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ABSTRACT
This thesis focuses on anti-ram barriers that are made from natural boulders that may or
may not have simple modifications. Testing an anti-ram barrier is by nature destructive and
costly, so previous research [1] developed and validated scaling of the tests. This thesis utilizes
this small-scale testing capability to examine many methods and systems for modifying natural
boulders as anti-ram barriers. To obtain perspective on this scaling, a full-scale boulder barrier
that was able to achieve a M30 pass rating as an anti-ram barrier has a mass of 9,750 kg, while its
small-scale equivalent has a mass of 11.8 kg. A goal of this thesis is to provide design guidance to
determine which devices should be evaluated in full-scale testing, based on the lessons learned
from small-scale testing.
The simplest barrier design considered herein is a very large boulder that can dissipate
the energy of the impacting vehicle. However, such boulders are quite large and difficult to
install. This thesis explores engineering solutions that produce smaller rock barriers that yield
similar or better results than the large rock barriers. Additionally, this thesis explores methods to
evaluate the potential of rock barrier failure due to fracture of the rock. The evaluation process is
based upon small-scale experimental tests of various rock samples.
The end results of this research are realization of several methods to enhance the ability
of boulders to arrest the progress of an impacting vehicle. These enhancements include
performance improvements; for example, some of the engineered systems in this study improve
the results of a single boulder design by reducing post-impact rotation by 42%. Other designs
improve the efficiency of installation, saving substantial time and money yet having end results
that are similar in performance to the baseline design. Overall, this research shows that it is
possible to use smaller, more cost-effective boulder designs as part of an engineered system to
impede an impacting vehicle.
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Chapter 1
Introduction
This thesis focuses on the experimental use and continued development of the scaling
parameters for vehicle impact on soil-fixed barrier testing. It seeks to develop and explore
parameters for the installation of full-scale barriers that maximize their performance and increase
flexibility. The goal of this research is to produce a range of rock barrier systems that provide
sufficient impact resistance, with each using different methods to arrest the vehicle movement
that are to be evaluated in full-scale testing.
The standard associated with the testing is an M30 rated vehicle impact as defined by
ASTM F2656-07, where M signifies a medium duty vehicle, and 30 is the velocity in miles per
hour. The medium duty vehicle is loaded to 6,800 kg (15,000 lb), accelerated to13.4 m/s (30
mph), and subsequently impacts an object. The outcome of the impact on the barrier is divided
into four designations, P1 through P4. These are measured by the maximum intrusion of the
vehicle during impact. For this research, the sponsors are interested in P1 ratings only; to achieve
a P1 rating, the front of the vehicle bed cannot penetrate more than 1 m beyond the back of the
barrier in its pre-impact location. The left side of Figure 1.1-1 shows the full-scale and smallscale P1 rating metric. The white lines that are 1 m and 0.1 m respectively, beyond the back of
the barrier, highlighted by the red line, indicate the limits that the vehicles can travel and maintain
a P1 rating. The right side of Figure 1.1-1 shows how the P1 rating is determined during an
impact. The black line in the full-scale test corresponds to the front of the bed and is 2 m away
from the P1 line, indicating a “pass” with 2 m to spare. If the front of the bed is to the right of the
P1 line it would be a “fail”. The small-scale is also a “pass”, with 0.05 m to spare.
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Figure 1.1-1 Full-scale and small-scale P1 rating metric

Full-scale tests of whether a vehicle achieves a P1-rating are very costly. Consequently
in previous research, Keske [1] created and validated the scaling of vehicles and barriers to a
smaller size for testing to improve the evaluation process and decrease its costs. This thesis is a
continuation of that study, and so it relies upon the previous tools and conclusions from Keske.
Specifically, this thesis relies on a low-order model and dimensional analysis framework derived
by Keske in [1]. Keske's low-order model for vehicle impacts is based on the assumption that a
boulder is placed in cohesionless soil and uses a lumped-parameter Maxwell model to describe
vehicle crush on impact. The barrier modeling was developed around numerical and theoretical
models of laterally-loaded piles; additional details can be found in the thesis by Keske [1].

3
1.1 Scaling Perspectives
To aid understanding of the research related to scaling the boulder barriers, it is helpful to
provide a comparison of the size scales considered in this research. Tests of full-scale vehicles
have installation costs that are in the tens of thousands of dollars; tests of medium-scale models
cost in the thousands of dollars; and tests of small-scale models cost in the tens of dollars. Table
1.1-1 and Figure 1.1-1 through Figure 1.1-4 provide perspective of the differing mass scales.
Table 1.1-1 Shows the three scale sizes
Scale
Mass of:

Full (kg)

Medium (kg)

Small (kg)

Vehicle

6,800

499

8

Barrier

9,770

580

12

4

0.13 m
Figure 1.1-1 Small-scale vehicle is represented by a weighted pendulum bar (left) connected to a
modified aluminum can (right) that serves to act as a surrogate crush zone.

1.2 m

Figure 1.1-2 Medium-scale vehicle consists of a large cable-guided pendulum (blue) with a
surrogate crush zone (at right) that is shown in a crushed, post-impact condition.

Figure 1.1-3 Full-scale vehicle consists of a flat-bed single-unit truck weighted to 15,000 lbs.

5
0.305 m
Small-scale

Medium-scale

Full-scale
3m

Figure 1.1-4 Shows the Minimum Mass Boulder sizes for each testing scale, with full-scale at
bottom and small-scale at top.

