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ABSTRACT

Groups of in-line piles connected by beams are being used to contain errant vehicles
for perimeter protection of infrastructures. Moreover, piles can be used as roadside
safety devices resisting against impact loading. The effectiveness of in-line groups of
piles to safely redirect or stop the approaching vehicles, however, has not been well
investigated from the geotechnical point of view. The seriousness of the failure of such
systems requires the development of reliable design guidelines for functional and cost-
effective impact resistant systems. To date, such guidelines are limited and new barrier
configurations rely mostly on full scale crash testing to be certified before they can be
used. However, the extensive test setup, instrumentation and considerable cost of such
crash tests have limited the practicality of running many of those tests. Numerical
simulations are very useful to extend the values of the crash tests.

In this research, the performance of such barriers is examined through full-scale
crash tests and numerical simulations. The full scale crash tests consisted of two
different configurations of piles and beams: one was in loose sand and the other in hard
clay. Both barriers were subjected to vehicle impact: one by a 6800 kg medium-duty
truck traveling with the approaching velocity of 80 km/h and the other by a 2300 kg
pickup truck with an approaching velocity of 100 km/h. Both barriers successfully
contained the impacting vehicles. Detailed finite element models of the barriers and the
soil were developed using LS-DYNA a powerful numerical package and then combined

with the vehicle models to simulate the dynamic events. Comparison between predicted



and measured behavior was used to calibrate the models. Once calibrated, additional
simulations were performed to create a comprehensive database to further study the
impact response of these systems. Practical recommendations are drawn from the
experimental and numerical work.

Using the numerical simulation results and the experimental data, a simple yet
effective model TAMU-POST (Group) was successfully developed to predict the lateral
response of in-line piles embedded in any soil type subjected to impact of a vehicle
through a nonlinear impact analysis. It was shown that the developed simplified mass-
spring-dashpot analogy method with the calibrated constants for damping gives a
remarkably good estimate of the barrier deflection measured in the tests and simulations.
Two full scale impact experiments and approximately 100 numerical simulations of
impact events using LS-DYNA were used to assess the precision of TAMU-POST. After
calibration against the full scale crash tests, additional numerical simulations were
performed to study the influence of important design parameters including mass and
velocity of vehicle, soil strength, pile spacing and embedment depth was performed.
Finally, the uncertainties in estimates of the model inputs such as soil properties and the
model parameters were acknowledged through a reliability analysis and the probability
of failure provided. It is believed that the research outcome including the testing
datasets, numerical experience and the proposed model serve a reliable means to design
impact-resistant barriers and, in particular, facilitates future studies on impact

performance of piles in better protecting assets.
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1. INTRODUCTION

1.1. Problem statement

The large and growing tragic consequences of vehicle crashes, ship collisions and
similar extreme events have raised questions about the safety of the structures protected
by roadside safety devices and anti-ram barriers against impact loading. “Anti-ram
perimeter barriers” are typically composed of piles, rails, cables and bollards embedded
in a foundation or directly placed in soil protecting the embassies or significant buildings
against speeding vehicles. Proper design of these barriers becomes crucially important
when the failure most likely involves huge loss of lives and tremendous economic
destruction. In particular, when buildings are located in largely populated areas and
urban environments, they are more vulnerable to extreme impact loading or vehicle
crashes.

Among different possible systems capable of stopping vehicles, an efficient
alternative is to make use of groups of piles tied together by beams. Since group piles
directly embedded in soil require the least space underground, while providing adequate
impact resistance with a visually friendly view, have the least interference with the
infrastructure facilities. This is a major installation issue in urban areas.

Although extensive experiments have been performed on various anti-ram barriers
by the U.S. Department of State and other research agencies, there is no analytical

approach to investigate this soil-pile-beam performance under impact.



This research made comprehensive attempts to develop a general yet simple
analysis-design methodology to predict the response of in-line piles impacted by a truck

with a given mass traveling at a given velocity.

1.2. Motivation of the study

The findings of this research offer an insight into barriers performance and in
particular, soil contribution to the ultimate impact resistance. The model developed in
this research is intended to be used by practitioners and designers to identify the
minimum requirements for the impact resistant piles design. The recommendations
facilitate a more reasonable and functional design with less cost and risk. The full scale
tests datasets and the validated numerical models can also provide research tools for the
further studies. In general, three areas as presented here will benefit from the implication

of this research’s outcomes:

1.2.1. Anti-ram barriers design

A vehicle moving at high speed may reach a velocity to pass over the barrier and
intrude the building. A key aspect of a safe, practical and efficient design of barriers is to
identify the site conditions and the probable risk and accordingly propose a barrier which
has been proved to provide adequate resistance using the available information, past
testing, guidelines and new design methods.

In the recent years, novel functional and cost effective barriers have substituted the

traditional high walls and huge bollards which are not visually pleasant in public and
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also hard to install in urban areas. In 1985, the U.S. Department of State published the
test standard SD-STD-02.01 “Standard Test Method for Vehicle Crash Testing of
Perimeter Barriers and Gates” and then released several revised versions in 2003 and
2007.

Currently a widely used anti-ram barrier is a hard perimeter composed of bollards
(Figure 1-1). The piles may be embedded in concrete mat foundation (Figure 1-2) or
directly embedded in soil. However as mentioned, the underground facilities often do

not leave enough space for large concrete foundations.

Figure 1-1: Bollards with high-performance ratings (Secureusa Inc. and Delta
Scientific Corp, FEMA 430)
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Figure 1-2: Typical bollard installation in concrete foundation (DOS, FEMA 430)

This research briefly reviews the impact performance of single piles given the soil is
hard enough to stop the vehicle. In this respect, it is worthwhile to note that single piles’
tests confirmed that soil strength, pile geometry and impact level significantly affect the
impact performance and make this option less reliable and practical. So the major focus

of this research is placed on investigation of group piles.
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Figure 1-3: U.S. embassy Bandar Seri Begawan, Brunei (left)
U.S. embassy Oslo (right)

1.2.2. Roadside safety devices design

The significance of roadside safety has been recognized since 1960s. Since then
many studies were directed to develop barriers guardrails or materials that make the
roadways safer. The primary design loading is lateral impact loading. State departments
of transportation (DOTS) and other research agencies such as the Federal Highway
Administration (FHWA), the National Cooperative Research Program (NCHRP) have
teamed up to take cost effective steps to advance roadside safety, improve system

reliability and so reduce highway fatalities and injuries.



Figure 1-4: Typical roadside safety hardwares (FHWA publications)

1.2.3. Bridge piers design under impact

When the crash events (ship or vehicle collisions) involve bridge piers and
abutments, it would cause extremely catastrophic damage and design of impact resistant
piers become more crucial. More than 2600 barge-bridge collisions over the period of
time 1992 to 2001, reported by U.S. Coast Guard and American Waterways Operators
(Allegretti and Pluta 2003) had FHWA to include the probability of extreme events in
the existing design guideline. The impact characteristics studied in this research can be

further evaluated in vehicle-pier crashes.



Guardrails

Figure 1-5: Collapse of 1-80 bridge hit by tractor trailer, 2003 (El-Tawil, 2004,
Photo Courtesy of NDOR)

Figure 1-6: Bridge-vehicle crashes



1.3. Research objectives and the approaches

The objectives of this study fall into three sections investigating the vehicle-barrier

crash from experimental, numerical and analytical aspects.

1.3.1. To provide experimental dataset

The most convincing datasets to study a complex and highly transient problem such
as a vehicle crash can be obtained from full scale field tests. Real scale crash testing,
though involves many difficulties in test design, setup and data acquisition, is found to
be the most robust research tool to study such complicated events. Within the scope of
this research and the available facilities, two full scale crash tests were planned on group
piles with uniquely different conditions. Each of these impact tests were preceded by

static loading tests.

1.3.2. To perform numerical simulations validated against experiments

Intensive 3D nonlinear numerical experience remarkably advances the knowledge
and expertise required to explore crash events and affecting parameters. The refined
element level simulations allow for examining measures which are difficult or
impossible to obtain in experiments such as the energy absorbed by vehicle crushing.
These numerical observations are to be applied in the analytical model development

specifically in the model parameter optimizations. The fully nonlinear dynamic finite



element code LS-DYNA was utilized to simulate three dimensional barriers, vehicle and

the whole crash.

1.3.3. To develop a model to predict soil-pile-beam systems performance under

impact

As modeling the whole system with finite element codes is not computationally
efficient and hence is not a practical solution, it is critically necessary to establish a
practical design method. In this respect, the soil-pile interaction mechanism and the key
parameters which influence piles impact response should be thoroughly understood. This
model based on theoretical concepts simulates the connecting beam supported by a
number of Single Degrees of Freedom (SDOF) representing pile and associated soil. The
response is governed by a number of factors including pile embedment and spacing, pile
strength and stiffness, soil strength and stiffness, mass of the truck and its approach
velocity. The method is then coded in MATLAB and an Excel spread sheet program
called TAMU-POST (Group).

Once the model theoretical bases are established, the input parameters are then
quantified using the datasets from the experiments and simulations. It was intended to
correlate the model parameters to the geotechnical characteristics that can be obtained
from routinely performed geotechnical tests (e.g. Standard Penetration Test SPT or

Pressuremeter Test PMT).



The model is designed to reasonably predict the maximum displacement of the
impact point and allow for analysis of any general crash scenario. The validation of the

model should be evaluated using the available datasets.

1.4. Dissertation organization

This dissertation is structured in seven sections as follows: the relevant literature on
group pile response under static, dynamic and impact loading is reviewed in Section 2.
Particular emphasis is given to the recent impact experiments performed on piles and the
associated findings. Section 3 fully describes two full scale tests, design and installation
details, test setup, observations and the data obtained from the tests. Section 4 begins
laying out the numerical study and then explains calibration of the developed numerical
models against the experimental data. The detailed simulations results are reported
accordingly.

The next part, Section 5 first introduces the analytical approach developed to predict
the impact performance of pile groups. Then it moves to identify the model parameters
and present the parameter optimization procedure using both experimentally and
numerically collected data.

In Section 6, the model precision in response prediction is then critically examined
by comparison with the measured data. Then it describes the sensitivity analysis and the
parametric study carried out to derive design insights. The probability of failure
associated with the proposed model through a simple reliability analysis is provided.

The final part, Section 7 draws upon the entire research and discusses the research
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significant findings, contributions and implications for practice. At the end,
recommendations for future work are presented.

Appendices A through E provide the user’s manual for the program, additional data
such as soil profiles, the test designations and the standard documents for the laboratory
and in situ investigations, those have been referred in the main text and the MATLAB

code for the Monte Carlo Simulation and the TAMU-POST (Group).
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2. LITERATURE REVIEW

Dramatic damage caused by extreme events such as vehicle crashes has raised a
strong need for an efficient design of protective barriers. Of the functional alternatives
are groups of in-line piles, which are commonly installed in highways for roadside safety
purposes as well as around significant buildings and facilities. However, very little on
this topic is known. A considerable amount of literature has addressed the lateral
response of pile groups under static loading and more recent, under lateral dynamic
loading.

Perusal of literature suggests a lack of research in soil-pile interaction under impact
loading. That calls for further full scale experiments to assess dynamic characteristics of

piles and develop more numerical models.

2.1. Piles static behavior

Research on the static behavior of laterally loaded piles either single or group piles
has a long history, starting in the 1960s by researchers (Broms, 1964a; Broms, 1964b;
Matlock, 1970; Poulos, 1971). Since then numerous studies have been carried out to
predict lateral behavior (i.e. deflection, rotations, stresses and bending moment) of single
piles and then followed by research focused on group piles. The oldest method is the
Winkler Approach, based on the subgrade reaction theory. This method represents soil
as a series of linear springs (Hetenyi 1946) and analyzes the single pile using the elastic

beam equation with assumption of constant and linearly varied spring stiffness along pile
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depth for clay and sands, respectively. Despite the method’s shortcomings, such as using
a non-unique soil property, discontinuous soil model and ignoring axial load effects, the
Winkler method has been frequently used. Modification of the Winkler model led to the
most popular method known as p-y approach, where the soil is represented by a series of
nonlinear p-y curves (McClelland and Focht 1956). Following that, many analytical
expressions and empirical curves were developed for typical soil types such as ones
reported by Reese and Welch (1975). However the existing curves may not be reliably

appropriate for any soil condition.
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Figure 2-1: Typical p-y curves for laterally loaded piles
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In 1971, Poulos first introduce the Elastic Column approach (Poulos, 1971 a,b). This
method models the pile as a discretized thin rectangular strip, and solves the equilibrium
equation of a beam element on a homogeneous, elastic and continuous soil using finite
difference method. Novak (1974) proposed another continuum model that considered the
soil as a set of independent horizontal layers. These layers are assumed to be in a plane
strain state, isotropic and linearly elastic. These methods account for the continuous
nature of soil and the boundary conditions effects but do not consider the local yielding
of soil and assume the soil homogenous. In addition to computational difficulties of
these approaches, acquisition of an appropriate soil modulus also found to be a problem.
Along with the analytical methods, many numerical efforts have intended to study a
laterally loaded pile in a less approximate and less simplified way. Considering the soil
as a continuum, numerical techniques would model soil-pile interaction through
interface elements, allow any complex load conditions, and can perfectly represent the
soil and structure nonlinearity.

For the group piles also there have been many methods proposed to explain pile-soil-
pile interaction, shadow effects and group effects. Part of the studies made attempts to
modify the single pile analytical methods with the empirically obtained factors (e.g.
Bogard and Matlock 1983). A semi empirical-analytical approach known as the p-
multiplier was proposed by O’Neill (1983), Brown and Reese (1988). This approach
accounts for the shadow effects by reducing the soil resistance p in the single pile p-y

curves.
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Novak and many researchers have made contributions to quantify group stiffness and
damping in the case of static and dynamic lateral loading required in the analytical
methods (Novak and Janes 1989).

Adopting the single pile continuum approach, Poulos and Davis (1980) introduced
piles interaction factors to account for the additional displacements and rotations due to
the adjacent piles movements (Pulikanti and Ramancharla, 2013)

Focht and Koch, in 1973, proposed the first combined analytical approach, which
uses p-y curves to explain soil response close to piles and adopts elastic continuum
principles to estimate soil-pile interaction effects in soil further from the piles. This
hybrid approach was then evaluated in the following studies by Reese et al. (1984),
O’Neill et al. (1977) and Ooi and Duncan (1994). Moreover, several parametric studies
using finite element methods were performed to extend expressions for group interaction
factors and investigate the group effects (Randolph 1981, Rao et al. 1996).

A number of researchers have used numerical approaches such as finite element
simulations (e.g. Wu and Finn, 1997) or boundary element simulations (e.g. Kaynia and

Kausel, 1982) that are computationally intense and time consuming to use in practice.

2.2. Piles dynamic behavior

The literature is rich in studies on dynamic lateral response of single pile or pile
groups. These studies are mostly focused on cyclic loading, earthquake and other
vibration types of loading and less on impact loading. Early studies to evaluate the

dynamic response and impedance function of piles include lumped mass models
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(Penzien 1970), finite element models (Blaney 1974, Kuhlemeyer 1979; Manna and
Baidya 2009), boundary element models (Kaynia & Kausel, 1982) and Winkler models
(El Naggar and Novak 1995, 1996). It was found a difficult challenge to take into
account soil nonlinearity in these analyses.

For years, load transfer curves known as p-y curves using the approximate Winkler
model was commonly used for time domain nonlinear analysis. The early frequency
domain solutions for dynamic lateral response of piles, introduced by Novak et al.
(1978) and Nogami et al. (1991), could model the lateral behavior but approximated soil
nonlinearity by equivalent linear models.

Afterwards, available powerful computers allowed researchers to develop analysis
techniques in the time domain which facilitates modeling nonlinear behavior, energy
dissipation (Noghami et al. 1992; EI Naggar and Novak, 1996).

The continuum approach was first introduced by Baranov (1967) and simplified by
Novak and his co-workers to calculate the impedance functions of piles considering soil-
pile interaction and energy dissipation (Novak 1977; Nogami and Novak 1976; Novak
and EIl Sharnouby 1984).

Dynamic response of piles was also studied through the experiments. In 1992, El-
Marsafawi et al. executed two full scale tests one on a steel pile group embedded in sand
and the other one on a concrete pile group in clay. Rollins et al. conducted a series of full
scale cyclic lateral load tests on three pile groups with different longitudinal spacing as
well as single piles for comparison purposes. In these experiments, the effects of group

piles layout and spacing on the lateral load resistance were assessed. In addition, some
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small scale experiments were performed to verify the available theoretical approaches

(Novak and Grigg, 1976; Sheta and Novak, 1982).

2.3. Modeling soil-pile interaction

Preliminary work on soil-pile interaction was first reported by Wolf (1980). After
that, an increasing amount of analytical approaches have been suggested to evaluate soil-
pile interaction under dynamic loads (Brown et al. 1988; Nogami et al., 1991; El Naggar
and Novak, 1996; Brown and Bollman; 1996; Wu and Finn, 1997). However, all the
previously mentioned approaches carry serious limitations including high dependency on
the estimated strength parameters such as dynamic stiffness and damping besides several
simplification assumptions. Other studies have been made to offer a better estimate of
input parameters required by the recommended analytical models (Nogami, 1980; Dobry
and Gazetas, 1988; Wolf and Somaini, 1986).

All these studies have contributed significantly to the available knowledge on
horizontal dynamic behavior of single piles and less extensively on groups of piles. Most
of them, however, are related to cyclic horizontal loading and horizontal shaking of piles
but not to impact loading. Today practical engineering design for soil-structure problems
uses methods that assume the soil as a linear elastic medium. This would question the
method prediction when the soil and structure undergo large deformation and exhibit

fully nonlinear behavior.
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2.4. Piles impact behavior

Although fairly reliable methods have been well developed to predict lateral
resistance of single and group piles, less research efforts have concerned the resistance
of piles under impact loading. The number of extreme impact loading on structures
either vehicle crashes in highways or ship-bridge collisions in waterways is
progressively increasing and the current design guidelines are critically required to take
into account the impact loading on buildings and bridge piers design. As the matter of
roadside safety devices and anti-ram barriers, there is an ongoing research led by
transportation research agencies and national laboratories that will be discussed later this
section.

In literature, no single study investigates analytically the response of pile groups
under extreme impact loading such as vehicle crashes. On the experimental side, the
setup difficulties and significantly high cost of full scale testing have limited the
experimental data on piles resistance in extreme events (Brown et al. 1988; Rollins et al.
1998; Ruesta and Townsend 1997; Rollins et al, 2003a, 2003b).

Halling et al. (2000) conducted a set of vibrational tests on a group of nine steel
circular piles. The testing program included one static test, two series of statnamic tests,
first without the pile cap (free-head) and then with the pile cap in place, two sinusoidal
and one impact vibration tests. These series of testing results indicated that the dynamic
response of a pile group significantly depends on the excitation frequency. Statnamic
load testing consists of applying a rapid load on the pile vertically or laterally. It is not

an impact but rather an impulse load with a typical duration of 0.5 second or less.
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Basically in a stathamic test, burning fuel generates high pressure and propels a reaction
mass upward off the pile (ASTM D7383-08).

In the recent years, researchers from the University of Florida initiated a project to
quantify the vessel impact forces on bridge piers and examine the soil-structure
interaction during the impact (Consolazio et al. 2005 and McVay et al. 2009). A full
scale barge impact test program was conducted on the main pier (Pier 1 as shown in

Figure 2-2) at the St. George Island Causeway Bridge, Florida.

Navig;ﬁon
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-

Figure 2-2: The St. George Island causeway bridge

Along with this research, the barge impact and the pier were also numerically
analyzed using the FB-MultiPier finite element program (Florida Bridge Software
Institute, 2005) indicted in Figure 2-3. The static soil resistance and damping were
characterized using a Reese et al. (1974) P—y curve and viscous dashpots as identified by

Smith (1962), respectively.
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Figure 2-3: FB-MultiPier model (McVay et al. 2009)

According to the authors, the measured and numerically predicted soil response
confirmed that inertia forces from the structural elements (i.e. columns, cap and piles)
contributed significantly to the total resistance at the early part of the impact; however,
the soil resistance was mainly provided through damping at peak impact loading. It was

also reported that static soil stiffness controls the response at the peak displacement

(Figure 2-4)
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Figure 2-4: Lateral soil force on cap and seal (Mc Vay et al., 2009)
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In the continue of this study, they characterized significant dynamic forces mobilized
during the impact on the soil-structure system of interest, consisting of pier, cap, piles
and soil providing the experimental and numerical results (McVay et al. 2009). The tests
were primarily conducted to quantify the maximum dynamic loads during simulated
slow impact collisions. They found that the maximum dynamic forces were much higher
than the corresponding static forces and that soil damping is the primary component of
the dynamic resistance.

Dezi et al. (2012) set up a series of full scale experiments on a group of three
instrumented steel pipe piles subjected to a horizontal impact load (Figure 2-5). A 5.5 kg
hammer equipped with a load cell was utilized to impact the piles heads. This study
reports the soil-pile responses (e.g. time histories of strain gauges, pile heads
acceleration, damping and mode shapes). These experiments data was then used to

calibrate a finite element model of the system in ABAQUS.
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Figure 2-5: Test setup and the finite element model in ABAQUS (Dezi et al. 2012)

Further results of large scale static and impact tests on piles embedded in low liquid
limit silt (ML) soil were reported by Zhu et al. (2011). The authors derived dynamic p-y

curve with nonlinear static stiffness and damping coefficients.
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2.5. Vehicle crash analysis

These studies generally include three steps first a finite element model incorporating
adequate details of all elements is developed, numerical study is then followed by a full-
scale crash testing. The simulation results are then validated against the crash testing
data. In automotive analyses such as crashworthiness and occupant safety as well as
evaluation of roadside safety effectiveness, LS-DYNA has been successfully used to
solve complex, nonlinear and large deformation crash problems.

The Texas A&M Transportation Institute has been pioneering experimental and
numerical studies; TTI researchers have continued to working on finite element
modeling using mostly a powerful finite element package LS-DYNA (Livermore
Software Technology Corporation LSTC, 2013) and validation of roadside safety
hardware devices along with performing small scale (e.g. pendulum), mid-scale (e.g.
bogie) and full scale tests. These studies provide a valuable insight into design, analysis,
testing, and evaluation of highway safety devices (Bligh R. et al. 2004; Abu-Odeh et al.
2015, Silvestri Dobrovolny et al. 2013, Brackin et al. 2013, and Arrington et al. 2011)

Researchers at National Crash Analysis Center, Worcester Polytechnic Institute and
the University of Nebraska-Lincoln have also investigated the impact performance of
roadside safety systems and improved finite element models of vehicles (Reid and
Marzougui 2002, Mohan P. et al. 2009, 2010).

As part of a joint project by University of Michigan and University of Central
Florida, numerical efforts were performed using LS-DYNA to investigate the structural

design demands, impact forces and equivalent static forces generated in vehicle-bridge
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pier collisions. Two finite element truck models crashed into bridge piers with various
approaching velocities (Figure 2-7 and Figure 2-7). The calculated forces were then
compared to the AASHTO-LRFD vehicle collision provisions. As the peak impact force
occurs within a very short duration and the structural elements do not have time to
respond to the loading, equivalent static forces are found to be a more proper design

measure (Chopra 2001).
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Figure 2-6: Impact simulations of Chevy truck and the bridge pier (EI-Tawil, 2004)
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Figure 2-7: Impact simulations of Ford truck and the bridge pier (El-Tawil, 2004)

For a number of simulations, the equivalent static forces were computed significantly

higher than the AASHTO-LRFD design forces (Figure 2-8, Figure 2-9).
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2.6. Anti-ram crash barrier

The U.S. Department of State has set up rating standards for evaluating anti-ram
barriers, depending on their performance in full scale crash tests. The standard in detail
is introduced in Section 3. Typical testing procedure includes a finite element simulation
followed by an actual crash test to verify the barrier performance. To date, Department
of State certifies any new design of anti-ram perimeter in a fairly strong soil, while there
are almost infinite soil conditions in the ultimate barrier installation sites. That draws the
importance of soil effects on the barriers’ response under vehicle impact.

In the recent years, the U.S. Department of State (DOS) and Texas Transportation
Institute (TTI) have teamed up to develop efficient, functional and cost-effective
perimeter-security devices around significant facilities and embassies.

In early the current project, several small-scale, mid-scale and full-scale tests were
performed on single piles (10 pendulum impact tests, 2 bogie impact tests and 2 full
scale impact tests) and one full scale impact test on a group of piles. The testing program
was led by the crash crew in Texas Transportation Institute at Riverside Campus,
College Station, TX.

Lim (2011) proposed a set of design charts to select the embedment of a single pile
or group of piles embedded in soil of various strengths for a limited set of conditions
using numerical simulations and experimental results (Figure 2-10).

The pile is a steel beam with an H shape cross section: W14X109 (14 inches wide
and weighing 109 Ibs/ft of length) for the single pile system and W14X90 (14 inches

wide and weighing 90 Ibs/ft of length) for the group system with a double beam made of
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a hollow steel section HSS8x8x1/2 (8 inches wide, 8 inches high, and % inches wall
thickness). The spacing of the piles for the group includes 2.44 m, 4.88 m, and 7.32 m.
The truck has a mass of 6800 kg and the velocities include 50, 65, and 80 km/h.

The main limitation of the charts, however, is that the charts would help design of
single piles and group of piles only for a certain pile profile given a limited soil
condition. There is a critical need for a more general solution that allows for a wide

range of pile and beams profiles and soil conditions.
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Figure 2-10: Design charts for group of piles embedded in sand and clay (Lim,

2011)

The work was then continued by Mirdamadi (2014) to develop an analytical solution

for a single pile under impact loads. Although single piles can arrest vehicles in certain

soil conditions, in general, they do not work as a cost-effective solution. In soft soil,
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single piles should be designed so closely spaced for protecting purposes. In addition,
single piles are more likely to fail to stop the vehicles. Therefore group of piles is widely
preferred in practice.

Motivated by the limited amount of existing knowledge, the current study was
conducted to structure a method to predict the response of in-line pile groups installed in
soils with various levels of strength. The goal of this project is to lift the above
mentioned limitations and develop a simple solution for the general case of a group of in
line piles embedded in a given soil, connected by a beam and subjected to the impact of

a vehicle with a given mass and approaching at a given velocity.
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3. EXPERIMENTAL TESTS

The lack of studies on pile groups under lateral impact loading highlights a critical
need for a comprehensive experimental work. Full scale testing allows researchers to
study impact events and the barriers behavior both in qualitative and quantitative
manners. Accordingly, a major part of this study is focused on conducting crash tests to
examine the crashworthiness of the barriers and better understand the impact
mechanism. This dataset was later used in development of an analytical design method.

The tests were performed in collaboration with the Texas A&M Transportation
Institute (TTI) at Riverside Campus located in southwest of College Station, Texas. In
order to observe the contribution of the effecting factors such as soil strength, number of
in-line piles, pile embedment, pile width and impact level, two different full scale
experiments were performed. Results of the preliminary crash simulations based on the
initial finite element modeling using LS-DYNA led to select two barrier configurations
for the crash tests. The impact tests were performed on: (i) a four-pile group embedded 2

m in hard clay with the spacing of s =34B, where B is the pile diameter ; (ii) an eight-
pile group embedded to a depth of 3 m in loose sand with the spacing of s =14B.

According to the ASTM F2656-07, these impact tests are denoted PU60 and M50,
respectively. The letter followed by a number indicates the vehicle class (PU stands for
the Pickup and M stands for the Medium-duty truck) and the latter numbers represent the

impact velocity in unit of mph.
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During each crash test, instrumentation and data acquisition systems were employed
to quantify the barrier and soil responses.

