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ABSTRACT

The overall objective of this research was to optimize the individual layers of a
multilayered airfield pavement to make the pavement more resilient to blast and impact loadings
when compared to a baseline rigid pavement. To improve resilience, the aim was to mitigate
damage to the Portland cement concrete (PCC) layer that served as the main structural
component of the pavement. Furthermore, decreasing the PCC damage would reduce the
resources required to repair the pavement structure to a functioning level of serviceability, which
in turn would increase the resilience of the airfield system to specific threats.

To accomplish the objective, numerical parametric analyses were performed through the
utilization of the commercial finite element analysis (FEA) program LS-DYNA. While some
preliminary trials used one-dimensional (1D) bar elements, the majority of models were
composed of two-dimensional (2D) axisymmetric elements. The 2D analysis simulated a
multilayered pavement subjected to moderate and extreme blast and impact loadings. For each of
the four parts of the 2D analysis, the baseline model was composed of PCC on a soil subgrade.
Additionally, the 2D analysis considered asphalt concrete (AC) and granular base layers.

Of the layering schemes tested in the 2D study, the most effective top-to-bottom layering
proved to be AC, PCC, granular base, and soil, with the greatest percentage of damage
mitigation realized from optimizing the PCC and soil layers. Simultaneously optimizing all
layers decreased the extreme blast baseline PCC damage volume of 11.03 m* by 75% to a value

of 2.76 m°.
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CHAPTER 1: INTRODUCTION
1.1 Background
Recently, resilience has become a popular topic in both academia and industry. The area of
resilience that is applicable to this research is critical infrastructure. In this project, airfield
pavement was considered critical infrastructure since any debilitating damage to the pavement
structure would lead to the nation being more vulnerable to attacks. This vulnerability would be
the result of aircraft no longer being capable of serving the purpose of defending the nation if
they could not take off or land on the airstrip. The specific threat protected against was assumed
to be an impulse stress wave caused by blast or impact loadings. Furthermore, mitigation was
primarily classified as an element of vulnerability reduction. By decreasing the susceptibility of
pavement to damage, the pavement could properly serve the role of providing a surface upon
which aircraft safely operate. Consequentially, mitigating damage would then decrease the repair
effort required to restore the structure to the original serviceability level. Overall, this damage
mitigation would improve the resilience of the pavement structure and thus contribute to a more
resilient and secure air defense.

While much research has been successfully implemented for the expeditious repair of
damaged airfield pavement, there is a significant lack of research in proactively designing the
pavement in a manner that will reduce damage due to high-energy impulse loadings. Repairs will
realistically always be needed after pavement is subjected to extreme dynamic events, but the

extent of repairs required to return the airstrip to a functional level can be dramatically reduced if



damage is mitigated. Moreover, most of the available literature that involves multilayered
pavement subjected to dynamic loadings is primarily focused on impact loadings such as truck
tires moving at various speeds on highways. That is, the specific application of impulse stress
waves caused by high-energy blast and impact loadings to airfield pavement is a sparse research
field, and this project aimed to explore that topic.

Guided by the Air Force Civil Engineer Center (AFCEC), the overarching aim of this
research was to further understand which airfield pavement parameters and layering schemes
were most effective in mitigating damage from dynamic loadings. The baseline trial was
composed of a PCC structural pavement layer on top of a sandy soil subgrade to simulate a
simple rigid pavement, similar to a United Facilities Criteria (UFC) example design. Then, AC
and granular base layers were added to the baseline model in the parametric analysis in order to
optimize the system to achieve damage mitigation. The constitutive parameters varied for each
layer included bulk mass density and stiffness (shear modulus or modulus of elasticity). An
additional parameter that was tested was the interface contact between the PCC and soil layers.
1.2 Research Objective
The overall objective of this project was to optimize the individual layers of airfield pavement to
maximize the resilience of the structure as a whole by mitigating damage to the PCC structural
layer due to dynamic loadings.

1.3 Scope and Methodology

To achieve the research objective, both blast and impact loadings were simulated in the 2D
axisymmetric parametric study. Within each of these two loading types, an extreme and
moderate intensity were tested for a total of four dynamic loading scenarios (Part A = Extreme

Blast, Part B = Moderate Blast, Part C = Extreme Impact, and Part D=Moderate Impact), which
2



are summarized in Table 1 and Table 2. For each of these four scenarios, there was a baseline
model composed of a PCC structural layer supported by an underlying sandy soil subgrade, and
the constitutive parameters remained constant between all four baseline models. Also, in all four
loading scenarios, the next step (Parts A-1, B-1, C-1, and D-1) was individually optimizing the
constitutive properties of the PCC and soil layers (bulk mass density, shear modulus, and
modulus of elasticity), and then simultaneously optimizing these parameters in various
combinations (Parts A-2, B-2, C-2, and D-2). Part A was the only portion of the 2D parametric
study that involved adding a granular base layer below the PCC (Part A-3), an AC layer on top
of the PCC (Part A-4), all four layers (Part A-5), and varying the contact parameters between the
PC and soil subgrade (Parts A-6 and A-7).

Table 1: 2D Blast Loading Parametric Study Overview

- Pavement Layers
Category | Part Description (Top to Bottom)
A-0 | Extreme blast baseline model PCC-Soil
A1 Ind_epgndgnt constitutive parameter PCC-Soil
optimization
A-D Sln?ulftanejous constitutive parameter PCC-Soil
optimization
Extreme | A3 Granular base (GB) optimization PCC-GB-Saoil
Blast A-4 | AC surface course optimization AC-PCC-Soil
A-5 | All four layers with optimized parameters AC-PCC-GB-Sall
A6 C(_)ntgct routine used between PCC angl soil PCC-Soil
with independent parameter optimization
A7 C(_)nta<_:t routine used between PC_C _and_ soil PCC-Soil
with simultaneous parameter optimization
Moderat B-0 | Moderate blast baseline model PCC-Soil
(I;I:sr? ® 'B-1 | Several A-1 trials with moderate blast PCC-Soil
B-2 | Several A-2 trials with moderate blast PCC-Sail




Table 2: 2D Impact Loading Parametric Study Overview

Category | Part Description Fgﬁgﬂg”é;?gg)s
C-0 | Extreme impact baseline model PCC-Soil
Extreme | C-1 Indfep(_end(.ent constitutive parameter PCC-Soil
Impact optimization -
C-2 Slrr]ul_tane.ous constitutive parameter PCC-Soil
optimization
D-0 | Moderate impact baseline model PCC-Soil
Moderate | D-1 Sevgral C-1 trials with moderate impact PCC-Soil
Impact loading _ _ _
D-2 Seve_ral C-2 trials with moderate impact PCC-Soil
loading

Furthermore, typical values for each constitutive parameter were derived from literature,
and the basis of experimentation was purely theoretical using numerical analysis rather than
physical testing. Also, instead of focusing on absolute numerical damage results from physical
experimentation, the goal was to compare general trends in behavior through numerical
parametric analysis. The finite element analysis (FEA) software utilized for all trials was LS-
DYNA, which was selected due to the capability of simulating highly nonlinear behavior of
materials through explicit analysis.

Validation for the 2D axisymmetric modeling approach was limited to qualitative
comparisons with the 3D numerical simulations performed by Wu (2012) and Wu and Chew
(2014). This qualitative validation was deemed sufficient since the research intent was to gain a
general understanding of the relationship between pavement parameters and the overall
resistance to damage as opposed to replicating the precise magnitudes of experimental results.
Future studies may be performed that utilize empirically-derived constitutive properties and

numerical routines as well as field validation of specific layering schemes and loadings.




1.4 Report Organization

There are a total of five chapters in this thesis. Chapter 1 (current chapter) discusses the impetus
and overall objective of the research, as well as a briefing of the testing performed. Chapter 2
summarizes the research performed on applicable components of multilayered airfield pavement
and general information on the numerical routines utilized in this study. Chapter 3 develops the
methodology followed to achieve the objective. Chapter 4 presents and analyzes the patterns in
numerical results. Chapter 5 summarizes the conclusions reached in relation to the objective.
Chapter 5 also gives recommendations for future studies that could add to the body of work

accomplished in this project.



CHAPTER 2: LITERATURE REVIEW
2.1 Introduction
This chapter summarizes the literature and resources pertaining to the numerical analysis of
multilayered airfield pavement subjected to blast and impact loadings. Also, the term “resilience”
is defined in relation to the specific application to this research.
2.2 Resilience
In this section, a broad framework of resilience is discussed, as well as how airfield pavement
resilience relates to that overall scope.

In 2011, President Barack Obama released the “Presidential Policy Directive 8 (PPD-8):
National Preparedness.” This document was an initiative of the U.S. Department of Homeland
Security, and was one of a series of documents released by the Obama administration pertaining
to resilience. In the opening paragraph, PPD-8 (Obama, 2011) provided the following mission
statement: “This directive is aimed at strengthening the security and resilience of the United
States through systematic preparation for threats that pose the greatest risk to the security of the
Nation, including acts of terrorism, cyber attacks, pandemics, and catastrophic natural disasters.”
In addition, as the title of PPD-8 (Obama, 2011) indicates, this goal was summarized as “national
preparedness.” Furthermore, this document initiated the “national preparedness goal” to be
developed that, “...identifies the core capabilities necessary for preparedness and a national

preparedness system to guide activities that will enable the Nation to achieve the goal.”



Later in 2011, in response to PPD-8 (Obama, 2011), the National Preparedness Goal

(United States Department of Homeland Security, 2011) was released and defined success as, “A

secure and resilient Nation with the capabilities required across the whole community to prevent,

protect against, mitigate, respond to, and recover from the threats and hazards that pose the

greatest risk.” The second edition of the National Preparedness Goal (United States Department

of Homeland Security, 2015) then succinctly defined the five “mission areas” of the Goal:

“Prevention: Avoid, prevent or stop an imminent, threatened or actual act of terrorism;
Protection: Protect our citizens, residents, visitors, assets, systems and networks against
the greatest threats and hazards in a manner that allows our vital interests and way of life
to thrive;

Mitigation: Reduce the loss of life and property by lessening the impact of disasters;
Response: Respond quickly to save lives, protect property and the environment, and meet
basic human needs in the aftermath of an incident;

Recovery: Assist communities affected by an incident to recover through a focus on the
timely restoration, strengthening and revitalization of infrastructure, housing and the
economy, as well as the health, social, cultural, historic and environmental fabric of

communities affected by an incident.”

In 2013, President Obama issued the “Presidential Policy Directive 21 (PPD-21): Critical

Infrastructure Security and Resilience.” The purpose of PPD-21 (Obama, 2013) was to, “advance

a national unity of effort to strengthen and maintain secure, functioning, and resilient critical

infrastructure.” The following definitions further clarified the meaning of the purpose statement

components:



e “Critical Infrastructure: systems and assets, whether physical or virtual, so vital to the
United States that the incapacity or destruction of such systems and assets would have a
debilitating impact on security, national economic security, national public health or
safety, or any combination of those matters;

e Resilient: the ability to prepare for and adapt to changing conditions and withstand and
recover rapidly from disruptions. Resilience includes the ability to withstand and recover
from deliberate attacks, accidents, or naturally occurring threats or incidents;

e Secure and Security: reducing the risk to critical infrastructure by physical means or
defense cyber measures to intrusions, attacks, or the effects of natural or manmade
disasters” (Obama, 2013).

To achieve the goal of PPD-21 (Obama, 2013), a coordinated and collaborative effort between
the federal government and all levels of government entities, as well as public and private
owners and operators of critical infrastructure was called for. Pertinent to the current study, the
directive also specified academia as an entity responsible for achieving the goals outlined in
PPD-21.

Another request made in the PPD-21 was for an updated National Infrastructure
Protection Plan (NIPP) to succeed the version released in 2009, which would direct the
implementation of PPD-21. Later in 2013, this request was granted, and the NIPP (United States
Department of Homeland Security, 2013) executive summary specified that is was created to,
“[guide] the national effort to manage risk to the Nation’s critical infrastructure.” Additionally,
the three major stages of risk management were as follows:

o “Identify, deter, detect, disrupt, and prepare for threats and hazards to the Nation’s

critical infrastructure;



e Reduce vulnerabilities of critical assets, systems, and networks; and
e Mitigate the potential consequences to critical infrastructure of incidents or adverse
events that do occur” (United States Department of Homeland Security, 2013).

These three risk management categories were then paired with the five national preparedness
mission areas established in PPD-8 (prevention, protection, mitigation, response, and recovery),
which was illustrated in the NIPP 2013 (Figure 1). Furthermore, the mission area of prevention
corresponded to threats, protection was related to vulnerability, and both response and recovery
were associated with limiting the potential consequences if the threats were to occur.
Interestingly, mitigation efforts were described as, “[transcending] the entire threat, vulnerability,
and consequence spectrum” (United States Department of Homeland Security, 2013). In
addition, the collaborative adherence to the spectrum of risk management activities is stated as a
requirement to achieve security and resilience. Moreover, NIPP 2013 (United States Department
of Homeland Security) also described security and resilience as complimentary goals. That is,
while the two goals have distinct characteristics, they are interconnected and should be equally

vital to the nation.



Recover

RESILIENCE

A secure and resilient Mation
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National Preparedness Mission Areas

Threat Vulnerability Consequence
nature and to a threat that could
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Figure 1: Critical Infrastructure Risk in the Context of National Preparedness (United
States Department of Homeland Security, 2013)

Since the scope of potential risks to a nation is so large, all entities involved in risk
management must simultaneously consider many factors to most effectively direct the available
resources. One tool developed to aid in prioritizing the allocation of these finite resources was
created by Faturechi et al. (2014). In Faturechi et al.’s (2014) work, the main purpose was to
maximize the resilience of the airport runway and taxiway network through a stochastic
mathematical model so that that the takeoff and landing capacities of the network could return to
pre-event levels of serviceability. Practically, a “decision support tool” was created to allow

operators of airports to properly assess the optimal strategy to maintain a resilient system.
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Another important topic related to the resilience of airfield pavement is maintenance,
which is a critical component of the resilience of a pavement network. In Levenberg et al.’s
(2017) work, a serviceability rating was given to a pavement network to quantify the resilience
of that system subjected to probabilistic damage scenarios. This rating considered the
deterioration of the pavement system due to naturally occurring events (i.e. everyday physical
and environmental factors) that weakened the serviceability, as well as preventative maintenance
activities that improved the serviceability. Monitoring natural deterioration and performing
regular maintenance activities are crucial for a pavement to truly be considered resilient to a
myriad of damaging factors. Without proper care of the pavement, designing the pavement
structure to mitigate damage would become a less important endeavor, just as in any other
critical infrastructure system.

Furthermore, mitigating damage to airfield pavement decreases the resources and time
required to repair the pavement to a functioning level of serviceability, thus aiding the recovery
effort and improving the overall airfield operations. Following the terminology of the NIPP 2013
(United States Department of Homeland Security), the repair effort could be classified as a
potential consequence associated with the damage. Therefore, decreasing the vulnerability of the
air defense by limiting the negative consequences was considered an improvement of overall
resilience to the airfield system. Moreover, airfield repair is a well-researched field. In particular,
Airfield Damage Repair (ADR) is a topic that several branches of the United States military have
invested heavily in. One example of an ADR is the Sustainment Pavement Repair (SUPR) kit
developed by the collaboration of experts from the Air Force Civil Engineer Center, Air Force
Research Laboratory, and the Engineer Research and Development Center (ERDC) of the Army

(Rutland, 2012). This kit is shipped in several Conex boxes to the appropriate Area of
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Responsibility (AOR), where it is then used to carry out efficient repairs to both rigid and
flexible pavement. Other innovative repair solutions have been thoroughly researched and
effectively utilized, but will not be thoroughly discussed here since it is outside of the scope of
this research.

2.3 Dynamic Loadings

2.3.1 1D Stress Wave Propagation
In order to develop a general understanding of stress wave propagation through nonlinear
inelastic multilayered airfield pavement composed of geomaterials, 1D linear elastic
homogenous materials were studied. The purpose of this basic understanding of idealized stress
wave propagation was to generate hypotheses of how incorporating realistic properties into the
pavement layers would influence the propagation in a 2D axisymmetric model. Furthermore, it
was assumed that some of the theory developed in the idealized 1D scenario may carry over to
the 2D axisymmetric layered system.

The impulse stress waves that the airfield pavement was subjected to in this research
originated from blast and impact loadings. For both the 1D scenario and 2D axisymmetric
scenario, the numerical elements were assumed to primarily move parallel to the direction of the
stress wave propagation (p-wave), resulting in tension and compression stresses (Mehta and
Monteiro, 2014). In Kramer’s (1996) textbook, a thorough discussion is offered on stress wave
propagation through a 1D bar composed of two dissimilar linear elastic homogenous materials
joined at an interface along the longitudinal axes. With the system being 1D, the incident stress
wave could only travel parallel to the longitudinal axis of the bar. After the incident stress wave
traveled through the first material and hit the interface at an orthogonal angle, it could either be

reflected back into the first material or transmitted into the second material. With the theoretical
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incident stress wave amplitude held constant, Kramer (1996) theorized that the resultant
amplitude for the reflected and transmitted stress waves depended solely on the ratio of the
specific impedances of the material. In Equation 1, specific impedance is the product of the
density and p-wave propagation velocity of a material, with the equation for p-wave velocity in
Equation 2 (Mehta and Monteiro, 2014). The specific impedance relationship is then expanded in
Equation 3 by combining Equation 1 and Equation 2. Equation 4 represents an algebraically-
simplified version of Equation 3. Also, Kramer (1996) provided the ratio of the transmitted
material (second material to receive stress wave) specific impedance over the incident material
(first material to receive stress wave) specific impedance, as shown in Equation 5 and termed the
“specific impedance ratio.”

Specific Impedance = pxV, Equation 1

Where,
p = density (g/mm?)

V,, = p-wave velocity (mm/ms)

% =\/ Ed-v) Equation 2
P pl-2v)1+v)

Where,
E = modulus of elasticity (MPa)

v = Poisson’s ratio

EQl-v)
pA-2v)1+0)

Specific Impedance = _Epd-v) Equation 4
1-2v)1+v)
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Specific Impedance Ratio («,) = Equation 5

PV
Where,

p, = density of incident material (g/mm®)

p, = density of transmitted material (g/mm?®)

V., = p-wave velocity of incident material (mm/ms)
V,, = p-wave velocity of transmitted material (mm/ms)

Another key relationship discussed by Kramer (1996) is that the transmitted p-wave
amplitude is the sum of the incident and reflected p-wave amplitudes, which is provided in Table
3. In this table, positive represents a compressive stress wave and negative indicates a tensile
stress wave, and the specific impedance ratio is the same as specified in Equation 5. For an
impedance ratio of zero, which occurs when the incident material is much stiffer than the
transmitted material, the stress wave cannot be transmitted into the second material, and a
compression incident wave will be reflected fully as a tension wave into the incident material
with the same amplitude as the original p-wave. As the impedance ratio increases while
remaining under unity, less stress is reflected at the material interface, leaving more stress to be
transmitted into the second material. At an impedance ratio of unity, both materials are equal in
stiffness, so the compressive stress wave is fully transmitted into the second material with no
reflection. Above an impedance ratio of unity, both reflected and transmitted waves are
compressive, with the reflected amplitude less than the initial p-wave amplitude and transmitted

amplitude greater than the original amplitude. Once the transmitted material has a much greater
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stiffness relative to the incident material (impedance ratio approaching infinity), the incident
wave will be reflected as a compressive wave with the same amplitude and transmitted as a
compressive wave with double the amplitude.

Table 3: Relationship between Impedance Ratio and Stress Wave Amplitude (Kramer,
1996)

Stress Amplitudes

Impedance Ratio” (a,) : .
Incident Reflected Transmitted

0 o -0 0
1/4 o -30/5 2015
1/2 o -0/3 2013

1 o 0 o

2 o ol3 40/3

4 o 30/5 80/5
) o o 20

*Note: Ratio is transmitted material impedance over incident material impedance

2.3.2 Geomaterials Subjected to Dynamic Loadings
For 1D linear elastic homogenous medium, stress wave propagation is well understood.
However, geomaterials that compose multilayered pavement like AC, granular base, PCC, and
soil are pressure-dependent materials and are much more complex in nature than theoretical
linear elastic materials. Before stress wave propagation through multilayered pavement and other
systems is discussed, the behavior of geomaterials under dynamic loading will be covered in this
section. In particular, since PCC was the primary structural layer of the multilayered pavement in
this research, it will be the main geomaterial discussed.

PCC is classified as a heterogeneous composite material. In the most basic form, it is a
mixture of aggregate (coarse and fine), hydrated cement paste, and air voids. The interface of
coarse aggregate and hydrated cement paste is termed the “interfacial transition zone.”

Additionally, this particular component of the PCC microstructure can be a critical point of
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weakness that can cause the PCC mixture to have less overall strength than the aggregate and
hydrated cement paste tested individually (Mehta and Monteiro, 2014).

Since the loadings in this research were high-energy impulses, the typical behavior of
PCC subjected to such impulses was critical. Unlike steel, which is a ductile material, PCC is
brittle under both static and impulse loadings. That is, PCC can absorb much less strain energy
before failing compared to steel (Mehta and Monteiro, 2014). The modulus of elasticity of PCC
is also typically much less than steel, meaning that the stress and strain values for PCC are much
lower before inelastic yielding begins. Moreover, an increase in PCC compressive strength leads
to an increase in stiffness, as evident in a well-known formulation specified by the American
Concrete Institute (ACI 318, 2014) and provided in Equation 6 for normal-weight PCC. In PCC,
this increase in stiffness often leads to a further decrease in the ability of PCC to absorb strain
energy before failing. In other words, while the overall PCC strength may increase, the area
under the stress-strain curve (modulus of toughness) decreases (Hibbeler, 2014). Furthermore,
when PCC is subjected to high-energy impulses, even less overall energy can be absorbed before
failing. Therefore, components such as deformed bar steel reinforcement, steel fibers, and
polypropylene fibers are often cast integrally with PCC to provide ductility and to improve the
overall durability of the design, especially if impact or other high-energy impulse loadings are
anticipated (Mehta and Monteiro, 2014; Castedo et al., 2015; Mao et al., 2014; Pantelides et al.,
2014; Foglar and Kovar, 2013). In summary, although the inclusion of reinforcement in PCC has
been proven beneficial in increasing energy absorption, all modeling performed in this research
incorporated only plain PCC, and thus it was assumed that PCC would remain a brittle material

when subjected to impulse loadings.

E= 57,000ﬂ/ f.' Equation 6
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Where,

f .’= compressive strength of normal-weight PCC (28-day, psi)
E = modulus of elasticity of PCC (psi)

In the context of dynamic loadings, a fundamental attribute of geomaterials is the
influence that the rate of strain has on the strength of a given material, which is often described
as the “strain rate effect.” Under a high strain rate or loading rate, the apparent strength of a
geomaterial generally increases in relation to quasi-static strength (Mehta and Monteiro, 2014).
This increase is quantified as a ratio of dynamic strength over quasi-static strength, which is
defined as the “dynamic increase factor” (DIF). Since PCC was the primary structural layer in
this research, the PCC was the only geomaterial specifically focused on in terms of DIF
formulation.

2.4 Typical Airfield Design

To form a resilient infrastructure, airfield runways must be properly designed and maintained to
enable aircraft to take off and land expediently. Traditionally, only aircraft loadings and the
expected pavement performance throughout the life of the pavement are considered during
design. Nevertheless, there is always the potential for a structure to face unforeseen extreme
loadings, which are typically unaccounted for during airfield design. The design and construction
of resilient pavements require taking extreme dynamic events into consideration. Additionally,
whereas designing the pavement to suffer no distress is unfeasible and unrealistic, designing with
the objective of damage mitigation represents a more effective approach. If damage is
minimized, the pavement will require only minor repairs before aircraft can utilize the runway

again.
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According to UFC 3-260-02, Pavement Design for Airfields (2001), which defines the
requirements for design and construction of U.S. Department of Defense airfields, rigid
pavement is primarily utilized as the structural system for runways. The main structural
component of rigid pavements is PCC. The typical layering for a rigid pavement system is in
Figure 2, which includes the following layers from top to bottom: PCC, drainage layer,
separation layer, and compacted subgrade. The drainage and separation layers are typically
composed of aggregate and compositely serve as the base course of the pavement. Although it is
less common than rigid pavement, flexible pavement is also an option for airfield runway
construction. AC pavement, which is traditionally hot mix asphalt (HMA), serves as the surface
course in flexible pavement. Figure 3 illustrates the components of flexible pavement. From top
to bottom, these layers include a surface course, binder or intermediate course, base course,
drainage layer, separation layer, subbase or select material, and compacted subgrade. However,
not all of these layers must be used for every pavement. Therefore, the required layers for

flexible pavement are determined based on a given design scenario (UFC, 2001).
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Figure 3: Typical Airfield Flexible Pavement Structure

In general, the disadvantage of using AC pavement for runways is derived from the
viscoelastic characteristics of AC. Factors that must be taken into account for any viscoelastic
material include loading rate, loading history, and environmental conditions (Wang et al., 2013).
The major limitation for flexible pavements is the extreme temperature from aircraft engines that
the runway surface may be exposed to. Asphalt cement softens as it is heated, which can have
detrimental effects to the structural integrity of the pavement as a whole. Furthermore, fuel

spillage can leach asphalt cement out of the pavement, which also decreases the life of the
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pavement (UFC, 2001). The third critical issue of AC is the resistance of the material to a slow
loading rate and to channelized traffic. If an airplane is parked on a runway surface, the
viscoelastic AC will experience greater vertical strain than if it were moving and suffer surface
depression. Rutting distress, which is inelastic vertical strain, can often occur in AC in areas
subjected to channelized traffic. While considering the different types of distresses affecting
pavement systems, the choice of pavement type must primarily be based on a life-cycle cost
analysis (UFC, 2001). Any pavement material, including PCC, will have inherent limitations that
should be an integral part of the material selection process.