1.2 Basic System Parameters
To reduce confusion and maintain continuity with other research, there are particular
parameters that need to be understood to facilitate the study of the boulder barrier system. The
fixed barrier and soil in some cases are not simple to distinguish from each other. For example, if
the barrier is placed in concrete, the concrete might be considered to be part of the barrier or may
be thought to comprise the base soil itself. In general, hereafter it is assumed that, if the concrete
is mechanically attached to or placed around the barrier like a sock as shown in Figure 1.2-1, the
concrete is regarded as part of the barrier. Otherwise, if the boulder is not affixed to the concrete,
it is assumed that the concrete is part of the soil or serves as a soil amendment.
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Figure 1.2-1 Concrete surrounding lower portion of boulder is considered to be part of the barrier

Next, the dimensions of the barrier which are important to the success of the system are
defined as follows. Length (L) parallels the direction of travel, also referred to as the direction of
impact. Width (W) is perpendicular to the direction of travel. Height (H) is the dimension of the
boulder perpendicular to the surface of the ground, and depth (d) is the amount of the height that
exists below the surface of the ground. Figure 1.2-2 shows the barrier dimension labels from a
top and side view.

Figure 1.2-2 Barrier dimension labels a) top view with the impact direction in red and b) side
view
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This thesis considers two forms of failure in the vehicle crash testing. The first involves
rock fracture where the internal bonding strength of the rock is not sufficient to resist the force of
impact. This is shown in Figure 1.2-3. The second form of failure is where the resistance of the
soil is not sufficient, thereby allowing rotation and translation of the barrier so that the vehicle is
not stopped. This is shown in Figure 1.2-4. More specifically for this research, rotation beyond
25 degrees is considered a failure due to the high likelihood of override, where the vehicle ramps
over the barrier. This angle threshold was obtained from override testing conducted outside this
thesis, by impacting rigid barriers with the medium-scale pendulum to determine the angle at
which the pendulum would begin to rise over the rigid surface after impact. Override is one of the
most common failure modes of a vehicle barrier. The vehicle in Figure 1.2-4 has ramped over the
barrier and maintained a forward velocity, thus override has occurred. In small-scale testing
override is constrained by the rigid pendulum arm. The arm prevents the vehicle from freely
moving in the vertical direction, whereas in full-scale testing the vehicle is free to move in the
vertical direction.

a)

b)

Figure 1.2-3 a) The boulder barrier perpendicular to the ground and b) The fractured boulder
barrier rotated 80 degrees
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a)

b)
Figure 1.2-4 a) The boulder barrier perpendicular to the ground and b) The barrier rotated to 72
degrees

1.3 Thesis Organization
This research to maximize boulder performance while maintaining a smaller geometry
for barrier crash tests is presented in three main sections. A review of the literature is first
presented. The first research section of the thesis focuses on theory and looks at some of the
terminology to aid understanding of future discussions. This section also presents some
considerations on boulder size. This is followed by a description of efforts to maximize the
efficiency of the boulder dimensions and soil resistance, along with a discussion of the
importance of modeling the energy dissipation within the impacting vehicle.
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The second section focuses on scaling parameters discussing the process that allows
information from small-scale to model full-scale. It also covers a key element in minimizing test
subject geometry: the fracture resistance of the boulder barriers.
The final section outlines the experimental testing process. It begins with a review of
failure modes, introduces a consideration of the standard “soil” used in testing, discusses some of
the issues with the installation process and examines test results. Therein, the engineered
solutions of soil cement, composite plates, concrete supplemented mass, and anchor systems and
their results are discussed for the testing conducted in small and large scale. This section also
presents additional detail on the significance of dissipating the impact energy by deformation of
the impacting vehicle.
A summary of conclusions and potential future work summarize the main findings and
next steps from this study.
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Chapter 2
Literature Review
While there are few publications related to the dynamic modeling of vehicle impact on a
barrier embedded in soil, three main components of the research have been investigated
previously with varying relevance to this research. First, vehicle collision modeling has been
studied extensively, and this thesis makes use of the modeling developed in that area. The second
area is the study of laterally loaded piles, structures usually considered to be posts or columns
which are placed vertically in soil and used to resist a horizontal force. These are well studied in
civil engineering contexts, particularly for slow loading but not extensively for rapid loading as
occurs in a crash. The third area is rock fracture, with the literature focusing mainly on load
bearing for structural support and on typical mining operations to remove material.
Some of this literature was used in the previous research by Keske [1] to develop the
modeling utilized in this thesis and verify its usefulness, but in particular the analysis of rock
fracture was not extensively considered in that study. The following sections summarize the
aspects of vehicle impact modeling and of Keske’s thesis that are useful to the question of
accurate boulder barrier scaling for efficiency and cost savings in research situations. Compared
to the literature review recently completed by Keske, this summary focuses more on rock fracture
and emerging areas relevant to this specific investigation of boulder barriers.

2.1 Vehicle Modeling
For low speed crash tests, the lumped-parameter Kelvin model is commonly applied to
model vehicle behavior, especially in situations where there is little to no permanent deformation
of the vehicle as a result of impact [2]. For crashes where permanent deformation of the
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impacting vehicle is expected, the lumped-parameter Maxwell model is considered a better
representation of vehicle behavior within the research community [2]. The Maxwell model
consists of a mass with a spring and damper in series as shown in Figure 2.1-1, where m is the
mass of the vehicle, 𝑑 is the displacement, 𝑐 is the damping constant, 𝑘 is the spring constant, 𝑚′
is the inertial mass and 𝑑′ is the inertial mass displacement [2]. The Maxwell model is the basis
for modeling boulder barrier vehicle interaction in this thesis.

Figure 2.1-1 Maxwell model of front end collision [2]

2.2 Pile Loading
Piles are post-like structures where one dimension is much larger than the other two and
are typically submerged into the ground to support a load. Laterally-loaded piles resist a load
applied perpendicular to the length of the pile and are most similar to an embedded structure that
may be struck by a vehicle. Knowledge of pile behavior during impacts is thus beneficial to this
thesis, especially the theory to model the forces and stresses associated with modeling the soil
barrier interaction during abrupt loading. Figure 2.2-1 shows a typical laterally-loaded pile with
lateral load, 𝑄𝑔 , moment, 𝑀𝑔 , and dominant length dimension, 𝐿, embedded into the soil.
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Figure 2.2-1 Typical configuration of laterally loaded pile [3].

