz provided by WinDigit.  This program, WinDigit, converts the analog 
data from each transducer into engineering units.  SAE J211 follows MASH Appendix C for 
filtering acceptable data.  The Test Risk Assessment Program (TRAP) uses the data from 
WinDigit to analyze the acceleration and angular displacement data.  Figure 3.25 shows the 
summary of acceleration and angular displacement data from TRAP.   

 
   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

        (a) at test vehicle CG             (b) at rear axle 
 

Figure 3.25  Summary of signal data from TRAP (TTI Test 476460-1b) 
 
 
 Two different filtering methods were used to analyze the acceleration data, which are 
SAE 60 Hz and 50 milli-second (msec) average.  Figure 3.26 shows the longitudinal, lateral, and 
vertical acceleration using SAE 60 Hz and 50 msec average from the acceleration installed at 
two different locations. Figure 3.27 shows the angular displacements, roll, pitch, and yaw angles 
installed in the cabin.  
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Figure 3.26  Longitudinal, lateral, and vertical acceleration from two acceleration installed 

at the vehicle CG and the real axle of vehicle 
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Figure 3.27  Angular displacement (TTI Test 476460-1b) 

 
 Since the vehicle model has a longer wheelbase and overhang of a truck, the longitudinal 
CG of the test vehicle and the vehicle model are different.  In order to compare with test vehicle 
accelerometer data, two accelerometers were used at two locations of CG as shown in Figure 
3.28.  The two more accelerations were used at the rear axle of the truck and in the cabin.  
 

 
Figure 3.28  Location of accelerometers in the vehicle model 

 

Accelerometer @ 
rear axle of vehicle  

Accelerometer @ 
test vehicle CG 

Accelerometer @ 
vehicle model CG 

Accelerometer/
Angular 

rate transducer
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 The vehicle in the crash test ended up rolling on top of the bridge rail.  The simulation 
captured that dynamics from the beginning of rolling until 0.7 sec.  This is believed to be enough 
time for vehicular interaction with a vertical wall like the crash wall.  Figures 3.29 and 3.30 
present a detailed comparison of the simulation and test results.  Overall, the simulation 
correlates reasonably well with the results of the crash test after the modification on the vehicle 
model.   
 

Table 3.5  Event Time-Sequence Comparison of the Test and Simulation. 
 

 
  

Incident  Crash test Model Simulation 
The right front bumper impacted the bridge rail. 

Right front tire began to climb the face of the 
bridge rail and lost contact with the ground 

surface 
0.000 sec 0.000 sec 

Front axle began to shift 0.044 sec 0.05 sec 

Vehicle began to redirect 0.1 sec 0.08 sec 

Left front tire lost contact with the ground surface 0.166 sec 0.125 sec 

Right rear outer tire made contact with the toe 
of bridge rail 0.223 sec 0.225 sec 

Left rear tires became airborne 0.252 sec 0.23 sec 

Right rear edge of the box van went over the top 
of the bridge rail 0.263 sec 0.26 sec 

Vehicle became parallel with the bridge rail 0.4 sec (79.6 km/h) 0.4 (87.23 km/h) 

Vehicle exited the view of the overhead camera 0.779 sec N/A 
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0.000 s 

 
 

 
 
 

0.122 s 

 
 

 
 
 
 

0.246 s 

 
 

 
 
 

0.366 s 

 
 

 
 
 

0.489 s 

Figure 3.29  Comparison front view sequential photographs for test and simulation  
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0.000 s 

 

 
 
 

0.122 s 

 

 
 
 

0.246 s 

 

 
 
 

0.366 s 

 
 
 

0.489 s 

Figure 3.30  Comparison top view sequential photographs for test and simulation 
 
 
 The summary comparison of test and simulation data from TRAP is presented in Figure 
3.31.  The data in the test were recorded until 1.73 sec, however, the running time was 0.8 sec in 
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the simulation.  The data from the test were trimmed for comparison purpose herein.  In the 
longitudinal direction, the occupant impact velocity in the test and the simulation was 2.5 m/sec 
(8.2 ft/sec) at 0.223 sec and 1.1 m/sec (3.61 ft/sec), respectively.  The highest 10 msec occupant 
ridedown longitudinal acceleration in the test and the simulation was −2.8g from 0.227 to 0.237 
sec and −4.2g from 0.377 to 0.387 sec, respectively.  The maximum 50 msec average 
longitudinal acceleration in the test and the simulation was −2.2g between 0.063 and 0.113 sec 
and −1.6g between 0.121 and 0.171 sec, respectively.   
 
 In the lateral direction, the occupant impact velocity in the test and the simulation was 
4.2 m/sec (13.8 ft/sec) at 0.223 sec and 4.3 m/sec (14.1 ft/sec), respectively.  The highest 
10 msec occupant ridedown lateral acceleration in the test and the simulation was −4.5g from 
0.249 to 0.259 sec and 5.1g from 0.327 to 0.337 sec, respectively.  The maximum 50 msec 
average lateral acceleration in the test and the simulation was −4.1g between 0.166 and 0.216 sec 
and −4.2g between 0.163 and 0.213 sec, respectively.  Theoretical Head Impact Velocity (THIV) 
in the test and the simulation was 16.3 km/h or 4.5 m/sec at 0.215 sec and 16.3 km/h or 4.5 m/sec 
at 0.244 sec, respectively.  Post-Impact Head Decelerations (PHD) in the test and the simulation 
was 4.6g between 0.249 and 0.259 sec and 5.2g between 0.327 and 0.337 sec, respectively.  
Acceleration Severity Index (ASI) in the test and the simulation was 2.97 between 0.35 and 
0.4 sec and 0.53 between 0.285 and 0.335 sec, respectively.   
 