Airfield runways are usually constructed to withstand the forces of aircraft taxiing, taking
off, and landing. There has been a high volume of research performed to model the behavior of
pavement under such loadings by using layered elastic theory (Wang et al., 2013; Cho et al.,
1996). The Federal Aviation Administration (FAA), part of the U.S. Department of
Transportation, uses the computer program FAA Rigid and Flexible Interactive Elastic Layer
Design (FAARFIELD) to design airfield pavements. Another commonly used program is
ELSYMS5, which was originally designed for elastic five-layer pavements subjected to multiple
wheel loads (Kopperman et al.,1985; Saleh et al., 2003). A major limitation to the layered-elastic
theory is the assumption that each layer is homogeneous and isotropic, which is invalid in real-
world scenarios. For example, the elastic modulus of a granular base layer varies throughout the
layer and is stress-dependent. This led to the use of the 3D finite element method (3D-FEM)
being utilized to analyze pavement behavior (Huang, 2004). 3D-FEM is very capable of
accurately modelling the nonlinearity and anisotropy of pavement materials. In addition to the
implicit material nonlinearity, materials can transition from an elastic state to a plastic state

under certain loading conditions. In typical airfield pavement design, the main distress criteria
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are fatigue cracking and rutting, which are both examples of nonlinear material behavior.
However, for dynamic loads that have the potential to cause catastrophic failures within each
layer of the pavement system, more extreme failure criteria must be considered.
2.5 Numerical Modeling

2.5.1 LS-DYNA and LS-PrePost

2.5.1.1 General Background Information

The finite element solver used for this research was LS-DYNA. According to the LS-DYNA
Theory Manual (Hallquist, 2006), LS-DYNA is a, “general purpose finite element code for
analyzing the large deformation static and dynamic response of structures....” In addition, while
there are some implicit time integration uses for this program, explicit time integration is the
primary analysis method utilized. With the high-energy impulse loadings that the pavement
system was subjected to in this research, explicit analysis was the analysis method selected.

In order to create the input file and analyze the results, the open-source software LS-
PrePost was utilized as the pre and post-processor. While other pre/post-processors exist, this
software was free to obtain, created by the same company as LS-DYNA and compatible with the
LS-DYNA solver, and was relatively intuitive to learn and use with the graphical user interface
(GUI). This GUI was very helpful in creating and visualizing the pavement structure and the
associated components, along with fringe plots that could show contours of various mechanical
results to quickly understand the effect of certain parameters on the structure.

2.5.1.2 Hourglass Energy
The shell elements that composed the 2D axisymmetric numerical models in the current project
were highly susceptible to the formation of hourglass deformation modes (“hourglassing”)

because of the single integration point used in solving the system. According to the LS-DYNA
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Theory Manual (Hallquist, 2006), hourglassing is a, “non-physical zero energy deformation
mode.” That is, although an element may not actually have any volume change (i.e. zero energy),
it can become highly distorted under high stresses or strains and need energy (hourglass energy)
entered into the system to resist the distortion. This is a part of the sum of internal energy.
Typically, when the hourglass energy reaches the threshold of 10% of the internal energy sum,
the accuracy of the model is questionable and measures should be taken to ensure realistic
results.
2.5.2 Constitutive Routines
2.5.2.1 Soil and Granular Base Model
An LS-DYNA constitutive routine commonly used to simulate soil and granular numerical
elements is *MAT_MOHR_COULOMB (*MAT _173) (LSTC Volume 11, 2018). LS-DYNA
User’s Manual Volume II (LSTC, 2018) states that the routine is, “intended to represent sandy
soils and other granular materials.” Furthermore, as the nomenclature implies, the
*MAT_MOHR_COULOMB material model defines the yield surface using a Mohr-Coulomb
relationship (Equation 7).
T =C+o,tang Equation 7
Where,
T = Maximum shear stress on any plane (MPa)
¢ = cohesion (MPa)

o, = normal stress on any plane (MPa)

¢ = friction angle (radians)
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2.5.2.2 AC Model

Whereas modeling soil and granular base elements using the Mohr-Coulomb routine is
commonly done, further research had to be performed to determine if it could also be used for
AC. According to Lee et al. (2016), both Drucker-Prager and Mohr-Coulomb models are
frequently utilized to simulate AC. The premise of Lee et al.’s (2016) work was to determine if
using pre-cut fracture planes in AC for the installation of a steel guardrail post would decrease
the uncontrolled rupture that was prevalent with traditional post-installed guardrail posts in the
state of Georgia. Furthermore, with the post-installed method, the lateral restraint to the post
provided by the AC was causing rupture to occur when the post was subjected to a static load. To
test out various configurations of pre-cut fraction planes, physical experimentation was carried
out, followed by a 3D numerical simulation in LS-DYNA that was validated and calibrated using
the experimental results. In addition, Mohr-Coulomb was the constitutive model selected for the
AC elements over Drucker-Prager due to the availability of the required constitutive parameters
from other researchers’ testing as well as their own testing. After achieving comparable results
between the experiment and numerical simulation, Lee et al. (2016) concluded that the numerical
simulation was validated and effective in modeling their scenario.

While Lee et al. (2016) showed that the Mohr-Coulomb routine could accurately model
AC subjected to quasi-static loading, additional sources were referenced to determine if the same
routine could be used for AC subjected to dynamic loading. AC is typically characterized as
viscoelastic, which means that the behavior of the material is both time and temperature-
dependent (Huang, 2004; Zaghloul and White, 1993; Varma and Kutay, 2016). Pertinent to this
research, the important time factor was the loading rate, which was assumed to be high with

dynamic loadings. As the loading frequency increases, the shear modulus also increases, causing
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the pavement to become stiffer. Moreover, under high intensity loadings, AC transitions from
viscoelastic to viscoplastic, which more accurately captures the permanent deformation that AC
suffers under intense duress (Seibi et al., 2001). To capture this changing nature of AC, Lu and
Wright (1998) described AC as visco-elasticplastic and demonstrated this complex behavior of
AC through numerical analysis.

Following the extensive work performed by Wu (2012) and Wu and Chew (2014) on
multilayered pavement subjected to high-energy impulses that will be discussed later, Wu et al.
(2020) focused on AC subjected to impact loadings. In Wu et al.’s (2020) study, the authors used
the constitutive model *MAT_CONCRETE_DAMAGE_RELS3 (abbreviated to *MAT_072R3
by LS-DYNA) (LSTC Vol. 11, 2018) to represent AC, which was the same routine utilized by
Wu (2012) and Wu and Chew (2014) to simulate and physically experiment with PCC under
both impact and blast loadings. For the AC study (Wu et al., 2020), the authors studied the
relationship of DIF versus strain rate. Like the work performed to create the DIF curve for PCC
during the development of *MAT _072R3, the Split Hopkinson Pressure Bar (SHPB) test was
utilized to formulate the DIF curve for AC in Wu et al.’s (2020) study. Then, the DIF curve was
used in the *MAT_072R3 routine, and the results were deemed validated after comparison with
the physical SHPB experimentation yielded similar results.

In summary, the numerical routine *MAT_MOHR_COULOMB was utilized for the AC
elements in this research. The viscoelastic nature of AC was simulated by using a large range of
values for shear modulus, which is explained in greater detail in Section 3.3.4.5.

2.5.2.3 PCC Model
Selecting an appropriate model for PCC that could effectively capture damage was critical since

it was the main structural layer of the pavement system. The numerical model that was used for
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PCC was Karagozian & Case (K&C) Concrete Model — Release 111 (Crawford et al., 2012),
which has the LS-DYNA input deck descriptor of *"MAT_CONCRETE_DAMAGE_REL3 and
is abbreviated as *MAT_072R3. As the name indicates, a primary function of this model is the
inclusion of damage effects. Also, in the third release of the constitutive routine, a very
convenient automatic parameter generation capability was added, with unconfined compressive
strength being the only input parameter required to compute the remaining 47 parameters
(Crawford et al., 2012). The types of loadings that this routine is capable of simulating include
quasi-static, blast, and impact (Magallanes et al., 2010).

To model damage, *MAT _072R3 uses three failure surfaces to effectively simulate the
plastic strain of PCC. These failure surfaces include yield, maximum, and residual stress versus
applied pressure. To define these surfaces, Equation 8 is used. A plot depicting these three
surfaces is provided in Figure 4, which was taken directly from Crawford et al.’s (2012) work.
The three points in Figure 4 represent the stress path expected from an unconfined uniaxial
compression test (i.e., standard PCC cylinder strength test). These three points are also
represented in Figure 5. Furthermore, when the compressive strength of PCC changes, the ratio
of the new unconfined compressive strength to the default compressive strength is used as a
coefficient that modifies Equation 8 to derive new failure surfaces (Crawford, 2012). Similarly,
this ratio is also used to determine the remaining parameters required to completely characterize

*MAT _072R3.

Ao =a,+ Equation 8

a+ta,p
Where,
Ao = deviatoric stress invariant
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p = pressure invariant

a,,a,,a, = user-specified constants (or automatically generated)
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Figure 4: KCC Model Fixed Failure Surfaces with UCC Test Stress Path (Crawford et al.,
2012)
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Pt. 2: Maximum Strength

Pt. 1: 1st Yield

- Pt. 3: Residual Strength
due to Confinement

Figure 5: Three Failure Surface Stress Path (Crawford et al., 2012)

In order to calculate the yield surface of PCC, a scalar interpolation measure () is
calculated as a function of the internal damage parameter (1). The internal damage parameter is
also termed the “modified effective plastic strain”, and is a function of the effective plastic strain,
strain rate enhancement factor, and pressure (LSTC Vol. 11, 2018). A 5 of unity indicates that the
damage parameter has reached the maximum failure point (1 = 4y,). Before this point, from =0
to 1, the PCC exhibits strain hardening as the yield surface is interpolated between the yield and
maximum failure points. From » = 1 to 0, the material undergoes strain softening as the material
progresses from the maximum failure point and residual failure point. These points can be
visualized by referencing Figure 4 and Figure 5. Using 7, another scalar parameter called the
“scaled damage parameter” (o) can be calculated using Equation 9 (Crawford et al., 2012). One
useful function of ¢ is that it can be used on fringe plots within LS-PrePost to visualize the level
of damage that a PCC model suffers (Crawford et al, 2012). For this research, the particular
fringe plot that was utilized to track the damage was modified effective plastic strain.

24

O = Equation 9
A+A,
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Where,
o = scaled damage measure
A = internal damage parameter (modified effective plastic strain)
Jm = internal damage parameter at maximum failure surface
Another important component of *MAT_072R3 is that it is capable of simulating the
strain rate effect characteristics of PCC for both tensile and compressive stresses. For this
function, the constitutive routine uses strain rate as the independent variable and DIF as the
dependent variable. With the high-energy nature of the impulses caused by blast and impact
loadings, this feature was critical. In Magallanes et al.’s (2010) paper, the DIF exhibited in PCC
is due to moisture at lower strain rates and inertial effects at higher strain rates. Typically,
constitutive routines use data from SHPB testing to calibrate the response to impulse loadings. In
addition, in both tension and compression, PCC exhibits two main behaviors, or “branches”, of
the DIF versus strain rate curve depending on the strain rate. Magallanes et al. (2010) agreed
with the typical numerical method of including the initial branch of DIF versus strain rate (i.e.
below approximately 1.0 s™*) for both tensile and compressive loadings since moisture effects are
rarely included in the PCC numerical routine. However, Magallanes et al. (2010) explored the
higher strain rate portion of the curve by simulating the response of a numerical SHPB model
subjected to both quasi-static and impact loadings.
In compression, the DIF versus strain rate curves that Magallanes et al. (2010) used in the
SHPB numerical study were slightly modified versions of the Comité Euro-International du
Béton (CEB, 1990) curve. In Figure 6(a), the CEB curves for PCC compressive strengths of 30
and 70 MPa are shown (Crawford et al., 2012). Furthermore, both curves are bilinear with a log-

log scale and have an inflection point at approximately 30 s* (Malvar and Crawford, 1998). In
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Magallanes et al.’s (2010) numerical testing, only the first branch of Model 3 in Figure 6(b)
(strain rate less than 30 s*) was needed to properly model the compressive strain rate effect, as
seen by comparing the curves in Figure 6(c) for Model 3 from the numerical SHPB test (red
data) and data from an experiment performed by Magallanes et al. in 2009 (black data).
Magallanes et al. (2010) then concluded that including the second branch of the strain rate curve
led to unrealistic amplified DIF values, which was due to the model already properly simulating
compressive inertial effects. Therefore, only the first branch was recommended for use, with the
only modification between the original CEB and recommended modified CEB being that the first
curve is extended up to a strain rate of 300 s™ instead of inflecting upwards at 30 s™. In utilizing
the *MAT _072R3 constitutive routine in this research, the recommendation of Malvar and
Crawford (1998) to incorporate only the equations for the first branch of the compressive

modified CEB DIF versus strain rate curve into the input deck was followed.
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Figure 6: *MAT_072R3, Compression DIF vs. Strain Rate; (a) CEB curves (Crawford et

al., 2012); (b) FE SHPB Input Curves (Magallanes et al., 2010); (c) Numerical and
Experimental Stress Pulses vs. Time (Magallanes et al., 2010)

For numerical SHPB tensile loadings, Magallanes et al. (2010) used a modified CEB
(1990) curve that was first proposed by Malvar and Crawford (1998) to better align with
empirical data, which is shown in Figure 7. Unlike the numerical SHPB compression testing, a
plot was not given comparing the normalized stress versus time curves for the tension loading.
However, it was clear to Magallanes et al. (2010) that using an impulse loading did not
significantly influence the stress results compared to the tensile stress values when both loading
scenarios incorporated rate-independent DIF versus strain rate curves (i.e. DIF equal to unity for
all strain rate values) into their constitutive routines. Therefore, Magallanes et al. (2010)
concluded that both legs of the modified CEB (1990) curve needed to be included in the tensile
DIF versus strain rate input to properly model strain rate effect. This was attributed to the fact

that the model was unable to capture the inherent inertial effect when loaded in tension like it
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could it compression. Furthermore, this indicated that the FEA simulation could not properly
account for the tensile inertial effect present in PCC caused by aggregate interlocking. In
summary, the equations for both branches of the tensile DIF versus strain rate curve that were
established by the CEB (1990), modified by Malvar and Crawford (1998), and confirmed by
Magallanes et al. (2010) for the third release of Karagozian & Case Concrete Model (Crawford

et al., 2012) were used in this research.
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Figure 7: Modified CEB DIF vs. Strain Rate Curves Proposed by Malvar and Crawford
(1998)

2.5.3 Load Blast Enhanced Routine
The LS-DYNA numerical routine used to simulate the blast loading in this research was
*LOAD_BLAST_ENHANCED (LBE) (LSTC Vol. I, 2018). LBE simulates air blast pressure

that is based upon on the empirically-derived equations and data from the computer program
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Conventional Weapons Effects (ConWep) (United States Army Corps of Engineers, 2020),
which is based on a study performed by the United States Army and is reported in TM 5-855-1,
Design and Analysis of Hardened Structures to Conventional Weapons Effects (United States
Army, 1986). Essentially, LBE applies a Friedlander approximation of air pressure versus time to
the finite element model. That is, a TNT-equivalent charge that is suspended in space detonates
and creates a very brief positive (compressive) air pressure impulse, followed by a negative air
pressure phase. The pressure is then applied to each line segment of the incident surface through
*LOAD_BLAST_SEGMENT_SET (LS-DYNA Vol. I, 2018). As the radial distance from the
charge center increases, the maximum positive pressure applied to the segment also decreases.
The primary input parameters controlled by the LS-DYNA user are the standoff distance of the
charge from the surface receiving the blast pressure and the TNT equivalent mass. These two
parameters are combined into the scaled blast distance (Z, abbreviated as “SBD” in this thesis),
which is shown in Equation 10 (LS-DYNA Vol.l, 2018). The SBD serves as a limit to the
validity of the numerical model in terms of meeting the experimental assumptions used in the
ConWep study. For a spherical airburst, which is the type of charge used in this research, the
empirically-supported range of Z is (14.7 to 4,000) mm/g"? (LS-DYNA Vol.1, 2018). LBE can
also be applied to 2D axisymmetric models (LS-DYNA Vol.I, 2018).

R

Z = M1/3
e

Equation 10
Where,
R = distance from charge center to blast surface (mm)

M, = equivalent TNT mass (g)
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2.5.4 Numerical Simulations of Multilayered Systems
While much research has been performed on the response of airfield pavements subjected to
static and dynamic loads from aircraft, comprehensive studies of pavement performance due to
extreme dynamic events such as blast and impact are relatively lacking. A pioneer of this subject,
Dr. Jun Wu from the College of Urban Railway Transportation at Shanghai University of
Engineering Science in Shanghai, China, has published important research in his Ph.D. thesis
(2012) as well as a condensed version in a journal paper (Wu and Chew, 2014). The overall
purpose of Wu’s work involved developing an advanced multilayered pavement materials
system that improved blast resistance compared to a rigid pavement control specimen.

Wu performed impact load experiments to determine the damage mitigation of a
multilayered pavement structure compared to rigid and flexible pavement control specimens. All
specimens had plan dimensions of 900 mm x 900 mm and rested on a sandy soil subgrade. The
multilayered pavement consisted of the following materials and thicknesses from top to bottom:
75-millimeter AC with a geogrid layer placed mid-depth, 100-millimeter high strength concrete
(HSC), and 100-millimeter engineered cementitious composite (ECC). In terms of elastic
modulus values, the three layers of Wu’s experimental slab were classified as soft, hard, and soft
from top-down. The rigid pavement test section consisted of a 275 mm normal strength concrete
(NSC) layer. The flexible pavement included 150 mm of AC on top of a 450 mm granular base
layer. From this experiment, Wu determined that the multilayered pavement experienced less
cracking and a crater smaller in depth and diameter than the rigid and flexible control specimens.

Wu then fabricated a rigid pavement control slab and multilayered experimental slab to
perform blast load testing. The main instrumentation on the test sections included horizontal and

vertical accelerometers as well as total pressure cells placed at the slab-soil interface to record
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the pressure transmitted into the soil. Both slabs had plan dimensions of 2800 mm x 2800 mm
and the same thickness as the slabs made for the impact testing. From the blast load testing, it
was apparent that the multilayered pavement experienced significantly less damage in terms of
cracking and crater size. The rigid pavement control slab suffered a crater 1.2 m in diameter that
completely punched through the NSC into the soil. In addition, large cracks propagated
throughout the NSC. In contrast, for the multilayered slab, the blast completely destroyed the
upper half of the AC layer and formed a crater that only penetrated 10 mm into the HSC and was
0.7 m in diameter. These experiments resulted in the conclusion that the minimal damage of the
HSC structural layer would require minimal repair work and the AC layer could quickly be
replaced. In addition, the AC layer protected the load-carrying HSC layer and served as a
sacrificial layer.

3D models of the control and experimental slabs were created by Wu through LS-DYNA
to simulate the pavement response to blast loading. By comparing the numerical results to the
experimental results, the aim was to validate the numerical results and thus the model. Using
symmetric boundary conditions, Wu modeled the slabs as having the same depth as the physical
slabs, but only a quarter of the width and length (i.e. quarter symmetry). To simulate the soil
layer as being semi-infinite, Wu assigned the soil 7000 mm x 7000 mm plan dimensions and a
depth of 5600 mm. The AC, HSC, ECC, and NSC were all simulated using the material model
*MAT_072R3. The material model utilized for the rebar that was used solely for transporting the
slab was a Plastic-Kinematic model. The geogrid imbedded mid-depth in the AC layer was also
simulated with the Plastic-Kinematic model. Also, the soil was modeled using the Drucker-
Prager material model (*MAT_DRUCKER_PRAGER), which is able to effectively account for

“familiar geotechnical parameters (i.e. angle of friction)” (LSTC Vol. I, 2018). The Drucker-
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Prager material model is a popular choice to model soil in FEM applications, even in software
other than LS- DYNA (Saleh et al., 2003). The computational fluid dynamic program
AUTODYN was used to define the blast load environment since the scaled distance used in the
blast experiments was below the minimum threshold required for accurate representation of the
loading using the typical LBE card. The LS-DYNA simulations demonstrated similar
accelerations, pressures, and plastic strains as measured during the physical tests. Therefore, Wu
concluded that the LS-DYNA models had been validated, and the models were used to gain more
evidence of the damage mitigation provided by the multilayered slab.

Additionally, Wu performed a parametric study to optimize the resistance of the
pavement structure to dynamic loads. As the PCC compressive strength increased, the PCC
became more brittle, which allowed the blast pressure to penetrate through the HSC layer for all
cases. A HSC compressive strength of 90 MPa was recommended from these results. Wu also
recommended the use of steel fibers to increase the fracture energy of the HSC layer, which
decreased the cracking at the tensile face of the HSC layer and decreased the damage area of the
HSC layer. Another variable was layer thickness. As the HSC layer increased in thickness, the
tension cracks at the bottom face of the ECC layer decreased dramatically, but the resistance of
the HSC to damage penetration did not improve. The optimal thickness range of the HSC was
concluded to be 150 to 200 mm, and the optimal ECC thickness was determined to be 150 mm.
In the blast experiment and validation model of the multilayered pavement, Wu did not apply an
interface bond between the AC and HSC layers. However, after increasing the tensile and shear
strength between these layers to simulate improved bonding, there was no increase in blast
resistance. Also, improving the soil from untreated to cement-treated resulted in better overall

performance. For the current research, the impressive works of Wu and his team served as a
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valuable foundation for the modeling approach as well as a starting point for identifying
predominant parameters of interest.

In Castedo et al.’s (2015) study, the primary aim was to determine if adding steel or
polypropylene fibers to the mixture of a PCC slab already reinforced with steel bars (RC slab)
would reduce the damage incurred by a blast load compared to a baseline RC slab. In addition to
the fiber reinforcement, Castedo et al. (2015) also tested the blast resistance of an RC slab with a
steel plate secured to the top surface with epoxy. To fulfill their main objective, Castedo et al.
(2015) constructed eight total slabs and subjected them to a plastic explosive called PG2 (TNT
equivalent characterization) with variable masses and stand-off distances. Castedo et al. (2015)
utilized LS-DYNA to numerically simulate the slabs, which were calibrated and validated using
the physical experimentation. Furthermore, for comparison purposes, several constitutive models
were used for in the numerical models, including CSCM (*MAT _159) and Johnson-Holmquist-
Concrete (*MAT _111, abbreviated JHC for simplicity). After carrying out the tests, Castedo et
al. (2015) concluded that both the steel and polypropylene fibers decreased the overall damage to
the RC slabs by increasing the tensile strength and thus increasing the overall energy-absorption
and blast resistance capabilities of the slabs. Also, the blasts with lower SBD values caused more
damage. The test showed that using the CSCM constitutive model produced results that were in
better agreement with the experimental results compared to the JHC model.

While there is a lack of studies performed on multilayered pavement subjected to blast
loading, there is a plethora of studies performed on the response of multilayered pavement due to
non-destructive impact loading. In particular, a well-known test called Falling Weight
Deflectometer (FWD) has been utilized for many years to backcalculate the elastic moduli of

pavement layers in order to test the structural capacity of that pavement as a form of
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nondestructive testing (Huang, 2014). As the name indicates, the FWD has several weight
magnitudes that can be dropped from different heights to impose a range of forces to the
pavement surface. Then, a series of velocity transducers measure the pavement surface
deflections at various radii from the center of the weight, which then enables the pavement
moduli to be determined.

One example of a FWD study was performed by Shoukry et al. (1997), in which a
numerical simulation was performed to study the behavior of a composite pavement composed
of a rigid pavement with a thin AC overlay. Specifically, Shoukry et al.’s (1997) project was
performed to determine the effect of bond strength of the interface between the AC overlay and
PCC surfaces by testing the two extreme cases of perfect bond and no bond. The main finding of
Shoukry et al.’s (1997) work was that a strong bond between pavement layers is necessary in
order for the pavement to act as a composite structure and thus for a FWD test to properly
measure the strain of the pavement layers below the surface layer. Also, compared to the
perfectly bonded interface, the unbonded interface yielded higher deflections near the center of
the deflection basin (directly under center of load plate) and less deflection at the peripheral
sensors. Similar to Shoukry et al. (1997), Varma and Kutay (2016) also looked at numerical
analysis of multilayered pavement that could predict FWD results. An important aspect of Varma
and Kutay’s (2016) study was the focus on the nonlinear viscoelastic properties of AC, which the
authors argued is a much more accurate classification of AC than the inadequate and
oversimplified linear-elastic characterization of AC often used in multilayered linear analysis.