The structures pertaining to this thesis are different than true piles in that the dominant
dimension is not an order of magnitude larger than the other two, which is often an assumption of
pile loading. In this thesis, a considerable portion of the structure protrudes out of the soil to
engage the vehicle. However, the reaction of the soil to the forces applied to the structures in this
thesis correlates very well to the same loading of a typical laterally-loaded pile.

2.3 Keske’s Previous Contributions
In the previous research by Keske [1], the relevant research from several different fields
was collected together to develop models suitable to predict behaviors after the impact of a
vehicle on a soil fixed barrier. These models were informative in explaining the parameters
needed to scale testing to a reduced-size scale, but one still sufficiently descriptive to characterize
the outcome of full-scale tests. Keske’s work concluded by showing that the small-scale system
performance was comparable to the full-scale system, with crash test results shown to validate the
legitimacy of the results. Figure 2.3-1 is a picture progression showing the comparison of impact
from Keske’s research for a full-scale test and the small-scale equivalent.
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Figure 2.3-1 Compares progression of full-scale and small-scale impacts from high-speed video
[1]

Data points from high-speed video were also used to document and compare the
dynamics measured from both full-scale and small-scale experiments. Figure 2.3-2 and Figure
2.3-3 show comparisons of the movement of the boulder barriers, and one can observe that the
movement of the small-scale system is a good representation of the full-scale barrier motion.
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Figure 2.3-2 Comparison of the linear displacement of the center of mass of the full-scale crash
compared to the equivalent small-scale [1]

Figure 2.3-3 Comparison of the angular rotation of the full-scale crash compared to the equivalent
small-scale [1]

Figure 2.3-4 shows a comparison of the movement of the vehicle for the full-scale and smallscale tests. Again, the data points of the small-scale experiment agree with behaviors measured
from the full-scale impact.
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Figure 2.3-4 Comparison of the linear displacement of the vehicle for the full-scale crash
compared to the equivalent small-scale [1]

The goal of using the small-scale impact pendulum system is to evaluate potential barrier
solutions in a much more cost-effective manner than full-scale testing. Critical to this
substitution of one system for another is the ability to ensure that the predictions of both systems
must agree with each other. To obtain this agreement, the Buckingham Pi Theorem is used to
ensure that the critical parameters in one scale are matched using correct scaling laws to the
parameters from the other. The results from the small-scale system will never be exact
representations of the full-scale system, but Keske’s study showed that they can be built close
enough that are a very useful tool to evaluate boulder barrier systems.

2.4 Rock Fracture
There are decades of information relating static loads on rock to the strength of different
types of rocks. Much of the information focuses on the compressive strength of rocks because
the tensile strength of rock is minimal in comparison to compression. For dynamic loading of

16
rocks, most existing literature considers the large-scale removal of rock in mining operations.
Such research generally focuses on how the waves from the detonation of an explosive propagate
within a material, in order to determine the maximum rock yield after blasting for the mining
process. Neither of these inquiries is directly applicable to the study at hand. One point that is
clear from the reviewed material is that rocks display far more strength when a load is applied
over smaller amounts of time, versus being slowly loaded. The work by Cho [4] illustrates this
effect in Figure 2.4-1.

Figure 2.4-1 Experimental tensile strength plotted against the strain rate in (a) Inada granite, and
(b) Tage tuff. SH Cho [4]

2.5 Conclusion of this chapter
This chapter considered key aspects of previous research that are relevant to the smallscale impact testing of rock barrier systems. The brief review of vehicle modeling presented two
basic types of vehicle models: the lumped-parameter Kelvin model, and the Maxwell model. The
literature suggests that the Maxwell model is better suited for crash barrier applications because it
allows for deformation of the vehicle. The extensive literature on laterally-loaded piles was
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summarized as being partially submerged boulders acting as barriers that behave similarly to
laterally-loaded piles, and thus is an area in which the previous knowledge is very applicable to
this thesis. Keske’s research developed and verified that small-scale testing is an effective
substitute for the more burdensome and expensive full-scale impacts. Without this prior research,
this thesis would be viewed with skepticism. Finally, rock fracture was reviewed to seek out
information relevant to crash testing of boulders, with the primary results confirming that rock
material behaves very poorly in tension, that there is limited information on tensile loading of
rock, and that rock material has improved properties under high strain-rate loading versus lowspeed loading.
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Chapter 3
Theory
The major consideration of this research is the dissipation of energy of a moving vehicle
using a modified boulder barrier, while at the same time moderating the size and thus the mass of
the boulder. Assuming that we do not wish to lift the barrier or vehicle into the air, the three
means of energy dissipation are summarized as follows:
1.
2.
3.

By changing the state of the boulder barrier and some soil from being at rest to
moving for a short period of time (kinetic energy)
By the friction resulting from two bodies in contact moving at different speeds (heat
energy)
By overcoming the material bond of the boulder barrier and separating it into
multiple pieces (chemical energy)

Each of these methods is highly dependent upon the size and mass of the boulder. The first two
means of dissipation are studied in order to be exploited and maximized; the third method is
studied in order to be avoided since fracture is difficult to predict and, once fractured, the rock
material has little resistance to further motion. However, the inherent flaws to be expected in
naturally-occurring rock material make the third method somewhat of a guideline rather than a
clear distinction.