Both tests were designed in compliance with the ASTM F2656-07 “Standard Test
Method for Vehicle Crash Testing of Perimeter Barriers” test designation P1. ASTM
F2656 was developed to standardize the tests conducted to validate the barriers’
efficiency to resist against the vehicle impacts. It specifies a range of vehicle impact
designations and penetration levels. Kinetic energy level varies with the vehicle mass
and vehicle velocity upon impact, assuming that the vehicle hits the barrier in the
perpendicular direction. According to this standard, vehicles are categorized in four
major classes: Heavy-duty truck (H), Medium-duty truck (M), Pickup truck (PU) and
small passenger car (C). Each class has three levels of velocity: 65, 80 and 100 km/h
(equal to 40, 50, and 60 mph). The standard currently requires the barriers not to allow
more than one meter penetration from the perimeter of the barrier. The penetration
distance is measured from the reference point on the leading edge of the testing vehicle
and the reference point on the barrier. This distance is well-known as the dynamic
penetration (Figure 3-1). Table 3-1 and Table 3-2 summarize the ASTM Impact

Condition Designations and Penetration Ratings.
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Three feet maximum instrucion into cargo bed

Figure 3-1: The maximum allowable dynamic penetration (FEMA 430, Chapter 4)

Table 3-1: The ASTM impact condition designation

Test Vehicle type and Nominal Impact Velocity | Condition Kinetic
weight km/h (mph) Designation | —heray: KJ
(ft-Kips)
65 (40) C40 179 (131)
Small passenger car
1100 kg (2430 Ib) 80 (50) C50 271 (205)
100 (60) C60 424 (295)
65 (40) PU40 375 (273)
Pickup truck
2300 kg, (5070 Ib) 80 (50) PU50 568 (426)
100 (60) PUG0 887 (613)
dium-d (M) 50 (30) M30 656 (451)
Medium-duty truck (M
6800 kg (15000 Ib) 65 (40) M40 1110 (802)
80 (50) M50 1680 (1250)
50 (30) H30 2850 (1950)
Heavy-duty vehicle (H)
29500 kg, (65000 Ib) 65 (40) H40 4810 (3470)
80 (50) H50 7280 (5430)
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Table 3-2: The ASTM penetration ratings

Designation Penetration
P1 <=1m (3.3ft)
P2 1.01 mto 7 m (3.3ft to 23.1ft)
P3 7.01 m to 30 m (23.1ft to 98.4ft)
P4 30 m (98ft) or greater

The United Kingdom anti-ram testing standard called as the Publicly Available
Specification PAS 68:2007 also considers three classification systems: Vehicle Impact
(V), Pendulum Impact (P) and Design method. The PAS 68 classification through the
vehicle impact test is mostly similar to the U.S. DOS standard and the ASTM rating,
while in PAS 68 the vehicles’ weights are slightly larger than those of the United States

ASTM standard.

Table 3-3: ASTM vs PAS 68 vehicle weights

ASTM Test Vehicle _ _
Weights PAS 68 Vehicle Weights
2500 kg
2300 kg 3500 kg
6800 kg 7500 kg
29500 kg 32000 kg

The following sections first review the past experiments performed on single piles
and group piles in TTI under this project and then continues to the current work testing

program, test setup and the obtained results.
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3.1. Past experiments at TTI

3.1.1. Experiments on single piles

Early in this project, eight medium scale tests summarized in Table 3-4 were
conducted using a pendulum and a bogie. In these tests a steel pile HSS6x6x3/8 (152

mm wide and 9.5 mm thick) embedded in soil (loose sand and crushed limestone) was

hit by a rigid mass such as a pendulum and a bogie (Figure 3-2) (Lim, 2011).

Table 3-4: Details of the medium scaled tests on single piles (Lim 2011)

Test Soil Mass of Impact
ol Test Type | Pendulum | Velocity | Remarks
Number
(ka) (m/s)
Crushed
P1 limestone Pendulum 862 4.65 Backfilled
Crushed
p2 limestone Pendulum 862 2.41 Backfilled
Crushed
P3 limestone Pendulum 862 9.97 Backfilled
pg | LooseSand | pondiium 250 4.94 Driven
P5 Loose Sand Pendulum 250 2.5 Driven
P6 Loose Sand Pendulum 250 10.1 Driven
pro | LoosesSand | pondiium 250 9.83 | Backfilled
B1 Clay Bogie 903 456 Driven
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Figure 3-2: A Pendulum test on a single pile in loose sand (left); A bogie test on a
single pile in stiff clay (right)

In 2007, a full scale crash test (M50) and a static test were performed on a single pile
(Figure 3-3). During the impact, crushing the bumper of the vehicle covered the pile (I
beam W14x90 embedded 3 m in crushed limestone) and therefore the pile displacement
could not be captured by the cameras. Then, an identical test was performed in 2013
(Figure 3-4). Also, a static test was performed to obtain more information on the static

stiffness of the soil-pile system, shown in Figure 3-5.

Figure 3-3: The test vehicle and the pile before and after the crash test (Alberson et
al. 2007)
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Figure 3-4: The test vehicle and the pile before and after the crash test (Mirdamadi,
2014)
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Figure 3-5: The load-deflection result in the static test on the single pile

Moreover, a full scale impact test was performed on a single pile with a pickup truck

(Figure 3-6) to study a case with a different class of vehicle (Mirdamadi, 2014). In this

test, a single pile (tube 14 inch in diameter and 0.5 inch thick) embedded 2 m in hard

clay was impacted by a pickup truck with a mass of 2300 kg, traveling at a velocity of 60

mph (100 km/h). The selected results are shown in Figure 3-7 and Figure 3-8.
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Figure 3-6: The pickup truck impact test PU60 (Mirdamadi, 2014)
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Figure 3-7: The load-displacement curve of the static test on a pile in hard clay
(left); The lateral displacement of the impact point in the crash test PU60 (right)
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Figure 3-8: The loads derived from acceleration and strain in the test PU60

3.1.2. Experiments on group of piles: crash test on an eight-pile group (M50)

Design of the pile group was initiated by running a set of LS-DYNA simulations to
provide a preliminary prediction of the system response against a truck of 6800 kg mass
with an approaching velocity of 80 km/h (50 mph). The test was planned to be
conducted in a weak soil at the Texas A&M University Riverside Campus. A ditch of
loose sand was constructed in the native hard clay by dumping the dry sand in place with
no compaction as indicted in Figure 3-9. In order to characterize the soil properties a
number of laboratory tests and in situ tests including the direct shear test and
Pressuremeter test (PMT) were carried out. Table 3-5 summarizes the data collected on
the soil properties. These values were then implemented as the reference in the finite

element modeling. The loose sand utilized was classified as SP.
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Figure 3-9: Loose sand ditch (Lim, 2011)

Table 3-5: Soil properties

Depth Er(_assuremeter Elastic Stanc_lard Water
(m) Limit pressure PL  Modulus E Penetration Test content
(kPa) (kPa) SPT (bpf) (%)
1.0 295 2800 1.5 35
2.0 190 1300 WOH* 5
3.0 175 1500 WOH* 5

* Weight of hammer

The average unit weight and dry unit weight of the soil were measured as 17.6

soil was measured as 29 degrees.

kN/m?3 and 16.8 kN/ m?3, respectively. From the direct shear tests, the friction angle of the

In this test, a barrier consisting of two steel beams (HSS8x8x1/2) connecting

40

eight steel piles (W14x90) embedded 3 m in loose sand with a spacing of 5.2 m was
designed to contain a truck of 6800 kg mass with an approaching velocity of 80 km/h.
The test configuration was considered to be representative of a relatively extreme

condition. The barrier configuration is illustrated in Figure 3-10 and Figure 3-11.



—-1 )-— 356
HSS 8¥8x1/2 ] P

Impoct ES4mm D
Tlrectlon D L320mm
W14—20 [-EBeam

SE4mm
/ Exlstlng =oll
atamd] -

(= 1067 MM

32035mm

L
(== 1016mmM —=| 1676mm

3043mm

4115mm 3303mm

Figure 3-10: Side Elevation of the pile-beam structure

1675 e 36274
" R s19Emn— " ——iSS BieKi/2 \
= = = = = = = = Zl4rn

L320mm <
Existing soil —/ wid 9041 Bean )\}—Loose sand

S

3505} T i
| L1E76R
ST 762 0mm

T T T T T
e TR s BekE S l_. _

3048mm T R s

ERE A e O Sapts i v T . T LR 1016mm

1067 mm

[=— 5182mm —=|
I 39624mm

Figure 3-11: Side view and plan of the designed group piles
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The beams were welded to the piles and anchored together with the plates. More
details of the pile-beam installations are reported in Asadollahi Pajouh et al. 2014.

To meet the ASTM requirements of designation M50, a 2001 single-unit flatbed
truck of 6800 kg mass was selected to hit the beams in the middle of the two center piles.
In order to measure the system response, two accelerometers were installed on the
vehicle as well as eight strain gauges on both sides of four of the piles. The strain gauges
were welded with a micro welding method on the pile surface that has been smoothed
with sandpaper (Figure 3-12). The strain gauges were installed on piles to measure the

bending moment.

Figure 3-12: Instrumentations installed on the piles

The impact test was preceded by a static test on an isolated single pile at the end of
the in-line group to determine the static lateral capacity. The load was applied by pulling

horizontally on the pile at a slow and constant rate of displacement. Figure 3-13 shows
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the static load-displacement curve. The total displacement was 65 mm or 0.2B where B
is the width of the pile. The ultimate load defined at 10% of the pile width or 35.6 mm is
55 kN but smaller than the ultimate load of 60 kN at the final displacement of 65 mm or
0.2B. The secant static stiffness at 50% of the 0.1B ultimate load was calculated from

the graph to be 15.4 x 10° N/m. After the static test, the pile was pushed back to the

original position.

N
o
!

Force (kN)

30

Displacement (mm)

Figure 3-13: The static test on the single pile and the results

Figure 3-14 shows the system after the impact and Table 2 reports the pile response,
displacement and rotation. As illustrated in Figure 3-11, piles are numbered from left to
right in the impact direction view. The medium duty truck deflected the beams and the
piles forward while the end piles deflected backward as a reaction. The forward
movement lasted 400 ms at which time the vehicle started to rebound. The truck came to
a complete stop at 5.7 sec. During the impact, the front edge of the vehicle flatbed

passed the initial location of piles by less than 1m; therefore the barrier-piles system met
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the ASTM F2656-07 penetration rating P1. Damage to the installation after the impact

test is shown in Figure 3-14. Figure 3-15 indicates the maximum pile displacements.

Figure 3-14: The group pile after the crash test M50

Table 3-6: Response of the piles: displacement, rotation

Permanent Rotation Permanent pile
Pile No. (degree) displacement at
Impact Lateral the ground level
direction (mm)
1 2.2 2.3 76
2 8.6 2.5 333
3 17.7 7.5 775
4 38.1 6.4 1543
5 36.0 6.8 1492
6 18.1 35 845
7 9.9 3.3 400
8 3.3 2.3 135
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Figure 3-15: The measured displacements of the piles

The horizontal deflection of the pile groups was 3.25 m and since the cab length was
3 m, the back of the cab did not penetrate more than 1 m past the original line of the pile
group. The dynamic penetration of the test vehicle during the impact is presented in
Figure 3-16. As observed that the piles were able to successfully stop the M50

designation vehicle within a distance less than one meter.
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Figure 3-16: Dynamic penetration of the test vehicle

Figure 3-17 shows the vehicle deceleration and velocity as well as the barrier
dynamic displacement at the point of impact after applying a 50-millisecond average
smoothing on the raw acceleration. The longitudinal decelerations of the vehicle and 50
ms average one have the peaks of 40 g and 14 g, respectively. The maximum forward
displacement of the barrier was 3.3 m. The strain gauges did not survive the test and no
data could be recovered. Note that during the test, two of the connections between the

piles and the beam failed.
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Figure 3-17: Measured vehicle displacement, velocity and acceleration

Peak impact force calculated from the accelerometer readings and known mass of the
vehicle is presented in Figure 3-18. Note that this is not necessarily the dynamic force at
the contact between the truck and the barrier. Indeed the mass times acceleration
assumes that the entire mass of the truck is subjected to the measured acceleration while

in fact the crushing of the truck cabin decreases the average truck acceleration.
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Figure 3-18: Obtained impact force on the barrier system

3.2. Full scale impact test on group of four piles in hard clay (PU60)

In a subsequent full scale crash test, a four in-line pile group has been successfully
impacted by a 2300 kg (5000 Ib) pickup truck with an approaching speed of 100 km/h
(60 mph), the common test setup for most roadside safety devices. The layout of piles,
pile embedment and beams and the piles sections were determined on basis of the past
experience and LS-DYNA simulations.

The test designation PU60 with the penetration rating P1 was considered. As defined
earlier, the penetration rating P1 means that the barrier will stop the vehicle within less
than one meter penetration. The following sections describe the design, static and

dynamic tests.
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3.2.1. Full scale static test

To comprehend the static nature of the soil-pile interaction, a full scale static test was
conducted on a single pile with the same properties (steel tube of HSS6x6x1/2) and
embedment depth (2 m) as the piles designed for the crash test. This test served as a
reference for the dynamic pile behavior during the crash test and gave the static stiffness
and ultimate static capacity of the pile-soil system. The horizontal load was applied in
equal steps at a height of 0.75 m above the ground surface. More details about the

loading system and its connection are illustrated in Figure 3-19, Figure 3-20 and

Figure 3-21.
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Figure 3-19: Static test design
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Figure 3-21: The loading system

An amplifier was used to intensify and transfer the signals to the data acquisition
system (Figure 3-22).
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Figure 3-22: The data acquisition system

Displacement of the single pile at the load application point was measured by a
string potentiometer with 50 inch range of measurement (Figure 3-23). String
potentiometers measure the linear position using a flexible cable and spring-loaded

spool.

Figure 3-23: String potentiometer used for measuring lateral displacement
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Figure 3-24 shows the static test results. The ultimate horizontal load is typically
defined at a displacement equal to one tenth of the pile width or 15.2 mm; in this case it
is 22 kN but is far from the ultimate load measured at much larger displacement (53 kN
at 128 mm or 0.8B). The static stiffness of the soil-pile system can be calculated from

the graph as 1800 kN/m.
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Figure 3-24: The load-displacement curve obtained in the static test

3.2.2. Design of a four pile group

A 2001 Chevrolet 2500 pickup truck, the primary test vehicle for roadside hardware

evaluation (NCHRP Report 350) was directed into the barrier using a guidance system
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and steel cable reverse tow system. The vehicle was released just prior to the impact
traveling at the design velocity. The piles were designed as Hollow Steel Sections
HSS6x6x1/2 (0.15 m wide, 0.15 m high, 12.5 mm thick and with a mass of 52 kg/m),
spaced at 5.2 m on center apart, embedded 2 m in hard clay.

To install the piles, a 5-inch (12 mm) diameter hole was drilled with an auger, and
then the pile was pushed into the hole to ensure a good contact with the surrounding

clay. Figure 3-25 show the stages of the pile installation.

Figure 3-25: Pile driving into the hard clay
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The piles were connected together with two beams of HSS8x8x1/2 (0.2 m wide, 0.2
m high, 12.5 mm thick with a mass of 72.5 kg/m). Figure 3-26 displays installing the

beams.

Figure 3-26: Installing the beams

The piles and beams were connected by bolts holding two plates on both sides of the

piles as shown in Figure 3-27. The beams are tied together with six steel plates.

Figure 3-27: Connections installations using bolts and welding
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Considering the impact direction, the piles are numbered 1, 2, 3 and 4 from left to
right. A front view and cross-sectional view of the barrier are shown in Figure 3-28 and
Figure 3-29.

The lower beam has a distance of 0.5 m from the ground, which resolved concerns
related to the test vehicle underriding the beams. Figure 3-30 thorugh Figure 3-32

present the details of pile beam connections.
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Figure 3-28: Details of the barrier: Front view
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Figure 3-30: Details of the barrier: Plan view
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The beams are tied together with 6 steel plates 12X % X34 (Figure 3-32).
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Figure 3-32: Details of mounting plates and pile-to-beam connections
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The plates and the anchor bolts were fabricated from hot rolled carbon steel bars
with high yield strength (Figure 3-33). The barrier prior testing is presented in

Figure 3-34.

Figure 3-34: The barrier after installation
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3.2.3. Geotechnical site characterization

A key factor that governs the impact performance of pile barriers is the soil
properties and its interaction with the pile. The natural soil at the test site was dark grey
sandy lean hard clay classified as CL according to the Unified Soil Classification

system. Table 3-7 reports the data obtained from field density test performed at the site

shown in Figure 3-35.

Figure 3-35: Field density test

Table 3-7: Field density test report

Depth Wet Density CoFr’T?;r)(;irt]iton Dry Density c\(/)\/na}[?r:t
(m) (KN/m?) (%) (kKN/m?) (%)
0.2 19.6 99.9 16.9 16.3
0.25 19.3 100 16.9 14.1
0.25 19.6 100 17.9 11.9
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Prior to the impact test, to characterize the site soil five borings were drilled and
Shelby tube soil samples were recovered from two of the borings down to 2.5 m depth.
Two Standard Penetration Tests (SPT) were performed at the location of piles No. 2 and

4 by Terracon Consulting Inc. The measured SPT N values are shown in Table 3-8.

Table 3-8: SPT results

Depth NspT @ NspT @
(m) Boring 2 Boring 4
0.25 15 21
0.85 14 11
1.15 13 11

The SPT blow count and the PMT limit pressuremeter P averaged 14 blows per foot
and 1400 kPa, respectively. The average unit weight measured as 19.5 kN/m?3 and the
undrained shear strength of 93.8 kPa was estimated using the correlation Sy (kPa) = 6.7
N (bpf) (Briaud, 2013). Moisture content of the soil was estimated 14.1%. The detailed

soil profiles at the borings can be found in Appendix A.
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Figure 3-36: Standard Penetration Testing and sampling

To better understand soil lateral resistance, Pressuremeter Test (PMT) was
performed at the site. The test consists of lowering a 75 mm diameter, 0.6 m long
cylindrical probe in a borehole and inflating it while recording the increase in volume
and pressure of the probe. In this work, a small size of pressuremeter “Pencel

Pressuremeter” was used for performing the PMT testing (Figure 3-37).
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Figure 3-37: Pressuremeter apparatus
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The probe had an outer diameter of 33 mm with a membrane of 1 inch (2.54 mm)
diameter. The inflatable part is about 250 mm long. A maximum working pressure of
2500 kPa could be applied. This pressuremeter type can be used in both pre-bored hole
(for high strength soils) and pushed in place (for low strength soils) down to 3m depth.
Figure 3-37 indicates the test apparatus and the schematic of PMT testing procedure.
More details on this in-situ test are provided in Appendix B. Two calibrations were
performed to adjust the equipment effects on the test results: the compressibility
calibration (volume calibration) and the membrane resistance calibration (pressure

calibration).
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Table 3-9: PMT results

PMT Limit Pressuremeter P | PMT First Load Modulus E
Depth (m)

(kPa) (kPa)
0.5 1300 28
1 1450 385

Pressuremeter Test
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Figure 3-38: Pressuremter test results

3.2.4. Pile, beam and plates steel

Piles, beams and plates used in the barrier are fabricated of ASTM A-36 grade steel.
According to ASCE LRFD Design Code, A-36 grade steel has a yield stress of 248 MPa

and a tensile stress capacity of 400 MPa, however, it was observed that this grade
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specifications are actually closer to the grade 50 steel with a yield stress of 345 MPa and
a tensile stress capacity of 486 MPa. The piles and beams were assumed to have a
modulus of elasticity of 29000 ksi, a Poisson ratio of 0.3 and a unit weight of 490 pcf.
Researchers at Texas A&M Transportation Institute had performed several uniaxial tests
of used steel materials to obtain a true stress-strain curve. The same curves have been
applied for the LS-DYNA input in Steel material definition cards; that will be described

in the following section.

3.2.5. Instrumentation and test set up

To ensure capturing the vehicle and piles response, instrumentation including two
accelerometers installed on the vehicle, one on the rear axle (Figure 3-39) and one near
the center of gravity C.G., four strain gauges mounted on each pile (1/2 bridge bending
on both front and back sides) at the ground level and two strain gauges installed on the
beams at the mid-span was used. Figure 3-40 and Figure 3-41 illustrate the

instrumentations.
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Figure 3-40: The strain gauges installed on the piles and beams
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Figure 3-41: Strain gauges and accelerometer
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Three 1000 fps high speed cameras (time interval for displacement is 1 ms) were set
to record the experimental observations in three perpendicular directions: side, top and
front view as shown in Figure 3-42. For the film analysis, the velocity of impactor and
the distance between two targets at the same distance from the cameras are used to scale
the measurements. Two film analysis software Phantom and Pro-analyst were used to
track the target points and capture the deflection log by time. The accuracy of
displacement is a function of distance between the cameras and the reference targets on
the pile. Displacements were measured by tracking the reference points on the piles, the

beams and the vehicle using the slow motion films.

Figure 3-42: High speed cameras
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3.2.6. Test setup

In this test, a pickup truck approached the barrier with a 100 km/h (60 mph) impact
velocity and targeting the center of the barrier between Pile 2 and 3. To direct the main
vehicle toward the center of the barrier a ground cable system was utilized. The guidance
cable and pulleys were installed on a concrete foundation buried in front of the impact
point (Figure 3-43). Another vehicle travelling in the opposite direction towed the main
vehicle towards the barrier at the desired velocity. Right before the impact, the guide
cable was released and the main vehicle was set free to hit the target at the chosen

location.

Figure 3-43: Vehicle guidance system
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3.2.7. Test vehicle

The 2300 kg test vehicle was a 2001 year model Chevrolet pickup truck with a 5.7
liter, V8 engine and an automatic transmission. The C2500 pickup truck became the
primary test vehicle for roadside hardware evaluation and certification crash tests,
(NCHRP Report 350). The additional dimensions and information of the test truck is

shown in Appendix C.

Figure 3-44: The test pickup truck

3.3. Group pile response under impact

The vehicle was successfully arrested by the barrier. The pickup truck did not roll
over as was predicted in the preliminary simulations prior to testing. The front edge of

the vehicle flatbed did not pass the initial location of piles, thereby the dynamic
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penetration of the test vehicle was less than one meter and the barrier installation met the
ASTM safety criterion. During the impact test, the data acquisition system recorded data
from the accelerometers and the strain gauges for a total of 90 seconds at a rate of 10000
samples per second. Then the data was reduced and processed into acceleration, velocity,
displacement, strain and force. In the following sections the collected data are compared
to the numerically obtained results. The barrier and vehicle before the test and the

damage to the barrier installation after the test are shown in Figure 3-45 and Figure 3-46.

Figure 3-45: The barrier and test vehicle prior to testing
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Figure 3-46: Vehicle and barrier after the impact on the group of piles system

The strain gauges installed on the piles were damaged; however the gauges on the
beams survived and measured the strains during the impact.
The deflections of piles presented in Figure 3-47 and Figure 3-48 were obtained by

performing film analysis and tracking the target points.
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Figure 3-48: Permanent deflection of the piles and beams and barrier damage

The piles response, labeled from left to right of impact direction is presented in

Table 3-10 and Figure 3-49.
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Table 3-10: The permanent deflection of the piles

Permanent Permanent
Pile No. Rotation Displacement at the
(Degrees) ground level (mm)
1 19 165
2 23.9 304
3 24.4 298
4 20.3 155

Piles Displacements
100 : ;

Displacement(cm)

~ - - Pile Outside
----- Pile Inside | |

- i - i - i -
0.0 0.1 0.2 0.3 0.4
Time

Figure 3-49: Time history of the maximum displacements of piles at 1.3 m above
the ground level

The accelerometers attached on the flatbed above the rear axle of the vehicle and the
one attached at the C.G. (Center of Gravity) measured the acceleration of the vehicle in
three directions. The main concern is the longitudinal acceleration. The velocity and

displacement of the vehicle are obtained through integration of this acceleration over
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time. The deceleration comes from the accelerometer at the center of gravity of the
truck. The raw signal was treated by applying a 50 ms average to remove excessive
noise; this is a typical practice in this field. The velocity v was obtained by integration of
the acceleration signal. The deflection y was obtained by double integration of the
acceleration and by film analysis of the slow motion camera.

The recorded accelerations and calculated velocity, displacement and dynamic
penetration of the vehicle are shown in Figure 3-50 thorough Figure 3-53. The maximum
deceleration of the vehicle and the corresponding 50 ms average deceleration were

recorded as 57 g and 29 g, respectively.

NI B S S S—

Vehicle Acceleration CG(g)

. —— Raw Acceleration

ol ~— 50msec Average Acceleration

: i - i - i - i -
0.0 0.1 0.2 0.3 0.4 0.5
Time (sec)

Figure 3-50: Vehicle acceleration signal

77



Vehicle Velocity(m/s)

Vehicle Displacement(m)

30

A5 e —— A —

o O — S ——

0.00 0.05 0.10 0.15

Time (sec)

Figure 3-51: Vehicle velocity
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Figure 3-52: Vehicle displacement
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Figure 3-53: Measured dynamic penetration of the vehicle

The impact force (Figure 3-54) was obtained by multiplying the acceleration a by the
mass M of the truck. Note that this approach is an approximation as the entire mass of
the truck is not decelerating at a, since part of the mass is being crushed.

Note that the maximum pile displacement does not occur at the same time as the
peak impact force. The impact force on the barrier is then quantified as the mass of the
vehicle times its acceleration. The change in mass of the truck during the impact is

assumed to be negligible.
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Figure 3-54: The time history of 50msec average impact force

All piles were failed due to the high bending moment caused by the impact loading
(Figure 3-55). This failure bending is allowed as far as the piles do not rupture.
Additionally in an optimum design, piles and beams are expected to bend and get
plastified locally. The only concern is to assure the structural elements, i.e. piles, beams,
plates and connections do not break or rupture during crashes. Piles are more likely to
experience greater bending moment in stiffer soil, which in turn, result in more piles
failing. Therefor structural strength of piles should be examined against rupture or

breakage in a given impact level.

80



Figure 3-55: Piles after testing

LS-DYNA keyword deck by LS-PrePost
Time= 013

Figure 3-56: Numerical model indicating the piles bending
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Figure 3-57: The measured bending moment of beams
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Figure 3-58: The plastic strain
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Figure 3-59: The measured strains on gauges installed on beams
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Figure 3-60 shows sequential images of the crash test PU60.

Figure 3-60: Sequential images of the crash test PU60
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4. NUMERICAL SIMULATION

4.1. Introduction

Crash events are complicated and difficult to study as they involve unknown
interactions between the impacting mass (vehicle in this problem), structural elements
(such as the barrier consisting of piles and beams) and soil supporting the structure. In
addition, most elements in a vehicle-barrier crash, for instance, undergo extremely large
deformations in a very short time and this transient extreme loading introduces
substantial material nonlinearities. To accurately duplicate these complex behaviors in a
crash event, use of advanced nonlinear codes is inevitable.

In this study, a state-of-art nonlinear finite element code LS-DYNA was used to
simulate the crash experiments (PU60 and M50) described earlier in this dissertation.
Parametric variation inherent in various in-line pile groups design makes numerical
simulation an efficient tool for development a design process.

Lim (2011) at Texas A&M University conducted a number of simulations using LS-
DYNA to model crash tests on either single or group of in-line piles. Based on this
research, he developed design guidelines for certain cases of piles embedded in soils of
different strengths. In these series of simulations, two material models were adopted to
represent the soil behavior: Jointed Rock model for coarse-grained soils, and Isotropic
Elastic-Plastic with Failure for clay. The results showed a reasonable agreement with the
experiments. Mirdamadi (2014) also performed LS-DYNA simulations of the particular

cases of single piles. Having those successful experiences in numerical modeling of
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vehicles crashes, in the current study this package has been utilized to analyze the cases
of group piles.

The main objective of this numerical study was first to develop detailed finite
element models replicating the real impact tests and then examine other cases in general
using the validated models. Additionally, comparing the numerical results help to draw

practical recommendations to enhance safety of the anti-perimeter barriers.

4.2. Introduction to LS-DYNA

The finite element package LS-DYNA originates from the program DYNA3D
(Hallquist 1976) which was primarily for the analysis of structures subjected to impact
loadings. In the 1986 version of DYNA3D, introducing many new features such as
beams, shells, rigid bodies, single surface contact, discrete springs and dampers,
hourglass treatments expanded the code’s applications (Hallquist and Benson 1986).