Another relevant study that pertains to the numerical simulation of a multilayered
pavement structure was performed by Zaghloul and White (1993). In Zaghloul and White’s

(1993) work, the effects of dynamic loading (tires from a moving truck creating pulse loading)
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on the behavior of a flexible pavement were analyzed by the utilization of ABAQUS, which is a
dynamic three-dimensional finite element method (3D-FEM) computer program. The layers
included in this analysis were an AC surface course, granular base, and soil subgrade. To
simulate the AC surface layer, viscoelastic material properties were incorporated into the model,
although the actual routine was not specified. For the granular base and sandy subgrade, the
elastoplastic constitutive routine Drucker-Prager was utilized. To model the clayey soil subgrade
that was compared to the sandy subgrade, the Cam-Clay model was used. After characterizing
the constitutive and other numerical parameters, Zaghloul and White (1993) tested the response
of the flexible pavement to a static loading, which was predicted using an elastic multilayer
analysis program called Bitumen Structures Analysis in Roads (BISAR) and compared those
results to those obtained through ABAQUS. Since the BISAR and ABAQUS results showed
high linear correlation, 3D-FEM was verified as a suitable method to predict multilayer
pavement responses to static loading. A dynamic nonlinear analysis was then performed using
ABAQUS to simulate the effect of moving truck loads on the response of flexible pavement,
which was verified using experimental results from a pavement subjected to dynamic loadings
from trucks moving at different speeds.

With both the linear and nonlinear capabilities of ABAQUS verified, a sensitivity
analysis was then performed by Zaghloul and White (1993) on numerical parameters including
sublayer characteristics, shoulder width, pavement-shoulder joint, AC mixture properties, load
repetitions, and loading speed. One viscoelastic characteristic of AC analyzed in Zaghloul and
White’s (1993) study that was applicable to this research was the effect of temperature on the
vertical plastic compression strain of the pavement surface. Comparing a median annual

temperature (59°F) and high temperature (120°F), it was shown that the vertical compression
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strain significantly increased with an increase in temperature, which physically corresponds to
greater rutting in the AC. Also, it was shown that increasing the moving load from 1.75 mph to
10 mph dramatically decreased the predicted AC surface deflection, while an additional increase
to 30 mph led to an insignificant discrepancy in deflection in relation to the 10 mph response. To
enable the AC to properly simulate the viscoelastic response to variable temperature and loading
rate conditions, shear modulus values were selected for both an instantaneous load (0.1 sec,
corresponding to truck speed of 40 mph) and a long-term load (1.0 sec, corresponding to 1.5
mph). In addition to the loading speed, the load magnitude was also studied. It was found that a
58-Kip single axle load led to a rut depth of approximately 100 times the rut depth caused an 18-
kip load when both loads were applied at a speed of 1.75 mph. Furthermore, Zaghloul and White
(1993) found that most of the deformation was contained within the AC layer for the 18-kip load,
whereas 85% of the total AC surface deformation could be attributed to permanent vertical
deformation in the subgrade layer for the 58-kip load.

An additional observation made in Zaghloul and White’s (1993) study was that including
a shoulder with the same pavement structure cross section as the main traffic lanes decreased the
vertical deflection of the AC pavement compared to pavement with no shoulder. Zaghloul and
White (1993) attributed this to the confinement effect of the shoulder, which provided lateral
support to the main traffic lane pavement. In summary, Zaghloul and White’s (1993) study
determined that 3D-DFEM (ABAQUS) was an appropriate method to simulate the response of
flexible pavement to dynamic loads from moving truck tires since the program was able to
incorporate the viscoelastic characteristics of AC and elastoplastic properties of the granular base

and soil subgrade.
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Similar to Zaghloul and White’s (1993) study, Cho et al. (1996) used the program BISAR
to perform a layered linear-elastic analysis to simulate a traffic load applied to a multilayered
pavement, and then compared that to FEM results from ABAQUS. However, unlike Zaghloul
and White (1993), Cho et al. (1996) only modeled static vehicular loading, not dynamic. Cho et
al.’s (1996) aim was to compare the following three FEM element forms to determine how well
they compared to the linear elastic baseline results from BISAR: Plane strain, axisymmetric, and
3D. Furthermore, the load applied to the BISAR program and the three FEM models simulated a
40-kN single wheel load. Overall, Cho et al. (1996) found that the plane strain model (2D) did
not accurately reflect the results of the layered-elastic simulation, and attributed that to the
incapacity of the model to properly calculate the stress distribution of the wheel load. Also, the
axisymmetric model was determined to be an appropriate method that produced results that were
approximately equivalent to the BISAR results as long as boundary conditions did not greatly
influence the results through edge effects. Finally, Cho et al. (1996) concluded that the 3D model
also yielded results that were approximately accurate. Like the axisymmetric model, the 3D
model was heavily dependent upon the appropriate selection of geometry and boundary
conditions. Since the wheel loading applied to the models in Cho et al.’s (1996) work was static
instead of dynamic for the layered linear-elastic method utilized in BISAR to be assumed a
viable analysis method, nonlinear capabilities of the FEM models were not considered. Even so,
the comparison of the three distinct FEM methodologies as well as general multilayered
pavement analysis was helpful background information for this research.

In Saleh et al.’s (2003) study, a 3D nonlinear FEM model was created and compared to
field results from an accelerated pavement testing facility as well as two multilayer elastic

models simulated using the computer programs ELSYMS5 and CIRCLY. The main premise of
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Saleh et al.’s (2003) study was to determine the effect that various combinations of axle loads
and inflation pressures would have on pavement deterioration. For the pavement layering
scheme, a thin AC overlay was placed on top of a crushed rock layer, which was supported by a
soil subgrade. In addition, the loading was considered static since it represented a vehicle moving
at a slow pace of 6 km/h. Furthermore, the 3D-FEM model was built using ABAQUS and
utilized quarter symmetry. To simulate the boundary conditions of the test track, the model was
translationally restrained vertically along the four vertical sides of the models (i.e. roller-type
supports), while the bottom surface was restrained along all three translational axes (pin-type
support). These boundary conditions as well as the maximum aspect ratio were similar to the
approach taken in this research.

Another important material parameter considered in Saleh et al.’s (2003) study was
material anisotropy. Whereas CIRCLY and the 3D-FEM analysis could incorporate anisotropic
materials like the soil subgrade, ELSYMD5 was limited to isotropic elastic analysis. Furthermore,
due to the elastoplastic characteristics of the subgrade, anisotropy was found to be required to
correctly simulate the plastic portion of the subgrade response. Overall, the modeling method
that most closely simulated the measured strains of the test track for the soil subgrade was the
3D-FEM model, which Saleh et al. (2003) concluded was primarily a function of 3D-FEM to
properly represent the elastoplastic nature of soil. Also, all three modeling techniques yielded
similar results for the crushed rock base layer since that layer remained elastic, which all models
were capable of simulating. Saleh et al. (2003) then concluded that a simultaneous increase in
axle load and tire pressure produces the greatest amount of damage to the pavement in the form
of rutting, which is plastic deformation in AC. Saleh et al.’s (2003) study showed that even under

quasi-static loadings such as a tire loads, plastic behavior of the pavement materials must be
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considered in order for accurate results to be determined by computer programs, which was an
important consideration taken in the current study when selecting the constitutive model for the
granular base and soil subbase.

While there were important modeling parameters and techniques taken into account from
highway-focused impact loadings, additional insight was gained by researching work focused on
the response of airfield pavement to the loading of moving aircraft tires. One helpful example of
an airfield pavement simulation was performed by Wang et al. (2013), in which results from a
3D-FEM simulation were compared to the behavior exhibited by an actual airfield pavement in
Italy. Unlike previous works by other researchers that were briefly described the preceding
paragraphs, computer programs that were based on layered elastic theory (e.g. FAARFIELD)
were not considered in Wang et al.’s (2013) study due to the viscoelastic properties of AC. The
specific viscoelastic properties mentioned in Wang et al.’s (2013) study included: “...time,
loading rate, the entire loading history, and environmental conditions.”

Also, another important feature of Wang et al.’s (2013) study was numerical dynamic
loading, in which four loading conditions were utilized to model two planes either taking off or
landing. Other factors that went into both the physical and numerical loading conditions included
the total weight of each aircraft, the distribution of the total aircraft weight to individual landing
gear, tire inflation pressure, and aircraft speed. Another characteristic that was considered in
Wang et al.’s (2013) work was the bond strength between AC layers. It was determined that
good bond strength between the in situ AC layers lead to consistent results with the numerical
study that also used a strong bond. Also, debonding between HMA layers resulted in
significantly higher tensile strains to form along the bottom surface of the lower HMA layer,

which could lead to bottom-up fatigue cracking. Other discussion and conclusions regarding the
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interaction between aircraft tire and pavement surface may be found in the Wang et al.’s (2013)

journal paper.
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CHAPTER 3: METHODOLOGY

3.1 Introduction
A series of parametric studies were performed with LS-DYNA. The specific parameters that
were analyzed in the 1D analysis were material density, modulus of elasticity, linear versus
nonlinear constitutive routines, pulse duration, and the influence of layering on the overall
system behavior. Also, 2D axisymmetric parametric simulations were performed. The
understanding of stress wave propagation mechanics gained via 1D parametric analysis
facilitated the selection of 2D parameters. In addition, performing the 2D studies allowed for
deeper understanding of the stress wave propagation through more realistic, nonlinear elastic
pavement materials.
3.2 Stress Wave Attenuation Mechanics

3.2.1 1D Parametric Study
Pavement layers and soil subgrades are composed of geomaterials. Geomaterials are pressure-
dependent, anisotropic, and exhibit nonlinear behavior. Unlike the indefinite propagation of
impulse waves through homogenous linear elastic materials, impulse energy can be redirected in
a multitude of patterns through non-homogenous nonlinear pavement systems. To better
understand the stress wave propagation mechanics through pavement-like materials, a 1D
parametric analysis was performed. The 1D trials approximately represented SHPB testing. The
SHPB test is typically performed in a lab setting with the purpose of determining the effects of

modifying various constitutive properties on the overall behavior of specimens subjected to
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impulse energy. For example, a standard use of SHPB testing is to determine the effect of
dynamic energy on the strain rate effect for PCC. From these results, constitutive models can
more realistically represent the dynamic behavior of geomaterials.

To simulate the fundamental principles of a SHPB test, 1D models composed of bar
elements were created and tested in LS-DYNA. As Figure 8 depicts, the components of the
simulations included three connected bars (100-meter steel incident element, 20-meter material
element, and 100-meter steel transmission element) with a constant circular cross section ten
centimeters in diameter. To load the bar, an axial triangular pulse of 2,000 kilonewtons with a
duration of two milliseconds was applied to the incident steel bar while the end node of the
transmitted steel bar was restrained from displacing along the axis of loading. From the diagram,
it is clear that the bar lengths were much greater than the lengths typically used in a physical
SHPB apparatus. These lengths were selected to enable the stress waves to clearly be
differentiated between incident, reflected, and transmitted. In addition, force and cross-section
values were chosen to prevent the stress induced by the impulse energy to cause an inelastic
strain in the steel while simultaneously causing inelastic behavior to a PCC specimen with
standard properties. Also, the initial constitutive model used was *MAT_ELASTIC. Moreover,
the element formulation card (ELFORM) within LS-DYNA utilized for the section properties of
the bar was equation 1, “Hughes-Liu with cross section integration.” The baseline properties

used for the steel and normal-strength concrete bars are given in Table 4.
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Figure 8: 1D Numerical Study Setup

Table 4: 1D Parametric Study Baseline Constitutive Properties

Parameter Steel PCC AC
Mass Density (g/mm?) 0.00783  0.00230  0.00230
Modulus of Elasticity (MPa) 207,000 36,680 598
Poisson's Ratio 0.30 0.19 0.35

The specific result that was quantified and analyzed in the 1D analysis was
transmissivity, which is simply the transmitted stress wave amplitude divided by the incident
stress wave amplitude. The incident wave was created from the triangular pulse acting on the
outer node of the incident steel bar, which then caused a compression wave to propagate through
the length of the incident steel bar, into the specific material bar (multiple materials used,
explained in next paragraph), and then through the transmitted steel bar until reaching the
laterally-restrained end node. In Figure 9, stress intensity versus time is plotted. Furthermore,
these stress values were recorded at the midpoint of both the incident and transmitted bars, which
is diagrammed in Figure 8. Similarly, the reflected wave amplitude in Figure 9 occurred at the
midpoint of the incident bar, which is also annotated in Figure 8. Figure 9 will be discussed in

greater depth in Section 4.2.2.
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Figure 9: 1D Numerical Study Stress Propagation

Several parameters of the interior bar, which represented the experimental specimen,

were modified. This specimen represented typical pavement materials. Therefore, typical

pavement material values of mass density and modulus of elasticity were selected in order to

determine the effect on transmissivity. Furthermore, the density of the specimen ranged from

0.00010 g/mm? to 0.00840 g/mm? and the modulus values ranged from 5,000 MPa to 45,000

MPa. For each of these first two sets of variables, seven simulations were performed for a total

of 14 simulations. As described in greater detail in Section 2.3.1, an important concept for stress
wave propagation is material impedance. The relationship between transmissivity and impedance
in the context of mass density and modulus of elasticity will be further discussed with the aid of

plots in Section 4.2.1. A specimen resembling high-performance concrete-like material was then

modeled using both *MAT_001-ELASTIC and *MAT _172-CONCRETE_EC2 (Eurocode 2)

constitutive routines in order to determine the effect that using different stress-strain

relationships had on system transmissivity. In addition, ELFORM Equation 1 was used for the

*MAT _172 routine.
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Layered pavement was simulated using a combination of steel, PCC, and AC layers in the
center element, with the properties given in Table 4. This was a beginning step towards
understanding the effect that non-homogenous layering had on the overall transmissivity of the
system. In addition, each material was simulated using the linear elastic constitutive routine
(*MAT _001-ELASTIC) to simplify the analysis. Also, the linear elastic routine was assumed to
focus the analysis on the overall effect of layering on transmissivity instead of the constitutive
routine used. It total, there were four scenarios that each represented a different layering scheme,
as shown in the Figure 10 schematics, where “C” represents PCC, “A” stands for AC, and “S” is
for steel. The total length of each of these four systems was 18 m, which was divided into 3 m
and 6 m segments. Additionally, Figure 10(a) and Figure 10(c) each had equivalent total lengths
of PCC and AC segments, although the layering scheme changed. Similarly, Figure 10(b) had

the same amount of steel and PCC as Figure 10(d).
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Figure 10: 1D Layering Schemes; (a) C-A-C; (b) C-S-C; (c) C-A-C-A-C; (d) C-S-C-S-C

3.3 2D Parametric Study

3.3.1 Overview
From the 1D parametric study, several pavement properties such as material stiffness and
layering scheme were determined to be effective in dissipating impulse energy. The dissipation
of energy was defined as a decrease in stress transmissivity. Utilizing these insights, FEM
continued to be the method used to simulate a multilayered airfield pavement being subjected to
an impulse loading. However, instead of using 1D bar models, 2D axisymmetric modeling was
performed. The parameters modified in the 2D analysis included constitutive properties,
interface contact parameters, and impulse loading intensity. Also, the four loading scenarios
employed were extreme blast, moderate blast, extreme impact, and moderate impact.

3.3.2 2D Axisymmetric Modeling
In order to create efficient models, 2D axisymmetric numerical modeling was utilized in the

primary parametric study. Furthermore, *SECTION_SHELL element formulation 15
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(axisymmetric solid, y-axis of symmetry, volume-weighted) was used. Generally, the same
constitutive models can be used for axisymmetric 2D shell elements as for 3D solid elements.
Using a graphical user interface, the axisymmetric approach allows for convenient visualization
of the response of the model to loading, as it is essentially a cross-section of a 3D cylinder. That
IS, the y-axis is the axis of symmetry that the 2D axisymmetric plane is rotated around to create
the 3D cylinder. In addition, since this element formulation uses one integration point, the
element is susceptible to hourglass energy, and thus hourglass control was involved.

Axisymmetric elements are oriented in the X-Y plane and there are four total perimeter
surfaces to consider for boundary conditions. No restraints were added to the top surface, which
is the surface that received the loading. Both vertical surfaces were restrained from translating
laterally similar to a roller support, which essentially confined the pavement structure laterally
and enabled the PCC to exhibit residual strength to align with the damage criteria of
*MAT_072R3. Additionally, the bottom surface was constrained translationally in both lateral
and vertical directions like a pin support. A diagram that depicts the axis of symmetry and

boundary conditions of the baseline model is given in Figure 11.
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Figure 11: Extreme Blast Baseline Model Diagram

Another component that must be considered for any FEM simulation is the interaction
between different numerical parts. In all simulations, the soil functioned as one part. For each
pavement layer above the soil subgrade (i.e. PCC and AC), a distinct part was created for each
layer of elements. That is, each layer of non-soil elements constituted a separate part, which in
summation formed the total thickness of each material type. In LS-DYNA, the interaction
between the shared surfaces of parts is defined with the *CONTACT card. However, with the
intent to limit the number of variables that were present in the parametric studies, all duplicate
nodes between layers were initially fully bonded. Effectively, all layers were perfectly tied
together with the adjacent layers. While this method does not necessarily reflect true frictional

relationships between layers, the omission of realistic surface-to-surface interaction decreased
52



the number of variables to analyze. The effect of interlayer contact parameters on the simulation
results was analyzed briefly in Parts A-6 and A-7.
3.3.3 Parametric Study Overall Framework
The framework of the 2D axisymmetric study is shown in Table 1 (blast loading) and Table 2
(impact loading). The intensity of the “extreme” blast loading in Part A was qualitatively defined
as a loading that would cause a radius of catastrophic plastic strain resulting in the pavement
being inoperable. Furthermore, “extreme” is quantitatively defined in Section 3.3.4.1.7. In Part
A-0, a baseline model comprised of PCC supported by a sandy soil subgrade was developed. The
inspiration for the baseline constitutive properties originated from a typical rigid pavement found
in UFC 3-260-02 Pavement Design for Airfields (UFC, 2001). Seven additional parts to the
extreme blast loading parametric study were then performed in Part A. The following three
loading scenarios were subsequently simulated: moderate blast (Part B), extreme impact (Part C),
and moderate impact (Part D). Additionally, the respective baseline models for Parts B, C, and D
all used the same parameters developed for Part A-O, with the only variable parameters being the
load type and intensity.
3.3.4 Extreme Blast Parametric Study (Part A)
3.3.4.1 Extreme Blast Baseline Model Development (Part A-0)
3.3.4.1.1 Part A-0 Model Setup
The following numerical steps were taken to develop the extreme blast baseline model (Part A-
0):
e Following the UFC (2001) design guidelines, determined the appropriate constitutive

routines and associated properties for the plain PCC and soil parts;
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Analyzed several methods of employing gravity loading to serve as a preloading to the
pavement system composed of geomaterials;

Defined the damage parameter of modified effective plastic strain and the level of strain
that could theoretically represent severe damage to the PCC pavement layer;

Calculated the necessary TNT equivalent blast loading that could cause extreme damage
to the PCC pavement layer;

Selected appropriate radial dimensions for the pavement and the depth of soil through an
iterative process;

Determined the appropriate numerical control parameters including energy, termination
(i.e. analysis run time), and time step;

Developed a method of calculating the approximate damage incurred to the PCC layer;
Decided which solver settings were necessary to achieve consistent results;

Performed a sensitivity analysis to select an efficient variably-sized mesh that functioned
as the basis for the meshes of all other 2D axisymmetric models.

3.3.4.1.2 United Facilities Criteria Design Example

The main structural component of the rigid pavement in Part A-O was a plain PCC layer, which

was supported by a sandy soil subgrade, as depicted in Figure 11. While other layers such as a

granular base may be typical for airfield pavements, the simplicity of the baseline PCC-soil rigid

pavement system was advantageous. By initially ignoring variables such as additional pavement

layers, the effect of varying specific parameters on the overall resistance of the structure to

damage could be analyzed.

The specific example pavement in UFC 3-260-02 Pavement Design for Airfields (2001)

that served as a framework for the baseline model originated from Chapter 12 “Plain Concrete
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Pavements,” example 5(a and b) “Examples of Plain Concrete Pavement Design for Army and
Air Force.” Within this particular example, the pavement was classified as a “medium-load
pavement.” Also, the typical aircraft that this pavement design was designed to carry were F-15
(36,740 kilograms), C-17 (263,100 kilograms), and B-52 (181,400 kilograms). Furthermore, the
soil subgrade was classified as a silty-sand (SM), with a modulus of soil reaction (k) of 54
kPa/mm (200 pci). The PCC had a 90-day flexural strength (R) of 4.8 MPa (700 psi), and an
approximate thickness of 400 mm for the primary traffic area considered (i.e. center of runway).
3.3.4.1.3 Part A-0 Constitutive Properties
To determine the relevant material properties for the soil and PCC pavement layers in Part A-0,
the constitutive routines were selected. For soil, the constitutive routine utilized was *MAT _173.
This routine was considered an attractive option due to the limited number of input parameters
needed to approximate a sandy soil. Also, LS-DYNA User’s Manual Volume 11 (LSTC, 2018)
states that the routine is, “...for solid elements only and is intended to represent sandy soils and
other granular materials.” Since 2D axisymmetric shell elements can use the same constitutive
routines as 3D solid elements, the routine was deemed appropriate. Additionally, this routine is
commonly found in literature, as detailed in Chapter 2 of this thesis. To reduce the number of
parameters needing to be analyzed, every simulation in the overall 2D parametric study used
*MAT_173 to represent soil.

The constitutive routine used for PCC was *MAT_072R3. The primary characteristic of
this routine that made it applicable to this research was the capability of simulating the plastic
behavior of PCC, which represents the fracturing of physical PCC. Furthermore, the plastic
behavior was quantified through the output parameter “modified effective plastic strain.” This

damage parameter was discussed in detail in Chapter 2 of this thesis, as well as how it was
55



utilized in Wu (2012) and Wu and Chew’s (2014) work. Additionally, *MAT_072R3 includes
empirically-based strain rate enhancement factor equations that are computed from the
compressive strength of PCC, among several other factors. Another major factor that made
*MAT_072R3 a clear choice was the ability to generate the required constitutive parameters
based fully upon the PCC unconfined compressive strength, as described in greater detail in
Section 2.5.2.3. With the purely theoretical nature of the current study, it was necessary to limit
the required input parameters while still being able to use a robust material model such as
*MAT_072R3.

Instead of the precise soil classification of silty-sand used in the UFC design example, a
more general classification of sandy soil was assumed to be sufficient for a purely theoretical
study. For the sandy soil subgrade, rather than using the UFC modulus of soil reaction, shear
modulus was calculated since it was a key input parameter for *MAT _173. To determine shear
modulus, a typical modulus of elasticity of 30 MPa was chosen, which originated from a
document titled “Some Useful Numbers on the Engineering Properties of Materials (Geologic
and Otherwise)” (Zhu, n.d.). Also from Zhu’s (n.d.) document, Poisson’s ratio was 0.30, the bulk
mass density was 0.0018 g/mm?, and the angle of internal friction was 35 degrees. Using
Equation 11, the shear modulus of the soil was calculated to be 11.54 MPa. The depth of soil was
determined in a later step, but is provided in Table 5 along with the aforementioned soil
properties and PCC properties described next.

G= E
2(1+v)

Equation 11

Where,

G = shear modulus (MPa)

56



Table 5: 2D Axisymmetric Parametric Study Baseline Model Constitutive Properties

Property Symbol  Sandy Soil PCC
Constitutive Model - *MAT_173 *MAT_072R3
Compressive Strength (MPa) fo’ - 60
Shear Modulus (MPa) G 11.54 --

Bulk Mass Density (g/mm?®) p 0.0018 0.0023
Poisson's Ratio 1 0.30 0.19
Angle of Internal Friction (°) 7 35 --

Total Layer Depth (mm) -- 20,000 400
* MAT_072R3 = MAT_CONCRETE_DAMAGE_REL3
**MAT_173 = MAT_MOHR_COULOMB

Whereas a total of four constitutive parameters were required for defining the sandy soil
subgrade, compressive strength, bulk mass density, and the strain rate effect relationship were
the only three parameters or functions defined for the PCC structural layer. In reality, only
compressive strength was required, as the robust parameter generation function of *MAT_072R3
has the capacity to calculate the other necessary parameters. However, in order to develop a
better understanding of the relationship between bulk mass density and strain rate effect on
damage mitigation, those parameters were manually varied in the parametric study. The 90-day
flexural strength of 4.8 MPa from the UFC design example was used to calculate the
compressive strength of the PCC. In ACI 318-14, the modulus of rupture (f;) is used as opposed
to flexural strength, but the two parameters are often used interchangeably. Therefore, assuming
normal-weight PCC, a commonly-used function in ACI 318-14 (see Equation 12) was utilized to
calculate compressive strength. In order to use Equation 12, the modulus of rupture was
converted to the U.S. Customary approximate equivalent of 700 psi, which yields an unconfined

compressive strength of 8,711 psi (60 MPa). The second PCC parameter defined was bulk mass
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density. For normal-weight plain PCC, a typical unit weight is 145 pcf, which was converted to
an S.1. mass density of approximately 0.0023 g/mm?. The 400-mm PCC depth was taken from

the UFC (2001) design example.
fr=751f"c Equation 12

Where,

fr = modulus of rupture (psi)

A = lightweight factor (1.0 for normal-weight PCC)
3.3.4.1.4 Strain Rate Effect Formulation

Strain rate effect was considered and applied to Part A-0. As mentioned in Chapter 2 of this
thesis, the strain rate effect is the apparent increase in both the tensile and compressive strength
of a material when the rate of strain imparted by the loading is increased. *MAT_072R3 was the
only constitutive routine used in this research that simulated this behavior. The functions used to
define the strain rate effect curves were sourced from Malvar and Crawford’s (1998) paper, and
the curves of these functions are discussed in detail in Chapter 2 of this thesis. Additionally,
these functions were composed of a scalar DIF as the dependent variable and strain rate as the
independent variable. Every time the compressive strength of the PCC layer was altered, a new
strain rate effect curve was defined in the numerical input deck. For a given rate of strain, as the
compressive strength of PCC increases, the DIF decreases, which is shown in Figure 6(a) for
compressive strain.