3.1 General Overview
The physics of this testing is not complex. In order to stop a moving vehicle with a
stationary barrier, the barrier must possess enough mass to prevent fracture, allow motion only for
a short enough duration that the vehicle does not pass too far beyond the back surface of the
boulder, and allow motion for a sufficiently long enough duration to dissipate the kinetic energy
into the surrounding soil. The simplest approach to arrest an impacting vehicle is to place an
extremely large object in the vehicle’s path, but any sizeable barrier would be awkward to install
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or too costly to purchase and/or transport. There are additional factors to consider as well and
these include: the setting where the barrier is to be located, how many barriers are needed,
aesthetic considerations, how far the barrier can translate/rotate, what materials can be used to
augment the boulder or the appearance of the boulder itself, the longevity of the barrier design,
and what speed and orientation a vehicle may hit the barrier. Because of the very large number of
factors to consider simultaneously, this research explores the rock barrier system through smallscale testing to predict behavior of full-scale implementation.

MI
FI

M
I

Soil Line
Rock Barrier

MI

Figure 3.1-1 Force and the Moment associated with impact

Figure 3.1-1 shows a free body diagram illustrating the impact force (FI) and the resultant
moment(MI) from the impact. Ideally, the boulder will transfer the energy of the vehicle to the
ground where the movement of the boulder through the soil and consequent movement of the soil
dissipates the energy and arrests the movement of the vehicle. However, boulders have a very
limited ability to resist a force producing tension, which through the moment created by the
impact force, is generally the mode of failure if failure is due to the rock strength. The key, then,
is to manage the interaction of the soil and boulder. A soil that is very stiff, like concrete, will
limit movement of the boulder and rely upon the strength of the rock to resist the bending
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moment. Since boulders are a natural product, the flaws in them are unpredictable and the size of
the boulder in the plan view becomes rather large when a factor of safety is included. In contrast,
using a pliable soil material such as sand would require a larger boulder since the energy
dissipation into the soil would be so slow that very large barrier motions could occur.

3.2 Two Dimensional Modeling
Initial small-scale testing focused on simulations based on a MATLAB model that was
developed by Keske [1]. This simulation was used to quickly evaluate boulder sizes, as it was an
efficient method to determine the general range of suitable boulder sizes. During the early use of
these simulations, there were hopes that a wider boulder could better resist translation and
rotation due to the engagement of more soil behind the boulder surface. The two dimensional
MATLAB simulations ignored width effects, and thus this was left as a design variable that could
potentially be optimized. Subsequent implementation studies in this thesis, which will be
discussed shortly, show that increases in width do not improve barrier performance.

3.3 Efficient Geometry
One of the primary mechanisms of barrier failure for boulder-type barriers is that they
twist within the soil after impact, allowing the impacting vehicle to ramp or drive over the barrier.
Modeling the exact center of rotation of such twisting is extremely difficult. However, some
simple idealized locations of rotation can be studied to increase the rotational resistance of the
barrier to impacts. The idealized locations considered in this thesis include: the geometric center
of the boulder, the center of the bottom face, and the bottom corner of the barrier opposite the
impact face. The choice of these locations can be understood by returning to the free body
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diagram in Figure 3.3-1 below which now illustrates a static situation where the impact force
creates a moment on the boulder. For discussion purposes, consider the situation where the pivot
point is assumed to be at the lower corner of the boulder, opposite the impact face (bottom right).
The impact force shown on the left and the distributed reaction force shown with an arbitrary
magnitude profile in Figure 3.3-1 create a clockwise rotation.

FI

FR
Figure 3.3-1 Free Body Diagram showing the impact force FI and the arbitrarily distributed
reaction force FR

Three aspects of the barrier system resist the motion induced by impact: the weight, the
moment of inertia, and the moment generated by the resultant force, FR. It is useful to consider
how each contributes to the boulder’s resistance to movement.

3.3.1 Effects of Increasing Boulder Mass
In general, the weight of the boulder acts downward from the center of gravity, initially
resisting the rotation that results from impact. Increasing the weight will increase the boulder
barrier’s ability to resist the rotation, up to the point where there is sufficient rotation so that the
boulder reaches the tipping point, e.g. where the weight transitions beyond the point of rotation
and adds to the forces causing rotation. This process is illustrated in Figure 3.3-2.
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Figure 3.3-2 Shows boulder resting on lower right corner and weight causing: a)
counterclockwise rotation, b) no rotation and c) clockwise rotation

One advantage of increasing the mass of the boulder is that, as mass increases, the size
increases in general simply because the density of most boulders is constant (around 2500 kg/m3).
Additionally, the increased mass allows more momentum transfer to achieve the same speeds,
which will improve the ability of the boulder to resist the progress of the vehicle simply because
of the increased energy required to move the mass.
However, the key disadvantage to considering mass as a design variable to be increased
is that a larger size complicates installation and implementation of a given barrier.

3.3.2 Effects of Moment of Inertia
An additional effect to be considered in optimizing a boulder’s geometry is to increase its
resistance to rotation. This is readily achieved by changing the shape to increase the mass
moment of inertia of the body. Although boulders come in many shapes, this research focuses on
boulders that are generally rectangular in shape as shown in Figure 3.3-3, with L along the x-axis,
W along the y-axis, and H along the z-axis.
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Impact
Direction

H

L

W

x

y
Figure 3.3-3 Three dimensional rendering of barrier with L and direction of impact along the xaxis, W along the y-axis, and H along the z-axis
The mass moment of inertia of a body is calculated based on the distance, r, an element of mass,
m, is away from the axis of rotation, for a body:
𝐼 = 𝛴𝑚𝑖 ∙ 𝑟𝑖 2

(3.1)

Since the width, W, is parallel to the axis of rotation, r = 0 and it will have no influence on the
resistance to rotation.
The effect of varying the height, H, and the length, L, of the barrier were also considered.
In the following equations, the capitalized subscripts are the area on the barrier about which the
moment is calculated— C- the center, E- the end, and CS- the center side. The mass moment of
inertia of a rectangle rotating about the center is:

𝐼𝐶 = 𝑚 ∙

𝐻 2 + 𝐿2
12

Alternately, if the rotation is about top or bottom, the moment of inertia is:

(3.2)
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𝐼𝐸 = 𝑚 ∙ (

𝐻2
𝐿2
+
)
3
12

(3.3)

In this case the potential to rotate about the back side also needs to be taken into account, which
gives a different moment of inertia.