In development of the software, Livermore Software Technology Corporation was
founded in 1988 to make more progress in solving crashworthiness problems and add
more capabilities to the software. A commercial version called LS-DYNA3D (shortened
LS-DYNA) was introduced. Since then many features such as more material models in
the library, more capable contact interfaces, allowing for a variety of element types have
been enhanced in new releases of the software to simulate the real crashes more properly
(Hallquist, 1993).

LS-DYNA works with either implicit or explicit solver, either single or double

precision. However the explicit time integration algorithms embedded in LS-DYNA

86



allows for accurate analysis, not sensitive to the machine precision. Therefore double
precision is not generally required which greatly improves utilization of memory. LS-
DYNA uses the explicit integration technique; this improves greatly its computation
speed, in particular for very large and intensive models.

LS-DYNA having a comprehensive material models library, advanced contact
algorithms and many different element formulations, allow for an accurate simulating of
the actual impact mechanism. The primary capability of LS-DYNA is its accuracy in
analyzing high speed events where inertia forces are important contributors. This code is
well suited for the problems requiring computationally intensive time-domain analysis
multi-physics simulations (Hallquist 2006, 2007, Livermore Software Technology).
Other numerical codes such as FLAC-3D does not account for changes in material
properties caused by the high strain rates that normally happen in crash events.

Traditional frequency domain solutions for numerical soil-structure interaction
analysis were based upon linearization. This method does not work well in problems
where any of the following behaviors: nonlinearity in structural elements, local soil
failure and permanent deformations is expected. In time domain analysis solutions,
nonlinearity of the soil and structure can be perfectly represented explicitly, given the
boundaries of the finite soil model are cautiously simulated.

Also LS-DYNA can run on multiple processors clusters, which allows for an
efficient use of Massively Parallel Processing (MPP) to solve complex problems within
the least time and cost. All the analyses were performed by using LS-DYNA version 971

on a single precision SGI provided by Texas A&M supercomputing facilities, on EOS
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cluster. Eos is an IBM "iDataPlex" cluster with nodes based on Intel's 64-bit Nehalem &
Westmere processor. The cluster consists of 6 head nodes, 4 storage nodes, and 362
compute nodes. The storage and compute nodes have 24 GB of DDR3 1333 MHz
memory while the head nodes have 48 GB of DDR3 1066 MHz memory (Texas A&M
Supercomputing Facility, 2015). For this study, 32 CPUs (four nodes, eight processors)
with 88 GB memory were used. 22 GB is the maximum memory that can be allocated to
each node. For all the runs, MPP (Massive Parallel Processing) was used. This
minimized the run time significantly. For example, a general model with intermediate
level of complexity requires 800 BUs or 33 days of computing time, which is reduced to

one day by using MPP Massive Parallel Processing.

Operating System: Linux
Number of Nodes: 372
Number of Processing Cores: 3168
(all@2.8GHz)

Total Memory: 9,056 GB
Total Disk: ~500 TB
File System: GPFS
Interconnect Type 4x QDR
Infiniband

Figure 4-1: EOS: an IBM iDataplex Cluster provided by Texas A&M University

To facilitate preparing the input files including geometry, materials, loading and etc
LSTC introduced a preprocessor Ls-Prepost 4.2 was used to generate the geometry and

meshing the models and post process the results. LS-PrePost provides an efficient and
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user friendly interface to pre and post processing files for the main solver of LS-DYNA.
To run a problem with LS-DYNA, just a single executable file is required and all the
input data is prepared in ASCII format using a text editor (e.g. Notepad).

For the models of more complex meshing HyperMesh was used. Altair Hypermesh is
an advanced finite element pre-processor to generate the most complex and largest
models with high quality meshes and maximum accuracy. Units in LS-DYNA models
should be consistent for the whole simulations: for length the unit millimeter, for mass
the unit ton (1000 kg), and for time the unit second were selected. The following
sections overview the features of LS-DYNA that have been utilized in this numerical

study.

4.2.1. Boundary

The keyword *BOUNDARY provides a way to impose predefined motions on
boundary nodes or a set of nodes. For the simulations, *SPC_SET_BIRTH_DEATH was
used which allows birth and death times to be assigned to the associated nodes. The

input “1” constrains the translation/rotation in the corresponding degree of freedom.

4.2.2. Constrained

In the current numerical models, to simulate the pile and beam rigid connections as
well as the beam and plates connections the card
*CONSTRAINED_NODAL_RIGID_BODY was utilized. This card allows defining a

nodal rigid body with an arbitrary motion. It also provides the option “INERTIA” to
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define constant translational and rotational velocities to the nodes predefined. The first

picked node is treated as the master and the second one as the slave node.

Figure 4-2: CONSTRAINED_NODAL_RIGID_BODY

4.2.3. Contact

Large deformations in crash events make it difficult or even impossible to
predetermine where or how contact would occur. Therefore it is recommended to use the
automatic contact options. The keyword *CONTACT was used to simulate interaction
between disjoint parts. Different types of contact interfaces including
AUTOMATIC_NODES_TO _SURFACE and AUTOMATIC_SINGLE_SURFACE
were utilized. Unsuitable contacts and coarse mesh may result in initial undetected
penetration (Figure 4-3). One side of the interface is treated as the master side and the
other one as the slave side. In automatic contacts which are commonly used, the slave

and master surfaces are introduced internally from the defined part ID’s.
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Detected Penetration

Undetected Penetration

Figure 4-3: Undetected interpenetration

In automotive crash modeling, the entire vehicle is quite common to be assigned one
single surface contact definition, where all the nodes and elements within the interface
can interact independently. In this type of contact, no master surface is defined. Since
this is a very reliable and accurate contact, if properly defined, it has been the most

popular contact for crash analyses (DYNASUPPORT website).

4.2.4. Control

The keyword *CONTROL cards are optional but highly recommended. In this study
several control cards were employed:

*CONTROL_TERMINATION to set the termination time

*CONTROL_CONTACT to change the computation features of contact surfaces

*CONTROL_MPP_10_NODUMP to suppress the output for dump files

*CONTROL_TIMESTEP to set time step size control

*CONTROL_ENERGY to set energy dissipation control

*CONTROL_ACCURACY to improve the accuracy of the calculation
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4.25. Element

The elements in the modeling are mainly generated by using cards *SHELL and
*SOLIDS. In the vehicle FE model other types of elements were utilized including
*BEAM, *DISCRETE, *MASS, *SEATBELT_ACCELEROMETER.

The card *SHELL allows to set the number of integration points across the 4 noded
quadrilateral and 3 noded triangle shell elements. The card *SOLID was employed to

define three-dimensional 4 node tetrahedrons solid elements and 8-noded bricks.

4.2.6. Hourglass

The *HOURGLASS card was applied to define hourglass and bulk viscosity
properties of elements. The options IHG available in LS-DYNA are in both viscous and
stiffness forms as following:

EQ.1: standard LS-DYNA viscous form,

EQ.2: Flanagan-Belytschko viscous form,

EQ.3: Flanagan-Belytschko viscous form with exact volume integration

EQ.4: Flanagan-Belytschko stiffness form,

EQ.5: Flanagan-Belytschko stiffness form with exact volume

For problems with high velocity deforming viscous hourglass control and for
problems of lower velocities stiffness hourglass control is recommended. For solid
element the option of exact volume integration treats the issues for highly distorted
elements. The hourglass coefficient QM was picked as 0.1. Values of QM larger than

0.15 may cause instabilities for brick elements used with forms IHG=1-5. LS-DYNA
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manual recommends the stiffness form of the hourglass control for automotive crash
analysis. Bulk viscosity employed merely for solids controls shock waves propagation in

solid materials. LS-DYNA manual suggests the default values.

4.2.7. Initial and interface

Pile and soil models have to be initialized for gravitational loading. In other words,
soil stresses due to the self-weight should be taken into account before the primary crash
analysis. Two approaches were adopted in simulations:

- Run the model including soil and piles under self-weight and generate the initial
stresses, and then the obtained stresses are imported in the main model via *INITIAL
card

- Run the model using the card *INTERFACE SPRINGBACK_LSDYNA, this card
generates a file (k file) under the name “dynain”. This file includes the elements stresses
and strains from the initialization analysis for the part ID given. For the current case,
initial stresses of soil part is desired.

Besides, the vehicle finite element models were given initial velocity to impact the

barriers using *INITIAL card.
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4.2.8. Section

This card defines the element formulation, integration features, nodal thickness and
cross sectional properties. Corresponding to the element type there is a *SECTION card.
There are several element formulation options such as EQ.1: Hughes-Liu, EQ.2:
Belytschko-Tsay, EQ.3: BCIZ triangular shell, EQ.4: CO triangular shell, EQ.5:
Belytschko-Tsay membrane and etc. For solid elements ELFORM 1 (constant stress)
and for shell elements ELFORM 2 (Belytschko-Tsay) were adopted. (Belytschko and
Tsay, 1981)

NIP specifies number of through thickness integration points. For the current work
NIP for shell elements is set to a value of 4 corresponding to a 2 by 2 Gaussian
quadrature for the maximum accuracy. T1 to T4 indicate shell thickness at integration

points.

4.3. Material models

LS-DYNA provides a variety of material models for clay, silt, sand and rock to
simulate nonlinear behavior with a different degree of complexity. The card *MAT
describes the materials. LS-DYNA adopts Terzaghi’s concept of effective stress to
model materials with pore pressure. The pore pressure is calculated at nodes and then
interpolated onto the elements. Table 4-1 lists the material models used among the large
suite of models available in LS-DYNA. More detailed definition for each model

parameters and the model theoretical base can be found in the LS-DYNA user’s manual.
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Table 4-1: The material models employed in the numerical study

Pickup truck

007-BLATZ-KO_RUBBER
S02-DAMPER_VISCOUS

001- ELASTIC

026- HONEYCOMB

009-NULL
024-PIECEWISE_LINEAR_PLASTICITY
020-RIGID

S01-SPRING_ELASTIC
S04-SPRING_NONLINEAR_ELASTIC

Soil

013-ISOTROPIC_ELASTIC_FAILURE
198- JOINTED_ROCK

Pile, Beam and Plates

024-PIECEWISE_LINEAR_PLASTICITY

To select the soil model several factors were considered. First the list of available
models in LSDYNA was examined. Then the complexity of some models was studied
and the models which were either too complex in terms of formulation or in terms of the
number of parameters required were abandoned; these included the “Honeycomb”,
“Modified Honeycomb” and “Pseudo Tensor Geological” models. Then other soil
models which work better under high confinement conditions were abandoned because
the soil barrier system does not create very high confinement conditions; these included

the “soil and foam” and the “soil concrete” models. Finally, the selected models because
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of simplicity and robustness the “Elastic-Plastic with Failure” constitutive model was
used for the hard clay in the PU60 test and the “Jointed Rock” model which is a
modified “Drucker-Prager” model was used for the loose sand in the M50 test.

The efficiency of these material models are then examined through the experimental
data. The values of the input parameters were selected to impose stiffness and strength
corresponding to the data obtained in site investigations as the SPT blow count and the

pressuremeter modulus and limit pressure in PMT tests.

4.3.1. Soil models

Isotropic elastic-plastic with failure model

The “Elastic-Plastic with Failure” model (MAT 013) assumes that the soil behavior
is linear elastic up to a stress state where yield occurs. The material properties which
were finally used are listed in Table 4-2 and Table 4-3. The mass density was measured
in the field with the nuclear density probe and on samples in the laboratory. The elastic
shear modulus was obtained directly from the pressuremeter tests. The Poisson’s ratio
was estimated considering the fast loading condition. The undrained shear strength was
estimated by correlation to the pressuremeter limit pressure. The bulk modulus was

obtained from the formula linking it to the shear modulus.
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Table 4-2: LS-DYNA Material card for Isotropic Elastic-Plastic with Failure (LS-
DYNA R7.1 Keyword Manual, 2014)

Variable MID RO G SIGY ETAN BULK
Default none none none none 0.0 none
Variable EPF PRF REM TREM

Default none 0.0 0.0 0.0

Table 4-3: Variables on Isotropic Elastic-Plastic with Failure (LS-DYNA R7.1
Keyword Manual, 2014)

Variable Description
MID Material identification
RO Mass density
G Shear modulus
SIGY Yield stress
ETAN Plastic hardening modulus
BULK Bulk modulus
EPF Plastic failure strain
PRF Failure pressure (<= 0.0)
REM Element erosion option
TREM dt for element removal

Table 4-4: Summary of the material properties for the Isotropic Elastic Plastic soil

model
Mass Density Elastlg Slhear Poisson’s hUndralned h Bulk Modulus
(ton/m?) Modulus Ratio Shear Strengt (MPa)
(MPa) (kPa)
2.1 5.2 0.49 155 258

This material model follows von Mises yield condition given by:
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p=3,-2% (4-1)
3

Where ¢ and o, are defined as yield function and yield stress and the second stress

invariant is expressed in terms of the deviatoric stress components as Eq. 4-2 :

J, = % S,S; (4-2)

Where the stress deviator tensor is expanded as Eq. 4-3
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The yield stress, o, is a function of the effective plastic strain £f and the plastic

hardening modulus, E as Eq.4-4:
o, =0, +E &k (4-4)

The effective plastic strain is calculated as:

t
e (4-5)
0

Where deyj, = ,,gdgifdgi}’
3

The plastic modulus is defined in terms of the input tangent modulus, E, as:
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E,=— (4-6)

Also pressure is obtained by the expression:

p"t =K (V%” —lj (4-7)

Where Kiis the bulk modulus. Only one history variable &f is stored with this

model which makes this model the most cost effective plasticity model. This material
model is not recommended for shell elements, because it might lead to inaccurate shell
thickness updates and stresses after yielding.

In this model, either when the effective plastic strain reaches the failure strain failure
or when the pressure reaches the failure pressure, the material fails to carry tension and

the deviatoric stresses are set to zero (S; =0). The failed element can only carry loads in

. . . . p . .
compression. Effective plastic strain &, and the failure pressure P, are user-defined

parameters (LS-DYNA R7.1 Keyword Manual, 2014).

p p
Eetf ~ Emax Or P"™<Pp_ (4-8)

min

In the case of uniaxial compression, o, #0,0,=0,=0, hence the von Mises

criterion is reduced to:
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o, =0 (4-9)

where o, is the undrained compression strength (for the undrained case of clay is S, ).

Jointed Rock model

The “modified Drucker-Prager” model was chosen to characterize the sand behavior
because it models the inability of the sand to resist tension, the increase in stiffness and
strength of the sand with an increase in confinement and the volumetric dilation under
shear (Drucker and Prager 2013). Additionally, this material model requires a limited
number of input parameters that can be simply obtained through geotechnical tests.
Table 4-5, Table 4-6, and Table 4-7 summarize the material properties implemented in
the sand soil model. The mass density was measured in the field with the nuclear density
probe. The elastic shear modulus was obtained directly from the pressuremeter tests. The
Poisson’s ratio was estimated as a drained Poisson’s ratio for sand. The friction angle
and dilation angle were obtained from direct shear tests. The cohesion value was used to

avoid computational problems.

Table 4-5: Material cards for Jointed Rock model (LS-DYNA R7.1 Keyword
Manual, 2014)

Card1 1 2 3 4 5 6 7 8
Variable MID RO GMOD RNU RKF PHI CVAL PSI
Default 1.0 0.0
Card 2 1 2 3 4 5 6 7 8
Variable STR_LIM NPLANES ELASTIC LCCPDR LCCPT LCCIDR LCCJT LCSFAC
Default 0.005 0 0 0 0 0 0 0
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Table 4-5: Continued

Card 3 1 2 3 4 5 6 7 8
Variable ~ GMODDP PHIDP CVALDP PSIDP GMODGR PHIGR CVALGR PSIGR
Default 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Card 4 1 2 3 4 5 6 7 8
Variable DIP STRIKE CPLANE FRPLANE TPLANE SHRMAX LOCAL

Default 0.0 0.0 0.0 0.0 0.0 1.0e+20 0.0

Table 4-6: Variables on Jointed Rock model (LS-DYNA R7.1 Manual, 2014)

Variable Description
MID Material identification
RO Mass density
GMOD Shear modulus
RNU Poisson’s ratio
RKF Failure surface shape parameter
PHI Angle of friction (radians)
CVAL Cohesion
PSI Dilation angle (radians)
STR_LIM Minimum shear strength of material is given by STR_LIM*CVAL
NPLANES Number of joint planes (maximum 3)
ELASTIC Flag = 1 for elastic behavior only
LCCPDR Load curve for extra cohesion for parent material (dynamic relaxation)
LCCPT Load curve for extra cohesion for parent material (transient)
LCCJDR Load curve for extra cohesion for joints (dynamic relaxation)
LCCJT Load curve for extra cohesion for joints (transient)
LCSFAC Load curve giving factor on strength vs time
GMODDP Depth at which shear modulus is correct
PHIDP Depth at which angle of friction is correct
CVALDP Depth at which cohesion is correct
PSIDP Depth at which dilation angle is correct
GMODGR Gradient at which shear modulus increases with depth
PHIGR Gradient at which angle of friction increases with depth
CVALGR Gradient at which cohesion increases with depth
PSIGR Gradient at which dilation angle increases with depth
DIP Angle of the plane in degrees below the horizontal
DIPANG Plan view angle (degrees) of downhill vector drawn on the plane
CPLANE Cohesion for shear behavior on plane
PHPLANE Friction angle for shear behavior on plane (degrees)
TPLANE Tensile strength across plane (generally zero or very small)
SHRMAX Max shear stress on plane (upper limit, independent of compression)
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Table 4-7: Summary of the material properties for the Jointed Rock soil model

Mass Elastic Internal Dilation Cohesion
. Shear Poisson’s Friction (kPa)
Density dul : | Angle
(ton/m?) Modulus Ratio Angle (degrees)
(MPa) (degrees)
1.75 0.93 0.35 29 5 1

In this model a correction has been introduced into the Drucker Prager model, such
that the yield surface never infringes the Mohr-Coulomb criterion. This means that the
model does not give us the same results as a “pure” Drucker Prager model (LS-DYNA
R7.1 Keyword Manual, 2014). The difference between Jointed Rock and Drucker-Prager
model is that Jointed Rock model can consider joints inside the materials with properties
of dip, plane and strength.

The Drucker-Prager yield criterion is a pressure dependent model suitable for
granular soil materials that was established as a generalization of Mohr-Coulomb
criterion. Similar to von Mises model the Drucker-Prager model has the advantage of
smooth surface that does not exist in Mohr-Coulomb criterion. The sharp edges in Mohr-

Coulomb model make the numerical analysis more difficult (Figure 4-4).
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a

Figure 4-4: a) Drucker Prager yield surface (Potts & Zdravkovic, 1999) b)
Comparison of Mohr-Coulomn and Drucker Prager yield surface in 2D space
(Alejano & Bobet, 2012)

The yield criterion in Drucker-Prager model has the form:

$=3, -4l -«

Where 11 and J2 are the first invariant of

and the second deviatoric stress invariant

_0u 105,105

|
! 3

1 1
‘]2 = Esijsij = E[(O-l _0-2)2 + (‘72 _0-3)2 + (‘73 _0-1)2]

k and A: model parameter determined from experiment
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The parameters k and A can be obtained from standard compression triaxial test and

expressed in term of soil friction angle (¢) and cohesion stress (c):

Circumscribed Drucker-Prager:

6C cos¢ P 2sing

* @) "B g o
Inscribed Drucker-Prager:
_ bcceosy __ 2sing ]
T B@E-sing) = Ba=sing) (#13)

4.3.2. Steel (Piecewise Linear Plasticity)

The nonlinear elasto-plastic behavior of the steel was represented by a Piecewise
Linear plasticity model (MAT 024). The yield criterion was VVon Mises, and the model
has the ability of modeling strain hardening behavior.

This is an elasto-plastic model with an arbitrary stress-strain curve and an arbitrary
strain rate dependency. Failure can be defined upon reaching a plastic strain or a
minimum time step size. The stress-strain, strain rate and the failure strain can be
imported from user defined curves and tables.

Table 4-8 and Table 4-9 present the Piecewise Linear Plasticity model input

parameters and description of each one. The material description includes elastic

104



modulus, Poisson’s ratio, yield stress, hardening modulus, ultimate plastic strain and

time step size for element deletion.

Table 4-8: Material cards for Piecewise Linear Plasticity model (LS-DYNA R7.1
Keyword Manual, 2014)

Card1l 1 2 3 4 5 6 7 8
Variable MID RO E PR SIGY ETAN FAIL TDEL
Type A8 F F F F F F F
Default none none none none None 0 1.00E+21 0
Card2 1 2 3 4 5 6 7 8

Variable C P LCSS LCSR VP LCF
Type F F F F F F
Default 0 0 0 0 0 0
Card3 1 2 3 4 5 6 7 8
Variable EPS1 EPS2 EPS3 EPS4 EPS5 EPS6 EPS7 EPS8
Type F F F F F F F F
Default 0 0 0 0 0 0 0 0
Card4 1 2 3 4 5 6 7 8
Variable ES1 ES2 ES3 ES4 ES5 ES6 ES7 ES8
Type F F F F F F F F
Default 0 0 0 0 0 0 0 0
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Table 4-9: Variables in Piecewise Linear Plasticity model (LS-DYNA R7.1
Keyword Manual, 2014)

Variable Description
MID Material identification
RO Mass density
E Young’s modulus
PR Poisson’s ratio
SIGY Yield stress
ETAN Tangent modulus, ignored if (LCSS.GT.0) is defined
FAIL Failure flag

LT.0.0: User defined failure subroutine, matusr_24 in dyn21.F, is
called to determine failure

EQ.0.0: Failure is not considered. This option is recommended if
failure is not of interest since many calculations will be saved.
GT.0.0: Effective plastic strain to failure. When the plastic strain
reaches this value, the element is deleted from the calculation.

TIDEL Minimum time step size for automatic element deletion.

C Strain rate parameter, C

P Strain rate parameter, P

LCSS Load curve ID defining effective stress versus effective plastic
strain.

LCSR Load curve ID defining strain rate scaling effect on yield stress.

VP Formulation for rate effects:
EQ.-1.0: Cowper-Symonds with deviatoric strain rate rather than
total,

EQ.0.0: Scale yield stress (default)
EQ.1.0: Viscoplastic formulation

LCF The equivalent plastic strain for failure may be specified with
either a load curve or a table. (for heat affected zones)

EPS1-EPS8 Effective plastic strain values

ES1-ES9 Corresponding yield stress values to EPS1 - EPS8

Material properties for the piles, beams and plates are summarized in Table 4-10.
The actual stress-strain curve of the steel using the following equation was implemented

in the material modeling.
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£7° _[In(L+¢,, )]—“—EXX (4-14)

Table 4-10: Material properties for steel piles, beams and plates

Mass Density Elastic Poisson’s Yield Stress
(ton/m?) Modulus Ratio (MPa)
(MPa)
7.850 210000 0.3 336
Effective True Stress
Plastic Strain (MPa)
(mm/mm)
0.0 336

0.024 336.7
0.042 401.2
0.05 434.3
0.141 537.2
0.213 589.6
0.25 675.0
0.259 677.0

The vyield criterion follows Von Mises in addition to having the capability of
modeling the hardening behavior by using a hardening term in the expression of the

yield stress (oy):

o, = plo, + f (g4 )] (4-15)
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where the hardening function f, (£ ) can be specified in tabular form as an option.

If rate effects in the problem are expected to be important, a table of curves can be
defined for strain rates of interest.
The properties used for these materials were determined from the literature and data

from the tests TTI team performed on similar steels.

4.4. \Vehicle models

Once the structural model is completed, it should be combined with a vehicle model
to simulate the whole test setup. Three vehicle classes were studied with their
corresponding models: the single-unit flatbed truck, Chevrolet C2500 pickup truck, and
Geo Metro, Sedan. These models were validated by the National Highway Traffic Safety
Administration (NHTSA) New Car Assessment Program (NCAP). The vehicle models
are continuously under study for improvement in terms of mesh size, mesh quality,
contact algorithms and detailed modeling of various components. In vehicle FE models,
the engine is not modeled in details since simulation experience has found that it reacts

as a rigid mass in crashes.

4.4.1. Single-unit flatbed truck

To fully simulate the M50 test, a finite element model of a medium-duty truck

created by the Texas A&M Transportation Institute, Roadside Safety Program was
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combined with the barrier system model. This FE model for the medium duty truck

consisted of 30295 elements and 33877 nodes.

Figure 4-5: Finite element model of the test vehicle: Medium-duty truck
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4.4.2. Chevrolet C2500 pickup truck

A finite element model of a Chevrolet pickup truck developed at the National Crash
Analysis Center (NCAC) was used for simulating the PU60 test. The model includes

58313 elements and 66586 nodes (Figure 4-6).

Figure 4-6: Finite element model of the test vehicles: Pickup truck for the PU60 test
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The FE model consisting of 2.1 million elements (shell, beam and solid elements)
presented in Figure 4-6 reflects all of the structural and mechanical features. Material
properties were also determined through testing of samples taken from the vehicle.
Several validations were conducted on the model by NCAC in terms of material stress-
strain behavior in crash simulations, total energy and hourglass energy and acceleration
match through crashing tests. More information of the vehicle model details can be
found in Marzoughi et al. (2004).

The NCAC made efforts to verify the model efficiency using a rigid crash of this
vehicle into a wall. The key crash reactions from simulation and the test were compared.
This version of the C2500 pickup model was improved in terms of better tire meshing,
side meshing, rear bumper and fornt and rear suspension. The model has been verified to

NCAP test and many other roadside hardware impact tests.

I
o
-
i
o
= |
5
i
R
<
p

Figure 4-7: Validation of the vehicle finite element model for use in crash analysis
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The mass of model was approximately 2000 kg (2023 kg). The mass was corrected
to the required mass of 2300 kg, by changing the density of the cabin. Since most
missing mass is linked to the un-modeled parts in the cabin, this adding mass to the

cabin seems reasonable.

4.4.3. Geo Metro (reduced model)

For simulations involving the impact of a sedan, passenger car, an 820 kg small car
model known as Geo Metro developed by NCAC (National Crash Analysis Center) was
utilized. Figure 4-8 shows the FE model of this vehicle which includes 16000 elements

and 19000 nodes.

Figure 4-8: FE model of the Geo Metro, reduced model (NCAC)
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4.5. Simulation calibration

Two full scale crash M50 and PUG60 tests described in Section 3 were simulated
using LS-DYNA and the results were compared to the experiments. Herein validation of
the numerical models is presented in details. The calibrated models would then be used

to develop a design method.

4.5.1. Medium duty truck M50

A mesh consisting of solid elements was used to represent the soil surrounding the
piles. Among the soil models implemented in LS-DYNA, the Jointed Rock model
(Livermore Software Technology Corporation, 2007) modified with the Drucker-Prager
model (Drucker and Prager, 1952) was selected; in addition a non-tensile behavior of the
sand was enforced. Soil model input parameters were identified based on past laboratory
and in-situ tests. The unit weight, elastic modulus and friction angle of the soil were
considered to be 17.5 kN/m?3, 2.5 MPa and 29 degree, respectively.