In Figure 12, which represents the relationship between DIF and strain rate for a PCC
compressive strength of 60 MPa (baseline strength), it is apparent that increasing the applied

tensile strain has a greater impact on the DIF than compressive strain. For tensile strain, the
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second branch of the curve, which shows the greatest increase in DIF, begins at a strain rate of

1.0 s™%. This inflection point is based on the modified CEB formulation (Malvar and Crawford,

1998). At a strain rate of 160 s, the maximum tensile DIF value of 7.20 was reached, which

remained constant for additional increases in tensile strain. For compressive strain, only one

function was used instead of a bilinear curve, which was recommended by Magallanes et al.

(2010). Also, the maximum compressive DIF value of 1.32 was reached at a strain value of 300
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Figure 12: DIF vs. Strain Rate Curve for f.’of 60 MPa
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3.3.4.1.5 Gravity Loading
Another major step in the development of Part A-O was the simulation of gravity preloading.
Since pavement materials are classified as geomaterials and are thus considered stress-
dependent, including gravity in the analysis was a necessary step. The routine employed for all
2D axisymmetric models was *INITIAL_STRESS_DEPTH_SET. As the name implies, this
routine calculates stress based upon the depth below a specified datum that the centroid of the
element resides. At the beginning of the simulation (time = 0 milliseconds), the stresses in the
elements are equal to the preloading stress. Per LS-DYNA (LSTC Vol. I, 2018), the vertical
stress is calculated based on Equation 13. Also, as specified in the manual, vertical stress is
measured according to depth along the global y-axis in 2D axisymmetric simulations, as opposed
to the z-axis in 3D simulations. After determining the vertical compressive stress, the preloading
routine then calculates the horizontal stress by multiplying the vertical stress by the coefficient of
lateral earth pressure (Ko). For dense granular soil such as sandy soil, a typical value for Ky is 0.5,
which was used for all simulations. To simplify the analysis, pore water pressure was not

considered.

o, = RO, X (Yo enent —Youron ) Equation 13
Where,
ROg = stress per unit elevation above datum (MPa)
YeLement = Y-coordinate of the centroid of the element (mm)
Ypatum = Y-coordinate of datum (mm)
For all simulations, Ypatum Was considered to be the top surface of the soil, which
enabled compressive stresses to be imparted to soil. That is, the only part that the gravity preload

was imparted to was soil. In a physical experiment, all other pavement layers would also be
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susceptible to the effects of gravity due to the pressure-dependent nature of geomaterials.
However, after performing several iterations, the PCC did not appear to experience an increase in
stress due to the force of gravity alone. Furthermore, neglecting the preloading stresses in PCC
and other pavement layers in subsequent parts of the parametric study was deemed to be an
appropriate method due to the relative thin depth of layers above the soil compared to the large
depth of the soil part and thus a high gravity loading.

At the beginning of the simulation at time equal to zero, a gravity loading was imparted
to the overall system. Without this loading, soil elements that were originally preloaded were
decompressed throughout the simulation. This decompression does not occur in reality since
gravity is always present for pavement materials. Therefore, gravity was applied to all PCC and
soil elements through the utilization of the *LOAD_BODY_Y routine at the beginning of
simulation. The gravitational acceleration constant was applied as a scale factor, while a constant
function of unity versus time was invoked via the *DEFINE_CURVE routine for the duration of
the simulation.

Several other methods of imparting a gravity preloading to the pavement system were
attempted, but all methods incurred either erroneous results or were highly inefficient. For
example, invoking the routine *CONTROL_DYNAMIC_RELAXATION is a very common
method. However, this routine requires an iterative process to converge to a solution of static
equilibrium, which was yielding inefficient computation times. Another method of preloading
considered and tested was applying gravitational acceleration at the beginning of analysis using
the routine *LOAD_BODY _Y while damping dynamic oscillations via *DAMPING_GLOBAL
to reach a steady-state. Once oscillations reached a quasi-steady state, the impulse loading was

then applied to the system. However, the * DAMPING_GLOBAL routine had to be discontinued
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at the time of impulse loading, which proved to be an onerous process that yielded inconsistent
results based on the damping constants used.

3.3.4.1.6 Damage Definition
The parameter used to characterize the level of damage suffered by the PCC layer was modified
effective plastic strain. The set of equations used to determine modified effective plastic strain
are specifically attributed to *MAT_072R3 and are computed internally as functions of effective
plastic strain, strain rate enhancement factor, and pressure (LSTC Vol. 11, 2018). In order to
correlate the level of modified effective plastic strain to the associated material failure surface,
*MAT_072R3 utilizes a scalar parameter termed “scaled damage measure” (). As PCC
transitions from a yield failure surface to a maximum failure surface, 6 moves from zero to unity.
As the modified effective plastic strain transitions from maximum failure surface to residual
failure surface, ¢ increases from unity to two. As recommended by Wu (2012) and Wu and Chew
(2014), a o value of 1.8 constituted the failure threshold for the PCC pavement layer and thus the
entire pavement system was classified as failed at this level of strain. While any ¢ value greater
than zero represents plastic behavior, only the highest levels of strain near the residual failure
surface were assumed to incur debilitating damage. Thus, the upper-level range of 6 was
classified as failed.

In relation to a physical airfield pavement, a numerical PCC residual failure would
correlate to an impulse loading creating a crater that would penetrate through the PCC and into
the subgrade. Figure 13 represents generalized section cuts of pavement suffering debilitating
craters. The sizes of the numerical craters in this project were in the “small crater” range, and

will be discussed more in subsequent sections.
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Figure 13: Crater Schematic (United States Air Force, 2008)
3.3.4.1.7 Blast Loading

After applying the gravity preloading to the soil using *INITIAL_STRESS DEPTH_SET, the
transient analysis was initiated. At time equal to zero, the aforementioned constant gravitational
load was applied to the pavement system via *LOAD_BODY _Y. Simultaneously, the blast
loading was initiated through the routine LBE, but did not reach the pavement system until 1.83
milliseconds into the simulation. This lag in timing was due to the blast wave energy needing to
travel from the blast center to the blast-receiving surface (i.e., top of PCC). For the baseline
model (Part A-0), the blast center was one meter above the top of the PCC, which is depicted in
Figure 11.

The degree of damage endured by the PCC was dependent upon the intensity of energy
imparted by the blast loading. Furthermore, the definition of “extreme” damage was analyzed via
the MEPS fringe plot for each of the iterations. Fringe plots are useful in visualizing data through
a color scheme that elements are assigned based on certain criteria, which in this case
represented failed elements. In addition, the definition of extreme blast loading was further

developed from the qualitative definition provided previously. A pavement was considered
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extremely damaged when the blast pressure caused the full depth of PCC elements to reach the
failure criteria previously defined (elements with 6 > 1.8). That is, the extreme blast pressure
penetrated fully through the PCC to cause catastrophic damage. While the damage radius was
not as clearly defined, an approximately three-meter damage radius was considered sufficient to
be classified as extreme and thus debilitating to the overall use of the structure.

The specific LBE parameters were then determined. The primary factor considered in
determining the necessary parameters was SBD, which was discussed in Chapter 2. For the
pressures created by LBE to be empirically-supported, the SBD for the spherical charge option
must be at least 14.7 mm/g*. Unlike Wu (2012) and Wu and Chew (2014), the aim of this
research was not to simulate previous field experiments. However, the lower bound of SBD was
a good starting point in selecting the TNT equivalent and charge center distance from the top of
the PCC. To achieve this minimum SBD, the charge center distance above the PCC surface was
set at one meter, and a TNT equivalent 187 kilograms was selected to yield a SBD of 0.175

1/3

m/kg™~°. The assumption that motivated this choice of height was that greater localized damage
could be achieved with a smaller distance separating the source of energy from the pavement
system. Other parts of the overall parametric study tested this assumption. The TNT equivalent
mass selection came from needing the SBD to be greater than the empirical minimum.

3.3.4.1.8 Baseline Model Dimensions
The additional pavement dimensions were determined through an iterative process since the only
dimension taken from the UFC design example was the 400-millimeter PCC depth. In order to
model the soil layer as a semi-infinite medium without using a large and numerically inefficient

depth, one commonly used routine is * BOUNDARY_NON_REFLECTING_2D. However, this

approach was ineffective in preventing the impulse stress waves from reflecting off of the outer
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boundaries of the baseline model, and therefore was not employed for any of the parametric
study models since it did not achieve the desired purpose. Thus, the soil depth selection was
based upon the damage parameter, modified effective plastic strain, to equilibrate in the PCC
layers before the stress wave from the blast wave reached the boundary at the base of the soil and
contaminated the results after reflecting back into the model. This criterion was met when the
radius of the PCC and soil were 20 m and depth of the soil was 20 m.

3.3.4.1.9 Part A-0 Control Parameters
Another important set of parameters that were selected during the baseline model development
stage and kept consistent during all other parametric studies were the LS-DYNA *CONTROL
parameters. These parameters included *ENERGY, *TERMINATION, and *TIMESTEP. For
energy, there were five total parameters that were specified to be included in the overall energy
balance of the numerical simulation. Most pertinent to this research was the recording of
hourglass energy, which mainly served as a check on the overall integrity of the simulations.
Also, a termination time (i.e., simulation runtime) of 300 milliseconds was chosen. Following the
reasoning of the 20-meter soil depth decision, this time enabled the strain in the PCC to reach
equilibrium before the compression wave reflected off of the bottom boundary of the soil.
Default explicit time step parameters were elected, which means that the LS-DYNA solver
automatically selected the time step.

3.3.4.1.10 Damage Analysis Method
Since the modified effective plastic strain defined for *MAT _072R3 is quantified through o, ¢ is
shown on the fringe plot for MEPS. In addition, the fringe plot is adjusted each time step. Thus,
the fringe plot was a helpful tool in determining if the general level of damage experienced by

the PCC could be classified as extreme during the baseline model development. Also, errors
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during model setup could quickly be discovered if the fringe plot showed high levels of
hourglassing or other unrealistic behavior.

After qualitatively surveying the fringe plots and obtaining confidence in the model
setup, the next step was quantitatively determining the level of damage incurred by the PCC
layer as a whole. Through the following list of actions, an average level of damage was
determined for the PCC elements as a whole. Again, only the PCC layers were analyzed for
damage since PCC was considered the main structural layer of the rigid pavement. Even when
other layers such as AC were added to the pavement layering scheme, the damage analysis did
not apply to them.

Step 1: For each layer of PCC elements, the percentage of elements that passed the

damage threshold of ¢ = 1.8 was pulled from the D3PLOT (LS-PrePost output file).

Figure 14 shows the percentage of failed elements vs. time for the top layer of PCC. At

125 milliseconds, the failure percentage stabilized to a constant value for all layers and

thus was considered the percentage of failed elements for the entire top layer of PCC.
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Figure 14: Percentage of Failed PCC Elements vs. Time

Step 2: Step one was repeated for each layer of PCC through the means of an Excel
spreadsheet. In total, there were 16 layers of PCC that were each 25 mm thick, resulting
in a total PCC thickness of 400 mm to match the UFC design example. Table 6 shows the
percentage of elements that were considered failed for each layer of PCC in the baseline
model. That is, out of all of the PCC elements in each layer, the percentage of elements
that surpassed the damage threshold of 6 = 1.8 were determined. Layer 17 represents the
top layer that received the blast loading, and Layer 2 was the bottom layer of PCC, which

interfaced with the top surface of the soil.
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Table 6: Percentage of Elements Failed for Each Layer of PCC

Layer Percent Failed
17 13.13
16 14.62
15 14.37
14 13.47
13 16.04
12 15.88
11 19.43
10 18.15

9 18.55
8 17.69
7 16.50
6 13.01
5 10.30
4 13.69
3 11.12
2 10.99

Step 3: The average, standard deviation, and coefficient of variation were determined for
the failure data of the 16 PCC layers. Since the overall goal of the damage analysis was to
determine the degree of damage to the PCC layer as a whole, the average calculation
consolidated the failure data of 16 elemental rows into one overall percentage. Standard
deviation and coefficient of variation served as the means to determine if the average
accurately represented the overall PCC failure. While there was no particular value of
these statistical data that disqualified trials from being used in the parametric study, they
were nonetheless useful in comparing trials. Also, the statistical data helped flag which
models needed to be looked into further via the MEPS fringe plot to determine if the trial

could legitimately be included in the overall parametric analysis. Furthermore, the main
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measure of the legitimacy of a trial was the ratio of hourglass energy to kinetic energy
remaining under 0.10 at an analysis time of 125 milliseconds, which was the same time
used to calculate the level of damage. Table 7 gives the aforementioned statistical
measures for Part A-0.

Table 7: Statistical Measures Used for Failure Criteria in Baseline Model

Statistical Measure Value
Average PCC Failed (%) 14.8

STD 0.0281

CcVv 0.1895

Step 4: The average radius of PCC damage was calculated by multiplying the average
percentage of failed PCC elements by the total radius of pavement, 20 m. As an example,
the baseline model suffered an average radius of damage of 2.96 m, which is portrayed in
Figure 15, was calculated by multiplying 20 m by about 14.8%. Figure 15(a) represents
the pre-loaded model before any analysis was performed. In Figure 15(b), the dashed red
box represents the window of elements that are shown closer in Figure 15(c), while the
white dashed line in Figure 15(b) was added to differentiate between the PCC and soil
parts. Furthermore, Figure 15(c) depicts an average radius of damage suffered by the
PCC. While this may not perfectly relate to an actual crater radius that could occur in a
physical pavement, it was a more objective, consistent, and efficient measure of damage
for the many trials performed in the parametric study than an alternative analysis such as

subjectively analyzing the fringe plot for each parametric study trial.
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Figure 15: Extreme Blast Baseline Model - (a) Undamaged Full Model Schematic; (b)
Damaged Full Model MEPS Fringe Plot; (c) Partial Model MEPS Fringe Plot

Step 5: Using the damage radius determined in step four and the 400-mm PCC thickness,
the volume of damage was calculated using the equation for the volume of a cylinder.
Since 2D axisymmetric modeling is a 2D plane that is rotated about the axis of symmetry
to create a 3D cylinder, this was considered a legitimate method. For the baseline model,
which suffered a damage radius of 2.96 m, the volume of PCC damage was calculated to
be approximately 11 m®.
3.3.4.1.11 LS-DYNA Solver Parameters
During the iterative process performed in the development of Part A-O, it was apparent that the
same file could achieve different results depending upon the solver parameters. Thus, it was
imperative that the source of this error be corrected before valid conclusions could be drawn
from the parametric studies. In short, the culprit of the discrepancy in results was a combination

of the number of solver CPUs and level of precision used. During earlier iterations, in order to
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achieve efficient results, single-precision executables and eight CPUs were used for each trial,
which was giving inconsistent results. Through several iterations, a single core paired with a
double-precision executable returned consistent data. While a single core and double-precision
certainly led to longer runtimes for each model, the consistency in results was a firm requirement
for the integrity of the models. Also, other trials could be run simultaneously using the other
available CPUs, which increased the efficiency of the parametric study. With four trials being
performed simultaneously, the computation time was approximately one hour.

3.3.4.1.12 Mesh Sensitivity Analysis
Another use for Part A-O was performing a mesh sensitivity analysis. The overarching objective
that drove the analysis was to use the coarsest mesh that would achieve consistent conclusions
with the next finer increment of mesh size, and thus be considered optimized in terms of
computationally efficiency. That is, a more refined mesh, while it may give slightly different
results, should not change the conclusions reached. Since physical experiments were not
replicated, only the general trends in behavior were being analyzed in the mesh study. These
trends included the effect of PCC density and compressive strength, as well as soil density and
shear modulus, on the modified effective plastic strain of the PCC. Furthermore, to effectively
analyze trends, only one of the four constitutive variables was modified at one time.

Overall, three variable-mesh systems were considered, with the soil element sizes
increasing linearly both radially away from the axis of symmetry to the outer edge of the part and
from the PCC-soil interface to the bottom of the soil. For the PCC, there were separate parts
modeled for each layer that consisted of one row of elements. Furthermore, each layer of PCC
was the same thickness, while the PCC mesh increased radially in the same manner as the soil

elements. For example, a PCC layer with a total thickness of 100 mm would consist of ten rows
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of elements that were each ten millimeters in thickness. The purpose for having the finest
elements near the axis of symmetry and top of the model was to effectively capture the effects of
the blast load closest to the blast origin.

The coarsest of the three meshes increased linearly from 40 to 160 mm. That is, the finest
element was 40 x 40 mm directly under the blast origin, and the coarsest element was 160 x 160
mm, which was located at the base and outside edge of the soil. The medium mesh started at 25
mm and increased linearly to 100 mm. For the finest mesh, the size increased from 20 to 80 mm.
Since the coarsest mesh returned vastly different results from the two finer meshes, it was only
considered in a few trials, leaving only the medium and finest meshes to be compared further. In
total, the medium mesh resulted in about 143,000 nodes, while the finer mesh required
approximately 224,000 nodes.

In further analysis, each of the four constitutive properties was varied independently, as
previously mentioned. Other than this singular parameter variation in each trial, the remainder of
the baseline parameters remained constant. For each of these trials, the level of PCC modified
effective plastic strain that represented the failure damage threshold was a scaled damage
measure of at least 1.8, which was the same damage measure used for all other trials. In Figure
16, the total volume of failed PCC elements is plotted as a function of each applicable
constitutive parameter. In summation, there were 19 distinct combinations of the four
constitutive parameters for the fine and medium meshes, with the baseline trial data point
replicated in each of the plots in Figure 16.

As evident by Figure 16(a), both meshes show that an increase in PCC density resulted in
a decrease in PCC damage. Although there were some discrepancies in the magnitudes of

damage results between the two meshes, the overall data trend was similar between the meshes.
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That is, the general inverse relationship between PCC density and failure volume is clear for both
meshes. Additionally, although there was greater variation in data in Figure 16(b) between the
meshes for PCC compressive strength versus PCC damage than for the PCC density trials, a
trend of increasing PCC compressive strength resulting in an increase in PCC damage was
apparent. While the trends for the two PCC parameters were fairly clear, Figure 16(c) and Figure
16(d) show less well-defined relationships between the soil density and soil modulus parameters
and the resulting PCC failure volume. However, Figure 16(d) show that a majority of the trials
resulted in very similar failure volumes for the two meshes for five out of the seven trials
performed, even though there was no clear trend in behavior between soil shear modulus and
PCC failure. In summary, with three of the four parameters tested yielding similar results
between the two meshes, it was determined that the medium mesh with elements ranging from

25 mm x 25 mm to 100 mm x 100 mm in depth and width was deemed sufficiently refined.
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Figure 16: Mesh Sensitivity Analysis; PCC Failure Volume vs.: (a) PCC Density; (b) PCC
Compressive Strength; (c) Soil Density; (d) Soil Shear Modulus

3.3.4.2 Extreme Blast Parametric Study Part One (Part A-1)
Part A-1 trials were continuations of the medium mesh (elements varying linearly from 25 mm
by 25 mm to 100 mm by 100 mm) trials simulated in the mesh sensitivity analysis in Part A-0.
The baseline model established in Part A-O with the properties in Table 5 also served as the
baseline model for Part A-1. In order to form a more complete data set, nine new trials with
unique combinations of PCC and soil constitutive parameters were added to 18 of the trials from
Part A-O for a compilation of 27 trials in Part A-1. As in the mesh sensitivity study trials, only
one variable was changed at a time, which included PCC density and compressive strength, as
well as soil density and shear modulus. The purpose of limiting the trials to independent
parameter variation was to gain greater insight into the effects of each individual parameter on

the overall damage mitigation compared to the baseline model. The ranges of soil and PCC
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properties utilized in Part A-1 are shown in Table 8, along with the ranges of properties tested by
the other subparts of Part A.

Table 8: Extreme Blast Parametric Study Constitutive Ranges

Property Symbol  Sandy Soil PCC Grgg:el ar AC

Constitutive - **MAT 173 *MAT 072R3 **MAT 173  **MAT_173

Model

Total Layer - 20,000 400 100 to 275 100 to 150
Depth (mm)

Comp. Strength , _ - -
(P f, 20t0 85

Shear Modulus G 410 20 . 6010130 500 to 13,000
(MPa)

Bulk Mass 0.0010 to 0.0012 to 0.0021 to 0.0017 to
Density (g/mm?°) P 0.0037 0.0040 0.0025 0.0029
Poisson's Ratio v 0.30 0.19 0.40 0.40
Angle of Internal 35 - 40 35

Friction (Deg.)
Cohesion (MPa) c - -- -- 0.5
*MAT_072R3 = MAT_CONCRETE_DAMAGE_REL3

**MAT_173 = MAT_MOHR_COULOMB

3.3.4.3 Extreme Blast Parametric Study Part Two (Part A-2)
In the second portion of the parametric study (Part A-2), the four constitutive parameters
independently optimized in Part A-1 were simultaneously optimized in a set of eleven trials.
Furthermore, two to four of the optimized parameters determined in Part A-1 were combined in
each Part A-2 trial, while the other parameters (zero to two parameters) retained the baseline
values determined in Part A-O. In contrast, each trial of Part A-1 only had one constitutive
parameter vary from the respective baseline value in each trial. The material properties of the
eleven Part A-2 trials and baseline trial (Part A-0) are in Table 9. In this table, the optimized

parameters are denoted by the grey highlight, while the white cells represent the baseline
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properties. In addition, every combination of the four optimized parameters was tested in the
eleven trials. Also, the damage suffered by each Part A-2 trial was compared with the damage of
the other Part A-2 trials as well as the baseline model. These comparisons were performed to
answer the question of whether simultaneously combining optimized parameters could form a
more resilient pavement system and thus result in a more optimized system in relation to limiting
the optimization to singular parameter variation.

Table 9: Extreme Blast Part A-2 Parameters

] PCC Soil
Trial Den3|t;/ 1% Densit3y Elastic Shear

(g/mm?) | (MPa) (g/mm>) Modulus (MPa)

Baseline | 0.0023 60 0.0018 11.54

1 0.0040 20 0.0018 11.54

0.0040 60 0.0037 11.54

3 0.0040 60 0.0018 20.00

4 0.0040 20 0.0037 11.54

5 0.0040 20 0.0018 20.00

6 0.0040 60 0.0037 20.00

7 0.0040 20 0.0037 20.00

8 0.0023 20 0.0037 11.54

9 0.0023 20 0.0018 20.00

10 0.0023 20 0.0037 20.00

11 0.0023 60 0.0037 20.00

*Note: Grey denotes optimized parameter

3.3.4.4 Extreme Blast Parametric Study Part Three (Part A-3)
The third part of the extreme blast parametric study (Part A-3) utilized a granular base layer
between the baseline PCC and soil pavement layers. As described in Chapter 2, the primary
function of a granular base layer in an airfield pavement is to provide water drainage. While this
layer is not a necessary component in all airfield pavements, it was nonetheless analyzed in order

to assess damage-mitigating capabilities.
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The constitutive routine selected to simulate the granular base layer was *MAT_173. In
addition to representing sandy soils, the description for *MAT _173 found in the second volume
of LS-DYNA User’s Manual (2018) also specifies granular materials as an appropriate use of the
routine. In addition, due to the limited input parameters required to characterize the material
properties, *MAT_173 was considered a logical routine to use since only typical parameters
from literature were used for the granular base instead of laboratory values.