 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

        (a) TTI test 476460-1b           (b) Simulation 
Figure 3.31  Summary comparison of signal data from TRAP 
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 There are two ways to calculate the impact force in simulation.  One is from the contact 
definition between the barrier and the vehicle and the other is calculated using the accelerometer 
data of vehicle CG. The impact force was calculated from contact definition between the barrier 
and the vehicle as shown in Figure 3.32.  Two processes, a SAE 60 Hz digital filter and a 
50 msec average are used to diminish the signal noise using the TRAP.  The peak impact force 
using SAE 60 Hz was calculated to be 332.5 kN (74.75 kips) at 0.23 sec.  The peak 50 msec 
average impact force was calculated to be 181.9 kN (40.9 kips) at 0.11 sec and 270.45 kN 
(60.8 kips) at 0.23 sec. 

 
Figure 3.32  Impact force from contact definition  

 
 In order to compute the impact force from the vehicle accelerometer, Eq. (3-9) was used.  
 (t) (t)sin (t) (t)cos (t) ( (t)sin (t) (t)cos (t))i x y x yF F F m a aφ φ φ φ= − = −

uur uur
 (3-9) 

where Fi(t) is the impact force; φ (t) is the vehicular yaw angle with respect to the barrier; 
(t) (t)x xF ma=

uur
 is the longitudinal component of truck impact force; (t) (t)y yF ma=

uur
 is the 

horizontal component of truck impact force; and m is the mass of truck.  The coordinate systems 
for the truck and barrier are schematically shown in Figure 3.33.  This above formula assumes 
the vehicle as a single rigid body for the purpose of calculating the impact force. 
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Figure 3.33  Coordinate system for vehicle and barrier 

 
 In the simulation, two accelerations were used at the test vehicle CG and model vehicle 
CG due to the different vehicle specification as mentioned above.  As shown in Figure 3.34, the 
angular displacement shows the same magnitude but has time delay.  Therefore, the 
accelerometer placed on the test vehicle CG was selected to analyze the data.   

 
Figure 3.34  Comparison of angular displacement of different CG location 

 
 Data obtained from the accelerometer were analyzed and the results are presented 
in Figure 3.35 and Figure 3.36 using SAE 60 Hz digital filter and a 50 msec average, 
respectively.  Figure 3.35 shows the longitudinal and lateral accelerations ([a] and [b]) using the 
SAE 60 Hz digital filter and the yaw angle with respect to the barrier (c).  Using Eq. (3-9), the 
resultant impact force was computed as a function of time as shown in Figure 3.35(d).   

ax

ay
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y
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 Figure 3.36 shows the longitudinal and lateral accelerations ([a] and [b]) using 50 msec 
average.  Using Eq. (3-9), the resultant impact force using 50 msec average was computed as a 
function of time to be 373.3 kN (83.9 kips) at 0.19 sec in the test and 400.7 kN (90.1 kips) at 
0.165 sec in the simulation.  Figure 3.3 shows the vertical acceleration. 
 
 

 
(a) Longitudinal deceleration         (b) Lateral acceleration 

 
     (c) Yaw angle with respect to the barrier         (d) Impact force 
 

Figure 3.35  Comparison of accelerometer data and impact force (filtered by SAE 60 hz) 
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(a) Longitudinal deceleration         (b) Lateral acceleration 

 

 
     (c) Yaw angle with respect to the barrier         (d) Impact force 

 
Figure 3.36  Comparison of accelerometer data and impact force (using 50 msec avg.) 

 

 
Figure 3.37  Comparison of vertical accelerometer data  
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 The vehicle yaw, pitch, and roll angles of both test and simulation were calculated using 
TRAP as shown in Figure 3.38.  The test vehicle rolled outward as much as 9.8 degrees first and 
then rolled over the barrier.  The maximum roll angle of the test vehicle was 31.6 degrees,  
compared to 29.3 degrees of the vehicle model at 0.65 sec.  The peak pitch angles in test and 
simulation were 7.7 degrees at 0.152 sec and 2.67 degrees at 0.13 sec, respectively.  The 
minimum pitch angles are −1.69 degrees at 0.65 sec in the test and −8.8 degrees at 0.65 sec.  The 
minimum yaw angles in test and simulation were −17.4 and −17.8 degrees at 0.65 sec, 
respectively.   

 
Figure 3.38  Vehicle angular displacement comparison of simulation and test 

 
 

3.6.2  Quantitative Validation 
 
 Ray et al. (19) recently developed the Roadside Safety Verification and Validation 
(RSVVP) program that can calculate comparison metrics between simulation and crash test 
signals that are helpful in quantitatively validating a roadside hardware model.  These metrics are 
mathematical measures of the agreement between two curves.  These procedures were used in 
this study to help assess the validity of the modified SUT model.  

 
Energy balance curves produced by LS-DYNA were analyzed as a measure of the 

numerical stability of the simulation and are shown in Figure 3.39.  Table 3.6 shows that the 
results obtained from the simulation passed the criteria recommended by Ray et al. (3).  
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Figure 3.39  Energy balance curve for the simulation 

 
Table 3.6  Analysis Solution Validation. 

Verification Evaluation Criteria Change (%) Pass? 
Total energy of the analysis solution (i.e., kinetic, potential, contact, 
etc.) must not vary more than 10% from the beginning of the run to 
the end of the run. 

1.02 Y 

Hourglass Energy of the analysis solution at the end of the run is less 
than 5% of the total initial energy at the beginning of the run. 0.02 Y 

The part/material with the highest amount of hourglass energy at any 
time during the run is less than 5% of the total initial energy at the 
beginning of the run. 

0.03 Y 

Mass added to the total model is less than 5% of the total model 
mass at the beginning of the run. 0 Y 

The part/material with the most mass added had less than 10% of its 
initial mass added. 0 Y 

The moving parts/materials in the model have less than 5% of mass 
added to the initial moving mass of the model. 0 Y 

There are no shooting nodes in the solution? No Y 

There are no solid elements with negative volumes? No Y 
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The Sprauge-Geer MPC metrics and Analysis-of-Variance (ANOVA) metrics were 
computed for the three acceleration channels and three angular rate channels obtained from the 
TTI test 476460-1b and the simulation using the RSVVP computer program.  According to the 
procedure, if one or more channels do not directly satisfy the criteria, a multi-channel weighting 
option may be used.  As shown in Table 3.7, time history comparison metrics between the crash 
test and simulation satisfied the criteria for the multiple channel weighting option.  