In the finite element model of the Test M50 installation, a continuum of soil
elements with the size of 41.5X8.25 m and depth of 3.6 m was modeled. These
dimensions were adopted such that the true behavior of soil and its interaction with piles
can be captured with reasonable computation cost. The boundary surfaces are
constrained from horizontal translation, however the surface nodes are free to rotate or
displace in the vertical plane. The elements at the base are constrained in all degrees of
freedom. The contact algorithm “Automatic-Nodes-to-Surface” was used for the contact

between the vehicle and the barrier.
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Figure 4-9: Finite element model of the test M50 installation

The deformed simulated vehicle and pile system after impact are presented in
Figure 4-10. It shows that the impact force was well transferred to all the piles and that
noticeable soil resistance was mobilized. Compared results (velocity and acceleration of
the vehicle, dynamic penetration and the impact force applied on the barrier) shown in
Figure 4-11 indicates a significant similarity between the simulated results and those
obtained in the field. It also shows a close match between the simulation and measured
impact force versus time curve. Again a 50 millisecond average is used to present the

acceleration which is multiplied by the mass to obtain the force.
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Figure 4-10: Numerical simulation of the impact test on a group of piles
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Figure 4-11: Comparison between predicted and measured behavior
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Additional results of the simulations are shown in Figure 4-12. In general, the
simulation results show good agreement with those obtained from the field experiment.
During the full scale impact test, one of the connections between the beams and the
outside pile (Pile 1) failed which may explain some of the discrepancy. The performance
of the barrier system could be improved prior to testing by revising the connection

designs to increase their strength. The deflection of that pile is consequently

overestimated numerically (Figure 4-12).
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Figure 4-12: Comparison of measured and predicted displacements of piles No.

1,2,3and 4
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We note that the difference between the simulated deflection and the measured
deflection gets worse for piles further away from the impact. In particular the side pile
deformation is over-predicted compared to the measured deflection. As discussed before,
the connection between that pile and the beam failed during the impact so that the pile
experienced a lower force. In LS-DYNA the connections were featured as Nodal-rigid
body contact which did not allow for failure. Overall, the results obtained by numerical

simulations are in a reasonable agreement with the measurements.

4.5.2. Pick-up truck PUG0 calibration

As described earlier, in 2014 a full scale crash test was performed on a group of four
in-line piles embedded in hard clay. The piles and beams were modeled using shell
elements while the soil was modeled by solid elements. The soil boundaries and the
mesh refinement near the piles were examined and optimized. Prior to the main impact
simulation an initialization under gravitational loading was performed.

The total duration of the simulation was 500 milliseconds to capture the initial
impact until the rebounding of the vehicle from the barrier. Computation time to run this
model using 4 processors on a single precision SGI workstation was approximately 30

hours.

Pile, beam and soil modeling
Piles, beams and plates were meshed using shell elements with two integration points

through the thickness of the elements. To avoid numerical instabilities and eliminate
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zero-energy hourglass modes incited by this under-integrated element formulation,
meshing, geometry and hourglass control cards were closely examined. The nonlinear
elastoplastic behavior of steel parts was modeled using a Piecewise Linear plasticity
material model (material number 24 in LS-DYNA). The yield criterion follows Von
Mises in addition to having the capability of modeling the hardening behavior by using a
hardening term in the expression of the yield stress (oy). The stress/strain constitutive
relationship of the steel (graded A36) has been examined by TTI researchers by actual
material testing and was readily used as a reference in modeling.

In the test PU60 modeling, 44826 shell elements comprising the piles, beams and
plates are squares of 300 mm wide with thickness of 12.7 mm. The soil was modeled
using solid elements structuring a rectangular soil block as shown in Figure 4-13. Given
the pile embedment depth, pile spacing, number of piles, in the PU60 simulation, the soil

block is 3 m (10 ft) deep, 5 m (16.4 ft) wide and 21 m (69 ft) long with a spatial mesh.
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Figure 4-13: Finite element models of the soil block and barrier

The pile shells and the soil solids merged in the contact faces. The nodes on the
lateral and bottom surfaces of the soil block were constrained using *SPC card specified
boundary conditions. The lateral face nodes were constrained in the transnational degree

of freedom in the direction perpendicular to the lateral surfaces of soil block and the
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bottom nodes were constrained only in the z-translational displacement. The barrier and
soil model consist of 2.1 million elements. To eliminate the boundary effects, the outer
sides of the soil block were constraint using a nonreflecting boundary feature.

Size of the soil buckets varied in cases of different pile embedment, different spacing
and number of piles. A sensitivity analysis was performed to determine the
computationally efficient size of soil block. After couple of simulations and checking the
stress zones, a soil block with 20.8m length, 5 m width and 3m height was finalized.

Ls-Prepost was used to mesh the soil, pile and beams parts. To reduce the hourglass
energy and help numerical instability a refined mesh with a reasonable increase in
computational time and cost was adopted. For the soil block, the element size was finer

where large deformation and local failure were expected such as around the piles.

Connection modeling

Since pile-beam connections failure was not expected nor observed during the crash
testing, these connections were simply modeled using Constrained Nodal Rigid Body
(CNRB) rather than modeling welding, thereby decreasing computational cost. CNRBs
which are internally treated as rigid parts in LS-DYNA can well reflect short welded
parts behavior. Following comparison of test and simulation results confirms the

connection validity.
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Figure 4-14: Soil, piles and beams mesh
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Figure 4-15: Finite element models of the vehicle and the barrier
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Mesh size sensitivity

Soil boundaries and mesh refinement are examined to finalize an optimum model in
terms of run time and accuracy of the results. Herein the effects of element size and
refinement of the mesh on crash simulation results are studied to check the accuracy of
the results. The original design model has a fine soil mesh consisting of a total number
of elements as 2.1 million. In order to investigate the mesh refinement, results of another
model of finer mesh, consisting of 3.1 million elements, was compared to the original

one.

222822080

3

Figure 4-16: Mesh of 2.1 million elements and Mesh of 3.1 million elements
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Figure 4-17: Comparison dynamic penetration in simulations of the design mesh
and the finer mesh
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Figure 4-18: Comparison contact forces in simulations of the design mesh and the
finer mesh
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Initialization

Before running the main impact simulation, the soil-pile system was initialized for
the gravitational loading including the soil pressure due to its self-weight. The stress-
strain state of the elements reached after gravity initialization was then imported a

starting point of the primary impact run (Figure 4-19).

LS-DYNA keyword deck by LS-PrePost

Time= 0.59999 Fringe Levels

Contours of Z-stress 1.385e-01

max IP. value

min=-0.641367, at elem# 7925503 6.047e-02

max=0.138452, at elem# 7924892 1.751e-02_|
-9.549e-02 _

-1.735e-01
-2.515e-01
-3.294e-01
-4.074e-01

Figure 4-19: Initialization of the soil-pile barrier

Figure 4-20 shows the numerical simulation of the PUG60 test. Figure 4-21 through
Figure 4-24 compare measured and predicted vehicle response versus time. It indicates

that the simulation captured most of the crash test characteristics. VVarious aspects of the
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testing and simulations are compared favorably up to 500 ms, however the results are

shown up to 350 ms. After this time no significant change was observed.

Figure 4-20: Numerical simulation of the impact test on a group of 4 piles
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Figure 4-21: Measured and simulated vehicle acceleration
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Figure 4-22: Measured and simulated vehicle velocity
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Figure 4-23: Measured and simulated vehicle displacement
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Note that the measured acceleration, velocity and displacement of vehicle recorded
at Center of Gravity seem closer to the predicted by LS-DYNA. This might be due to

probable damage to instrumentation during the impact.
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Figure 4-24: Measured and simulated dynamic penetration

Since some of the strain gauges installed on the piles reached the ultimate threshold
the strains were not recorded for the duration of impact. Hence, the deflections of piles
are captured through film analysis of cameras. Comparison of measured and predicted
pile displacements shows the ability of the numerical model to reflect the barrier

response.
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Figure 4-25: Comparison of simulated and measured displacements of the inner
pile (close to the impact)
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Figure 4-26: Comparison of simulated and measured displacements of the outer
pile (end pile)
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Overall the predicted behavior of the pile group agrees well with the measured ones.
A critical measure in design of barriers is a robust estimate of the impact force. The
current LS-DYNA model replicates the total force applied on the barrier relatively well.

Figure 4-27 compares measured and predicted 50msec average force.
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Figure 4-27: Simulated and measured impact force
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(a) Test and Simulation set-up at 0.05 seconds

(b) Test and Simulation set-up at 0.15 seconds

(c) Test and Simulation set-up at 0.5 seconds

Figure 4-28: Sequential images of Test and Simulation PU60
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4.6. Numerical simulations to calibrate TAMU-POST (Group)

Full scale experiments are the best data to calibrate a method. However they are
costly, time consuming and not a practical solution to study various cases. Numerical
simulations are less expensive and typically less time consuming. Therefore, a series of
numerical simulations were performed using LS-DYNA to augment the databank that

would be used to calibrate the new method.

4.6.1. Space-filling Latin Hypercube sample design

In the parameter optimization of the proposed model TAMU-POST, one problem
was to select the cases for simulation to best cover the possible cases. In this respect, an
experimental design using the stratified Latin hypercube sampling technique was
adopted.

Latin hypercube sampling extended from Latin Square sampling was first introduced
by McKay et al. and later developed by Inman et al. (McKay 1979, Inman, 1981, McKay
et al. 2000). This refined sampling technique compared to the other sampling schemes,
shown in Figure 4-29, was observed to adequately give sampling over the entire
parameter space. Only one sample is randomly chosen from every interval of each

parameter.
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Figure 4-29: Three different sampling schemes a) Random sampling b) Full
factorial sampling and c) Latin Hypercub Sampling (Hoare et al. 2008)

Several studies have demonstrated the advantage of the LHS method over Monte
Carlo Sampling which is the most universally admitted method in uncertainty
quantification. It was shown that the mean error in MCS drops more slowly with the
number of samples and identical parameters are likely to be selected, while the
stratification and random sampling within the strata incorporated in SLHS guarantees a
better convergence and ensures that the selected random samples represent the real
variability. Stratified Latin Hypercube Sampling (SLHS) intends to maximize the
minimum distance between the model inputs in a multivariate space and minimize the

root mean square (RMS) variation of the cumulative distribution function (CDF).

4.6.2. Experimental design for the TAMU-POST validation

The TAMU-POST (Group) model involves numerous input variables. The governing
variables based on the experience and the test observations were stratified into adequate
serial intervals. Table 4-11 lists the selected design strata and the parameters ranges. The
parameters such as the vehicle mass, vehicle speed, ratio of the pile spacing to pile width

or diameter and soil strength were chosen as the significant scenario dimensions.
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Table 4-11: The selected design strata for the LS-DYNA numerical study

Variable Range number of strata
Vehicle mass gg::22820380291292,360800519 2
Soil strength g:;%:: SIg)ts-e\fe\/r;/r;a(jrgn(sza(:!z;lji)l3) >
Spacing to pile width gg::g 5?’125;13(1130 3
Vehicle speed 40, 50 and 60 mph 3

This sampling has been repeated for both clay and sand. Table 4-12 and Table 4-13

show the soil strength categories and the associate parameters.

Table 4-12: Soil strength categories and parameters - clay

) PL Su E y
Number Soil Strength
(kPa) (kPa) (MPa) (kN/m?3)
1 Soft 300 50 5 17
2 Medium Soft 800 100 10 18
3 Medium 1300 150 15 19
4 Hard 2000 200 20 21
5 Very Hard 2500 250 25 22

Table 4-13: Soil strength categories and parameters - sand
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Number | Soil Strength (kPPLa) (Mia) (kga) Dg;rees Dé/arees (kN};m3)
1 Loose 400 5 5 35 0 17
2 Medium | 254 | 19 10 35 10 18
Loose
3 Medium 1100 15 20 40 10 19
4 Dense 1700 20 30 40 12 21
5 Very Dense | 2500 30 40 40 15 22

In the 4 pile cases, piles are HSS 6x6x1/2 and in 8 pile cases, piles are I-beam
W14x90. In all cases beam is a square steel tube 8x8x1/2. In most of the cases, the pile
embedment depth is 2 m, which is considered to be the minimum embedment (based on
the previous experience) and in some other cases the pile embedment is 3 m. Figure 4-30
and Figure 4-31 indicate the models of these numerical efforts.

In overall, 60 cases for clay and 60 cases for sand were selected and numerically
simulated. After running the simulations, the cases involving the sedan were found not to
contribute significantly to the model parameter optimizing, because the sedan (with a

mass of 800 kg) could not displace pile groups significantly. Therefore, the number of

useful simulation was reduced to 95 as listed in Table 4-14.
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7

Figure 4-30: LS-DYNA simulation of cases: 4, 6 and 8 in-line piles

Besides these simulations, two full scale tests were used as other sources of data to
obtain an expression for the simple model parameters and the damping coefficient C, in

particular.
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Figure 4-31: LS-DYNA simulation of cases with the S/D (ratio of pile spacing to pile
width) of 20, 35 and 50
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Table 4-14: The simulations performed based on the experimental design SLHS

No. Vehicle Vehigle Number | Spacing PMT PMT Soi_l P_ile Pile
Test Mass Velocity of Piles (m) Eo P Density Width Embedment
(kg) (mis) (Mpa) | (Mpa) | (kN/m3) | Bp(m) D (m)
1 2300 17.88 8 2.8 5 0.3 1800 0.35 2
2 6800 26.82 8 5.2 20 2 2000 0.35 2
3 2300 22.35 8 2.8 15 13 1900 0.35 2
4 2300 22.35 8 5.2 5 0.3 1800 0.35 2
5 6800 26.82 8 7.6 25 25 2100 0.35 2
6 2300 26.82 8 7.6 5 0.3 1800 0.35 2
7 2300 17.88 8 5.2 15 1.3 1900 0.35 2
8 2300 26.82 8 5.2 10 0.8 1800 0.35 2
9 2300 26.82 8 7.6 10 0.8 1800 0.35 2
10 6800 22.35 8 7.6 15 1.3 1900 0.35 2
11 2300 22.35 8 2.8 20 2 2000 0.35 2
12 6800 22.35 8 7.6 10 0.8 1800 0.35 2
13 6800 26.82 8 2.8 15 1.3 1900 0.35 2
14 6800 17.88 8 5.2 25 25 2100 0.35 2
15 6800 26.82 8 5.2 5 0.3 1800 0.35 2
16 2300 17.88 8 5.2 20 2 2000 0.35 2
17 6800 26.82 8 7.6 25 25 2100 0.35 2
18 6800 17.88 8 2.8 20 2 2000 0.35 2
19 6800 22.35 8 7.6 5 0.3 1800 0.35 2
20 2300 17.88 8 7.6 25 25 2100 0.35 2
21 6800 17.88 8 2.8 15 13 1900 0.35 2
22 2300 22.35 8 7.6 10 0.8 1800 0.35 2
23 6800 26.82 8 2.8 25 25 2100 0.35 2
24 6800 22.35 8 5.2 10 0.8 1800 0.35 2
25 2300 17.88 8 2.8 20 2 2000 0.35 2
26 2300 17.88 8 2.8 5 0.4 1800 0.35 2
27 6800 26.82 8 5.2 20 1.7 2000 0.35 2
28 2300 22.35 8 2.8 15 11 1900 0.35 2
29 2300 22.35 8 5.2 5 0.4 1800 0.35 2
30 6800 26.82 8 7.6 30 25 2100 0.35 2
31 2300 26.82 8 7.6 5 0.4 1800 0.35 2
32 2300 17.88 8 5.2 15 11 1900 0.35 2
33 2300 26.82 8 5.2 10 0.7 1800 0.35 2
34 2300 26.82 8 7.6 10 0.7 1800 0.35 2
35 6800 22.35 8 7.6 15 11 1900 0.35 2
36 6800 22.35 8 7.6 10 0.7 1800 0.35 2
37 6800 26.82 8 2.8 15 11 1900 0.35 2
38 6800 17.88 8 5.2 30 25 2100 0.35 2
39 6800 26.82 8 5.2 5 0.4 1800 0.35 2
40 2300 17.88 8 5.2 20 1.7 2000 0.35 2
41 6800 26.82 8 7.6 30 25 2100 0.35 2
42 6800 17.88 8 2.8 20 1.7 2000 0.35 2
43 6800 22.35 8 7.6 5 0.4 1800 0.35 2
44 2300 17.88 8 7.6 30 25 2100 0.35 2
45 6800 17.88 8 2.8 15 11 1900 0.35 2
46 2300 22.35 8 7.6 10 0.7 1800 0.35 2
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Table 4-14: Continued

No. Vehicle Vehic_le Number | Spacing PMT PMT Soi_l P_ile Pile
Test Mass Velocity of Piles (m) Eo P Density Width Embedment
(kg) (m/s) (Mpa) | (Mpa) | (kN/m3) | Bp(m) D (m)
47 6800 26.82 8 2.8 30 25 2100 0.35 2
48 6800 22.35 8 5.2 10 0.7 1800 0.35 2
49 2300 17.88 8 2.8 20 1.7 2000 0.35 2
50 2300 26.82 4 3 10 0.8 1800 0.15 2
51 2300 26.82 4 7.5 20 2 2000 0.15 2
52 2300 26.82 4 7.5 5 0.3 1800 0.15 2
53 2300 22.35 4 7.5 10 0.8 1800 0.15 2
54 2300 26.82 4 5.2 5 0.3 1800 0.15 2
55 2300 26.82 4 5.2 5 0.3 1800 0.15 2
56 2300 17.88 4 5.2 25 25 2100 0.15 2
57 2300 26.82 4 3 5 0.3 1800 0.15 2
58 2300 26.82 4 5.2 15 13 1900 0.15 2
59 2300 17.88 4 75 20 2 2000 0.15 2
60 2300 17.88 4 75 25 25 2100 0.15 2
61 2300 17.88 4 7.5 20 2 2000 0.15 2
62 2300 26.82 4 5.2 10 0.8 1800 0.15 2
63 2300 26.82 4 3 10 0.7 1800 0.15 2
64 2300 26.82 4 75 5 0.4 1800 0.15 2
65 2300 22.35 4 7.5 10 0.7 1800 0.15 2
66 2300 26.82 4 75 30 25 2100 0.15 2
67 2300 26.82 4 5.2 5 0.4 1800 0.15 2
68 2300 17.88 4 5.2 30 25 2100 0.15 2
69 2300 26.82 4 3 5 0.4 1800 0.15 2
70 2300 17.88 4 75 20 1.7 2000 0.15 2
71 2300 17.88 4 75 30 25 2100 0.15 2
72 2300 17.88 4 75 20 1.7 2000 0.15 2
73 2300 26.82 4 5.2 10 0.7 1800 0.15 2
74 2300 26.82 6 5.2 5 0.3 1800 0.15 2
75 2300 17.88 6 52 25 25 2100 0.15 2
76 2300 26.82 6 52 25 25 2100 0.15 2
77 2300 26.82 6 5.2 10 0.8 1800 0.15 2
78 2300 26.82 6 5.2 15 13 1900 0.15 2
79 2300 17.88 6 5.2 30 25 2100 0.15 2
80 2300 26.82 6 5.2 15 11 1900 0.15 2
81 2300 26.82 4 5.2 155 15 2100 0.15 2
82 6800 22.35 8 5.2 25 0.2 1760 0.35 3
83 2300 26.82 4 5.2 155 1.3 2100 0.15 25
84 2300 26.82 4 5.2 155 1.3 2100 0.15 3
85 2300 26.82 8 52 155 13 2100 0.15 2
86 2300 22.35 4 52 155 13 2100 0.15 2
87 2300 17.88 4 5.2 155 1.3 2100 0.15 2
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Table 4-14: Continued

No. Vehicle Vehic_le Number | Spacing PMT PMT Soi_l P_ile Pile
Test Mass Velocity of Piles (m) Eo P Density Width Embedment
(kg) (m/s) (Mpa) | (Mpa) | (kN/m3) | Bp (m) D (m)

88 2300 26.82 4 3 155 1.3 2100 0.15 2
89 2300 26.82 4 75 155 13 2100 0.15 2
90 2300 26.82 6 5.2 155 1.3 2100 0.15 2
91 2300 17.88 4 5.2 5 0.4 1800 0.15 3
92 2300 26.82 4 5.2 25 25 2100 0.15 3
93 2300 26.82 4 5.2 20 17 2000 0.15 3
94 6800 26.82 8 2.8 15 1.3 1900 0.35 3
95 6800 17.88 8 7.6 5 0.3 1800 0.35 3

4.6.3. Influence of some parameters

Additional PU60 and M50 simulations were carried out to study the effect of critical
design parameters on the barrier performance. The first parameter to be studied was the
soil strength. For this the PU60 and M40 (40 mph instead of 50 mph) were selected with
the same pile configuration as in the crash tests. Several runs were simulated for
different soil strength characterized by a limit pressure ranging from 0.4 MPa to 2.5
MPa. The results are show in Figure 4-32. As can be expected, the maximum deflection
of the barrier decreases as the soil strength increases. There seems to be a point of

diminishing return around a limit pressure value of about 1 MPa in these simulations.
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Effect of Soil Strength
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Figure 4-32: The effect of soil strength on the barrier deflection

The second parameter to be studied was the pile spacing. The PU60 configuration
was selected: 4 pile group barrier impacted by a 2300 kg pickup truck at 60 mph. The
pile spacing was varied from a spacing to diameter ratio s/d of 20, 35, and 50. Two soil
strength cases were selected, one with a limit pressure P. of 0.3 MPa and one with a P_
of 1.3 MPa. Figure 4-33 shows that the maximum deflection of the barrier continuously

increases with the spacing to diameter ratio.
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Effect of Pile Spacing
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Figure 4-33: The effect of pile spacing on the barrier deflection

The third parameter which was studied was the impact velocity of the vehicle. Two
configurations were selected: a PU60 barrier installation and a modified M50 barrier
installation. The velocities were 64, 80, and 96 km/h. Figure 4-34 shows the barrier
deflection increases linearly with the vehicle velocity for the two vehicle classes: the

pickup truck and the medium-duty truck.
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Effect of Vehicle Velocity
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Figure 4-34: The effect of vehicle velocity on the barrier deflection

The fourth parameter to be studied was the number of piles for a given spacing. The
PUGBO0 configuration was selected and the number of piles was 4, 6, and 8. Figure 4-35
shows that the maximum deflection decreases as the number of piles increases but that
there is a point of diminishing return around 6 piles. This indicates that in order to
simulate a long row of piles, using 6 piles may be sufficient to capture the complete

response of the long barrier.
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Figure 4-35: The effect of piles number on the barrier deflection
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5. ANALYTICAL MODEL

5.1. Introduction

Single piles might be capable of arresting vehicles in high strength soils; but in
general, they are not a practical solution. For protection purposes, piles have to be
designed close to each other to function properly. Therefore, groups of in-line piles are
preferred in practice.

This work has been primarily motivated by the lack of a model to design such pile
systems under impact loading. A semi empirical semi theoretical model so called
“TAMU-POST (Group)” has been developed to predict the response of a group of in-
line piles connected by a beam subjected to a vehicle impact. This simple analytical
model is designed to offer major benefits in modelling nonlinear soil-pile interaction and
reasonable precision in estimation of impact performance. The model has been
developed while satisfying two goals: to be fundamentally sound and to be able to
predict reasonably well the experimental data and numerical simulations accumulated.
The proposed model has been shown to work for a wide range of soil strength, impact
loading levels for any pile or beam section. The main advantage of the model is that it
requires the least yet adequate number of input parameters that could be easily obtained
from common laboratory and in situ tests.

The computational approach to develop the model is described in this section. The
required inputs and the model parameters calibration are discussed. The necessary

laboratory and in-situ tests to obtain the parameters are explained in more details in
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Appendix B. Novel formulations are proposed to approximate dynamic damping, mass
and stiffness based on existing well-established methods and also utilizing the static and
crash test results as well as extensive advanced numerical simulations.

As earlier mentioned, the ASTM F2656-07 defines failure when the dynamic
penetration is more than one meter. In this respect, the model is aimed to best predict the
dynamic penetration as the main output. The method also gives an estimate of the
maximum bending moment in the piles and beam. In the following section, Section 6,
the precision of the model TAMU-POST in predicting the barrier response is evaluated
in comparison with the available data. Indeed, it is shown that the proposed model
combined by a Monte Carlo Simulation method provides a simple means to estimate the

probability of failure associated with a variety of soil-pile system design cases.

5.2. Modeling soil-structure interaction: Beam-on-Winkler Foundation

Soil-pile interaction under vertical loading was first addressed in pile driving models
using an empirical model proposed by Smith 1962 and after that many progresses have
been made towards developing improved models to account for interaction between the
pile and the surrounding soil (e.g. Novak 1974). In respect of laterally loaded piles, also
considerable efforts have been made to study the soil-pile interaction in various levels of
analysis in the 1960’s and 1970’s. Hetenyi (1946) was the first researcher introduced the
beam-on-elastic-foundation method to solve the governing differential equation (Eg. 5-

1) for the pile deflection (y).
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4

El %: p where p=-E.y (5-1)

With E the pile elastic modulus, I moment of inertia. Es is the modulus of subgrade
reaction and p is soil reaction on the pile. As this solution does not allow for varying soil
and pile stiffness, its application has been limited to the static lateral loading cases.
Matlock and Reese (1960) developed a solution with varying soil modulus with depth
while Broms (1964 a,b) presented a method for rigid and flexible piles in both cohesive
and cohesionless soils, using the modulus of subgrade reaction with values
recommended by Terzaghi (1955).

In 1876, the concept of the beam on Winkler foundation was introduced and has
become popular and widely accepted to model the pile lateral loading problems by an
elastic beam and a series of lumped mass connected by springs and dashpots. These
springs may be assumed linear elastic or nonlinear using empirical p-y curves. This
allows for including pile installation effects on the soil response. The main disadvantage
of the Winkler method is the two dimensional approximation of the soil-pile contact.
The p-y method for laterally loaded pile analysis (McClelland and Focht 1958) offers a
load-deflection curve developed by the triaxial test data at different depths and
estimating the corresponding modulus of subgrade reaction. Figure 5-1 shows a typical
set of p-y curves. Matlock (1970) conducted a series of static and cyclic tests on piles
embedded in soft clays and accordingly suggested p-y curves for the cases of interest.

Likewise, Reese et al. (1974, 1975) reported the characteristic p-y curves in sand and
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clay based on the lateral pile load tests. The p-y method has been established in API

Recommended Practice, (API, 2002).
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Figure 5-1: Typical p-y curves (Meyer and Reese, 1979)

Kagawa and Kraft (1981) presented a nonlinear Winkler model with a continuous
beam representing the pile supported by a set of parallel springs and dashpots indicating
near field soil elements. This model was combined with the superstructure elements
accounting for the inertial resistance. The stiffness and radiation damping coefficients
were respectively determined from the hysteric curve shown in Figure 5-2 and the

following equation:
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Figure 5-2: Hysteric backbone curve (Kagawa and Kraft, 1981)

C= 2psB(\/P +Vs) (5-2)

Where p,denotes soil density, B is the pile diameter, Vp and Vs are the compression

and shear wave velocities, respectively.

Noghami et al. (1991, 1992) presented near field-far field solutions for laterally and
axially loaded single pile and group piles including nonlinear soil-pile interaction and
other significant features such as rate dependency effects, soil-pile gapping, slip and

radiation damping (Figure 5-3).
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Figure 5-3: Soil-pile interaction model (Noghami et al. 1988)
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Figure 5-4: Far field soil-pile interaction models (Noghami et al. 1988)
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As shown in Figure 5-4, the parallel Kelvin-Voigt spring-dashpots simulate an
infinite elastic medium and the shear element incorporated in series accounts for the
effects of adjacent soil layers. Overtime numerous studies were designed to develop
simplified lumped-parameter models capable of simulating dynamic soil-pile interaction
adequately. Lysmer and Richart (1966) originally proposed a simplified one-dimensional
spring-dashpot model for analysis of elastic response of rigid footings (Figure 5-6 a)

wherein spring stiffness k and damping constant ¢ were obtained as following:

k=2CR and c—08skR  where ¢, - \/§ (5-3)
1-v C yo,

S

* ()
?

Figure 5-5: Lysmer and Richart simplified model for dynamic elastic response of
footing

Where G refers to the soil shear modulus, R is the footing radius, v is Poisson ratio,

c, is the shear wave velocity and p denotes for the soil bulk density. More complicated

150



mechanical models introduced by different researchers are demonstrated in Figure 5-6.
Velestos and Verbic (1974) and later Wolf and Hall (1988) attempted to derive
parameters for the model (b) which has two lumped masses, two dashpots and two
degrees of freedom. In another study, De Barros and Luco (1990) analyzed a model with
an additional spring. Given proper selection of parameters these models were found to

work adequately.
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Figure 5-6: Models suggested for the dynamic response of a rigid circular footing
(Deeks & Randolph, 1995)

Moving to model the inelastic response, Smith (1962) presented a model shown in
Figure 5-7 (a) similar to Lysmer’s analogue with an additional plastic slider connected to
the spring to account for the effect of soil inelasticity. This slider has a slip load equal to
the ultimate static failure load. Once the failure load is reached the slider displaces so

that the force maintain constant. Nguyen et al. (1988) modified the model by relocating
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the slider (Figure 5-7 b) and later on Deeks & Randolph (1995) examined these models

placing the slider at different locations.