In the initial trials of Part A-3, the thickness of the granular base layer varied from 100 to
275 mm, as shown in Table 10. Throughout these initial trials, the constitutive properties for all
layers remained constant, with the soil and PCC properties the same as the baseline properties
determined in Part A-0. For the granular base, a Poisson’s ratio of 0.40 was used, which
originated from a typical value mentioned in both Newcomb et al.’s (2002) article and Varma
and Kutay’s (2016) paper. The angle of internal friction of 40° was approximated from Zaghloul
and White’s (1993) value of 38°. The shear modulus and bulk mass density of a granular base
depend heavily upon the type of aggregate. For the initial Part A-3 trials (varying thicknesses),
these properties remained constant in order to more clearly determine the relationship between
the granular base layer thickness and damage mitigation. The shear modulus used in the variable-
thickness trials was 90 MPa, which was calculated from Equation 1 using the aforementioned
Poisson’s ratio and a modulus of elasticity of 250 MPa, which was the average modulus
considering the range of 150 to 350 MPa given in Newcomb et al.’s (2002) article. For bulk mass
density, a value of 0.00225 g/mm? that was sourced from Zaghloul and White’s (1993) paper was
utilized as an average value that remained constant for the variable-thickness trials. The
thickness chosen for the remaining Part A-3 trials was 150 mm. More discussion is provided in

Section 4.3.4 regarding the total granular base thickness selected for the other Part A-3 trials.
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Table 10: Extreme Blast Part A-3 Granular Base Parameters

Granular Base Parameter Values

Property Symbol T\(\?gl)(/:lr:e%s Constant Thickness
Constitutive Model -- *MAT_173 *MAT_173
Thickness (mm) - 100 to 275 150
Shear Modulus (MPa) G 90 60 to 130
Bulk Mass Density (g/mm?®) p 0.00225 0.0021 to 0.0025
Poisson's Ratio v 0.40 0.40
Angle of Int. Friction (Deg.) 1) 40 40

*MAT_173-MOHR_COULOMB

The remaining trials in Part A-3 involved independently varying the shear modulus and
bulk mass density of the granular base while keeping the granular base thickness at 150 mm and
all remaining parameters the same as used for the variable-thickness Part A-3 trials. The purpose
of utilizing the baseline properties for the soil and PCC layers (see Table 5) was to remove
variables from the analysis to facilitate a clearer understanding of the damage mitigation
properties of the granular base. For the first subset of this next phase of Part A-3 trials, the
granular base density remained 0.00225 g/mm?, while the shear modulus varied from 60 to 130
MPa, which was calculated using the aforementioned modulus of elasticity range. The shear
modulus was kept at a constant 90 MPa while the bulk mass density ranged from 0.0021 to
0.0025 g/mm?®, which was considered close enough to the typical average of 0.00225 g/mm? to
be realistic. Bulk mass density and shear modulus were simultaneously altered to represent more
realistic combinations of granular base parameters. That is, if the granular base is composed of
more porous aggregates like crushed limestone, then both the bulk mass density and shear
modulus will be low (Mehta and Monteiro, 2014). Conversely, granular base layers that are

primarily composed of denser aggregates like crushed granite will have higher densities and
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shear moduli. While an exact relationship between mass density and shear modulus was not
followed, an approximately linear relationship was followed. The combinations ranged from
0.0021 g/mm?® bulk mass density and a 60 MPa shear modulus to 0.0025 g/mm?bulk mass
density paired with a shear modulus of 130 MPa.

For the final trial of Part A-3, the optimal set of PCC and soil properties determined in
Part A-2 was combined with the optimized granular base parameters that are discussed in Section
4.3.4. Furthermore, the only granular base trials that were considered for the optimized Part A-3
trial were those that simultaneously varied the bulk mass density and shear modulus to achieve
realistic combinations. As in Part A-2, the purpose of the final Part A-3 trial was to test whether
or not the simultaneous combination of the optimized properties for soil, granular base, and PCC
resulted in a more optimized pavement system compared to optimizing only one parameter or
layer at a time.

3.3.4.5 Extreme Blast Parametric Study Part Four (Part A-4)

In the fourth part of the extreme blast parametric study (Part A-4), an AC layer was added to the
pavement system above the PCC layer as a surface course. Although pavements are typically
either flexible or rigid, a rigid structural layer with a flexible surface layer was analyzed, which
formed a composite pavement. Also, there is typically an AC base course in flexible pavement
design, but this layer was omitted for simplicity. In addition, with the PCC assumed to be the
main structural layer, the AC base course was not needed for structural purposes. Following
similar reasoning as Wu (2012) and Wu and Chew (2014), the intention of adding the AC
surface course at the top of the pavement system was to provide a sacrificial layer that could
decrease the damage incurred by the PCC due to the blast pressure. Furthermore, even if a large

radius of the AC course was completely decimated, it would be considered sacrificial if it
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effectively preserved the underlying PCC. That is, the necessity of replacing a thin surface
course of AC was preferable compared to repairing a large radius of thick PCC. In addition, as in
Parts A-0, A-1, and A-2, the granular base was removed from the pavement system and the
structural PCC was directly supported by the sandy soil subgrade.

The LS-DYNA routine *MAT _173 was chosen to simulate the response of the AC
surface course to an intense blast loading in Part A-4. Although this material model is
traditionally used for granular materials such as soil and granular base layers that were described
previously, the impetus for using this routine for the non-granular AC was a study performed by
Lee et al. (2016). While more rigorous constitutive routines than Mohr-Coulomb such as
*MAT_072R3 have been proven to be capable of simulating the viscoplastic nature of AC under
extreme dynamic loadings, Mohr-Coulomb was used for several reasons. As evident in LS-
DYNA User’s Manual Volume Il, (LSTC, 2018), Mohr-Coulomb is an elastic-plastic model and
is capable of representing any plastic strains that would occur with high-energy impulse
loadings. Therefore, the Mohr-Coulomb routine was assumed to be a viable choice for modeling
AC. To approximate the temperature and strain rate dependency of AC, which was not a
capability of Mohr-Coulomb from the studies researched, a wide range of shear stiffness values
were used, as described and tabulated later in this section. Moreover, although the level of blast
energy input into the AC did not change for any of the trials in Part A-4, the stiffness values were
nonetheless varied to gain a better understanding of the overall effect of AC stiffness on the
response of the multilayered pavement. Similar to the sandy soil and granular base layers,
selecting *MAT_MOHR_COULOMB was a convenient model for the AC due to the limited

input parameters required to simulate the response of AC under intense loading.
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As in Part A-3, the first set of trials in Part A-4 involved varying the total AC thickness
that would then be used for subsequent trials. In these initial trials, all Mohr-Coulomb properties
stayed constant for the AC layer, while the layer thickness was the only numerical parameter that
changed, as shown in Table 11. More discussion on the constant shear modulus and bulk mass
density values used in the initial Part A-4 trials (variable thickness), as well as the shear modulus
and bulk mass density ranges used in the remaining Part A-4 trials (constant thickness), is
provided in the next paragraphs. In addition, the constitutive properties for the PCC and soil
elements were assigned the baseline model values (Part A-0) and can be found in Table 5.

Table 11: Extreme Blast Part A-4 AC Parameters

AC Parameter Values

Propert Symbol i .
perty y Vqrylng Constant Thickness
Thickness
Constitutive Model -- *MAT_173 *MAT_173
Thickness (mm) - 100 to 150 100
Shear Modulus (MPa) G 1,250 500 to 13,000
Bulk Mass Density p 0.00235 0.0017 to 0.0029
(g/mm°)
Poisson's Ratio v 0.40 0.40
Angle of Int. Friction
35 35
(Deg)) Y
Cohesion (MPa) c 05 0.5

*MAT_173-MOHR_COULOMB

For the AC elements in the first portion of Part A-4 (variable AC thickness), the shear
modulus of 1,250 MPa was calculated with Equation 11 using a modulus of elasticity of 3,500
MPa from an article authored by Newcomb et al. (2002) and a Poisson’s ratio of 0.40, which is
in the upper range of Huang’s (2004) values. The modulus of elasticity was for a typical HMA
pavement at 70 °F, which was considered an ambient temperature in this research. In addition,
Huang (2004) referenced approximately the same value (3,450 MPa) as a typical dynamic
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modulus for a load frequency of 4 Hz with a temperature of 70°F. While 4 Hz represents a low
traffic speed (approximately 20 mph), it was assumed that the modulus partially captured the
load-rate dependent nature of AC, admittedly at a much lower energy level compared to the
energy emitted by a blast loading. In addition, the Poisson’s ratio of 0.40 was within a range
supported by multiple credible sources in addition to Huang (Huang, 2004; National Academies
of Sciences, Engineering, and Medicine, 2004; UFC, 2001). Furthermore, this approximation
was assumed to be a reasonable approach that was also supported by Huang (2004): “Because
Poisson|’s] ratio has a relatively small effect on pavement responses, it is customary to assume a
reasonable value for use in design, rather than to determine it from actual tests.” For the AC
angle of internal friction and cohesion values in Table 11, Lee et al.’s (2016) study was
referenced. The constant bulk mass density for the variable-thickness trials was 0.00235 g/mm®,
which was the average value based on the 2.2 to 2.5 bulk specific gravity range provided in an
article on the website Pavement Interactive (n.d.).

The range of AC surface course thicknesses for Part A-4 was then determined. This range
was from 100 to 150 mm, which was selected by using the typical surface thicknesses for a
flexible AC pavement found in the UFC (2001) design guide and represented the typical
thickness range of a bituminous wearing course of three to five inches. Ultimately, the total AC
thickness selected for the remaining Part A-4 trials was 100 mm. The primary rationale behind
using 100 mm was that this thickness was shown to act as a sacrificial layer, but was not thick
enough to be considered another structural layer in addition to the PCC layer. Further discussion
on selecting the proper AC thickness is provided in Section 4.3.5.

The modulus and bulk mass density of the AC layer were then varied in the second phase

of Part A-4 trials. In order to more accurately reflect the dependency of the AC shear modulus
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upon both temperature and loading rate, a wide modulus range was employed in these variable-
thickness trials. As given in Table 11, the shear modulus range of 500 to 13,000 MPa was used,
which was calculated using Equation 11 and based upon Newcomb et al.’s (2002) elastic moduli
of 150 MPa at 32 °F, 3,500 MPa at 70 °F, and 14,000 MPa at 120 °F. Although this elastic
modulus range of 150 to 14,000 MPa equates to a shear modulus range of approximately 50 to
5,000 MPa, the higher shear modulus values were utilized to roughly simulate the increase in AC
stiffness that results from an increased loading rate. Similarly, expanding upon the
aforementioned typical range of 0.0022 to 0.0025 g/mm?, the bulk mass density range of 0.0017
to 0.0029 g/mm?was used for the remaining Part A-4 trials with the goal of generating more data
points to analyze and ideally derive overall trends from. Moreover, unlike Part A-3, which
involved the simultaneous alteration of the granular base shear modulus and bulk mass density
for several trials, all trials in the fixed-depth category had only one of these constitutive
parameters varied at a time. For the trials with a variable shear modulus, the bulk mass density
remained 0.00235 g/mm?, while a shear modulus of 1250 MPa was used for the variable bulk
mass density trials, which were the same constant values used for the first set of trials with
changing AC thickness.

A single trial was then developed and performed that utilized the combination of the 100-
millimeter AC thickness, optimized AC constitutive properties given in Section 4.3.5, and

optimized soil and PCC parameters from Part A-2.
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3.3.4.6 Extreme Blast Parametric Study Part Five (Part A-5)
The optimized constitutive properties from Parts A-1 through A-4 were combined into a single
trial (Part A-5) that included all pavement layers tested in those four parts. From the top surface
to the base, the Part A-5 multilayered pavement consisted of an AC sacrificial surface course,
PCC main structural layer, granular base, and sandy soil subgrade, with the primary optimized
material properties given in Table 12.

Table 12: Part A-5 Primary Constitutive Parameters

Pavement Layer

Granular Soil

Description AC PCC Base Subgrade
Part A-4 A-2 A-3 A-2
Bulk Mass Density (g/mm?) 0.0023 0.0040 0.0023 0.0037
f.’ (MPa) - 20 -- --
Shear Modulus (MPa) 1,250 - 90 20

3.3.4.7 Extreme Blast Parametric Study Part Six (Part A-6)
In the sixth part of the extreme blast study parametric study (Part A-6), contact parameters were
introduced into the simulation. In Parts A-0 through A-5, all nodes were fully bonded in order to
limit the number of input variables that were being analyzed at any given time. That is, the
shared nodes between each layer of elements were perfectly bonded together, effectively locking
each layer to the adjacent layers. In Part A-6, the shared nodes between the bottom PCC layer
and top soil layer were unbonded and assigned contact properties via the LS-DYNA routine
*CONTACT_2D_AUTOMATIC_SURFACE_TO_SURFACE. All other nodes remained
bonded as in previous parts of the parametric study. Per LS-DYNA User’s Manual (LSTC Vol. I,

2018), this type of contact is permissible for axisymmetric elements.
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The slave surface was the bottom layer of PCC, while the master surface was the soil
part. These were chosen arbitrarily, following the logic provided in LS-DYNA User’s Manual
(LSTC Vol. 1, 2018) that the slave and master surfaces are interchangeable. The only other
parameters that were assigned non-default values were the coefficients of friction. According to
an ACPA (2007) article, it is usually recommended to minimize the interface friction between
PCC pavement and the underlying foundational layer (sandy soil subgrade for Part A-6).
Furthermore, this is primarily recommended so that tensile stresses that could induce cracking in
the PCC do not form due to PCC shrinkage from drying and/or temperature contraction (ACPA,
2007). Also from the ACPA article, a typical static coefficient of friction between PCC and a
natural subgrade is 1.0. However, values 0.7 for static coefficient of friction and 0.6 for dynamic
coefficient of friction were assigned for the PCC-soil interface in Part A-6. These lower values
were used following the assumption that the PCC-soil interface would typically be treated with a
friction-reducing chemical or material. Experimental frictional coefficients of friction were not
used since the numerical model was created to simulate an approximately realistic scenario, not
actual testing.

The baseline model for Part A-6 was developed by incorporating the contact routine into
the baseline model developed in Part A-O (see Table 5). For all other Part A-6 trials, the
numerical parameters were the same as in Part A-1, with only one constitutive parameter varying
per trial. In addition, the ranges of material properties used in Part A-6 were the same as Part A-
1, which may be found in Table 8. Similarly, varying the material parameters independently was

useful in analyzing each parameter independently from the other parameters.
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3.3.4.8 Extreme Blast Parametric Study Part Seven (Part A-7)

Similar to Part A-6, the seventh part of the extreme blast parametric study was performed to
determine the effect of contact parameters on the level of damage induced to the rigid pavement.
Furthermore, the numerical contact routine and parameters developed for Part A-6 were also
used in Part A-7. However, unlike Part A-6, the constitutive properties were varied
simultaneously like they were in Part A-2 (see Table 9) in order to optimize the PCC-soil
pavement system. In addition, each of the eleven trials of Part A-7 used the same numerical
parameters and constitutive properties as the corresponding trials from Part A-2.

3.3.5 Moderate Blast Parametric Study (Part B)
The overall goal of the moderate blast parametric study (Part B) was to determine how
increasing the SBD influenced the volume of damage suffered by the PCC. To increase the SBD,
the separation distance between the charge center and top surface of the PCC layer was increased
while the TNT equivalent mass remained constant. Overall, the same amount of blast energy was
detonated between the extreme and moderate studies, but the increase in blast height radially
dispersed the blast energy to a greater extent in the moderate part, and thus the energy was not as
localized relative to the axis of symmetry. In addition, while the radius of elements that would be
subjected to the blast pressure increased, the pressure that the elements directly under the blast
center and in proximity to the axis of symmetry would experience less pressure compared to the
extreme blast intensity. Furthermore, it was initially assumed that decreasing the blast pressure
applied to the elements closest to the axis of symmetry and thus closest to the blast center would
experience less damage than the same model subjected to the extreme blast pressure. Therefore,
the “moderate” descriptor of Part B implied that a decrease in blast intensity would result in a

decrease in PCC damage. However, the possibility of the damage extending further radially with
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an increased blast height causing less localized pressure but a greater dispersion of energy was
also considered during analysis.

In all Part B trials, only the PCC-soil layer scheme was simulated. To develop the
baseline model for Part B (Part B-0), the only discrepancy from the Part A baseline model (Part
A-0) was the blast center height. Like Part A, the blast loading was simulated using the LS-
DYNA routine LBE. For all Part B trials, the TNT equivalent mass remained 187 kilograms and
the charge center was increased to three meters above the top surface of the PCC pavement layer
along the axis of symmetry, which equated to a SBD of 0.525 m/kg"*. Furthermore, increasing
the charge center height from one meter in Part A trials to three meters in Part B trials, while
keeping the charge mass constant, tripled the SBD. While no particular reasoning motivated the
three-fold decrease in blast intensity instead of another ratio (e.g. two, four, etc.), a localized
blast event that would cause crater-like damage was still desired and attained with the SBD of
0.525 m/kg"?. That is, the maximum damage was localized near the axis of symmetry, and the
crater-like damage penetrated the full depth of PCC.

3.3.5.1 Moderate Blast Parametric Study Part One (Part B-1)
The first part of the moderate blast parametric study (Part B-1) was designed to follow Part A-1,
with only one PCC or soil constitutive parameter changing at a time. The ranges of these
constitutive parameters are in Table 8. Other than the blast loading intensity, all other numerical
parameters were the same as Part A-1. Overall, Part B-1 involved ten new trials in addition to the
moderate blast baseline model, compared to the 27 trials in Part A-1. Fewer trials were
performed in Part B-1 since the main purpose was to analyze the influence of decreasing the

loading intensity on the overall damage level trend compared to Part A-1.
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3.3.5.2 Moderate Blast Parametric Study Part Two (Part B-2)
Part two of the moderate blast parametric study (Part B-2) corresponded to Part A-2. The only
numerical difference between the two trial sets was the blast intensity. Like Part A-2, the trials in
Part B-2 involved simultaneous parameter variation for optimization purposes. Also, eleven trials
were initially performed for Part B-2 as they were in Part A-2, but two of the trials resulted in
numerical instabilities, which precluded gathering data from those trials. The remaining nine Part
B-2 trials and Part B baseline trial are in Table 13.

Table 13: Moderate Blast Part B-2 Parameters

] PCC Soil
Trial Densit;/ 1% Densit%/ Elastic Shear
(g/mm?) | (MPa) | (g/mm?) | Modulus (MPa)
Baseline | 0.0023 60 0.0018 11.54
1 0.0040 60 0.0037 11.54
2 0.0040 60 0.0018 20.00
3 0.0040 20 0.0037 11.54
4 0.0040 20 0.0018 20.00
5 0.0040 60 0.0037 20.00
6 0.0040 20 0.0037 20.00
7 0.0023 20 0.0037 11.54
8 0.0023 20 0.0018 20.00
9 0.0023 20 0.0037 20.00

*Note: Grey denotes optimized parameter
3.3.6 Extreme Impact Parametric Study (Part C)
3.3.6.1 Extreme Impact Baseline Model Development (Part C-0)
The second type of loading that was analyzed was impact loading. In Part C, “extreme damage”
was qualitatively defined as damage that would debilitate the pavement to the degree that it was
no longer useful for the primary purpose of providing a structural surface for planes to land on

and depart from. The quantitative definition of extreme impact damage is developed in Section
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3.3.6.1.3. Like the blast loading trials (Parts A and B), a baseline model (Part C-0) was
developed by which other extreme impact parametric study trials could be compared to. In Part
C-0 and all other Part C trials, only PCC and soil layers were considered for the purpose of
isolating the loading type as the primary variable. To achieve this aim in Part C, all parameters
other than loading type remained unchanged from the corresponding trials in Part A.

3.3.6.1.1 Baseline Model (Part C-0) General Setup
To simulate an impact loading, a spherical steel impactor was approximated by creating a
hemispherical axisymmetric part using the numerical routine *SECTION_SHELL (equation 15:
axisymmetric solid, y-axis of symmetry, volume-weighted). This was the same section type used
for the axisymmetric pavement elements. The diameter of the impactor was 300 mm and the
initial velocity was 135 m/s (see Table 14), which will be further discussed in Section 3.3.6.1.3.
To represent steel, the routine *MAT_RIGID was utilized for the impactor. The steel constitutive
properties were derived from the LS-DYNA Support website (n.d.) and are displayed in Table
14. For the PCC and soil routines in Part C-0, the same properties from Part A-O were used,
which are given in Table 5.

Table 14: Steel Impactor Parameters

Parameter Symbol Value
Constitutive Model -- *MAT_RIGID
Initial Velocity (m/s) -- 135
Diameter (mm) -- 300
Mass Density (g/mm?) p 0.00783
Elastic Modulus (MPa) E 207,000

Poisson's Ratio 0.30

<

The axis of symmetry (y-axis) of the impactor was aligned with the axis of symmetry of

the pavement, as shown by Figure 17. This allowed for the impactor to impart the greatest
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concentration of impact energy to the center of the PCC and theoretically cause the greatest
extent of PCC damage, which was similar reasoning used in selecting the blast center standoff
distance in Part A. In addition, the center point on the impactor was placed 675 mm above the
top PCC surface, which is explained in greater detail in Section 3.3.6.1.3. Moreover, the axis of
symmetry of both the impactor and pavement shared the same boundary conditions. That is,
horizontal translation along the global x-axis was the only degree of freedom restrained along the

axis of symmetry of both the impactor and pavement.
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Figure 17: Extreme Impact Baseline Model (Part C-0)

3.3.6.1.2 Contact Parameters
Another important parameter considered while developing the extreme impact baseline model
was interface contact. All duplicate nodes of adjacent pavement layers remained perfectly
bonded for both the extreme and moderate intensity impact loads. This removed the parameter of

interface contact between the PCC and soil layers, thus allowing clearer interpretation of results.
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In particular, contact energy between layers was removed by perfectly binding all layers of
elements together, which made it easier to understand the different components of total energy.

Unlike the blast loading, which did not require numerical elements to simulate the blast,
contact was defined between the steel impactor and PCC surface. In addition, this parameter was
not assumed to be a controlling factor in the response of the pavement system to impact loading,
but remained a required step to more closely simulate reality. The numerical routine utilized to
simulate the interface friction between the impactor and PCC was
*CONTACT_2D_AUTOMATIC_SURFACE-TO-SURFACE, which was the same routine used
in Part A-6 to define the friction at the PCC-soil interface. The slave part was arbitrarily assigned
to the impactor, leaving the PCC to be the master part. Additionally, the static coefficient of
friction was 0.5, and the dynamic coefficient was 0.4. This static coefficient of friction was
similar to a value of 0.57 published by Rabbat and Russell (1985), while the dynamic coefficient
was arbitrarily selected. All other contact parameters retained default values.

3.3.6.1.3 Impact and Gravity Loading

The gravity loading assigned to Part C-0 and all subsequent Part C trials was identical to Parts A
and B. The LS-DYNA routine *INITIAL_STRESS_DEPTH_SET was used to preload the sandy
soil, and *LOAD_BODY _Y was used in conjunction with *DEFINE_CURVE to assign a
gravity loading to the soil, PCC, and impactor at the beginning of the analysis. In addition, an
initial velocity was defined for the steel impactor using *VELOCITY_GENERATION as 135
m/s, which will be further discussed in the subsequent paragraphs of this section.

The most critical part of developing Part C-0 was determining the diameter, velocity, and
distance of the steel impactor from the PCC surface. Combined, these three parameters created

the energy imparted by the impactor to the pavement system. Overall, the objective of selecting
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the required impactor properties was for the impactor to cause an extreme “crater”, or high levels
of modified effective plastic strain (6 > 1.8 on the modified effective plastic strain fringe plot),
that completely penetrated the 400 millimeter-thick PCC layer and projected radially away from
the axis of symmetry at least one meter. While the radial distance was chosen arbitrarily, it was
nevertheless assumed to be a realistic minimum extreme damage threshold that still allowed for
the simulation to be performed without high levels of displacement causing numerical
instabilities.

To determine the three energy-influencing impactor parameters, eight different trials
were performed, with the previously-established baseline values being assigned to all numerical
parameters to match Part A-O. Furthermore, the two impactor diameters considered were 150
mm (six inches) and 300 mm (12 in). For each of these impactor sizes, the following four initial
velocities were tested: 45, 90, 135, and 180 m/s. These velocities were selected based off of U.S.
Customary velocities (e.g. 45 m/s = 100 mph). However, it is more common to use feet per
second (fps) for projectiles instead of mph, but the mph units were easier to visualize and thus
were used to calculate S.1. equivalencies (m/s).

Through some preliminary trials, a 525-millimeter offset from the lowest point of the
impactor to the top surface of the PCC proved to be effective for the eight initial impactor trials.
In conjunction with the velocity of the impactor, the offset determined the time that the impactor
made contact the pavement system. Furthermore, an offset of 525 mm allowed enough time for
the gravity to be imparted to all parts (impactor, PCC, soil) before the impactor reached the PCC.

With two impactor diameters, four velocities for each diameter, and a constant offset
distance selected, the eight impactor tests were performed. The modified effective plastic strain

fringe plots for each of the eight trials, which represent the PCC damage caused by the impactor,
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may be seen in Figure 18(a through h). The full depth of PCC is shown in each of these plots,
with variable radii of PCC pavement representing the viewing window for each figure. All red
PCC elements incurred a failed level of modified effective plastic strain (0 > 1.8). As expected,
the damage increased as the diameter and velocity of the impactor increased.
The plot that represents the trial chosen to be the extreme impact baseline model (Part C-

0) is given in Figure 18(f). In this trial, the impactor diameter was 300 mm (12 in), the distance
from the lowest point of the hemispherical impactor to the top surface of the PCC was 525 mm
(20.7 in), and the initial velocity was 135 m/s (443 fps). The combination of these parameters
met the aforementioned criteria of damage penetrating the full depth of PCC and at least a one-

meter damage radius. Table 14 summarizes the impactor parameters used in Part C-0.
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Figure 18: Extreme Impact Baseline Model (Part C-0) Development MEPS Fringe Plots;
(a) 150 mm Impactor Diameter, 45 m/s Impactor Initial Velocity ; (b) 300 mm, 45 m/s; (c)

150 mm, 90 m/s; (d) 300 mm, 90 m/s; (e) 150 mm, 135 m/s; (f) 300 mm, 135 m/s; (g) 150
mm, 180 m/s; (h) 300 mm, 180 m/s

3.3.6.2 Extreme Impact Parametric Study Part One (Part C-1)
Part one of the extreme impact parametric study (Part C-1) involved modifying the baseline
model (Part C-0) by independently varying each of the following parameters: PCC mass density,
PCC compressive strength, soil mass density, and soil elastic shear modulus. The overall goal of
Part C-1 was to compare the trends in pavement damage caused by the extreme impact loading
versus the trends exhibited in the extreme blast loading. However, since the desired result was
just a general trend of behavior, fewer trials were performed for Part C-1 (17 for Part C-1
including baseline model from Part C-0 versus 27 for Part A-1).

