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springs.
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Figure 199 – Simulation for the guardrail system with asphalt modeled via
springs.

261

Figure 200 – Simulation for the guardrail system with asphalt modeled via
springs.
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Figure 201 – Vehicle deformation for the system with asphalt modeled via
springs.
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Figure 202 – 10 m/s average vehicle longitudinal acceleration (g) - asphalt
modeled via springs versus continuum asphalt.
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Figure 203 – Relative longitudinal velocity of the occupant (m/s) - asphalt
modeled via springs versus continuum asphalt.
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Figure 204 – Relative longitudinal displacement of the occupant (m) – asphalt
modeled via springs versus continuum asphalt.
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Figure 205 – 10 m/s average vehicle lateral acceleration (g) – asphalt modeled
via springs versus continuum asphalt.
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Figure 206 – Relative lateral velocity of the occupant (m/s) - asphalt modeled
via springs versus continuum asphalt.
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Figure 207 – Relative lateral displacement of the occupant (m) - asphalt modeled
via springs versus continuum asphalt.
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Figure 208 – Vehicle roll (deg) - asphalt modeled via springs versus continuum
asphalt.
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Figure 209 – Vehicle pitch (deg) - asphalt modeled via springs versus continuum
asphalt.
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Figure 210 – Vehicle yaw (deg) - asphalt modeled via springs versus continuum
asphalt.
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SUMMARY
Mow strips are asphalt or concrete layers which are used in the design of roadside
safety structures as vegetation barriers around guardrail posts. Asphalt mow strips have
historically been modeled in simulations as a rigid layer. This assumption often results in
unrealistic ground level restraint of the guardrail post. Recent experiments conducted in a
parallel research effort have shown that asphalt rupture and other material behavior should
be considered in the analysis of the response of guardrail posts embedded in mow strips.
This study provides an accurate and efficient approach for simulating the guardrail
system and investigates the effect of asphalt material properties and mow strip geometry
on the guardrail system performance. In this research, several mow strip designs with
various thicknesses, rear distances behind the posts, and asphalt pre-cuts are investigated
to provide recommendations for retrofit techniques and new construction. The
recommended retrofit and new construction techniques are evaluated with static and
dynamic numerical simulations of guardrail posts embedded in asphalt mow strips, and
full-scale crash simulations of the guardrail systems are performed. The results are
compared with available data from experiments and material tests. The simulation results
for guardrail posts are used to evaluate the level of restraint provided by the asphalt mow
strips. Thereafter, full-scale crash simulation results are evaluated using guidelines in the
Manual for Assessing Safety Hardware (MASH).
Additionally, simplified analytical solutions are constructed to obtain the lateral
capacity of posts embedded in asphalt mow strips. These solutions are further enhanced by
combining finite element simulations and regression analysis to provide predictive
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equations for the lateral strength and stiffness of asphalt mow strips. The predictive
equations are utilized to construct force-displacement curves (p-y curves) for asphalt layers
with various rear distances and material properties. The p-y curves are then employed to
efficiently model asphalt mow strips using nonlinear uncoupled springs.
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CHAPTER 1.
1.1

INTRODUCTION

Problem Statement
Piles are long, slender foundation members, made of timber, structural steel, or

concrete, which are either driven or cast-in-situ. Piles act as structural members that
transfer loads coming from the structure above to a required depth in deep foundations.
These loads may be lateral, vertical, or combined lateral plus vertical. A schematic of an
H-section steel pile embedded in soil is presented in Figure 1. The pile is surrounded by
soil, and the structure can be connected to the top of the pile.

Figure 1. Schematic of an H-section steel pile embedded in soil [1].
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In a guardrail system such as the one shown in Figure 2, the pile is a guardrail post, and
the structure connecting to the top of it is a guardrail. Guardrail posts are typically
embedded in the soil, and in some cases, asphalt mow strips are used on top of the soil.
Asphalt mow strips are layers of pavement that are installed around guardrail posts to serve
as vegetation barriers. The word “asphalt,” as it is used here, refers to asphalt concrete
pavement. For steel guardrail installation, a hydraulic machine typically drives the posts
through a layer of asphalt mow strip. A guardrail post driven into an asphalt mow strip and
definitions of key mow strip geometric parameters, rear distance and thickness, are shown
in Figure 2. The mow strip rear distance is defined as the distance from the back of the
guardrail post to the back edge of the asphalt mow strip.

Figure 2. Typical guardrail post installed in an asphalt mow strip [2].
2

Bligh et al. [3] conducted the first research project on the effect of asphalt mow
strips on the performance of guardrail systems. They modeled the asphalt mow strip as a
rigid material and concluded that asphalt mow strips significantly increase the ground-level
restraint of guardrail posts. Based on their assumption, the results showed that steel
guardrail posts confined in asphalt exhibit a plastic hinge during a vehicle impact, causing
the vehicle to pass over the guardrail instead of being redirected back to the road, which is
not a desirable performance in guardrail systems. Therefore, the American Association of
State Highway and Transportation Officials (AASHTO) Roadside Design Guide
(AASHTO, 2011) classifies mow strips as rigid foundations and states that guardrail posts
in mow strips must not be able to rotate in the soil.
However, other researchers have reported that asphalt strength and other material
properties of the mow strip are sensitive to temperature ([4],[5]) and age ([6],[7]), which
contradicts the assumption that asphalt is a rigid material. Other issues also exist in these
models that can potentially affect the results. For example, in some cases, gravity was
applied without dynamic relaxation, and in others, a small domain was used to model the
soil. Therefore, a more appropriate modeling technique, which includes a material model
for the asphalt, proper simulation of asphalt rupture, and proper handling of gravity,
domain, and boundaries is needed.
Rigid mow strips can significantly affect the energy dissipation mechanism of
guardrail systems. Without an asphalt mow strip, when a post is loaded laterally, it shifts
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horizontally in the direction of the applied load, causing bending, rotation, and translation
of the post. The post applies a force on the soil and asphalt, generating compressive and
shear stresses and strains in the materials, which offer resistance to the post movement.
This is the primary mechanism of load transfer for guardrail posts. However, a thick asphalt
layer can potentially prohibit the movement of the post and interrupt the energy dissipation
provided by the soil. As a solution to the increased ground level restraint provided by
asphalt mow strips, the Roadside Design Guide recommends using a leave-out, where the
portion of the mow strip around the post is removed and replaced with a relatively weak
material such as low-strength cementitious grout (Figure 3a).

Figure 3. (a) Typical guardrail installation in Georgia [8]; (b) Guardrail installation
incorporating grout leave-outs as recommended in the Roadside Design Guide.
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While generally effective, installing a leave-out requires more time and cost compared
to typical post-driven mow strips, which are installed by a machine (Figure 3b). This can
be attributed to additional construction processes such as the removal of mow strips around
the posts and the preparation/placement of leave-out materials. Additional research,
discussed in this document, is needed to identify better alternatives to using a leave-out. In
order to determine that, the effects of mow strip geometric and material properties on
guardrail systems performance must be considered.
This dissertation is part of a project sponsored by the Georgia Department of
Transportation to investigate the effect of asphalt mow strips on guardrail systems
performance. Two phases of the project are included in this dissertation. The first phase is
static testing and simulation of guardrail posts encased in asphalt mow strips. The second
phase is dynamic testing and simulation of guardrail posts encased in asphalt mow strips
plus finite element crash simulations and assessment of guardrail systems in asphalt mow
strips. The experimental testing part of the project was conducted in research parallel to
this effort, and the results and discussions related to the experimental tests are provided in
[9]. The aspects of the project that focused on the simulation results and analysis of
guardrail systems in asphalt mow strips are discussed here in this dissertation.
Guardrail systems are investigated in this dissertation using numerical simulations.
Nonlinear explicit finite element analysis is one of the most accurate methods for predicting
the response of guardrail systems. As will be discussed in the following chapters, asphalt
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mow strips can be simulated accurately using a Mohr-Coulomb material model and the
element erosion method available in the LS-DYNA [10] software. Although finite element
simulations can be computationally intensive, they are often applied because there have
been no simple equations available in the existing literature that can be used in lieu of
simulations to determine the strength and stiffness of asphalt layers around guardrail posts.
As will be discussed in Chapter 7, these types of simplified equations offer insights as to
how each geometric and material property of the asphalt layer directly affects its strength
and stiffness. Dynamic finite element simulation results, along with simplified analytical
solutions, are shown here to be able to provide predictive equations for the mow strip
strength and stiffness as a function of friction angle, cohesion, modulus of elasticity, and
the rear distance of mow strips.
In the simplified analytical approach, preliminary investigation of the effect of
asphalt material properties and geometry on a guardrail system can be performed by
modeling soil and asphalt using springs. By using force-displacement (p-y) curves, a
common fast method for analysis and design of piles under lateral loading, this method
replaces the soil with an array of uncoupled nonlinear springs. Each spring is then governed
by a given p-y curve. P-Y curves have been used by many researchers to model guardrail
posts embedded in soil ([11],[12],[13],[14]), such as the example shown in Figure 4.
However, prior to this research, there were no p-y curves available to apply to asphalt
layers.
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Figure 4. Analysis of the lateral response of posts embedded in soil using p-y curves
and inelastic nonlinear springs.
Using p-y curves significantly reduces the simulation time. For the modeling of
only one guardrail post using the finite element method, including the asphalt layer as a
continuum makes the simulation two to three times longer. The full-scale finite element
crash simulations discussed in this research include guardrails, an impacting vehicle, and
29 guardrail posts. Therefore, each simulation takes approximately one week to complete
using a computer with six 3.5 GHz Intel CPUs. Adding the asphalt mow strip with two
rows of elements through its thickness adds 300,000 elements to the model, which
increases the total number of elements from 1 million to 1.3 million, which, in turn,
increases the simulation time by approximately 30%. If more than two layers of elements
are needed, then the increase in the simulation time will be even more dramatic. The
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proposed p-y curves can be employed to efficiently model asphalt mow strips in full-scale
crash simulations and simulations of guardrail posts using nonlinear uncoupled springs.
1.2

Background

1.2.1

Simulation and Testing of Guardrail Systems Embedded in Soil
A large volume of work exists regarding the testing and assessment of guardrail

posts and systems embedded in soil. Summaries of representative work are presented
below.
A synthesis report by Ray and McGinnis [15] provides a broad summary of crash
testing for various barrier types. Articles by Reid [16] and Atahan [17] provide detailed
reviews of finite element simulations of vehicle barrier impacts. Atahan [13] conducted an
explicit nonlinear finite element simulation of a strong post W-beam guardrail system. The
results of a previously conducted full-scale crash test of a failed guardrail system were used
in the study. Before the next full-scale crash test, numerical simulations of the failed system
were used to identify the cause of the failure and to propose possible improvements to the
system. Borovinšek et al. [12] and Ren et al. [18] used computational crash simulations in
early efforts to evaluate various guardrail setups and determine the best barrier design for
high and low containment levels. In the study completed by Hampton and Gabler [19], the
effects of missing posts on guardrail crash performance were quantitatively evaluated.
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Mohan et al. [20] developed a detailed finite element model of a three-strand cable
barrier, which was validated against a previously conducted full-scale crash test. Sicking
et al. [21] used numerical and experimental full-scale crash testing for the development of
the Midwest Guardrail System. Mak et al. [22] reported the results of eight full-scale crash
tests on typical guardrail systems including W-beam, cable, box-beam, and Thrie-beam
configurations. All crash tests were performed in accordance with NCHRP Report 350
[23]; three of the test configurations did not satisfy the NCHRP criteria. Plaxico et al. [24]
performed a full-scale crash test on a W-beam guardrail system and also performed a nonlinear finite element analysis using LS-DYNA; here, the guardrails were found to meet the
requirements of NCHRP 350. Gabauer et al. [25] investigated the crash performance of
longitudinal barriers with minor damage using pendulum tests. The authors tested systems
with five different types of typical damage seen in existing guardrail systems, and found
that vertical tears in the guardrail posed a significant threat to the structural performance
of the system. Bligh et al. [26] performed a full-scale crash test on a 31-inch W-beam
guardrail with standard offset blocks. The AASHTO Manual for Assessing Safety
Hardware (MASH) criteria [27] was used to perform the crash test; the elevated post design
met all safety criteria. Abu-Odeh et al. [28] reviewed full-scale crash test reports performed
at a number of accredited testing facilities; fifty-three different guardrail configurations
and corresponding test results were examined and tabulated. Schrum et al. [29] performed
two full-scale crash tests on the non-blocked Midwest Guardrail System (MGS) in
accordance with MASH criteria; the system was shown to meet MASH requirements.
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Some studies have focused more on soil behavior and its interaction with the
guardrail post. Dewey et al. [30] studied the soil-structure interaction behavior of highway
guardrail posts. Although the models used in this study were much simpler than the
sophisticated continuum models utilized in the current research, this work emphasized the
importance of soil modeling for the guardrail system.
Ferdous et al. [31] identified performance limits of commonly used barriers in terms
of acceptable vehicle impact using non-linear finite element methodology. In this study,
the soil was modeled with a Joint-Rock material [32] model. This model cannot capture
the soil behavior because it was designed for rocks with joints. The LS-DYNA user’s
manual [32] recommends using the Mohr-Coulomb material model instead to model soils.
Rohde et al. [33] discussed the instrumentation required to determine guardrail-soil
interaction in bogie vehicle testing. Plaxico et al. [14] performed finite element modeling
of guardrail timber posts and the post soil interaction. In this study, the post-soil interaction
was modeled using the subgrade reaction approach, which involved an array of nonlinear
springs attached along the length of the post below grade.
Wu et al. [34] studied the interaction between a guardrail post and soil during quasistatic and dynamic bogie vehicle testing. This study used static testing to inform dynamic
testing. According to the measurement data, the dynamic resistance of the soil in the bogie
vehicle testing was approximately twice the quasi-static resistance. Tabiei and Wu [31,32]
performed finite element simulation of a strong W-beam guardrail post to be used in full10

scale crash test simulations using a Eulerian formulation to model the soil media as part of
the overall system [35].
1.2.2

Simulation and Testing of Guardrail Systems with Mow Strips
Research performed by the Texas Transportation Institute (TTI) investigating the

impact of mow strips on the performance of guardrail systems [3] was the basis for the
Roadside Design Guide’s adoption of the guardrail post installation detail incorporating
grout leave-outs. The researchers examined the performance of guardrail/mow strip
systems using experimental testing and numerical simulation. Mow strip dimensions,
materials, and depths were considered, in addition to the presence of leave-out sections
around posts. Seventeen configurations of wood and steel guardrail posts embedded in
various mow strip systems, providing various confinement conditions, were subjected to
dynamic impact testing with a bogie vehicle. The dynamic impact tests were numerically
simulated, and complete mow strip and guardrail system models were assembled using the
subcomponent models. Based on predictive numerical simulations, a concrete mow strip
with a grout-filled leave-out was selected for full-scale crash testing in accordance with
NCHRP 350 criteria. Crash tests of a steel post guardrail system and wood post guardrail
system encased in the chosen mow strip configuration were deemed successful. Of primary
interest to this project were the subcomponent dynamic tests involving post installations
which included an asphalt mow strip.
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Further research on the performance of guardrail systems with concrete mow strips
was presented in 2009 by Dusty et al. [36]. This work focused primarily on alternative
materials used in the post leave-outs: two-part urethane foam, two types of molded rubber
mat, and a precast concrete wedge. The alternative configurations were evaluated using the
bogie vehicle employed in the previous study. The authors asserted that three of the four
alternative leave-out materials demonstrated satisfactory performance when compared to a
post with no mow strip installed.
One important facet of this previous body of work [3] is the lack of distinct
objective criteria in the assessment process for each guardrail installation method. Post
rotation and translation versus deformation were observed, but not measured or recorded.
Further, some installation methods were deemed unsatisfactory because they did not
prevent the bogie vehicle from “…sliding up and over the posts…” [3]. However, no
specific criteria were presented for what constituted a post failure in this manner. In both
studies, peak accelerations were recorded and submitted for each test, but no threshold
value was offered except for the baseline response without a mow strip. Tests performed
relating to direct encasement of the posts used asphalt thicknesses of four and eight inches,
the latter of which is significantly higher than what is typically used in Georgia.
In addition, in the finite element models developed in these studies:
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•

Soil plowing and strain softening were not modeled, which precludes the prediction
of large deformation regimes on the post after the peak of the load-displacement
curve.

•

The gravity load was not applied to the soil using dynamic relaxation. This is
necessary to accurately simulate the behavior of the soil media under dynamic
loads. When gravity load is applied, dynamic relaxation should be used at the
beginning of the simulation to avoid oscillations in the results due to the gravity
loading.

•

Rupture of the asphalt layer was not modeled. The behavior of guardrail posts
embedded in an asphalt layer generally involves a rupture of the asphalt.

•

The dependency of the asphalt strength on the pressure component of the stresses
p = (1 + 2 + 3) / 3 was not considered.

1.3

Benefits and Significance of This Research
The first aim of this research is to identify cost-effective installation methodologies

for steel guardrail systems with asphalt mow strips. This effort addresses a specific concern
regarding current guardrail installation procedures’ compliance with guidelines found in
the Roadside Design Guide. The preferred installation method is considered to be one that
is more economical and allows for better quality control during the construction process;
in contrast, using a leave-out for posts in vegetation barriers is seen as less desirable
because of significantly higher expected costs for new construction and repairs, variability
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in the placement and spacing of posts, and the need for multi-phase construction
scheduling.
The FE modeling and simulation approach developed in this research can be used by
other researchers to accurately simulate a guardrail system’s response embedded in soil
only or with asphalt mow strips. Moreover, the FE simulation method used to capture the
interaction between the guardrail posts and the soil and asphalt can be applied to piles
embedded in soil and a stiff ground layer.
The failure mechanism that is studied here for asphalt can be adopted for rock or
other pressure-dependent materials surrounding guardrail posts or piles. The developed
predictive equations can be used to obtain an estimate of asphalt mow strip strength and
rigidity. The constructed p-y curves in this research can be used to estimate the system
performance using simple software such as Excel; it can also be applied to sophisticated
simulations of full-scale crash testing. The methodology employed herein to develop the
predictive equations or the p-y curves can be adopted for other pressure-dependent
materials.
1.4

Organization of the Thesis
Chapter 2 provides a detailed explanation of static finite element modeling of

guardrail systems with mow strips. The details required to make an accurate finite element
model are given, including: the model domain; the boundary conditions; the element
formulations; the mesh sensitivity analysis; the hourglass controls; the correct application
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of gravity loading with dynamic relaxation; the proper material models used for the asphalt,
soil, and steel; the capturing of asphalt rupture using element erosion in LS-DYNA; the
appropriate contact definitions between different parts; the appropriate domain size to
model the soil and asphalt; and the necessity of modeling the pseudo-static loading with an
explicit integration. The process used to calibrate, verify, and validate the finite element
models are also presented.
Chapter 3 presents parametric studies that use the validated finite element models to
vary the asphalt mow strip material and geometric properties in order to investigate their
effects on the system performance. A set of alternatives for guardrail post installation is
identified; then, a series of static finite element simulations are performed to evaluate the
structural performance of posts installed using these alternatives. The results of these
simulations are presented, and the system behavior is compared with the behavior of a
guardrail post with leave-out in order to identify more promising setups with acceptable
ground restraint. Three particular representative parameters are checked to compare the
behavior of the systems: the maximum longitudinal strain in the post; the ground
displacement of the posts associated with a reference amount of work done on the system
[37]; and the peak force applied to the post. The response of the guardrail posts using these
criteria is plotted in contours to check which setups show less ground restraint than the
setups with leave-out.
Chapter 4 provides a detailed explanation of dynamic finite element modeling of
guardrail systems with mow strips. Details required to make an accurate finite element
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model of the guardrail post system are provided, including: element formulations and mesh
sensitivity analysis; hourglass controls; proper material models used for the asphalt, soil, a
foam programmer, and steel; and appropriate contact definitions between different parts in
the system. The material properties of the foam programmer and steel are incorporated to
account for strain rate effects. The process used to calibrate, verify, and validate the finite
element models are presented. Comparisons are made between the finite element
simulation results and experimental results [9]. The verified and calibrated numbers used
in different materials and parts of the model are provided.
Chapter 5 includes dynamic subcomponent simulation of guardrail post systems.
Parametric studies are performed using the validated finite element models by varying the
asphalt mow strip material and geometric properties to investigate their effects on the
system performance. A set of alternatives for guardrail post installation is identified; then,
a series of dynamic finite element simulations are performed in order to evaluate the
structural performance of posts installed using these alternatives. The results of these
simulations are presented, and the system behavior is compared with the behavior of a
guardrail post with leave-out to identify more promising setups with acceptable ground
restraint. The peak force applied to the post, the maximum displacement of the post at the
impact point, the ground displacement of the post, and the effective applied force to the
post are all recorded and compared against a leave-out system. This procedure allows for
determining which setups have a lower ground restraint than the leave-out system.
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Chapter 6 includes full-scale crash simulation and analysis of guardrail systems with
various mow strip designs. Each design is simulated based on the MASH guidelines. The
occupant risk measurements and structural adequacy of the system are evaluated for each
case based on MASH criteria. The results are compared for different mow strip geometries
and mow strips with various material properties.
Simplified analytical solutions are presented in Chapter 7 to estimate the strength of
asphalt mow strips using Mohr-Coulomb parameters, including cohesion and friction
angle. To enhance the analytical solutions, numerical simulations are performed and
correlated with results from experiments. The simulation results, along with simplified
analytical solutions, are used to provide predictive equations for the mow strip strength and
stiffness as a function of friction angle, cohesion, modulus of elasticity, and the rear
distance of mow strips. These predictive equations are utilized to construct p-y curves for
the unit thickness of asphalt layers with various rear distances and material properties. The
p-y curves are employed to efficiently model asphalt mow strips using nonlinear uncoupled
springs.
Concluding remarks are presented in Chapter 8.
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CHAPTER 2.
STATIC FINITE ELEMENT MODELING OF
GUARDRAIL SYSTEMS WITH ASPHALT MOW STRIPS
Experimental static tests are often considerably cheaper than dynamic tests.
Therefore, predicting the dynamic response using static tests can considerably decrease the
testing costs. Static tests were initially employed in this research on a more comprehensive
set of mow strip parameters in order to focus the dynamic tests. A description of the static
finite element model is presented in this chapter.
2.1

Overview of Modelling Techniques
The interactions between the soil, asphalt, and post play a vital role in the response

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 approaches 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 approach, in which the post is supported by a series of uncoupled
springs, which are defined using nonlinear p-y curves. The subgrade reaction method is
used widely because of the high computational costs associated with 3D finite element
modeling of the soil around the guardrail post. With recent advances in computing speeds,
researchers have attempted to model the post-soil interaction using the finite element
method. With this approach, models of the post are constructed, with the post embedded in
a continuum of soil modeled using three-dimensional solid elements. Simulations of
18

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

accurate representation of geometric details, initial condition, and boundary
conditions;

•

constitutive relationships for the various materials such as loss of strength in the
soil and asphalt under large strains, asphalt material properties, and the rupture of
asphalt; and

•

the contact conditions between various components, such as the contact between
the soil and the post and the contact between the asphalt layer and the soil.