 
Table 3.7  Time History Evaluation Table. 

 

Compare Test 476460-1b (Filter Type: SAE60) and 
Simulation (Filter Type: SAE60, source: TRAP) 

Sprauge-Geer 
Metrics  

M 
≤40  

P 
≤40  

Pass? Anova Metrics  
Mean 

Residual 
≤0.05  

Std. 
Deviation 
≤0.35  

Pass? 

X 
acceleration  

76.2 46.2 N 
X 
acceleration/Peak  

0.02 0.46 N 

Y acceleration  23.3 39.6 Y Y acceleration/Peak 0.03 0.40 N 
Z acceleration  5.5 51.6 N Z acceleration/Peak −0.10 0.36 N 
Roll rate  26 34.3 Y Roll rate  −0.44 0.29 N 
Pitch rate  5.1 2.4 Y Pitch rate  0.03 0.06 Y 
Yaw rate  15.6 11.9 Y Yaw rate  0.02 0.2 Y 

Multiple Channels  
Weighting 
factor: Area 1 

12.6 29.3 Y  −0.04 0.26 Y 

 
Some of the single channel discrepancies have to do with the fact that the SUT cabin 

initially rolled away from the barrier then reversed roll direction toward the barrier.  However, in 
the simulation, the SUT cabin rolled toward the barrier early on. 

 
Ray et al. (3) also recommend developing a phenomena importance ranking table (PIRT), 

similar to the evaluation tables in NCHRP Report 350 and MASH, as another means of 
comparing the test and simulation.  The relative difference between the simulation and test 
results presented in PIRT should not exceed 20 percent or 5 degrees in the angles or 2 m/s in the 
velocity as shown in Table 3.8.  Roll, pitch, yaw angles, occupant impact velocities, and vehicle 
trajectory obtained from the simulation closely match the test results.  The results satisfy the 
criteria except one, lateral ORA. Since the data used in comparison using RSVVP are the data 
filtered by SAE 60, the occupant risk accelerations have some difference between the two data. 
However, the acceleration time history using 50 msec average as shown in Figure 3.36 shows 
good agreement.   
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Table 3.8  Roadside Safety Phenomena Importance Ranking Table (PIRT). 
 

Evaluation Criteria  TTI Test Simulation Relative 
Difference  Pass? 

F2: Maximum Roll (deg.)  31.6 29.3 < 20% or 5° Y 
F3: Maximum Pitch (deg.)  2.7 7.7 < 20% or 5° Y 
F4: Maximum Yaw (deg.) −17.4 −17.8 < 20% or 5° Y 
L1: Occupant impact velocities 
         Longitudinal OIV (m/s) 
         Lateral OIV (m/s) 
         THIV (m/s) 

 
2.5 
4.2 
4.5 

 
1.1 
4.3 
4.3 

< 20% or 2 m/s 

 
Y 
Y 
Y 

L2: Occupant accelerations: 
         Longitudinal ORA  
         Lateral ORA  
         PHD 
         ASI 

 
−2.8 
−4.5 
4.6 
2.97 

 
−4.2 
5.1 
5.2 
0.53 

< 20% or 4g’s 

 
Y 
N 
Y 
Y 

M3: Exit velocity at loss of contact 
        (km/h) 79.6 87.2 < 20% Y 
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4. FINITE ELEMENT ANALYSES RESULTS 
 
 

Once the initialization process was completed, the vehicle was added to the model for the 
full-scale impact simulation.  Three finite element models of the MSE wall were developed in 
this study.  The first model has a typical section of an MSE wall as shown in Figure 4.1(a).  This 
model would be used to quantify damage profile of the wall panels during a direct vehicular 
impact as a reference case.  The next two models incorporate the same MSE wall model in 
addition to a crash wall model to quantify damage profile of the wall panels due to a vehicular 
impact on the crash wall as shown in Figure 4.1(b).  Two different methods were used to 
represent the interaction between the wall panels and a crash wall.  Contact definition is used in 
one model; embedded anchors are used for the other model.  

 
 

  
(a) FE Model of a typical MSE wall 

 

  
(b) FE Model of an MSE wall with a crash wall 

 
Figure 4.1  Set-up of MSE wall models 
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4.1. A TYPICAL MSE WALL MODEL 
 
 The finite element model of a typical MSE wall is developed to quantify damage profile 
of the wall panels during a direct vehicular impact as a reference case.  Figure 4.2 shows the 
sequential images of the overall impact event between the vehicle and the MSE wall.  There are 
three component impact points at 0.025 sec by the front left bumper, at 0.12 sec by the front left 
side of truck box, and at 0.27 sec by the rear left side of truck box.  After 0.2 sec, the vehicle 
began to travel parallel with the MSE wall panels.  After 0.35 sec, no more interactions between 
the crash wall and the vehicle were observed.  
 
 

  
 
       (a) 0 sec      (b) 0.025 sec  

 

  
 

  (c) 0.125 sec      (d) 0.2 sec 
 

  
  (e) 0.275 sec      (f) 0.3 sec 

 
Figure 4.2  Sequential images of SUT impacting a typical MSE wall (case 1) 
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 Figure 4.3 shows the images of the damage profile on the wall panels.  The fringes shown 
in Figure 4.3 depict the damage profile of the panel elements on a scale from 0 to 1 where the 
value 0 indicates no damage and the value 1 indicates total damage (i.e., the element is not 
capable of carrying load).  A total of nine panels show severe damage profile due this impact. 