! T

. - /| plastic
plastic F W slider

slidar :
) L
- i o) |——
ko = cO‘__i kg =  Co, |
7 ]
/S /. o4
a) Qriginal b) Modified

Figure 5-7: Inelastic models developed by a) Smith b) Nguyen

In this research, a lumped-parameter model derived from Smith (1962) was adopted
to simulate soil, pile and the corresponding interaction. This model as illustrated in
Figure 5-8 consists of a parallel dashpot, visco-elstic spring and a lumped mass with one

degree of freedom.

K
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Figure 5-8: The chosen single degree of freedom
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As earlier mentioned, when the soil surrounding pile fails, defined as the force
exceeds the ultimate failure load or the deflection reaches the failure displacement, the
spring stiffness becomes zero. In computational respect, the slider displaces and the

spring cannot contribute to the ultimate resistance.

5.3. Model theory

For the present impact loading problem, the governing equation is derived from the
Euler-Bernoulli beam theory. The beam connecting the piles is modeled as an elastic
Euler-Bernoulli beam supported by a series of Single Degrees of Freedom (SDOFs)
representing piles embedded in soil. Although the beam is assumed to behave elastically,
the model parameters are identified using an actual nonlinear dynamic test data, in such
a way that nonlinearity of soil-pile-beam system is included.

The Euler-Bernoulli static equation for an elastic beam relates beam’s deflection (y)

shown in Figure 5-9 to the applied lateral load q(x) expressed as:

o° o’y
y(Eblb WJZQ(X) (5-4)

153



Figure 5-9: Bending of an Euler-Bernoulli beam

Where E, is the elastic modulus of the beam, |, the second moment of area

(moment of inertia) of the beam with respect to the axis perpendicular to the applied
load.
In dynamic loading, the Euler-Bernoulli equation, assuming constant bending

stiffness (EI), is modified by adding the inertia term:

o'y _o%y
Eblby"'m?:qo(:t) (5-5)

Where m is mass per unit length of the beam and q(x,t) is the transverse load

applied at a distance x and at time t.
Let’s consider a SDOF system (as shown in Figure 5-8) with a moving mass M, a

damping coefficient C, and an elastic stiffness coefficient k. For this system, kinetic
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energy, potential energy and the external loading and dissipative forces can be computed

as:

T(y,9) =5 (5-6)
V(=2 (5-7)
Dy, ¥) =—cy(®) + £ (1 (5-8)

From the Lagrange’s equation, the differential equation of dynamic motion is given by:

daTy.y) _aT(y.y) V()
dt  ox OX OX

~P(y, 1) =0 (5-9)

In another expression, writing equilibrium of the applied forces (inertia force f, |

stiffness fg, damping f;, and external load f ) on the mass results in the dynamic

equilibrium equation:

f f foo=f Oy,
inertia+ Damping + static — "impact - M?‘*‘CE"‘ky:f (5'10)

M is the mass, ¢ and k are the equivalent stiffness of the system and dashpot
constant, respectively.

Figure 5-10 schematically illustrates the model structure for a group of in-line piles
tied together by a beam. It is worth noting that the ratio of the pile spacing to the pile

width or diameter in anti-ram barriers is often far larger than 10, so that it seems
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justifiable to neglect group effects and the interaction between the piles (Rollins et al.,
2005).

As the maximum deflection of the barrier is the critical measure in design of such
barriers, the present analysis does not include the unloading phase where the vehicle is

rebounded and redirected against the barrier.
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Figure 5-10: Schematic presentation of the proposed analytical model for nonlinear
dynamic analysis of lateral response of pile groups under impacts
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5.4. Solution method

To solve the governing equation (Eq.5-10) a numerical solution is applied. The PDE
is solved for the deflection of beam (y) by implementing the Central Finite Difference
Method, applying the corresponding initial values and boundary conditions.

For this purpose, the beam is discretized into a number of equal length elements
(Figure 5-11). Considering accuracy and computational efforts, it has been chosen to
consider 15 nodes and 14 elements as it allows for various layouts from 3 to 8 piles
accommodating impact nodes both on the piles and between the piles. The seven
different pile configurations are described in detail in Appendix D.

Therefore, the stiffness matrix is defined by a fifteen by fifteen matrix, which relates
the lateral displacement of each node to the associated load P.

For each node i at time j the deflection of beam y is computed explicitly using the

approximate central finite difference solution, given by:

E LY +My+C.y+ KGyi'j =0 —>

Yieoj —4Yiaj +6yi,j =4y,
h4

Yiju— 2yi,j +Yija
At?

Yija — Yija
2At

+Yio;
Eoly( )+ Mg ( )+Co(

(5-11)

)+KgYi; =0
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Figure 5-11: Application of central finite difference approach

Where the subscripts i and j are the counters for nodes and time, respectively. In

order to facilitate the numerical solution the parameters m,e and c are introduced as

following:
M El C
=— e=— and c=—— 5-12
At h* 2At (-12)

Then the deflection at node i at the current time step is computed based on the

deflections of that node and the adjacent nodes in previous time steps as below:

(m+c) Yiju= (c—m) Yija— it 4eyi+1,j —(6e—2m+Kk) Yijt 4eyi—1,j — €2 (5-13)

In Eq.5-13 all quantities are known except for yij+1. A Matlab code and an Excel

Spreadsheet were written to automate the solution.
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Initial Conditions

The node under impact displaces as Y; _, = —AtV, during the first time step where V,

the velocity of the approaching vehicle. This applies an extremely large acceleration
at that node. To avoid convergence issues associated with this problem, a very small

time step At 107 is used in the explicit solution.

Boundary Conditions
Boundary conditions enforce that the shear force (83y/6x3) and the bending moment

(@°y/ox*) at both ends of beam be zero. Therefore, the following conditions should

be met:

V looeo=0— Y5, =2Y, i +2Y, ;= Y4; =0 (5-14)
M lioaeo=0— Y, =2Yy; + Yo, =0 (5-15)
V lioaen =0 Ynizj =2Yninj +2Yna — Yn2j =0 (5-16)
M liogeo=0—> Y1 j = 2¥nj + Ynrj =0 (5-17)

Solving the equation for all the nodes deflection requires solving a simple diagonal

matrix equation without need to inverse the matrices. However attention should be paid

to choose very small time steps.

5.5. Model input parameters
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The simplified analytical model results appreciably depend on parameters selection.
Hereby, special attention was paid to formulate the parameters including static stiffness,
mass and dynamic damping using theoretically grounded methods and a databank of full
scale tests and numerical simulations. The proposed expressions are functions of
characteristics which can be easily obtained from field, common laboratory and in situ

testing data.

5.5.1. Lateral static stiffness K

Spring stiffness in the lumped-parameter model represents the soil-pile static
stiffness. It has been known that the static stiffness is roughly equivalent to dynamic
stiffness in the loading frequency range of interest. Stiffness is relatively easier to
quantify rather than damping coefficient and associated soil mass, as there is more
experience in determining stiffness.

Behavior of laterally loaded piles has received a lot of attention (Broms 1964,
Matlock 1970, Briaud et al. 1996). By further reviewing of the literature, the SALLOP
method (Simple Approach for Lateral Load on Piles) developed by Briaud (1997) is
found the best method for this investigation. SALLOP has been proven to give a reliable

estimate of lateral static stiffness K of a pile subjected to a horizontal load H,and a
momentM, . This semi-theoretical semi-empirical method makes use of pressuremeter
limit pressure P. and pressuremeter modulus E, that can be obtained from Pressuremeter

Test. It is recommended to take an average of the PMT measures within the influence

depth, Dy so-called zero-shear depth. This depth is defined in the following.
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More details on the test operation and its data reduction are provided in Appendix B.
In the PMT test, since the applied load on soil is mostly radial, it is more reasonable to
use the PMT test data to quantify lateral stiffness of the soil embedded piles.

The P-Z curve (soil resistance P per length of pile versus depth Z), shown in
Figure 5-12 indicates that the soil resistance to horizontal loading comes mostly from

shallow layers (Baguelin et al. 1978, Briaud 1992).

Soil Resistance
Hoy P (kN/m)
a >
Pile —— Contributing
Area

Cancelling
Areas

Depth (m)

Y

Figure 5-12: Conceptual soil resistance versus depth profile (Briaud, 1997)

Pile deflection, slope, bending moment, and shear force can be obtained from the

theoretical solution of the governing differential equations with the following
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simplification assumptions: uniform soil, linear behavior, long pile or short pile (Briaud,
1992).

The depth to the point where the shear force is zero Dy, can be calculated for the two
cases: a) Long and flexible piles (Hetenyi 1946, Baguelin et al. 1978; Briaud 1992), b)
Short and rigid piles (Baguelin et al. 1978; Briaud 1992). Pile is assumed to be long if its

length is larger than 31,and is short when the pile length is less than | , where | refers to

the transfer length defined as a function of the relative stiffness of the pile and soil:

4E| 1/4
l, = [?] (5-18)

S

E and | are elastic modulus and moment of inertia of the pile, respectively. Ks the
spring constant represents the soil stiffness. Ks is obtained from the initial pressuremeter
modulus E, as proposed by Briaud, 1997:

K, =2.3E, (5-19)
In the case of long flexible piles subjected to a horizontal load H, and a momentM,,

shear force V at a depth Z and the zero-shear depth Dv are computed using Eq.5-20 and

Eq. 5-21, respectively:

V = H,e ) (cos = —sin Z) - Mo o) i 2 (5-20)
0 0 IO IO
L1 (5-21)
D, =1,.tan
’ 1+ 2M,
IOHU
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Similarly, in the case of short rigid piles, shear force and zero-shear depth can be

obtained as following:

L B(HoL+2My) 2% 2(2H L +3M,) |

V=H E 2 E

(5-22)

__ HUY (5-23)
' 3(H,L+2M,)

For piles with a length L such that |, <L <3l,, a linear interpolation between the

long flexible case and the short rigid case is suggested.
In the current study, the horizontal impact load H, is applied on the pile at the impact

height above the ground surface. This load is transferred to the ground level along with

the corresponding moment M, =H, xh, where h is the impact height (Figure 5-13).

\ 4

Figure 5-13: Horizontal load on a single pile
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Using M, equal to the product of H, by the impact height h, Eq. 5-24 and 5-25 are

introduced for long-flexible and short-rigid piles, respectively:

3 _ 1 (5-24)
D, =l,.tan™* 5h
1+ —
IU
LZ
D — (5-25)
" 3(L+2h)

The pile lateral deflection can be obtained using Eq. 5-26 and Eq. 5-27:

Deflection for Short Rigid Piles Yo = 2(2H°KLIJ_;3M0) (5-26)
Deflection for Long Flexible Piles vy = 2H, + 2M, (5-27)
I,Ks 12Ks

Static stiffness of the pile-soil system is defined as the ratio of the horizontal force to

the associated deflection. Therefore, the equivalent stiffness K can be given by Eq. 5-28

and 5-29:
2
Stiffness for Short Rigid Piles K= H, Kl (5-28)
Yo 4L+6h
: : . H, 12.Ks
Stiffness for Long Flexible Piles K =—2= (5-29)
Yo 2(l,+h)
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These values of K have been successfully compared to the full-scale static tests

performed in this project.

5.5.2. Ultimate failure load Hou

In SALLOP, the lateral pile capacity is defined as the load corresponding to the pile
deflection equal to one-tenth of pile diameter or width. Note that this ultimate load refers
to the soil failure and does not incorporate pile failure. Pile must be designed to resist the
bending moment without breaking. The SALLOP method predicts the pile capacity

H,, as a function of soil and pile properties as follows:

H,, =0.75P.B. D (5-30)

p v

Where B is the pressuremeter limit pressure, B, is pile diameter or width, and D,

is zero-shear depth obtained as described in the previous section. If P is not available,
other in situ or laboratory tests results such as SPT blow count N (corrected N, Neo),

undrained shear strengthS,or CPT point resistance g, can be used to estimate P,
(Briaud, 2013). Finally, the deflection at failure y; for the elastic perfectly plastic soil-

pile model is given by:

yf = ou (5'31)
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This failure deflection accounts for the discontinuity conditions of the motion

between pile and soil caused by gap opening at the pile-soil interface. If the soil

deformation exceeds the deflection at failure, i.e. soil-pile separation occurs; the spring

stiffness will be excluded from the resistance computation.

Table 5-1: Soil classification based on PMT data (Briaud, 2013)

CLAY
Soil strength Soft Medium Stiff Very Stiff Hard
p (kPa) 0-200 200-400 400 - 800 800 - 1600 > 1600
E, (kPa) 0 - 2500 2500 -5000 5000 - 12000 12000 - 25000 | > 2500
SAND
Soil strength Loose Compact Dense Very Dense
P (kPa) 0-500 500 - 1500 1500 - 2500 > 2500
E, (kPa) 0 - 3500 3500 - 12000 12000 - 22500 > 22500
Table 5-2: The recommended correlations for clay (Briaud, 2013)
Correlations for Clay (Column A =Number in Table x Row B)
B Eo Er pL de fs Su N
A (kPa) (kPa) (kPa) (kPa) (kPa) (kPa) | (bl/30 cm)
Eo. (kPa) 1 0.278 14 25 56 100 667
Eg (kPa) 3.6 1 50 13 260 300 2000
D’ (kPa) 0.071 0.02 1 0.2 4 7.5 50
q. (kPa) 0.4 0.077 5 1 20 27 180
fs (kPa) 0.079 0.0038 0.25 0.05 1 1.6 10.7
s, (kPa) 0.01 0.0033 0.133 0.037 0.625 1 6.7
N (bl/30 cm) 0.0015 0.0005 0.02 0.0056 0.091 0.14 1
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Table 5-3: The recommended correlations for sand (Briaud, 2013)

Correlations for Sand (Column A =Number in Table x Row B)
B Eo Er pL Qe f S N
A (kPa) (kPa) (kPa) (kPa) (kPa) (kPa) | (bl/30 cm)
E,. (kPa) 1 0.278 14 25 56 100 667
Eg (kPa) 3.6 1 50 13 260 300 2000
p (kPa) 0.071 0.02 1 0.2 4 75 50
q. (kPa) 04 0.077 5 1 20 27 180
fs (kPa) 0.079 0.0038 0.25 0.05 1 1.6 10.7
s, (kPa) 0.01 0.0033 0.133 0.037 0.625 1 6.7
N (bl/30 cm) 0.0015 0.0005 0.02 0.0056 0.091 0.14 1

5.5.3. Damping coefficient C

Damping in impact problems is difficult to identify because of the complexity of the
impact loading. Basically the term damping is used to approximate the unknown
nonlinear energy dissipation in the system. It is possible to estimate an effective
damping through calibration of the model against full-scale tests and numerical models.
This section describes an approximate quantification method of the system damping and
its effect on the pile group performance. Accordingly expressions are proposed to relate
soil-pile system damping to the most contributing variables.

The phenomenon of soil damping under dynamic loading has been discussed in
numerous studies (Roesset et al. 1973, Rainer 1975, Wolf and Somaini 1986). Wolf has
verified that in the case of shallow layers of soil the primary source of energy dissipation
in the soil medium is material damping. In dynamic problems a coupled analysis of
damping known as Rayleigh damping is commonly used. In Rayleigh damping

formulation the mass coefficient controls response at low frequencies, while the stiffness
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contributes more at high frequencies. Many analyses indicated that dynamic resistance
is largely attributed to damping (e.g. Rollins et al. 2003).

Nevertheless, to date there is no well-developed approach to define soil dynamic
damping under impact loading. In this project, the interaction between the soil and the
pile adds more complexity to the problem. This work attempts lead to an indirect
estimation of soil-pile damping when the structure is subjected to impact loading.

In the literature on damping, a variety of damping types have been identified
including Viscoelastic Damping (or material damping), Hysteric Damping (or
inelasticity damping), and Radiation Damping (or geometric damping). The damping
associated with impact tests originates from energy dissipation either through wave
propagation in the soil medium known as radiation damping, or through viscous
damping associated with rate effects in soil. Herein, the effect of soil viscosity is small
compared to the radiation damping and dissipating energy in wave propagation. It is
believed that the major part of the impact energy is damped through radiation damping.
The amount of soil that is mobilized by the impact and contributes to wave propagation
increases in stiffer soils, therefore, it is expected to observe larger damping in soils with
higher strength. Regardless of what type of damping governs the behavior, damping
value C in the equations can be back-calculated by comparison between the model
output and the full-scale experiments or the extensive number of validated numerical
simulations using LS-DYNA.

Sum of the inertia forces, damping forces, stiffness resistance and external excitation

should satisfy the dynamic equilibrium equation. This provides a way to evaluate the
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damping coefficient by matching the predicted and observed behavior. To quantify this
damping coefficient C, an expression is framed based on the known theoretical concepts
on dynamic loading. In this formulation, dimensionless coefficients are introduced to
correctly relate damping to the significant parameters. These coefficients are then
adjusted by comparison with the measured data and numerical results.

In the previous studies, dynamic damping of a foundation has been correlated to the
parameters such as foundation dimension, stiffness, and soil shear wave velocity (Wolf
and Somaini, 1986). Figure 5-14 indicates the fundamental lumped-parameter model

proposed by Wolf and Somaini. In this model, damping coefficients are introduced as

functions of the physical properties of soil including shear modulus G, , density p, , the

static stiffness K.

Co= =K (5-32)
b
C= Ky (5-33)

S

In the above relations, dimensionless coefficients x4, and z were determined by

applying curve-fitting techniques for a specific component of motion.
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Fig. 1. Soil model.

Figure 5-14: Soil model presented by Wolf and Somaini

In this research using a similar approach, C is correlated to the pile width B, soil-
pile stiffness K, and soil stiffness which is directly related to the wave velocity V.

Damping is inversely proportional to the soil shear wave velocity or soil stiffness. The

following expression is proposed:

C=f(BK, ) =ar (5-34)
VS VS
v.=|% ad G -—°= (5-35)
yo, 2(1+v)

As noted in damping expression, shear wave velocity contributes to damping
estimate inversely. This measure can be obtained from shear modulus (Eg. 5-35). Within

the scope of this study, in order to limit the input parameters to simple and robust site
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investigation data, an equivalent soil shear wave velocity V. is used in damping
formulation. Therefore, V, is established using Eq.5-36, where the soil elastic modulus

E is replaced by the soil pressuremeter modulus E,. The possible imposed inaccuracy of

this simplification is further compensated for by introducing dimensionless coefficient
based on real experimental data as well as validated numerical results. Indeed one could

write that the shear wave velocity is expressed as follows where p is the soil density:

V= /L (5-36)
2(1+v)p

Where o is Poisson’s ratio. To determine the value of « in Eq. 5-34, the predictions
using the proposed simple method code, TAMU-POST (Group) were compared to the
two full scale impact tests and the LS-DYNA simulations; the best agreement was

sought. Section 5.7 explains the quantification of the factor « (Alpha).

5.54. Mass M

Lumped mass (M) at the nodes adjacent to piles includes three terms: mass of the
pile (Mp), mass of the beam (Mp), mass of the associated soil (Ms). My includes mass of
pile that contributes most to the resistance; this is taken as the zero shear depth D,
(defined in the previous section). My includes the mass of the beam element which is h

long.
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Mass of the beam and pile are relatively well identified, but there is more uncertainty
in estimating the mass of the associated soil. Mass of the soil wedge mobilized due to the
impact (Figure 5-15) depends on pile geometry, soil density and soil stiffness.

In this research, a sensitivity analysis was performed to identify the effect of varying
the mass on the output of the program (will be discussed in Section 6.2.6). It was found
that the mass of soil does not affect the maximum deflection significantly. Moreover, the
soil mass value is not considerable compared to the pile, beam and vehicle mass.
Therefore, it sounds reasonable to use an approximate estimate of soil mass as given by
Eq. 5-37 and to emphasize on the influence of damping factor which plays a more

important role on the system performance.

M., = p,B°D, (5-37)

soil

Impact
— Post

/Osoil

Figure 5-15: Mobilized soil wedge
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5.6. Energy absorption

Severity of vehicle-barrier collisions depends on stiffness of the vehicle and barrier,
and the impact speed. The kinetic energy of the approaching vehicle is absorbed in part
by the work done to deflect the barrier system and in part by deforming the vehicle.
Vehicle deformation is not included in the proposed simple model since the vehicle is
modelled as a rigid mass. To account for the vehicle crushing, a reduction factor () is
applied to approach velocity in proportion with the energy absorbed in deforming the
vehicle (Eq. 5.38). This reduction factor may depend on the vehicle type and the

stiffness of the barrier.

Vv

design

=KV,

Crushing (5-38)

To quantify the energy absorbed by crushing the front of the vehicle, a large number
of FE models including different vehicle types, barrier configurations and soil strengths
were analyzed. The energy absorption was quantified by comparing the total kinetic

energy of the vehicle and the internal energy of the barrier and soil together during the

impact. Let’s assume that E, ., E. and E are the total kinetic energy of the

Barrier
vehicle, the energy expanded to crush the vehicle, and the energy absorbed by the
deformation of the barrier system (soil-pile-beam), respectively. Ideally the difference

between E,  and E.,, is the energy that the barrier absorbs during the impact.

However, in numerical simulations there are small losses of energy including an
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inevitable small hourglass energy and the energy spent in contacts sliding. Neglecting

these small effects, Eq. 5-39 can be written as:

ESoiI—F’iIe = ETK - ECrush = % mvrsodified = KZ (% sz) (5'39)
Therefore the reduction factor x is obtained as follows:

o= [ Emx " Foning o [Esoicrie (5-40)

ETK TK

Table 5-4, Table 5-5 and Table 5-6 summarize the numerical simulations and the
corresponding computed velocity reduction factors. In the simulations involving three
class of vehicles (medium-duty truck, pickup truck and sedan) and pile groups with
various layouts, it was observed that the vehicle class contributes more to the reduction
factor than the barrier stiffness. However in the case of the single piles, the barrier and
soil stiffness plays a more important role than the vehicle class. Therefore, the
recommendations for the velocity reduction factor are made according to the three
vehicle classes. For the medium-duty truck (M), pickup truck (P) a crushing factor of 0.8

and for the vehicle class passenger car (C), a crushing factor of 0.4 is suggested.
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Figure 5-16: Crushing factor for vehicle classes M and P
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Table 5-4: Vehicle velocity reduction factor: Medium duty truck (M)

Vehicle

Vebhicle

Vehicle Total

Barrier total

Vehicle total

No. Test Mass Velocity | Kinetic Energy il Internal energy G frpm NI
(kg) (mis) ETK (kJ) energy EV (kJ) ESoilPile from EV
ESoilPile (kJ)
1 6800 26.82 1605.60 745.00 654.00 0.68 0.77
2 6800 26.82 1605.60 760.93 670.00 0.69 0.76
3 6800 22.35 1060.00 633.30 353.90 0.77 0.82
4 6800 22.35 1060.00 662.50 275.70 0.79 0.86
5 6800 26.82 1605.60 646.00 723.90 0.63 0.74
6 6800 17.88 627.00 261.30 325.00 0.65 0.69
7 6800 26.82 1605.90 965.00 335.00 0.78 0.89
8 6800 26.82 1605.90 760.00 675.00 0.69 0.76
9 6800 17.88 627.30 201.00 373.00 0.57 0.64
10 6800 22.35 1060.20 676.00 210.00 0.80 0.90
11 6800 17.88 627.30 230.00 343.00 0.61 0.67
12 6800 26.82 1605.60 521.00 836.50 0.57 0.69
13 6800 22.35 1060.20 549.00 373.00 0.72 0.81
14 6800 26.82 1605.60 849.50 575.00 0.73 0.80
15 6800 26.82 1605.60 834.80 629.50 0.72 0.78
16 6800 22.35 1060.00 731.50 277.00 0.83 0.86
17 6800 22.35 1060.00 750.00 211.00 0.84 0.89
18 6800 26.82 1605.60 770.00 643.70 0.69 0.77
19 6800 17.88 627.00 294.00 309.70 0.68 0.71
20 6800 26.82 1605.90 1123.00 282.60 0.84 0.91
21 6800 26.82 1605.90 834.00 631.10 0.72 0.78
22 6800 17.88 627.30 251.00 347.00 0.63 0.67
23 6800 22.35 1060.20 800.00 194.00 0.87 0.90
24 6800 17.88 627.30 301.70 294.00 0.69 0.73
25 6800 22.35 1060.20 682.00 284.50 0.80 0.86
26 6800 22.35 1605.00 1064.00 365.90 0.81 0.88
27 6800 22.35 1605.00 1023.00 374.60 0.80 0.88
28 6800 22.35 1605.00 1056.00 309.37 0.81 0.90
29 6800 22.35 1605.00 1036.00 304.00 0.80 0.90
30 6800 22.35 1605.00 1106.00 284.63 0.83 0.91
31 6800 22.35 1605.00 1040.00 359.70 0.80 0.88
32 6800 22.35 1605.00 919.39 423.00 0.76 0.86
33 6800 22.35 1605.00 1067.00 323.60 0.82 0.89
34 6800 22.35 1605.00 1025.00 294.50 0.80 0.90
35 6800 22.35 1605.00 990.00 329.00 0.79 0.89
36 6800 22.35 1605.00 875.00 407.00 0.74 0.86
37 6800 22.35 1605.00 1162.00 266.00 0.85 0.91
38 6800 22.35 1605.00 1118.50 262.58 0.83 0.91
39 6800 22.35 1605.00 1084.00 299.00 0.82 0.90
40 6800 22.35 1605.00 1007.00 345.00 0.79 0.89
41 6800 22.35 1605.00 1040.00 253.16 0.80 0.92
42 6800 22.35 1605.00 1015.00 337.00 0.80 0.89
43 6800 22.35 1605.00 936.00 274.70 0.76 0.91
44 6800 22.35 1605.00 827.00 433.00 0.72 0.85
45 6800 22.35 1605.00 1172.00 260.46 0.85 0.92
46 6800 22.35 1605.00 1079.00 358.50 0.82 0.88
47 6800 22.35 1605.00 876.00 423.00 0.74 0.86
48 6800 22.35 1605.00 1415.00 268.00 0.94 0.91
49 6800 22.35 1605.00 1105.00 257.60 0.83 0.92
50 6800 22.35 1605.00 1113.00 289.60 0.83 0.91
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Table 5-5: Vehicle velocity reduction factor: Pickup truck (P)

Mass of VBB Vehicle Total BRI Dl Vehicle total
No. Test vehicle O.f Kinetic Energy lileie] Internal energy i frpm NG
Mv (Kg) vehicle ETK (kJ) energy EV (kJ) ESoilPile from EV
Vv (m/s) ESoilPile (kJ)
1 2300 17.88 383.82 148.00 145.24 0.62 0.79
2 2300 22.35 590.64 224.70 233.60 0.62 0.78
3 2300 22.35 590.00 272.70 167.00 0.68 0.85
4 2300 26.82 843.52 418.10 234.00 0.70 0.85
5 2300 17.88 383.80 149.90 155.38 0.62 0.77
6 2300 26.82 843.50 384.03 218.45 0.67 0.86
7 2300 26.82 843.50 405.14 195.35 0.69 0.88
8 2300 22.35 590.64 209.31 243.46 0.60 0.77
9 2300 17.88 383.80 143.70 166.00 0.61 0.75
10 2300 17.88 383.80 165.04 157.70 0.66 0.77
11 2300 22.35 590.64 277.60 163.00 0.69 0.85
12 2300 17.88 383.80 110.46 188.40 0.54 0.71
13 2300 17.88 383.80 185.50 130.90 0.70 0.81
14 2300 22.35 590.64 256.70 208.00 0.66 0.80
15 2300 22.35 590.64 340.70 149.90 0.76 0.86
16 2300 26.82 843.50 485.40 169.04 0.76 0.89
17 2300 17.88 383.80 188.54 162.44 0.70 0.76
18 2300 26.82 843.50 439.58 206.17 0.72 0.87
19 2300 26.82 843.50 455.00 186.45 0.73 0.88
20 2300 17.88 383.80 169.10 150.21 0.66 0.78
21 2300 26.82 843.50 449.70 228.60 0.73 0.85
22 2300 26.82 843.50 530.00 202.50 0.79 0.87
23 2300 26.82 843.50 502.00 151.70 0.77 0.91
24 2300 22.35 590.70 363.50 137.00 0.78 0.88
25 2300 26.82 843.50 527.00 208.10 0.79 0.87
26 2300 26.82 843.50 479.00 166.00 0.75 0.90
27 2300 17.88 383.30 218.00 136.00 0.75 0.80
28 2300 26.82 843.50 455.00 181.70 0.73 0.89
29 2300 26.82 843.50 490.00 208.00 0.76 0.87
30 2300 17.88 383.30 242.00 111.00 0.79 0.84
31 2300 17.88 383.30 243.90 114.00 0.80 0.84
32 2300 17.88 383.30 242.00 111.00 0.79 0.84
33 2300 26.82 843.50 477.00 196.00 0.75 0.88
34 2300 17.88 383.00 209.00 146.00 0.74 0.79
35 2300 26.82 843.50 481.00 219.00 0.76 0.86
36 2300 26.82 843.50 518.00 152.60 0.78 0.91
37 2300 17.88 383.00 222.50 134.75 0.76 0.81
38 2300 26.82 843.00 511.00 182.00 0.78 0.89
39 2300 26.82 843.50 525.30 220.40 0.79 0.86
40 2300 26.82 843.50 510.00 195.60 0.78 0.88
41 2300 26.82 843.50 562.00 192.00 0.82 0.88
42 2300 26.82 843.50 579.00 195.00 0.83 0.88
43 2300 22.35 590.70 401.00 120.00 0.82 0.89
44 2300 26.82 843.50 554.00 203.00 0.81 0.87
45 2300 17.88 383.50 231.00 133.00 0.78 0.81
46 2300 26.82 843.50 445.00 186.00 0.73 0.88
47 2300 17.88 383.50 253.00 116.00 0.81 0.84
48 2300 17.88 383.50 260.00 104.00 0.82 0.85
49 2300 26.82 843.50 527.00 168.00 0.79 0.89
50 2300 26.82 843.00 385.60 358.32 0.68 0.76
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Table 5-6: Vehicle velocity reduction factor: Passenger car (C)

No. Vehicle \\//glzlgilg/ Total Kinetic Iigrnnearl I\::tegrlgfl Kapa Kapa
Test MG Vv SR ISULS energy energy EV frqm' from
Mv(ka) | (mys) =) ESoilPile (kJ) k) il
1 800 17.88 130.00 39.20 100 0.55 0.48
2 800 22.35 190.90 46.80 167 0.50 0.35
3 800 22.35 190.90 39.90 171 0.46 0.32
4 800 17.88 130.00 24.19 116 0.43 0.33
5 800 17.88 130.00 24.19 116 0.43 0.33

5.7. Characterizing damping

Damping represents resistance to deformations when velocities are present. As
discussed earlier, damping can be either due to material effects or hysteresis energy

consumed by unloading and reloading of the material. Depending on the case either or

both types of damping may be most prevalent.