This approach does not consider the granular matter of soil and crushing of soil grains
under dynamic loading, which can only be captured accurately using other methods such
as discrete element approach [[38]–[40]].
Three-dimensional FEA was utilized in this research to calculate the response of a
guardrail post subjected to static loading. The model presented in this dissertation was
developed by selecting material constants based on commonly accepted values, testing
materials, and calibrating based on the system testing. Once the model was calibrated at
the system level, the material properties and other model parameters (e.g., loading rate,
contacts, etc.) were kept constant. The performance and accuracy of the model were
19

evaluated by comparing results from the model with further experimental tests before
independently using it to conduct parametric studies.
2.2
2.2.1

Finite Element Model Description
Model Domain and Boundary Conditions
LS-DYNA V971 R9.1.0 [41] was used in this research. The model developed in

this chapter was updated to incorporate effects associated with dynamic impact loading, as
discussed in Chapter 4. This model was also utilized to perform the full-scale crash
simulations discussed in Chapter 6. The quasi-static problem was solved by using an
explicit algorithm, rather than an implicit one, as optimizing the model for implicit
integration was not useful. Moreover, the Mohr-Coulomb material model in LS-DYNA,
which is used to model soil and asphalt, does not support an implicit solution 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 was fixed at depth (z-direction) of 2 m, which is approximately twice
the embedment depth. For the lateral boundaries, there were three options to use: free, rigid,
or non-reflecting boundary conditions. The lateral boundaries were placed far enough from
the post that the displacements and change in stresses at the boundaries were negligible.
Therefore, the response was insensitive to the lateral boundary assumptions. For the
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pseudo-static loading employed in this chapter, the non-reflecting boundary conditions
were effectively the same as the free boundary conditions. Therefore, using any of these
three boundary conditions gave similar results. However, because explicit integration was
employed, using a non-reflecting boundary decreased noise in the system response, and so
the lateral soil boundary was modeled using non-reflecting boundary conditions.
Three different criteria were used to determine the size of the prism within the plan
of the problem in order to avoid boundary effects:
1. The size of the prism in the plan was increased, and the force-displacement curve
for the post was monitored. The results showed that the boundary effects on the
post’s response vanished when the planar size of the soil was larger than 4 m, and
the force-displacement curve was effectively unchanged when using greater than
this size.
2. The nodes on the lateral boundary were initially set free. The size of the prism in
the plan was increased until the displacements of the nodes at the boundaries were
less than one percent of the ground level displacement of the steel post. Using this
approach, the dimension of the prism in the plan was determined to be 5 m. Then,
the lateral boundaries were modeled using non-reflecting boundary conditions.
3. The width of the model (perpendicular to the post’s lateral movement) had to be
large enough to capture asphalt rupture. The width was increased until the
boundaries were far from the end of asphalt rupture and shear stress at the
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boundaries was less than 1 percent of the shear stress close to the post. The size of
the model in this direction was determined to equal to 10 m.
Therefore, the dimensions of the prism were set as 5 m in the y-direction (parallel to the
post’s lateral movement) and 10 m in the x-direction (perpendicular to the post’s lateral
movement). The steel post was a W150x13 member with a total length of 1.83 m and an
embedded depth of 1 m [42]. The FE model was comprised 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 Figure 5.

Figure 5. Finite element model of guardrail post, soil, and asphalt system in LSDYNA.
Other attributes of the finite element mesh and model are discussed below.
2.2.2

Simulation of Lateral Loading
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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 5,000 mm/s and 25
mm/s. Analysis of the results showed that rates slower than 50 mm/s gave results within 1
percent for all the primary response quantities. Therefore, 50 mm/s was used as the
displacement 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 energy. The
simulation time using 6 CPUs at 3.5 GHz was approximately 24 hours; this duration will
change if the asphalt geometric parameters such as thickness and rear distance are changed.
2.2.3

Element Formulations and Mesh Sensitivity Analysis
Fully integrated shell elements with nine integration points through the thickness

and a uniformly structured mesh with a size of 25 mm were used for the steel post, as
shown in Figure 6. Using an element size of 12 mm within the steel post increased the peak
force applied to the post by approximately 5% and decreased the ground level displacement
by approximately 7%. These changes occurred because using a finer mesh provided greater
resolution in capturing local deformation of the post. However, using the finer mesh
increased the simulation time by approximately 100%. Thus, the 25 mm element size was
considered sufficient. The soil was modeled using structured hexahedral constant stress
solid elements. The final mesh size for soil changes, from 25 mm close to the post to 200
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mm at locations far from the post (Figure 6). Using a mesh in the soil that was finer than
approximately 25 mm caused instability in the model.

Figure 6. Elements used for soil and the steel post.
2.2.4

Hourglass Controls and Energy Checks
The enhanced assumed strain stiffness form for 3D hexahedral elements hourglass

control (number 9) was utilized for the soil elements and the hexahedral mesh part of the
asphalt to prevent high hourglass energy during simulations. Hourglass coefficients equal
to 0.004 and 0.1 were used for the soil elements and the hexahedral mesh part of the asphalt,
respectively. Because of the element type utilized for the steel post and tetrahedral mesh
part of the asphalt, these two parts did not have any hourglass energy and did not need an
hourglass control. Hourglass energy was monitored and compared with the internal energy.
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The hourglass energy in the soil and the hexahedral mesh part of the asphalt were less than
3% of the internal energy, which is acceptable [43].
2.2.5

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 is used.
This method assumes infinite friction between the soil and the post, which is not a
correct physical representation. This method yields a stiffer behavior 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. 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 [11].
3. Nodes from the soil elements are not tied to the nodes of the post elements.
Automatic surface-to-surface contact, which is explained in more detail below, is
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defined between the post and the soil. In this method, the friction between the post
and soil has an influence on the behavior [11].
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 used a second time to check the master nodes for penetration through the
slave segments in this approach. The definition of the slave surface and the master surface
is arbitrary. Therefore, in this study, the contacts between soil and the 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 gravel, sand, and clay) and a driven smooth steel pile [44]. The segment-based penalty
formulation contact algorithm (SOFT 2) in LS-DYNA checks for segments-versussegments penetration instead of nodes-versus-segments, which are used in default penalty
contact formulation. Therefore, it is unlikely for nodes to penetrate undetected as can
happen 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 used for
modeling the steel post is considered with the contact formulation used with the soil around
the post (Figure 7) to avoid initial element penetrations.
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Figure 7. Shell thickness consideration to avoid initial element penetrations.
FRCENG (frictional contact energy), the LS-DYNA parameter for frictional energy, is
set to one 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 sliding energy is an indication of an
erroneous sliding condition between two contact surfaces.
2.2.6

Asphalt Interfaces
The interface between the asphalt layer and the soil cannot be modeled as

continuous because asphalt is composed of a material with significantly different
mechanical properties than soil. In this case, a contact definition needs to be defined
between the layers. Automatic surface-to-surface contact was used between the asphalt
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layer and the soil. Moreover, the contact between the post and the asphalt was also modeled
using the automatic surface-to-surface contact model. The static coefficient of friction for
these surfaces was set to a relatively high value of 1.0 to account for the bitumen in the
asphalt that is bonded to the soil and steel surface.
However, after this connection breaks and the asphalt layer starts to slip, friction
substantially decreases. The kinetic coefficient of friction was assumed negligible and was
set equal to zero to avoid large forces at the free edge of the asphalt behind the post. This
allowed the asphalt to move easily on the soil as observed in the experiments, and avoided
mesh distortions at the edge of the asphalt layer where there was no confining pressure.
Segment based (SOFT 2) contact was used on these contact surfaces.
2.2.7

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 9). 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 was composed of small tetrahedral elements, and larger hexahedral elements were
used at further distances from the post where rupture was not occurring. Using these larger
hexahedral elements reduced computational time significantly and more accurately
modeled the rupture conditions via the use of tetrahedral elements.
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A tied surface-to-surface contact model was 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 mesh transition
between two different kinds of elements. The nearest master segment for each slave node
was located based on an orthogonal projection of the slave node to the master segment.
The two meshes for the asphalt were connected to make a continuum of asphalt using the
tied surface-to-surface contact model. Figure 9 shows the mesh transition used for the
asphalt layer.
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Figure 8. Asphalt rupture observed in the experimental program [45].

Figure 9. Mesh treatments used for the asphalt layer combining hexahedral and
tetrahedral elements.
2.2.8

Importance of Gravity Loading
Soil is a pressure dependent material. Therefore, the soil behavior changes at

different depths as the pressure changes with increasing depth. 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 by applying a “load body” in the z-direction to
all parts of the model. Because applying gravity loading during real-time simulation causes
dynamic waves that can contaminate the results, the gravity load was applied in the pseudotime before the main simulation, using a ramped load to minimize dynamic waves;
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dynamic relaxation was utilized in the pseudo-time to dampen the waves caused by
applying gravity. After the waves were damped and the material reached a static
equilibrium, the main simulation was conducted in real-time. Applying the gravity load
also ensured the proper representation of friction forces on the surfaces that are in contact
with each other, such as asphalt and soil, which is shown in Figure 10.

Figure 10. Contact between asphalt and soil.
As can be seen in Figure 11, applying gravity and using dynamic relaxation is
critical to modeling the guardrail post system accurately. The figure shows comparisons
between experimental results and three variations of simulations: cases with applied gravity
and dynamic relaxation; cases with applied gravity without dynamic relaxation; and cases
without gravity loading. If the gravity load is applied without a dynamic relaxation phase,
large dynamic waves contaminate the result. Moreover, if the gravity loading is not applied
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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.

Figure 11. Comparison of the load-displacement curves with and without dynamic
relaxation or gravity loading for a post embedded in soil with 90 mm asphalt layer.

2.2.9

Steel
A piecewise linear metal plasticity model was used for the steel post. The yield

strength of the steel, modulus of elasticity, and Poisson’s ratio were given as inputs using
a representative steel stress-strain curve. The common steel parameters presented in Table
1 are employed in this model. Lee [9] obtained experimental stress-strain curves using
tension tests on samples from the guardrail posts web and flange in accordance with ASTM
E8/E8M [46]. The stress-strain curves utilized in the model for the web and flange are
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given in Figure 12. These curves show significant strain hardening in the flanges and the
web. Shell element formulation number 16 was selected; this element does not exhibit
hourglass modes.

Figure 12. True stress versus true strain curves used in the model for the web and
the flanges.
2.2.10 Soil
2.2.10.1 Soil Classification
2.2.10.1.1 Unified Soil Classification System
The Unified Soil Classification System (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 that express gradation

33

characteristics: W for well graded and P for poorly graded. USCS is used to classify the
compacted soil that is deposited around the guardrail post.
Grain size distribution was obtained using a laboratory sieve test. Forty-seven
percent of the grains passed through sieve #4; therefore, the soil was gravel. Next, it was
necessary to understand 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 passed through was
defined as D10; the sieve opening size that 30% of the soil sample mass passed through was
defined as D30; the sieve opening size that 60% of the soil sample mass passed through was
defined as D60. These were equal to 0.093 mm, 0.81 mm, and 9.5 mm respectively. Using
these values, the coefficient of uniformity and coefficient of curvature were computed as
102.15 and 0.75, respectively [44]. The soil was considered poorly graded because the
coefficient of curvature is less than one. There were 8% fine grains (that is, grains that pass
through sieve #200) in the soil sample. The fine grains were assumed to be silt (M), so the
soil was graded as GP-GM. Moreover, 40% of the soil mass was sand and, therefore, the
soil was classified as “poorly graded gravel with silt and sand”.
2.2.10.1.2 AASHTO Soil Classification System
The AASHTO soil classification system is used to determine the suitability of soils
for earthworks, embankments, and roadbed materials (subgrade: natural material below a
constructed pavement; subbase: a layer of soil above the subgrade; and base: a layer of soil
above the subbase). According to the grain size distribution, 37% of the soil mass passed
through sieve #10, 25% passed through sieve #40, and 8% passed through sieve #200. The
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AASHTO soil classification system graded the soil as A-1-a, which is the best rating for
soils being used as a subgrade. The soil name is “Stone Fragments, Gravel, and Sand.”
Table 1. Material constants used in the static finite element models.
Material
Steel

Constitutive Parameter
Density, ρ
Young modulus, E
Poisson's ratio, ν
Yield Strength for flanges, σyf
Yield Strength for the web, σyw
Density, ρ

Value
7930 kg/m3
200 GPa
0.3
348 MPa
400 MPa
2300 kg/m3

Cohesion, c

13 kPa

Peak friction angle, ϕʹp

45o

Critical friction angle, ϕʹcr

15o

Shear modulus, G

50 MPa

Poisson’s ratio, ν
Density, ρ
Cohesion, c
Friction angle, ϕʹ

0.25
2300 kg/m3
500 kPa
35°

Shear modulus, G

50 MPa

Poisson's ratio, ν
Maximum principal stress, σMax

0.35
680 kPa

Maximum principal strain, εMax

0.07

Soil

Asphalt

Determined from
Material test
[3]
[3]
Material test
Material test
Material test
Material test and via
system test calibrationa
Material test and via
system test calibrationa
[1] and via system test
calibrationa
[47] and via system test
calibrationa
[48]
Material test
Material test
[49]
Via system test
calibrationa
[50]
𝜎Max = 0.95𝑐/tan(𝜙ʹ)
Via system test
calibrationa

a. The term “system test calibration” refers to the selection of particular material constants based on one
selected system test as described above.
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After determining the soil type based on grain size distribution, the typical range of
mechanical properties of soil can be obtained in order to verify the numbers obtained from
FEA calibration.

2.2.10.2 Yield Surface
Different material models are available in LS-DYNA for modeling soil; these were
examined to find the most appropriate for modeling soil in this research. Lewis [51]
provides a discussion of available materials in LS-DYNA that are suitable for soil. From
these materials, soil and foam (material number 5), soil and foam with failure (material
number 14), Mohr-Coulomb (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 [51] and the verification of the model
with experimental results [52] 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 influences of soil
parameters such as pore water pressure and moisture content effect. Therefore, the research
team selected a simpler material model.
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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 investigation was conducted to
determine the more appropriate of these two for this application. 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 parameter for pressure cut off. It is also possible to give a
volumetric strain versus stress curve as an input. 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 experiments in the past have proven that soil behaves differently under
extension and compression [53]. Therefore, the Mohr-Coulomb model is employed to
capture this behavior. The Mohr-Coulomb failure criterion represents a linear envelope that
is obtained from a relation between the shear strength of a material and the applied normal
stress. The failure criterion is written as
𝜏 = 𝜎𝑡𝑎𝑛(𝜙) + 𝑐

(1)

where 𝜏 is the shear strength, 𝜎 is the normal stress, c is cohesion or the intercept of the
failure envelope with the axis, and 𝜙 is the angle of the internal friction or the slope of the
failure envelope.
2.2.10.3 Soil Calibration
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A model without an asphalt mow strip was created to calibrate the soil material
properties based on a system-level static experiment [37] without an asphalt layer. The
contact forces between the post and the soil in the y-direction were calculated to determine
the applied force versus displacement curve for the post. The density of the soil was
determined to be 2,300 kg/m3 by conducting a laboratory test on a soil sample. This value
was used as the soil density in the model. Lee [9] conducted experimental direct shear tests
in accordance with ASTM D3080 [54] on soil samples. Cohesion and peak friction angle
were estimated equal to 32 kPa and 51 degrees, respectively. These values were initially
used in the model, which was subsequently calibrated to capture the peak applied force and
the displacement 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 within the range of recommended values for gravel with silt
and sand used as subbase material ([30], [1], [55]). 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, due to dilation. To account
for dilation 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 effective plastic
strain. The friction angle equaled 45 degrees for plastic strain values less than 0.4 and
linearly decreased to 0.15 between the plastic strains of 0.4 and 0.5. For plastic strains
greater than 0.5, the friction angle equaled 15 degrees. A standard value of 0.25 that is
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typical for the mixture of gravel, coarse sand, and silt was used for the Poisson’s ratio [48].
The initial linear elastic portion of the load-displacement curve was used to estimate the
shear modulus as 50 MPa, which is within the common range of values for the soil type
used in this research [47]. The soil material constants and the determination procedures are
summarized in Table 1. An example of the soil deformation using the model for a 300 mm
translation at the load level is shown in Figure 13. A force-displacement comparison
between the calibrated finite element model and the experiment done by Lee [37] is given
in Figure 14.

Figure 13. Soil deformation for 300 mm translation at load level.
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Figure 14. Comparison between FEA and experiment [37] without an asphalt layer.
2.2.11 Asphalt
2.2.11.1 Asphalt Calibration
The same type of hot-mixed asphalt (HMA), classified as PG 76-22 binder and 19
mm aggregate size, was installed as a mow strip for each test. Georgia Department of
Transportation (GDOT) recommended this type of HMA for use in the testing program
because it is one of the more commonly used paving materials in the state of Georgia.
When the asphalt is loaded, part of its deformation comes from viscous behavior. To
account for this, the shear modulus of the material was lowered to consider the 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
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strength of the asphalt. In this study, the density of the asphalt was estimated to be equal
2,300 kg/m3 from laboratory tests. The Poisson’s ratio and friction angle of the asphalt
were specified as 0.35 and 35 degrees, respectively, which are typical values for asphalt
([49], [50]). Lee [9] estimated the cohesion of the 118-day old asphalt at a temperature of
20o C, using experimental unconfined compression tests on asphalt specimens to be equal
to 0.5 MPa, which is used in the model.
The tensile rupture in the asphalt was modeled using element erosion. Element
erosion was implemented in this research using the general erosion criteria for solid
elements in LS-DYNA. Each criterion was applied independently, and satisfaction of one
or more criteria caused deletion of an element from the calculation. The erosion criteria for
element removal can be user-specified. The maximum principal stress criterion was
initially used in this research to eliminate the elements when the tensile failure criterion
was met. However, the rupture in the asphalt was abrupt 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 was removed when both the maximum principal
stress criterion and the principal strain criteria were satisfied as follows:
1. 𝜎1 ≥ 𝜎𝑀𝑎𝑥 , where 𝜎𝑀𝑎𝑥 is the failure principal stress and 𝜎1 is the current maximum
principal stress.
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2. 𝜀1 ≥ 𝜀𝑀𝑎𝑥 , where 𝜀𝑀𝑎𝑥 is the failure principal strain and 𝜀1 is the current maximum
principal strain.
The maximum principal stress at failure can be obtained using Mohr-Coulomb yield
criterion as 0.95C/tan(ϕʹ) = 680 kPa. A reduction factor of 0.95 was chosen to facilitate
proper element erosion. Without the reduction factor, the maximum principal stress may
not reach the failure value because the stress state is limited in the Mohr-Coulomb yield
criterion. By calibrating the post-peak response of the system, the maximum principal
strain at failure was obtained as 0.07.
For the asphalt, the mesh around the post was composed of unstructured tetrahedral
elements with one-point integration to better capture asphalt rupture propagation and
element erosion. The average size of the mesh was 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 value for the principal strain at failure, which requires additional
calibration. The cohesion value for soil was increased to 13 kPa to account for the
additional compaction and moisture of the soil when an asphalt layer is present. A
comparison between the results obtained from the FEA simulation and the experiment done
by Lee [9] is given in Section 2.3. The model calibration was conducted for one experiment
(90 mm asphalt), and these parameters were kept constant for all parametric studies on
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mow strip geometry. The asphalt’s material constants and determination method are
summarized in Table 1. In the table, the term “system test calibration” refers to the selection
of particular material constants based on one selected system test as described above.
2.3

Comparisons between Experiments and FE Simulations
Lee [9] conducted five experiments with an asphalt layer. The results of these

experiments were compared with 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 15. The corresponding
force-displacement plots are provided in Figure 16. These results indicate that the material
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 and finite element
simulations with the calibrated Mohr-Coulomb asphalt model are summarized in Table 2.
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.
Table 2. Comparison of experimental [9] and FEA results.

Test Thickness Rear Distance

Peak Force
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Max Ground
Displacement

Exp. FEA Var. Exp. FEA Var.
(kN) (kN) % (mm) (mm) %

No.

(mm)

(mm)

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

-a

146

-a

a. Not available due to gauge malfunction.

Figure 15. System condition after static loading on a post with a 90 mm asphalt
layer [45]: (a) experiment; (b) FEA with Mohr-Coulomb asphalt model; (c) FEA
with a rigid asphalt model.
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Figure 16. Force-displacement comparison between experimental results [9]: FEA
with Mohr-Coulomb asphalt model and FEA with rigid asphalt model for a post
embedded in a 90 mm asphalt layer.
Strain gauges were used to record strain values along the post in the experiments.
Similarly, the strains were obtained by reading strain values of elements along the post in
the FE simulations. The results for 50 mm thick asphalt and 90 mm thick asphalt setups
are compared in Figure 17 andFigure 18. The strain values in these two figures were
measured at the time of the peak force in the system. As can be seen in these figures, the
FEA closely predicts the strain values for the case with 90 mm thick asphalt and
underestimates strains for the case with 50 mm thick asphalt.
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Figure 17. Comparison between FEA and experimental measurements of the tensile
strain in the post for the case with 50 mm thick asphalt and rear distance of 600
mm. 1 inch is equal to 25.4 mm.

Figure 18. Comparison between FEA and experimental measurements of the tensile
strain in the post for the case with 90 mm thick asphalt and rear distance of 600
mm. 1 inch is equal to 25.4 mm.
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CHAPTER 3.
STATIC PERFORMANCE OF GUARDRAIL
SYSTEMS WITH ASPHALT MOW STRIPS
3.1

Alternative Mow Strip Designs
A workshop with Georgia Department of Transportation personnel was held to discuss

alternative design and installation strategies for guardrail systems with asphalt mow strips.
Five alternative design strategies were identified and prioritized to decrease the ground
level stiffness of guardrail posts installed in asphalt mow strips:
1. limit the maximum rear distance and thickness of the asphalt layer;
2. pre-cut the asphalt mow strip behind the post;
3. use a tapered mow strip;
4. make a cutout portion in the mow strip behind the post; and
5. replace the asphalt with gravel to prevent vegetation growth.
After consideration of constructability and potential maintenance issues, options (1) and
(2) were selected for further investigation; they are explained in this section.
The common asphalt thickness used for mow strips in the state of Georgia is 3.5”
(90 mm); the minimum feasible asphalt thickness considering the constructability is 2” (50
mm), as shown in Figure 19. This minimum thickness is based on the aggregate size,
construction equipment, and the goal that the asphalt mow strip will avoid vegetation
growth (an asphalt layer that is too thin cannot avoid vegetation growth).
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Figure 19. Guardrail post setups with 2 in (50 mm) and 3.5 in (90 mm) thickness.
Three rear distance values equal to 0.5 ft (150 mm), 1 ft (300 mm), and 2 ft (600
mm) are shown in Figure 20. These values range from the minimum value (based on
avoiding vegetation growth) and the maximum value (based on the fact that the width of
the asphalt behind the post should be limited to minimize the construction cost). A
combination of different thicknesses and rear distances was used to study the effect of each
of these parameters on the system performance.
Based on the experimental results, rupture is the primary form of the asphalt failure.
As the rupture extends in the asphalt, the strength of the asphalt layer decreases up to the
point that one part of the asphalt detaches from the rest of the mow strip. After this point,
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asphalt has little to no impact on the system, and the soil becomes the only source of ground
strength.

Figure 20. Guardrail post setups with various rear distances.
One effective way to decrease the asphalt ground restraint is to introduce
predetermined cuts in the asphalt. When these are utilized, the asphalt breaks into two or
more parts during a rupture. This type of design has the potential to significantly decrease
the ground restraint while also controlling the direction of rupture. A controlled rupture in
the asphalt avoids crack propagation in a large area and reduces maintenance costs. Precuts should be designed based on an investigation of rupture patterns of the asphalt layer.
An example of a pre-cut mow strip is shown in Figure 21. This pre-cut pattern was tested
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experimentally [56], and more design patterns are investigated in this Chapter using finite
element simulations to determine the most effective crack pattern.

