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Abstract

Asphalt mow strips are typically used as vegetation barriers around guardrail
posts in the design of roadside safety structures. Asphalt mow strips have his-
torically been modeled as a rigid layer in simulations; this assumption results
in significant ground level restraint on the guardrail post. However, experi-
ments have shown that asphalt rupture should be considered in the analysis of
the response of guardrail posts embedded in mow strips. The present study
investigates the effect of asphalt material properties and mow strip geometry
on guardrail post performance using finite element simulations. Numerical
simulations are performed and correlated with results from static experiments
and material testing. The test simulations and experimental results are used to
evaluate the response of guardrail posts with various mow strip designs to
predict the level of restraint from the asphalt layer. The model is then used to
investigate the effects of asphalt material properties and mow strip geometry
on the overall performance of the system. The results demonstrate that in-
cluding asphalt rupture in numerical simulations is essential in accurately
predicting the behavior of guardrail posts installed in asphalt mow strips. In
addition, mow strip geometry along with asphalt material properties signifi-
cantly affect the guardrail post response.

Keywords
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1. Introduction

Considerable research has been performed with testing and finite element simu-

lation of guardrail posts and systems [1]-[6]. Several studies have focused on the
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soil modeling and its interaction with the guardrail posts. Dewey et al [7] stu-
died the soil-structure interaction behavior of highway guardrail posts using
simplified models. Ferdous et al [8] used non-linear finite element simulations
considering soil modeled as a Joint-Rock material model. Plaxico et al [9] per-
formed finite element analysis of timber guardrail posts and post-soil interac-
tion. In this study, the post-soil interaction was modeled using the subgrade
reaction approach, which involves an array of nonlinear springs attached along
the length of the post below grade. Wu et al [10] studied the interaction between
a guardrail post and soil during quasi-static and dynamic bogie vehicle testing.
This study employed the methodology of using static testing to plan dynamic
testing. According to the measured data, the dynamic resistance of the standard
post and soil was about twice that of the quasi-static resistance.

Asphalt mow strips are pavement layers installed around guardrail posts as
vegetation barriers. The word asphalt used in this paper refers to asphalt con-
crete. Without mow strips, regular vegetation control around guardrails such as
mowing or herbicide application is required. A common procedure for steel gu-
ardrail installation in asphalt mow strips employs a hydraulic machine to drive
the posts through a layer of asphalt mow strip. A schematic of an installed post is
shown in Figure 1.

Prior research [11] has concluded that asphalt mow strips increase the ground-
level restraint of guardrail posts significantly. Therefore, the American Associa-
tion of State Highway and Transportation Officials (AASHTO) Roadside Design
Guide [12] classifies mow strips as rigid foundations and states that guardrail
posts in mow strips are not able to rotate in the soil. Further research on the
performance of guardrail systems with concrete mow strips was done by Dusty
et al. [13]. In the finite element models developed in these studies:

e The extent of the domain meshed was near the zone of influence of the
loaded posts, which implies that boundary effects could potentially influence

the results.

Steel
Guardrail
Post
Asphalt rear distance
Mow Strip D —

thickness

Soil Base

Figure 1. Typical guardrail post installation with an
asphalt mow strip.
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e The asphalt mow strip was modeled as a rigid layer; the rupture of the asphalt
layer was not modeled.

Asphalt mow strips assumed as a rigid layer cause significant ground level re-
straint of guardrail posts in simulations. However, experiments have shown that
asphalt deforms and ruptures when lateral loads are applied to guardrail posts
installed in asphalt mow strips [14]. Because asphalt rupture and other attributes
of the asphalt response significantly affect system performance, the asphalt be-
havior must be considered in test simulations and an effective way to model gu-
ardrail post systems including asphalt mow strips is needed. This model allows
investigation of the effect of mow strip geometric design and asphalt material
properties on the guardrail post behavior.

In the work presented herein, an experimental program was carried out at an
outdoor test site. Guardrail posts were installed in asphalt mow strips subjected
to static loading. Results from the tests demonstrated that the performance of
the post was affected significantly by mow strip geometry (thickness and rear
distance, see Figure 1) [15]. In parallel with the experimental program, three-
dimensional (3D) finite element (FE) models were developed. The Mohr-Cou-
lomb material model was used to model the behavior of the asphalt, and asphalt
rupture was captured using element erosion. The model was refined using the
experimental results from material testing as well as the quasi-static test pro-
gram. Results from the static experimental program and finite element analyses
were used to evaluate the performance of the various post/mow strip configura-
tions tested. Parametric studies were performed on different pre-cutting designs,
and the effect of asphalt material properties and geometry of the mow strips on
the overall system behavior was investigated.

The aim of this paper is to provide a better understanding of the use of nu-
merical simulation to model the behavior of posts restrained by an asphalt layer
at the ground line. Static loading is employed in these studies to allow for more
extensive evaluation of parameters to design and focus future dynamic tests.
Future experiments will be performed to evaluate the performance of individual
posts installed in a variety of mow strip configurations under dynamic loading.
In addition, pertinent properties will also be evaluated via dynamic material
testing. The dynamic material test results will be compared to applicable nonde-
structive assessments of dynamic properties (such as dynamic modulus). These
results from the dynamic subcomponent and material tests will be used to refine
the finite element models developed for more detailed parametric analysis of the
influence of geometric and material properties of the mow strip on the expected
performance of the mow strip. The final phase of the research effort will be
MASH compliant full-scale crash testing on selected guardrail-mow strip instal-
lations to determine whether systems installed without leave-outs can perform

satisfactorily.