𝐼𝐶𝑆 = 𝑚 ∙ (

𝐻 2 𝐿2
+ )
12
3

(3.4)

where L is the length of the barrier and H is the height of the barrier as shown in Figure 3.3-4.
Also shown in Figure 3.3-4 are the three different positions, C- the center, CS- the center along
the back side, and E- the end of the rotation point for equations (3.2) through (3.4).

L
Impact
Direction

C

CS
H

E

Figure 3.3-4 Side View: Impact in red, clockwise rotation in blue, and three illustrative points of
rotation

To summarize: there is a definite difference in choosing the height, H, or length L to be
the larger dimension over W. However, there is not a comparable major difference when
comparing H and L. In Figure 3.3-4 and its associated equations, the choice is not as clear; it is
more dependent upon the barrier’s point of rotation. For some rotation points, all of the key
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dimensions are squared rather than one being cubed, and thus there is not a single variable that
should be maximized.
Table 3.3-1 Comparison of y-axis moment of inertia based on different boulder barrier
dimensions H and L, which changes depending on the point of rotation of the boulder: the center
(C), the end (E), or the center-side (CS).
W

H

5
7

7
5

𝐼𝐶
𝐻 2 + 𝐿2
=
𝑚
12
6.2
6.2

𝐼𝐸
𝐻2
𝐿2
=
+
𝑚
3
12
12.4
18.4

𝐼𝐶𝑆
𝐻 2 𝐿2
=
+
𝑚
12
3
18.4
12.4

3.4 Resisting Moment
The moment generated from the soil onto the boulder is proportional to the force from the
soil and the distance the force is applied from the boulder’s pivot point. The design of the
boulder barriers requires protrusions of the boulder out of the soil to be no more than 1 m. In
considering the embedment depth, one can model the distributed load acting from the soil along
the depth of the boulder as an equivalent point load, as shown in Figure 3.4-1. Increasing the
embedment depth of the boulder increases the moment arm of the point load force required to
counter the torque generated by the impact as depicted in Figure 3.4-1. For the same impact
moment, this means that less soil forces will be required, resulting in less soil displacement.
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Impact

Direction

Direction

da

FRa
Ad

db

FRb
Bd

a)
b)
0
Figure 3.4-1 Equivalent resultant force acting at a point. Direction of impact in red. In a) the
moment arm, Ad is smaller, resulting in a larger equivalent resultant force FRa. In b) the moment
arm, Bd is larger due to increased depth of boulder, resulting in a smaller equivalent resultant
force FRb.

Additionally, increasing the height profile of the boulder barrier allows distribution of the
force over more area, which decreases the pressure on the soil and engages more soil to dissipate
the energy of the vehicle. Both of these factors are beneficial to the goal of stopping the progress
of the vehicle.

3.5 Vehicle Energy Dissipation
So far the discussion of energy dissipation has concentrated on the soil-boulder
interaction, which is the primary focus of this research. However, to improve the overall
performance of the system the vehicle-boulder interaction should also be considered. The impact
pressure that the vehicle experiences is decreased with a wide boulder, as shown in Figure 3.5-1a,
since the force is distributed over a larger area. If the width of the boulder equals that of the
vehicle, the pressure on the front of the vehicle will, in theory, be a minimum. Or, conversely,
reducing the width of the boulder will increase the pressure that the vehicle experiences.
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Increasing the pressure or concentrating the force on smaller areas of the vehicle will cause more
deformation to the vehicle, thus dissipating more of the impact energy into the vehicle material.
Since any given boulder is of limited strength and has internal flaws, reducing the width too far
could cause it to fail. However, if the barrier is positioned as shown in Figure 3.5-1b) and c), in a
way that causes more of the energy from vehicle impact to be dissipated in the deformation of the
vehicle, it reduces the amount of energy the boulder and soil must absorb and also decreases the
potential for fracture of the boulder.

Impact
Direction

Impact

Impact

I

Direction

mpact

Direction

I

mpact

mpact

a)

I

b)

c)

Figure 3.5-1 Different orientations of boulder to impact direction (top view)

The worst-case vehicle impact into the boulder is for large trucks that engage their frame
elements directly into the boulder surface. Not only does decreasing the width of the boulder
barrier increase the pressure on the vehicle, it also decreases the likelihood that both frame rails
on a typical truck will impact the boulder barrier. If the frame rails are forced to move at
different velocities from one another, this deformation of the frame will also help to dissipate the
energy of the vehicle. The orientation of the boulder as in Figure 3.5-1a) increases the likelihood
of boulder fracture. Alternatively, the orientations in Figure 3.5-1b) and c) both improve system
performance by increasing deformation of the impact vehicle and decreasing the likelihood of
boulder fracture.
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3.6 Rock Stresses - Bending Moment
The force applied by the impact vehicle on the boulder barrier creates both tensile and
compressive stresses in the boulder. The general form of the bending, or flexure, formula is

𝜎𝐺 =

𝑀𝐺 𝑦𝐺
𝐼𝐺

(3.5)

where:
MG is the bending moment
yG is the distance away from the neutral axis, and
IG is the moment of inertia of the boulder barrier.
Equation (3.5) requires that the modulus of elasticity be the same for tension and compression,
but this constraint is not true of rocks. Vutukuri [5] uses a modified form which allows for the
difference in the modulus of elasticity:

𝜎𝑡 =

3 𝑀 (𝜀1 + 𝜀2 )
𝑏 𝑡gauge 2 𝜀1

where:
𝜎𝑡 is the tensile strength
M is the bending moment
𝜀1 is the tensile bending strain of the of the outer fiber
𝜀2 is the compressive bending strain of the of the outer fiber
𝑏 is the width of the gauge section, and
𝑡gauge is the thickness of the gauge section.