Figure 21. Schematic of a guardrail post setup with a pre-cut asphalt layer.
3.2

Effect of Asphalt Material and Geometric Properties
It is often not cost-effective to perform full-scale experimental tests on an entirely

comprehensive set of parameters. Simulation of guardrail posts using nonlinear FEA is an
effective way to assess these systems. The FE model was used to evaluate the relative
performance of guardrail posts with various designs, including pre-cutting of the asphalt
layer. The following sections discuss the effects of the asphalt material and geometric
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properties on the overall performance. The effects of asphalt material constants on the
system response were studied because these constants change with temperature changes
and the aging of the asphalt layer. Therefore, it is important to investigate the relationship
between the system response and these constants.
3.2.1

Effect of the Asphalt Rear Distance
The numerical simulations indicate that the rear distance of the mow strip behind

the post significantly affects the post/mow strip system performance. The rear distance was
varied using discrete values equal to 0, 150, 300, 600, 1,200, 2,500 mm, and infinity (i.e.,
infinite medium) with all other system parameters held constant (G = 50MPa, ν = 0.35, C
= 0.5 MPa, ϕʹ = 35°, asphalt thickness = 50 mm, εMax = 0.09, σMax = 0.7 MPa). The peak
force applied to the post from the asphalt layer was measured, and the results are presented
in Figure 22a. The results show a proportional relationship between peak force and rear
distances, up to a certain point; there appears to be a cap on this proportionality. After the
rear distance reaches approximately 1,200 mm, a further increase does not significantly
change the response. This occurs because the zone of influence behind the guardrail post
is close to 1,200 mm. As the rear distance passes 1,200 mm, the asphalt behind the guardrail
post gets near the bearing capacity, which is not a function of the rear distance.
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Figure 22. Effect of asphalt geometric and material properties on the peak force in
asphalt.
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3.2.2

Effect of the 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 3.2.1, with
the asphalt rear distance equal to 300 mm. The peak force from the asphalt layer applied to
the post was measured, and the results are presented in Figure 22b. The peak force appears
to be proportional to the asphalt thickness throughout the range of values investigated.
3.2.3

Effect of the Asphalt Cohesion
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
relation 𝜎𝑀𝑎𝑥 = 0.95𝑐/tan(𝜙ʹ). The peak force from the asphalt layer applied to the post
was measured, and the results are presented in Figure 22c. 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.
3.2.4

Effect of the 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 22d. As can be seen, the peak force is linearly related to the asphalt
friction angle when the angle is greater than 20 degrees. For values less than 20 degrees,
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the asphalt’s strength in tension increases substantially, and shear failure occurs instead of
principal stress failure. This results in higher peak forces.
3.2.5

Effect of the 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 22e. The peak force increases nonlinearly
as the shear modulus increases. For values of the shear modulus less than 1,000 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 modulus passes a threshold value, the nonlinear effects become
negligible; increasing the shear modulus beyond that value does not have a noticeable
effect on the system.
3.2.6

Effect of the 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 22f. 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% higher. Therefore, changing the Poisson’s ratio
does not have a significant effect on the system response. This occurs because the top side
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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 such as friction angle and
cohesion, which affect the Mohr-Coulomb yield surface, have more direct effect on the
peak force than the Poisson’s ratio.
3.3

Effect of Asphalt Pre-Cutting
If the asphalt is modeled as a rigid material, the asphalt rupture cannot be captured,

and the system performance changes significantly. 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 until 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 restraint.
Therefore, one potentially effective way to decrease mow strip restraint is 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 designed based on the experimental and numerical investigation of rupture
patterns of the asphalt layer. Two cut patterns which were tested experimentally (Figure
23) by Lee [56] were used to verify the FEA with pre-cuts. Additional design patterns were
investigated using finite element simulations to find the most effective pattern. Different
55

possible pre-cutting alternatives that were considered are numbered and presented along
with FEA results in Figure 24.

Figure 23. Comparisons between LS-DYNA FEM and experimental results [56].
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Figure 24. Pre-cutting designs for the asphalt mow strip with finite element model
simulations.
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Based on the FEA results and analysis of peak forces (Table 3) and stresses on the
post, Design Numbers 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 significantly decrease the asphalt layer’s strength.
Design Number 2 has the same cut as Design Number 3, along with an additional horizontal
cut behind the post. Two sides of the horizontal cut are in compression 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 Table 3, Designs 1, 4, 5, and 6 are effective
designs since they significantly decrease the peak load and ground restraint. These designs
shorten the distance that the asphalt rupture needs to propagate until one part detaches from
the rest of the layer.
Table 3. Peak force summary for pre-cutting designs.
Design

Peak Force

Number

(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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3.4
3.4.1

System Assessment using Quantitative Performance Criteria
Parametric Studies on Asphalt Mow Strip Geometry
Varying asphalt mow strip geometry influences system performance. As the

thickness and the rear distance behind the post increase, the ground-level restraint of the
asphalt layer on the post-mow strip system increases. Parametric studies on the
combination of different thicknesses and rear distances are a critical step to explore the
impact of each of these parameters. The common asphalt thickness for a mow strip used in
the state of Georgia is 90 mm, and the minimum feasible asphalt thickness based on
constructability is estimated as 50 mm. Additionally, 25 mm, 125 mm, 175 mm, and 200
mm thick asphalt layers were included in the simulations to show the system response for
very thin and very thick mow strips. Similarly, the rear distance values of 0 mm, 150 mm,
300 mm, 600 mm, and 1200 mm were used. Load-displacement curves, ground-level
displacement of the post, work done on the system, and the maximum tensile strains in the
post flanges were measured.
A set of quantitative performance criteria is required to evaluate the relative
performance of mow strip designs with respect to the leave-out. Setups that show more
restraint than the setup with leave-out are less likely to pass full-scale crash testing; setups
that have less restraint than the setup with leave-out are more likely to pass crash testing.
This is because previous researchers have demonstrated that setups with leave-out pass the
crash testing, while setups with higher ground restraint might fail the crash testing [3].
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Ground displacement associated with a target energy, peak force, and maximum strain [37]
were chosen to evaluate the system performance, as discussed in the following sections.
3.4.2

Assessment using Peak Force Criterion
The first criterion that can be used to evaluate the relative performance is the peak

force criterion. This criterion is based on the fact that higher peak force applied to the post
before its failure yields higher ground restraint of the post. Figure 25 shows an FE
simulation contour plot of peak force applied to the post. Experimental data [37] are
marked on the plot with parentheses. Mow strip setups with the thicknesses and rear
distances associated with the solid lines have less ground level restraint than setups with
the leave-out. The dashed lines have more restraint than the leave-out setup. For example,
guardrail posts installed in mow strips with 50 mm thickness and 300 mm rear distance are
more likely to pass a full-scale crash test.
3.4.3

Assessment using Ground Level Displacement Criterion
Figure 26 shows an FE simulation contour plot of ground level displacement

associated with 66.7 kip-in work done on the system. This amount of energy is equivalent
to ten percent of the kinetic energy of a small crash test vehicle (Mass = 1100 kg) whose
velocity is perpendicular to the guardrails. Larger ground level displacement associated
with this target energy is an indication of less ground restraint of guardrail posts.
Experimental data [37] are marked on the plot with parentheses. Mow strip setups with the
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thicknesses and rear distances associated with the solid lines have less ground level
restraint than setups with the leave-out. The dashed lines have more restraint than the leaveout setup. For example, guardrail posts installed in mow strips with 50 mm thickness and
450 mm rear distance are more likely to pass a full-scale crash test.

Figure 25. FEA Contour plots for combinations of thickness and rear distance.
Curves are a representation of peak applied force to the post (kN). Experimental
results are given in parentheses.
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Figure 26. FEA Contour plots for combinations of thickness and rear distance.
Curves are a representation of ground level displacement. Experimental results are
given in parentheses.
3.4.4

Assessment using Maximum Strain Criterion
Figure 27 shows an FE simulation contour plot of normalized maximum

longitudinal strain in the flanges of guardrail posts. The tensile longitudinal strain in the
flange of guardrail posts was measured, and then it was divided by the yield strain of steel
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to be normalized. Therefore, contours larger than 1 represent yielding in the guardrail posts.
Experimental data [37] are marked on the plot with parentheses. Higher longitudinal strains
in the guardrail posts are associated with higher ground restraint. Mow strip setups with
the thicknesses and rear distances associated with the solid lines have less ground level
restraint than setups with leave-out. The dashed lines have more restraint than the leaveout setup. For example, guardrail posts installed in mow strips with 50 mm thickness and
300 mm rear distance are more likely to pass a full-scale crash test.
3.4.5

Assessment using Combination of the Three Criteria
The three contour plots can be merged to draw a target performance envelope curve

as shown in Figure 28. Any design below the three lines is expected to show less ground
restraint than the typical leave-out design detailed in the Roadside Design Guide. These
contours can conveniently be used to find guardrail post setups that are more likely to pass
a full-scale crash test. For example, guardrail posts installed in mow strips with 50 mm
thickness and 300 mm rear distance are more likely to pass a full-scale crash test, based on
the combination the three criteria. These contours are used to better understand the
behavior of guardrail post setups with mow strips and their relative performance. However,
these curves cannot be the sole factor used to determine if a setup should be approved or
rejected for road safety. The static testing results give insight for the next chapters, which
will discuss dynamic subcomponent testing of various mow strip designs.
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Figure 27. FEA Contour plots for combinations of thickness and rear distance.
Curves are a representation of the ratio of measured strains to the yield strain of
steel equal to 0.002 mm/mm. Experimental results are given in parentheses.
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Figure 28. FEA Contour plots for combinations of thickness and rear distance.
Curves are a representation of ground level displacement, peak applied force, and
maximum longitudinal strain.
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CHAPTER 4.
DYNAMIC FINITE ELEMENT MODELING OF
GUARDRAIL SYSTEMS WITH ASPHALT MOW STRIPS
Finite element models were constructed to perform mock-up dynamic simulations
and subcomponent dynamic simulations. In the dynamic tests performed in this project,
mock-up simulations were initially performed to determine the appropriate material
properties and dimensions for the foam programmer used in the impactor. This model was
used to determine the various parameters necessary for the test setup (i.e., impact mass,
impact speed, instrumentation fixtures, etc.). Thereafter, dynamic subcomponent tests and
simulations were conducted to assess the performance of guardrail posts embedded in soil
and asphalt. These tests are less expensive than full-scale crash tests and are used to
evaluate additional alternative designs for asphalt mow strips. The material models used
for the soil, asphalt, and steel in the static tests were updated for use in the dynamic loading
simulations.
4.1

Design of the Impactor
The impact loading was applied by impacting guardrail posts with a steel impactor

that had a specified initial velocity. A dynamic actuator was used to give initial velocity to
the steel mass. It was critical to determine appropriate impact speed and mass of the
impactor. Based on the testing conditions, the safe maximum impact speed was limited to
15 m/s. Using this speed, the mass of the impactor could be specified for a given kinetic
energy. The MASH guidelines specify the mass and speed of vehicles used for full-scale
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crash testing. MASH test numbers 3-11 and 3-10 are used to evaluate the guardrail system
discussed in this research. Vehicles with an impact angle equal to 25 deg and with masses
of 2,270 kg and 1,100 kg are used for the tests 3-11 and 3-10, respectively. The kinetic
energy for test 3-11 is used here as a reference in the subcomponent dynamic testing. It
was assumed that the energy dissipated by guardrail posts and associated with the
component of velocity perpendicular to guardrails is divided equally between ten posts.
Therefore, the energy dissipated by one guardrail post can be obtained as

𝐸𝑑 = 0.5

𝑚𝑣 (v 𝑠𝑖𝑛 25° )
10

2

= 0.5×2270𝑘𝑔×

𝑚
𝑠

(27.78 × 𝑠𝑖𝑛 25° )
10

2

= 15.6 𝑘𝐽

(2)

The mass required for a steel impactor to reach the above energy with a velocity of 15 m/s
is approximately 135 kg. This mass is used in the experimental subcomponent tests. In the
initial mock-up tests, a velocity of 10 m/s was used instead of 15 m/s in order to increase
the safety of the tests. Also, 100 mm thick foam was used instead of 200 mm thick foam
because the kinetic energy was less. However, the velocity of 15 m/s and foam thickness
of 200 mm were used in the dynamic subcomponent tests with the guardrail post embedded
in soil and asphalt.
When the steel impactor directly impacted the steel guardrail posts, the resultant
acceleration due to the impact and based on the FEA simulations was more than 1,000 g.
Vehicle ride down accelerations in acceptable full-scale crash tests on guardrails are
typically less than 20 g based on MASH. Therefore, a crushable foam layer was attached
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to the front of the impactor to reduce impact accelerations in the subcomponent tests. An
8-inch crushable foam with a density of 96 kg/m3 was chosen for use in the tests. A
neoprene rubber layer was placed between the crushable foam layer and the steel mass to
protect the mass when the crushable foam was destroyed in an impact. A picture of the
steel impactor with crushable foam and rubber layers is shown in Figure 29. The steel
impactor has four wings that allow it to sit and slide on guidance rails.

Figure 29. Steel impactor, crushable foam, and rubber.
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4.2

Mock-up Testing
A simple dynamic mock-up test was constructed by attaching a 1.8 m length

guardrail post to a steel beam. The connection between the steel beam and the guardrail
post was made rigid using two flanges with bolted connections. A steel strut was used to
support the guardrail post, using the rigid connection at the height of 1 m from the bottom
of the post. This simple setup allowed for verifying the dynamic actuator setup and
calibration of the foam finite element model. The post yielded upon impact immediately
above the rigid connection to the steel strut. A finite element model of this mock-up test
was made, and the results were compared by measuring the deformation of the foam layer
and the displacement of the post at the point of impact. After verifying the finite element
model of the steel post, foam, and rubber layer, the model for the impactor and the steel
post were used in the subcomponent testing of guardrail posts embedded in soil and asphalt.
A photo of the FE mock-up model is presented in Figure 30.
4.3
4.3.1

Dynamic Mock-up Simulations
Finite Element Model Description

4.3.1.1 Geometry
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The length of the post used is 1.829 m. The impact point is 1.629 mm from the bottom
of the post as shown in Figure 30. The steel mass length, width, and depth are 340 mm,
250 mm, and 150 mm, respectively. The width of the mass wings is 900 mm. The foam
and rubber layer thicknesses are 100 mm, 25 mm, respectively.

Figure 30. Representation of the mock-up setup.
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4.3.1.2 Simulation of Initial Velocity and Impact
The initial velocity was modeled for the impactor by assigning an initial velocity
equal to 10 m/s to all nodes of the impactor. The impactor flew for 1 mm and then impacted
the post. The impactor stayed in contact with the post until its horizontal speed reached
zero, and then the impactor bounced back; after a fraction of a second, the impactor lost
contact with the post and flew freely away from the setup.
4.3.1.3 Mesh Sensitivity Analysis
The finite element mesh density for the guardrail post, foam, and rubber varied
from 1 in. to 0.125 in. The post and foam deflection were monitored during the analysis.
The results showed that using a mesh size of 0.125 in. gave results with less than 5 percent
difference than using a mesh size of 0.25 in. Therefore, 0.125 in. was used as the mesh size
for these parts. Further refining the mesh size was not feasible, as reducing the size of
elements by a factor of 2.0 increased the simulation time by more than 100%.
4.3.1.4 Hourglass Controls and Energy Checks
Because fully integrated shell and solid elements were used in the model, the
hourglass energy was zero, and no hourglass control was needed.
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4.3.1.5 Steel
A piecewise linear metal plasticity model was used in LS-DYNA for the steel post.
The static yield strength of the steel, modulus of elasticity, and Poisson’s ratio were given
as inputs. The common steel parameters, presented in Table 1 in Section 2.2.9, were
employed in this model. The static stress-strain curves, presented in Figure 12, were used
in the model for the web and flanges. These curves indicate significant strain hardening in
the flanges and the web. Strain rate effects were accounted for by using a set of stress-strain
curves associated with different strain rates [57]. These sets were shown in Figure 31
andFigure 32. The curves were extended to very high strains (up to 1.0) to account for large
local strains that occur in the post during simulations. Shell element formulation number
16 was selected for the steel elements; this element did not exhibit hourglass modes.
4.3.1.6 Rubber
The rubber layer used in the impactor was modeled using simple Blatz-Ko rubber
material with a shear modulus of 400 MPa [58]. The density of the rubber was estimated
experimentally equal to 1,365 kg/m3 [9].
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Figure 31. Stress-strain curves used for the post flanges. Strain rates are written on
each curve.

Figure 32. Stress-strain curves used for the post web. Strain rates are written on
each curve.
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4.3.1.7 Foam
The foam layer was modeled using a crushable foam material in LS-DYNA
(material #63). The density of the foam was estimated experimentally to be equal to 96
kg/m3 [9]. The stress-strain curve for compression loading of the foam under static loading
was obtained experimentally [9]. This curve is presented in Figure 33.

Figure 33. Stress-strain curve for the foam material.
After examination of the specimen during the compression test, no deformation was
observed in the transverse direction, which implies that the Poisson’s ratio of the foam
material is zero. The initial and final cross-section areas of the crushable foam in
compression remain constant. Therefore, the engineering and true stress-strain diagrams
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are identical. The volume of the material is not conserved during compression and the
density increases while the material is compressed. The volumetric strain is equal to the
compressive strain. The crushable foam material model requires nominal yield stress vs.
volumetric strain curve as an input. This curve was obtained using Figure 33 and is
presented in Figure 34. This curve is based on static loading and was used initially in the
model. Thereafter, in the calibration process of the model, a common dynamic rate factor
equal to two was used to scale the stress values up at a given strain on the curve. This scale
factor resulted in the same foam deformation in the FE results as observed in the
experiments [9]. The results of the experiments and the simulations are compared in Table
4.
In the experiments [9] it was observed that the foam cracks and crushes during the
impact. It is also known that foams are weak in tension. Therefore, an LS-DYNA element
erosion criterion based on maximum principle strain was added to the foam model in order
to capture the cracking and crushing of the foam. The elements were eroded when the
principle strain reached a specified value. The value of the erosion principle strain equal to
0.1 mm/mm was found using model calibration by comparing foam deformation in the
experiment and the finite element model at various times during the impact. This value is
mesh-dependent, and lower values of maximum principle strain are needed for larger mesh
sizes. This occurs because the average strain is smaller for a larger mesh than for a smaller
mesh size.
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Figure 34. Nominal yield stress vs. volumetric strain for the foam material.
4.3.2

Comparison between Experiments and FE Simulations
The deflection of the post at the impact point and the deformation of the foam were

measured in the simulations and the experiments [9]. The results are compared in Table 4.
The accelerations were higher than common full-scale crash test accelerations, which are
typically less than 20g; these higher accelerations are due to the lighter mass used in this
research, compared with the mass of vehicles. However, the accelerations, velocities, and
strain rates in the mock-up tests are still in the same order of magnitude as those in the fullscale crash tests. This indicates that the material response will not be considerably different
between these tests and full-scale crash tests and these tests can be used to assess different
components of guardrail systems separately.
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Table 4. Comparison between FEA and Experimental results for the mock-up tests.
FEA
Foam Deformation
Post Disp. At Impact Point
Impactor Max. Acceleration
a.

FEA
37 mm
145 mm
65 g

Experiment [9]
35 mm
152 mm
52g and 71ga

% Difference
6%
5%
25% and 8% a

Results from two separate accelerometers installed on the mass.

The plastic deformation of the post at the connection and the overall shape of the
post after impact are shown in Figure 35 andFigure 36 for both the FEA and experimental
results. These figures show that the FE model can accurately capture the plastic
deformation of the post due to the impact. The crushed foam after impact is shown in Figure
37 for both the FEA and experimental results.

Figure 35. Plastic deformation of the post at the connection: a. FEA; b. Experiment
[9].
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Figure 36. Representation of the system after impact: a. FEA; b. Experiment [9].

Figure 37. Crushed foam after the impact: a. FEA; b. Experiment [9].
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4.4
4.4.1

Dynamic Subcomponent Simulations
Finite Element Model Description

4.4.1.1 Model Domain and Geometry
The soil was installed in a container with depth, width, and length of 1.575 m, 1.650
m, and 1.800 m, respectively. The container was filled with soil, which was compacted;
then, asphalt layers with various thicknesses were installed and compacted over the soil. A
guardrail post was driven through the asphalt and soil to the depth of 1.016 m, 1.219 m
from the back of the container and 0.914 m from the front of the container. The impactor
was located on two parallel rails [9] at an elevation of 0.635 m from ground level. The
dynamic actuator pushed the impactor until it reached the speed of 15 m/s and then the
impactor hit the guardrail post.
The finite element model had the same geometry as the test setup, as shown in
Figure 38. The steel mass length, width, and depth were 340 mm, 250 mm, and 150 mm,
respectively. The width of the mass wings was 900 mm. The foam and rubber layer
thicknesses were 200 mm, 25 mm, respectively.
4.4.1.2 Element Formulations and Mesh Sensitivity Analysis
The same mesh sizes used in the mock-up simulations were repeated in this set of
simulations. Constant stress solid elements (element formulation #1 in LS-DYNA) were
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used to model the soil and the steel part of the impactor. The fully integrated formulation
intended for solid elements with a poor aspect ratio (element formulation #-2 in LS-DYNA)
was used for the foam and rubber layer. These types of elements show better stability in
simulations with highly distorted foam elements with the possibility of high hourglass
energy with constant stress elements. One-point integration tetrahedron elements (element
formulation #10 in LS-DYNA) were used for the asphalt, which captures the asphalt
rupture better than the element erosion formulation.