2. Experimental Program

The outdoor test site for the experimental program was constructed in accor-
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W150x13
String Guardrail Post Load
potentiometers Cell

load height
(625 mm)

dance with American Association of State Highway and Transportation Officials
Manual for Assessing Safety Hardware (MASH) criteria [16]. As directed by the
MASH guidelines, the aggregate base material was standardized and compacted
to exceed 95% of the maximum dry density of soil for each test configuration. In
each test with a mow strip, a Hot Mixed Asphalt (HMA) layer of PG 76-22
binder and 19 mm aggregate size was installed to a specified thickness. Ap-
proximately one week after the asphalt installation, W150x13 steel guardrail
posts were driven through the asphalt layer and into the ground with a hydraulic
post driver. The posts were placed at a specified rear distance from the asphalt
edge and were driven to the standard embedment depth of 1,000 mm.

A schematic illustration of the experimental setup including the loading fix-
ture and instrumentation is given in Figure 2. During each test, a hydraulic cy-
linder was used to apply a lateral load on the guardrail post at a rate of approx-
imately 1 mm/s. A reaction block prevented lateral movement, forcing the post
to displace toward the block as the cylinder retracted. An S-type load cell was
connected from the hydraulic cylinder to the post via a loading bracket system.
Two string potentiometers were mounted on a reference pole to measure lateral
displacement at the load point (625 mm above ground level) and at the ground
level. To minimize the discrepancy between the inclined distance and actual ho-
rizontal distance, the reference pole was located a distance of approximately 1.8
m from the post. A computer-controlled data acquisition system was used to
measure and record the laterally applied load and displacements. A detailed de-

scription of the experimental program and static test results is given in [15].

3. Finite Element Model

3.1. Overview of Modeling Techniques

The interactions between the soil, asphalt, and post play a vital role in the re-
sponse of the system during loading. These interactions can be investigated by
first considering the post to be a specialized form of a laterally loaded pile. There
are various techniques for solving laterally loaded pile problems. These ap-
proaches include: (1) the finite element approach, in which the post is embedded
in a soil continuum of solid finite elements, and (2) the subgrade reaction ap-

proach, in which the post is supported by a series of uncoupled springs. The

Hydraulic
Cylinder

embedment
depth
(1,000 mm)

Soil Base

Figure 2. Schematic and a photo of the experimental setup used for quasi-static loading of guardrail posts.
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subgrade reaction method has been used widely in the past because of the high
computational cost associated with 3D finite element modeling of the soil around
the guardrail post. Although the subgrade reaction approach can be used to ana-
lyze post-soil interaction, this method only provides an overall performance as-
sessment and does not provide insight into the failure and deformation mechan-
isms of the soil and possible asphalt layers. With recent advances in computing
speeds, researchers have made efforts to model the post-soil interaction using
the finite element method. With this approach, models are constructed of the
post embedded in a continuum of soil modeled using three-dimensional solid
elements. Simulations of physical responses using 3D finite element analysis

(FEA) can be readily produced, and the availability of sophisticated FEA tools

provides substantial promise for detailed numerical studies to address outstand-

ing questions of the post-soil behavior. However, the quality of the results from
simulations depends on several factors including:

e Accurate representation of geometry details, boundary conditions, and as-
sumed initial conditions.

e The constitutive relationships for the various materials such as loss of
strength in the soil and asphalt under large deformations, asphalt material
properties, and the rupture of asphalt.

e The contact conditions between various components such as the contact be-

tween the soil and the post as well as the asphalt layer and the soil.

3.2. Model Domain

LS-DYNA V971 R8.0.0 [17] is used in this research. The quasi-static problem is
solved with an explicit algorithm instead of implicit. The model developed in
this paper, when updated to incorporate effects associated with dynamic loading,
will be used for dynamic impact loading in the next phase of the project. Fur-
thermore, it is anticipated that this model may be utilized more broadly to per-
form dynamic crash testing. Therefore, optimizing the model for implicit inte-
gration is not useful. Moreover, the Mohr-Coulomb material model in LS-
DYNA, which is used to model soil and asphalt does not support an implicit so-
lution algorithm for analysis at large strains, and the contact algorithms are less
robust with implicit time integration.

The soil domain considered in the model is a rectangular prism. The bottom
boundary of the prism is fixed at depth (z-direction) of 2 m—approximately
twice the embedment depth. For the lateral boundaries, there are three options
to use: free, rigid, or non-reflecting boundary conditions. The lateral boundaries
are placed far enough from the post that the displacements and change in
stresses at the boundaries are negligible. Therefore, the response is insensitive to
the lateral boundary assumptions. For the pseudo-static loading employed in
this study, the non-reflecting boundary conditions are effectively the same as the
free boundary conditions. Therefore, using any of these three boundary condi-
tions gives similar results. However, because explicit integration is employed,

using a non-reflecting boundary decreases noise in the system response and thus
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the lateral soil boundary is modelled using non-reflecting boundary conditions.
Three different criteria are used to determine the size of the prism within the
plan of the problem to avoid boundary effects:

1) The size of the prism in plan is increased, and the force-displacement curve
for the post is monitored. The results show that the boundary effects on the
post’s response vanish when the planar size of the soil is larger than 4 m, and the
force-displacement curve is effectively unchanged when using greater than this
size.