3.3.6.3 Extreme Impact Parametric Study Part Two (Part C-2)
Similar to Part A-2, the second part of the extreme impact parametric study (Part C-2) was
performed to optimize the pavement system by simultaneously varying the four constitutive
properties. The combination of these properties for each of the eleven Part C-2 trials may be seen

in Table 9.
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3.3.7 Moderate Impact Parametric Study (Part D)

Part D was the final parametric study performed, and represented a moderate impact loading
scheme. The overall goal of Part D was to decrease the extent of pavement damage resulting
from the impactor, and thus represent a “moderate” level of damage. Furthermore, the impact
would not decimate the pavement to the same degree as the extreme impact study (part C), but
would still cause some damage. The damage criteria for the Part C baseline model (Part C-0) was
defined as damage that spread radially at least one meter and fully penetrated the PCC. For the
Part D baseline model (Part D-0), damage was considered moderate if it radiated less than one
half of a meter and it was not required to fully penetrate the PCC layer.

In the moderate blast parametric study (Part B), the distance between the charge center
and blast-receiving PCC surface was arbitrarily increased due to the unknown effect that an
increased SBD would have on PCC damage. It was initially assumed that detonating a charge
further away from the target surface would decrease localized energy and therefore decrease
damage. Thus, Part B was categorized as moderate due to this initial assumption. However, the
possibility of an increased separation between the charge and target surface resulting in a greater
radial spread of damage instead of localized as experienced in the extreme blast study was also
acknowledged and tested. For Part D, the loading variables were the diameter and initial velocity
of the impactor, as well as the initial distance from the impactor center to the top PCC surface.
Compared to Part B, it was more intuitive in Part D to assume that a decreased initial velocity
and a resulting decreased input energy would yield less damage, with all other factors remaining
constant. Whereas the uncertainty in the relationship between blast height and damage led to an
arbitrary three-fold increase in SBD for Part B compared to Part A, greater predictability in the

effect of increasing impact velocity on damage behavior allowed for more specific damage
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criteria to be decided upon for Part D. In summary, “moderate” in Part B was defined as
decreased localized blast energy with the assumption of less overall PCC damage volume, while
“moderate” in Part D was more confidently defined as both decreased impact energy and
decreased PCC damage.

To develop Part D-0, the impactor initial velocity used for Part C-0 was modified while
all other parameters remained unchanged. During the development of Part C-0, four different
initial velocities were compared. From the Part C-O0 trials, it was evident that PCC damage
increased as initial velocity increased. Therefore, it was assumed that this behavior would
continue in Part D, and a smaller velocity was chosen for Part D-0 than was used in Part C in
order to inflict less damage. Looking at Figure 18(b), an impactor velocity of 45 m/s caused
nearly one half of a meter in radial damage but did not fully penetrate the PCC layer, and thus it
was selected as the velocity for all moderate impact trials.

3.3.7.1 Moderate Impact Parametric Study Part One (Part D-1)
Like Parts A-1, B-1, and C-1, part one of the moderate impact study (Part D-1) involved
independently changing the mass density and compressive strength of the PCC, and the mass
density and shear strength of the soil. All other numerical parameters from the baseline model
remained constant while each constitutive parameter changed. In total, 16 trials were performed
in Part D-1, which is the same number of trials as Part C-1.

3.3.7.2 Moderate Impact Parametric Study Part Two (Part D-2)
Following the pattern of Parts A-2, B-2, and C-2, part two of the moderate impact study (Part D-
2) was an optimization study. That is, eleven trials were performed, with each trial involving two
to four concurrent parameter changes. The constitutive parameter scheme for each trial may be

found in Table 9.
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CHAPTER 4: RESULTS AND ANALYSIS

4.1 Introduction
The purpose of this section is to present and analyze the results from the 1D and 2D parametric
studies to achieve the primary objective of determining the pavement layering scheme that best
mitigates the extent of damage from high-order impulse loads. Furthermore, the layering scheme
that proves most effective in minimizing damage will be considered optimized, at least among
the trials tested.
4.2 1D Parametric Study

4.2.1 Transmissivity vs. Density and Modulus of Elasticity
In the 1D parametric study, the primary output that was investigated was transmissivity, which is
the transmitted stress wave amplitude divided by the incident stress wave amplitude. All models
in the first part of the 1D parametric study utilized a linear elastic constitutive model for the steel
incident and transmission bars, as well as the PCC-like specimen placed between the steel bars.
Furthermore, PCC mass density and modulus of elasticity were tested against transmissivity. In
Figure 19, it is clear that both mass density and modulus of elasticity were related to
transmissivity through a power function. Furthermore, as mentioned in Section 3.2.1, the
combination of density and modulus of elasticity in a single power function yields impedance, as
shown in Equation 4. Therefore, as transmissivity increases, impedance also increases. From the
theory developed in Chapter 2 as well as the transmissivity results in Figure 19, a hypothesis was

then formed for the 2D parametric study, where impedance was a key parameter analyzed. It was
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assumed that an increase in PCC density and/or modulus of elasticity would increase
transmissivity and impedance, which in turn would lead to greater damage as the ratio of
transmitted stress wave amplitude over incident stress wave amplitude increased and thus

increasing strain in the PCC layer.
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4.2.2 Effect of Constitutive Model on Stress Wave Propagation
The second parameter analyzed in the 1D parametric study was the effect that a constitutive
model capable of simulating nonlinear PCC behavior would have on the stress wave propagation.
In Figure 9, the stress wave amplitude is plotted against time at the pertinent points diagrammed
in Figure 8 for both the linear elastic PCC model (MAT _001) and the nonlinear inelastic model
(MAT_172). Also, compressive stress is negative, while tensile stress is positive.

The first point of interest from Figure 9 is the compressive stress recorded at the midpoint
of the incident steel bar. Obviously, the incident stress for both PCC models was equivalent since
the impulse had not yet reached the PCC specimen, and therefore was independent of the
constitutive model utilized for the PCC bar. As the incident wave reached the interface between

the incident steel bar and PCC specimen, some of the incident stress was converted from
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compression into tension as it reflected into the incident steel bar. The remaining incident stress
was compressive and was transmitted first into the PCC specimen and then into the transmitted
steel bar. This changing of stress signs at the interface of the incident steel bar and PCC was
expected according to Kramer’s (1996) theory presented in Section 2.3.1 of this thesis, which
explained that the reflected stress wave is opposite in sign relative to the incident wave if the
incident wave passes into a less stiff material. This was certainly the case in this 1D study with
steel being much stiffer than PCC. The reflected wave was greater in magnitude for the inelastic
PCC model than for the elastic model, which corresponded to less stress being transmitted into
the inelastic PCC specimen. The stress recorded at the transmitted steel bar was greater for the
elastic PCC model, which follows the theory of the transmitted wave amplitude being the sum of
the incident and reflected wave amplitudes. However, an exact summation is not clearly
represented in Figure 9 since the compressive stress was amplified for both PCC routines as it
passed from the PCC bar into the stiffer transmitted steel bar.

While this particular exercise did not directly tie to the 2D axisymmetric study since the
2D study only used a nonlinear inelastic constitutive routine for PCC, this portion of the 1D
study did confirm that the routine used for PCC impacted the transmissivity. Therefore, the 1D
parametric study reinforced the need to use a realistic constitutive routine for PCC that could
accurately capture the behavior of PCC subjected to high-energy impulse stresses.

4.2.3 Effect of Layering Scheme on Transmissivity
The last part of the 1D parametric study was focused on analyzing the effect that adding layers to
the center bar between the incident and transmitted steel bars had on transmissivity. In Figure 20,
stress wave amplitude versus time was plotted for each of the following four layering schemes:

C-A-C, C-5-C, C-A-C-A-C, and C-5-C-S-C. From Table 4, AC was much less stiff than either
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PCC or steel, with steel being much stiffer than PCC. In addition, all constitutive models in the
final part of the 1D parametric study were *MAT_ELASTIC. Although neither PCC nor AC can
be accurately simulated with a constitutive model designed for linear elastic materials, the
purpose of this exercise was not the yielding of truly realistic transmissivity values, but rather to
gain a better understanding of the general effect that adding layers had on the overall trend of
transmissivity. Comparing all four parts of Figure 20, it was apparent that adding AC between
the PCC specimens in lieu of steel greatly reduced the transmissivity. The simplest explanation
for this behavior is that as the inner-most bar decreased in stiffness, the transmitted stress wave
amplitude decreased, which in turn decreased the transmissivity as the incident stress wave
amplitude stayed constant for each of the four trials. Comparing Figure 20(a) and Figure 20(c),
adding an intermediate layer of PCC between the AC layers further dissipated the transmitted
stress wave amplitude. Conversely, this dissipation is not evident when comparing Figure 20(b)

and Figure 20(d), where the PCC was added between the steel layers.
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Figure 20: Transmissivity vs. Time for Four 1D Layering Schemes — (a) C-A-C; (b) C-S-C;
(c) C-A-C-A-C; (d) C-s-C-S-C

4.3 2D Parametric Study
In total, there were four main parts to the 2D parametric study that were categorized in terms of
the loading scenario and then further classified by the degree of PCC damage. These parts
included extreme blast (Part A), moderate blast (Part B), extreme impact (Part C), and moderate
impact (Part D). Furthermore, there were several additional groups of trials within each of the
four primary parts, as discussed in detail in Chapter 3. The model that served as the control
model for the overall study was the extreme blast baseline model (Part A-0).

For each trial, the ratio of hourglass energy to internal energy was calculated. It is general
practice in numerical simulations to limit this ratio to 0.10. If the ratio is greater than this
threshold, the confidence in the validity and accuracy of the results is undermined since

numerical instabilities causing unrealistic behavior may be present. If any trial had a ratio
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significantly higher than 0.10, it was not used in analysis. The vast majority of trials yielded
ratios well under 0.10, with only a few trials slightly surpassing this threshold.

The main structural layer for all parts of the 2D axisymmetric was PCC, which was
defined using the constitutive routine *MAT_072R3. Within this routine, the modified effective
plastic strain was utilized as the damage measure, which was quantified with ¢ and ranged from
zero (beginning of yielding behavior) to two (residual failure). A PCC element with a scaled
damage measure greater than or equal to 1.8 represented a failed element. This was visualized as
a red element in the modified effective plastic strain fringe plot of the LS-PrePost post-
processing program. Following the procedure detailed in Section 3.3.4.1.10, the failure volume
of the PCC served as the data point that was analyzed for each trial. Furthermore, the failure
volume represented the average volume of elements from each PCC elemental layer that
surpassed the aforementioned critical level of modified effective plastic strain. However, for
simplicity, “average PCC failure volume” was shortened to “PCC failure volume.”

For each subpart within Parts A, B, C, and D of the 2D parametric study, a plot of PCC
failure volume versus each varying constitutive parameter was created. In addition, all parts
incorporated plots of damage versus impedance. In order to calculate specific impedance, the
velocity of pressure from the compression wave (i.e. p-wave, or primary wave) created by the
blast and impact impulses was determined for each trial and for each pertinent pavement layer.
The two dependent variables plotted against impedance were volume of PCC failure and
maximum PCC displacement at the upper-most node directly under the blast or impact load and
along the axis of symmetry. To gain a better understanding of the general relationship between

input parameters and PCC failure, linear regression was performed for each set of trials. While
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other curve fits could have been explored further, it was assumed that a simple linear regression
would serve the purpose of analyzing general trends.

4.3.1 Extreme Blast Baseline Model (Part A-0)
The radius of damage incurred by the PCC in Part A-O due to the blast impulse energy was 2.96
m, which resulted in a PCC damage volume of approximately 11 m®. In addition, the 11 m*PCC
damage volume was the baseline level of damage by which all other trials in Part A were
compared against.

4.3.2 Extreme Blast Part One (Part A-1)
The results for Part A-1 are displayed in Figure 21 as a set of four plots. In these plots, the circles
represent the constitutive parameters that were changed from the baseline set of properties, while
the “X” represents the baseline model results. Six PCC densities were tested in Part A-1 (in
addition to the baseline model) and are shown in Figure 21(a) with the associated PCC damages.
As evident with the R-squared value being close to one, an inverse relationship resulted between
PCC density and failure volume. In order to analyze this trend, typical PCC mechanical
properties were considered. As Mehta and Monteiro’s (2014) textbook points out, the porosity of
a typical homogenous solid material such as mortar is typically inversely proportional to the
compressive strength of that solid. However, the heterogeneous composition of PCC makes it
difficult to directly predict the influence of the overall porosity of the PCC on compressive
strength without taking other characteristics into consideration. Examples of these characteristics
include the interfacial transition zone, matrix strength, water-cement ratio, and curing practices.
Even if there was a more well-defined relationship between the mass density and compressive
strength of PCC, an increase in compressive strength does not necessarily correlate to an increase

in impulse energy dissipation and thus decrease in damage, as evident in Figure 21(a).
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Another limitation that is inherent to any numerical model is that the constitutive routine
cannot truly approximate every characteristic of the material it is simulating. For example, a
density increase in a physical PCC specimen with constant volume would result in less porosity
and greater overall strength and stiffness, with all else being equal. However, in the constitutive
routine *MAT _072R3, the only required input is compressive strength, with all other required
parameters then automatically generated unless those parameters are user-specified, including
mass density. Also, the constitutive routine is not capable of modeling an increase in porosity
due to a reduced density. Unlike the heterogeneous composition of physical PCC, *MAT_072R3
simulates a homogenous material with PCC-like behavior. In summary, even though the physical
structure of the PCC components did not change with a numerical increase in mass density, the
variation still resulted in improved mitigation to PCC damage. To facilitate deeper analysis of
this trend, the results from the other Part A constitutive properties were combined through
calculating impedance values, which is provided later in this section.

Another key result that was analyzed for each trial was PCC displacement, which was
recorded for the node directly under the blast center and on the top surface of the PCC. This
point was assumed to suffer the greatest magnitude of displacement since it received the greatest
degree of blast pressure. In contrast to the volumetric damage result, PCC displacement and PCC
density were directly proportional, as shown in Figure 21(b). Figure 21(c) shows the inverse
relationship between PCC density and displacement, which could be surmised from Figure 21(a

and b), but is provided here for clarity.
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Figure 21: (Part A-1 Results) Varying PCC Density; (a) PCC Failure Volume vs. PCC
Density; (b) PCC Displacement vs. PCC Density; (c) PCC Failure Volume vs. PCC
Displacement

Represented in Figure 22, the compressive strength of PCC was also varied in Part A-1.
Evident in Figure 22(a) is a direct relationship between PCC compressive strength and PCC
failure. The assumed reasoning for this behavior was that as the compressive strength of PCC
increases, it experiences a more brittle failure. In static loading, this increase in brittleness is due
to the compressive strength of PCC directly influencing stiffness, as seen in Equation 6, which is
the relationship between modulus of elasticity and compressive strength for normal-weight PCC.
Equation 6 is used in the *MAT_072R3 routine and is taken from ACI 318 (2014). In addition,
as stiffness increases, less strain energy is absorbed before failing. This relationship is commonly
referred to as the modulus of toughness, which is the integral for a stress-strain curve for a given
failed element. As the strength of PCC increases, the modulus of toughness decreases.
Furthermore, higher PCC compressive strengths yielding increased average volumes of PCC

damage for a given blast loading signifies decreased energy absorption capacity.
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For Part A trials, the *MAT_072R3 DIF versus strain rate curve was manually updated
for each change in PCC compressive strength. The curve used for the baseline model (Part A-0)
is in Figure 12. As seen in this curve, an increase in strain rate due to dynamic loading increases
the apparent strength of numerical PCC elements when compared to the same specimen under
static loading. However, as PCC strength increases, this DIF decreases for a given rate of strain.
That is, low strength PCC experiences a greater relative strength increase compared to high
strength PCC for dynamic loadings, which results in a greater relative increase in energy
absorption for a given stress or strain. Overall, the stiffness increase resulting in a more brittle
PCC played a larger role in the direct relationship between PCC compressive strength and failure
volume than the DIF, particularly with the DIF benefitting both low and high strength PCC. In
addition, with PCC density and compressive strength being intrinsically connected, stiffness and
therefore brittle failure is a function of both properties.

PCC displacement versus PCC compressive strength clearly shows an inverse
relationship in Figure 22(b). Figure 22(c) also shows an inverse relationship between PCC failure
volume and PCC displacement. Along with the displacement-related plots in Figure 21 for PCC
density variation, the reasoning for the relationship between PCC failure and displacement due to
compressive strength variation will be developed further once these two constitutive properties

are combined into an impedance value later in this section.
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Figure 22: (Part A-1 Results) Varying PCC f.’; (a) PCC Failure Volume vs. PCC f.’; (b)
PCC Displacement vs. PCC f.’; (c) PCC Failure Volume vs. PCC Displacement

As displayed in Figure 23, the effect of varying the soil bulk mass density on the PCC
damage volume and displacement was analyzed. While Figure 23(a) shows an inverse
relationship between PCC failure volume and soil density, the low R-squared value signifies that
the relationship is nonlinear. Further regression analysis would need to be performed in order to
determine if a different type of relationship would achieve a higher R-squared value and thus a
closer fit. Figure 23(b and c) represent the resulting PCC displacement. The displacement trends
will not be discussed here, but rather in subsequent paragraphs of this section where the effect of

combining all PCC and soil properties via specific impedance ratios is analyzed.
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Figure 23: (Part A-1 Results) Varying Soil Density; (a) PCC Failure Volume vs. Soil
Density; (b) Maximum PCC Displacement vs. Soil Density; (c) PCC Failure Volume vs.
PCC Displacement

The shear modulus of the soil was then varied in Part A-1. In Figure 24(a), there is not a
strong linear relationship between PCC failure volume and soil shear modulus. Other regression
types would need to be assessed to determine a better fit. Once again, the displacement-related

plots will be analyzed in subsequent paragraphs of this section with impedance ratios.
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The next analysis method of Part A-1 involved combining the PCC and soil constitutive
parameters of each trial via an impedance function in order to study the cumulative effect of the
parameters on PCC failure volume and displacement. While varying each parameter

independently enabled the relationship of the parameters with both PCC failure volume and
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displacement to be analyzed, it is not practical in reality to vary one parameter at a time. For
example, an increase in PCC density will increase compressive strength, which in turn increases
stiffness, all else being equal. To facilitate the study of the PCC results versus the various
combinations of constitutive parameters, p-wave specific impedance was utilized. In the
algebraically-simplified version of the specific impedance function, which is shown in Equation
4, impedance is a function of the square root of the product of density and modulus of elasticity
in the numerator, along with Poisson’s ratio in the numerator and denominator. Furthermore,
Poisson’s ratio remained constant for each material throughout each trial, leaving only the
density and stiffness terms as the variable parameters.

After p-wave specific impedance was calculated for PCC and soil, the ratio of these
impedances was calculated for each trial. This ratio was considered vital to gaining a better
understanding of how the two materials acted as a system, since in reality pavement layers act
compositely. Also, a greater emphasis was placed on the trend between damage behavior and
constitutive properties than the actual numerical magnitudes. Providing a simple ratio as the
independent variable allowed for this overall trend to be more clearly analyzed.

The effect of specific impedance ratio on the transmitted and reflected stress wave
amplitude in 1D linear elastic homogenous systems is well understood. However, the PCC and
soil constitutive routines used in this research were created for heterogeneous materials. Also,
there are obvious distinctions made between 1D and 2D systems, such as “transmitted” waves in
1D systems being replaced with “refracted” waves, which is necessary once the waves are
inclined. Nonetheless, as a starting point for analysis, the theory discussed in Section 3.2.1 for
1D simulation was utilized. For Part A-1, the specific impedance ratio of soil to PCC was very

low, and much closer to 0 than 1. That is, the soil was a much less stiff material compared to
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PCC. As the p-wave emitted from the blast loading propagated through the full PCC thickness
and arrived at the PCC-soil interface, the low specific impedance ratio was expected to cause
both the transmitted and reflected stress wave amplitudes to be less than the incident wave stress
amplitude. Furthermore, as the impedance ratio increased and the ratio remained less than unity,
the transmitted wave amplitude was anticipated to continue to increase, while the reflected stress
wave amplitude was expected to decrease. That is, more stress would be passing from the PCC to
the soil, and less stress would be reflected back into the PCC. Thus, as less energy from the
stress wave remained in the PCC as the specific impedance ratio increased, less damage was
anticipated as well. This theory is based upon 1D wave propagation, but was utilized as a simple
way to formulate a general hypothesis of the resulting behavior in 2D wave propagation.

PCC failure volume versus soil to PCC impedance ratio is plotted in Figure 25(a), with
the baseline model (Part A-0) shown as “X”. Since the linear regression R-squared value is
approximately zero, the correlation between impedance and PCC failure volume is evidently
nonlinear for Part A-1. Additional regression types would need to be analyzed to determine a
more appropriate trend. Moreover, the relationship between maximum PCC displacement and
impedance ratio was analyzed and is displayed in Figure 25(b). Compared to Figure 25(a), PCC
displacement versus impedance ratio was much more clearly an inverse relationship. That is, as
the stiffness and density of the soil increased to a greater extent than the corresponding PCC
constitutive properties, the displacement decreased. However, this displacement trend for a
single PCC node could not fully explain the global behavior of the PCC without a corresponding
inverse relationship between PCC failure and impedance. Nonetheless, the displacement trend

was further explored in Section 4.3.3.
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Figure 25: (Part A-1 Results) P-Wave Impedance; (a) PCC Failure Volume vs. Impedance
Ratio; (b) PCC Displacement vs. Impedance Ratio

4.3.3 Extreme Blast Part Two (Part A-2)
In Table 15, the grey boxes represent the independently-optimized parameters from Part A-1 and
the baseline parameters from Part A-0 are white. Furthermore, the fundamental reasoning behind
this simultaneous variation was to determine an optimized set of parameters that would yield the

lowest possible damage. The assumption was that combining the best performing PCC and soil
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constitutive parameters from Part A-1 would lead to the most effective damage mitigation. This
assumption proved to be valid. From Table 15, the lowest PCC failure volume was
approximately 3.1 m®, which was achieved in trial seven in which all four material properties
that were most effective in damage mitigation in Part A-1 were optimized as a group. The PCC
damage reduction compared to the 11 m*suffered in the baseline model (Part A-0) was
approximately 72%.

Table 15: Part A-2 Constitutive Parameters and Results

PCC Soil Impedance PCC

Trial | Density f.’ Density Elﬁggjﬁiar Ratio \Ijg:Lur;Z
(g/mm’) | (MPa) | (g/mm®) (MPa) (Soil/PCC) ()
Baseline | 0.0023 60 0.0018 11.54 0.028 11.03
1 0.0040 20 0.0018 11.54 0.028 4.86
0.0040 60 0.0037 11.54 0.030 7.94
3 0.0040 60 0.0018 20.00 0.028 5.77
4 0.0040 20 0.0037 11.54 0.040 3.37
5 0.0040 20 0.0018 20.00 0.037 3.95
6 0.0040 60 0.0037 20.00 0.040 4.91
7 0.0040 20 0.0037 20.00 0.053 3.09
8 0.0023 20 0.0037 11.54 0.053 5.62
9 0.0023 20 0.0018 20.00 0.049 5.01
10 0.0023 20 0.0037 20.00 0.070 421
11 0.0023 60 0.0037 20.00 0.053 8.24

The p-wave impedance ratio was calculated for each Part A-2 trial, and the relationship
of the ratio to PCC damage may be found in Figure 26(a). Compared to Part A-1, there was
slightly more correlation between impedance and damage as the PCC and soil properties varied
simultaneously instead of independently. However, the low R-squared signifies that there was
not a clear inverse linear relationship. Additional regression types would need to be analyzed to

determine a more appropriate function. Furthermore, the observation that three different trials
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with approximately equal impedance ratios resulted in different failure volumes signifies that this
simple ratio has inherent limitations in fully explaining the trend in PCC failure. One of these
limitations is that a stiff PCC and stiff soil could have the same impedance ratio as a less stiff
combination, yet yield different results.

The most important part of the analysis in this research was the general trend in behavior.
The general trend of an inverse relationship between the impedance ratio and PCC failure
volume was strengthened once the data points from Part A-1 were added to Figure 26(a) to form
the compilation plot in Figure 26(b). However, the relationship remained insignificant since the
R-squared value was low. To continue the discussion from Part A-1, a decrease in PCC stiffness
decreased impedance, which in effect increased the soil/PCC impedance ratio. Therefore, as the
PCC specific impedance decreased, it could absorb more strain energy before failing, thus
leading to less brittle failure compared to stiffer PCC. Furthermore, an increase in soil impedance
paired with a decrease in PCC impedance led to a greater extent of energy being transferred to
the soil as the energy was less likely to be only partially absorbed by the PCC before brittle
failure. That is, in less stiff PCC, more energy is able to be absorbed and then transferred to soil
if the PCC elements have not failed. In addition, an incremental increase in soil stiffness and
density coupled with an incremental decrease in PCC stiffness and density resulted in an
increased impedance ratio as well as greater energy transfer.