Figure 38. Finite Element Model used for dynamic subcomponent simulations.
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4.4.1.3 Hourglass Controls and Energy Checks
The foam, rubber, steel post, and steel container were modeled using full integration
elements. Therefore, there is no hourglass energy for these parts. Hourglass energy for the
soil part and the steel part of the impactor was monitored, and it was less than 1 percent of
the internal energy, which is acceptable.
4.4.1.4 Steel, Foam, and Rubber
The same material properties used in the mock-up simulations were used for the
steel, foam, and rubber.
4.4.1.5 Soil
The soil type that was used in the road base has never been tested experimentally
to investigate strain rate effects, and no data is available to adjust soil material properties
for higher strain rates. Therefore, strain rate effects on the soil material were ignored, and
the same soil material properties that were used in the static simulations were used in the
dynamic simulations as initial inputs; then, the model was calibrated using experimental
test results. The ground level displacement of the post in the FEA simulation was compared
to the experimental result for the dynamic test with only soil and without an asphalt layer.
The ground level displacement for the FEA simulation was considerably lower than the
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experimental tests, which showed that the soil material properties in the simulations
resulted in a stiffer response than the soil properties in the experiments. Therefore, the shear
modulus was lowered to 25 MPa from 50 MPa, which was used in the static tests, and the
cohesion value was set equal to zero. This difference occurred because the soil that was
used in the dynamic tests was not exactly the same soil that was used in the static tests.
Moreover, the dynamic tests were conducted in the laboratory with a controlled
environment in contrast with the static tests that were performed in an open area exposed
to rain and snow.
4.4.1.6 Asphalt
Strain rate effects were initially ignored for the asphalt, and the same material
properties that were used as initial inputs in the static simulations were employed in the
dynamic simulations; then the model was calibrated using experimental results. Material
constants used in the dynamic finite element simulations are provided in Table 5.
After examining the dynamic simulation results, it was noted that the elements
behind the post were eroding, which created a gap between the post and the asphalt layer
until the post moved more and filled the gap. In the dynamic simulations, the asphalt
elements behind the post and on the surface did not have overburden pressure. This caused
the elements to expand upward under the sudden impact load. This expansion caused large
positive principal strains although the element was compressed in the other directions.
When the principle strain reached a high value, based on the erosion criterion, which was
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used in the static tests, the element was eroded, and a gap occurred behind the post. To
avoid this problem, the erosion criterion was changed in the dynamic simulations. A
volumetric strain criterion was used to account for the average of principle strains in all
directions.
Table 5. Material constants used in the dynamic finite element subcomponent and
full-scale crash simulations.
Material
Steel

Constitutive Parameter
Density, ρ
Young modulus, E
Poisson's ratio, ν
Yield stress for flanges, σyf
Yield stress for the web, σyw
Density, ρ

Value
7930 kg/m3
200 GPa
0.3
348 MPa
400 MPa
2300 kg/m3

Cohesion, C

1 kPa

Peak friction angle, ϕʹp

45o

Critical friction angle, ϕʹcr

15o

Shear modulus, G

50 MPa

Poisson’s ratio, ν
Density, ρ
Cohesion, C
Friction angle, ϕʹ

0.25
2300 kg/m3
500 kPa
35°

Shear modulus, G

50 MPa

Poisson's ratio, ν

0.35

Failure volumetric strain, εv-failure

%2 mm/mm

Density, ρ
Shear modulus, G
Density, ρ
Shear modulus, G

1365 kg/m3
400 MPa
96 kg/m3
100 MPa

Soil

Asphalt

Rubber
Foam
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Determined from
Material test
[3]
[3]
Material test
Material test
Material test
Material test and via
system test calibrationa
Material test and via
system test calibrationa
[1] and via system test
calibrationa
[47] and via system test
calibrationa
[48]
Material test
Material test
[49]
Via system test
calibrationa
[50]
Via system test
calibrationa
Material test
[58]
Material test
[9]

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

Using this criterion did not allow the elements behind the post to be eroded suddenly and
made the model more stable under impact loads. Using erosion criterion of volumetric
strain equal to 2 percent gave comparable results between FEA simulations and
experiments. Although the model was not very sensitive to the value of this number, it was
obtained based on the mesh size used in this model, and it is element formulation and mesh
size dependent. Smaller meshes or higher order elements captured higher peaks in strains
and stresses, and a higher value for erosion criterion was needed. Larger elements, with
one point integration, made an average value of strain and stress throughout the element.
For these elements, a lower value for the erosion criterion was required. However, slight
changes in the element size (up to two times smaller or larger) or mesh did not affect the
erosion criterion, and the same value for the erosion criterion could be used. The other
material properties including cohesion, friction angle, shear modulus, and Poisson’s ratio
remained unchanged after model calibration, and the same values used in the static
simulations were employed in the dynamic simulations.
4.4.2

Comparisons between Experiments and FE Simulations
Lee [9] conducted dynamic loading experiments on systems with and without an

asphalt layer. First, the system response for the case without an asphalt layer was tested.
The results of these experiments were compared with the FEA results. Figure 39 and Figure
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40 show the system after impact for FEA and experiments. As can be seen in these figures,
the finite element model shows similar behavior to the experiments. The model effectively
captured the foam deformation, movement of the post in the soil, and soil plowing behind
the post. Element erosion for the soil material in tension was not included in the model.
Including element erosion for the soil caused erosion of the elements behind the post due
to soil plowing. When the elements were eroded from behind the post, the post could move
freely, and the applied force to the post suddenly dropped, which caused instability in the
model and did not match what happened in the experiments. Therefore, element erosion
was not included for the soil material, and the model was not able to predict the gap in front
of the post that occurred during experimental tests, as shown in Figure 40. Although the
elements in front of the post experienced large tensile strains, because the cohesion value
was given equal to zero, the tensile stresses in the elements in front of the post were
approximately zero. Therefore, although there was no gap in the soil in front of the post,
because tensile stresses were approximately zero, the tension force applied to the post by
the soil was approximately zero, which is similar to a gap in the soil material.
The acceleration of the impactor mass was recorded using an accelerometer
installed on the center top of the mass, as shown in Figure 41. Also, the accelerations were
obtained using the FEA results. The acceleration-time history comparison is presented in
Figure 42. The FEA model can predict the peak acceleration and late response of the
system. However, in the experiments, the acceleration had a sharp peak versus a flat peak
in the FEA. This occurred because, in the experiment, the foam crushed into separate pieces
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and its strength decreased more rapidly than in the FEA. However, the peak acceleration
was captured properly and the response of the system, after the foam is crushed, was similar
in the FEA and the experiments.

Figure 39. Simulation result for the model with only soil after the impact.
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Figure 40. Experimental result for the model with only soil after the impact [9].

Figure 41. Location of the accelerometers installed on the impactor.
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Figure 42. Acceleration-time history obtained from experiments [9] and FEA.
The asphalt thickness and rear distance were varied in the FEA simulations and
experiments. In one of the cases, an asphalt thickness of 90 mm with a rear distance of 600
mm was used to examine the mow strip setup commonly used in Georgia. The after-impact
result for this case is presented in Figure 43 and Figure 44 for the FEA and the experiments,
respectively.
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Figure 43. Simulation result for the model with 90 mm thick asphalt and rear
distance of 610 mm.
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Figure 44. Experimental result for the case with 90 mm thick asphalt and rear
distance of 610 mm [9].
The acceleration of the impactor mass was recorded using an accelerometer installed on
the center top of the mass, as shown in Figure 41. The accelerations were also obtained
using the FEA results. The acceleration-time history comparison is presented in Figure 45.
The FEA model predicted a peak acceleration close to the one measured in the experiments.
Moreover, the shape of the acceleration-time history is similar for both cases before and
after the peak the force.
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Figure 45. Acceleration-time history obtained from experiments [9] and the FEA.
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CHAPTER 5.
DYNAMIC PERFORMANCE OF GUARDRAIL
SYSTEMS WITH ASPHALT MOW STRIPS
5.1
5.1.1

System Assessment using Quantitative Performance Criteria
Parametric Studies on Asphalt Mow Strip Geometry
As discussed in the previous chapters, changing asphalt mow strip geometry

influences the system performance. As the thickness and the rear distance behind the post
increase, the ground-level restraint of the asphalt layer on the post increases. Parametric
studies on the combination of different thicknesses and rear distances are a critical step to
explore the impact of each of these parameters. The asphalt thickness used for a mow strip
in the state of Georgia is 90 mm, and the minimum feasible asphalt thickness based on
constructability is estimated to be 50 mm. To show the system response for thicker mow
strips, 150 mm thick asphalt was included in the simulations. Rear distance values of 0
mm, 300 mm, 600 mm, and 1200 mm were used. The time history of the impactor
acceleration, post ground-level displacement, post displacement at the impact point, and
post velocity at ground level were measured experimentally [9] and with FE simulations.
The results are compared in Table 6. The effective force parameter shown in Table 6 is
obtained by dividing the kinetic energy of the impactor (150 kJ) by the peak displacement
at the impact point. This parameter is representative of the effective force applied to the
post during the impact.

92

Table 6. Comparison between measurements using subcomponent dynamic tests [9]
and FE simulations.

Test Description

Peak
Peak Disp. Ground Ground
Effective
Mow Strip
Peak Force
at Impact Level Disp. Level
Force
Size (mm)
(kN)
Point (mm) (mm)
Velocity
(kN)
(m/s)
Thick.

Thick - Extended Rear Distance
Thick - Regular Rear Distance
Thick - Reduced Rear Distance
Thick - Zero Rear Distance
GDOT - Extended Rear Distance
GDOT
GDOT - Reduced Rear Distance
GDOT - Zero Rear Distance
Thin - Extended Rear Distance
Thin - Regular Rear Distance
Thin - Reduced Rear Distance
Thin - Zero Rear Distance
Only Soil
GDOT with Leave-out
GDOT with Parallel Pre-Cut
GDOT with Diagonal Pre-Cut
GDOT with Stiffer Asphalt

150
150
150
150
90
90
90
90
50
50
50
50
0"
90
90
90
90

Rear
FEA Exp. FEA Exp.
Dis.

FEA

1200
600
300
0
1200
600
300
0
1200
600
300
0
0
600
600
600
600

3.49
4.53
4.81
5.8
3.72
4.54
4.96
5.73
4.42
4.52
5.32
5.74
5.17
5.39
4.91
2.86

175
256
438
876
201
317
447
758
352
455
517
657
600
574
464
169

19
266 61 107
445 184 209
450
48.5 348 155 130
656 242 298
400
177
536 250 267
275
349
587 327 275
404
170
559 299 241
371 237 147
35
-

FEA Exp. FEA Exp.
79
68
55
32
74
65
49
37
62
53
47
42
41
52
58
80

71
45
61
29
35
20
43
39
59
-

87
59
35
17
76
48
34
20
43
33
29
23
25
26
33
89

- Experimental tests or finite element simulations were not performed for setups indicated by a dashed line.

A set of quantitative performance criteria is necessary to evaluate alternative mow
strip designs. Ground level displacement, displacement at the impact point, peak force
applied to the post, and the effective applied force to the post were chosen to evaluate the
system performance [9]. These criteria can be used to compare setups with various mow
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57
34
44
23
28
26
38
27
41
-

strip thicknesses and rear distances with setups incorporating a leave-out. Setups that show
more restraint than the setup with a leave-out are less likely to pass full-scale crash tests.
Setups that have less restraint than the setup with a leave-out are more likely to pass the
crash tests. This is because researchers in the past have demonstrated that setups with leaveout passed the crash tests; therefore, setups with lower ground restraint are expected to pass
the tests [3].
5.1.2

Assessment using Peak Force Criterion
The first criterion considered is the peak force criterion. This criterion is based on

the fact that higher peak force applied to the post before its failure shows higher ground
restraint of the post. Figure 46 shows an FE simulation contour plot of peak force applied
to the post. Experimental data [9] are marked on the plot with parentheses. Mow strip
setups with the thicknesses and rear distances associated with the dashed lines have less
ground level restraint than setups with leave-out. The dotted lines have more restraint than
leave-out setup, which is shown with a solid line. For example, as shown in Figure 46,
guardrail posts installed in mow strips with 50 mm thickness and 300 mm rear distance are
more likely to pass a full-scale crash test.
5.1.3

Assessment using Peak Displacement Criterion
Figure 47 shows an FE simulation contour plot of the peak displacement of the post

at the impact point. Larger displacement is an indication of less restraint of the posts.
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Experimental data [9] are marked on the plot with parentheses. For example, as shown in
Figure 47, guardrail posts installed in mow strips with 50 mm thickness and 600 mm rear
distance are more likely to pass a full-scale crash test.

Figure 46. FEA contour plots for combinations of thickness and rear distance.
Curves are a representation of peak applied force to the post (kN). Experimental
results are given in parentheses [9].
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Figure 47. FEA Contour plots for combinations of thickness and rear distance.
Curves are a representation of peak displacement at impact point (mm).
Experimental results are given in parentheses [9].
5.1.4

Assessment using Ground Level Displacement Criterion
Figure 48 shows an FE simulation contour plot of residual ground level

displacement of the post after the impact. Larger ground level displacement is an indication
of less ground restraint of guardrail posts. Experimental data [9] are marked on the plot
with parentheses. For example, as shown in Figure 48, guardrail posts installed in mow
strips with 50 mm thickness and 450 mm rear distance are more likely to pass a full-scale
crash test.
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Figure 48. FEA Contour plots for combinations of thickness and rear distance.
Curves are a representation of ground level displacement (mm). Experimental
results are given in parentheses [9].
5.1.5

Assessment using Effective Force Criterion

Figure 49 shows an FE simulation contour plot of effective force, which is obtained by
dividing the kinetic energy of the impactor (150 kJ) by the displacement of the impact
point. Larger effective applied force is an indication of higher ground restraint.
Experimental data [9] are marked on the plot with parentheses. For example, as shown in
Figure 49, guardrail posts installed in mow strips with 50 mm thickness and 300 mm rear
distance are more likely to pass a full-scale crash test.
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Figure 49. FEA Contour plots for combinations of thickness and rear distance.
Curves are a representation of effective applied force to the post (kN). Experimental
results are given in parentheses.
5.1.6

Assessment using Combination of the Four Criteria
The four contour plots are plotted together in Figure 50. Because the peak

displacement criterion and the effective force criterion have the same shape, they are shown
with only one curve. Any design below all criteria lines is expected to show less ground
restraint than the typical leave-out design introduced in the Roadside Design Guide. On the
other hand, a setup that is above the criteria lines is expected to exhibit a higher level of
ground restraint than setups with a leave-out. These contours are used to better understand
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the behavior of guardrail post setups with mow strip and their relative performance.
However, these curves cannot be used solely to reject or approve a setup to be used for
road safety. The dynamic testing results give insight into the anticipated behavior in fullscale crash simulations of various mow strip designs, which are discussed in the next
chapter.

Figure 50. FEA contour plots for combinations of thickness and rear distance.
Curves are a representation of ground level displacement (mm), peak displacement
at the impact point (mm), peak applied force (kN), and effective applied force (kN)
for setups with equivalent restraint to the leave-out setup.
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5.1.7

Effect of Asphalt Pre-Cutting
Based on the experimental results [9], 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 a 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 restraint. Therefore, one potentially effective way to
decrease mow strip restraint is to add pre-cuts to the asphalt layer. Based on the results
discussed in Section 3.3, the two most effective cuts were selected for the dynamic tests:
diagonal (Figure 51) and parallel (Figure 52) cuts. The cuts were selected based on the
experimental and numerical investigations of various rupture patterns. These designs
shorten the distance that the asphalt rupture needs to propagate until one part detaches from
the rest of the layer. These two cut patterns were tested experimentally [9] and using
numerical simulations. The results are presented in Table 6. Comparing the values of
various parameters for the asphalt layer with pre-cuts and for the leave-out setup shows
that the peak force is higher for setups with pre-cuts because the peak force occurs in early
system response, which is more affected by the asphalt layer. Pre-cut setups provide less
restraint based on the comparison of ground level displacement, displacement at the impact
point, and the effective applied force. Considering these three criteria,, guardrail systems
utilizing these pre-cuts show less ground restraint than the leave-out. However, based on
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the peak force criterion, they show higher ground level stiffness for the early system
response.

Figure 51. Diagonal asphalt pre-cut used in the dynamic tests and simulations.
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Figure 52. Parallel asphalt pre-cut used in the dynamic tests and simulations.
5.1.8

Effect of Asphalt Material Properties
In some cases, the asphalt layer could be extremely cold, or an asphalt mix other than

the one classified as PG 76-22 binder and 19 mm aggregate size could be used, leading to
stiffer and stronger asphalt than the asphalt used in this research, which had 500 kPa
cohesion and 35 degree friction angle. Therefore, the GDOT setup with 90 mm thickness
and 600 mm rear distance was simulated with a stiffer and stronger asphalt layer to show
how the system would respond when the asphalt layer could potentially be stiffer than
normal. The value of cohesion, shear modulus, and the volumetric failure strain were
increased to 930 kPa, 93 MPa, and 0.04 mm/mm based on the specimen tests done by Lee
[9] on the stiffer asphalt. The simulation result is presented in Table 6 and Figure 53.
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Figure 53. Simulation result for 90 mm thick asphalt with 600 mm rear distance and
a stiffer asphalt.
Only a limited asphalt rupture occurs, and the results show that this change in the material
properties makes the asphalt layer significantly stronger than the asphalt used in this
research. This decreases the likelihood that a guardrail system with these asphalt properties
will pass a full-scale crash test.
The rupture capacity of an asphalt layer per unit of thickness can be estimated using
Eq. 19 (derived in Section 7.2.1.3): 𝑝𝑟 = 𝑐 (r + h)(𝑎𝑟 +𝑓𝑟 𝜙 ). c is the asphalt cohesion, r
is the mow strip rear distance, h is the post cross-section depth, and ar and fr are constants
equal to 2.87 and -0.025, respectively. Based on this equation, the rupture capacity is a
function of the mow strip material properties and geometry. The full rupture capacity of
the asphalt layer can be obtained as
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𝑃𝑟 = 𝑡 𝑝𝑟

(3)

where t is the asphalt layer thickness. The contour plots presented in this chapter (Figure
46 through Figure 50) and Chapter 3 (Figure 25 throughFigure 28) are for the type of
asphalt with cohesion equal to 500 kPa, friction angle equal to 35 degrees, and shear
modulus equal to 50 MPa. Based on Eq. 19, if the asphalt material properties change, the
rupture capacity changes, and therefore the contour plots change. However, the contour
plots can still be used to estimate the system performance for other asphalt types with
cohesion c, friction angle 𝜙, and thickness t using an equivalent thickness obtained as 𝑡𝑒 =
𝑐́ (𝑎𝑟 +𝑓𝑟 𝜙́ )𝑡

(4)

𝑐(𝑎𝑟 +𝑓𝑟 𝜙)

where the reference cohesion 𝑐́ and reference friction angle 𝜙́ are equal to 500 kPa and 35
deg, which were used to draw the contour lines. For example, for the stiffer asphalt with
cohesion equal to 930 kPa, rear distance equal to 600 mm, and friction angle equal to 35
degrees, the asphalt layer becomes 1.86 times (computed from 930/500) stronger than the
asphalt layer with cohesion equal to 500 kPa. Therefore, a 90 mm thick layer with the
stiffer asphalt has an equivalent thickness of 167 mm (computed from 1.86 * 90mm). The
peak force, peak displacement, ground level displacement, and effective force for a
guardrail post with 90 mm thick layer and the stiffer asphalt, with 600 mm rear distance
can be estimated using the points on the contours (Figure 25 through Figure 28 and Figure
46 through Figure 50) associated with 167 mm thickness and 600 mm rear distance. The
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estimated values of these parameters using the equivalent thickness method are compared
with the results obtained from finite element simulations in Table 7. The values of the
parameters predicted by finite element simulations differ up to 27% from the values
estimated using the equivalent thickness method. Although the estimates are not as accurate
as the simulation results, they can be used as a fast estimate of the system response.
Moreover, using the results presented in Chapter 6 for other asphalt cohesion values
and friction angles, the equivalent thickness method can be utilized to estimate the fullscale crash simulation results, assuming that changes in shear modulus do not significantly
change the system response.
Table 7. Comparison between measurements predicted by FE simulations and
estimated using the equivalent thickness method for a mow strip with the stiffer
asphalt and 600 mm rear distance.

Test Description

Estimated Using the Equivalent
Thickness Method
Predicted by the FE Simulations
Percent Difference

Peak Disp. Ground
Effective
Peak Force
at Impact Level Disp.
Force
(kN)
Point (mm) (mm)
(kN)
215

40

74

73

169
27%

35
14%

80
8%

89
18%
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CHAPTER 6.

6.1

ASSESSMENT USING MASH FULL-SCALE
CRASH SIMULATIONS

Finite Element Model Description
The vehicle model used for the simulation in this research was the 2007 Chevrolet

Silverado, which was developed and verified by National Crash Analysis Center (NCAC)
[59]. This vehicle model represents the MASH 2270P test vehicle and has approximately
one million elements. A validated model for the guardrail system was also obtained from
NCAC. The model was updated for this research by increasing the rail height to match
MGS W-beam guardrail system with 31-inch rail height. The guardrail splices were
originally located at the posts. The splices were moved to between guardrail posts in the
model to match the current MGS designs. An asphalt layer was added to the model, and
the material properties of the soil and steel were updated. The hourglass formulation,
element size, and material properties used in Chapter 4 for modeling of one guardrail post
system were used here for the full-scale crash model. The material properties are
summarized in Table 8. The model had 29 posts. Initial vehicle impact was to occur 13 ft
– 3½ in. (4051.3 mm) upstream of the middle post in the model (post #15), as shown in
Figure 54, which was selected using the critical impact point (CIP) plots in MASH
guidelines. The complete model had approximately 1.3 million elements.
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Table 8. Material constants used in the full-scale crash simulations.
Material
Steel

Constitutive Parameter
Density, ρ
Young modulus, E
Poisson's ratio, ν
Yield stress for flanges, σyf
Yield stress for the web, σyw
Density, ρ

Value
7930 kg/m3
200 GPa
0.3
348 MPa
400 MPa
2300 kg/m3

Cohesion, C

1 kPa

Peak friction angle, ϕʹp

45o

Critical friction angle, ϕʹcr

15o

Shear modulus, G

50 MPa

Poisson’s ratio, ν
Density, ρ
Cohesion, C
Friction angle, ϕʹ

0.25
2300 kg/m3
500 kPa
35°

Shear modulus, G

50 MPa

Poisson's ratio, ν

0.35

Failure volumetric strain, εv-failure

%2 mm/mm

Soil

Asphalt

Figure 54. FE model with 29 posts.
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Determined from
Material test
[3]
[3]
Material test
Material test
Material test
Material test and via
system test calibrationa
Material test and via
system test calibrationa
[1] and via system test
calibrationa
[47] and via system test
calibrationa
[48]
Material test
Material test
[49]
Via system test
calibrationa
[50]
Via system test
calibrationa

First, the model was validated for the case without mow strips by comparing the
simulation results with available experimental test results [60]. Thereafter, the validated
model was used to simulate guardrail systems with various mow strip designs (Table 9) to
assess the effect of mow strip geometric and material properties on the system
performance.
Table 9. Full-Scale Crash Simulations.
Test

Mow Strip

Mow Strip Rear

Number

Thickness (mm)

Distance (mm)

Soil Only

No Mow Strip

No Mow Strip

No Mow Strip

T50-R600

50

600

None

T90-R300

90

300

None

R90-R600

90

600

None

T150-R600

150

600

None

T90-R600-C

90

600

Diagonal Pre-cuts

T90-R600-S

90

600

Stiffer Asphalt
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Mow Strip Modification

6.2

Evaluation Based on MASH Guidelines
The simulations presented here are based on MASH test 3-11 with a 2270P vehicle on

MGS 31-inch guardrail systems embedded in asphalt mow strips. In this test, a 2,270 kg
vehicle (a 2007 Chevy Silverado in this research) impacts the guardrails with an angle of
25 degrees and speed of 100 km/h. Several parameters must be obtained from full-scale
crash simulations and tests based on MASH guidelines. These parameters are used in this
research and are briefly explained in the following.
Based on MASH, occupant risk is assessed by the response of a hypothetical,
unrestrained front seat occupant whose motion relative to the occupant compartment is
dependent on vehicle accelerations. The occupant, as an assumed point mass, moves
through space until striking a hypothetical instrument panel, windshield, or side structure
and subsequently is assumed to experience the remainder of the vehicle acceleration pulse
by remaining in contact with the interior surface. There are two performance factors:
1. Lateral and longitudinal occupant impact velocities (OIV) at the time of initial
contact with interior surfaces of the vehicle. The following expression is used for
the occupant impact velocity
𝑡∗

OIV𝑥,𝑦 = ∫0 𝑎𝑥,𝑦 𝑑𝑡

(5)

where OIVx,y is occupant-to-car interior impact velocity in x and y directions; ax,y
is vehicle acceleration in x and y directions; and t* is the smaller of the time when
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the occupant has traveled 610 mm forward or 305 mm lateral. Time t* is
determined by incremental integration as follows
𝑡∗

𝑡∗

𝑡∗

𝑡∗

𝑋 = ∫0 𝑥 ∫0 𝑥 𝑎𝑥 𝑑𝑡 2

(6)

𝑌 = ∫0 𝑦 ∫0 𝑦 𝑎𝑦 𝑑𝑡 2

(7)

𝑡 ∗ = 𝑚𝑖𝑛(𝑡𝑥∗ , 𝑡𝑦∗ )

(8)

where X is 0.610 mm, and Y is 0.305 mm. The preferred limit for the longitudinal
and lateral OIVs is 9.1 m/s, and the maximum allowed limit is 12.2 m/s.
2. Largest lateral and longitudinal vehicular or occupant ride down acceleration,
ORA, averaged over every 10 m/s interval for the collision pulse subsequent to
occupant impact time, t*. After the occupant impact with the vehicle interior, the
occupant, vehicle acceleration, and velocity are assumed to be equal. The interval
of 0.010 s is chosen because spikes of minimum duration to produce injury range
from 0.007 s to 0.04 s. ORA can be obtained using accelerometers at the center of
mass of the vehicle. The preferred limit for the longitudinal and lateral ORAs is 15
g, and the maximum allowed limit is 20.49 g.
Moreover, the vehicle should remain upright during and after the collision. The
maximum roll and pitch angles are not to exceed 75 degrees. All accelerations and rotations
of the vehicle are measured using a local coordinate system located at the center of mass
of the vehicle. The standard coordinate system suggested by MASH is shown in Figure 55.
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Figure 55. The suggested coordinate system in MASH.
The deformation of the guardrail system can be assessed by measuring the maximum
deflection of the rails during the collision (dynamic deflection) and the permanent
deflection at the end of the collision. These two parameters were obtained from the
simulations and are reported in this research. Although these parameters give a good
measure of guardrail system deflection, they are not completely representative of the
relative ground stiffness of systems with different mow strips. The guardrail posts close to
the impact point usually fail, and their tops move considerably even with very stiff asphalt
mow strips. However, if the mow strip is extremely strong, then the ground level
displacement of the posts is very limited. Therefore, the summation of ground level
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displacement of all posts is used as an additional parameter to better assess the relative
ground stiffness of the various mow strips considered in this research. This parameter is a
direct measure of ground level stiffness and ground level translation of the guardrail
system, which is critical in this research. If the guardrail posts do not translate sufficiently
at the ground level, then the likelihood of wheel snagging and vehicle pocketing increases.
Pocketing failure causes the vehicle to get stuck into the guardrail, and it does not get
redirected back to the road. A sudden stop of the vehicle during pocketing failure causes
large deformations of the vehicle and extremely high vehicle deceleration, leading to a
crash test failure.
6.3
6.3.1

Full-Scale Crash Simulation Results
Guardrail System without Mow Strip (Soil Only)
First, a baseline model without added asphalt mow strips was considered for

validation and to establish a baseline for comparison with cases with asphalt mow strips.
The simulation results are graphically presented in Figure 56 throughFigure 61. During the
collision, the leading front wheel of the vehicle hit a guardrail post at approximately 0.1
sec (Figure 56 and Figure 58 at 0.1 sec). The wheel failed partially but stayed connected to
the vehicle and continued to rotate throughout the remainder of the simulation, as shown
in Figure 61. At approximately 0.2 sec the vehicle hit the second post (Figure 56 and Figure
58 at 0.2 sec) and passed over this post. The vehicle moved forward and hit the third post
at approximately 0.3 sec (Figure 56 and Figure 58 at 0.3 sec).
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Figure 56. Simulation result for the guardrail system without mow strip – up to 0.3
sec.
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Figure 57. Simulation result for the guardrail system without mow strip–after 0.3
sec.
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Figure 58. Simulation result for the guardrail system without mow strip – up to 0.3
sec.
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Figure 59. Simulation result for the guardrail system without mow strip–after 0.3
sec.
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Figure 60. Simulation result for the guardrail system without mow strip.