In the damping expression proposed in this work (Eq. 5-34), the Alpha factor
remains to be determined. This can be done by comparing the TAMU-POST predictions
to the available experimental data (two full scale testes) and numerical simulations
(about 60 different random cases) and ensuring a best fit. As part of this study, an effort
was made to simulate adequately large number of different random cases, described in
Section 4. Once the optimum Alpha factor is achieved by matching for each experiment

and LS-DYNA simulation, a correlation was developed between these alpha values and

the influential factors that were identified through analyses.
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The analyses suggested that the Alpha factor increases primarily with the soil
strength. This trend exists for both vehicle classes: the medium-duty truck and the
pickup truck P, while the variation is more pronounced for the former than the latter.
Figure 5-17 displays the correlation between the damping factor Alpha and the soil
strength represented by the pressuremeter limit pressure P for two classes of vehicle.

The best agreement by a least square approximation was sought.
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Figure 5-17: Damping factor Alpha versus soil pressuremter limit pressure PL

179



Figure 5-17 shows that the Alpha factor increases with soil strength and the impact
level as it was expected. Novak et al. suggests a similar soil behavior in the nonlinear
time domain analysis of lateral response of piles observing stronger nonlinear effects in
stiffer soils.

As in the case of vehicular impacts studied, with reasonable accuracy for design
work, two separate linear equations were derived to characterize the Alpha in the

damping formulations:

For the medium-duty truck M a=0.25P +0.3 (5-41)

For the pickup truck P a=0.1P +0.15 (5-42)

Later this section, the accuracy of the model to predict the pile deformation using
this Alpha factor is evaluated, and the following section treats alpha as a random variable

and accordingly examines the probabilistic model predictions.

5.8. Dynamic penetration

The model as described above predicts the maximum beam deflection; however the
critical measure of interest in design work is the dynamic penetration. As earlier
mentioned, it is defined as distance between the front edge of vehicle flatbed and the
initial location of the piles at maximum displacement during the impact. To determine

this measure additional analyses are necessary to estimate the length Lerushed:

180



Figure 5-18: Dynamic penetration

The length Lcrushed refers to the distance between the crushed position of the bumper
and the front edge of the flatbed. Cautious estimates of the crushed length Lcrushed Were
obtained by crashing numerically each class of vehicle against a rigid wall. Table 5-7
summarizes the results. This table gives the smallest value of Lcushed and therefore a

conservative estimate of the dynamic penetration DP through Eq. 5-43:

DP = Dmax - I‘Crushed (5'43)

Where Dmax is the maximum deflection of the beam as given by TAMU-POST (group)

Table 5-7 is embedded in TAMU-POST (Group). As it is noted, large trucks are
apparently more stable and exhibit a relatively smaller crushing. And with higher
traveling speed, vehicles show more intensive crushing which turns to smaller values of

Lcrushed-
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Table 5-7: The obtained Lcrushed from the numerical simulations

APPROACH SPEED

40 mph 50 mph 60 mph
TRUCK 1.9m 1.5m 1.1m
PICKUP TRUCK 1.8m 1.6m 1.4m
SEDAN 1.4m 0.9m 0.4m

LS-DYNA keyword deck by LS-PrePost
2

Time = 0.0:
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Figure 5-19: The numerical simulation of a sedan (class C) impacting a rigid wall




Figure 5-20: The numerical simulation of a pickup truck (class P) impacting a rigid
wall

Figure 5-21: The numerical simulation of a medium duty truck (class M) impacting
a rigid wall
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6. MODEL VALIDATION AND PARAMETRIC STUDY

6.1. Model validation

Validation studies are crucial to offer designers and researchers reliable information
on the model abilities and limitations. This section investigates the accuracy of the
proposed method TAMU-POST (Group) to predict the primary components in design of
pile groups. The model predictions including the maximum deflection, maximum
bending moment in pile and beam are compared with the full scale tests results
previously described in this dissertation as well as the validated LS-DYNA simulations.

In Section 5, it was explained that the space filing technique with Stratified Latin
Hypercube Sampling (SLHS) design was used to generate a random collection of impact
cases to ensure enough samples are selected from each categories of interest. There is
still significant uncertainty about the inputs (such as soil properties) and the model
parameters (such as crushing factor) which will be later addressed in a probabilistic

study. Additional tests and simulations will help resolve this issue.

6.1.1. Maximum deflection

The dynamic penetration as the main design criterion is directly determined from the
maximum deflection. Therefore first the ability of the program TAMU-POST (Group) is
evaluated in terms of the maximum deflection prediction to match the behavior observed

in the tests and numerical studies.
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The results are reduced to produce the plots shown in Figure 6-1 and Figure 6-2 (log
scale). Predicted maximum deflections by the analytical model are plotted versus the

measured ones in numerical studies. The impact tests PU60 and M50 are also included.
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Figure 6-1: Predicted versus measured maximum deflection
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Figure 6-2: Predicted versus measured maximum deflection (log scale)
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Figure 6-3: The probability density function of the error in model prediction with
respect to the maximum deflection

TAMU-POST was found to provide reasonable and mostly conservative estimates of
the lateral maximum deflection. Figure 6-1 and Figure 6-2 indicate more pronounced
agreement between the measured and predicted result for cases with relatively smaller
deflections (say less than 2 m). Figure 6-3 shows the probability density function of the
error (Predicted deflection —Measured deflection). This figure and the subsequent figure
(Figure 6-4) showing the ratio of predicted to measured deflection suggest that the
model, while simpler and less computationally intensive than the numerical simulations,

results in estimates comparable to those of the experiments and numerical solutions.
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Figure 6-4: Ratio of predicted over measured maximum deflection for 95 cases

6.1.2. Maximum bending moment in the beam

To examine further the ability of the model, the other output, maximum bending
moment in beam was evaluated through comparison with the numerically obtained beam
bending moment. The maximum moment is the largest moment along the length of
beam. As plotted in Figure 6-5, the ratio of maximum bending moment predicted by
TAMU-POST (Group) to the maximum bending moment obtained in associated

simulations tends to increase by soil strength i.e. Limit Pressuremeter Py.
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Bending Moment in Beam
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Figure 6-5: Ratio of predicted over measured maximum bending in the beam
versus the soil pressuremeter limit pressure
Especially in the stiffer soils, as shown in Figure 6-5, TAMU-POST (Group)
overestimates the maximum bending moment in beam, and the overestimation rate
depends on soil conditions. In contrast, for very low strength soil cases the model
predicts less bending moment than the measured data.

This overestimation is believed to attribute to the fact that the model theory neglects
the beam becomes plastic under impact. As observed in both experiments and
simulations, beam and piles are most likely to exhibit plastic behavior in extreme
loading. This issue is continued to be unresolved since the model is not designed to
incorporate the structural plasticity. However for design, it is informative to indicate the

model performance in moment predictions for a given soil condition. It is important
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point out that, the computed bending moment in pile and beam are overestimated and not
recommended as design measures. To investigate this, for each soil strength category
(with different P.s) the mean ratio of predicted to measured moment in beam versus the

associated Py is plotted in Figure 6-6. The best curve fitted is also included.

Bending Moment in Beam
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Figure 6-6: Predicted over measured maximum bending in the beam versus soil
pressuremeter limit pressure

6.1.3. Maximum bending moment in the pile

Similar to the beam bending moment predictions, the ratio of predicted to measured
moment in the pile (Figure 6-7) suggests that the model overestimates the maximum pile
moment. However, this overestimation is less notable in high strength soils. The

maximum moment in pile is referred to the largest moment along the length of pile. This
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higher moment is due to the fact that the SALLOP approach, that was adopted to
calculate the pile moment is essentially for static loading and it relies on the elastic
theory. In addition, the input forces for the SALLOP method were chosen based on the
impact forces calculated by the program TAMU-POST (Group). It induces a secondary

inaccuracy into the moment results.
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Figure 6-7: Ratio of predicted over measured maximum bending in the beam
versus soil pressuremeter limit pressure

Again, a plot is provided (Figure 6-8) to give a better insight on the program

limitation regarding moment predicting.
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Figure 6-8: Ratio of predicted over measured maximum bending moment in the
beam versus the soil pressuremeter limit pressure
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6.2. Parametric study and design insights

It is essential to comprehend the influence of contributing factors on the impact
performance of piles to select a pile configuration capable of offering the required
resistance against a desired impact level while accepting a predetermined deformation
(e.g. Im for P1 test designation in ASTM F2656). A parametric study on impact
response of pile groups offers helpful insights on critical geometric and geomechnic
characteristics of pile groups for a functional and economical design. Using the simple
analytical approach TAMU-POST (Group), the proposed model that has been earlier
proven to compare well to 3D LSDYNA numerical simulations, this section
parametrically studies the variation of factors affecting the ultimate resistance of pile
groups under impacts. For selected cases numerical data are added and compared to
TAMU-POST data points to illustrate the effectiveness of the developed method.

In this analysis, the main parameters including mass and velocity of vehicle (My and
V), soil strength (in terms of soil pressuremeter limit pressure PL), pile embedment
depth (L), the ratio of pile spacing to the pile width or diameter (S/D) are investigated.
The analyses are performed considering two different cases: a four-pile (HSS6x6x1/2)
under impact of a 2300 kg pickup truck (P) and an eight-pile impacted by a 6800 truck
(M).

Additional factors such as the number of piles, varying pile and beam bending
stiffness (Elpile and Elpeam) are addressed to provide information on contribution of
structural elements in response of pile groups subjected to vehicular impacts. As the

model theory bases on three main inputs estimation Mass (M), Damping (C) and
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Stiffness (K) it seems worthy to examine the sensitivity of the model precision to the
primary model inputs M, C and K. This analysis presents the effect of these inputs

variation on the model results.

6.2.1. Effect of pile spacing and pile embedment depth

Two important features in pile groups design are pile spacing and embedment depth.
To derive insight on the critical pile spacing and depth to resist a given scenario, two
extreme cases are studied, S/D and L ranging from 10 to 50 and 1 m to 2.5 m,
respectively. Figure 6-9 and Figure 6-10 illustrate how the maximum deflection of the
barrier varies by the ratio of pile spacing to the pile width (S/D) having different pile
depths for the prescribed cases. These plots offer the critical embedment depth and the

corresponding S/D for a given case.
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Figure 6-9: The effect of pile spacing and pile embedment depth for the four-pile

group

For example, for the small piles (HSS6X6X1/2) (Figure 6-9) in the case of 4-pile

group, pile depth of 1 m apparently is not enough to resist the impact PU60 no matter of

pile spacing. As the depth increases, pile spacing affect slightly the response linearly.

After a critical S/D (~26 for this particular case) the deflection increases dramatically.

Therefore, given the enough embedment depth is met, this study should be considered to

determine the most cost-effective pile spacing for the examined scenario.
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Similarly for the large piles (W14X90) in the case of eight-pile group, it is shown
that the deflection is linearly affected by the ratio of S/D. For this case of large piles the

spacing is reasonably limited to S=20.
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Figure 6-10: The effect of pile spacing and pile embedment depth for the eight-pile
group

6.2.2. Effect of mass and velocity of vehicle

To design anti-ram barrier, it is worthy to examine the resistance of barrier against
different extreme impact levels. Figure 6-11 provides information on how vehicle mass
and velocity impact the barrier response. As expected, it is shown that the small barrier

(four HSS6x6x1/2 piles) is more sensitive to the impact level rather than the larger
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barrier of eight I-beam piles. This information allows a reasonable estimation of the

barrier performance against any scenarios and threats that are probable based on the risk

studies.
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Figure 6-11: The effect of mass and velocity of vehicle
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6.2.3. Effect of soil strength

The governing role of soil-pile interaction on pile response is well recognized,
however, it is hard to conclude on how soil and pile characteristics control the ultimate
resistance. To comprehend this, the maximum deflection of two different barriers with
different soil strength and pile depth is studied. The soil Pressuremeter Limit Pressure
(Pv) varies from 0.3 to 2.5 MPa (corresponds to very soft to very hard soil) and the
considered depths are 1, 1.5 and 2 m.

As shown in Figure 6-12, it is interesting to notice that increasing the pile depth up
to a certain depth significantly improves the performance, in particular, for relatively
low strength soils. After a critical depth, the response does not largely get affected by the
increased depth. Hereby, for an economic design it is strongly recommended to spot the

critical depth for a given soil condition.
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Figure 6-12: The effect of soil strength and pile embedment depth for the four-pile
group

Soil strength is also projected to be important. Improving soil strength has a
pronounced impact on the pile response. This effect gradually becomes less marked for
high strength soil. Similar findings are applicable for the eight-pile group under the large

impact with a different corresponding critical depth (Figure 6-13).
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Figure 6-13: The effect of soil strength and pile embedment depth for the eight-pile
group

6.2.4. Effect of pile and beam bending stiffness

Structural capacity of piles and beams as the other contributing factor needs to be
examined. Figure 6-14 and Figure 6-15 illustrate the variation of barrier deflection by
bending stiffness of piles and beams for the 4-pile and 8-pile cases.

It is found that as the beam bending stiffness (EI where E is elastic modulus and I is
moment inertia) increases, the barrier deflection drops more significantly compared to
the case of increase in pile bending stiffness. Therefore, it can be concluded that the
beam structural resistance has a greater impact on the response rather than the pile
stiffness. The trends shown in the following figures are noteworthy as they suggest the

required bending stiffness of piles and beam for the examined cases. For a cost effective
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design it is highly recommended to generate the similar comparison to find the optimum

pile and beam configurations.
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Figure 6-14: The effect of beam bending stiffness
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Figure 6-15: The effect of pile bending stiffness

6.2.5. Number of piles

One of the issues of interest was the effect of number of piles on the impact
performance of the barrier. To investigate this, a series of analyses were performed on
barriers with different numbers of piles impacted by a pickup truck traveling at 60 mph.
The results are displayed in Figure 6-16. As illustrated in this figure, Dmax evidently
decreases with the pile number. However after a number of piles, for example 6 in this
case, maximum deflection tends to remain constant and the response becomes
insensitive to increasing number of piles. It is essential to find the number of piles

actively contributing to the barrier response for any desired impact level.
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Figure 6-16: The effect of number of piles

6.2.6. Sensitivity analysis of M, C and K

The proposed model TAMU-POST uses several inputs to estimate the associated
damping C, static stiffness K and the involved mass M to solve the main governing
dynamic equation. There are inevitable uncertainties in determination of these inputs. It
is helpful to understand the sensitivity of the model result to the precision in estimation
of these prescribed parameters, M, C and K.

A case of 4-pile group with Mg, Co and Ko is considered as the reference. The factors

M, C and K are varied ranging from one tenth to ten times of the reference values. In
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Figure 6-17, the normalized maximum deflection (the ratio of Dmax to the Dmax Of the
reference case) is presented versus the normalized factor (0.1 to 10, the ratio of the M, C
and K factor to the associated values of the reference case).

It is found that the model result is primarily affected by the estimated damping. The

inherent uncertainties in mass and stiffness determination are found less important.
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Figure 6-17: The sensitivity of model result to mass, stiffness and damping
estimation
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6.3. Reliability analysis of TAMU-POST

The proposed model so far introduces a deterministic approach. In other words, the
model predicts the response of a group of piles for a given set of input parameters and
does not address the inherent uncertainties associated with the input parameters
including heterogeneity of the soil deposit. On the other hand there is a bias associated
with the theoretical model. The method assumes an elastic beam and models the pile and
surrounding soil as a single degree of freedom with a dashpot and a spring which do not
perfectly represent the real behavior of the system. Due to all these uncertainties the
model does not give an absolute answer to the problem. Therefore it is recommended
that further research continue to estimate a probability of failure associated with design.

Considering widely different impact scenarios along with the various possible pile
configurations there is no single safety factor that can be applied to all impact
conditions. For an economic design of such a complicated soil-pile system, it is
necessary to perform a simple reliability analysis and quantify probability of failure
associated with any potential design. This part of study offers the answer in the form of:
With this given group of piles there is a probability of P that this certain truck will be
contained.

Having provided this information, it will be the responsibility of a designer to adopt
the associated probability of failure based on the significance of the project. This target
probability of success combined with the EXCEL program would be of great help in

design of such systems.
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In this respect, as a supplement to the deterministic proposed method, a robust Monte
Carlo Simulation has been applied to TAMU-POST (Group) to evaluate the model
reliability and to consider the randomness of the variables (Fenton & Griffiths, 2008;
Ang & Tang, 2007). The theory of MCS is fully explained in many studies (e.g. Hahn
and Shapiro, 1968; Morgan et al., 1992 and Rubinstein and Kroese, 2011). Despite
simplicity in concept and application, this method provides an unbiased estimate of the
probability of failure given sufficiently a large number of samples is considered. This
method estimates the cumulative distribution function of the model output for the cases
of highly complex model while it maintains the nonlinear essence of the model. It also
allows for any nature and magnitude of the input uncertainties described in statistical
terms.

In this work, the simplified solution involves varying degrees of uncertainties. These
uncertainties correspond to both the input data particularly soil properties and the
derived parameters through the model development process such as the crushing factor
and Alpha factor.

The program TAMU-POST (Group) incorporated with the code of Monte Carlo

Method computes the probability of failure for each criterion as follows:

Pf = P(yt > yallowable) = .[F f (X)dX = J- I [yt = yallowable]' f (X)dx (61)

Where y; refers to the computed output (dynamic penetration) and VYaiowable denotes

the corresponding allowable values. If failure reaches, the indicator I equals to 1.0.
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6.3.1. Failure criterion

This method basically involves running the model where the uncertain input
parameters are varied randomly. The important design measure which is the maximum
deflection of the beam for the current impact problems (service limit state) is computed
using the program TAMU-POST for each set of random samples. Since this research
concerns the dynamic penetration of the truck, the maximum deflection minus the
Lcrushed (1.€. maximum amount of overpassing of truck with respect to the initial position
of the piles) should be limited to one meter. With emphasis of this research on the barrier
maximum deflection and the test designation P1 according to the standard ASTM
F2656-07, it is defined that the failure occurs when the dynamic penetration exceeds 1 m
(the performance-based design). Past impact testing observations proved that the
deflection-related design criterion is enough to assure that the structure does not fail due
to the material failure and over exceeding capacity. Hereby the probability of failure

corresponding to serviceability limit state is estimated.

6.3.2. Random variables and the probability distributions

To capture the spatial variability of the inputs, soil properties including the pressure

limit pressure (PL), the elastic modulus (Es) and the density (o) were candidates as

random variables with a lognormal distribution. This distribution is commonly accepted
to describe the physical properties of soil in particular the strength parameters. It is
worth noting that Poisson’s ratio varies within a relatively narrow range (Griffith &

Fenton, 2007). So it seems justifiable to neglect Poisson’s randomness.
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The proper values for coefficients of variation (CV=o/u) and the standard

deviations o of the geotechnical parameters are commonly estimated using the
available data and engineering knowledge. For widely common in-situ testing methods,
the literature values of the coefficients of variation are given in Table 6-1 (Kulhawy and
Trautmann 1996). These values are corresponding to the measurement uncertainty
arising from the systematic testing error (equipment and operator effects) and random
testing error. The Pressuremeter test has been found to be largely dependent on type of
the boring and the test conditions. In this study, coefficient of variation of 0.2 was

assumed for the P.. Figure 6-18 illustrates the PDFs of the soil random parameters.

Table 6-1: Coefficients of variation for in situ testing methods (Kulhawy and
Trautmann 1996)

Test Equipment Operation Random Range
Standard penetration test 0.05-0.075 0.05-0.75 0.12-0.15 0.15-0.45
Cone Penetration Test (CPT) 0.05 0.1-0.15 0.1-0.15 0.15-0.25
Vane Shear Test (VST) 0.05 0.08 0.1 0.1-0.2
Pressuremeter Test, pre-bored 0.05 0.12 0.1 0.1-0.2
Pressuremeter ~ Test, self- 0.08 0.15 0.08 0.15-0.25

boring (PMT)
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Figure 6-18: The probability distribution of the random input paramter

In addition, as earlier discussed, the analytical model uses a crushing factor to
account for the energy absorption due to the crushing of the vehicle front part and an
Alpha factor to calibrate damping C. Both factors were determined by analyzing a
number of numerical simulations and two full scale tests. It is essential to examine the
uncertainty in estimation of these model parameters. Therefore the crushing factor and
the Alpha damping factor are further assumed random variables.

These variables may be correlated or independent. The Alpha factor is defined as a
function of limit pressure of the soil (PL). Herein, the mean value for the Alpha factor
was determined using the random P and then an independent distribution for the Alpha
factor was defined and used in the MCS. Structural parameters including S/D (the ratio
of pile spacing to pile width or diameter), embedment depth, impact level, and pile,
beam sections are considered non-random. Table 6-2 summarizes the statistical features

of the prescribed distributions.
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Table 6-2: The random variables and their statistical features

Parameter Distribution Coeff!m_ent of
variation
rushing F r Lognormal )
Model Crushing Facto ognorma 0.05
Parameters
Alpha Factor Lognormal 0.1
Soil Properties PL (MPa) Lognormal 0.2
Model Patameters Distributions
12
10 /
8
o 6
o
2
0 ;_F,/ L
0.65 0.7 0.75 0.8 0.85 0.9 0.95 1

Crushing factor

Figure 6-19: PDE of the model parameter: crushing factor

6.3.3. A design example

As an example, an extreme case is investigated to illustrate the application of Monte
Carlo Simulation to design of pile groups. A barrier soil-pile system is considered to stop
and redirect a Medium duty truck with a mass of 6800 kg traveling at 60 mph (100
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km/h), which is the highest impact level in the ASTM F2656. Soil has a medium
strength with the properties as PL=0.8 MPa, Ec=10 MPa and density of 1900 kg/m3. For
the first step, an eight-pile group of W14x90 section, spaced at 5.2 m, connected with a
beam of HSS10x10x1/2 is considered. Piles are embedded in soil to a depth of 3 m.
Using TAMU-POST the maximum deflection and dynamic penetration are

deterministically obtained (Figure 6-20).

1.2 r T T

T T Depth= 3m

S/D=15

1 Medium Duty Truck 6800 kg | |
Speed: 60 mph

Maximum Deflection: 1.13m
0.8 /
0.6

Dynamic Penetration:0.03 m
0.2 /

Maximum Deflection (m)
o
N

-0.2 :
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Time (sec)

Figure 6-20: The deterministic response by TAMU-POST

The dynamic penetration is 0.03 m much less than 1 m, it implies that the soil-pile

system is perfectly resisting the impact level M60. Continuing this example, a series of
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analyses were conducted to estimate the probability of failure where the uncertainties in
the input parameters and the model factors are considered explicitly.

Another question is to obtain the required number of samples which depends on the
probability distribution function of the model output and the desired accuracy.

Figure 6-18 shows the results, number of samples as NS=5000 was adopted.

1.4 r
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NS=10000
[ 0.8
[
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\\
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---------- NS:lOOO
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Dynamic Penetration (m)

Figure 6-21: Comparison of MCS results with different numbers of sample
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The analyses have been conducted for a wide range of soil-pile barrier systems; S/D
and embedment depth L ranging from 10 to 25 and 1.5 m to 3 m, respectively. The

results are gathered in Table 6-3 and illustrated in Figure 6-22 and Figure 6-23

Table 6-3: The cases studied

Embedment Ratio of pile spacing to

Case Depth pile diameter or width
L (m) S/D
1 1 15
2 15 15
3 2 15
4 2.5 15
5 3 15
6 3 10
7 3 15
8 3 20
9 3 25
10 3 30

As observed in Figure 6-22, embedment depth is one of the governing features, and
significantly impacts the dynamic penetration and accordingly the probability of failure.
It is worthwhile to pay attention to variation of response and POF for the cases of
different depths: a large POF (99%) (corresponding to a safety factor of 0.45) for the
case of depth 1m suggests a certain nonfunctional barrier. While POF drops significantly
with an increase in depth, it is found that after a certain depth, deeper piles do not
improve the performance remarkably. This finding offers a very helpful insight for an

economic and safe design.
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In a companion analysis, a similar case (M60) was analyzed, where the ratio of pile
spacing to pile width or diameter varies between 10 and 30. As shown in Figure 6-23,
the probability of failure remains small up to a critical S/D, where the dynamic
penetration and the associated probability of failure increases drastically from 10 to
0.014 and then 0.79. It clarifies the importance of the appropriate pile spacing for an
economic and safe design of barriers.

In summary, this estimated probability of failure provides a noteworthy insight into
the risk associated with any case of interest and assists the designer to characterize the
details of the pile system such as pile spacing, embedment depth, pile and beam

sectional characteristics for a given design such that the target reliability is achieved.