 

  
       (a) 0 sec      (b) 0.025 sec  
 

  
 

  (c) 0.125 sec      (d) 0.2 sec 
 

  
  (e) 0.275 sec      (f) 0.3 sec 

 
Figure 4.3  Damage profile on MSE wall panel during an impact (case 1) 
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 Since the eroding concrete material was used for the MSE wall panels, some elements of 
the wall panels were removed in the severely damaged areas (circled in Figure 4.4[a]).  Since the 
steel strips are tied with the wall panels, the damage profile around the steel strips connectors 
location were also observed on the backfill side of the wall panels as shown in Figure 4.4(b). 

 

 
(a) Traffic (impact) side of the wall panels 

 
(b) Backfill side of the wall panels 

 
Figure 4.4  Damage profile of the wall panels (case 1) 
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 The impact force was obtained from the contact definition between the panels and the 
vehicle as shown in Figure 4.5.  The peak forces for each component impact point were 326 kN 
(73.3 kips) by the front left bumper at 0.025 sec, 584 kN (131.3 kips) by the front left side of 
truck box at 0.12 sec, and 596.9 kN (134.2 kips) by the rear left side of truck box at 0.27 sec.   
 

 
Figure 4.5  Impact force from the contact definition (case 1) 

 
 
4.2. A MSE WALL MODEL INCLUDING A CRASH WALL  
 
 The crash wall is placed in the front of the wall panels to protect the panels from being 
damaged by vehicular impact in the model.  The 15.09 m (49.5 ft) long × 4 m (13.1 ft) tall × 
203.2 mm (8 in.) thick crash wall was incorporated as shown in Figure 4.6.  In this case, the 
interaction between the crash wall and the wall panels was represented using a contact 
definition.  Figure 4.6 shows the sequential images of the overall impact event between the 
vehicle and the crash wall.  Similar to previous case, there are three component impact points at 
0.025 sec by the cab bumper, at 0.11 sec by the front side of truck box, and at 0.24 sec by the 
rear side of truck box.  After 0.2 sec, the vehicle began to travel parallel with the MSE wall 
panels.  After 0.35 sec, no more interactions between the crash wall and the vehicle were 
observed.  
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       (a) 0 sec      (b) 0.025 sec  

 
 

  
  (c) 0.11 sec      (d) 0.2 sec 

 
 

  
  (e) 0.24 sec      (f) 0.3 sec 

 
 

Figure 4.6  Sequential images of SUT impacting a crash wall (case 2) 
 
 
 Figure 4.7 shows the images of the damage profile on the wall panels.  The damage 
fringes depict the damage of the panel elements on a scale from 0 to 1 where the value 0 
indicates no damage and the value 1 indicates total damage (i.e., the element is not capable of 
carrying load).  The crash wall exhibited a damage profile around key component impact areas 
but no elements were eroded as observed in the case of direct impact on wall panels.  Overall, the 
crash wall exhibited less area of damage than the wall panels in the direct impact case. 
 



57 
 

  
       (a) 0 sec      (b) 0.025 sec  

 

  
  (c) 0.11 sec      (d) 0.2 sec 

 

  
  (e) 0.24 sec      (f) 0.3 sec 

 
Figure 4.7  Damage profile on crash wall during an impact (case 2) 
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 Moreover, the damage profile on the wall panels themselves was significantly reduced to 
very minimal as shown in Figure 4.8.   
 
 

  
       (a) 0 sec      (b) 0.025 sec  

 
 

  
  (c) 0.11 sec      (d) 0.2 sec 

 
 

  
  (e) 0.24 sec      (f) 0.3 sec 

 
Figure 4.8  Damage profile on MSE wall panel during an impact (case 2) 
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 Figure 4.9 shows the damage profiles of the traffic side and backfill side of the wall 
panels at 0.3 sec. A total of three panels shows some minor damage profile in traffic side of the 
wall panels.  Damages in backfill side of the wall panels were observed at the location of the 
steel wall strip connectors to the panels.  

 
(a) Traffic (impact) side of the wall panels 

 
(b) Backfill side of the wall panels 

 
Figure 4.9  Damage profile of the wall panels (case 2) 
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 Figure 4.10 shows the damage profile of the traffic side and backfill side of the crash wall 
at 0.3 sec.  The crash wall damage profile became smaller as it propagates to the back side of the 
crash wall as shown in Figure 4.10 (a) and (b). 

 

 
(a) Traffic (impact) side of the crash wall  

 
(b) Back side of the crash wall  

 
Figure 4.10  Damage profile of the crash wall (case 2) 
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 The impact force filtered using SAE 60 was obtained from the contact definition between 
the panels and the vehicle as shown in Figure 4.11.  The peak forces for each component impact 
point were 421.6 kN (94.8 kips) by the front left bumper at 0.025 sec, 574.7 kN (129.2 kips) by 
the front left side of truck box at 0.11 sec, and 1,476.4 kN (331.9 kips) by the rear left side of 
truck box at 0.24 sec.   

 

 
Figure 4.11  Impact force from the contact definition (case 2) 

 
 
4.3. A MSE WALL MODEL INCLUDING A CRASH WALL AND ANCHORS 
 
 The interaction between the crash wall and the wall panels was represented using an 
embedded anchor.  The general phenomena during an impact against the crash wall are similar to 
the simulation results without anchors.  Similar to the previous case, there are three component 
impact points at 0.025 sec by the bumper, at 0.11 sec by the front left side of truck box, and 
0.24 sec by the rear side of truck box.  After 0.2 sec, the vehicle began to travel parallel with the 
MSE wall panels.  After 0.35 sec, no more interactions between the crash wall and the vehicle 
were observed.  
 