Figure 61. Vehicle deformation for the guardrail system with soil only.
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However, the wheel did not completely go over the post, which happened to the first and
second posts. At this point, the vehicle was parallel to the guardrail. The vehicle was
redirected back to the road and lost contact with the guardrail at approximately 0.65 sec.
Vehicle pocketing did not occur during this simulation.
The longitudinal and lateral accelerations of the vehicle were obtained and are
shown in Figure 62 andFigure 65. The integration of these accelerations over time
produced the velocity of the occupant relative to the vehicle in longitudinal and lateral
directions that are presented in Figure 63 andFigure 66. Integration of the velocity resulted
in the displacement of the occupant relative to the vehicle, as presented in Figure 64 and
Figure 67. The times when the lateral displacement became equal to 305 mm and when the
longitudinal displacement became equal to 610 mm were found using the relative
displacement curves (Figure 64 andFigure 67). The smaller of these two was for the lateral
displacement equal to 0.142 sec. This means that the occupant first hit the interior of the
vehicle on his sides before hitting somewhere in front of him in the vehicle. After the
occupant hit the interior, it is assumed that his velocity and acceleration were the same as
the vehicle. This is why the horizontal axis is extended only up to 0.2 sec, which was
slightly after the time when the occupant hit the interior of the vehicle, in Figure 63 and
Figure 64 where relative displacement or velocity of the occupant is presented. The
longitudinal and lateral occupant impact velocities (OIVs) were found using the relative
velocity curves (Figure 63 andFigure 66) by finding the relative velocities at 0.142 sec.
Thereafter, the peak accelerations from the acceleration curves (Figure 62 and Figure 65)
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were found for the period of time after 0.142 sec until the end of the collision. The OIVs
and ORAs were smaller than the maximum limit in MASH guidelines. The results are
reported in Table 10.
The roll, pitch, and yaw angles of the vehicle were recorded during the simulation.
The time histories for these parameters are shown in Figure 68 throughFigure 70. The peak
values of roll and pitch were less than MASH limit, which is equal to 75 deg. The initial
impact angle of 25 degrees was subtracted fom the yaw angle at the time when the vehicle
lost contact with the guardrail to determine the exit angle. The peak values of yaw, roll,
and pitch angles, the exit angle, and the exit speed of the vehicle are reported in Table 10.

Figure 62. 10 m/s average vehicle longitudinal acceleration (g) – soil only.
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Figure 63. Relative longitudinal velocity of the occupant (m/s) – soil only.

Figure 64. Relative longitudinal displacement of the occupant (m) – soil only.
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Figure 65. 10 m/s average vehicle lateral acceleration (g) – soil only.

Figure 66. Relative lateral velocity of the occupant (m/s) – soil only.
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Figure 67. Relative lateral displacement of the occupant (m) – soil only.
The maximum deflection of the guardrail, the permanent deflection of the guardrail,
and the summation of ground level displacement of all posts were measured and reported
in Table 10. None of the posts was pulled out of the ground during the simulation, and
three posts were detached from the guardrail. The model was validated using the
experimental results [60]. Table 10 compares the results obtained from the simulations and
an experimental MASH test on 31-inch MGS guardrail system [60]. The comparison shows
that all the parameters predicted by the finite element model were close to those measured
in the experimental test. Therefore, the model was used for other simulations with added
asphalt mow strips. The simulation results for the cases with asphalt mow strips will be
compared in Section 6.4 with the results for the case with soil only to show how much
ground restraint is added when the guardrail posts are encased in asphalt mow strips.
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Figure 68. Vehicle roll for the setup with soil only (deg).

Figure 69. Vehicle pitch for the setup with soil only (deg).
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Figure 70. Vehicle yaw for the setup with soil only (deg).
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Table 10. Comparison between results from FEA in this research and experiment
[60] for the setup without an asphalt layer.

Parameters

Experiment [60]

FEA in this research

Test Number

MASH Test 3-11

MASH Test 3-11

Designation

2270P

2270P

Test Inertial, kg

2,268

2,270

Speed, km/h

101.1

100

Angle, deg

25.5

25.0

Speed (km/h)

63.7

57.6

Trajectory Angle, deg

13.5

12.8

Longitudinal

8.2

7.4

Lateral

6.9

8.5

Longitudinal

4.7

4.7

Lateral
Dynamic

4.8

4.5

1.1

1.0

Permanent

0.8

0.8

Impact Time for the Occupant t*, sec

N/A

0.142

Sum. of Ground Level Displacement of Posts (m)

N/A

1.686

Max. Yaw Angle, deg

46

41

Max. Roll Angle, deg < 75 deg

-5

-3.5

Max. Pitch Angle, deg < 75 deg

-2

-2.9

Posts detached from rail during impact

4 posts

3 posts

Posts hit by leading tire (wheel snag)

3 posts

3 posts

Posts pulled out of ground

none
mostly

none
mostly

Vehicle

Impact Conditions

Exit Conditions

ORA, g's < 20.49 g

OIV, m/s < 12.2 m/s

Test Article
Deflections, m

Leading tire/wheel disengaged
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6.3.2

Guardrail System with Asphalt Mow Strip with 50 mm Thickness and 600 mm Rear
Distance (Test T50-R600)
The model with soil only was updated by including an asphalt layer with a thickness

of 50 mm and rear distance of 600 mm to the model. The simulation results are presented
graphically in Figure 71 through Figure 76. During the collision, the leading front wheel
of the vehicle hit a guardrail post at approximately 0.1 sec (see Figure 71 andFigure 73 at
0.1 sec). The suspension system failed partially but stayed connected to the vehicle, and
the wheel continued to rotate throughout the rest of the simulation as shown in Figure 76.
At approximately 0.2 sec the vehicle hit the second post and passed over this post (see
Figure 71 and Figure 73 at 0.2 sec). The vehicle moved forward and hit the third post at
approximately 0.3 sec (see Figure 71 and Figure 73 at 0.3 sec). The leading wheel did not
completely go over the post, which happened to the first and second posts. The wheel
snagging for this case was similar to the simulation of the case without an asphalt layer,
which was discussed in the previous Section. The vehicle moved parallel to the guardrail
at approximately 0.3 sec. The vehicle was redirected back to the road and lost contact with
the guardrail at approximately 0.63 sec. Vehicle pocketing did not occur during this
simulation. Asphalt rupture propagated for each post and was connected to the ruptures
around other posts. This created a continuous rupture that ran parallel to the guardrail as
shown in Figure 72 and Figure 74. Moreover, asphalt rupture occurred at the edge of the
mow strip and behind each post, with a substantial ground level displacement.
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Figure 71. Simulation result for Test T50-R600 – up to 0.3 sec.
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Figure 72. Simulation result for Test T50-R600 – after 0.3 sec.
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Figure 73. Simulation result for Test T50-R600 – up to 0.3 sec.
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Figure 74. Simulation result for Test T50-R600 – after 0.3 sec.
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Figure 75. Simulation result for Test T50-R600.

Figure 76. Vehicle Deformation for Test T50-R600.
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The four posts that had the largest ground level displacement caused large asphalt
ruptures, and one large part of the asphalt mow strip behind these four posts was nearly
detached from the rest of the mow strip. This asphalt rupture limited the effect of the mow
strip on the ground level restraint.
The longitudinal and lateral accelerations of the vehicle were obtained and are
shown in Figure 77 and Figure 80. The integration of these accelerations over time
produced the velocity of the occupant relative to the vehicle in longitudinal and lateral
directions as presented in Figure 78 and Figure 81. Another integration over time resulted
in the displacement of the occupant relative to the vehicle, as presented in Figure 79 and
Figure 82. The times when the lateral displacement was equal to 305 mm and when the
longitudinal displacement was equal to 610 mm were found using relative displacement
curves (Figure 79 and Figure 82). The smaller of these two was for the lateral displacement
equal to 0.135 sec, meaning that the occupant first hit the interior of the vehicle on his sides
before hitting somewhere in front of him in the vehicle. After the occupant hit the interior,
it is assumed that his velocity and acceleration were the same as the vehicle for the
remainder of the collision. The longitudinal and lateral occupant impact velocities, OIVs,
were then found using the relative velocity curves (Figure 78 and Figure 81) by finding the
relative velocities at 0.135 sec. Thereafter, the peak accelerations from the acceleration
curves (Figure 77 and Figure 80) were found for the period of time after 0.135 sec until the
end of the collision. The OIVs and ORAs were less than the maximum limit in MASH
guidelines. The results are reported in Table 11.
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The roll, pitch, and yaw angles of the vehicle were recorded during simulations.
The time histories for these parameters are shown in Figure 83 to Figure 85. The peak
values of roll and pitch were less than MASH limit, which is equal to 75 deg. The initial
impact angle of 25 degrees was subtracted from the yaw angle at the time when the vehicle
lost contact with the guardrail to determine the exit angle. The peak values of yaw, roll,
and pitch angles, the exit angle, and the exit speed of the vehicle are reported in Table 11.
The maximum deflection of the guardrail, permanent deflection of the guardrail, and
summation of ground level displacement of all posts are reported in Table 11. None of the
posts was pulled out of the ground during the simulation; three posts were detached from
the guardrail.

Figure 77. 10 m/s average vehicle longitudinal acceleration (g) - Test T50-R600.
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Figure 78. Relative longitudinal velocity of the occupant (m/s) - Test T50-R600.

Figure 79. Relative longitudinal displacement of the occupant (m) – Test T50-R600.
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Figure 80. 10 m/s average vehicle lateral acceleration (g) – Test T50-R600.

Figure 81. Relative lateral velocity of the occupant (m/s) - Test T50-R600.
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Figure 82. Relative lateral displacement of the occupant (m) - Test T50-R600.

Figure 83. Vehicle roll (deg) - Test T50-R600.
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Figure 84. Vehicle pitch (deg) - Test T50-R600.

Figure 85. Vehicle yaw (deg) - Test T50-R600.
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Table 11. Summary of full-scale crash simulation results for Test T50-R600.

Test Number

T50-R600

Designation

2270P

Test Inertial, kg

2,270

Speed, km/h

100

Angle, deg

25.0

Speed (km/h)

60

Trajectory Angle, deg

15

Longitudinal

-7.8

Lateral

7.4

Longitudinal

4.9

Lateral

4.9

Dynamic

0.909

Permanent
Impact time for the Occupant t*, sec

0.707

Sum. of all posts ground level displacement (m)

1.042

Vehicle

Impact Conditions

Exit Conditions

ORA, g's < 20.49 g

OIV, m/s < 12.2 m/s
Test Article
Deflections, m

0.135

Max. Yaw Angle, deg

41

Max. Roll Angle, deg < 75 deg

-3

Max. Pitch Angle, deg < 75 deg

-1

Posts detached from rail during impact

3 posts

Posts hit by leading tire (wheel snag)

3 posts

Posts pulled out of ground

none

Leading tire/wheel disengaged

mostly
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6.3.3

Guardrail System with Asphalt Mow Strip with 90 mm Thickness and 300 mm Rear
Distance (Test T90-R300)
The model was updated by changing the asphalt layer geometry, increasing the

thickness to 90 mm, and decreasing the rear distance to 300 mm. The simulation results
are presented graphically in Figure 86 through Figure 91. During the collision, the leading
front wheel of the vehicle hit a guardrail post at approximately 0.1 sec (Figure 86 and
Figure 88 at 0.1 sec). Similar to the previous simulations, the suspension system failed
partially but stayed connected to the vehicle and the wheel continued to rotate throughout
the rest of the simulation as shown in Figure 91. At approximately 0.2 sec the vehicle hit
and then passed over the second post (Figure 86 and Figure 88 at 0.2 sec). The vehicle
moved forward and hit the third post at approximately 0.3 sec. The leading wheel did not
completely go over the third post as it did with the first and second posts (Figure 86 and
Figure 88 at 0.3 sec). The wheel snagging for this case was similar to the case with 50 mm
thickness and 600 mm rear distance, test T50-R600. The vehicle ran parallel to the
guardrail at approximately 0.3 sec. The vehicle was redirected back to the road and lost
contact with the guardrail at approximately 0.64 sec. Vehicle pocketing did not occur
during this simulation. Asphalt rupture propagated around each post; however, unlike test
T50-R600, the ruptures remained local to each post and did not connect with the ruptures
around other posts. This occurred because the rear distance here was half of the rear
distance in test T50-R600. Therefore, the rupture for each post reached the edge of the
mow strip before joining with ruptures around other posts.
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Figure 86. Simulation result for Test T90-R300 – up to 0.3 sec.
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Figure 87. Simulation result for Test T90-R300 – after 0.3 sec.
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Figure 88. Simulation result for Test T90-R300 – up to 0.3 sec.
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Figure 89. Simulation result for Test T90-R300 – after 0.3 sec.
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Figure 90. Simulation result for Test T90-R300.

Figure 91. Vehicle Deformation for Test T90-R300.
144

When the rupture around each post reached the edge of the mow strip, the part of the mow
strip behind each post was locally detached from the rest of the mow strip. This local
asphalt rupture around the posts considerably decreased the ground level restraint caused
by the asphalt mow strip.
The longitudinal and lateral accelerations of the vehicle were obtained and are
shown in Figure 92 and Figure 95. The integration of these accelerations over time
produces the velocity of the occupant relative to the vehicle in longitudinal and lateral
directions as presented in Figure 93 and Figure 96. Another integration over time resulted
in the displacement of the occupant relative to the vehicle, as presented in Figure 94 and
Figure 97. The times when the lateral displacement equalled 305 mm and when the
longitudinal displacement equalled 610 mm were found using the relative displacement
curves (Figure 94 and Figure 97). The smaller of these two was for the lateral displacement
equal to 0.136 sec, which is close to the occupant impact time for Test T50-R600, which
was 0.135 sec. After the occupant hit the interior, it is assumed that his velocity and
acceleration were the same as the vehicle for the remainder of the collision. The
longitudinal and lateral occupant impact velocities, OIVs, were then found using relative
velocity curves (Figure 93 and Figure 96) by determining the relative velocities at 0.136
sec. Thereafter, the peak accelerations from the acceleration curves (Figure 92 and Figure
95) were found for the period of time after 0.136 sec until the end of the collision. The
OIVs and ORAs were lower than the maximum limit in MASH guidelines. The results are
reported in Table 12.
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The roll, pitch, and yaw angles of the vehicle were recorded during simulations.
The time histories for these parameters are shown in Figure 98 through Figure 100. The
peak values of roll and pitch are lower than the MASH limit, which is equal to 75 deg. The
peak values of yaw, roll, and pitch angles, the exit angle, and the exit speed of the vehicle
are reported in Table 12. The maximum deflection of the guardrail, the permanent
deflection of the guardrail, and the summation of ground level displacement of all posts
are reported in Table 12. None of the posts was pulled out of the ground during the
simulation, and three posts were detached from the guardrail.

Figure 92. 10 m/s average vehicle longitudinal acceleration (g) - Test T90-R300.
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Figure 93. Relative longitudinal velocity of the occupant (m/s) - Test T90-R300.

Figure 94. Relative longitudinal displacement of the occupant (m)–Test T90-R300.
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Figure 95. 10 m/s average vehicle lateral acceleration (g) – Test T90-R300.

Figure 96. Relative lateral velocity of the occupant (m/s) - Test T90-R300.
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Figure 97. Relative lateral displacement of the occupant (m) - Test T90-R300.

Figure 98. Vehicle roll (deg) - Test T90-R300.
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Figure 99. Vehicle pitch (deg) - Test T90-R300.

Figure 100. Vehicle yaw (deg) - Test T90-R300.
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Table 12. Summary of full-scale crash simulation results for Test T90-R300.

Test Number

T90-R300

Designation

2270P

Test Inertial, kg

2,270

Speed, km/h

100

Angle, deg
Speed (km/h)

25.0
57

Trajectory Angle, deg

13

Longitudinal

-9.3

Lateral

8.7

Longitudinal

5.8

Lateral

4.6

Dynamic

0.96

Permanent
Impact Time for the Occupant, sec

0.81

Vehicle

Impact Conditions

Exit Conditions

ORA, g's < 20.49 g

OIV, m/s < 12.2 m/s
Test Article
Deflections, m

Sum. of all posts ground level displacement (m)

0.136
1.473

Max. Yaw Angle, deg

40

Max. Roll Angle, deg < 75 deg

-2

Max. Pitch Angle, deg < 75 deg

1

Posts detached from rail during impact

3 posts

Posts hit by leading tire (wheel snag)

3 posts

Posts pulled out of ground

none
mostly

Leading tire/wheel disengaged
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6.3.4

Guardrail System with Asphalt Mow Strip with 90 mm Thickness and 600 mm Rear
Distance (Test T90-R600)
The model was updated by increasing the rear distance to 600 mm while keeping

the thickness unchanged at 90 mm. This asphalt mow strip geometry is the recommended
GDOT setup. The simulation results are graphically presented in Figure 101 through Figure
106. During the collision, the leading front wheel of the vehicle hit a guardrail post at
approximately 0.1 sec (Figure 101 and Figure 103 at 0.1 sec), which is same as in previous
simulations. However, this time the wheel passed behind the post instead of going over the
post. This is due to the fact that the ground level displacement of the post for this case was
noticeably lower than in previous cases. Again, the suspension system failed partially but
stayed connected to the vehicle; the wheel continued to rotate throughout the rest of the
simulation, as shown in Figure 106. At approximately 0.2 sec the vehicle hit and passed
over the second post (Figure 101 and Figure 103 at 0.2 sec). The vehicle moved forward
and hit the third post at approximately 0.3 sec. Unlike with the first and second posts, the
leading wheel did not completely go over the third post. The wheel snagging for this case
was worse than Tests T50-R600 and T90-R300. The vehicle ran parallel to the guardrail at
approximately 0.3 sec, and was then redirected back to the road, losing contact with the
guardrail at approximately 0.65 sec. Vehicle pocketing did not occur during this simulation.
Asphalt rupture propagated around each post; however, it was much more limited than in
Tests T50-R600 and T90-R300. The ruptures for each post connected to the ruptures
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around other posts. This is similar to the ruptures that occurred in Test T50-R600, which
had the same rear distance.
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Figure 101. Simulation result for Test T90-R600 – up to 0.3 sec.
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Figure 102. Simulation result for Test T90-R600 – after 0.3 sec.
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Figure 103. Simulation result for Test T90-R600 – up to 0.3 sec.
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Figure 104. Simulation result for Test T90-R600 – after 0.3 sec.
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Figure 105. Simulation result for Test T90-R600.

Figure 106. Vehicle Deformation for Test T90-R600.
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Ruptures behind only two posts reached the edge of the mow strip. Those segments of
asphalt became detached from the rest of the asphalt. This considerably decreased the
ground level restraint for these two posts. However, the other posts remained encased in
asphalt through the end of the simulation and experienced much higher ground level
restraint.
The longitudinal and lateral accelerations of the vehicle were obtained and are
shown in Figure 107 and Figure 110. The integration of these accelerations over time
produced the velocity of the occupant relative to the vehicle in the longitudinal and lateral
directions as presented in Figure 108 and Figure 111. Another integration over time
resulted in the displacement of the occupant relative to the vehicle as presented in Figure
109 and Figure 112. The times when the lateral displacement equalled 305 mm and when
the longitudinal displacement equalled 610 mm were found using the relative displacement
curves (Figure 109 and Figure 112). The smaller of these two was for the lateral
displacement, equal to 0.140 sec, which was close to the occupant impact time for previous
test simulations. After the occupant hit the interior, it is assumed that he moved with the
vehicle. The longitudinal and lateral occupant impact velocities, OIVs, were then
determined using relative velocity curves (Figure 108 and Figure 111) by finding the
relative velocities at 0.140 sec. Thereafter, the peak accelerations from the acceleration
curves (Figure 107 and Figure 110) were found for the period of time after 0.140 sec until
the end of the collision. The OIVs and ORAs were lower than the maximum limit in MASH
guidelines. The results are reported in Table 13.
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The roll, pitch, and yaw angles of the vehicle were recorded during simulations.
The time histories for these parameters are shown in Figure 113 to Figure 115. The peak
values of roll and pitch were lower than the MASH limit of 75 deg. The peak values of
yaw, roll, pitch, the exit angle, the exit speed of the vehicle, the maximum deflection of the
guardrail, the permanent deflection of the guardrail, and summation of ground level
displacement of all posts are reported in Table 13. None of the posts was pulled out of the
ground during the simulation, and three posts were detached from the guardrail, which is
the same as all previously discussed test simulations.

Figure 107. 10 m/s average vehicle longitudinal acceleration (g) - Test T90-R600.
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Figure 108. Relative longitudinal velocity of the occupant (m/s) - Test T90-R600.

Figure 109. Relative longitudinal displacement of the occupant (m) – Test T90-R600.
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Figure 110. 10 m/s average vehicle lateral acceleration (g) – Test T90-R600.

Figure 111. Relative lateral velocity of the occupant (m/s) - Test T90-R600.
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Figure 112. Relative lateral displacement of the occupant (m) - Test T90-R600.

Figure 113. Vehicle roll (deg) - Test T90-R600.
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Figure 114. Vehicle pitch (deg) - Test T90-R600.