215



PDF

PDF

PDF

PDF

PDF

F F
Depth =3 m
4 / \ S/D =10
2
O 7/ N
0.5 1 1.5 2 2.5 3 3.5
4 F
’\ Depth=3m
3 / \ SID =15
1/
1
0h——
-0.4 -0.2 0 0.2 0.4 0.6
4 F
/| Depth=3m
3 / \ SID =20
2 /
1 /
0 .
-0.5 0 0.5 1
Dynamic Penetration (m)
4 ;
/-\ Depth =3 m
3 / \ S/D =25
2 \
1
0
0 0.5 1 1.5
3 F
Depth=3m
S/D =30
| / \
| J \
0 L
0.5 1 1.5 2

Dynamic Penetration (m)

805
Q
POF=2.25x10"
0 13
-0.6 0.4 0.2 0 0.2
1
& 05
O
/ POF=10"*
0 F
04  -02 0 0.2 0.4 0.6
1
B 05
@]
(POF=10'4
0 —t 1
0.5 0 0.5 1
Dynamic Penetration (m)
1
0.8 /
L 0.6 /
()]
© 04 /
M _
0.2 | POF=0.014 |1
0 0.5 1 1.5
1
0.8 /
L 0.6 /
@
© 04
-
0.2 POF=0.79 |1
0.5 1 1.5 2

Dynamic Penetration (m)

associated probability of failure, S/D ranging from 10 to 30

216

Figure 6-23: Probability Distribution Function of the dynamic penteration and the



7. SUMMARY AND CONCLUSIONS

This dissertation detailed a combined experimental, numerical and analytical
investigation on the impact response of group piles. In this project, a simple but effective
analytical solution is developed to predict the performance of in-line piles embedded in
any soil type subjected to impact of a vehicle with any given mass and velocity. The
solution was then coded in an Excel spreadsheet called TAMU-POST (Group) and
MATLAB for the practical use.

A literature review was performed; however very little work was found on soil-pile
interaction under impact loading and the impact performance of piles. A series of full
scale tests were conducted to compile an adequate database. The experiments were
complemented by a similar series of numerical simulations using LS-DYNA. The total
datasets collected from the tests and simulations were applied to develop and later verify
the proposed analytical model. The following sections present the summaries of the
conclusions, implications from the research and at the end present the recommendations

for the future study.

7.1. Experimental study

Learning from the past experience of the single pile tests, two full scale crash tests
and two full scale static tests were performed and analyzed: A group of 8 in-line piles
embedded 3 m in loose sand to sustain a 6800 kg truck with an approaching velocity of
80 km/h and a group of four piles embedded 2 m in hard clay, connected together with

two beams was designed to arrest a 2300 kg pickup truck with an approaching velocity
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of 100 km/h. The results obtained from the conducted identical static tests allowed

quantifying the static stiffness. Beams and piles displacements along with the vehicle

accelerations during each of the tests were measured using accelerometers, a data

acquisition system and high speed cameras. To characterize the soil properties a number

of laboratory and in-situ tests were carried out. The main observations are summarized

as:

On average, comparison of the measured static resistance from the tests with the
SALLOP method indicated a fairly good agreement. For designing pile groups
under impacts, identical full scale static testing is essential to characterize the
static resistance of the soil-pile system and compare with the analysis method
proposed in the program TAMU-POST (Group).

A group of four in-line piles with 2 m embedment depth could effectively arrest a
vehicle 2300 kg going 100 km/h in hard clay. Preliminary design simulations
showed that 2 m depth is the minimum depth necessary to adequately ensure the
lateral resistance of the piles.

In the PUGO test, all piles were observed to bend under the impact loading. One
of the critical issues of interest in design work is to assure that the structural
elements such as piles, beams and the connections do not break or rupture,
especially in high strength soils.

In the M50 test, a group of eight in-line piles effectively arrested a vehicle up to
6800 kg going 80 km/h in loose sand. The piles located on the edges of the group
deflecting in the reverse direction did not carry as much load as those located
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within the group. The failure in two of the connections also did not allow for
fully transferring the impact load to all the piles.

The researchers recommend the typical minimum embedment depth for the
impact problems with Medium-duty truck (M) and Pickup truck is 3 m and 2 m,
respectively. These values may differ for extreme soil conditions.

The experimental setup and instrumentation used in this testing program offer an
efficient approach to record the real behavior of piles and vehicle in similar

experimental work.

7.2. Numerical study

Extensive numerical simulations were performed using LS-DYNA prior to the

testing program to design the test setup and after the tests to calibrate the models against

the experiments. In addition, a series of simulations of various scenarios was performed

to augment the datasets that would contribute to develop the analytical method. To best

cover all possibilities in sample selection, the space filing technique of “Stratified Latin

Hypercube Sampling” (SLHS) was adopted. The main numerical observations can be

summarized as:

The LS-DYNA models results regarding PU60 and M50 tests compared very
well to these crash tests and validation of the simulations was carried out
successfully in both quantitative and qualitative ways.

The presented models provide a reliable means for impact simulation of different

cases and study of any aspect of the impact mechanism. Within the scope of this
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work, particularly soil contribution to the barrier performance and affecting
factors are studied. Once one or more finite element models are validated against
the full scale tests, those simulations can be reliably applied to study new crash
scenarios.

An Isotropic Elastic Plastic constitutive model using Von Mises yield criteria
available in LS-DYNA was used to numerically model the cohesive soil behavior
(hard clay in the test PU60). Also, for cohesionless soil, the Joint Rock model
modified with Drucker-Prager was found to reasonably characterize the real
behavior of the loose sand.

The parameters including the vehicle mass, vehicle speed, pile spacing, pile
width or diameter and soil strength were observed to be the most influential

factors on the barrier response.

7.3. Analytical study

A computationally efficient model TAMU-POST (Group) was developed to predict

the lateral response of pile groups under impact loading through a nonlinear impact

analysis. The proposed model facilitates a direct analysis of a pile group subjected to

impact loading with little computational effort.

The model was developed mathematically based on the finite difference solution to

the governing differential equation for a beam supported by a group of in-line piles

represented by single degrees of freedom with damping, mass, spring and slider. The
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coded program called TAMU-POST (Group) was then calibrated against the data bank

of full scale experiments and LS-DYNA finite element simulations.

This semi empirical-theoretical model, while simpler and much less computationally

intensive than the numerical solutions or the full scale tests, resulted in estimates

comparable to those obtained from the experiments and numerical efforts. The easy use

of the program and conservative results make the model a useful tool for a good

approximate estimation of the pile group deformation under vehicular impacts. The

conclusions are summarized as:

Although the impact response of a pile group is a complicated nonlinear dynamic
problem, the simplified mass-spring-dashpot analogy method with calibrated
constants for damping gives a remarkably good estimate of the deflection
measured in the tests and validated simulations. It was shown that the
displacement predicted by TAMU-POST is within +/- 15% from the measured
values.

Approximating the stiffness of the soil-pile system by the simple method
SALLOP is an acceptable simplification.

Recommendations are drawn on how to best obtain the input parameters and to
evaluate the precision of predictions using TAMU-POST (Group).

Damping parameter of soil is greatly affected by soil strength and the level of
loading. These effects were included in the analysis. Direct expressions are
presented as a function of soil strength (i.e. pressuremeter limit pressure P.) and
impact level to estimate the value for damping.
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In the model development process, conservative estimates of the dynamic
penetration for the three vehicle classes are derived from the numerically
simulations of vehicles impacting fully rigid walls.

The energy absorption by the vehicle crushing was quantified by comparing the
total kinetic energy of the vehicle and the internal energy of the barrier and soil
together during the impact.

As a useful supplement to the deterministic methodology, a reliability analysis is
performed to provide insights on the probability of failure associated with any
given design case. Using the adequate range of variance for the random input
parameters and the model parameters, this study reveals the importance of such
probabilistic study to give insights on the design safety.

It is highly recommended that for a given soil condition and impact level, several
cases with various important design measures such as embedment depth and pile
spacing be probabilistically analyzed to identify the associated probability of
failure. This simple effort indicates the critical design features (i.e. critical depth
and critical S/D) that would result in an economic, reliable and admittedly safe
deign with a very low probability of failure in the range of 10*.

In this study, the uncertainties in estimates of soil properties (such as
pressuremter limit pressure P.) and the model parameters (such as crushing
factor and Alpha factor) were acknowledged.

It was also found that TAMU-POST (Group) overestimates the maximum

bending moment in the pile and beam. The overestimation rate depends on soil
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conditions, specifically soil strength. For design purposes, the beam and piles
plots which indicate the moment overestimation trends as a function of soil
strength are reported in the dissertation.

e A parametric study on impact response of pile groups varying the critical
geometric and geomechnic characteristics is performed. In this analysis, the main
parameters including mass and velocity of vehicle (My and Vy), soil strength (in
terms of PL), pile embedment depth (L), the ratio of pile spacing to the pile width
or diameter (S/D), number of piles and pile and beam bending stiffness are
addressed. A notable result is that, the ultimate resistance does not improve when
any of depth, pile spacing or number of piles varies beyond certain values. These
sensitive parameters offer an acceptable range to optimize the design of new and

improved soil-pile barrier systems.

The main advantages of the model are listed as:

e |t allows for analysis of different loading levels, different piles spacing, any soil
conditions, pile and beam cross-sectional properties.

e The effect of soil nonlinearity was captured in the analysis.

e It requires the least number of input parameters that could be easily obtained
from common laboratory and in situ tests.

e The probability of failure associated with any design is provided.

e With little computational effort, designer can spot the critical features for a cost

effective and functional system design.
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e |t is easy to use, does not need a special expertise and it takes less than one
minute to run the code.

The potential limitations of the proposed model include:

- While it predicts the maximum deflection very well, it does overestimates the
bending moment in piles and beams.

- The inherent model error arising from the simplifications applied must be
acknowledged.

- The model was based on two full scale tests and about 100 numerical
simulations. This limited databank should be extended for a more improved and
reliable analysis method.

- The number of piles from 3 to 8 piles and the ratio of S/D ranging from 10 to 50

can be analyzed using this model.

7.4. Recommendations for future studies

Several mechanisms governing the vehicle- barrier crash, in particular the impact
force transmitted to the barrier, energy absorption by vehicle crushing have not been
fully resolved. A better understanding of these features helps to incorporate these effects
into the piles response estimation model. For this purpose, it is suggested to conduct a
large number of numerical simulations with different vehicles, traveling with different
velocities and more diverse barrier configurations.

A substantial step to forward this research is to calibrate the properties of the soil

material model with the pressuremeter test (PMT).
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In extreme loading, car crashes for instance, materials mostly experience large
deformations and exhibit nonlinear behavior. The proposed model in this research, as
discussed before, incorporated nonlinear springs to account for the soil nonlinearity and
employs factors obtained directly from nonlinear observations both experimentally and
numerically, to reflect the additional displacements caused by the plastic behavior of
piles and beams. To address the structural behavior of piles and beams and the plastic
behavior, it seems essential to explore approaches that model plastic failure of pile and
beams more directly. For instance a method that considers the degradation of pile and
beam elastic modulus as the deformation is progressing would enhance the model
precision in bending moment estimation.

To achieve a better insight, a great reliance must be placed on performing more real
scale experiments on piles with more protected and accurate instrumentation. These tests
can fully replicate various impact scenarios. In this project, most of the strain gauges
were damaged and could not be recovered. The more full scale tests are performed, the
more reliable numerical models can be developed and validated. These experiments as
well as numerical simulations can improve the precision of damping expression and the
associated calibrating factor.

Further numerical studies with more refined finite element models and more
predictive constitutive models are required to provide information to advance the
proposed analytical approach. In order build confidence in modeling soil and soil-pile
interaction, it is recommended to study the other numerical approaches embedded in LS

DYNA such as Smoothed-Particle Hydrodynamics (SPH) and Multi-Material Arbitrary
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Lagrangian-Eulerian (MM-ALE). These approaches are believed to treat large
deformation well.

There are uncertainties associated with both material properties and input model
parameters as well as the error inherently induced in the model development procedures
that require a thorough probabilistic study. In order to quantify the uncertainties in the
parameters and the simple model, it is suggested to expand the simple deterministic
model to probabilistic demand model using a Bayesian framework and to estimate the
fragility (conditional probability of failure of the system given a set of demand variables)

of the barrier under a vehicle impact.
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APPENDIX A

SITE CHARACTERIZATION - BORING LOG AND SPT RESULTS

BORING LOG NO. B-1 Page 10t
PROJECT: CLIENT: Texas A&M University
College Station, Texas
SITE: Riverside Campus
Bryan, Texas
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@ |LOCATION See Exnibit A-2 _ g 2| w - STRENGTHTEST | - g *"[Fﬁ,‘}?‘s g
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Boring Terminated at 6.5 Feet
Stratification lines are approximate. In-situ, the transition may be gradual. Hammer Type: Automatic
Advancement Method: ibit A-: ipti Notes:
Dry augered (o termination depth. psfao?:e?dl:rlgl;‘,*\ 3 for description of field tes:
See Appendix B for description of laboratory
procedures and additional data (if any).
Abandonment Method: See Appendix C for explanation of symbols and
Borings left open at the direction of the client abbreviations.
| WATERLEVEL OBSERVATIONS | Boring Started: 11/18/2013 Boring Completed: 11/18/2013
No free water observed
erracon Drill Rig: D50 Track Driller: Terracon - Roger Bauer
. Project No.: A1125038 Exhibit: A-1
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BORING LOG NO. B-2

A\

6.5

Page 1 of 1
PROJECT: CLIENT: Texas A&M University
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See Exhibit A-3 for description of field
procedures.

procedures and additional data (if any).

Abandonment Method:
Borings left open at the direction of the client

See Appendix B for description of laboratory

See Appendix C for explanation of symbols and

Notes:

WATER LEVEL OBSERVATIONS

No free water observed

Tlerracon

|Boring Started: 11/18/2013

IBoting Completed: 11/18/2013

Drill Rig: D50 Track

Driller: Terracon - Roger Bauer

Project No.: A1125038

Exhibit: A-2
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BORING LOG NO. B-3

Method:
Borings left open at the direction of the client

Page 1 of 1
PROJECT: CLIENT: Texas A&M University
College Station, Texas
SITE: Riverside Campus
Bryan, Texas
Q [LOCATION See Extibit A-2 - gg w - STRENGTHTEST | - 5 ATEMEFTESﬁ @
= S &
° g |g2|F| ge w |2z | & |ac |88 £
= T < w 3 e |2t | £ |HEZ |5
£ £ |Bz|g| oz A AREREA: £
g G |Fuw = oy | E3 | 2 Sz (kg | WPLP o
G S |53|% = Mz |6 | 3| 3 ]
DEPTH ° 3 &
SANDY CLAY, dark tan
/ 5-10-11
N=21
3-5-6
N=11
4-5-6
N=11
5 —
%ﬁ 5
Boring Terminated at 6.5 Feet
Stratification lines are approximate. In-situ, the transition may be gradual Hammer Type: Automatic
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procedures and additional data (if any).
Abandonment See Appendix C for explanation of symbols and

abbreviations.
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No free water observed
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Project No.: A1125038

| Exhibit: A-3
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BORING LOG NO. B-4

6.5

Page1ol1
PROJECT: CLIENT: Texas A&M University
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SITE: Riverside Campus
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Hammer Type: Automatic

Advancement Method:
Dry augered to termination depth.

See Exhibit A-3 for description of field
procedures.

procedures and additional data (if any).

Abandonment Method:
Borings left open at the direction of the client

labbreviations.

See Appendix B for description of laboratory

See Appendix C for explanation of symbols and

Notes:

WATER LEVEL OBSERVATIONS

No free water observed

|Boring Started: 11/18/2013

IBoting Completed: 11/18/2013

Tlerracon beoe

Driller: Terracon - Roger Bauer

Project No.: A1125038

| Exhibit: A-4
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BORING LOG NO. B-5

Dry augered to termination depth.

procedures.

Abandonment Method:
Borings left open at the direction of the client

abbreviations.

'See Appendix B for description of laboratory
procedures and additional data (if any).

See Appendix C for explanation of symbols and

Page 1 of 1
PROJECT: CLIENT: Texas A&M University
College Station, Texas
SITE: Riverside Campus
Bryan, Texas
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Stratification lines are approximate. In-situ, the transition may be gradual. Hammer Type: Automatic
Advancement Method: See Exhibit A-3 for description of field Notes:

WATER LEVEL OBSERVATIONS

No free water observed

|Boring Started: 11/18/2013

IBoﬂng Completed: 11/18/2013

1lerracon e

Driller: Terracon - Roger Bauer

Project No.: A1125038

| Exhibit: A-5
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FIELD DENSITY TEST REPORT

1lerracon

Report Number: A1131064.0010

Service Date: 12/02/13 6198 Imperial Loop

Report Date: 12/03/13 College Station, TX 77845
Task: PO #478260-22. Research Foundation 979-846-3767 Reg No: F-3272
Client Project

Texas Transportation Institute
Attn: Gary Gerke

TTI Business Office

3135 TAMU

College Station. TX 77843-3135

Riverside Campus
Riverside Campus

Bryan, TX

Project Number: A1131064

Material Information

Lab Test Data

Project Requirements

Optimum
Water  Max. Lab ‘Water
Mat. Proctor Laboratory Content  Density Content Compaction
No. Ref. No. Classification and Description Test Method (%) (pef) (%) (%)
1 Al1111007.0045A  Black with red clay ASTM D698 15.3 107.5 N/A N/A
Field Test Data Probe Wet Water Water Dry Percent
Test Lift / Mat. Depth Density  Content Content Density  Compaction
No. Test Location Elev. No. (in) (pcf) (pch) (%0) (pcf) (%0)
PO# 478260-22
1 Static Final 1 8 1249 17.5 16.3 107.4 99.9
2 West Final 1 10 122.8 152 14.1 107.6 100+
3 East Final 1 10 127.8 13.6 11.9 1142 100+
Datum: Serial No: 7415 Std. Cnt. M:608 Std. Cnt. D: 1584

Comments:
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APPENDIX B

THE IN-SITU AND LABORATORY TESTS

Pressuremeter Test PMT

Pressuremeter test (PMT) an in situ stress-strain test was developed in France in late
1950s Louis Menard to obtain information on soil characterization for both granular and
cohesive soils. The PMT (as shown in Figure B-1, Briaud, 1992) consists of drilling a
borehole to a desired depth, inserting an inflatable cylindrical probe and expanding the
probe while recording the pressure and corresponding change in volume (or radius). This
test data provides a relatively accurate means to determine the p-y curve used in design
of laterally loaded deep foundations. Moreover, using PMT data and empirical equations
bearing capacity and settlement analyses can be performed for shallow foundations. The
primary advantage of PMT test is that it permits to replicate different load sequences
such as rapid inflation for impact loading and unload-reload cycles for cyclic loading.
(Briaud 1992).

Three major types for PMT testing equipment are available: preboring or Menard-
type pressuremeter, self-boring, and the push-in pressuremeters. In the self-boring
pressuremeter, the probe is equipped with the drilling equipment that bores into the soil
to avoid the decompression of soil due to preboring. In the push-in PMT, the probe is
pushed into the soil and the displacement takes place during the insertion. Herein, the

most common method preboring PMT is addressed.
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Figure B-1: TEXAM and Menard Pressuremeters

A typical PMT result as a stress strain curve presented in Figure B-2 has three
distinct phases: the initial curved portion (phase 1) attributed to the expansion of probe to
reach full contact with the borehole sides, the linear portion (phase Il) representing the
onset of plastic behavior and the nonlinear portion (phase IlI) indication of plastic

behavior until a limit pressure is reached.

AP

PRESSURE APPLIED TO BOREHOLE WALL P

I
diR
-
|-
ARy _/‘ AR -
Rp RELATIVE INCREASE IN PROBE RADIUSR—
P

Figure B-2: Typical PMT test result: pressure vs relative increase in radius
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Useful information on the soil properties can be inferred from this test such as the
modulus E, so called the first load modulus and the pressuremeter limit pressure Pp

(Figure B-3). An unload-reload loop is often addressed close to the point Py to obtain the

reload modulus E;.

Po =100 kPa Eo= 12400 kPa

P, =1200 kPa E,= 28900 kPa
PL-=1100 kPa  E¢/P~=11.27

P, =600 kPa
1500
1250
1000 —
/ g
750

500
- // Py //
0 10 20 30 40 50 f NG

Relative Increase in Probe Radius (3)(%) (%Tlﬁ AR (AR%Q AR

Pressure on Cavity Wall (kPa)

Figure B-3: Pressuremeter test result

PMT test result largely depends on the drilling process and the disturbance of the
borehole walls. To minimize the disturbance and ensure the full contact between the
probe and hole sides, the diameter of the borehole should be slightly larger than the PMT
probe and improved techniques should be applied to make the borehole. The following
recommendations are suggested if D1, D2, and D3 denote the diameter of the drilling tool,

of the deflated probe, and of the borehole before inflation of the probe respectively:
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D2<D1<1.03D;

1.03D2 < D3<1.20D;

The most commonly recommended method for preparing the borehole is the
wet rotary method. In this case the rotation of the drill bit should be slow (about 60 rpm)
and the circulation of the drilling mud should also be slow. The bottom of the borehole
should be at least 1 m deeper than the PMT location to allow any cuttings not
transported up to the surface to settle at the bottom of the hole. Other methods can be

used as shown in Table B-1.

Table B-1: Guidelines for PMT borehole preparation (ASTM D4719-07)

Rotary .
Drilling PilotHole 1ot pgrand
With Pushed Drilling ot Hand B%ttom
. Bottom Thin and Subse- Y Auger - Driven or Vibro-
Soail Type . and - Discharge -
Dischar- Wall quent . in the Driven Sampler
ge of Sampler Sampler S'n?glﬂtsa' Dry Preogre d
Prepared Pushing Shavin I\/?u d
Mud 9
Clayey Soils Soft 28 28 2 2 NR 1 NR
Firm to Stiff 18 1 2 2 1 1 NR
Stiff to Hard 1 2 1 1 NA NA NA
Silty Soils Above GWLC 18 28 2 28 1 2 2
Under GWL® 18 NR NR 28 NR 1 NR
Sandy Soils - Loose and
/ Above GWLC 18 NR NR 2 2 ! 2
-Loose and
Below GWLS 18 NR NR 2 NR 1 NR
_ H B
D'\gsg;”m o 1 NR NR 2 1 1 2
Sandy Loose
g:gxg:s or Dense 2 NA NA NA NA NA NR
Sands yBeIOW NR NA NA NA NA NA NR
GWL
Weathered 1 NA 28 NA NA NA 1
Rock

A 1 is first choice, 2 is second choice, NR is not recommended and NA is nonapplicable.
B — Method applicable only under certain conditions. C — GWL is ground water level. D — Pilot hole drilling required beforehand.
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Prior to the main test, two calibrations should be conducted: VVolume and Pressure
calibrations. In pressure calibration, probe is tested to determine the amount of pressure
Pc required to inflate the probe in the air. In membrane resistance calibration, probe is
also calibrated to determine the amount of volume V. necessary to inflate the probe in a
tight fitting thick steel tube. The PMT test can be performed in increments of either
pressure or volume, however, increase in volume is preferred since unlike the pressure
increase there is no need to approximate the limit pressure PL. The data reduction
consists of converting the raw data into the corrected pressure and corresponding relative
increase in borehole radius using the calibration Pc, V¢ and applying the confinement

pressure adjustment (Briaud 1992).

Standard Penetration Test (SPT)

Standard Penetration Test is a simple and inexpensive, thus extensively used in situ
testing method to provide information of soil properties especially granular deposits such
as sands and gravels. However, some countries such as Brazil have extended the use of
SPT testing for soft soils (silt and clay) (Briaud 2013). This method also allows for a
disturbed soil sample. SPT testing procedure consists of insertion of a sampler into the
soil dropping a rigid 623N hammer from a height of 0.76 m and counting the number of
blows required to advance the split-barrel sampler for three 0.15 m penetrations (over
depth interval of 0.15 m to 0.45 m). The N-value, the indication of the penetration
resistance of soil, is reported as sum of blows number for the last two 0.15 m drives.

This Nspr should be adjusted to a constant energy level (60% of the theoretical energy
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N60). Additionally the normalization to an overburden stress level and accounting for
different drop heights and rod length might be necessary (ASTM Standard D1586). In

this study, the consulting firm Terracon Inc. performed the SPT tests in the field.

Standard Penetration Test (SPT)

€35 kg Deop I
e 1l 5 Per ASTM D 1586
Repadody R I
Fuling 0.7 m ¢ . 1
¢ } Nood to Correct to a Roforonce
¢ [ Energy Efficiency of 60%
; (ASTMD 4633)
Borekok
?"am
*or
H Note: Occasbonad
AT Type) Foarth frcromeit Usod
to provide addRronat
pit-Barel soif matarial
(Drive) Surp for
[Thick Holow
Tudo}
0.0.= 50 mm
1O, = 35 enm
L= Z0mm
PATT & .
3 e
vi.i o 2
s AL 2 38 SPT Rosistanco (-wiuc)
w7 o
2.8 'Eg Firstincrement of “Blow Counts”is total
=3 3 O 1 g~ turmber of blows to crivo
S Pereey Second ncrement sarrpler last 300 mm (or
:g‘ 0 Sg Dblows per foot).
=Syl g 29 L B
Third Increment

Figure B-4: The Standard Penetration Test (SPT) procedure (Retrived from the
website: Geotechnical and Foundation Engineering)

Cone Penetration Test

Cone Penetration Test a common simple and efficient in situ testing method provides a
detailed continuous record of cone resistance including tip and sleeve friction and
porewater pressure. This test is a valuable means to determine the subsurface
stratigraphy and in sequence engineering properties of soil. The test consists of

penetrating an instrumented cone (either mechanical type or electrical type
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penetrometer) attached to a rod into the soil and recording cone, sleeve resistance and
porewater pressure. Additional sensors may be included in the cone to monitor useful
data such as temperature, shear wave velocity and electrical conductivity. The standard
test methods of mechanical cone penetration test and electronic friction cone and
piezocone penetration testing are covered in ASTM D3441-05 and ASTM D5778 — 07,

respectively.