2) The nodes on the lateral boundary are initially set free. The size of the
prism in plan is increased until the displacements of the nodes at the boundaries
are less than one percent of the ground level displacement of the steel post. The
dimension of the prism in plan is obtained as 5 m by this approach. Then the
lateral boundaries are modelled using non-reflecting boundary conditions.

3) The width of the model (perpendicular to the post lateral movement) has to
be large enough to capture asphalt rupture. The width is increased until the
boundaries are far from the end of asphalt rupture and shear stress at the boun-
daries is less than 1 percent of shear stress close to the post. The size of the mod-
el in this direction is determined equal to 10 m.

Therefore, the dimensions of the prism are set as 5 m in the y-direction (pa-
rallel to the post lateral movement) and 10 m in the x-direction (perpendicular
to the post lateral movement). The steel post is a W150x13 member with a total
length of 1.83 m and an embedded depth of 1 m [12]. The FE model is com-
prised of approximately 250,000 solid elements for the soil and asphalt and 1,000
shell elements for the steel post. A representation of the model is shown in Fig-
ure 3. Other attributes of the finite element mesh and model are discussed be-

low.

3.3. Post and Soil Interface

Various approaches exist for modeling the interface between the soil and post
using a Lagrangian mesh:
1) Nodes from the soil elements are tied to the nodes of the post elements. No

contact definition between the post and the soil is necessary when this approach
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Figure 3. Finite element model of guardrail post, soil and asphalt system in LS-DYNA.
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is used. This method assumes infinite friction between the soil and the post,
which is not a correct physical representation. This approach yields a stiffer be-
havior than reality and is not recommended.

2) Nodes from the soil elements are not tied to the nodes of the post elements,
and eroding contact is used to simulate the soil failure. When elements are
eroded based on specific failure criteria, they are removed from calculations in
the model and do not have resistance anymore. This model demands a very
dense mesh and can yield incorrect results. The failed elements are removed
from the analysis, and a gap is created between the soil and the post. Therefore,
application of a relatively small force in the axial direction can pull out the post.
This behavior is observed even using a friction coefficient larger than one [18].

3) Nodes from the soil elements are not tied to the nodes of the post elements.
Automatic surface-to-surface contact which is explained further below is defined
between the post and the soil. In this method, the friction between the post and
soil has an influence on the behavior [18].

The contact search algorithms utilized by automatic contacts in LS-DYNA
make them better-suited than older contact types. Moreover, subroutines that
check the slave nodes for penetration are utilized a second time to check the
master nodes for penetration through the slave segments in this approach. The
definition of the slave surface and master surface is arbitrary. Therefore, in this
study, the contacts between soil and steel post are modeled using the automatic
surface-to-surface contact model. Static and dynamic friction coefficients are set
equal to 0.6, which is typical for an interface between the soil (a mixture of gra-
vel, sand, and clay) and a driven smooth steel pile [19]. The segment-based con-
tact algorithm (SOFT 2) in LS-DYNA checks for segments versus segments pe-
netration instead of nodes versus segments used in default penalty contact for-
mulation. Therefore, it is unlikely for nodes to penetrate undetected as can hap-
pen with the standard penalty contact when nodes slip between segments at
corners. Because the stiffness of steel is significantly greater than the stiffness of
the soil and because of the edges of the steel post, the segment-based contact is
used to avoid contact related problems and element penetration. The thickness
of the shell elements modeling the steel post is considered with the modeling of
the contact with the soil around the post to avoid initial element penetrations.
FRCENG (frictional contact energy), the LS-DYNA parameter for frictional
energy, is set to 1 to enable sliding energy calculations. The frictional energy is
important because a portion of the energy during steel post movement in the soil
is dissipated by friction. This energy is verified as a positive value; negative slid-
ing energy is an indication of an erroneous sliding condition between two con-

tact surfaces.

3.4. Asphalt Interfaces

In addition to the contact between the post and the soil, the contact between the
asphalt and the soil and the asphalt and the steel is also modeled using the au-

tomatic surface-to-surface contact model. The static coefficient of friction is set
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to a relatively high value of 1.0 to account for the bitumen in the asphalt that is
bonded to the soil surface. However, after this connection breaks and the asphalt
layer starts to slip over the soil, friction substantially decreases. The kinetic coef-
ficient of friction is assumed to be negligible and is set equal to zero to avoid
large forces at the free edge of the asphalt behind the post. This allows the as-
phalt to move easily on the soil, as observed in the experiments and avoids mesh
distortions at the edge of the asphalt layer where there is no confining pressure.
Segment based (SOFT 2) contact also is used in this part of the model.