 Figure 4.12 shows the images of the damage profile on the wall panels.  The damage 
fringes depict the damage of the panel elements on a scale from 0 to 1 where the value 0 
indicates no damage and the value 1 indicates total damage (i.e., the element is not capable of 
carrying load).   Figure 4.13 shows the sequential images of the damages on the wall panels.   
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       (a) 0 sec      (b) 0.025 sec  

  
  (c) 0.11 sec      (d) 0.2 sec 

  
  (e) 0.24 sec      (f) 0.3 sec 

Figure 4.12  Damage profile on crash wall during an impact (case 3) 



63 
 

   
 

  
       (a) 0 sec       (b) 0.025 sec (first hit) 

 

  
  (c) 0.11 sec      (d) 0.2 sec 

 

  
  (e) 0.24 sec      (f) 0.3 sec 

 
Figure 4.13  Damage profile on MSE wall panel during an impact (case 3) 
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 Figure 4.14 shows the damage profiles of the traffic side and inside of the wall panels at 
0.3 sec.  It is evident that the presence of the crash wall significantly reduced the damage to the 
wall panels.  
 

 
(a) Traffic (impact) side of the wall panels (red is the anchors) 

 

 
(b) Backfill side of the wall panels 

 
Figure 4.14  Damage profile of the wall panels (case 3) 
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 Figure 4.15 shows the damage profiles of the traffic side and the inside face of the crash 
wall.  The damage profile is similar to the damage profile of the crash wall impact simulation 
without using anchors. 

 

 
(a) Traffic (impact) side of the crash wall  

 
(b) Back side of the crash wall  

 
Figure 4.15  Damage profile of the crash wall (case 3) 
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 The impact force was obtained from the contact definition between the panels and the 
SUT vehicle as shown in Figure 4.16.  The maximum impact forces of three hitting moments 
were 448.8 kN (100.9 kips) by the bumper at 0.027 sec, 579.6 kN (130.3 kips) by the front left 
side of truck box at 0.11 sec, and 1,611 kN (362.2 kips) by the rear left side of truck box at 
0.24 sec.   
 

 
Figure 4.16  Impact force from the contact definition (case 3) 

 
 
4.4. COMPARISON OF SIMULATIONS 
 
 The damage profile distribution was reviewed in an impact side and back side of the wall 
panels and the crash wall to investigate the impact response of the wall panels for three models: 
(1) a typical MSE wall, (2) an MSE wall with a crash wall, and (3) an MSE wall with a crash 
wall and anchors.  
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4.4.1  Impact Side 
 
 The wall panels exhibited significant damage once impacted by the 10000S vehicle as 
shown in Figure 4.17(a).  This indicates that the panels alone cannot resist direct impact of such 
severity.  However, a 0.2 m (8 in.) thick continuous crash wall is added in front of the panels, the 
panels exhibited minor damage profile as shown in Figure 4.17(b).  Similarly, in the case of an 
MSE wall with a crash wall and anchors, the panels exhibited minor damage profile as shown 
in Figure 4.17(c).  

 
(a) Case 1: A typical MSE wall 

 
(b) Case 2: Model with the crash wall  

 
(c) Case 3: Model with the crash wall and anchors 

Figure 4.17  Comparison of damage profile on the wall panels (Impact side) 
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 The damage moved to the crash wall instead of the panels as expected.  However, this 
damage on the crash wall is spread over a smaller surface area of the crash wall than the 
damaged area of the panels when impacted directly.  This is observed from comparing Figure 
4.18(a) with Figure 4.17(a).  Moreover, adding the anchors reduced the damaged area to the 
crash wall as shown in Figure 4.18(b) with respect to Figure 4.18(a).  
 

 
(a) Case 2: Model with the crash wall  

 
(b) Case 3: Model with the crash wall and anchors 

 
Figure 4.18  Comparison of damage profile on the crash wall (Impact side) 
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4.4.2  Inside of the Wall or Crash Wall  
 
 Figure 4.19(a) depicts the propagation of damage from direct impact on the MSE wall 
panels.  Figure 4.19 shows the comparison of the damage profile on the inside (backfill interface) 
of the MSE wall panels.  This reinforces the findings that the panels alone cannot resist direct 
impact of such severity.  However, once a 0.2 m (8 in.) thick continuous crash wall is added in 
front of the panels, the panels exhibited minor damage profile as shown in Figure 4.17(b) and 
(c).   

 
(a) Case 1: A typical MSE wall 

 
(b) Case 2: Model with the crash wall  

 
(c) Case 3: Model with the crash wall and anchors 

Figure 4.19  Comparison of damage profile on the wall panel (Inside)  
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 Since the steel strips are tied with the wall panels, the damage profile was also observed 
around the steel strips connectors’ location (see the ellipses in Figure 4.19).  The damage fringes 
shown in Figure 4.19 describe the relative damage for each case on a scale from 0 to 1.  In order 
to quantify the intensity of damage profile, the vertical movement of top of the wall panels on 
each case was analyzed as shown in Figure 4.20.  In the first case of a typical MSE wall model, 
the vertical displacement was 13.5 mm (0.53 in.) at 0.31 sec due to the direct impact.  In the 
other two cases the top panel had a vertical displacement that is less than 1 mm (0.04 in.).  It is 
believed that a larger panel displacement would result in bigger damage around the connector 
location.  The connector attachment to the concrete panel has more flexibility than the tied 
behavior used in this model.  Hence, these localized damage patterns might be less in physical 
testing.  
 

 
Figure 4.20  Comparison of vertical displacement on the top panel 
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 The damage profile on the inside (panel interface) of the crash wall (Figure 4.21) exhibits 
less damaged area than the damage profile on impact side (see Figure 4.18).  This is expected 
since damage will become less as we move away from the impact surface. 
 

 
(a) Case 2: Model with the crash wall  

 

 
(b) Case 3: Model with the crash wall and anchors 

 
Figure 4.21  Comparison of damage profile on the crash wall (Inside) 
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5. SUMMARY AND CONCLUSION  
 
 
 This study was undertaken to evaluate the impact response of a crash wall design 
installed in front of MSE wall panels. A 0.2 m (8 in.) thick crash wall is shown to significantly 
reduce the damage to the wall panels due to the Single Unit Truck (SUT) impact.  
 