[E : ]
Cable o Coat puter "]
Etectric Cons Seal
FPenefmiefer 1. Saturation of Cone Tip Cavities
with 60" Apex: and Placement of Pre Saturated 5
4 =36 mm (10 em?) Porous Filter Element. . Ep< omm
o 2. Obtain Baseline Readings for Dint Seal =
=44 mm (15 em?) Tip. Sleeve, Foramater Trans duger,
& Inclinameter Channels
£
Continuous e g
Hydraulic Push E 5 |8
: @ 20 mivs; Add S
Cone Penetration Test (CPT) e L CSH|
F 19
©
per ASTMD 5778 procedures Friction Sleeve 0
Cone Rod i
3 L/ (36~ mrr chiam.) 3,
fretinom eber
T A 1, = sleevefriction Watertight Seal_\
§ Dirt Seal
T A Readings talen | - €g< Smm
4 u, = porewater pressure every 10 to 50 mT Piezo-Element T 5-10mm
4 4= niet area ratio (from triaial calibration) f. Cone, . hg= 5mm
5 =. :, N u,
! . = measured tip stress or coneresistance @ - 60° hc
1= comected tip stress =q. + (1-a,)u,
'dg=35.7mm

Figure B-5: CPT testing setup and an example of a mechanical cone penetrometer

Unconsolidated Undrained Triaxial Test (UU)

This test provides information to determine the undrained compressive strength of
soil in terms of the total stress. The specimen under a certain confining fluid pressure is
sheared in compression while no drainage is permitted. The UU test strength is

applicable to cases that involve highly rapid loading (ASTM Standard D2850).
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APPENDIX C

TEST VEHICLE PROPERTIES AND INFORMATION

DATE:  2010-05-27 TESTNO.:  400951-5NL24  VINNO.. 1HTSCABN41H369576
YEAR: 2001 MAKE: International MODEL: 4700
TIRE SIZE:  275/80R225 ODOMETER: 145741

GECMETRY (inches)
A 315 B 205 C 305 o 1035 E 1025 F 1115 G 290

80.5
H I 235 J 395 K 940 L 805 N D+E = 206

Allowed Range for Wheelbase (D+E) = 208 + 20 inches

MASS DISTRIBUTION {lb})

LF 3770 RF 3730 LR 3910 RR 3660
MASS (kg) CURB TEST INERTIAL
M, 6340 7500
Mz 5800 7570 Allowed Range
for Inertial Wt.=
Mo 12,140 16,070 15000 + 309 Ib

Figure C-1: Vehicle properties for the test 400951-SNL24
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Date:  2013-12-12 Test No.:  478260-USD22
Year: 2000 Make: Chevrolet
Tire Inflation Pressure: 60 PSI Odometer: 190363
Describe any damage to the vehicle prior to test:
® Denotes accelerometer location. v
NES: F—— Sy |  —
W ey {( \—-- i QB
Engine Type: V8 \
Engine CID: 5.7 liter — =\l \ —
Transmission Type: X SR
x Auto
S Manual ST REMRL G,
Optional Equipment: ;
~4 o
e
Dummy Data: / —._!: [
Type: No dummy O I l
Mass: l =
Seat Position: .
o— 8 ¢ E—
v wh,
Geometry ( inches ) !
A 74.00 E 50.00 J 43.00 N 63.00 R 28.75
B 34.00 F  216.00 K  26.00 O 6450 S 34.50
C 132.00 G 60.46 L 3.50 P 29.50 T 57.50
D 72.25 H — M _ 17.00 Q _17.50 U _ 132.00
Mass
(b} Curb Test Inertial Gross Static
M1 2674 2745 2745
M2 1951 2320 2320
Motal 5065 5065
Mass Distribution
(b} LF: 1433 RF: 1312 LR: 1145

Figure C-2: Vehicle properties for the test 478260-USD22
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APPENDIX D

USER’S MANUAL FOR TAMU-POST (GROUP)

TAMU-POST (Group) is an analysis program that can evaluate the response of a
group of in-line piles, connected by a beam, embedded in any type of soil, and subjected
to horizontal vehicle impact. TAMU-POST has been developed at Texas A&M
University under the direction of Professor Jean-Louis Briaud in collaboration with the
Texas A&M Transportation Institute (TTI). The project was sponsored by the United
States Department of States. The development of TAMU-POST (Group) benefited from
the prior development of TAMU-POST (Single) dealing with single pile impacts. The
use of the TAMU-POST (Group) program requires some basic knowledge in soil
mechanics and structural principles.

TAMU-POST (Group) has been framed in an excel spreadsheet to facilitate its use in
practice. Software requirements are Windows XP and later, Microsoft Office. The user’s
manual provides step-by-step instructions to input the data, run the program, and analyze
a group of piles subjected to vehicle impact. The program was verified against two full
scale experiments: an impact test against a group of eight in-line piles in loose sand
connected by a beam and an impact test on a group of four in-line piles in hard clay
connected by a beam. It was also compared to a large number of numerical simulations
performed using LS-DYNA. The main features of TAMU-POST (Group) include:

- It can analyze a group of in-line piles hit by any vehicle class within the common

range (i.e. small car passenger C with a mass of 800 kg, Pickup Truck P with a mass
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of 2300 kg and Medium duty truck M with a mass of 6800 kg) with any approaching
velocity within the common range (i.e. 40 mph, 50 mph, and 60 mph).

The number of piles can vary from three to eight and the impact can be on any of the
piles or on the beam, between the piles.

The soil type can be clay, sand or soft rock with any soil strength. Soil strength is
categorized from 1 = low strength to 5 = high strength in this report.

TAMU-POST does require soil input data. The program requires Pressuremeter data
(limit pressure and modulus). If PMT data is not available, data from the other
common tests (Standard Penetration Test SPT or Cone Penetration Test CPT or
Undrained Triaxial Test UU) can be used; the program will convert the data from
these tests to the PMT data through empirical correlations.

The ratio of the pile spacing (center to center) to the pile width (perpendicular to the
impact) can vary from 5 to 50.

The piles and beam can have any cross section and can be made of any material but
all piles must be identical. Note that the failure mechanisms such as cracking in
concrete material or fracture in wooden material have not been studied. Therefore, if
concrete or wood are used, special attention should be paid to ensure providing the
material strength prior to yielding.

TAMU-POST (Group) predicts the maximum deflection of the beam and the
dynamic penetration very well but tends to overestimate the bending moment in the

pile and the beam.
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The graphical user-interface features of the TAMU-POST (Group) include:

- Both Sl units and American customary units can be used.

- The barrier layout, number of piles, and node number allocation can be selected from
the pre-drawn sketches.

- The most important outputs (i.e. maximum deflection, dynamic penetration,
maximum bending moment in the beam and pile) are presented and compared to the
criteria right below the input selection to help the user optimize the design.

- TAMU-POST does not give a result if the input parameters are not correctly
provided (for example if the number of piles does not lie between 3 and 8).

- Other outputs (i.e.: the beam moment envelop, the impact force on the impact

node,...) are presented in a separate sheet.

TAMU-POST Structure

The primary objective of developing TAMU-POST (Group) was to reduce the
complexity of the dynamic soil-pile-beam interaction problem during an impact on a
group of piles and to automate the calculations in a fast, efficient and simple manner.
The calculations for a new case take at most one minute to complete. The Excel
Spreadsheet program includes eight pages that guide the user from the beginning to the

end of the response analysis.
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The Input Pages (Vehicle, Pile, Beam, Soil and Layout)

The required parameters are input into the main code through the Input Pages. The
input parameters describe the features of the barrier such as structural properties of the
piles and beams, geotechnical data, piles layout as well as the vehicle mass and
approaching velocity. For convenience, the unit system can be switched between the SI
system and the American customary system. If the input data is entered incorrectly (i.e.
negative value or value out of the suggested ranges) the cells with the incorrect data
become red and the program does not work. To facilitate the design procedure, a table
including a summary of the results (e.g. maximum displacement of the impact point,
maximum bending moment in the piles and the beam) is embedded in each input page. If
the user does change any input parameter, the program reruns immediately so that the

user can inspect the effect of that parameter on the response of the barrier.

The Solver Page

The computation core is also included in the Excel program to provide the user an
insight into the theoretical calculations performed by the program. The solver page
shows the matrices generated by solving the governing differential equation using the
finite difference method (refer to the Section 5 for more information). The program
computes the displacement, velocity, moment and acceleration for all the nodes at the
posts and at half span of the beam so that the user has access to all the data for any point

of concern in addition to the impact node.
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Detailed Results Page

This page displays the important outputs. According to the ASTM F2656-07, a
successful barrier design is reached if, upon impact, the front edge of the flat bed of the
truck does not pass the initial location of the barrier more than one meter. Therefore the
most important output to design a new barrier is the maximum deflection at the impact
point and the dynamic penetration. The next most important output is the maximum
bending moment in piles and beam. Other parameters such as the impact force at the
impact point and the beam moment envelop are presented. If any other parameter at any
other node is of interest, the user can easily refer to the solver page and look for that

parameter.

[Vehicle Input]

' A

Post Input

Beam Input =% S lver Core I:>[ Output ]

' N

Soil Input

Lay out
Input

Figure D-1:The structure of the program TAMU-POST (Group)
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Using TAMU-POST (Group)

TAMU-POST (Group) is used to design a group of piles and beam system in a given
soil to capture a truck with a certain mass and approaching with a certain velocity. The
process consists of choosing a system and checking if the system can stop the vehicle
within a predefined distance. The geotechnical properties of the soil are input (PMT,
CPT, SPT or Undrained Triaxial test). Given the soil properties, the designer must
choose the number of piles, the spacing between piles, and the structural properties of
the beam and the piles. Then the program is run and the output gives the response of the
system. If any of the criteria are not met, the user can try another possible pile-beam
system.

There are two ways to get the program to run a case: automatic or manual.
Automatic means that anytime the user changes an input quantity the program starts
running and a new set of answers is output. Manual means that once all parameters are
input, the user can start the program manually. To select and switch from one to the
other, you can access “Calculation Options” under the “Formulas” tab on the top bar of
the Excel program. If you select “Manual” after filling out the input pages, click on
“Calculate Now” and the program will run. You can also select the “Automatic” option

from the same menu. The general procedure involves the following steps:
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Input Page “Vehicle”

Provide the input data associated with the vehicle:

Insert the vehicle class (See Table D-1)

Insert the approaching velocity of the vehicle (V)

Insert the total Mass of the vehicle (M)

Insert the height of impact (h)

Based on the vehicle type and the approaching velocity, estimate Lcrushed (See Table
D-2). This regards the crushing of the vehicle during impact. Table D-2 gives a
conservative estimate of this crushing length based on simulations of impact against a

rigid wall. See the full report for more details on Lcrushed.
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V,
M

vehicle

vehicle ::>

AN
Vehicle
Vehicle Class (See Table 1) P
Velocity of the Vehicle, V, mph m/s
17.88
. Ib kg
Mass of the Vehicle, M, 300
. ft m
Impact Height, h; 07
Lcrushed (See Table 2) 1m8

Figure D-2: The input data for the Vehicle
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Table D-1: Test designations according to the ASTM Standard F2656-07

Test VehiclfelMinir_num Mass, kg (lbm) Mi_nimum Test S':)ZrergisRS;?:;e Kinetic Er_1ergy Cor]ditiqn
Test Inertial Vehicle Velocity km/h (mph) knvh (mph) KJ (ft-kips) Designation
65 (40) 60.1-75.0 179 (131) C40
Small passenger car (C) | 1100 (2430) 80 (50) 75.1-90.0 271 (205) C50
100 (60) 90.1- above | 424 (295) C60
65 (40) 60.1-75.0 375 (273) PU40
Pickup truck (P) 2300 (5070) 80 (50) 75.1-90.0 568 (426) PU50
100 (60) 90.1- above | 887 (613) PUBO
50 (30) 45.0-60.0 656 (451) M30
Medium-duty truck (M) | 6800 (15000) 65 (40) 60.1-75.0 1110 (802) M40
80 (50) 75.1-above | 1680 (1250) M50
50 (30) 45.0-60.0 | 2850 (1950) H30
Heavy goods vehicle (H) | 29500 (65000) 65 (40) 60.1-75.0 4810 (3470) H40
80 (50) 75.1-above | 7280 (5430) H50

Table D-2: Estimation of the Lcrushed upon the vehicle type and approach speed

) ) Approach speed
Crushing Length of Vehicle Table
40 mph 50 mph 60 mph
Truck 1.9m 1.5m 1.1m
Pickup truck 1.8m 1.6m 1.4m
Sedan 1.4m 0.9m 0.4m
Lcrushed 1.8
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Input Page “Pile”
Provide the structural input data associated with the piles (Figure D-3). It is assumed that
the piles are identical in material and section.
e Input the descriptive section type of the piles
e Input the total length of the piles, (L)
e Input the embedded length of the piles, (D)
e Input the width of the piles, (B)
e Input the Young's modulus of the piles material, (Epile)
e Input the moment of inertia of the piles, (lpile)
e Input the mass per unit length of pile, (Mpile)
e Input the yield strength of the pile material, (Fypile)
e Input the ultimate strength of the pile material, (Fupiie)

e Input the plastic section modulus of the piles, (Zpite)
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POST

%/
Impact —-
L
D
Eposl ‘—j
I post
Y
Y
Input Page “Beam”

Provide the structural input data associated with the beam (Figure D-4):

Section Type HSS6X6X1/2
ft m
Length of the post, L 23
Embedment depth, D ft n31
) ft m
Width of the post, B 0.15
tsf Mpa
Young's Modulus of the post,E
9 POSLEpost 200000
4 4
Moment inertia of the post,| In m
POSHpost 2.00E-05
Mass per length of the post,Mys; Ib/ft kg/zm
Yield Strength of the beam,Fypos tsf Mpa
307.5
. tsf Mpa
Ultimate Strength of the beam,Fups 246
in m?
Plastic section modulus of the post,Zost
0.000324

Figure D-3: The input page “Pile”

Input the section type of the beam

e Input the Young's modulus of the beam material (Epeam)

e Input the moment inertia of the beam (lpeam)

e Input the mass per unit length of the beam (Mbeam)

e Input the yield strength of the beam material, (Fyoeam)

e Input the ultimate strength of the beam material, (Fubeam)

e Input the plastic section modulus of the beam, (Zneam)
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Beam

Section Type HSS10X10X1/2
tsf Mpa
Young's Modulus of the beam,E . 200%00
.4 4
L in m
Moment inertia of the beam,lyeam 0.000052
Ib/ft kg/m
Mass of the beam per length, Myeam
73
tsf M
Yield Strength of the beam,Fypeam > e
307.5
Ultimate Strength of the beam,Fupeam tsf '\222
in3 m°
Section Modulus of the beam,Zy,cam 0.000614
EBeam
Py Ph1 Pn

? B Pi ( IEeam

Figure D-4: The input page “Beam”
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Input Page “Soil”

Provide the input data associated with the soil (Figure D-5):

Input the type of soil: Clay, Sand

e Input the Poisson’s ratio of the soil.

e Input the average pressuremeter limit pressure P (PMT) within the stressed zone
if available.

e Input the average pressuremeter modulus, E (PMT) within the stressed zone if
available.

e Input the average Standard Penetration Test blow count per foot N (SPT) within
the stressed zone if available. In this case the SPT N value will be transformed
into a PMT limit pressure P and a PMT modulus E automatically based on
correlations recommended by Briaud (2013).

e Input the average tip resistance of the CPT (qc) within the stressed zone if
available. In this case the CPT qc value will be transformed into a PMT limit
pressure P and a PMT modulus E automatically based on correlations
recommended by Briaud (2013).

e Input the average undrained shear strength (Su) within the stressed zone if

available. In this case the Su will be transformed into a PMT limit pressure P,

and a PMT modulus E automatically based on correlations recommended by

Briaud (2013).
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Soil

Soil Type

Sand

Poisson’s ratio

0.35

Unit weight Y soil

pcf

kN/m 3

18

PMT

Limit Pressuremeter PL v

tsf

Mpa

04

Pressuremeter Modulus, E ey

tsf

Mpa

SPT

Standard Penetration Test
blow counts (spr)

Limit Pressuremeter PL tom spt

Pressuremeter Modulus, E o spt

CPT

Tip Resistance (4

Limit Pressuremeter PL o oc

Pressuremeter Modulus, E from qc

Su

Undrained Shear Strength (s,

Limit Pressuremeter PL pwT) from su

Pressuremeter Modulus, E fom su

Figure D-5: The input page “Soil”

Input Page “Layout”

e Input the number of the piles, based on the options presented in the embedded

figures (Figure D-6 and Figure D-7).

¢ Input the center to center spacing between the piles (S).

e Input the node number which will be subjected to the impact based on the

embedded figure in the page.

272




Layout of Piles

Number of piles 4
Space between the piles ft 5m >
The node under impact 8

11

12

13

15

.
o [ =

Figure D-6: The visual selection of layout
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V/—Element length
<«h—>
11 12 14 15
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Figure D-7: The nodes allocated to the piles and the mid span points
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Detailed Results
This page includes the results for the displacement at the point of impact, the
bending moment of the beam at the point of impact, and the impact force at the point of

impact (Figure D-8).

Displacement of the impact node
14 g T e P
R R — - —

L
06 - ‘ ‘ I I I ‘ ‘
04 -
02

Displacement (m)

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Time (sec)

Dynamic Penetration
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Impact force kN

Impact force of the impact Node

W A/\m\ Mor

o!s \Ls \IV""s "V

Time (sec)

Moment (kN.m})

400 -
200 -

-200 |
-400 |
-600
-800

Moment Envelope

Beam length (m)

Figure D-8: The detailed results
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APPENDIX E

MATLAB CODE (MONTE CARLO SIMULATION AND TAMU-POST)

%Monte Carlo Simulation and computing the probability of failure

NS=5000;

% Identify the random variables: Crushing factor
ml = 0.8;

cvl1=0.05;

vl=(cvl*ml)*2;

mul = log((ml”2)/sqgrt (v1i+ml"2));

sigmal = sqrt(log(vl/ (m172)+1));

X1 = lognrnd(mul, sigmal,NS,1);
x1l=linspace (min (X1) ,max (X1),NS);

% Identify the random variables: Pressuremeter Limit pressure PL
m2 = 0.8e6;

cv2=0.2;

v2=(cv2*m2)"2;

mu2 = log((m272)/sqrt (v2+m2°2));

sigma2 = sqgrt(log(v2/(m272)+1));

X2 = lognrnd (mu2, sigma2,NS,1);

x2=linspace (min (X2) ,max (X2) ,NS) ;

for tt=1:NS
Fac Vv=X1(tt);
PL_PMT=X2 (tt);
Es=1le7;
rho=1900;

% Calling TAMU-POST (Group) to calculate the deterministic maximum DP
[MDispTD1l,Dyn PenDl,alphaDl]=TAMUFUNCTIONM1 (0.8,0.8e6,1e7,1900);

% Calling TAMU-POST (Group) to calculate the probabilistic maximum DP
[MDispT1l,Dyn Penl,alphal]=TAMUFUNCTIONMI (Fac Vv,PL PMT,Es,rho);
MDisl (tt)=MDispTl;

Dyn Pennl (tt)=Dyn Penl;

alpha ml (tt)=alphal;

end

save ('CASEM1IPL 5000.mat', 'MDisl', 'Dyn Pennl', 'alpha ml', "MDispTD1',"'
Dyn PenDl', "alphaDl')
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load ('CASEMIPL 5000.mat")
% Plotting the PDF and CDF, estimating the probability of failure

figure (3)

subplot(2,1,1)

myFit Dyn Penl=fitdist(Dyn Pennl.', 'kernel');
indexl=linspace (min (Dyn Pennl),max (Dyn Pennl), NS) ;
plot (indexl,pdf (myFit Dyn Penl, indexl))

xlabel ('Dynamic Penetration (m)', 'fontsize',12);
ylabel ('PDF', "fontsize',12);

grid on

subplot(2,1,2)

Yl=cdf (myFit Dyn Penl, indexl);

plot (indexl, Y1)

xlabel ('Dynamic Penetration (m)', 'fontsize',12);
ylabel ('CDF', "fontsize',12);

grid on

Il=find(index1<=1);

psl=Y1 (length(Il));

pofl=1l-psl;

figure (4)

subplot(2,1,1)

myFit MDispTl=fitdist(MDisl.', 'kernel');
indexll=linspace (min (MDisl),max (MDisl) ,NS) ;
plot (indexll, pdf (myFit MDispTl, index1l))
xlabel ("Maximum Deflection (m)', 'fontsize',12);
ylabel ('PDE', '"fontsize',12);

grid on

subplot(2,1,2)

Y1ll=cdf (myFit MDispTl, indexl1l);

plot (index11,Y11)

xlabel ("Maximum Deflection (m)', 'fontsize',12);
ylabel ('CDEF'", 'fontsize',12);

grid on
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%% Analysis of the group pile system using Multi Degrees of Freedom

o\

function[MDispT, Dyn Pen, alpha]=TAMUFUNCTIONMIL (Fac Vv,PL PMT,Es, rho)

load LCrushed

dt=le-5;
nt=40000;
=(l:nt) *dt;

Mv=6800; %
Vv=26.8; %

np=8; 3
nn=15; %
s=5.2; %
Lmat=zeros (1,15); S
no_ impact=8; %
if (np==8)
Lmat (1)=1; Lmat(3)=1;
Lmat (11)=1;ILmat (13)=1
end
if (np==7)
Lmat (2)=1; Lmat(4)=1;
ILmat (12)=1;Lmat (14)=1
end
if (np==6)
Lmat (3)=1; Lmat(5)=1;
Lmat (13)=1;
end
if (np==5)
Lmat (2)=1; Lmat(5)=1;
end
if (np==4)
Lmat (2)=1; Lmat(6)=1;
end
if (np==3)
Lmat (2)=1; Lmat(8)=1;
end

Mass of the Vehicle (kg)

Velocity o

Number of
Number of

f the vehicle (m/s)

posts
nodes

Space between the piles (m)

Matrix ass

number of
Lmat (5)=1;
;Lmat (15) =1
Lmat (6)=1;
Lmat (7)=1;
Lmat (8)=1;

Lmat (10)

ociated with pile layout
the node under impact

Lmat (7)=1;Lmat (9)=1;

7

Lmat (8)=1;Lmat (10)=1;

ILmat (9)=1;Lmat (11)=1;

ILmat (11)=1;Lmat (14)=1;

=1; Lmat(14)=1;

Lmat (14)=1;

% Soil-Pile-Beam parameters

% Soil
ks=2.3*Es;
(N/m2)
Pu=PL_PMT;
PL_PMT
nu=0.49;

% Pile

Stiffness property for soil MDOF

% Ultimate static resistance (N/m2)

[

s Poss
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o\

Bp=0.35;
Ip=4.16E-04;
Ep=2.00E+11;

o° o oe

[ T w]
O = ol
o

o

M length pile=135;
Mpile=M length pile*Lp; %
fy=250e6;
Zp=2.57E-03;

Mp pile=fy*Zp;

% Beam

Bb=0.25;

Mb=92.95;
Eb=2.00E+11;
Ib=1.07E-04;
Zb=9.94E-03;
fy=250e6;

Mp beam=fy*Zb;

d° d° o d° o° oe

o

% SDOF equivalent parameters
% SALLOP for Ks and Pu
LO0=(4*Ep*Ip/ks)"~0.25;
al=atan (1/ (1+2*H/L0) ) *L0;
bl=L"2/(3* (L+2*H)) ;
a2=L0"2*ks/ (2* (LO+H) ) ;
b2=L"2*ks/ (4*L+6*H) ;
if L>=3*L0
Dv=atan (1/(1+2*H/L0) ) *LO0
Ks=L0"2*ks/ (2* (LO+H)) ;
else if L<=LO
Dv=L"2/ (3* (L+2*H)) ;
Ks=L"2*ks/ (4*L+6*H) ;
else

Dv=bl-(bl-al)*(L/L0-
Ks=b2- (b2-a2)* (L/L0-

end
end
Mpile=M length pile*Dv;
Hou=0.75*Pu*Bp*Dv;
yf=Hou/Ks;
% Damping
Vs PMT=(Es/ (2* (1+nu)) /rho) ~0
Cs_gs=Bp*Ks/Vs_PMT;

m5=0.25*Pu/1076+0.3;
cvb5=0.1;

v5=(cv5*mb) "2;

mu5 = log((m572)/sqgrt (v5+m5"

Width of pile (m)

Moment Inertia of the pile (m4)
Elastic Modulus of pile (N/m2)
Embedment depth, (m)

Height of impact (m)

length of the pile (m)

Mass of the pile (kg)

Width of beam (m)8in=0.2m

Mass per length of the beam
Elastic Modulus of beam (N/m2)
Moment Inertia of the beam

section modulus of the beam

Yield Strength of the steel, Sybeam
yield moment (N.m)

; % Dv zero shear depth

1)/2;
1)/2;

oe

Mass of the pile (kg)
Failure load of the pile SALLOP
failure displacement (m)

oe

o\°

.5;

2));

sigma5 = sqgrt(log(v5/(m572)+1));

281



alpha=lognrnd (mu5, sigma5,1,1);
Cs_g=alpha.*Cs_gs;

% Mass

Ms=rho*Bp*Dv*1*Bp;

h=s/2; % Length of the elements
if (np==5)
h=s/3;
elseif (np==4)
h=s/4;
elseif (np==3)
h=s/6;
end

LmatMass=ones (1,15);
Lmatl=Lmat;

LmatMass (1)=0.5;
ImatMass (15)=0.5;

Mp=Lmatl*Ms+Lmatl*Mpile+LmatMass*Mb*h;
Mp (no_impact)=Mv;

Cg=Lmat*Cs_g;

K=Lmat*Ks;
yi=Lmat*vyf; % yield displacement

% Main code
e=Eb*Ib/h"3;
cg=Cg/2/dt;
MP=Mp/dt"2;

y=zeros (nn,nt) ;

v=zeros (nn,nt-1);

acc=zeros (nn,nt-2);
Mom=zeros (nn, nt) ;
y(no_impact,l)=-dt*Vv*Fac Vv;

for i=2:nt;
kfac=ones (1,nn) ;
cfac=ones (1,nn);
mfac=ones (1, nn);
f=zeros (1l,nn);

for j=l:nn
if(abs(y(j,1))-abs(y(j,1-1))>=0) S%separation check
if (abs(y(3,1))>vyf(3))
f(j)=-sign(y(j,1))*K(3)*yE(j); % failure load
kfac(3)=0;
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end

m=MP;

k=kfac.*K;
mc_g=m+cfac.*cg;
cm_g=cfac.*cg-m;

% main stiffness matrix
emk=zeros (nn, nn) ;

emk (1,1)==-2*%e+2*m (1) -k (1) ;
emk (1, 2)=4*e;
emk (1, 3)=-2*¢;
emk (2,1)=2*e;
emk (2,2)==-5*e+2*m(2) -k (2) ;
emk (2, 3)=4*¢e;
emk (2,4)=-e;
for 1=3:nn-2;
emk (1,1-2)=-¢;
emk(l,l 1)=4*¢e;
emk (1,1)=-6*e+2*m (1) -k (1l);
emk (1,1+1)=4*e;
emk (1,1+2)=-¢;
end
emk (nn-1,nn-3)=-¢;
emk (nn-1,nn-2)=4*¢e;
emk (nn-1,nn-1)=-5*e+2*m(nn-1) -k (nn-1) ;
emk (nn-1,nn)=2*e;
emk (nn, nn-2)=-2%e;
emk (nn, nn-1)=4*¢e;
emk (nn, nn)=-2*e+2*m(nn) -k (nn) ;

% Displacement

y(:,i+1l)=(emk*y(:,i)+cm g(:) .*y(:,i-1)+£(: ./mc - g(:);
%Velocity

for j=l:nn;
v(j,i)=(y(j,i)—y(j,i—l))/dt;

end

% Moment
for j=2:nn-1;

Mom(j,1)=(y(3+1,1)-2*y(3,1)+y(J-1,1))/h"2*Eb*Ib;

end

end
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% Acceleration
for j=l:nn;
for i=1l:nt-2;
acc(§,1)=(y(3,i+2)-2%y (§,i+1)+y (3, 1)) /dt 2;
end
end

[

% Bending Moment in Pile
NCpile=7;
if (np==7||Inp==5||np==3)
NCpile=8;
elseif (np==4)
NCpile=6;
end
nsmooth=500;
accs=zeros (l,nt-2+nsmooth) ;
accs (nsmooth+l:nt-2+nsmooth)=acc (NCpile,1l:nt-2);
Accs=smooth (accs, nsmooth) ;

HOUP=Mp (NCpile) .*max (abs (Accs(:)));
zmaxL0=Dv/L0;
MP1=HOUP.*L0. *exp (-zmaxL0) . *sin (zmaxL0) +HOUP.*H. *exp (-
zmaxL0) .* (sin (zmaxL0) +cos (zmaxL0) ) ;
MP2=HOUP.*H+HOUP. *Dv+ ( (HOUP.*L+2.*HOUP.*H) ./L."3) .*Dv"3-
((2.*HOUP.*L+3.*HOUP.*H) ./L."2) .*Dv"2;
if L>=3*L0
Moment pile max=MP1;
else if L<=LO
Moment pile max=MP2;
else
Moment pile max=MP2+ (MP1-MP2)* (L/L0-1)/2;
end

% Post processing
set (0, '"defaultAxesFontSize',10) ;
set (0, '"defaultAxesFontName', 'times"') ;

nsmooth=500;

moms=zeros (1, nt+nsmooth) ;

moms (nsmooth+1l:nt+nsmooth)=Mom(no_impact,l:nt);
Moms=smooth (moms, nsmooth) ;

MDispT=max (y (no_impact,l:nt));
L Crushed=LCrushed (1, 3);

Dyn Pen=MDispT-L Crushed;

end
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