Figure 115. Vehicle yaw (deg) - Test T90-R600.
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Table 13. Summary of full-scale crash simulation results for Test T90-R600.
Test Number

T90-R600

Designation

2270P

Test Inertial, kg

2,270

Speed, km/h

100

Angle, deg
Speed (km/h)

25.0
58

Trajectory Angle, deg

18

Longitudinal

-11.2

Lateral

11.7

Longitudinal

5.6

Lateral

4.7

Dynamic

0.842

Permanent
Impact time for the Occupant, sec

0.753

Vehicle

Impact Conditions

Exit Conditions

ORA, g's < 20.49 g

OIV, m/s < 12.2 m/s
Test Article
Deflections, m

Sum. of all posts ground level displacement (m)

0.140
0.734

Max. Yaw Angle, deg

44

Max. Roll Angle, deg < 75 deg

-6

Max. Pitch Angle, deg < 75 deg

-5

Posts detached from rail during impact

3 posts

Posts hit by leading tire (wheel snag)

3 posts

Posts pulled out of ground

none
mostly

Leading tire/wheel disengaged
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6.3.5

Guardrail System with Asphalt Mow Strip with 150 mm Thickness and 600 mm
Rear Distance (Test T150-R600)
The model was updated by increasing the thickness to 90 mm; the rear distance

remained unchanged at 600 mm. This asphalt mow strip geometry is the thickest and has
the longest rear distance among all the setups investigated in this research. The simulation
results are graphically presented in Figure 116 through Figure 121. During the collision,
the leading front wheel of the vehicle hit a guardrail post at approximately 0.1 sec, which
is same as previous simulations. However, this time the wheel passed far behind the post
instead of going over the post as in previous simulations (Figure 116 and Figure 118 at 0.1
Sec). This shows that the ground level displacement of the post for this case was
considerably lower than previous cases. In all simulations discussed so far, the suspension
system failed partially but remained connected to the vehicle, and the wheel continued to
rotate throughout the rest of the simulation as shown in Figure 121. At approximately 0.2
sec, the vehicle hit the second post and passed behind it (Figure 116 and Figure 118 at 0.2
Sec). This did not happen in Tests T50-R600, T90-R300, T90-R600, or in the test with soil
only. The vehicle moved forward and hit the third post at approximately 0.3 sec (Figure
116 and Figure 118 at 0.3 Sec). The leading wheel passed over the post, which did not
happen in Tests T50-R600, T90-R300, and T90-R600. The wheel snagging for this case
was much more pronounced than in Tests T50-R600 and T90-R300. The vehicle ran
parallel to the guardrail at approximately 0.3 sec, and was redirected back to the road,
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losing contact with the guardrail at approximately 0.65 sec. Vehicle pocketing did not occur
during this simulation.
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Figure 116. Simulation result for Test T150-R600 – up to 0.3 sec.
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Figure 117. Simulation result for Test T150-R600 – after 0.3 sec.
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Figure 118. Simulation result for Test T150-R600 – up to 0.3 sec.
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Figure 119. Simulation result for Test T150-R600 – after 0.3 sec.
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Figure 120. Simulation result for Test T150-R600.

Figure 121. Vehicle Deformation for Test T150-R600.
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There were very limited asphalt ruptures around each post. These ruptures did no connect
to any of the ruptures from other posts. This means all posts remained encased in asphalt
through the end of the simulation and experienced extreme ground level restraint.
The longitudinal and lateral acceleration, velocity, and displacement of the vehicle
were obtained and are shown in Figure 122 to Figure 127. The occupant impact time is
governed by the lateral impact of the occupant and was determined to be equal to 0.136.
The OIVs and ORAs were obtained based on the occupant impact time and are reported in
Table 14. They are lower than the maximum limit in the MASH guidelines. The roll, pitch,
and yaw angles of the vehicle were recorded during simulations. The time histories for
these parameters are shown in Figure 128 to Figure 130. The peak values of roll and pitch
were lower than the MASH limit of 75 deg. The peak values of yaw, roll, pitch, the exit
angle, the exit speed of the vehicle, the maximum deflection of the guardrail, the permanent
deflection of the guardrail, and summation of ground level displacement of all posts are
reported in Table 14. None of the posts was pulled out of the ground during the simulation,
and three posts detached from the guardrail, which is same as all previously discussed test
simulations.
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Figure 122. 10 m/s average vehicle longitudinal acceleration (g) - Test T150-R600.

Figure 123. Relative longitudinal velocity of the occupant (m/s) - Test T150-R600.
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Figure 124. Relative longitudinal displacement of the occupant(m)–Test T150-R600.

Figure 125. 10 m/s average vehicle lateral acceleration (g) – Test T150-R600.
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Figure 126. Relative lateral velocity of the occupant (m/s) - Test T150-R600.

Figure 127. Relative lateral displacement of the occupant (m) - Test T150-R600.
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Figure 128. Vehicle roll (deg) - Test T150-R600.

Figure 129. Vehicle pitch (deg) - Test T150-R600.
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Figure 130. Vehicle yaw (deg) - Test T150-R600.
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Table 14. Summary of full-scale crash simulation results for Test T150-R600.
Test Number

T150-R600

Designation

2270P

Test Inertial, kg

2,270

Speed, km/h

100

Angle, deg
Speed (km/h)

25.0
57

Trajectory Angle, deg

18

Longitudinal

-7.4

Lateral

7.3

Longitudinal

5.1

Lateral

4.8

Dynamic

0.81

Permanent
Impact time for the Occupant, sec

0.65

Vehicle

Impact Conditions

Exit Conditions

ORA, g's < 20.49 g

OIV, m/s < 12.2 m/s
Test Article
Deflections, m

Sum. of all posts ground level displacement (m)

0.136
331

Max. Yaw Angle, deg

44

Max. Roll Angle, deg < 75 deg

-7

Max. Pitch Angle, deg < 75 deg

-4

Posts detached from rail during impact

3 posts

Posts hit by leading tire (wheel snag)

3 posts

Posts pulled out of ground

none
mostly

Leading tire/wheel disengaged
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6.3.6

Guardrail System with Asphalt Mow Strip with 90 mm Thickness and 600 mm Rear
Distance and Asphalt Diagonal Pre-Cuts (Test T90-R600-C)
The model for Test T90-R600 was modified by adding diagonal pre-cuts to the

asphalt layer behind all posts. The simulation results are graphically presented in Figure
131 through Figure 136. During the collision, the leading front wheel of the vehicle hit a
guardrail post at approximately 0.1 sec (Figure 131 and Figure 133 at 0.1 sec). The
suspension system failed partially but remained connected to the vehicle, and the wheel
continued to rotate throughout the rest of the simulation as shown in Figure 136. At
approximately 0.2 sec the vehicle hit and passed over the second post. The vehicle moved
forward and hit the third post at approximately 0.3 sec. The leading wheel did not
completely go over the post, which happened to the first and second posts. The wheel
snagging for this case was much less than Tests T90-R600; it was very similar to the
baseline test without any asphalt mow strips. The vehicle moved parallel to the guardrail
at approximately 0.3 sec. The vehicle was redirected back to the road and lost contact with
the guardrail at approximately 0.63 sec. Vehicle pocketing did not occur during this
simulation.
Asphalt rupture for each post started to propagate from the edge of each post’s
flanges and became connected to the pre-cuts. After the ruptures on the sides of a post
connected with the pre-cuts behind that post, the asphalt resistance became zero for that
post, and the post behaved as if there was no asphalt mow strip around it. The detached
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section of mow strip behind the posts slid freely and translated with little to no resistance.
This occured for five posts.
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Figure 131. Simulation result for Test T90-R600-C – up to 0.3 sec.
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Figure 132. Simulation result for Test T90-R600-C – after 0.3 sec.
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Figure 133. Simulation result for Test T90-R600-C – up to 0.3 sec.
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Figure 134. Simulation result for Test T90-R600-C – after 0.3 sec.
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Figure 135. Simulation result for Test T90-R600-C.

Figure 136. Vehicle Deformation for Test T90-R600-C.
186

The longitudinal and lateral acceleration, velocity, and displacement of the vehicle
were obtained and are shown in Figure 137 to Figure 142. The occupant impact time was
governed by the lateral impact of the occupant and was determined to be equal to 0.143.
The OIVs and ORAs were obtained based on the occupant impact time and are reported in
Table 15. They were less than the maximum limit in MASH guidelines. The roll, pitch, and
yaw angles of the vehicle were recorded during simulations. The time histories for these
parameters are shown in Figure 143 toFigure 145. The peak values of roll and pitch were
lower than the MASH limit, which is equal to 75 deg. The peak values of yaw, roll, pitch,
the exit angle, the exit speed of the vehicle, the maximum deflection of the guardrail, the
permanent deflection of the guardrail, and summation of ground level displacement of all
posts are reported in Table 14. None of the posts were pulled out of the ground during the
simulation and three posts were detached from the guardrail, which is same as all
previously discussed simulations.
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Figure 137. 10 m/s average vehicle longitudinal acceleration (g) - Test T90-R600-C.

Figure 138. Relative longitudinal velocity of the occupant (m/s) - Test T90-R600-C.
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Figure 139. Relative longitudinal displacement of occupant (m) – Test T90-R600-C.

Figure 140. 10 m/s average vehicle lateral acceleration (g) – Test T90-R600-C.
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Figure 141. Relative lateral velocity of the occupant (m/s) - Test T90-R600-C.

Figure 142. Relative lateral displacement of the occupant (m) - Test T90-R600-C.
190

Figure 143. Vehicle roll (deg) - Test T90-R600-C.

Figure 144. Vehicle pitch (deg) - Test T90-R600-C.
191

Figure 145. Vehicle yaw (deg) - Test T90-R600-C.
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Table 15. Summary of full-scale crash simulation results for Test T90-R600-C.
Test Number

T50-R600

Designation

2270P

Test Inertial, kg

2,270

Speed, km/h

100

Angle, deg
Speed (km/h)

25.0
58

Trajectory Angle, deg

19

Longitudinal

-7.3

Lateral

7.4

Longitudinal

5.5

Lateral

4.8

Dynamic

1.01

Permanent
Impact time for the Occupant t*, sec

0.81
0.143

Sum. of all posts ground level displacement (m)

1.474

Vehicle

Impact Conditions

Exit Conditions

ORA, g's < 20.49 g

OIV, m/s < 12.2 m/s
Test Article
Deflections, m

Max. Yaw Angle, deg

44

Max. Roll Angle, deg < 75 deg

-4

Max. Pitch Angle, deg < 75 deg

-4

Posts detached from rail during impact

3 posts

Posts hit by leading tire (wheel snag)

3 posts

Posts pulled out of ground

none
mostly

Leading tire/wheel disengaged
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6.3.7

Guardrail System with Asphalt Mow Strip with 90 mm Thickness and 600 mm Rear
Distance and a Stiffer Asphalt (Test T90-R600-S)
The model for Test T90-R600 was updated by increasing the asphalt thickness and

stiffness while using the same material properties used in Section 5.1.8. This asphalt was
approximately two times stronger and stiffer than the asphalt type used in this research for
all other test simulations. The simulation results are graphically presented in Figure 146
through Figure 151. During the collision, the leading front wheel of the vehicle hit a
guardrail post at approximately 0.1 sec, which was same as previous simulations. However,
in this case, the wheel passed far behind the post instead of going over the post’s web. This
shows that the ground level displacement of the post in this scenario is extremely limited.
As in all the other simulations in this research, the suspension system failed partially but
stayed connected to the vehicle and the wheel continued to rotate throughout the rest of the
simulation. At approximately 0.2 sec, the vehicle hit the second post and passed far behind
this post (Figure 146 and Figure 148 at 0.2 sec). This did not happen in Tests T50-R600,
T90-R300, T90-R600, T90-R600-C, or the test with soil only. The vehicle moved forward
and hit the third post at approximately 0.3 sec. The leading wheel passed over this post,
which did not happen in Tests T50-R600, T90-R300, T90-R600, T90-R600-C, or the test
with soil only. The wheel snagging for this case was the worst among all test simulations.
The vehicle ran parallel to the guardrail at approximately 0.3 sec, was redirected back to
the road, and lost contact with the guardrail at approximately 0.61 sec.
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Figure 146. Simulation result for Test T90-R600-S – up to 0.3 sec.
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Figure 147. Simulation result for Test T90-R600-S – after 0.3 sec.
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Figure 148. Simulation result for Test T90-R600-S – up to 0.3 sec.
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Figure 149. Simulation result for Test T90-R600-S – after 0.3 sec.
198

Figure 150. Simulation result for Test T90-R600-S.

Figure 151. Vehicle deformation for Test T90-R600-S.
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The vehicle lost contact with the guardrail earlier than any other case discussed in this
research. Vehicle pocketing did not occur during this simulation. Very limited asphalt
rupture occurred around the posts. This means all of the posts remained fully encased in
asphalt through the end of the simulation and experienced extreme ground level restraint
that was close to having a rigid mow strip.
The longitudinal and lateral acceleration, velocity, and displacement of the vehicle
were obtained and are shown in Figure 152 to Figure 157. The occupant impact time was
governed by the lateral impact of the occupant and was determined to be equal to 0.140.
The OIVs and ORAs were obtained based on the occupant impact time and are reported in
Table 16. They were lower than the maximum limit in MASH guidelines. The roll, pitch,
and yaw angles of the vehicle were recorded during simulations. The time histories for
these parameters are shown in Figure 143 to Figure 145. The peak values of roll and pitch
were lower than the MASH limit, which is equal to 75 deg. The peak values of yaw, roll,
pitch, the exit angle, the exit speed of the vehicle, the maximum deflection of the guardrail,
the permanent deflection of the guardrail, and summation of ground level displacement of
all posts are reported in Table 16. None of the posts were pulled out of the ground during
the simulation and three posts were detached from the guardrail, which is same as all
previously discussed test simulations so far.
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Figure 152. 10 m/s average vehicle longitudinal acceleration (g) - Test T90-R600-S.

Figure 153. Relative longitudinal velocity of the occupant (m/s) - Test T90-R600-S.
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Figure 154. Relative longitudinal displacement of occupant (m) – Test T90-R600-S.

Figure 155. 10 m/s average vehicle lateral acceleration (g) – Test T90-R600-S.
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Figure 156. Relative lateral velocity of the occupant (m/s) - Test T90-R600-S.

Figure 157. Relative lateral displacement of the occupant (m) - Test T90-R600-S.
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Figure 158. Vehicle roll (deg) - Test T90-R600-S.

Figure 159. Vehicle pitch (deg) - Test T90-R600-S.
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Figure 160. Vehicle yaw (deg) - Test T90-R600-S.
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Table 16. Summary of full-scale crash simulation results for Test T90-R600-S.
Test Number

T90-R600-S

Designation

2270P

Test Inertial, kg

2,270

Speed, km/h

100

Angle, deg
Speed, km/h

25.0
56

Trajectory Angle, deg

18

Longitudinal

-6.5

Lateral

9.8

Longitudinal

-4.7

Lateral

4.9

Dynamic

0.81

Permanent
Impact time for the Occupant, sec

0.64

Vehicle

Impact Conditions

Exit Conditions

ORA, g's < 20.49 g

OIV, m/s < 12.2 m/s
Test Article
Deflections, m

Sum. of all posts ground level displacement (m)

0.140
0.191

Max. Yaw Angle, deg

44

Max. Roll Angle, deg < 75 deg

-4

Max. Pitch Angle, deg < 75 deg

-4

Posts detached from rail during impact

3 posts

Posts hit by leading tire (wheel snag)

3 posts

Posts pulled out of ground

none
mostly

Leading tire/wheel disengaged
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6.4

Quantitative Comparison between Guardrail Systems with Different Mow
Strips
Finite element crash simulations have limitations that prohibit them from being used

to determine if a particular safety structure passes MASH requirements. MASH guidelines
specify that experimental tests are the only acceptable method for deciding whether a safety
structure passes or fails its requirements. However, finite element simulations can be used
to test additional alternatives, help design future experimental crash tests, and optimize the
design of safety structures. The limitations of the finite element model used in this research
include:
•

Steel rupture was not included. Therefore, rupture could not occur in
guardrails and posts.

•

The vehicle wheels did not fail and detach as easily as they failed in
experimental tests.

•

Rupture was not modeled for the bolted connections in the guardrails.

•

Material failure was not modeled for the blockouts between the posts and
guardrails.

•

The friction coefficient between the vehicle and the guardrail system is an
important parameter in crash simulations. In this research, the friction
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coefficient was assumed to be the same between all surfaces of the vehicle
and all parts of the guardrail system. Through calibration of the model for the
case with soil only and by comparing the simulation results with experimental
crash test results, the friction coefficient was determined to be equal to 0.15.
Higher values of friction angle resulted in too much loss of energy and lower
vehicle exit speeds than what was observed in the experimental test.
Considerably higher values of friction coefficient (0.3 and higher) caused
vehicle pocketing because the vehicle got stuck in the guardrail system.
Friction values less than 0.15 resulted in too little loss of energy and higher
vehicle exit speeds than what was observed in the experimental test.
Because of these limitations and based on MASH guidelines, the crash simulation
results presented in this dissertation cannot be used to decide whether a guardrail system
with a specific mow strip specification passes MASH requirements. Instead, the results are
used to determine the relative performance of guardrail systems with different asphalt mow
strips.
In the previous sections of this chapter, guardrail systems with different mow strips
were compared based on wheel snagging, ground level displacement of the guardrail posts,
and rupture patterns of asphalt mow strips. This comparison shows that Tests T50-R600,
T90-R300, and T90-R600-C show much less ground restraint than other tests with asphalt
mow strips.
208

A quantitative comparison is presented in this section. The simulation results for
all cases considered are summarized in Table 17. The summation of ground level
displacement of all posts in each simulation is used as the primary parameter. The cases
presented in Table 17 are sorted in such a way that summation of ground level displacement
of posts decreases from left to right. The results are also presented in Figure 161. As can
be seen in the table, the dynamic and permanent test article deflections did not have the
same pattern as the ground level displacement. This is because the rails detached from three
of the posts in all simulations; therefore, the guardrail displacement was less dependent on
the posts’ ground level displacements, which is critical in this research. This table also
shows that, with the exception of the summation of ground level displacement of posts,
other parameters in the table do not show a consistent pattern as a function of mow strip
thickness, rear distance, and material properties. Therefore, only the ground level
displacement of posts is used here as a parameter to compare the different setups. This
parameter clearly shows that Tests T90-R300 and T90-R600-C behaved similarly to the
case without an asphalt mow strip. The other setups had considerably less ground level
displacement of the posts when compared to Tests T90-R300, T90-R600-C, and the test
with soil only. This indicates that these two setups are more likely to pass an experimental
full-scale crash test based on the quantitative comparison of full-scale crash simulation
results.
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Figure 161. Summation of ground level displacement of posts compared for
guardrail systems with different mow strips based on simulation results.
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Table 17. Comparison between the simulation results for guardrail systems with
different mow strips. Setups are sorted based on decreasing ground restraint from
the left side to the right side of the table.
Soil
Only
Exp.
[60]

Soil
Only

T90R600-C

T90R300

T50R600

T90R600

T150R600

T90R600-S

Speed (km/h)

64

58

58

60

57

58

57

60

Trajectory
angle, deg

14

19

13

15

13

18

18

15

Longitudinal

8.2

-7.3

7.4

-7.8

-9.3

-11.2

-7.4

-7.8

Lateral

6.9

7.4

8.5

7.4

8.7

11.7

7.3

7.4

Longitudinal

4.7

5.5

4.7

4.9

5.8

5.6

5.1

4.9

Lateral

4.8

4.8

4.5

4.9

4.6

4.7

4.8

4.9

Dynamic

1.100

1.013

1.021

0.909

0.961

0.842

0.812

0.909

Permanent

0.800

0.814

0.812

0.707

0.812

0.753

0.651

0.707

Impact time for the
occupant t*, sec

N/A

0.142

0.143

0.136

0.135

0.140

0.136

0.140

Sum. of ground level
displacement of posts
(m)

N/A

1.686

1.474

1.473

1.042

0.734

0.331

0.191

Max. yaw angle, deg

46

41

44

40

41

44

44

44

Max. roll angle, deg

-5

-3.5

-4

-2

-3

-6

-7

-4

Max. pitch angle, deg

-2

-2.9

-4

1

-1

-5

-4

-4

Test Number

Exit
Conditions

ORA, g

OIV, m/s
Test
article
deflection,

m

Posts detached from rails
during impact

4 posts 3 posts 3 posts

3 posts

3 posts

3 posts

3 posts

3 posts

Posts hit by leading tire
(wheel snag)

3 posts 3 posts 3 posts

3 posts

3 posts

3 posts

3 posts

3 posts

None

None

None

None

None

Mostly

Mostly

Mostly

Mostly Mostly

Posts pulled out of ground
Leading tire/wheel
disengaged

None

None

None

Mostly Mostly Mostly

211

CHAPTER 7.
EFFICIENT MODELING OF GUARDRAIL POSTS
EMBEDDED IN ASPHALT LAYERS VIA P-Y CURVES
7.1

Finite Element Model of Constrained Guardrail Posts Embedded in Asphalt
Mow Strips
The finite element model of the guardrail post system described in Chapter 4 included

the soil around the post. The load was applied to the post dynamically using an impactor.
For conducting parametric studies solely on the asphalt mow strip’s geometric and material
properties, a simpler model was used. The soil was removed from the model to reduce the
simulation time and focus on the effect of mow strip’s geometric and material properties
on the force applied to the post from the asphalt layer. The nodes on the free edge of the
asphalt mow strip were set free, and the nodes on the other three edges of the asphalt layer
were fixed, as in the model that is shown in Figure 162. All of the nodes of the steel post
were translated together to apply a uniform load to the asphalt layer in order to find the
asphalt bearing and rupture capacities. Moreover, all nodes of the post were rotated around
the z-axis located at the center of the post cross section area in order to obtain the torsional
capacity of the asphalt layer. This allowed for measurement of the force and moment
coming from the asphalt layer for a given translation or rotation of the guardrail post with
a specific displacement or rotation rate. The applied dynamic loads and moments per unit
thickness of the asphalt layer were obtained by dividing the forces and moments from finite
element simulation results by the thickness of the asphalt layer. The obtained force212

displacement and moment-rotation curves are the dynamic p-y curves for the asphalt layer
with particular mow strip geometric and dynamic material properties.
The force and moment applied to the post from the asphalt layer are functions of
displacement rate and rotation rate. These rates were estimated by studying full-scale crash
simulations and measuring the displacement and rotation rates of the post at the ground
level. The displacement rate, which is used in this dissertation for the dynamic finite
element simulations to obtain p-y curves, is equal to 5 m/s and the rotation rate used is
equal to 500 deg/s. The rate of displacement and rotation at the top of the post is typically
much higher. However, the rates that affect the asphalt layer are the ones at the ground
level.

Figure 162. The Finite Element Model used for parametric studies in order to
develop p-y curves.
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7.2

P-Y Curves for the Lateral Strength of Guardrail Posts Embedded in Asphalt
Mow Strips Using Simplified Analytical Solutions and Dynamic FE Simulations
A parametric study was performed by varying the mow strip material properties and

geometry, the guardrail post flanges width, and the post’s cross section depth. The asphalt
friction angle ϕ, cohesion c, shear modulus G, Poisson’s ratio υ, rear distance r, post cross
section depth h, and post flanges width bf were varied using discrete values equal to [10,
20, 30, 40, 50] deg., [100, 500, 1,000] kPa, [50, 100, 1,000] MPa, [0.2, 0.3, 0.4], [0, 150,
300, 450, 600, 1,200, ∞] mm, [75, 150, 300] mm, and [50, 100, 200] mm, respectively. The
asphalt thickness was set equal to 100 mm; this was based on the p-y curve assumption that
the thickness does not change the shape of the force-displacement curve and only scales it.
(This assumption was validated and presented previously in Figure 22b in Section 3.2.2.)
When the force-displacement curves were obtained after each simulation, the force and
stiffness values were divided by 100 mm to obtain p-y curves for a unit thickness of asphalt.
The results were used in a regression analysis to find unknown constants in the fundamental
mechanics of materials equations obtained for each failure mechanism. This methodology
has been used successfully in various other research areas in order to solve complex
problems in civil engineering [61]–[65].
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7.2.1

Rupture

7.2.1.1 Upper Bound Solution for the Shear Capacity of Asphalt Layers
The expression for the shear capacity of the asphalt layer was derived using the
upper bound theorem in geotechnical engineering [53]. This theorem compares the rate of
work of the external loads with the internal energy dissipation. Because the asphalt in this
research is assumed to be a Mohr-Coulomb material, it was necessary to determine the
internal dissipation for this idealization. The formulation presented by Davis and
Selvadurai [53] is used in this paper; it assumes that internal energy dissipation would
occur within shear bands. By localizing all dissipation on a single surface, the problem was
simplified. By assuming an associated flow rule, the plastic strain rates must be normal to
the yield surface, as shown in Figure 163.