While the maximum internal energy was monitored for each pavement layer in later trials
with additional pavement layers (Parts A-3 and A-4), those results proved to be inconclusive.
Thus, the internal energy levels were only monitored for the pavement system as a whole in
order to monitor the hourglass energy to internal energy ratio instead of monitoring the energy

for each layer. Therefore, the theory of this energy transfer was assumed to be numerically
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supported indirectly through the PCC failure versus impedance relationship. Furthermore, as
previously stated in the Part A-1 discussion, the hypothesis was that less stress would be
reflected into the PCC as the impedance ratio increased. As anticipated, this interaction was

assumed to contribute to the inverse relationship between impedance ratio and damage.
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The relationship between maximum PCC displacement and impedance ratio was then
analyzed for Part A-2 and Parts A-1 and A-2 combined, as seen in Figure 27. In Figure 27(a), the
linear regression function appears to be inversely proportional, but the low R-squared value does
not support a significant linear relationship. Other regression types would need to be tested to
determine if a more significant relationship exists. Once the data points from Part A-1 were
added to the Part A-2 results to form Figure 27(b), this inverse relationship strengthened, but not
significantly. In addition, the inverse trend between PCC failure and impedance ratio as well as
PCC displacement and impedance ratio signified a correlation between PCC displacement and
PCC failure. That is, as the impedance ratio increased, both the PCC failure volume and
maximum PCC displacement decreased simultaneously. The relationship between PCC
displacement and failure volume may be explained fundamentally by the definition of the
damage criteria, which is characterized by plastic strain. By definition, plastic strain is inelastic

deformation, so the same trend in behavior for damage and displacement is logical.
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Figure 27: PCC Displacement vs. Impedance Ratio (a) Part A-2; (b) Combined Parts A-1
and A-2

4.3.4 Extreme Blast Part Three (Part A-3)
The third installment of the extreme blast parametric study (Part A-3) involved the addition of a
granular base layer between the PCC and soil layers. The first seven iterations in Part A-3 were
performed to determine the granular base layer thickness that would be used in subsequent Part
A-3 trials. Moreover, the granular base thickness ranged from 100 to 275 mm, and the dependent
variable tested was PCC failure volume. Evident in Figure 28, there was no correlation between
granular base layer thickness and damage. A more detailed analysis would be required to
determine the reason for the outlier at the 200 mm thickness trial. Furthermore, as stated in
Section 3.3.4.4, the 150-millimeter thickness was selected for the remainder of the Part A-3 trials
since it was among the better-performing trials while still being a realistic thickness. Also, 150
mm was a thickness used in the same set of UFC (2001) example designs utilized to derive the

baseline model parameters in Part A-O.
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Figure 28: (Part A-3 Results); PCC Failure Volume vs. Granular Base Layer Thickness

The granular properties analyzed in relation to PCC failure volume and displacement
were shear modulus and bulk mass density. Furthermore, the impedance ratio of granular base to
PCC was utilized in order to analyze both properties in tandem. Also, the shear modulus of the
granular base was converted into elastic modulus to use in the impedance calculation. Figure
29(a) indicates no clear relationship between PCC failure volume and impedance ratio. Also,
Figure 29(b) shows a very weak inverse relationship between PCC displacement and impedance
ratio; however, the trend was too weak to gain any helpful insight. Therefore, no coherent
correlation between impedance ratio and PCC performance was evident in Part A-3 as the
parameters were modified individually. Similarly, a relationship was not clear between
impedance ratio and PCC damage and displacement even when the granular base properties were
realistically simultaneously changed, as shown in the Figure 30 plots. In addition, other

regression types and the outliers shown in both Figure 30 plots would need to be analyzed.
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Figure 30 (Part A-3 Results); Only Trials with Realistic Granular Base Parameter
Combinations; (a) PCC Failure Volume vs. Impedance Ratio; (b) PCC Displacement vs.
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Compared to the PCC damage volume of 11 m®suffered in the baseline model (Part A-0),
the damage in Part A-3 was reduced by a maximum of about 4 m* (approximately 36%) after
adding the granular base layer. In addition, while a few trials resulted in damage greater than the

baseline model, most of the granular base trials showed a decrease in damage. Furthermore,
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since the PCC and soil constitutive properties remained equivalent to the baseline parameters, it
was clear that any damage mitigation could be attributed directly to the addition of the granular
layer.

In the last trial performed in Part A-3, the PCC and soil properties were changed from the
baseline properties developed in Part A-0 to the optimized properties determined in Part A-2. In
addition, the granular baes constitutive parameters were changed to the set of values that yielded
the lowest failure volume in the previous Part A-3 trials. This was performed to determine how
well the overall optimized pavement structure that incorporated a granular base compared to both
the baseline and optimized PCC-soil trials. After running the simulation, the optimized Part A-3
trial yielded a PCC damage volume of approximately 3.13 m*. While this was slightly higher
than the 3.09 m* damage volume from the optimized PCC-soil, it was significantly lower than
the baseline 11 m*®and also the Part A-3 trial with non-optimized PCC and soil parameters that
resulted in a minimum PCC damage of about 7 m®. Therefore, while adding a granular base layer
mitigated damage when compared to the baseline model, it was still not as effective in protecting
against damage as the optimized PCC-soil layering scheme of Part A-2.

Since the damage mitigation qualities of the granular base layer could not be deduced
using impedance ratio, the final result analyzed was the internal energy level for the PCC,
granular base, and soil layers at a simulation time of 125 milliseconds, which was the same point
in time used to record the damage levels. However, after analyzing the internal energy of the
three distinct pavement layers, no correlation was evident between internal energy and damage
suffered. One possible reason for the lack of insight is that with LS-PrePost, it was unclear how
to distinguish the energy levels for elements closer to the blast source and thus expected to

exhibit higher energy levels from the lower-energy elements further from the axis of symmetry.
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4.3.5 Extreme Blast Part Four (Part A-4)
In the fourth part of the extreme blast parametric study (Part A-4), an AC surface layer was
added above the PCC-soil structure developed in the baseline model (Part A-0). The 100-
millimeter thickness selected for the AC layer was within the range given in the UFC (2001)
design example, and was thin enough to be considered a sacrificial wearing course without
functioning as a primary structural layer like the PCC layer. Also, for the AC layer to be
considered sacrificial, it had to remain relatively thin to allow for rapid repair. In addition, as
seen in Figure 31, more data points would need to be added to discern if a significant relationship
exists between PCC failure volume and AC thickness. Nonetheless, only three thicknesses were

originally tested to limit the sacrificial layer depth for the aforementioned purposes.
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Figure 31: (Part A-4 Results); PCC Failure Volume vs. AC Layer Thickness

The relationship between the variable AC parameters (bulk mass density and shear
modulus) and PCC failure volume was then analyzed by combining the AC parameters into a
ratio of PCC impedance over AC impedance. In Figure 32(a), the data trend between PCC

damage volume and impedance ratio is clearly not linear. Even when the three outlier trials
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resulting in damage volumes greater than 12 m®and thus greater than the baseline damage (Part
A-0) were ignored, the linear R-squared value remained low. Additional regression types would
need to be analyzed to determine a more suitable relationship. By studying Figure 32(b), a direct
linear relationship could be established between impedance ratio and PCC displacement.
Moreover, like in Part A-3, internal energy levels were taken for each distinct pavement part, but
did not lead to any insightful data trends.

One observation of the numerical simulation that may have contributed to an unclear
pattern in results was the presence of stress wave reflection that occurred when the compressive
impulse wave propagated to the AC-PCC interface. For simplicity, 1D stress wave propagation
mechanics were referenced in order to understand the expected consequences of the stress wave
reflection on PCC damage. As specified in Figure 32, the impedance ratio was PCC impedance
over AC impedance, in which an impedance ratio less than unity represented an AC layer
(incident layer) that was stiffer than the underlying PCC layer (transmitted layer). With an
increasing impedance ratio remaining under unity due to a decreasing AC impedance and
constant PCC impedance, the expected behavior was a simultaneous decrease in the reflected
tensile stress wave amplitude and an increase in transmitted compressive stress wave amplitude.
As the AC impedance continued to decrease to less than the PCC impedance and the impedance
ratio in turn was greater than unity, the theoretical behavior was an increase in both reflected and
transmitted compressive stress wave amplitudes. When the impedance ratio was greater than
unity, the resulting amplitude of the transmitted compressive stress wave was greater than the
incident compressive stress wave amplitude (amplification), while the reflected stress wave
amplitude remained less than the incident wave amplitude. Moreover, the greatest magnitude of

transmitted compressive stress and therefore greatest degree of PCC damage was expected to
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occur when the AC impedance was at a minimum and less than the PCC impedance, which
corresponded to the largest impedance ratio. In summary, as the impedance ratio increased,
greater PCC damage was predicted.

The expected relationship between PCC damage and impedance ratio that was derived
from 1D theory was not followed in the 2D axisymmetric analysis. One difference between the
theorized behavior and the numerical results is that the theory just discussed focused on 1D
stress waves being reflected and transmitted at an interface, whereas the stress waves travelling
through the 2D axisymmetric models were reflected and refracted at an angle since the AC and
PCC layers had different velocities. Also, both 1D and 2D theories rely on linear elastic

materials, but the layers were intentionally subjected to nonlinear elastic strain during failure.
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Figure 32: (Part A-4 Results); (a) PCC Failure Volume vs. Impedance Ratio; (b) PCC
Displacement vs. Impedance Ratio

Part A-4 results revealed that some relationships between parameters may not be linear
and more a detailed investigation is needed to fully understand and refine such relationships.
Overall, the Part A-4 trial that provided the best damage mitigation (while still incorporating the
baseline PCC and soil parameters from Part A-0) resulted in about 5.0 m® of PCC damage, which
was under half of the 11.0 m® damage suffered in Part A-0. Therefore, the AC layer could be
considered sacrificial to the structural PCC layer when compared to the baseline model since it
helped mitigate PCC damage. Furthermore, the AC layer could be classified as sacrificial for any
Part A-4 trial that yielded less damage than the baseline model, assuming that the PCC and soil
parameters retained baseline values. However, once the PCC and soil parameters were changed
to the optimized values from Part A-2, the resulting damage was approximately 2.8 m®, which
was just under the 3.1 m® of damage accumulated in Part A-2. In comparison to Part A-2, the AC
layer could still be classified as a sacrificial layer since the damage decreased when AC was
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incorporated into the pavement system. Therefore, the addition of the AC surface layer helped to
mitigate blast damage when compared to both the baseline model and the optimized PCC-soil
model (Part A-2).

4.3.6 Extreme Blast Part Five (Part A-5)
The fifth part of the extreme blast parametric study (Part A-5) was limited to a single trial. The
layering scheme for this trial, from top to bottom, was AC, PCC, granular base, and soil. In
Table 16, the constitutive properties that resulted in the least amount of damage for Parts A-2
through A-4 are summarized, along with the associated damage level occurring for each
particular trial. These optimized parameters were then simultaneously used in the Part A-5 trial.
Part A-5 resulted in a PCC damage volume of 2.76 m®. When compared to the baseline model
PCC failure volume of 11.0 m, it was obvious that integrating all four layers into the
multilayered pavement system and assigning each layer the respective optimized constitutive
parameters led to substantial damage mitigation. In addition, combining the AC and granular
layers led to practically the same damage level as observed for Part A-4, which had no granular
base layer. Therefore, it was concluded that the granular base was not as effective as the AC in

mitigating damage.
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Table 16: Part A-5 Primary Constitutive Parameters and Associated PCC Damage

Pavement Layer

Granular Soil

Description AC PCC Base Subgrade
Part A-4 A-2 A-3 A-2
PCC Damage Volume (m®) 2.77 3.09 3.13 3.09
Layer Thickness (mm) 100 400 150 20,000
Bulk Mass Density (g/mm?®) 0.0023 0.0040 0.0023 0.0037
f¢.’ (MPa) - 20 - --
Shear Modulus (MPa) 1,250 - 90 20

4.3.7 Extreme Blast Part Six (Part A-6)
The sixth part of the extreme blast parametric study (Part A-6) focused on the contact parameters
that characterized the interface between the PCC and soil. This was achieved by assigning
frictional coefficients to the interface after separating the previously perfectly combined nodes.
The only change made to the Part A-0 baseline model to create the Part A-6 baseline model was
the addition of the contact routine. Furthermore, 16 of the 27 Part A-1 trials were modified to
reflect the new PCC-soil interface parameters in Part A-6, while all other parameters remained
constant. In Figure 33(a through d), the same pattern of results seen in Part A-1 are also evident
in Part A-6, even though the magnitudes are different. For instance, the original baseline model
(Part A-0) resulted in approximately 11.0 m® of damage, while the baseline model in Part A-6

suffered just over 8.2 m* of PCC failure.
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Figure 33: (Part A-6 Results); PCC Volume Failure vs.: (a) PCC Density; (b) PCCf.'; (c)
Soil Density; (d) Soil Shear Modulus

In Figure 34, apparent inverse relationships resulted between both PCC failure volume
and PCC displacement versus impedance ratio. However, similar to Part A-1, the low R-squared
values signify that these relationships are insignificant. In Part A-1, the PCC failure volume
versus impedance ratio yielded a very weak inverse trend. While the corresponding plot in Part

A-6 portrays a stronger inverse trend with a higher R-squared value in Figure 34(a), it is not a
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clear inverse linear relationship. Moreover, the PCC displacement versus impedance ratio plots
resulted in similar R-squared values for Parts A-1 and A-6, with the Part A-1 results having a
slightly stronger linear fit. Once the PCC and soil parameters were changed to the optimized
values determined in Part A-1, Part A-6 had slightly less damage at 5.22 m* compared to the
damage of 5.80 m®in Part A-1, which is an insignificant difference.

The purpose of Part A-6 was to compare the general trends in results with the
corresponding Part A-1 trials once the contact parameters were modified at the PCC and soil
interface. Overall, although the values were different between the two trial sets, the trends
remained similar. Therefore, the change in contact parameters between the PCC and soil from
perfectly-bonded (Part A-1) to partially-bonded (Part A-6) did not result in significant variation

in overall behavior.
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Figure 34: (Part A-6 Results); (a) PCC Failure Volume vs. Impedance Ratio; (b) PCC
Displacement vs. Impedance Ratio

4.3.8 Extreme Blast Part Seven (Part A-7)
Similar to Part A-6, the purpose of the seventh installment to the extreme blast parametric study
(Part A-7) was to determine if adding the partially-bonded contact routine to the PCC-soil
interface would yield a similar trend in results to the Part A-2 counterpart trials. Like Part A-2,
the only independent variable analyzed was the ratio of soil impedance to PCC impedance and at
least two constitutive parameters were varied simultaneously. The combinations of these
parameters used in each of the twelve Part A-7 trials are in Table 17, along with the resulting
failure volumes. Most importantly, the Part A-7 trial that most effectively mitigated damage was
the seventh trial, in which 3.17 m® of damage occurred. In addition, this was practically the same
degree of damage experienced by the corresponding trial from Part A-2, which suffered 3.09 m*
of damage. Therefore, changing the contact type from perfectly-bonded in Part A-2 to partially-

bonded in part A-7 did not significantly vary the volume of PCC damage.
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Table 17: Part A-7 Constitutive Parameters and Results

PCC Soil Impedance PCC
Trial | Density f.’ Density Ella\\/lsgguslzzar Ratio \Ijg:Lur;Z
(g/mm’) | (MPa) | (g/mm®) (MPa) (Soil/PCC) ()
Baseline | 0.0023 60 0.0018 11.54 0.028 8.24
1 0.0040 20 0.0018 11.54 0.028 4.15
2 0.0040 60 0.0037 11.54 0.030 5.33
3 0.0040 60 0.0018 20.00 0.028 4.50
4 0.0040 20 0.0037 11.54 0.040 4.07
5 0.0040 20 0.0018 20.00 0.037 3.89
6 0.0040 60 0.0037 20.00 0.040 4.35
7 0.0040 20 0.0037 20.00 0.053 3.17
8 0.0023 20 0.0037 11.54 0.053 4.59
9 0.0023 20 0.0018 20.00 0.049 4.92
10 0.0023 20 0.0037 20.00 0.070 3.24
11 0.0023 60 0.0037 20.00 0.053 10.14

In Figure 35(a), it is apparent that a weak inverse correlation emerged in Part A-7

displacements than the magnitudes.
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between PCC failure volume and impedance ratio, while the corresponding plot from Part A-2
resulted in a stronger inverse trend. Furthermore, Figure 35(b) shows a similar trend to the
corresponding Part A-2 plot between PCC displacement and impedance ratio. Additional

regression types would need to be analyzed for both Figure 35 plots to determine if other

functions would be more appropriate for the Part A-7 data than the linear regressions shown. In
summary, although the plots in the corresponding Parts A-2 and A-7 trials had varying degrees
of inverse linear correlation, the overall trends were similar. Although the resulting values
between the two parametric study parts were marginally different, the discrepancy was deemed

acceptable since a greater emphasis was placed on the trends in resulting damages and
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Displacement vs. Impedance Ratio

The PCC damage and displacement versus impedance ratio results for Parts A-6 and A-7
trials were then combined in Figure 36(a and b). From Figure 36(a), it is apparent that this
combination resulted in a clearer inverse correlation between PCC failure volume and impedance
ratio than Part A-7 alone, but a slightly lower R-squared value than in A-6. However, the R-

squared value remained low, so other regression types would need to be studied to determine if
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other relationships would yield more significant correlations. In addition, the combined results in
Figure 36(b) for PCC displacement versus impedance ratio had a higher R-squared value than
Part A-6, and approximately the same R-squared value as Part A-7. In summary, the contact
parameters that were assigned to the shared nodes along the PCC-soil interface in Part A-7 did
not significantly influence the trends in behavior compared to the corresponding Part A-2 trials

that incorporated perfectly-bonded nodes.
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Figure 36: (Parts A-6 and A-7 Combined Results); (a) PCC Failure Volume vs. Impedance
Ratio; (b) PCC Displacement vs. Impedance Ratio

4.3.9 Moderate Blast Part One (Part B-1)

Like Part A, the first step in Part B was developing the baseline model (Part B-0). The volume of
PCC damage incurred by the moderate blast in Part B-0 was just over 1.0 m*, which was
significantly less damage than the 11.0 m® damage due to the extreme blast in Part A-0.

In Figure 37(a), an inverse relationship between PCC failure volume and PCC density is
apparent, even though the correlation is not as refined as it was in Part A-1. Also, the large
failure volume of 5.7 m®was the result for the trial with a PCC mass density equal to 0.0016
g/mm?, which also had a much higher hourglass energy to internal energy ratio than the other
two PCC densities at a value of 5.38%. In Figure 37(b), there is practically no linear correlation
between failure and the compressive strength of PCC. This outcome may be due to the outlier
that occurred when compressive strength was equal to 40 MPa, which yielded a failure volume
of approximately 4.0 m* and a large hourglass energy to internal energy ratio of 3.22%. For
comparison, the maximum hourglass/internal energy ratio of the other three points on Figure
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37(b) was 0.35%. Without this outlier, the curve in Figure 37(b) would have been directly
proportional like the corresponding plot in Part A-1. The curves in Figure 37(c and d) show
inverse relationships between PCC failure volume and soil density and soil shear modulus,
respectively, similar to the pattern exhibited in Part A-1. In addition, apart from a few outliers,
the damages suffered in Part B-1 simulations were much less severe than in Part A-1. This
observation was important since the possibility of greater radial damage occurring due to a

higher blast center and more energy dispersion was considered.
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Figure 37: (Part B-1 Results); PCC Failure Volume vs.: (a) PCC Density; (b) PCC f.'; (c)
Soil Density; (d) Soil Shear Modulus

In Figure 38(a), an inverse correlation between PCC failure volume and impedance ratio
is evident, although with the low R-squared value. Also, the aforementioned outliers along with
the unspecified outliers could have distorted the results and led to a weak correlation. Even so,
the inverse correlation was also evident in the Part A-1 counterpart plot. Moreover, Figure 38(b)
shows an inverse correlation between PCC displacement and impedance ratio. Like Part A-1,
considering the data in Figure 38(a through b) simultaneously led to the analysis that PCC failure
volume and PCC displacement are directly proportional. Overall, the important outcome of Part
B-1 was showing that an increase in SBD decreased the level of damage, while still producing
similar trends in results compared to Part A-1. Another conclusion from Part B-1 was that
changing the constitutive parameters did not reduce the damage by a great extent. However, this

was expected with the low level of damage suffered in the Part B baseline model.
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4.3.10 Moderate Blast Part Two (Part B-2)

Similar to Part A-2, the purpose of the second part of the moderate blast parametric study (Part
B-2) was to determine the optimal combination of PCC and soil constitutive properties that
would lead to the least volume of PCC damage. However, unlike Part B-2, only the results of

nine sets of parameters were tabulated since two of the trials yielded numerically-unstable
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results. These constitutive property combinations and the ensuing damage volumes are in Table
18. In this table, the grey cells are optimal properties determined in Part A-1 and tested again in
Part B-1, and the white cells denote baseline properties. Just as in Part A-2, the optimized trial in
Part B-2 occurred when the parameters that were independently optimized in Part A-1 were
simultaneously utilized in the sixth trial to yield the least PCC failure volume of 0.11 m°.

Table 18: Part B-2 Constitutive Parameters and Results

PCC Soil _ Impedance PCC

Trial | Density f.’ Density Elijggjﬁiar Ratio \Ijg:Lur;Z
(g/mm’) | (MPa) | (g/mm°) (MPa) (Soil/PCC) ()
Baseline | 0.0023 60 0.0018 11.54 0.028 1.04
1 0.0040 60 0.0037 11.54 0.030 0.33
2 0.0040 60 0.0018 20.00 0.028 0.95
3 0.0040 20 0.0037 11.54 0.040 0.21
4 0.0040 20 0.0018 20.00 0.037 0.14
5 0.0040 60 0.0037 20.00 0.040 0.28
6 0.0040 20 0.0037 20.00 0.053 0.11
7 0.0023 20 0.0037 11.54 0.053 0.33
8 0.0023 20 0.0018 20.00 0.049 0.33
9 0.0023 20 0.0037 20.00 0.070 0.23

In Figure 39(a), an inverse relationship was present between PCC failure volume and
impedance ratio. In addition, an inverse relationship was also evident between PCC displacement
and impedance ratio in Figure 39(b). Also, less overall damage and displacement occurred in
Part B-2 compared to Part A-2. Adding to Part B-1 analysis, this further confirmed that
increasing the distance from the blast center to the top of the PCC layer caused less damage and
displacement than a closer distance. Less energy introduced into the pavement system produced
less damage in contrast to the potential of the increased blast distance causing greater radial

damage.
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Figure 39: (Part B-2 Results); (a) PCC Failure Volume vs. Impedance Ratio; (b) PCC
Displacement vs. Impedance Ratio

The final step in analyzing Part B was combining the results from Parts B-1 and B-2. In

Figure 40, it is clear that the inverse relationships remained after combining the two parts, which

was expected since the plots in Parts B-1 and B-2 show inverse correlations. Overall, the

resulting trends remained similar after decreasing the blast intensity from extreme to moderate,

even though the magnitudes of those results decreased.
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Figure 40: (Parts B-1 and B-2 Combined Results); (a) PCC Failure Volume vs. Impedance
Ratio; (b) PCC Displacement vs. Impedance Ratio

4.3.11 Extreme Impact Part One (Part C-1)
The third part of the overall parametric study involved impact loading. Like the blast loading
trials, the first part to the impact study (Part C-1) utilized an extreme level of impulse loading.
Also, like in Part A, the first step in Part C-1 was developing the baseline model. To do this, the

only step required was changing the blast loading routine utilized in Part A-0 to an impact
151



routine, with all other parameters remaining constant. The resulting baseline PCC failure volume
was 1.06 m*. Additionally, the purpose of Part C-1 was to determine if the same patterns
occurred in PCC damage results once the type of impulse loading was changed from blast
pressure to impact. In Figure 41(a and b), it is apparent that neither PCC density nor PCC
compressive strength influenced the failure volume of PCC in a clear way. However, in Figure
41(c and d), it is clearer that both soil constitutive parameters had inverse relationships with PCC

failure volume, just as they did in Part A-1.
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Figure 41: (Part C-1 Results); PCC Failure Volume vs.: (a) PCC Density; (b) PCC f;"; (c)
Soil Density; (d) Soil Shear Modulus

To continue the same analysis method used in the blast parametric studies, all four
constitutive properties were combined into the ratio of soil impedance to PCC impedance. In
contrast to the individual material properties yielding unclear trends in PCC performance, both
PCC failure volume and displacement versus impedance ratio in Figure 42(a through b) resulted
in inverse correlations, just as they did in Part A-1. Also, since both PCC output parameters were
inversely proportional while depending on the same independent variable, it logically follows
that PCC failure volume and maximum PCC displacement were directly proportional to each

other.
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Figure 42: (Part C-1 Results); (a) PCC Failure Volume vs. Impedance Ratio; (b) PCC
Displacement vs. Impedance Ratio

4.3.12 Extreme Impact Part Two (Part C-2)
Just like Part A-2, the goal of Part C-2 was to use the individually optimized PCC and soil
parameters determined from the trials in Part A-1 to test whether combining these parameters
would result in greater optimization. These optimized parameters are in grey in Table 19, while

the parameters with no highlighting (white cells) were the baseline parameters. Unlike Part A-2,
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the best performing Part C-2 trial (trial number ten) involved the combination of only three
instead of four optimized parameters. However, with a discrepancy of only 0.08 m? between the
damage of the seventh trial (0.68 m®) and tenth trial (0.60 m®), this departure from the pattern in
the results of Part A-2 was deemed negligible.