3.5. Mesh Treatments for the Asphalt Layer

When the rupture failure pattern propagates in the asphalt, the tip of the rupture
moves from the edges of the post toward the sides of the asphalt layer (Figure 4).
Therefore, it is not sufficient to refine the mesh only in the local region around
the post. The mesh must be refined for the whole area covering the rupture.
Therefore, the mesh around the post is composed of small tetrahedral elements
and larger hexahedral elements are used at further distances from the post where
rupture is not occurring. Using these larger hexahedral elements reduces com-
putational time significantly and more accurately models the rupture conditions
via the use of tetrahedral elements. A tied surface-to-surface contact model is
employed in LS-DYNA to tie the surfaces of the different regions to each other
in the model. In tied contact types, the slave nodes are constrained to move with
the master surface which enables for mesh transition between two different types
of elements. The nearest master segment for each slave node is located based on
an orthogonal projection of the slave node to the master segment. The two
meshes for the asphalt are connected to make a continuum of asphalt using the
tied surface-to-surface contact model. Figure 5 shows the mesh transition used

for the asphalt layer.

Figure 4. Asphalt rupture observed in the experimental program.
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Figure 5. Mesh treatments used for the asphalt layer combining hexahedral and tetrahe-
dral elements.

3.6. Hourglass and Kinetic Energy

Hourglass control number 9 is an enhanced assumed strain stiffness formulation
for three-dimensional hexahedral elements. To prevent high hourglass energy
during simulations, this hourglass control is used for the soil elements and the
hexahedral mesh part of the asphalt. The steel post and tetrahedral mesh portion
of the asphalt are modeled as fully integrated elements and do not require an
hourglass control. For each analysis, the hourglass energy is monitored and
compared to the internal energy. The hourglass energy in the soil and the hex-
ahedral mesh portion of the asphalt is limited to approximately 3 percent of the
internal energy, which was deemed acceptable. Kinetic energy is less than 0.5
percent of the total energy in the current simulations, which indicates that the

rate of loading is a good representation of quasi-static loading.

3.7. Importance of Gravity Loading

Soil is often a pressure dependent material. Therefore, the soil behavior changes
at different depths because of the change in the pressure as the depth increases.
To capture this important aspect, gravity loading must be applied, and stresses
must be initialized before the start of the main simulation. This is accomplished
in this research by applying a “load body” in the z direction to all parts of the
model. Because applying gravity loading during real-time simulation causes dy-
namic waves that can contaminate the results, the gravity load is applied in the
pseudo-time before the main simulation. Gravity loading is applied using a ramp
load to minimize dynamic waves, and dynamic relaxation is utilized in the
pseudo-time to dampen the waves caused by applying gravity. After the waves
are damped, and the material reaches a static equilibrium, the main simulation is
conducted in real-time. Applying the gravity load also ensures the proper repre-
sentation of friction forces on the surfaces that are in contact with each other. As
can be seen in Figure 6, applying gravity and using dynamic relaxation is critical
to model the guardrail post system properly. For the experiment and for gravity

loading with dynamic relaxation, the peak force occurs at 70 mm. If the gravity
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Figure 6. Comparing the load-displacement curve with and without dynamic relaxation
or gravity loading for a post embedded in soil with 90 mm asphalt layer.

load is applied without a dynamic relaxation phase, large dynamic waves conta-
minate the result. Moreover, if the gravity loading is not applied in the model,
the soil material shows significantly lower strength and the contact between the
soil, the asphalt, and the post does not perform correctly.

Ignoring gravity leads to a lower peak force which requires lower stresses and
strains to reach. This causes the peak force to occur at a lower displacement
equal to 45 mm which is less than the displacement at peak force for the experi-

ment equal to 70 mm.

4. Component Models
4.1. Steel

A piecewise linear metal plasticity model is used for the steel post. The yield
strength of the steel, modulus of elasticity, and Poisson’s ratio are given as inputs
using a representative steel stress-strain curve. The common steel parameters
presented in Table 1 are employed in this model. An experimental stress-strain
curve was obtained using tension tests on samples from guardrail posts in ac-
cordance with ASTM E8/E8M [20]. This curve is utilized in the model to ac-
count for strain hardening. Shell element formulation number 16 is selected; this

element does not exhibit hourglass modes.

4.2. Soil

4.2.1. Yield Surface

Different material models are available in LS-DYNA for modeling of the soil;
these were examined to find the most appropriate one to use for modeling of
these components. Lewis [26] provides a discussion of available materials in
LS-DYNA that are suitable for soil. From these materials, soil and foam (materi-

al number 5), soil and foam with failure (material number 14), Mohr-Coulomb
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Table 1. Material constants used in the finite element model.

Material Constitutive Parameter Value Determined from
Density, p 7930 kg/m®  Material test
Young modulus, £ 200 GPa [11]
Steel
Poisson’s ratio, v 0.3 [11]
Yield Strength, g, 348 MPa Material test
Density, p 2300 kg/m®  Material test
Cohesion, C 13 kPa f::i:il?ll);::ito?d via system
Soil Peak friction angle, ¢, 45° f:;ti:il?ll);::itozlld via system
Critical friction angle, ¢/, 15° [21] and via system test calibration®
Shear modulus, G 50 MPa [22] and via system test calibration®
Poisson’s ratio, v 0.25 [23]
Density, p 2300 kg/m®  Material test
Cobhesion, C 500 kPa Material test
Friction angle, ¢’ 35° [24]
Asphalt  Shear modulus, G 50 MPa Via system test calibration®
Poisson’s ratio, v 0.35 [25]
Maximum principal stress, G,y 680 kPa o, =0.95C / tan(¢')
Maximum principal strain, &, 0.07 Via system test calibration®

a. The term “system test calibration” refers to the selection of particular material constants based on one
selected system test as described above.