(3.6)
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This reiterates the significance of the difference between the compressive and tensile strength of
rock. Once the bending moment exceeds the tensile strength of the rock, failure is expected to
occur.

3.7 Conclusion of this chapter
Maximizing the ability of the boulder barrier to impede a vehicle’s movement is
important, and this chapter’s discussion has shown several ways to utilize the geometry of the
boulder to maximize the stopping power of the boulder barrier and soil system. The geometry
can be exploited to improve rotational resistance by maximizing the inertia of the boulder; where
applicable, maximizing the height, H, or the length, L, rather than their width, W is best. The
height, H, is increased by increasing the depth, d, since the exposed height is limited to just 1 m.
This alteration also provides additional benefits by engaging more soil and increasing the moment
arm of the resisting force which decreases the resultant force and reduces the force on an element
of soil. The orientation of the boulder barrier impact face can also work to the advantage of the
system by forcing energy to be dissipated through deformation of the vehicle rather than by
dissipating the energy through the boulder and soil.

30

Chapter 4 Fracture Scaling and Testing
This chapter derives the scaling parameters and testing process to compare small-scale
and full-scale testing results. It begins with a review of the previous work by Keske that
examined testing in cohesionless soils. Next, the π parameters are derived that govern similitude
of rock fracture experiments. The added parameters introduce difficulties in obtaining an exact
similitude governing both soil motion and fracture, and so, the next section discusses the process
to scale results from the small-scale testing to full-scale testing. The chapter concludes with a
discussion of the testing process, equipment, and results.

4.1 Scaling Theory for Cohesionless Soils
The soil modifications, to be discussed in Chapter 5, increased the resistance provided by
the soil and thus, secondarily, the rotational performance of the barrier. The second key question
deals with the internal strength of the boulder barrier itself. It is known that the smaller a rock is,
the stronger it is in terms of the overall fracture strength. This effect is caused because, with a
smaller rock, there is less volume to contain flaws that weaken the rock.
In Keske’s research the scaling focused on the soil-boulder interaction. The scaling
parameters predicted the size of the boulder necessary to successfully stop the motion of the
vehicle upon impact. Since this scaling was based on the modulus of subgrade reaction, a
different parameter is necessary to scale the boulder based upon fracture toughness. Since the
boulder’s ability to withstand stress is the critical issue, scaling parameters were developed based
upon this feature.
As discussed in Keske’s thesis, any parameters for scaling must be dimensionless. The
stress parameter that is being introduced will also, then, need to be made dimensionless. Stress is
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generally regarded as a force per unit area, but for this research, the basic units of mass, m, time,
s, and length, l, are required. Stress is written in basic units as m•l•s-2•l-2. As Keske [1] points
out, repeating parameters are necessary to develop a π parameter for stress. As with Keske’s
research, this case will utilize the mass of the vehicle, mv, with basic units of mass, m. The
velocity of the vehicle, vo, will have basic units of l•s-1 and gravity, g, will have basic units of l •
s-2. A combination of these units supplies the dimensionless π parameter for stress.
The process of creating a dimensionless parameter for stress begins with 𝜎𝑓 , which has
units of :
[𝜎𝑓 ] =

𝑚∙𝑙
𝑙2 ∙ 𝑠 2

(4.1)

After canceling common units, it becomes
[𝜎𝑓 ] =

𝑚
𝑙 ∙ 𝑠2

(4.2)
1

The simple part is eliminating the mass term by multiplying by 𝑚 or 𝑚−1. The process is shown
below.
[

𝜎𝑓
𝑚
1
∙
]=
𝑚𝑣
𝑙 ∙ 𝑠2 𝑚

(4.3)

After canceling terms, it becomes
[

𝜎𝑓
1
]=
𝑚𝑣
𝑙 ∙ 𝑠2

(4.4)

The variable 𝑣0 −2 can be used to eliminate the 𝑠 −2 dimension, but that would increase the 𝑙 −1
term to 𝑙 −3 which would require some 𝑣0 or g terms to eliminate the 𝑙 −3 . Consequently, 𝑔−1
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will be used. To help account for the changes, the left side will show the engineering terms and
the right will show units. As discussed, we start with 𝜎𝑓 and divide by both m and g:
[

𝜎𝑓
1 𝑠2
1
∙ → 2
]=
2
𝑚𝑣 ∙ 𝑔
𝑙∙𝑠 𝑙
𝑙

(4.5)

This increases the 𝑙 −1 term to 𝑙 −2 , so a 𝑣0 2 is added:
𝜎𝑓 ∙ 𝑣0 2
1 𝑙2
1
[
] = 2∙ 2→ 2
𝑚𝑣 ∙ 𝑔
𝑙 𝑠
𝑠

(4.6)

With the addition of another 𝑔−1 term, the equation is now:
𝜎𝑓 ∙ 𝑣0 2
1 𝑠2 1
[
]
=
∙ →
𝑚𝑣 ∙ 𝑔2
𝑠2 𝑙
𝑙

(4.7)

If another 𝑣0 2 is added, another 𝑔−1 must also be added to cancel out the remaining dimension.
displayed in equation (4.8).
[

𝜎𝑓 ∙ 𝑣0 4
1 𝑙2 𝑠 2 1
]
=
∙ ∙ →
𝑚𝑣 ∙ 𝑔3
𝑙 𝑠2 𝑙
1

(4.8)