 In order to evaluate the crash wall design on the MSE wall, three MSE wall models 
(cases) were developed herein: (1) a typical MSE wall structure, (2) the same MSE wall with a 
crash wall, and (3) the same MSE wall with a crash wall that is tied with anchors to the panels.  
These models have explicit representation of the backfill soil, the concrete panels, the moment 
slab, the barrier and coping, and the crash wall for cases 2 and 3. Concrete steel reinforcement 
and soil steel strips were modeled as well and their connectivity to the surrounding continuum 
was defined.  Beam elements were used to represent rebars and embedded in reinforced concrete 
parts (panels, barrier, moment slab, and crash wall). Shell elements were used to represent steel 
strips and embedded in the backfill soil. The remaining parts were modeled using solid elements. 
 
 The system was subjected to initialization loading phase to capture initial stress at the 
steady state condition. Namely, the initial stress in the backfill soil due to gravitational loading 
was determined and the initial stress in the steel strips due to active earth pressure of the wall 
was determined too. This phase was verified using checks on weight calculations of the system 
and checks on the maximum strip loads using the equation in Section 11 in AASHTO LRFD 
Bridge Design Specifications (2). 
 

An SUT traveling at a speed of 90.12 km/h (56 mph) and an angle of 15 degrees was 
used to represent the impact load.  These impact parameters are representative of MASH TL-4 
test condition.  The existing SUT vehicle model was modified to reflect MASH 10000S vehicle 
specification for TL-4 since it was developed as an NCHRP 350 8000S test vehicle. The research 
team validated the modified SUT (10000S) model using the results of a MASH TL-4 full-scale 
crash test performed by TTI.  The simulation results with modified SUT vehicle reasonably 
correlates well with the test results.  Moreover, the validity of the simulation was quantified by 
calculating comparison metrics between simulation and crash test signals.  
 
 Using this 10000S vehicle model, three impact simulations were performed using the 
three different MSE wall models presented earlier.  The results of the analysis of the MSE wall 
impact showed that the wall panels exhibited considerable damage from the direct impact.  This 
indicates that the wall panels alone cannot resist a direct impact with such severity.  However, if 
a 0.2 m (8 in.) thick continuous crash wall is added in front of the panels, the panels exhibited 
less damage profile.  Most of the damage was limited to the crash wall and the panels exhibited 
minor damage profile.  Moreover, the damage is spread over smaller surface area of the crash 
wall than the damaged area of the panels when impacted directly.  Similar behavior is observed 
when simulating the impact on the MSE wall with a crash wall and anchors. 
 
 When the wall panels are damaged by a direct impact, the reconstruction work for the 
panels is complicated because significant section of the MSE wall system might need to be 
rebuilt.  This means it would be expensive to repair the system.  Reconstruction of the crash wall 
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is less complicated than reconstruction of the MSE wall structure because pouring concrete can 
be accomplished from the outside area without rebuilding the wall panels. This would result in 
reducing construction time on the traveling public as well a significant reduction in repair cost 
for the user agency. 
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APPENDIX A: JUNIATA COUNTY DRAWING 
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APPENDIX B: PENNDOT PRECAST CONCRETE WALL PANELS 
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APPENDIX C: DESIGN OF MSE WALL 
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INPUT
Wall
Wall height, H = 19.763 ft 1/2 H= 9.881 ft
Reinforcing fill length, LL = 15.500 ft Length of slab = 4.500 ft

B = 15.844 ft D60= 6.800 mm Cu = 90.667
Soil unit weight, γsoil = 0.125 kcf D10= 0.075 mm log Cu = 1.957
Traffic surcharge, q = 0.25 ksf
Reinforcement fill, φ = 34 degrees -> 0.593 radians
(LRFD 11.10.6.2) -> tanφ = 0.675 -> Ka = 0.283
Retained fill, φ = 30 degrees -> 0.524 radians

-> tanφf = 0.577 -> Kaf = 0.333
Static load = 10 kips

Panel
First strip location = 3.957 ft Strip width = 1.969 in. = 0.164 ft
Location of slab bottom  = 2.705 ft Strip thickness = 4 mm = 0.013 ft
First Vertical spacing of strips, Sv 2.213 ft Horizontal spacing of strip= 2.443 ft
Second Vertical spacing of strips 2.458 ft
Panel width = 9.771 ft Steel Reinforcement Strength fy = 60 ksi
Panel height = 4.771 ft density of strip per panel = 8
Panel thickness = 0.344 ft

1.1 Load Factor, γ (LRFD 11.5.5)
1. Typical application
1.a. Bearing Resistance 1.b. Sliding and Eccentricity
γEV = 1.35 γEH = 1.5 γEV = 1 γEH = 1.5

2. Live Load Surcharge on MSE wall
2.a. Bearing and reinforcement tensile resistnace
γLS = 1.75
2.b. Sliding, eccentricity and reinforcement pullout resistance
γLS = 1.75

(LRFD Figure C11.5.5-3(b))
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1.2Resistance Factor, φ (LRFD Table 11.5.6-1)
Mechanically Stabilized Earth Walls
Pullout resistance of tensile reinforcement, Static loading = 0.9

Combined static and impact loading = 1
Tensile Resistance of strip reinforcement, Static loading = 0.75

Combined static and impact loading = 1

2. Internal Stability
2.1 Static Load

2.1.1 Compute Kr (LRFD Figure 11.10.6.2.1-3)
γEHKr = 1.7 × Ka = 1.7 × 0.28 = 0.48 at 0 ft
γEHKr = 1.2 × Ka = 1.2 × 0.28 = 0.34 under 20 ft