(material number 173), Drucker-Prager (material number 193), and FHWA
(material number 147) soil material models were selected to be evaluated in this
research. The FHWA material model manual [26] and the validation of the
model with experimental results [27] were reviewed. The FHWA soil model
captures damage evolution, strain softening, pore water pressure effects, strain
rate effects, and moisture content effects. The model has numerous parameters,
some of which cannot be determined from experiments. Additionally, this study
is not focused on the influence of soil parameters such as pore water pressure
and moisture content effect and therefore, the research team selected a simpler
material model.

After performing the simulations with the various relevant material models,
the soil and foam model and Mohr-Coulomb model both proved to be stable
under the desired displacement for the current problem. An extensive investiga-
tion was conducted to determine the most appropriate of these two for this ap-
plication. In general, the soil and foam material model is easier to work with; it
only has three constitutive parameters for the yield surface and one for pressure

cut off. It is also possible to give a volumetric strain versus stress curve as an in-
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put. This model is stable for large displacements and low confining pressures.
However, the yield surface is smooth, and the material model does not capture
the difference in the soil behavior under extension and compression. Many ex-
periments in the past have proven that soil behaves differently under extension
and compression [28]. Therefore, the Mohr-Coulomb model is employed to
model the soil behavior. The Mohr-Coulomb failure criterion represents a linear
envelope that is obtained from a relation between the shear strength of a materi-

al and the applied normal stress. The failure criterion is written as

T:O'tan(¢)+c (1)

where 7 is the shear strength, o is the normal stress, Cis cohesion or the in-
tercept of the failure envelope with the axis, and ¢ is the angle of the internal

friction or the slope of the failure envelope.

4.2.2. Soil Classification

To identify the soil type used in the experiment and determine the range of ac-
ceptable soil material properties in the literature, the grain size distribution was
obtained using sieve analysis. Two processes were used to classify the soil type in
this study: Unified Soil Classification System (USCS [29]) and AASHTO M 147
[30]. The results of the USCS classification are presented in this article; the re-
sults from the AASHTO tests can be found in [15]. After determining the soil
type based on the grain size distribution, the typical range of mechanical proper-
ties of soil can be identified.

The USCS uses symbols for the particle size groups. These symbols and their
representations are G for gravel, S for sand, M for silt, and C for clay. These are
combined with other symbols expressing gradation characteristics, W for well
graded and P for poorly graded. USCS was used to classify the compacted soil
that is deposited around the guardrail post in the experimental program. Grain
size distribution was obtained using laboratory sieve testing in accordance with
AASHTO T 27 [31]. Approximately 47% of the grains passed sieve #4. There-
fore, the soil is classified as gravel. Then it is necessary to distinguish if the soil is
poorly graded or well graded. From the grain size distribution, the sieve opening
size that 10% of the soil sample mass passes through (defined as D10), the sieve
opening size that 30% of the soil sample mass passes through (defined as D30),
and the sieve opening size that 60% of the soil sample mass passes through (de-
fined as D60) were obtained as 0.093 mm, 0.81 mm, and 9.5 mm, respectively.
The coefficient of uniformity and coefficient of curvature were computed using
these values as 102.15 and 0.75, respectively [21]. The soil is poorly graded be-
cause the coefficient of curvature is less than one. There are 8% fine grains
(grains that pass sieve #200) in the soil sample. The fine grains are assumed to be
silt (M), so the soil is graded as GP-GM. Moreover, 40% of the soil mass is sand

and, therefore, the soil is classified as “poorly graded gravel with silt and sand”.

4.2.3. Calibration of Model
A model without an asphalt mow strip was created to calibrate the soil material
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properties based on a system level static experiment without an asphalt layer.
The soil was modeled using structured hexahedral constant stress solid elements.
The mesh was refined until the results did not change noticeably. The final mesh
size for soil changes from 25 mm close to the post to 200 mm at locations far
from the post. Using a mesh in the soil finer than approximately 25 mm caused
instability in the model. Lateral loading in the static test program was simulated
as follows. A transverse displacement was applied to the post at 625 mm above
the ground level. Mass scaling was not used, and the rate of displacement of the
post was varied between 5000 mm/s and 25 mm/s. Analysis of the results de-
monstrates that rates slower than 50 mm/s give results within 1 percent for all
the primary response quantities. Therefore, 50 mm/s was used as the displace-
ment rate of the post to represent quasi-static loading. The kinetic energy of the
system was checked and determined to be less than 0.5 percent of the total ener-
gy. The contact forces between the post and the soil in the y-direction were cal-
culated to determine the applied force versus displacement curve for the post.
The density of the soil was determined as 2,300 kg/m’ using a laboratory test
on a soil sample. This value was used as the soil density in the model. Experi-
mental direct shear tests in accordance with ASTM D3080 [32] were performed
on soil samples. Cohesion and peak friction angle were estimated equal to 6.4
kPa and 50 degrees, respectively. These values were initially used in the model,
which was subsequently calibrated to capture the peak applied force and the dis-
placement at which the peak force occurs in the load-displacement response of
the system. Values of 13 kPa and 45 degrees were found for the cohesion and
peak friction angle, respectively, which are in the range of recommended values
for gravel with silt and sand used as subbase material ([7] [21] [33]). The small
value of C was expected for a coarse grain soil since C represents the apparent
soil cohesion that is typically associated with strength due to suction in fine
grain soils. The peak friction angle in dense soils with coarse grains is usually
higher than the critical friction angle. This is due to dilation. To account for di-
lation and the change of friction angle, a trilinear curve was specified to define
the friction angle of the Mohr-Coulomb material model as a function of the ef-
fective plastic strain. The friction angle equals 45 degrees for plastic strain values
less than 0.4 and linearly decreases to 0.15 between the plastic strains of 0.4 and
0.5. For plastic strains greater than 0.5, the friction angle equals 15 degrees. A
standard value of 0.25 was used for the Poisson’s ratio that is typical for the
mixture of gravel, coarse sand, and silt [23]. The initial linear elastic portion of
the load-displacement curve was used to estimate the shear modulus as 50 MPa,
which is in the common range of values for the soil type used in this research
[22]. The soil material constants and the procedure used to determine them are
summarized in Table 1. A force-displacement comparison between the calibrated
finite element model and the experiment without asphalt is given in Figure 7.
Based on this figure, the model is capable of predicting force-displacement re-
sponse for the part before peak force and for the softening part after the peak