Since the right side is now dimensionless, the π parameter for stress is given as:
𝜋𝜎𝑓 =

𝜎𝑓 ∙ 𝑣0 4
𝑚𝑣 ∙ 𝑔3

(4.9)

In order to expand the scaling laws from Keske to address the internal strength of the
boulder barrier, the Buckingham Pi Theorem must be taken into account. From Keske’s thesis
results, we know this theorem requires each of the small-scale dimensionless parameters be equal
to the respective full-scale dimensionless π parameters to have full similitude [1]. The smallscale experimental parameters are determined from the dimensionless groupings which involve
the fixed π parameters, with δ as the subscript for the small-scale and ∆ as the subscript for the
full-scale parameters, as in Keske’s notation. Setting the small-scale π parameters equal to the
full-scale parameters will allow the unknown parameters to be determined. The π parameters
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shown in Table 4.1-1 Equations used to govern small-scale parameters largely come from
Keske’s work [1], with the addition of the scaling parameter listed in Equation (4.17).

Table 4.1-1 Equations used to govern small-scale parameters
𝜋𝜌

𝑠𝑜𝑖𝑙

=

𝜋𝜌𝑏 =

𝜌𝑠𝑜𝑖𝑙 𝛿 𝑣𝑜 𝛿 6 𝜌𝑠 𝛥 𝑣𝑜 𝛥 6
=
𝑚𝑣 𝛿 𝑔𝛿 3
𝑚𝑣 𝛥 𝑔𝛥 3
𝜌𝑏 𝛿 𝑣𝑜 𝛿 6 𝜌𝑏 𝛥 𝑣𝑜 𝛥 6
=
𝑚𝑣 𝛿 𝑔𝛿 3 𝑚𝑣 𝛥 𝑔𝛥 3

𝜋𝑊 =

𝜋𝑑 =

𝑊𝛿 𝑔𝛿 𝑊𝛥 𝑔𝛥
=
𝑣𝑜 𝛿 2
𝑣𝑜 𝛥 2

𝑑𝛿 𝑔𝛿 𝑑𝛥 𝑔𝛥
=
𝑣𝑜 𝛿 2
𝑣𝑜 𝛥 2

(4.10)

(4.12)

(4.14)

(4.16)

𝜋𝛽 =

𝛽𝛿 𝑣𝑜 𝛿 6
𝛽𝛥 𝑣𝑜 𝛥 6
=
𝑚𝑣 𝛿 𝑔𝛿 4 𝑚𝑣 𝛥 𝑔𝛥 4

(4.11)

𝜋𝐿 =

𝐿𝛿 𝑔𝛿 𝐿𝛥 𝑔𝛥
=
𝑣𝑜 𝛿 2 𝑣𝑜 𝛥 2

(4.13)

𝜋𝐻 =

𝐻𝛿 𝑔𝛿 𝐻𝛥 𝑔𝛥
=
𝑣𝑜 𝛿 2
𝑣𝑜 𝛥 2

(4.15)

𝜋𝜎𝑓 =

𝜎𝑓 𝑣𝑜 𝛿 4
𝛿

𝑚𝑣 𝛿 𝑔𝛿 3

=

𝜎𝑓 𝑣𝑜 𝛥 4
𝛥

𝑚𝑣 𝛥 𝑔𝛥 3

(4.17)

In Keske’s small-scale analysis of the boulder soil interaction, his speed and mass
calculations were based upon the π parameters formed on Beta (β), the modulus of sub grade
reaction, Equation (4.11), because both the gravitational constant and the constant of horizontal
subgrade reaction of the soil do not change. However, there is another aspect of the small-scale
analysis to consider: the durability of the rock. Continuing the small-scale analysis on the
durability of the rocks leads to consideration of the stress generated in the rock, Equation (4.17).
There are two types that can cause rock failure: the shear stress and the bending moment
stress. While the shear stress is dependent upon the compressive stress and can resist
considerably higher force, this research focuses on the bending moment stress since it is
dependent upon the tensile strength which is the weakest failure type in the boulder. For this
reason, only the bending moment stress is considered hereafter. The bending moment stress is
referred to as the sigma fracture (𝜎𝑓 ) π parameter. As before with the β analysis, in Equation
(4.17) the gravitational constant does not change. Similarly the β analysis assumed that the
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constant of horizontal subgrade reaction remained unchanged, and this analysis will assume that
the bending stress between the full-scale and small-scale remains constant, which requires that:
𝜎𝑓 = 𝜎𝑓
δ

(4.18)

Δ

For similitude in stress, 𝜎𝑓 , Equation (4.17) must be solved with two unknowns, 𝑚𝑣 𝛿 and
𝑣𝑜 𝛿 , and thus similitude can be obtained for infinite combinations of these two parameters, as
long as the equation is satisfied. However, a different combination of mass and velocity must be
used to solve for similitude in modulus of subgrade reaction, β , given by Equation (4.11). To
highlight the difference between the β analysis and the 𝜎𝑓 analysis, the same mass will be used in
both. Setting the small-scale vehicle mass, 𝑚𝑣 𝛿 = 200 kg and solving Equation (4.17) for the
initial velocity of the small-scale vehicle results in 𝑣𝑜 𝛿 = 11.247 m/s. The remaining governing
small-scale parameters are then determined by substituting 𝑚𝑣 𝛿 = 200 kg and 𝑣𝑜 𝛿 = 11.247m/s
into the scaling laws listed in Table 4.1-1. Doing so leads to the small-scale parameters listed in
Table 4.1-2.