Use interpolation at other depth

2.1.2 Fisrt strip at h1= 3.96 ft
h1 = 3.96 ft
kr = 0.453

1. Vertical stress
1) Reinforced Soil 

σV1 = γsoil  × H
σV1 = 0.125 (kcf) × 3.957 (ft) = 0.495 kips/ft2

γEV  × σV1 = 1.35  × 0.495 = 0.668 kips/ft2

2) Traffic surcharge
σV2 = 0.25 ksf

γEV  × σV2 = 1.75  × 0.25 = 0.438 kips/ft2

a) ignoring tracffic surcharge b) including tracffic surcharge

∑σv = 0.495 kips/ft2 ∑σv = 0.745 kips/ft2

∑γEVσv = 0.668 kips/ft2 ∑γEVσv = 1.105 kips/ft2

2. Horizontal stress, σH = γP(σvkr + ΔσH) (LRFD Eq. 11.10.6.2.1-1)
a) ignoring tracffic surcharge
σh= σv kr = 0.495 ksf × 0.453 = 0.224 ksf
γEVσh = γEV σv kr = 0.668 ksf × 0.453 = 0.302 ksf

At per strip = 9.771 (ft) × 2.213 (ft) / 4 = 5.405 ft2

Tmax = σH Sv = 0.224 ksf × 5.405 ft2 = 1.21 kips per strip
γEV Tmax = γEV σH Sv = 0.302 ksf × 5.405 ft2 = 1.63 kips per strip
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b) including tracffic surcharge
σh= σv kr = 0.745 ksf × 0.453 = 0.337 ksf
γEVσh = γEV σv kr = 1.105 ksf × 0.453 = 0.500 ksf

Tmax = σH Sv = 0.337 ksf × 5.405 ft2 = 1.82 kips per strip
γEV Tmax = γEV σH Sv = 0.500 ksf × 5.405 ft2 = 2.70 kips per strip

2.1.3 Second strip at h2= 6.17 ft
h2 = 6.170 ft
Kr = 0.437

1. Vertical stress
1) Reinforced Soil 

σV1 = γsoil  × H
σV1 = 0.125 (kcf) × 6.170 (ft) = 0.771 kips/ft2

γEV  × σV1 = 1.35  × 0.771 = 1.041 kips/ft2

2) Traffic surcharge
σV2 = 0.25 ksf

γEV  × σV2 = 1.75  × 0.25 = 0.438 kips/ft2

a) ignoring tracffic surcharge b) including tracffic surcharge

∑σv = 0.771 kips/ft2 ∑σv = 1.021 kips/ft2

∑γEVσv = 1.041 kips/ft2 ∑γEVσv = 1.479 kips/ft2

2. Horizontal stress, σH = γP(σvkr + ΔσH) (LRFD Eq. 11.10.6.2.1-1)
σh= σv kr = 0.771 ksf × 0.437 = 0.337 ksf
γEVσh = γEV σv kr = 1.041 ksf × 0.437 = 0.455 ksf

At per strip = 9.771 (ft) × 2.213 (ft) / 4 = 5.405 ft2

depth for At at the second layer = Sv = 2.213 ft

Tmax = σH Sv = 0.337 ksf × 5.405 ft2 = 1.822 kips per strip
γEV Tmax = γEV σH Sv = 0.455 ksf × 5.405 ft2 = 2.459 kips per strip

2.1.4 Third strip at h3= 8.63 ft
h3 = 8.628 ft
Kr = 0.420

1. Vertical stress
1) Reinforced Soil 

σV1 = γsoil  × H
σV1 = 0.125 (kcf) × 8.628 (ft) = 1.079 kips/ft2

γEV  × σV1 = 1.35  × 1.079 = 1.456 kips/ft2
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2) Traffic surcharge
σV2 = 0.25 ksf

γEV  × σV2 = 1.75  × 0.25 = 0.438 kips/ft2

a) ignoring tracffic surcharge b) including tracffic surcharge

∑σv = 1.079 kips/ft2 ∑σv = 1.329 kips/ft2

∑γEVσv = 1.456 kips/ft2 ∑γEVσv = 1.894 kips/ft2

2. Horizontal stress, σH = γP(σvkr + ΔσH) (LRFD Eq. 11.10.6.2.1-1)
σh= σv kr = 1.079 ksf × 0.420 = 0.453 ksf
γEVσh = γEV σv kr = 1.456 ksf × 0.420 = 0.611 ksf

At per strip = 9.771 (ft) × 2.458 (ft) / 4 = 6.005 ft2

depth for At at the second layer = Sv = 2.458 ft

Tmax = σH Sv = 0.453 ksf × 6.005 ft2 = 2.718 kips per strip
γEV Tmax = γEV σH Sv = 0.611 ksf × 6.005 ft2 = 3.669 kips per strip

2.1.5 Forth strip at h4= 11.09 ft
h4 = 11.087 ft
Kr = 0.402

1. Vertical stress
1) Reinforced Soil 

σV1 = γsoil  × H
σV1 = 0.125 (kcf) × 11.087 (ft) = 1.386 kips/ft2

γEV  × σV1 = 1.35  × 1.386 = 1.871 kips/ft2

2) Traffic surcharge
σV2 = 0.25 ksf

γEV  × σV2 = 1.75  × 0.25 = 0.438 kips/ft2

a) ignoring tracffic surcharge b) including tracffic surcharge

∑σv = 1.386 kips/ft2 ∑σv = 1.636 kips/ft2

∑γEVσv = 1.871 kips/ft2 ∑γEVσv = 2.308 kips/ft2

2. Horizontal stress, σH = γP(σvkr + ΔσH) (LRFD Eq. 11.10.6.2.1-1)
σh= σv kr = 1.386 ksf × 0.402 = 0.557 ksf
γEVσh = γEV σv kr = 1.871 ksf × 0.402 = 0.753 ksf