force.
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Figure 7. Comparison between FEA and experiment without an asphalt layer.

4.3. Asphalt

When the asphalt is loaded, part of its deformation comes from viscous beha-
vior. To account for this, the shear modulus of the material was lowered to con-
sider viscous deformation effects under quasi-static loading. The Mohr-Coulomb
material model is widely used to model asphalt, and this material model was
chosen to model the shear strength of the asphalt. In this study, the density of
the asphalt was estimated to be equal 2,300 kg/m’ by laboratory tests. The Pois-
son’s ratio and friction angle of the asphalt were specified as 0.35 and 35 degrees,
respectively, which are typical values for asphalt [24] [25]. The cohesion of the
118-day-old asphalt at the temperature of 20°C, using experimental unconfined
compression tests on asphalt specimens, was estimated to be equal to 0.5 MPa.
The tensile rupture in the asphalt observed in the experimental tests is mod-
eled using element erosion. Element erosion is implemented in this research us-
ing the general erosion criteria for solid elements in LS-DYNA. Each criterion is
applied independently, and satisfaction of one or more criteria causes deletion of
an element from the calculation. The erosion criteria that must be satisfied be-
fore an element is removed can be specified by the user. The maximum principal
stress criterion was initially used in this research to eliminate the elements when
the tensile failure criterion is met. However, the rupture in the asphalt was ab-
rupt when this sole criterion was used, and the strength decreased dramatically,
similar to what is commonly observed in very brittle materials. To account for
the fact that asphalt can accommodate larger strains before failing under tensile
stress, a maximum principal strain failure criterion was added to the material
model. Therefore, an element is removed when both the maximum principal
stress criterion and the principal strain criteria are satisfied as follows:
e o0, 20, Where o, is the failure principal stress and o is the current

maximum principal stress.

154

K2
e
o2

0% Scientific Research Publishing



E. Bakhtiary et al.

* & >&,,, where &, is the failure principal strain and ¢, is the current
maximum principal strain.

The maximum principal stress at failure can be obtained using Mohr-Coulomb
yield criterion as 0.95C] tan(¢') = 680 kPa. A reduction factor of 0.95 was cho-
sen to facilitate proper element erosion. Without the reduction factor, the max-
imum principal stress may not reach the failure value because the stress state is
limited in the Mohr-Coulomb vyield criterion. By calibrating the post-peak re-
sponse of the system, the maximum principal strain at failure was obtained as
0.07. For the asphalt, the mesh around the post is composed of unstructured te-
trahedral elements with one-point integration to better capture asphalt rupture
propagation and element erosion. The average size of the mesh is approximately
25 mm. The principal strain at failure, which is used for asphalt element erosion,
is mesh size dependent. The rupture propagates faster with a finer mesh and
slower with a coarser mesh. Using a much coarser or much finer mesh (as large
as two times coarser or finer) for this part of the asphalt requires a different val-
ue for the principal strain at failure which requires calibration. A comparison
between the results obtained from the FEA simulation and the experiment is
given in Section 5. The model calibration was conducted for one experiment
(90-mm asphalt), and these parameters were kept constant for all parametric
studies on mow strip geometry. The asphalt’s material constants and the way
they were determined are summarized in Table 2. The term “system test calibra-
tion” refers to the selection of particular material constants based on one se-

lected system test as described above.

5. Comparisons between Experiments and Test Simulations

Five experiments with an asphalt layer were conducted and compared to finite
element simulations. System behavior after loading from one static experiment
(90-mm asphalt layer), FEA with asphalt modeled as discussed above, and FEA
with asphalt modeled as rigid are shown in Figure 8. The corresponding force-
displacement plots are provided in Figure 9. These results indicate that the ma-
terial model chosen for the asphalt has a significant effect on the prediction of the
system performance and the utilization of a rigid model significantly overestimates

the ground level restraint. Numerical results from the remaining experiments

Table 2. Peak force summary for pre-cutting designs.