Table 19: Part C-2 Constitutive Parameters and Results

PeC Soil - Impedance P.CC

Trial | Density f.’ Density Eli‘;’gglﬁzgar Ratio \Ijg:Lur;Z
(g/mm°) | (MPa) | (g/mm°) (MPa) (Soil/PCC) ()
Baseline | 0.0023 60 0.0018 11.54 0.028 1.06
1 0.0040 20 0.0018 11.54 0.028 0.75
2 0.0040 60 0.0037 11.54 0.030 0.98
3 0.0040 60 0.0018 20.00 0.028 1.01
4 0.0040 20 0.0037 11.54 0.040 0.69
5 0.0040 20 0.0018 20.00 0.037 0.77
6 0.0040 60 0.0037 20.00 0.040 0.83
7 0.0040 20 0.0037 20.00 0.053 0.68
8 0.0023 20 0.0037 11.54 0.053 0.65
9 0.0023 20 0.0018 20.00 0.049 0.67
10 0.0023 20 0.0037 20.00 0.070 0.60
11 0.0023 60 0.0037 20.00 0.053 1.00

To further aid in analyzing the tabulated results, the PCC failure volume and maximum
displacement were both plotted against impedance ratio in Figure 43(a through b). In Figure
43(a), it is apparent that an inverse relationship between PCC failure volume and impedance
ratio is present, just as it was in Part A-2. In contrast, there was not a strong linear correlation
between PCC displacement and impedance ratio, which is evident by inspection of the data in

Figure 43(b) with the low R-squared value.
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Figure 43: (Part C-2 Results); (a) PCC Failure Volume vs. Impedance Ratio; (b) PCC

Displacement vs. Impedance Ratio

To better understand the full spectrum of tests performed in Parts C-1 and C-2, the results
from each part were combined into single plots in Figure 44(a through b). Both of these plots
show inverse correlations that were stronger than Parts C-1 and C-2 results alone. In addition,
although the volume of damage and PCC displacements were much less when subjected to the

extreme impact loading compared to the extreme blast loading, the overall trends remained the

157



same compared to Part A-2. Therefore, changing the type of extreme loading from blast to

impact did not significantly change the performance patterns.
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Figure 44: (Parts C-1 and C-2 Combined Results); (a) PCC Failure Volume vs. Impedance
Ratio; (b) PCC Displacement vs. Impedance Ratio

4.3.13 Moderate Impact Part One (Part D-1)
Similar to the purpose of Part B-1, Part D-1 was carried out to determine how the intensity of

loading would affect the performance of the PCC. However, unlike the blast loading in Part B-1,
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the possibility of damage increasing due to pressure being radially distributed to a greater extent
was not considered plausible in Part D-1 since the point of impact and size of impactor remained
the same. In Part D-1, the only parameter that was modified from Part C-1 was the velocity of
the impactor. Furthermore, it was assumed that a decrease in velocity would decrease the energy
of the system, which would then decrease the damage suffered. This assumption proved to be
correct, as first evident by the moderate impact baseline model (Part D-0) exhibiting only about
0.07 m® of damage, which was less than the 1.06 m* suffered in Part C-1.

As made clear in Figure 45(a), there was an inverse linear relationship between PCC
failure volume and PCC density. Whereas Part C-1 did not yield a clear pattern in data, this Part
D-1 inverse relationship aligned with the results from Part A-1. Also, a direct relationship
between PCC failure volume and PCC compressive strength is evident by examining Figure
45(b), which aligned with Part A-1. However, unlike Parts A-1 and C-1, Part D-1 did not yield
an inverse relationship between soil density and PCC failure volume, as seen in Figure 45(c)
with the two divergent clusters of data even though the R-squared value is relatively high.
Additional simulations would need to be performed to determine if there is a step function
present in Figure 45(c), as well as the soil density threshold that this step occurs. Lastly, more
trials would need to be performed before a trendline could be added to Figure 45(d) to determine

if a correlation exists between PCC failure volume and soil shear modulus.
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Figure 45: (Part D-1 Results); PCC Failure Volume vs.: (a) PCC Density; (b) PCC f."; (c)
Soil Density; (d) Soil Shear Modulus

The combination of all four constitutive parameters provided greater insight into the
behavior of the pavement system than the four parameters being analyzed individually. Although
weaker than the Part C-1 correlation, an inverse relationship occurred between PCC failure
volume and the ratio of soil impedance over PCC impedance, as evident in Figure 46(a). In

addition, although Part C-1 resulted in a weak inverse relationship between maximum PCC
161



displacement and impedance ratio, no such relationship occurred in Part D-1, as clear in Figure

46(b).
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Figure 46: (Part D-1 Results); (a) PCC Failure Volume vs. Impedance Ratio; (b) PCC
Displacement vs. Impedance Ratio

4.3.14 Moderate Impact Part Two (Part D-2)

Like all previous second installments of the parametric study parts, Part D-2 was performed to

determine if greater damage mitigation would occur if the properties that were individually
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optimized in Part A-1 were simultaneously optimized in Part D-2. Part A-1 properties were
utilized in Part D-2 as opposed to using the optimally-performing trials in Part D-1 in order to
achieve uniformity across the four parametric study parts, as well as the lack of data trends for
some parameters in Part C-1 making it difficult to select optimized parameters. In Table 20, the
parameter combinations and resulting damage is summarized. The grey cells represent the
optimal parameters from Part A-1, while the white cells represent baseline properties. Like Parts
A-2 and B-2, the best performing trial in Part D-2 involved the simultaneous optimization of all
four parameters, as seen by the 0.027 m® of damage in the seventh trial. Also, the PCC
experienced less displacement when subjected to a lower velocity impactor compared to Part C.

Table 20: Part D-2 Constitutive Parameters and Results

PCC Soil - Impedance P.CC

Trial | Density f.’ Density Elﬁgguslzzar Ratio \Ijg:Lur;Z
(g/mm°®) | (MPa) | (g/mm°) (MPa) (Soil/PCC) ()
Baseline | 0.0023 60 0.0018 11.54 0.028 0.065
1 0.0040 20 0.0018 11.54 0.028 0.031
2 0.0040 60 0.0037 11.54 0.030 0.047
3 0.0040 60 0.0018 20.00 0.028 0.044
4 0.0040 20 0.0037 11.54 0.040 0.031
5 0.0040 20 0.0018 20.00 0.037 0.033
6 0.0040 60 0.0037 20.00 0.040 0.044
7 0.0040 20 0.0037 20.00 0.053 0.027
8 0.0023 20 0.0037 11.54 0.053 0.035
9 0.0023 20 0.0018 20.00 0.049 0.035
10 0.0023 20 0.0037 20.00 0.070 0.032
11 0.0023 60 0.0037 20.00 0.053 0.050

Once again, PCC damage and displacement were then plotted against the impedance ratio

for each of the Part D-2 trials. In addition, the baseline result from Part D-0 was added to these
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plots as an “X”. As evident in Figure 47, both PCC failure volume and PCC displacement versus

impedance ratio resulted in weak inverse correlations.
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Figure 47: (Part D-2 Results); (a) PCC Failure Volume vs. Impedance Ratio; (b) PCC
Displacement vs. Impedance Ratio

The last step of Part D was combining Parts D-1 and D-2 impedance ratio results into
single plots in Figure 48. In Figure 48(a), an inverse relationship between PCC failure volume

and impedance ratio is evident, as it was in Parts A-2, B-2, and C-2. In contrast, Parts A-2, B-2,
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and C-2 all resulted in an inverse relationship between PCC displacement and impedance ratio,
but there was no clear trend in Part D-2. In summary, decreasing the impact velocity resulted in
less overall damage and displacement in Part D compared to Part C, as well as an inverse
relationship between failure volume and impedance ratio. Although there was no correlation
between PCC displacement and impedance ratio in Part D, the failure volume was still
considered a better indication of radial damage extent, thus decreasing the importance of a

displacement trend.
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4.3.15 Summary of 2D Parametric Study Results

Table 21: Summary of Results for 2D Parametric Study with Blast Loading

Maximum PCC Damage (m°)
I Pavement Layers
Category | Part Description (Top to Bottg,m) Baseline Optimized
PCC & Soil PCC & Soil
A0 Extreme blast baseline PCC-Soil 11.03 N/A
model
Independent
A-1 | constitutive parameter PCC-Sail 11.03 5.80
optimization
Simultaneous
A-2 | constitutive parameter PCC-Sail 11.03 3.09
optimization
A-3 | GB optimization PCC-GB-Saoil 6.97 3.13
Extreme | A-4 | AC surface course AC-PCC-Soil 5.04 2.77
optimization
Blast _
A5 | Allfourlayerswith | ) o b p.soil N/A 2.76
optimized parameters
Contact routine used
A-g | Detween PCC and soil PCC-Soil 8.24 5.2
with individual
parameter optimization
Contact routine used
A-7 | between PCC and soil PCC-Soil 8.24 3.17
with simultaneous
parameter optimization
B-o | Moderate blast PCC-Soil 1.04 N/A
baseline model
Moderate Several A-1 trials with .
Blast B-1 | moderate blast loading PCC-Soil 1.04 0.42
B-2 Several A-2 trials vv_|th PCC-Soil 104 0.11
moderate blast loading
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Table 22: Summary of Results for 2D Parametric Study with Impact Loading

Maximum PCC Damage (m°)
. Pavement Layers
Category | Part Description (Top to Bottg,m) Baseline Optimized
PCC & Soil PCC & Sail
C-0 | EXtreme Impact PCC-Soil 1.06 N/A
baseline model
Independent
Extreme | C-1 | constitutive parameter PCC-Sail 1.06 0.72
Impact optimization
Simultaneous
C-2 | constitutive parameter PCC-Sail 1.06 0.60
optimization
D-o | Moderate impact PCC-Soil 0.065 N/A
baseline model
Several C-1 trials with
Moderate | D-1 | moderate impact PCC-Sail 0.065 0.036
Impact loading
Several C-2 trials with
D-2 | moderate impact PCC-Sail 0.065 0.027
loading

4.4 Comparison of 1D and 2D Parametric Studies

In the 1D parametric study, it was clear that an increase in PCC mass density and/or modulus of
elasticity resulted in an increase in transmissivity. Furthermore, a power relationship was evident
in both transmissivity versus mass density and transmissivity versus modulus of elasticity. In
addition, both of these material parameters are in the p-wave impedance function in Equation 4.
From Equation 4, increasing mass density and/or modulus of elasticity would simultaneously
increase the PCC impedance. It was then hypothesized in the 1D parametric analysis that an
increase in PCC transmissivity and impedance would also result in a greater stress amplitude
propagating through the PCC. In the 2D axisymmetric study, this increase in stress amplitude

would cause more severe damage to the PCC.
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Once all 2D axisymmetric trials were performed and the data was analyzed, it was clear
from the models that utilized only PCC and soil for the pavement system that as the ratio of soil
impedance over PCC impedance increased, the PCC incurred less damage. In addition, the
greater dispersion of data for the 2D axisymmetric study compared to the 1D study was
attributed to the fact that the 2D study used a more realistic constitutive model capable of
simulating the nonlinear inelastic properties of PCC, whereas the 1D study utilized a linear

elastic constitutive model for all but one part of the study.
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS
The overall objective of this research was to increase the damage mitigation capabilities of
multilayered airfield pavement in order to increase the resilience of the pavement structure to
extreme dynamic events. In particular, the dynamic events focused on in this research were
impact and blast loadings, which caused compressive impulse energy waves to propagate
throughout the pavement. While a 1D numerical analysis was performed in order to gain a better
understanding of stress wave transmissivity through a multilayered medium (connected bars), the
primary analysis was a 2D axisymmetric parametric study. To perform this research, the
numerical analysis software LS-DYNA was utilized. In the 2D parametric study, the main
structural layer that was monitored for damage was the plain PCC layer. To characterize average
PCC damage, the modified effective plastic strain function of the constitutive routine
*MAT_072R3 was utilized. Summaries of the results from the blast and impact parametric study
parts are given in Table 21 and Table 22, respectively.
5.1 Conclusions
e The most effective method of mitigating damage to the PCC pavement layer if only

considering the PCC-soil rigid pavement system was the simultaneous optimization of

the PCC and soil constitutive properties. The volume of PCC damage decreased

approximately 72% from 11.03 m®in the baseline rigid pavement model (Part A-0) to

3.09 m® in the optimized rigid pavement model (Part A-2). In general, as the p-wave

specific impedance ratio of soil to PCC increased, the PCC damage decreased. This
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observation was likely attributed to the diminishing capability of PCC to absorb strain
energy with a corresponding increase in stiffness.

In Part A-3, adding the granular base layer between the baseline PCC and soil layers
decreased the PCC damage volume by approximately 37% from the baseline rigid
pavement level of 11.03 m® to 6.97 m®. Simultaneously optimizing the PCC, granular
base, and soil layers further decreased the PCC damage to 3.13 m?, which was slightly
higher than the optimized PCC-soil pavement in Part A-2. In addition, the granular base
layer would mainly add the practical benefit of improving pavement drainage as opposed
to contributing to damage mitigation.

Adding the AC surface layer on top of the PCC in Part A-4 decreased the PCC damage
approximately 54% from the baseline rigid pavement level of 11.03 m® to 5.04 m®,
Overall, this was the most effective strategy of mitigating damage while using baseline
PCC and soil parameters. Once the AC, PCC, and soil layers were all optimized
concurrently, the PCC failure volume decreased 75% (2.77 m*) compared to the baseline
model. Thus, the AC was effectively considered a sacrificial layer, as supported by Wu
(2012) and Wu and Chew (2014). In addition, the AC was assumed to absorb some of the
stress wave energy as strain energy once the stress wave travelled through the AC,
reflected off of the AC-PCC interface, and therefore dissipated the energy away from the
PCC slab and decreased damage.

Simultaneously optimizing the AC, PCC, granular base, and soil layers in Part A-5
yielded approximately equivalent damage results (2.76 m*) compared to only utilizing
optimized ACC, PCC, and soil layers in Part A-4. This provided further evidence of the

granular base layer not helping to mitigate damage.
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Changing the interface between the PCC and soil layers from being perfectly tied
together to having frictional coefficients did no significantly impact the results.
Decreasing the blast intensity from high to medium led to less PCC damage, but the
overall pattern of damage and displacement results remained similar.

Changing the loading type from blast to impact did not significantly change the overall

trend in the multilayered pavement behavior.

5.2 Recommendations

To decrease the propensity of PCC to fail in a brittle manner under high intensity loads,
numerically and physically experiment with increasing toughness and ductility by adding
fiber or steel reinforcement. This is a widely-accepted method of making PCC less
susceptible to high-energy loadings, but was not within the scope of this research.

In order to gain a better understanding of the behavior of an AC sacrificial surface layer
under high impulses, perform the necessary laboratory and field work to calibrate
appropriate numerical constitutive models.

Implement small-scale physical experimentation to validate the results of this research

before carrying out large experiments.
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APPENDIX A: LS-DYNA PARTIAL INPUT FILE FOR BASELINE MODEL (Part A-0)

This abbreviated input file was created in LS-PrePost. The vertically-oriented ellipses were

added to indicate omissions for the purpose of brevity, and were not in the actual input files.

S# LS-DYNA Keyword file created by LS-PrePost(R) V4.7.0 (Beta) - 27May2019

$# Created on Jun-11-2019 (11:15:51)

*KEYWORD

*TITLE

S# title

LS-DYNA keyword deck by LS-PrePost
*CONTROL ENERGY

S# hgen rwen slnten rylen irgen
2 2 2 2 2
*CONTROL_TERMINATION
$# endtim endcyc dtmin endeng endmas nosol
300.0 0 0.0 0.01.000000E8 0
*CONTROL_TIMESTEP
$# dtinit tssfac isdo tslimt dt2ms lctm erode mslst
0.0 0.9 0 0.0 0.0 0 0 0
$# dt2msf dt2mslc imscl unused unused rmscl
0.0 0 0 0.0
*DEFINE CURVE TITLE
gravity
S# lcid sidr sfa sfo offa offo dattyp lcint
1 0 0.0 0.0 0.0 0.0 0 0
S# al ol
0.0 1.0
10.0 1.0
1000.0 1.0
10000.0 1.0

*DEFINE CURVE TITLE
diff strainrate 60mpa tens_ comp

S# lcid sidr sfa sfo offa offo dattyp lcint
3 0 1.0 1.0 0.0 0.0 0 0
S# al ol
-30.0 7.2
-0.16 7.2
-0.1 6.15
-0.03 4.12
-0.01 2.86
-0.003 1.91
-0.001 1.33
-9.9999997474e-05 1.26
-9.9999997474e-06 1.21
-9.9999999748e-07 1.15
-1.0000000117e-07 1.1
-9.9999999392e-09 1.05
0.0 1.0
2.9999998929e-08 1.0
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1.0000000117e-07 1.02
9.9999999748e-07 1.06
9.9999997474e-06 1.11
9.9999997474e-05 1.15
0.001 1.2
0.003 1.22
0.01 1.25
0.03 1.27
0.1 1.3
0.3 1.32
30.0 1.32
*BOUNDARY SPC_SET
S# nsid cid dofx dofy dofz dofrx dofry dofrz
4 0 1 0 0 0 0 0
*SET NODE_LIST TITLE
NODESET (SPC)
S# sid dal da2 da3 da4 solver
4 0.0 0.0 0.0 0.0MECH
S# nidl nid2 nid3 nid4 nid5 nid6 nid7 nid8
2 739 741 743 745 747 749 751
753 755 757 759 761 763 765 767
*BOUNDARY SPC_ SET
S# nsid cid dofx dofy dofz dofrx dofry dofrz
5 0 1 0 0 0 0 0
*SET NODE_LIST TITLE
NODESET (SPC)
S# sid dal da2 da3 da4 solver
5 0.0 0.0 0.0 0.0MECH
S# nidl nid2 nid3 nid4 nidb nidé nid7 nids
1 740 742 744 746 748 750 752
754 756 758 760 762 764 766 768
*BOUNDARY SPC SET
S# nsid cid dofx dofy dofz dofrx dofry dofrz
6 0 1 1 0 0 0 0
*SET NODE_LIST TITLE
NODESET (SPC)
S# sid dal da2 da3 da4d solver
6 0.0 0.0 0.0 0.0MECH
S# nidl nid2 nid3 nid4 nidb nidé nid7 nids
2 4 6 8 10 12 14 16
18 20 22 24 26 28 30 32
*NODE
S# nid X vy zZ tc rc
1 20000.0 20000.0 0.0 0 0
2 0.0 0.0 0.0 0 0
*LOAD_BLAST_SEGMENT_SET
S# bid ssid alepid sfnrb scalep
1 1 0 0.0 1.0

*LOAD BLAST ENHANCED
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S# bid m xbo

1 187000.0 0.0

S# cfm cfl cft

0.002203 0.003281 1.0
*LOAD BODY Y

S# lcid sf lciddr

1 0.009806 0

*SECTION SHELL TITLE
Axisymmetric Section

S# secid elform shrf
1 15 0.833
S# tl t2 t3
0.0 0.0 0.0
*DATABASE GLSTAT
S# dt binary lcur
1.0 0 0
*DATABASEiMATSUM
S# dt binary lcur
1.0 0 0
*DATABASE BINARY D3PLOT
S# dt lcdt beam
1.0 0 0
S# ioopt
0
*DATABASE_EXTENT_BINARY
S# neiph neips maxint
0 0 3
$#  cmpflg ieverp beamip
0 0 0
$# nintsld pkp_sen sclp
0 0 1.0
S# dtdt resplt neipb
0 0 0
*INITIAL STRESS DEPTH SET
S# psid ro g zdatum
11.76510E-5 20000.0
*ELEMENT_SHELL
S# eid pid nl
1 1 1
2 1 3
*HOURGLASS_TITLE
HG for Shell
S# hgid ihg gm
1 6 0.1
*SET NODE_LIST TITLE
y_axis symm
S# sid dal da2
1 0.0 0.0
S# nidl nid2 nid3
2 739 741
753 755 757
*SET NODE_LIST TITLE
y_axis_ edge
S# sid dal da2
2 0.0 0.0

n2

ybo
21400.0
cfp
145.0
xC

0.0

nip

t4
0.0

ioopt

ioopt

npltc

strflg
dcomp
hydro
quadr
kfact
0.5

n3

1477
1478

ibg

da3
0.0
nid4
743
759

zbo tbo
0.0 0.0
nidbo death

01.00000E20

ycC zC
0.0 0.0
propt qr/irid
1.0 0
nloc marea
0.0 0.0
psetid
0
sigflg epsflg
1 1
shge stssz
2 1
msscl therm
0 0
cubic
0
1c 1ch
0 0
n4 nb5
1476 0
1477 0
gl q2
1.5 0.06
da4d solver
0.0MECH
nid5 nid6
745 747
761 763
da4d solver
0.0MECH
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unit

negphs

cid

icomp

idof
0.0

rltflg
1
n3thdt
2
intout

1ckO

gb/vdc

nid7
749
765

blast

setyp

edgset

engflg
1
ialemat
1
nodout

aqw

nid8
751
767



S# nidl nid2 nid3
1 740 742
754 756 758
*SET NODE_LIST TITLE
x axis soil bottom
S# sid dal da2
3 0.0 0.0
S# nidl nid2 nid3
2 4 6
18 20 22
*SET PART LIST TITLE
soil preload
S# sid dal da2
1 0.0 0.0
S# pidl pid2 pid3
1 0 0
*SET SEGMENT TITLE
blast surf top concrete
S# sid dal da2
1 0.0 0.0
S# nl n2 n3
148001 148003 148003
148003 148005 148005
*PART
S#
LSHELL1
S# pid secid mid
1 1 1
*MAT MOHR COULOMB TITLE
Sandy Soil MC
S# mid ro gmod
1 0.0018 11.5385
S# nplanes
0 0 0
$# gmoddp gmodgr lcgmep
0.0 0.0 0.0
*PART
S#
LSHELL2
S# pid secid mid
2 1 2

*MAT CONCRETE DAMAGE REL3 TITLE
Concrete

S# mid ro pr
2 0.0023 0.0

S# ft a0 al
0.0 -60.0 0.0

$# slambda nout edrop
0.0 0.0 0.0

$# lambdal lambdaZ2 lambda3
0.0 0.0 0.0
S#lambda09 lambdal0 lambdall

nid4
744
760

da3
0.0
nid4
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da3
0.0
pid4

da3
0.0

n4
148003
148005

eosid

rnu
0.3
lccpdr
0
lcphiep
0.0

eosid
0

a2

0.0
rsize
0.03937
lambda4d
0.0
lambdal2

nid5 nidé6
746 748
762 764
da4d solver
0.0MECH
nid5 nido6
10 12
26 28
da4 solver
0.0MECH
pid5 pid6
0 0
da4 solver
0.0MECH
al az
0.0 0.0
0.0 0.0
hgid grav
1 0
phi
0 0.611
lccpt lccjdr
0 0
lcpsiep lcgmst
0.0 0.0
hgid grav
1 0
bl omega
0.0 0.0
uct lcrate
145.0 3
lambdab lambda6
0.0 0.0
lambdal3 b3
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nid7
750
766

nid7
14
30

pid7

o O
O O W

adpopt

cval
0.0
lccit

cvalgr
0.0

adpopt

alf

0.0
locwidth
0.0
lambda7
0.0

aly

nids8
752
768

nid8
16
32

pids

o O
O O

title

tmid

psi
0.0
lcsfac
0
aniso
1.0

title

tmid
0

npts
0.0
lambda8
0.0

aly



S# etal
0.0
S# etal9
0.0
*PART
S#
LSHELL3
S# pid
3
*PART
S#
LSHELL4
S# pid
4
*PART
S#
LSHELLS
S# pid
5
*PART
S#
LSHELLG
S# pid
6
*PART
S#
LSHELL7
S# pid
7
*PART
S#
LSHELLS8
S# pid
8
*PART
S#
LSHELLY
S# pid
9
*PART
S#
LSHELL10
S# pid
10
*PART
S#
LSHELL11
S# pid
11
*PART
S#
LSHELL12
S# pid
12
*PART
S#
LSHELL13
S# pid
13
*PART

secid

secid

secid

secid

secid

secid

secid

secid

secid

secid

secid

mid

mid

mid

mid

mid

mid

mid

mid

mid

mid

mid

eosid

eosid

eosid

eosid

eosid

eosid

eosid

eosid

eosid

eosid

eosid

183

hgid

hgid

hgid

hgid

hgid

hgid

hgid

hgid

hgid

hgid

hgid

grav

grav

grav

grav

grav

grav

grav

grav

grav

grav

grav

adpopt

adpopt

adpopt

adpopt

adpopt

adpopt

adpopt

adpopt

adpopt

adpopt

adpopt

title

tmid

title

tmid

title

tmid

title

tmid

title

tmid

title

tmid

title

tmid

title

tmid

title

tmid

title

tmid



S#
LSHELL14
S# pid
14
*PART
S#
LSHELL15
S# pid
15
*PART
S#
LSHELL16
S# pid
16
*PART
S#
LSHELL17
S# pid
17
$

secid

secid

secid

secid

$Unrecognized cards

$
$
$

11.76500E-5

$Unrecognized cards

$
$
*END

11.76510E-5

mid

mid

mid

mid

20000.0

20000.0

eosid

eosid

eosid

eosid

0.

1.
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hgid

hgid

hgid

hgid

grav

grav

grav

grav

adpopt

adpopt

adpopt

adpopt

title

tmid

title

tmid

title

tmid

title

tmid