At per strip = 9.771 (ft) × 2.458 (ft) / 4 = 6.005 ft2

depth for At at the second layer = Sv = 2.458 ft

Tmax = σH Sv = 0.557 ksf × 6.005 ft2 = 3.348 kips per strip
γEV Tmax = γEV σH Sv = 0.753 ksf × 6.005 ft2 = 4.519 kips per strip
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2.1.6 Fifth strip at h5= 13.54 ft
h5 = 13.545 ft
Kr = 0.385

1. Vertical stress
1) Reinforced Soil 

σV1 = γsoil  × H
σV1 = 0.125 (kcf) × 13.545 (ft) = 1.693 kips/ft2

γEV  × σV1 = 1.35  × 1.693 = 2.286 kips/ft2

2) Traffic surcharge
σV2 = 0.25 ksf

γEV  × σV2 = 1.75  × 0.25 = 0.438 kips/ft2

a) ignoring tracffic surcharge b) including tracffic surcharge

∑σv = 1.693 kips/ft2 ∑σv = 1.943 kips/ft2

∑γEVσv = 2.286 kips/ft2 ∑γEVσv = 2.723 kips/ft2

2. Horizontal stress, σH = γP(σvkr + ΔσH) (LRFD Eq. 11.10.6.2.1-1)
σh= σv kr = 1.693 ksf × 0.385 = 0.652 ksf
γEVσh = γEV σv kr = 2.286 ksf × 0.385 = 0.880 ksf

At per strip = 9.771 (ft) × 2.458 (ft) / 4 = 6.005 ft2

depth for At at the second layer = Sv = 2.458 ft

Tmax = σH Sv = 0.652 ksf × 6.005 ft2 = 3.913 kips per strip
γEV Tmax = γEV σH Sv = 0.880 ksf × 6.005 ft2 = 5.283 kips per strip

2.1.7 Sixth strip at h6= 16.00 ft
h6 = 16.003 ft
Kr = 0.368

1. Vertical stress
1) Reinforced Soil 

σV1 = γsoil  × H
σV1 = 0.125 (kcf) × 16.003 (ft) = 2.000 kips/ft2

γEV  × σV1 = 1.35  × 2.000 = 2.701 kips/ft2

2) Traffic surcharge
σV2 = 0.25 ksf

γEV  × σV2 = 1.75  × 0.25 = 0.438 kips/ft2

a) ignoring tracffic surcharge b) including tracffic surcharge

∑σv = 2.000 kips/ft2 ∑σv = 2.250 kips/ft2

∑γEVσv = 2.701 kips/ft2 ∑γEVσv = 3.138 kips/ft2
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2. Horizontal stress, σH = γP(σvkr + ΔσH) (LRFD Eq. 11.10.6.2.1-1)
a) ignoring tracffic surcharge
σh= σv kr = 2.000 ksf × 0.368 = 0.735 ksf
γEVσh = γEV σv kr = 2.701 ksf × 0.368 = 0.992 ksf

At per strip = 9.771 (ft) × 2.458 (ft) / 4 = 6.005 ft2

depth for At at the second layer = Sv = 2.458 ft

Tmax = σH Sv = 0.735 ksf × 6.005 ft2 = 4.415 kips per strip
γEV Tmax = γEV σH Sv = 0.992 ksf × 6.005 ft2 = 5.960 kips per strip

b) including tracffic surcharge
σh= σv kr = 2.250 ksf × 0.368 = 0.827 ksf
γEVσh = γEV σv kr = 3.138 ksf × 0.368 = 1.153 ksf

Tmax = σH Sv = 0.827 ksf × 6.005 ft2 = 4.97 kips per strip
γEV Tmax = γEV σH Sv = 1.153 ksf × 6.005 ft2 = 6.93 kips per strip

2.1.8 Seventh strip at h7= 18.46 ft
h7 = 18.462 ft
Kr = 0.350

1. Vertical stress
1) Reinforced Soil 

σV1 = γsoil  × H
σV1 = 0.125 (kcf) × 18.462 (ft) = 2.308 kips/ft2

γEV  × σV1 = 1.35  × 2.308 = 3.115 kips/ft2

2) Traffic surcharge
σV2 = 0.25 ksf

γEV  × σV2 = 1.75  × 0.25 = 0.438 kips/ft2

a) ignoring tracffic surcharge b) including tracffic surcharge

∑σv = 2.308 kips/ft2 ∑σv = 2.558 kips/ft2

∑γEVσv = 3.115 kips/ft2 ∑γEVσv = 3.553 kips/ft2

2. Horizontal stress, σH = γP(σvkr + ΔσH) (LRFD Eq. 11.10.6.2.1-1)
a) ignoring tracffic surcharge
σh= σv kr = 2.308 ksf × 0.350 = 0.808 ksf
γEVσh = γEV σv kr = 3.115 ksf × 0.350 = 1.091 ksf

At per strip = 9.771 (ft) × 2.458 (ft) / 4 = 6.005 ft2

depth for At at the second layer = Sv = 2.458 ft
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Tmax = σH Sv = 0.808 ksf × 6.005 ft2 = 4.852 kips per strip
γEV Tmax = γEV σH Sv = 1.091 ksf × 6.005 ft2 = 6.550 kips per strip

b) including tracffic surcharge
σh= σv kr = 2.558 ksf × 0.350 = 0.896 ksf
γEVσh = γEV σv kr = 3.553 ksf × 0.350 = 1.244 ksf

Tmax = σH Sv = 0.896 ksf × 6.005 ft2 = 5.38 kips per strip
γEV Tmax = γEV σH Sv = 1.244 ksf × 6.005 ft2 = 7.47 kips per strip

2.1.10 Summary
1) Pullout  - ignoring traffic surcharge 
Rein. Layer Z T γT

NO. (ft) (kips) (kips)
1 3.957 1.210 1.634
2 6.170 1.822 2.459
3 8.628 2.718 3.669
4 11.087 3.348 4.519
5 13.545 3.913 5.283
6 16.003 4.415 5.960
7 18.462 4.852 6.550
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