Design Number Peak Force (kN)
1 29.58
2 35.63
3 36.61
4 28.20
5 27.58
6 28.02
No pre-cut 37.50
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(©)

Figure 8. Condition after static loading on a post with a 90-mm asphalt layer. (a) Expe-
riment; (b) FEA with Mohr-Coulomb asphalt model; (c) FEA with a rigid asphalt model.
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Figure 9. Force-displacement comparison between experimental results, FEA with Mohr-
Coulomb asphalt model and FEA with rigid asphalt model for a post embedded in a
90-mm asphalt layer.

and finite element simulations with the calibrated Mohr-Coulomb asphalt model
are summarized in Table 3. The model is capable of predicting the peak force
and maximum ground displacement within 15 percent, with most predictions

within 10% compared to experimental results.

6. Effect of Asphalt Material and Geometric Properties

The above model was used to evaluate the relative performance of guardrail
posts with various designs including pre-cutting of the asphalt layer. The fol-
lowing sections discuss the effects of the asphalt material and geometric proper-
ties on overall performance. The effects of asphalt material constants on the sys-
tem response are studied because these constants change by aging of the asphalt
layer and temperature change. Therefore, it is important to investigate the rela-

tionship between the system and these constants.

6.1. Asphalt Rear Distance

The numerical simulations indicate that rear distance of the mow strip behind
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Table 3. Comparison of experimental and FEA results.

Test  Thickness Rear Distance Peak Force Max Ground Displacement
No. (mm) (mm) (kN) (kN) Var. (mm) (mm) Var.
Exp. FEA % Exp. FEA %
1 50 600 38.6 37.5 2.8 110 117 6.4
2 90 600 42.5 41.7 1.9 97 90 7.2
3 50 150 28.9 26.3 8.9 150 155 3.3
4 50 300 33.1 29.9 9.6 129 149 15.5
5 90 300 40.7 34.5 15.2 -2 146 -

*Not available due to gage malfunction.

the post significantly affects the post/mow strip system performance. The rear
distance was varied using discrete values equal to 0, 150, 300, 600, 1200, 2500
mm and infinity (Ze infinite medium) with all other system parameters held
constant (G = 50 MPa, v = 0.35, C = 0.5 MPa, ¢’'= 35°, asphalt thickness = 50
mm, &, = 0.09, g,,,, = 0.7 MPa). The peak force applied to the post from the
asphalt layer was measured, and the results are presented in Figure 10(a). The
results show a proportional relationship between peak force rear distances up to
a certain point. There appears to be a cap on this proportionality: after the rear
distance reaches approximately 1200 mm, a further increase does not signifi-
cantly change the response. This occurs because the zone of influence behind the
guardrail post is close to 1200 mm. As the rear distance passes 1200 mm, the as-
phalt behind the guardrail post gets close to its bearing capacity. The bearing

capacity of the asphalt layer is not a function of the rear distance.

6.2. Asphalt Thickness

The asphalt thickness was varied using discrete values equal to 0, 25, 50, 90, 125,
175, and 250 mm. The remaining parameters were held constant as in Section
6.1 with the asphalt rear distance equal to 300 mm. The peak force from the as-
phalt layer applied to the post was measured, and the results are presented in
Figure 10(b). The peak force appears to be proportional to the asphalt thickness
throughout the range of values investigated. An expanded discussion of the ef-
fects of asphalt thickness and rear distance on the system behavior has been pre-

sented previously ([14] [15]).

6.3. Asphalt Cohesion Value

The asphalt’s cohesion value was varied using discrete values equal to 0.01, 0.1,
0.25, 0.5, 1, and 2 MPa. The principal stress was varied as a function of cohesion
using the relationship o, = 0.95C/ tan(¢'). The peak force from the asphalt
layer applied to the post was measured, and the results are presented in Figure
10(c). As shown in the Figure, the peak force is roughly linearly proportional to
the asphalt cohesion for values less than 1 MPa. For values larger than 1 MPa,
the asphalt becomes very stiff, and it causes high bending stresses in the steel

post.
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Figure 10. Change in system performance with varying rear distance (a), asphalt thick-
ness (b), cohesion (c), friction angle (d), shear modulus (e) and Poisson’s ratio (f).

6.4. Asphalt Friction Angle

The asphalt friction angle was varied using discrete values equal to 1, 5, 10, 15,
20, 30, 40, and 50 degrees. The peak force applied to the post was measured, and
the results are presented in Figure 10(d). As can be seen, the peak force is li-
nearly related to the asphalt friction angle when the angle is greater than 20 de-
grees. For values less than 20 degrees, the asphalt’s strength in tension increases
substantially and shear failure occurs instead of principal stress failure. This re-

sults in higher peak forces.

158

K2
e
o2

0% Scientific Research Publishing



E. Bakhtiary et al.

6.5. Asphalt Shear Modulus

The asphalt’s shear modulus was varied using discrete values equal to 50, 100,
1,000, and 10,000 MPa. The peak force from the asphalt layer applied to the post
was measured, and the results are presented in Figure 10(e). The peak force in-
creases nonlinearly as the shear modulus increases. For values of the shear mod-
ulus less than 1000 MPa, the effect of the shear modulus is substantially higher.
This can be explained by the nonlinearity in the system. For very low values of
shear modulus, large displacements are required to reach the asphalt strength,
which causes highly nonlinear secondary effects. However, after the shear mod-
ulus passes a threshold value, the nonlinear effects become negligible and in-
creasing the shear modulus after that value does not have a noticeable effect on

the system.