Figure 163. Mohr-Coulomb yield criterion with a normal plastic strain rate vector.
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𝑝

The plastic shear strain rate, 𝜀̇𝑡 , acting tangential to the slip surface, and the plastic
extensional strain rate, 𝜀̇𝑛𝑝 , acting normal to the slip surface were two components of the
plastic strain rate vector, 𝜀̇𝑝 . The rate of energy dissipation per unit volume, Dvol, within
the shear band was calculated as
𝐷𝑣𝑜𝑙 = 𝜏𝜀̇𝑡𝑝 + 𝜎𝜀̇𝑛𝑝

(9)

The velocity components of the parts of the material on the sides of the shear band relative
to each other were defined as vt and vn. Since the shear band was thin, the plastic strain
rates were approximated by:
𝜀̇𝑡𝑝 = 𝑣𝑡 /ℎ

(10)

𝜀̇𝑛𝑝 = 𝑣𝑛 /ℎ
where h was the thickness of the shear band. Next, D, the rate of dissipation per unit length
of the shear band was obtained using Eq. 9 and 10 as
𝐷 = 𝜏𝑣𝑡 + 𝜎𝑣𝑛

(11)

Knowing that 𝜀̇𝑛𝑝 = −𝜀̇𝑡𝑝 tan 𝜙 and 𝑣𝑛 = −𝑣𝑡 tan 𝜙, Eq. 11 was further simplified to
𝐷 = 𝑣𝑡 (𝜏 − 𝜎 𝑡𝑎𝑛 𝜙)

(12)

The combination of Eq. 1 (see Section 2.2.10.2) and Eq. 12 yielded the resulting equation
for the internal energy dissipation:
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𝐷 = 𝑣𝑡 𝑐 = 𝑐𝑣 𝑐𝑜𝑠 𝜙

(13)

A typical failure mechanism of the asphalt layer behind the guardrail posts is
presented in Figure 164, where 𝛽 = 90 − 𝜙 and v is the velocity of the asphalt segment
behind the post moving in the direction of the applied load. Based on this failure
mechanism, shearing happened within a relatively narrow region and the rate of dissipation
was equal to D multiplied by the length of the shear band; that is, 2(𝑟 + ℎ)/sin(𝛽) as
shown in Figure 164. Therefore, the equality of the rate of work of the external loads and
internal energy dissipation rate was written as

𝑝𝑠 𝑣 = 2 𝑐 𝑣 𝑐𝑜𝑠(𝜙)

(𝑟+ℎ)

(14)

𝑠𝑖𝑛(𝛽)

where 𝑝𝑠 is the shear capacity per unit thickness of asphalt. Because the sum of 𝜙 and 𝛽
was equal to 90 degrees, Eq. 14 was simplified to
𝑝𝑠 = 2 𝑐 (𝑟 + ℎ)

(15)

The equation above gives the static peak load applied to the post per unit thickness of the
asphalt layer when the shear failure occurs. The shear capacity is a function of asphalt
cohesion and the sum of the rear distance and post cross section depth (r + h).
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Figure 164. Assumed failure mechanism for the shear capacity.

7.2.1.2 Limit Equilibrium Solution for the Tensile Capacity of the Asphalt Layer
Because the asphalt was assumed to be a Mohr-Coulomb material, at the tip of the
yield surface (cone shape), the shear stresses were equal to zero, and the value of all
principal stresses became equal to the value of failure pressure, p, or the negative of the
principal failure stress, −𝜎𝑀𝑎𝑥 . The components of stress at this point were written as
σ12 = σ13 = σ21 = σ23 = σ31 = σ32 = 0
𝜎11 = 𝜎22 = 𝜎33 = 𝑝𝑓 = −𝑐/ 𝑡𝑎𝑛(𝜙) = −𝜎𝑀𝑎𝑥
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(16)

where pf is the failure pressure. Moreover, the shear strains were zero, and the principal
strains became equal to the volumetric strain divided by three, which was written as
ε12 = ε13 = ε21 = ε23 = ε31 = ε32 = 0
𝜀11 = 𝜀22 = 𝜀33 = 𝜀𝑣 /3

(17)

In this dissertation, it was assumed that when the pressure reached the failure
pressure, pf, it remained constant. In addition, it was assumed that the volumetric strain
increased until it reached the volumetric failure strain, and then the asphalt failed. By
assuming failure planes on each side of the post at which the shear stresses are zero and
the principal stresses are equal to −𝜎𝑀𝑎𝑥 (Figure 165), the equilibrium of forces for the
space between these two planes and unit thickness was written as
𝑐

𝑝𝑡 = 2(𝑟 + ℎ) 𝜎𝑀𝑎𝑥 tan 𝛼 = 2(𝑟 + ℎ) 𝑝𝑓 tan 𝛼 = 2(𝑟 + ℎ) 𝑡𝑎n(𝜙) tan 𝛼

(18)

where 𝑝𝑡 is the tensile capacity per unit thickness of asphalt and 𝛼 is the angle between the
assumed zero-shear planes and the direction of post’s movement. This simplified solution
demonstrated that an increase in the rear distance or maximum tensile stress at failure had
a direct impact on the tensile capacity.
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Figure 165. Assumed tensile failure mechanism with zero shear planes.

7.2.1.3 Rupture Capacity of the Asphalt Layer
Based on Eq. 15, the shear capacity is a function of the cohesion c and the sum of
rear distance and the post’s cross section depth (r + h). Based on Eq. 18, the tension
capacity is a function of the asphalt cohesion c, the sum of rear distance and the post’s
cross section depth (r + h), and the asphalt friction angle ϕ. However, the real failure
mechanism was more sophisticated, involving a combination of shear and tension failure.
In order to simplify the solution and include both failure modes, a single equation was
proposed to combine these two failure mechanisms. The combined strength is referred to
as the rupture capacity. The following predictive equation was proposed for the rupture
capacity per unit thickness of asphalt
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𝑝𝑟 = 𝑐 (r + h)(𝑎𝑟 +𝑓𝑟 𝜙 ) < 𝑝𝑏𝑓

(19)

where 𝑎𝑟 and 𝑓𝑟 are dimensionless constants. The proposed rupture capacity is a function
of cohesion and (r+h), which is similar to the shear capacity in Eq. 15 and the tensile
capacity in Eq. 18. The rupture capacity decreased as the friction angle increased, based on
the results presented in Section 3.2.4 and Figure 22d. The decrease in the rupture capacity
shown in Figure 22d was approximately proportional to the angle of friction. Therefore, a
linear function of the angle of friction is included in Eq. 19. This linear approximation
accounts for the decrease in tensile capacity when the friction angle increased, which
appeared as tan 𝛼 /tan(𝜙) in Eq. 18. The rupture capacity was limited to the bearing
capacity perpendicular to flanges 𝑝𝑏𝑓 , which will be discussed in section 7.2.2. The peak
force increased as the rear distance increased until it reached the bearing capacity for large
rear distances. In the finite element simulations, the peak forces obtained for cases with
limited rear distance were compared to cases with infinite rear distance. In each case, if the
peak force for a limited rear distance was equal to the peak force with infinite rear distance,
then the rear distance was large enough that the bearing capacity was reached. These cases
cannot be used in a regression analysis to find the constants in Eq. 19. On the other hand,
if the peak force for a limited rear distance was less than the peak force with infinite rear
distance, the bearing capacity was not reached, and the rupture capacity controlled the
behavior. These peak forces were used in the regression analysis to find constants 𝑎𝑟 and
𝑓𝑟 in Eq. 19. Based on the FEA simulation results and regression analysis, 𝑎𝑟 and 𝑓𝑟 were
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found. The mean values for these constants, their standard deviations, and the model
standard deviation for 𝑝𝑟 are given in Table 18. The rupture capacity or peak force obtained
from the FEA and predicted by Eq. 19 are compared in Figure 166. The comparison shows
that Eq. 19 can predict the dynamic rupture capacities obtained from the FEA simulations.
Table 18. Variables and constants for rupture failure.
Parameter Mean value

Standard error

𝑝𝑟

N.A.

29.49 N/mm

𝑎r

2.87

0.07

𝑓r

-0.025

0.003

𝑦𝑟

N.A.

1.5

𝑙𝑦𝑟

1362 mm

33 mm

𝑦𝑢

N.A.

12 mm

𝑢𝑟

15.12

2.17
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Figure 166. Rupture capacity predicted by regression model versus FEA results.
7.2.1.4 P-Y Curves for the Rupture Capacity
The resisting lateral force in the asphalt layer increased as the displacement
increased. On the force-displacement curve, the force increased until it reached its peak,
and then decreased in the softening phase until it became zero. The force reached zero
because the rear distance was limited and one part of the asphalt layer detached from the
rest of the mow strip. After this point, there was no asphalt resistance. The portion of the
curve up to the peak force was approximated by a second-degree polynomial, knowing that
the curve passed the origin (0 N/mm, 0 mm) and that the peak of the curve was where the
223

peak force occurred (pr, yr). The force was then assumed to decrease linearly until it reached
zero. Therefore, the equation for the p-y curve could be written as
𝑦 2
𝑦
p = [− ( ) + 2 ] 𝑝𝑟
𝑦𝑟
𝑦𝑟

p=

(𝑦𝑢 − 𝑦)𝑝𝑟
(𝑦𝑢 − 𝑦𝑟 )

𝑦 ≤ 𝑦𝑟

𝑦𝑟 < 𝑦 < 𝑦𝑢

𝑝=0

𝑦 ≥ 𝑦𝑢

(20)

where yr is the lateral displacement at which the peak force pr occurred, and yu is the lateral
displacement where one piece of the asphalt layer became detached, and the resistance of
the layer reached zero. The lateral displacement, yr, was obtained using the following
proposed equation
𝑐

𝑦𝑟 = 𝑙𝑦𝑟 𝐺

(21)

where lyr is a constant with a dimension of length. Using finite element parametric studies,
lyr was obtained. The model standard error for 𝑦𝑟 , along with the mean value and standard
error for 𝑙𝑦𝑟 , are provided in Table 18. The ultimate lateral displacement yu was calculated
as:

𝑦𝑢 = 𝑦𝑟 + 𝑢𝑟

𝑐 (𝑟+ℎ)

(22)

𝐺
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where ur is a dimensionless constant obtained from parametric studies. The model standard
error for 𝑦𝑢 , along with the mean value and standard error for 𝑢𝑟 , are provided in Table 18.
Moreover, the unloading curve for the rupture capacity was assumed to have the same slope
as the initial slope of the loading curve, which was 𝑘𝑟𝑢 = 2𝑝𝑟 /𝑦𝑟 . Sample rupture capacity
p-y curves for various values of cohesion, friction angle, rear distance, and shear modulus
are presented in Figure 167 through Figure 170. With the exception of the varied parameter
in each figure, constant values of c = 500 kPa, Φ = 35 deg., G = 50 MPa, r = 300 mm, and
h = 150 mm were used.

Figure 167. Rupture capacity p-y curves for various values of cohesion c.
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Figure 168. Rupture capacity p-y curves for various values of friction angle Φ.

Figure 169. Rupture capacity p-y curves for various values of rear distance r.
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Figure 170. Rupture capacity p-y curves for various values of shear modulus G.
7.2.2

Bearing Failure of the Asphalt Perpendicular to Post Flanges

7.2.2.1 Limit Equilibrium Solution for Bearing Capacity of the Asphalt Perpendicular to
Post Flanges
The post’s cross-sectional depth was comparable to the flange width. Therefore, the
stresses behind each flange affected the other flange, and they acted in a coupled fashion.
A possible failure mechanism for this case occurred when the rear flange reached its
bearing capacity and shear failure occurred on two sides of the post, as shown in Figure
171.
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Figure 171. Bearing capacity failure mechanism perpendicular to the flanges.
The bearing capacity per unit thickness of asphalt was then obtained as
𝑝𝑏𝑓 = 𝜎𝑏 𝑏𝑓 + 2𝜏𝑏 ℎ

(23)

where the bearing stress 𝜎𝑏 and the side shear stress when the bearing capacity is reached
𝜏𝑏 are functions of cohesion c and friction angle ϕ.
7.2.2.2 Bearing Capacity of the Asphalt Layer Perpendicular to the Post Flanges
Based on Eq. 23, the bearing capacity perpendicular to flanges is a function of
flange width, bf, post cross-section depth, h, bearing stress, 𝜎𝑏 , and shear stress when the
bearing stress is reached, 𝜏𝑏 . The bearing stress and shear stress are functions of the
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cohesion and the friction angle of the asphalt. When the asphalt cohesion increased, the
size of the Mohr-Coulomb yield surface increased proportionally. Therefore, the finite
element simulation results show that when cohesion increased, the bearing capacity
increased proportionally. Moreover, an increase in the friction angle increased the slope of
the Mohr-Coulomb yield surface proportionally, which resulted in larger shear stresses at
failure. When the friction angle became equal to zero, the material was not pressuredependent anymore, and the bearing stress became a linear function of the cohesion.
Therefore, the following equation was used to estimate the bearing stress 𝜎𝑏 :
𝜎𝑏 = 𝑐(𝑎𝑏𝑓 +𝑓𝑏𝑓 ϕ)

(24)

where 𝑎𝑏𝑓 and 𝑓𝑏𝑓 are dimensionless constants. By assuming that 𝜏𝑏 is proportional to 𝜎𝑏
it was then written as
𝜏𝑏 = ℎ𝑏𝑓 𝜎𝑏 = 𝑐(𝑎𝑏𝑓 +𝑓𝑏𝑓 ϕ)(ℎ𝑏𝑓 )

(25)

where ℎ𝑏𝑓 is a dimensionless constant. By inserting 𝜎𝑏 and 𝜏𝑏 from Eqs. 24 and 25 into
Eq. 23, the bearing capacity perpendicular to the post flanges was determined to be
𝑝𝑏𝑓 = 𝑐 (𝑎𝑏𝑓 + 𝑓𝑏𝑓 ϕ)(𝑏𝑓 + 2 ℎ𝑏𝑓 h )

(26)

The peak force obtained from simulation results for the cases with infinite rear distance
was used in a nonlinear regression analysis to determine these parameters. The model
standard error for 𝑝𝑏𝑓 , the mean values, and standard errors for the constants 𝑎𝑏𝑓 , 𝑓𝑏𝑓 , and
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ℎ𝑏𝑓 are given in Table 19. The bearing capacities, obtained by FEA and predicted by Eq.
26, are compared in Figure 172. The comparison shows that Eq. 26 can predict the bearing
capacity perpendicular to flanges obtained from FEA.
Table 19. Variables and constants for bearing failure perpendicular to flanges.
Parameter

Mean value

Standard error

𝑝𝑏𝑓

N.A.

89 N/mm

𝑎𝑏𝑓

8.55

0.48

𝑓𝑏𝑓

0.10

0.016

ℎbf

0.250

0.026

𝑘𝑏𝑓

N.A.

14 N/mm2

ℎ𝑘𝑏𝑓

0.0198 mm-1

0.0016 mm-1

𝑏𝑘𝑏𝑓

0.0362 mm-1

0.0029 mm-1
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Figure 172. Bearing capacity perpendicular to flanges by Eq. 26 versus FEA results.
7.2.2.3 P-Y Curves for the Bearing Capacity of the Asphalt Layer Perpendicular to
Flanges
The resisting force increased as the post moved, reached the maximum force, and
stayed constant thereafter. Using the bearing capacity, 𝑝𝑏𝑓 , and the initial slope of the
curve, 𝑘𝑏𝑓 , a simple hyperbolic function was used to estimate the behavior of the system.
The equation for the hyperbola was written as
𝑝 = 𝑦/(1/𝑘𝑏𝑓 + 𝑦/𝑝𝑏𝑓 )

(27)
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The initial slope of the curve 𝑘𝑏𝑓 with dimension of N/mm2 were calculated using the
following proposed equation
𝑘𝑏𝑓 = 𝐺(ℎ𝑘𝑏𝑓 ℎ + 𝑏𝑘𝑏𝑓 𝑏𝑓 )

(28)

Using finite element parametric studies and linear regression, the constants ℎ𝑘𝑏𝑓 and 𝑏𝑘𝑏𝑓
were obtained. The model standard error for 𝑘𝑏𝑓 , along with the mean values and standard
errors for ℎ𝑘𝑏𝑓 and 𝑏𝑘𝑏𝑓 , are provided in Table 19. This equation indicated that the initial
slope of the curve had a direct relation with the post flange width, cross section depth, and
the shear modulus of the asphalt. The unloading curve for the rupture capacity was assumed
to have the same slope as the initial slope of the loading curve equal to 𝑘𝑏𝑓 . Sample bearing
capacity p-y curves for various values of cohesion, friction angle, and shear modulus are
shown in Figure 175 throughFigure 181. Except for the varied parameter in each case
figure, constant values of c = 500 kPa, Φ = 35 deg., G = 50 MPa, bf = 100 mm, and h =
150 mm were used.
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Figure 173. P-Y curves for the bearing capacity perpendicular to post flanges for
various values of cohesion c.

Figure 174. P-Y curves for the bearing capacity perpendicular to post flanges for
various values of friction angle Φ.
233

Figure 175. P-Y curves for the bearing capacity perpendicular to post flanges for
various values of shear modulus G.
7.2.3

Bearing Failure of Asphalt Perpendicular to the Post Web

7.2.3.1 Limit Equilibrium Solution for Bearing Capacity of Asphalt Perpendicular to the
Web
When the load was applied perpendicular to the web, the post reached its bearing
capacity when the asphalt in front of the web reached its bearing capacity, as shown in
Figure 176. The bearing capacity per unit thickness of asphalt was calculated as
𝑝𝑏𝑤 = 𝜎𝑏 ℎ

(29)

where 𝜎𝑏 is the bearing stress, which is a function of cohesion c and friction angle ϕ.
Therefore, the bearing capacity was directly related to the web depth and bearing stress.
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Figure 176. Bearing capacity failure mechanism when the load is applied
perpendicular to the web.
7.2.3.2 Bearing Capacity of the Asphalt Layer Perpendicular to the Web
Based on Eq. 29, the bearing capacity perpendicular to the web was a function of
cross-section depth, h, and the bearing stress, 𝜎b . The bearing stress was a function of
cohesion and friction angle. Therefore, the following predictive equation was utilized for
the bearing capacity perpendicular to the web per unit thickness
𝑝𝑏𝑤 = 𝑐 (𝑎𝑏𝑤 +𝑓𝑏𝑤 ϕ)h

(30)

where 𝑎𝑏𝑤 , 𝑎𝑛𝑑 𝑓𝑏𝑤 are dimensionless constants. The model standard error for 𝑝𝑏𝑤 along
with the mean values and standard errors for 𝑎𝑏𝑤 , and 𝑓𝑏𝑤 are given in Table 20. The
bearing capacities obtained by FEA for cases with various friction angles are presented in
Figure 177. As can be seen from this figure, the bearing capacity had a linear relation with
friction angle.
235

Table 20. Variables and constants for bearing failure perpendicular to the web.
Parameter

Mean value

Standard error

𝑝𝑏𝑤

N.A.

8.76 N/mm

𝑎𝑏𝑤

5.50

0.18

𝑓𝑏𝑤

0.142

0.011

𝑘𝑏𝑤

N.A.

11 N/mm2

𝑙𝑘𝑏𝑤

0.021 mm-1

0.002 mm-1

Figure 177. Bearing capacity perpendicular to the web obtained from FEA versus
friction angle of asphalt.
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7.2.3.3 P-Y Curves for the Bearing Capacity of the Asphalt Layer Perpendicular to the
Web
The resisting lateral force in the asphalt layer increased as the displacement
increased. It was assumed that the rear distance had no effect on the bearing resistance
perpendicular to the web. Using the bearing capacity, 𝑝𝑏 , and the initial slope of the
curve, 𝑘𝑏 , a simple hyperbolic function was used to estimate the behavior of the system.
The equation of the hyperbola was written as
𝑝 = 𝑦/(1/𝑘𝑏𝑤 + 𝑦/𝑝𝑏𝑤 )

(31)

The initial slope of the curve 𝑘𝑏𝑤 was found using the following proposed equation
𝑘𝑏𝑤 = 𝑙𝑘𝑏𝑤 𝐺ℎ

(32)

Using finite element parametric studies and linear regression, the constant 𝑙𝑘𝑏𝑤 was
obtained; it is presented in Table 20. The unloading curve for the bearing capacity was
assumed to have the same slope as the initial slope of the loading curve equal to 𝑘𝑏𝑤 .
Sample bearing capacity p-y curves for various values of cohesion, friction angle, and shear
modulus are shown in Figure 178 through Figure 180. Except for the varied parameter in
each figure, constant values of c = 500 kPa, Φ = 35 deg., G = 50 MPa, bf = 100 mm, and h
= 150 mm were used.
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Figure 178. P-Y curves for the bearing capacity perpendicular to the post's web for
various values of cohesion c.

Figure 179. P-Y curves for the bearing capacity perpendicular to the post web for
various values of friction angle Φ.
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Figure 180. P-Y curves for the bearing capacity perpendicular to the post web for
various values of shear modulus G.
7.2.4

Torsional Failure

7.2.4.1 Limit Equilibrium Solution for the Torsional Capacity of Asphalt
Vehicles impact guardrail systems at an angle and the guardrail posts are twisted
during the vehicle crash. By simplifying assumptions, the torsional capacity of the asphalt
can be found. If the post rotates around its center point, then, for small rotations, the applied
stresses will be perpendicular to the web as shown in Figure 181.
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Figure 181. Torsional capacity when a torsional moment is applied to the post.
If it is assumed that the asphalt reaches its bearing capacity uniformly along the
web and flanges, then the torsional capacity is obtained as
𝑚𝑡 = 𝜎𝑏 (ℎ2 /4 + 𝑏𝑓2 /2)

(33)

where 𝑚𝑡 is the torsional capacity per unit thickness of asphalt.
7.2.4.2 Torsional Capacity of Asphalt
Based on Eq. 33, the torsional capacity is a function of cross section depth, h,
flanges width, bf, and the bearing stress, 𝜎𝑏 . The bearing stress is a function of cohesion
and friction angle. Therefore, the following predictive equation was used for the torsional
capacity of asphalt:
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𝑚𝑡 = 𝑐(𝑎𝑚𝑡 + 𝑓𝑚𝑡 ϕ)(ℎ𝑚𝑡 ℎ2 + 𝑏𝑚𝑡 𝑏𝑓2 )

(34)

where 𝑎𝑚𝑡 , 𝑓𝑚𝑡 , ℎ𝑚𝑡 and 𝑏𝑚𝑡 are dimensionless constants and mt is the asphalt torsional
capacity per unit thickness. The post in the finite element model was rotated around the z
axis with rotation rate of 500 deg/s, and the torsional moment applied to it was measured.
The peak moment obtained from simulation results for the cases with infinite rear distance
was used in nonlinear regression analysis, and it was assumed that rear distance did not
affect the torsional capacity. The unknown constants in Eq. 34 were obtained via nonlinear
regression analysis using the finite element simulation results. The model standard error
for mt, the mean values, and standard errors for constants 𝑎𝑚𝑡 , 𝑓𝑚𝑡 , ℎ𝑚𝑡 and 𝑏𝑚𝑡 are given
in Table 21. The torsional capacities obtained by FEA and predicted by Eq. 34 are
compared in Figure 172. The comparison shows that Eq. 34 can predict the torsional
capacity.
Table 21. Variables and constants for torsional failure.
Parameter

Mean value

Standard error

𝑚𝑡

N.A.