6.6. Asphalt Poisson’s Ratio

The asphalt’s Poisson’s ratio was varied using discrete values equal to 0.1, 0.2,
0.3, and 0.4. The peak force applied to the post was measured, and the results are
presented in Figure 10(f). From the plot, the peak force changes from 15 kN to
16 kN when the Poisson’s ratio changes from 0.1 to 0.4 which is 7 percent high-
er. Therefore, change of the Poisson’s ratio does not have a significant effect on
the system response. This occurs because the top side of the asphalt layer is free
and the asphalt can deform without any resistance in that direction. The free
side of the asphalt layer decreases the Poisson’s ratio effect on the stresses in the
loading direction. The asphalt strength parameters including friction angle and
cohesion which affect the Mohr-Coulomb yield surface has more direct effect on

the peak force than Poisson’s ratio.

6.7. Asphalt Pre-Cutting

As discussed in Section 5, if the asphalt is modeled as a rigid material, the as-
phalt rupture cannot be captured, and the system performance changes signifi-
cantly. Based on the experimental results, rupture is the primary mechanism of
the asphalt failure around the guardrail post. As the rupture propagates, the
strength of the asphalt layer decreases up to the point that one portion of the
asphalt detaches from the rest of the mow strip. After this occurs, the asphalt has
a negligible impact on the system and the soil is the only source of ground re-
straint. Therefore, one potentially effective way to decrease mow strip restraint
would be to introduce predetermined fracture planes (referred to here as
“pre-cuts”) in the asphalt layer. A controlled rupture along a predetermined
fracture plane in the asphalt avoids uncontrolled crack propagation in a large
area and potentially reduces expected maintenance costs. The cuts would be de-
signed based on the experimental and numerical investigation of rupture pat-
terns of the asphalt layer. Two cut patterns were tested experimentally (Figure
11) to verify the FEA with pre-cuts. Additional design patterns were investigated
using finite element simulations to find the most effective pattern. Different possi-

ble pre-cutting alternatives that were considered are numbered and presented
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Figure 11. Pre-cut mow strip design number 4; before test (a); after test (b) and pre-cut
mow strip design number 6; before test (c); after test (d).

along with FEA results in Figure 12. Based on the FEA results and analysis of
peak forces and stresses in the post, designs number 2 and 3 are determined to be
ineffective since they do not significantly decrease the asphalt ground restraint. In
design number 3, the cut is applied in the asphalt layer where the asphalt is in
tension. Because asphalt is weak in tension, applying a cut in that area does not
decrease the asphalt layer’s strength significantly. Design number 2 has the same
cut as design number 3 plus a horizontal cut behind the post. The horizontal cut
closes on itself when a force is applied to the post and, therefore, it does not
cause a decrease in the strength of the layer. From the finite element results,
summarized in designs 1, 4, 5, and 6 are effective designs, since they decrease the
peak load and ground restraint significantly. These designs shorten the distance
that the asphalt rupture needs to propagate until one part detaches from the rest
of the layer.

7. Conclusions

Given improvements in computational methods and speed that have occurred
since the development of early models for guardrail systems, it is now feasible to
perform detailed finite element simulations to characterize the responses at a

fundamental material level. Prior FEA methods of the performance of guardrail
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Figure 12. Pre-cutting designs for the asphalt mow strip with finite element model simulations.

posts in which the asphalt layer was assumed as a rigid layer are capable of
representing the response of cases where the asphalt layer provides excessive le-
vels of restraint; however, such models are not capable of accounting for the in-
fluence of the deformability and finite strength of many typical mow strip geo-
metries. As shown in this study, the asphalt finite stiffness and strength of the
asphalt layer should be modeled to capture the general non-rigid response of this

layer.
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The use of a Mohr-Coulomb material model for the soil and asphalt provides
an effective representation of the load-deflection response of the guardrail post,
soil and asphalt layer system over a broad range of material and geometric pa-
rameters. However, erosion based on a combined principal strain and principal
stress criterion to capture the rupture of the asphalt layer and the modeling of
the contact conditions between the post and the soil are also key attributes of the
FE simulation model. To ensure proper performance of the Mohr-Coulomb
material model and the contact definition, gravity loading must be applied. Dy-
namic relaxation should be employed in applying the gravity load to avoid waves
caused by the sudden application of the gravity loading to the model.

The finite element models developed in this project were employed to per-
form parametric studies on pertinent geometric and material variables. The
analyses performed indicate that there are definitive combinations of mow strip
thickness and rear distance that are more likely to result in higher ground level
restraint for guardrail posts. The analyses also indicate that fabricating targeted
full-depth cuts in the mow strip significantly reduces the amount of restraint the
mow strip provides to a guardrail post.

The effects of asphalt material properties on the system response were studied.
The results show that changes in certain material properties significantly affect
system response. These properties change by aging of the asphalt layer and tem-
perature change. Therefore, the influence of an asphalt mow strip on the beha-
vior of a guardrail system will change over time in different environmental ex-

posure conditions.
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