3450 N.mm/mm

𝑎𝑚𝑡

7.51

0.12

𝑓𝑚𝑡

0.199

0.030

ℎ𝑚𝑡

0.181

0.012

𝑏𝑚𝑡

0.208

0.019

𝑘𝑚𝑡

N.A.

2265 (N.mm)/(mm.deg)

ℎ𝑘𝑚𝑡

0.0052

0.0006

𝑏𝑘𝑚𝑡

0.0138

0.0011
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Figure 182. Asphalt torsional capacity predicted by Eq. 34 versus FEA results.
7.2.4.3 P-Y Curves for the Torsional Capacity of the Asphalt Layer
The resisting torsional moment increased as the post rotated. It was assumed that
the rear distance did not affect the torsional resistance. Using the torsional capacity, 𝑚𝑡 ,
and the initial slope of the curve, 𝑘𝑚𝑡 , a simple hyperbolic function can be used to estimate
the behavior of the system. The equation of the hyperbola was written as
𝑝 = y/(1/k mt + y/mt )

(35)

The initial slope of the curve 𝑘𝑚𝑡 was found using the following equation:
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𝑘𝑚𝑡 = 𝐺(ℎ𝑘𝑚𝑡 h2 + 𝑏𝑘𝑚𝑡 𝑏𝑓2 )

(36)

Using finite element parametric studies and linear regression, the constants ℎ𝑘𝑚𝑡 and 𝑏𝑘𝑚𝑡
were obtained as shown in Table 21. This equation indicated that the initial slope of the
curve had a direct relation with shear modulus and square of the cross-section depth and
the flanges width. A comparison between predictions using Eq. 36 and FEA results is
presented in Figure 183. The unloading curve for the rupture capacity was assumed to have
the same slope as the initial slope of the loading curve equal to 𝑘𝑚𝑡 . Sample torsional
capacity p-y curves for various values of cohesion, friction angle, and shear modulus are
shown in Figure 184 throughFigure 186. Except for the varied parameter in each figure,
constant values of c = 500 kPa, Φ = 35 deg., G = 50 MPa, bf = 100 mm, and h = 150 mm
were used.
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Figure 183. Comparison between predictions using Eq. 36 and FEA results for kmt.
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Figure 184. P-Y curves for the torsional capacity for various values of cohesion c.

Figure 185. P-Y curves for the torsional capacity for various values of friction angle.

Figure 186. P-Y curves for the torsional capacity for various values of shear
modulus G.
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7.3

Dynamic Simulation of Guardrail Posts Embedded in Asphalt Mow Strips
Using P-Y Curves
The finite element model discussed in Chapter 4 with 90 mm thick asphalt mow

strip and 600 mm rear distance was updated by removing the continuum mesh for the
asphalt layer. Instead, the asphalt was modeled using inelastic nonlinear springs in LSDYNA (material #S08) for translational springs and a general nonlinear spring (material
#S06) for the rotational spring. Two springs on the sides of the post, two springs on the
back and front of the post, and one rotational spring were used. All springs were connected
to the center node of the post at the middle of the web and at a depth of 45 mm, which was
half of the asphalt depth. The model is shown in Figure 187 with all parts and in Figure
188 with only the steel post and the springs to better illustrate the arrangement of the
springs. One spring was used on each side of the post because the translational springs are
only active in compression, and their tensile force was always zero. The rotational spring
acts the same way in both clockwise and counter-clockwise rotations because of the model
symmetry. Cohesion c = 500 kPa, friction angle Φ = 35 deg, shear modulus G = 50 MPa,
flange width bf = 100 mm, cross section depth h = 150 mm, rear distance r = 600, and
thickness t = 90 mm were used. The rupture capacity, pr , was calculated using Eq. 19 equal
to 748 N/mm. The displacement at peak load, yr, and the ultimate displacement, yu, were
obtained using Eq. 21 and Eq. 22 and were equal to 14 mm and 147 mm, respectively. The
p-y curve was obtained using Eq. 35 and then scaled by the thickness of the asphalt layer
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(90mm) to obtain the force-displacement curve for the inelastic spring behind the post
(spring #1) as shown in Figure 189.
The bearing capacity perpendicular to the flanges, pbf , and the initial slope of the py curve, kbf, were calculated using Eq. 26 and Eq. 28 equal to 1,049 N/mm and 330 N/mm2,
respectively. The p-y curve was obtained using Eq. 27 and then scaled by the thickness of
the asphalt layer (90mm) to obtain the force-displacement curve for the compressive
inelastic spring in front of the post (spring #2) as shown in Figure 190.

Figure 187. The model of the guardrail post embedded in soil and asphalt. Asphalt
was modeled using one rotational and four translational springs.
247

Figure 188. The model of the guardrail post embedded in soil and asphalt. Asphalt
was modeled using one rotational and four translational springs.

Figure 189. Force-displacement curve for the inelastic spring (Spring #1) behind the
post to model asphalt rupture.
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Figure 190. Force-displacement curve for the inelastic spring (spring #2) in front of
the post to model asphalt bearing capacity when pulled toward the front of the post.
The bearing capacity perpendicular to the web, pbw , and the initial slope of the p-y
curve, kbw, were calculated using Eq. 29 and Eq. 32 equal to 785 N/mm and 158 N/mm2,
respectively. The p-y curve was obtained using Eq. 31 and then scaled by the thickness of
the asphalt layer (90mm) to obtain the force-displacement curve for the compressive
inelastic spring on the right and left-hand sides of the post (spring #3 and #5) as shown in
Figure 191.
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Figure 191. Force-displacement curve for the inelastic springs (spring #1 and #2) on
the right and left-hand sides of the post to model asphalt lateral strength.
The torsional bearing capacity mt and the initial slope of the p-y curve kmt were
calculated using Eq. 34 and 36 Eq. equal to 44,529 N.mm/mm and 12,750 N.mm/mm2,
respectively. The p-y curve was obtained using Eq. 35 and then scaled by the thickness of
the asphalt layer (90mm) to obtain the moment-rotation curve for the nonlinear spring on
the center of the post, as shown in Figure 192.
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Figure 192. Torsion-rotation curve for the inelastic spring in the center of the web to
model the torsional capacity.
The acceleration-time history, the displacement of the post at the impact point, the
residual ground level displacement of the post, the peak force applied to the post and the
ground level velocity of the post were obtained from the simulation outputs. The results
were compared with the results obtained from experimental tests and finite element
simulations using the continuum asphalt model. The acceleration-time history is compared
in Figure 193, and the other parameters are compared in Table 22. The results of the
simulations using springs were different from the results using continuum asphalt. This
difference occurred because of several factors, including:
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•

The interaction between the asphalt layer and the soil, including the friction
between them, is ignored when springs are used.

•

The springs do not account for the limited boundary because of using the steel
container.

•

It is assumed that the stresses in the asphalt layer are uniform throughout the
thickness of the layer.

•

All the springs are connected to the center of the web in the post. However, when
a continuum model of asphalt is used, stresses are applied to all parts of the posts.

Table 22. Comparison between measurements for different modeling of the asphalt
versus experimental results.
FEA Continuum

FEA

Asphalt

Springs

130

155

173

Peak Disp. at Impact Point (mm)

348

317

341

Peak Force (kN)

61

65

68

Peak Ground Level Vel. (m/s)

-

4.54

5.33

Parameter

Experiment

Residual Ground Level Disp. (mm)

Although there is a difference between the results obtained using continuum asphalt
and springs, the model using springs predicted a peak acceleration with less than 5%
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difference from the peak predicted by the finite element model with a continuum asphalt.
Even when continuum asphalt was used, the results still differed from the results of the
experiments. This difference was due to the limitations of the finite element model. The
foam programmer in the experimental tests was crushed into several pieces. However, the
foam part in the FE model remained as one piece throughout the simulation time. This
caused higher forces to be applied to the impactor, and therefore higher accelerations
occurred.

Figure 193. Acceleration-time history for different methods of modeling of the asphalt
versus experimental results.
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7.4

Full-Scale Crash Simulation of Guardrail Systems with Asphalt Mow Strips
Using P-Y Curves (Test T90-R600-Springs)
The model used in Chapter 6 for full-scale crash simulation of a guardrail setup with

90 mm asphalt thickness and 600 mm rear distance was used to compare the finite element
results with continuum asphalt with the model utilizing springs to model asphalt. The
asphalt portion was removed from the model and replaced with springs. Identical springs
with identical arrangement and formulation to those that are shown in Figure 187 for one
guardrail post were used for all guardrail posts in this model. A schematic of the model
showing a few of the posts is presented in Figure 194 and Figure 195. Figure 196 shows
the guardrail posts with the springs attached. The other parts of the model are hidden to
better illustrate the arrangement of the springs in the model.

Figure 194. FE model used for the full-scale crash simulation with asphalt modeled
using springs – top view.
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Figure 195. FE model used for the full-scale crash simulation with asphalt modeled
using springs.

Figure 196. Illustration of the arrangement of springs in the model.
The simulation results are illustrated in Figure 197 through Figure 201 for every 0.1 sec of
the simulation from the side and top views. The acceleration-time history of the vehicle is
compared with the results of the simulation with continuum asphalt in Figure 202. The
shape of the acceleration-time history was similar for both cases. However, the model with
springs failed to capture one large acceleration peak at 0.16 sec. The longitudinal relative
velocity of the occupant is shown in Figure 203. The velocity predicted by the two models
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deviated considerably after 0.15 sec mostly because the peak acceleration was not captured
in the model with springs. The time when the occupant impacted inside of the vehicle was
calculated as equal to 0.155, and it was assumed that the occupant moved with the vehicle
after this time. Therefore, the relative velocity of the occupant became zero after this time,
and the relative velocity curve is only valid up to 0.155. The considerable difference
between the relative velocities predicted by the two models occurred after this time, and
therefore it did not affect the results.
The same argument is valid for the relative displacement curve shown in Figure 204.
The lateral acceleration, velocity, and displacement curves are presented in Figure 205 to
Figure 207. As shown in these figures, both model’s predictions are similar. However, the
model with springs underestimated the results. The pitch and roll of the vehicle were
compared for the models in Figure 208 and Figure 209. The values for the pitch and roll
angles were relatively low, and they were up to 5 degrees. The upper bound value for these
angles in the MASH guidelines is 75 degrees. Therefore, although the models’ predictions
for the pitch and roll angles had a considerable difference, this difference did not affect the
system response significantly. Figure 210 shows the comparison for the vehicle yaw angle,
which was very similar for both models. The structural adequacy and occupant risk
parameters were compared and presented in Table 23. The spring model produced similar
predictions for the parameters as the continuum asphalt model did, except for the value of
the peak longitudinal ride down acceleration. The differences in the models’ predictions
were due to multiple factors, including:
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•

The springs do not account for the friction and bond between the asphalt and soil.

•

When asphalt is modeled as a continuum, it covers the top of the soil and prevents
soil dilation and plowing. The soil pushes the asphalt upward, while asphalt adds
additional compressive stresses to the soil, which increases the soil strength.
However, springs are not in contact with soil and cannot help to provide the same
additional soil strength. This causes lower strength predictions.

•

Each spring acts separately from the other springs. However, in a full-scale crash
test, the asphalt layer is shared between two posts, and there is an interaction
between posts.

•

Springs are assumed to remain perpendicular to the post. However, for large
deformations, this assumption becomes less accurate.

Although there are differences between the predictions made by the spring model and
the continuum asphalt model, the spring model provides a good prediction of the
response and can be used with proper model calibration and validation.
It is important to note that if the asphalt layer is very thick, more than one layer of
springs should be used through the thickness of asphalt. Using only one layer of springs
assumes that the post displacement in the asphalt layer is uniform through the thickness
and is equal to the displacement at the center of the asphalt layer. When the asphalt
layer is very thick, this approximation becomes less accurate. Specifically, if it is
expected that the asphalt layer is thick enough that it can apply a significant moment to
257

the post, then at least two layers of springs through the asphalt thickness are required
to be able to model the moment applied to the post by the asphalt layer. In the cases
simulated in this dissertation, asphalt thickness of 90 mm was used. For this asphalt
thickness with the cohesion of 500 kPa and friction angle of 35 degrees, the guardrail
post is able to translate through the asphalt layer and the center of rotation of the post
is below the asphalt layer. Because the center of rotation is below the layer, the asphalt
layer is in compression through its thickness. Therefore, a moment is not applied to the
post from the asphalt layer and using one layer of springs is enough.
The other important assumption used to develop the p-y curves is that the asphalt
cohesion is large enough and the asphalt is thin enough that the effect of gravity on the
asphalt strength can be ignored. This assumption is valid for the practical asphalt
thicknesses, which are typically less than 250 mm.
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Figure 197. Simulation for the guardrail system with asphalt modeled via springs.
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Figure 198. Simulation for the guardrail system with asphalt modeled via springs.
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Figure 199. Simulation for the guardrail system with asphalt modeled via springs.
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Figure 200. Simulation for the guardrail system with asphalt modeled via springs.
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Figure 201. Vehicle deformation for the system with asphalt modeled via springs.

Figure 202. 10 m/s average vehicle longitudinal acceleration (g) - asphalt modeled
via springs versus continuum asphalt.
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Figure 203. Relative longitudinal velocity of the occupant (m/s) - asphalt modeled
via springs versus continuum asphalt.

Figure 204. Relative longitudinal displacement of the occupant (m) – asphalt
modeled via springs versus continuum asphalt.
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Figure 205. 10 m/s average vehicle lateral acceleration (g) – asphalt modeled via
springs versus continuum asphalt.

Figure 206. Relative lateral velocity of the occupant (m/s) - asphalt modeled via
springs versus continuum asphalt.
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Figure 207. Relative lateral displacement of the occupant (m) - asphalt modeled via
springs versus continuum asphalt.

Figure 208. Vehicle roll (deg) - asphalt modeled via springs versus continuum
asphalt.
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Figure 209. Vehicle pitch (deg) - asphalt modeled via springs versus continuum
asphalt.

Figure 210. Vehicle yaw (deg) - asphalt modeled via springs versus continuum
asphalt.
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Table 23. Comparison between the simulation with continuum asphalt and with
asphalt modelled using springs.
T90-R600

T90-R600-Springs

Designation

2270P

2270P

Test Inertial, kg

2,270

2,270

Speed, km/h

100

100

Angle, deg

25.0

25.0

Speed (km/h)

58

61

Trajectory Angle, deg

18

18

Longitudinal

-11.2

-6.7

Lateral

11.7

10.1

Longitudinal

5.6

4.3

Lateral

4.7

4.9

Dynamic

0.842

0.947

Permanent

0.753

0.727

Impact time for the occupant, sec

0.140

0.155

Sum of all posts ground level displacement (m)

0.734

0.937

Max. Yaw Angle, deg

44

44

Max. Roll Angle, deg < 75 deg

-6

-6

Max. Pitch Angle, deg < 75 deg

-5

1

Posts detached from rail during impact

3 posts

3 posts

Posts hit by leading tire (wheel snag)

3 posts

3 posts

Posts pulled out of ground

none

none

Leading tire/wheel disengaged

mostly

mostly

Test Number
Vehicle

Impact Conditions

Exit Conditions

ORA, g's < 20.49 g

OIV, m/s < 12.2 m/s

Test Article
Deflections, m
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CHAPTER 8.
8.1

CONCLUDING REMARKS

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 of the performance of guardrail posts in which the asphalt layer was assumed to
be rigid represents the response of cases where the asphalt layer provides excessive levels
of restraint. This occurrs in cases with thicknesses more than 150 mm combined with rear
distances larger than 600 mm for regular asphalt in this research. If asphalt is approximately
twice as strong as regular asphalt, even setups with mow strip thicknesses more than 150
mm combined with rear distances larger than 600 mm show behavior similar to having a
rigid mow strip layer. In other cases below these ranges, such models with rigid mow strips
are not capable of accounting for the influence of the deformability and finite strength of
many typical mow strip geometries. Therefore, as shown in this study, the finite stiffness
and strength of the asphalt layer should be modeled to capture the general non-rigid
response of this layer.
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 parameters. Moreover,
erosion based on the stress and volumetric strain to capture the rupture of the asphalt layer
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and the modeling of the contact conditions between the post and the soil are also key
attributes of the FE simulation models.
To ensure proper performance of the Mohr-Coulomb material model and the contact
definitions, gravity loading must be applied. Dynamic 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 relationships between asphalt material properties, geometric properties, and
guardrail post resistance were investigated using simplified analytical solutions and FE
simulations. Mow strip thickness, rear distance, cohesion, friction angle, and shear
modulus showed significant impacts on the amount of restraint that the asphalt layer
provides. Equations for rupture, bearing, and torsional capacities of mow strips were
obtained as functions of these parameters. These predictive equations clearly show the
dependence of each failure mode on material and geometric properties, and they were
utilized to construct p-y curves. The p-y curves provide an efficient way to model asphalt
layers using nonlinear inelastic springs, which eliminates the need to use hundreds of
thousands of elements to model asphalt rupture. Using fewer elements and simpler FE
models decreases the run time for full-scale crash simulations. The p-y curves developed
in this research can only be used directly for I-shaped guardrail posts embedded in asphalt
mow strips. However, the approach, which was used to find the p-y curves for mow strips
with limited rear distance, can be used for other post shapes and other pressure dependent
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materials used as a mow strip. This methodology can also be expanded to include uses for
short piles embedded in concrete or rock with limited rear distance behind the piles.
A workshop with Georgia Department of Transportation personnel was held to discuss
the alternative design and installation strategies. Five alternative design strategies were
identified and prioritized to decrease the ground level stiffness of guardrail posts installed
in asphalt mow strips.
1. Limit the maximum rear distance and thickness of the asphalt layer
2. Pre-cut the asphalt mow strip behind the post
3. Use a tapered mow strip
4. Make a cutout portion in the mow strip behind the post
5. Replace the asphalt with gravel to prevent vegetation growth
After consideration of constructability and potential maintenance issues, options (1) and
(2) were selected for further investigation.
The ground-level restraint of guardrail posts by various asphalt mow strip designs was
investigated using static finite element analysis, dynamic finite element simulations, and
full-scale crash simulations. Measured data were utilized for a quantitative assessment of
the relative performance of various post-mow strip designs compared to a common leaveout incorporated design. First, static simple finite element simulations were used to study
the performance of guardrail post encased in asphalt mow strips on a wide range of material
and geometric properties. The results were used to plan targeted simulations for dynamic
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subcomponent simulation of guardrail posts embedded in soil and asphalt. The results
obtained from the first two levels of simulation were used to build models for full-scale
crash simulations and select particular mow strip geometries and material properties for
evaluation.
In the static FEA simulation, the Mohr–Coulomb material models for the soil and the
asphalt were calibrated using experimental data. Various modeling attributes, including
mesh refinement, nonreflecting boundary condition, hourglass control, contact definition,
and element erosion were scrutinized and implemented to represent the responses of the
guardrail post, soil, and asphalt layer system over a large deformation of the post.
Parametric studies on targeted geometric parameters were performed and provided the
information on expected performance of post-mow strip system.
The FEA results were evaluated using three quantitative performance criteria (peak
applied force, ground-level displacement, and maximum post strain) to evaluate the
restraint of guardrail posts affected by asphalt mow strips. Decreasing the mow strip
thickness and/or rear distance behind the post appears to be an effective way to reduce the
restraint imparted by a mow strip on a guardrail system. A range of geometric parameters
of desirable performance (less ground-level restraint) was presented with contour plots that
included the target performance curve of the typical leave-out-incorporated design of the
AASHTO Roadside Design Guide. Based on the contour plots, mow strips with 90 mm
thickness and 300 mm rear distance, or 50 mm thickness and 300 mm rear distance, or 50
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mm thickness and 600 mm rear distance all show ground level restraint less than or
equivalent to mow strips with incorporating leave-out.
A computational investigation was conducted to study the effectiveness of installing
pre-cut fracture planes on asphalt performance. Specifically, the performance was
evaluated in terms of ground restraint to develop configurations to be used in lieu of leaveouts. The results of the analysis showed that four of the proposed designs involving parallel
and diagonal cuts successfully reduced ground level restraint.
In the second part of the research, dynamic subcomponent tests and simulations were
conducted to assess the performance of guardrail posts embedded in soil and asphalt. The
simulations were much less computationally intensive than full-scale crash tests and
simulations. Therefore, these simulations were used to evaluate more alternative designs
for asphalt mow strips. The material models were updated for use in the dynamic loading
simulations. The dynamic FEA results were evaluated using four quantitative performance
criteria (peak dynamic applied force, permanent ground-level displacement, peak
displacement of the post at the impact point, and effective applied load) to evaluate the
restraint of guardrail posts affected by asphalt mow strips. Decreasing the mow strip
thickness and/or rear distance behind the post appears to be an effective way to reduce the
restraint imparted by a mow strip on a guardrail system.
A range of geometric parameters of desirable performance (i.e., less ground-level
restraint) was presented with contour plots that include the target performance curve of the
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typical leave-out-incorporated design of the AASHTO Roadside Design Guide. Based on
the contour plots, mow strips with 90 mm thickness and 300 mm rear distance, or 50 mm
thickness and 300 mm rear distance, or 50 mm thickness and 600 mm rear distance show
ground level restraint less than or equivalent to mow strips with incorporating leave-out.
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.
In the third part of the research, full-scale crash simulations were conducted to assess
the performance of guardrail posts embedded in soil and asphalt mow strips. The baseline
model without mow strip was first validated using available crash test results in the
literature. Then the model was updated to include an asphalt mow strip. Five different mow
strip setups with various rear distances and thicknesses were studied. Two additional
setups, one with stiffer asphalt than normal and one with diagonal mow strips pre-cuts,
were studied. Numerous parameters based on MASH guidelines were used to evaluate the
results. Moreover, additional parameters were defined and used to evaluate the relative
ground level restraint caused by different mow strips. The summation of ground level
displacement of posts in simulations was used as the primary parameter. By comparing the
results of the simulations visually and quantitatively, it was observed that mow strips with
90 mm thickness and 300 mm rear distance, or mow strips with full depth diagonal precuts behind the post have a ground level displacement of posts that is similar to the setup
without any mow strips.
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The static simulation, dynamic subcomponent simulations, and full-scale crash
simulations give very similar conclusions. If the same asphalt that was used in this research
is utilized, mow strips with 90 mm thickness and 300 mm rear distance and mow strips
with full depth diagonal pre-cuts behind the post show similar ground level restraint to
setups with leave-outs.
8.2

Future Work
The finite element model used in this research for crash simulations can be improved
in future using the following recommendations:
•

Steel rupture can be included in the model to capture the rupture in guardrails
and posts. This will provide more accurate capturing of the guardrail system
failure modes.

•

The model of the vehicle wheels can be enhanced so that they can fail and
get detached from the vehicle as easily as they typically fail in experimental
tests.

•

Steel rupture should be captured for bolted connections of the guardrails.

•

The friction coefficient between the vehicle and the guardrail system is an
important parameter in crash simulations. In this research, the friction
coefficient was assumed to be the same between all surfaces of the vehicle
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and all parts of the guardrail system. However, the friction coefficient is
different between different parts of the vehicle and the guardrail system. This
important parameter can be investigated more thoroughly in a future study.
The p-y curves developed in this research are calibrated to be used for springs with
a displacement rate of 5 m/s and rotational rate of 500 deg/s. However, the approach
utilized to develop these curves can be used in future to obtain p-y curves for different
displacement and rotation rates. Although, these curves can only be directly used for typical
steel guardrail posts with an “I” shape, the formulations for the p-y curves can be updated
to utilize these curves for modeling of wooden circular posts embedded in asphalt or
concrete mow strips or short piles embedded in rock or concrete.
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