Table 4.1-2 Test case 𝜎𝑓 small-scale input parameters
𝑚𝑣 𝛿 = 200 𝑘𝑔

𝑣𝑜 𝛿 = 11.247𝑚/𝑠

𝑔𝛿 = 9.81 𝑚/𝑠 2

𝛽𝛿 = 50 𝑀𝑁/𝑚3

𝜌𝑠 𝑓 = 4743 𝑘𝑔/𝑚3

𝐿𝑓 = 0.4743 𝑚

𝜌𝑏 𝑓 = 7906 𝑘𝑔/𝑚3

𝐻𝑓 = 1.2649 𝑚

𝑊𝑓 = 0.6325 𝑚

𝜎𝑓 = 13 𝑀𝑁/𝑚2

𝛿

𝛿

𝛿

𝛿

𝛿
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Table 4.1-3 Test case β small-scale input parameters
𝑚𝑣 𝛿 = 200 𝑘𝑔

𝑣𝑜 𝛿 = 13.626 𝑚/𝑠

𝑔𝛿 = 9.81 𝑚/𝑠 2

𝛽𝛿 = 50 𝑀𝑁/𝑚3

𝜌𝑠 𝛿 = 1500 𝑘𝑔/𝑚3

𝐿𝛿 = 0.696 𝑚

𝜌𝑏 𝛿 = 2500 𝑘𝑔/𝑚3

𝐻𝛿 = 1.856 𝑚

𝑊𝛿 = 0.9283 𝑚

A comparison of the values in Table 4.1-2 and Table 4.1-3 shows that for small-scale
fracturing 𝜎𝑓 , the dimensions of the rock are smaller than for small-scale barrier-soil
interaction, β. This analysis shows that exact similitude in stress and modulus of subgrade
reaction is impossible. As a result, each situation must be examined independently: this chapter
focuses on fracture behavior governed by similarity in stress, whereas Chapter 5 focuses on soil
motion behavior governed by similarity in the modulus of subgrade reaction.

4.2 Mathematical Fracture Prediction
Given a rock size, an impulse time, tI,, and ultimate allowable bending stress, one can
calculate the necessary cross-section to prevent fracture by modeling a boulder’s impact as a pure
moment. For rock, an ultimate stress of 24 MPa [6] can allow a granite rock to fail in tension.
Given a rock length in the direction of impact, L, an impulse time, tI, , and knowing that a bending
stress, 𝜎𝑓 , is the threshold for the boulder material to fail in tension:
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𝜎𝑓 =

𝐹𝐼 ∙ 𝑀𝐴 ∙ 𝐿
2∙𝐼

(4.19)

Here L is the length of the barrier in the impact direction, 𝑀𝐴 is the moment arm for the force
from the impulse, and the area moment of inertia, I, is given by:

𝐼=

𝑊 ∙ 𝐿3
12

(4.20)

where W is the width of the barrier. Assuming that the impact force is constant and distributed
over an impact time, one can estimate the force on the boulder by equating the momentum
transfer from the vehicle to the boulder, with the necessary force impulse resisting this
momentum that the rock must impart onto the vehicle. This gives the following equation for the
force, 𝐹𝐼 :

𝐹𝐼 =

𝑣0 ∙ 𝑚𝑣
𝑡𝐼

(4.21)

where 𝑣0 is the velocity of the vehicle just before impact, 𝑚𝑣 is the mass of the vehicle, and tI is
the time of impact. Substituting equation (4.20) and (4.21) into equation (4.19), one can obtain
an expression for the ultimate fracture stress as a function of physical variables:
𝑣0 ∙ 𝑚𝑣
6 ∙ 𝑣0 ∙ 𝑚𝑣 ∙ 𝑀𝐴
𝑡𝐼 ∙ 𝑀𝐴 ∙ 𝐿
𝜎𝑓 =
→ 𝜎𝑓 =
𝑊 ∙ 𝐿3 2
𝑡𝐼 ∙ 𝑊 ∙ 𝐿2
2 ∙ 12 6

(4.22)

From equation (4.22) it appears simple to estimate the cross-section of a boulder that
would be on the threshold of the pass/fail criteria for fracture. Since small-scale testing is much
more efficient, these tests are useful to test boulder samples to determine their resistance to
fracture. Utilizing some values that will be further explained in Section 4.3, the target speed for
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small testing is 4.35 m/s, the mass is 8 kg, and the center of impact height or moment arm is
0.076 m. There are three unknowns at this point, L, W and tI. To eliminate one of the three
unknowns, a width of 0.038 m is selected based on available granite samples. This leaves the
length to be found and the impact time to be estimated. Table 5.3-1 shows the extreme influence
that impact time has on the resulting force and the required length of the rock sample to resist
fracture.
Table 4.2-1 The sample length, L, (in direction of impact) and force, FI, that will result in fracture
of a granite sample of width 0.038 meters, mass of 8.00 kg, impact velocity of 4.35 m/s, with
impact height above grade of 0.076 meters. Results are shown based upon various durations of
impact, tI.
tI (s)

L (m)

𝐹𝐼 (N)

0.1

0.018

344

0.05

0.026

688

0.01

0.056

3440

0.005

0.080

6880

Equation (4.22) and the time estimates in Table 5.3-1 were used to provide stating points
for the construction of rock samples suitable for small-scale testing of fracture behavior. In the
case that the sample does NOT fracture, the duration of impact would be the same duration of
crush of the surrogate crush zone in the small sample, which measurements showed to be around
0.07 seconds at an impact speed of pendulum of 4.35 m/s at the time of impact. In the case of
failure, the duration of impact will obviously be smaller than this, nearly always smaller than the
speed of the high-speed camera’s resolution (0.001 seconds). Theoretically, the shortest duration
of impact would be given by the sample width divided by the speed of sound in granite (6000
m/s), resulting in impact durations of around 6 microseconds.
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The goal of this testing is to establish a cross-section requirement for full-scale boulders
such that they avoid fracture. This is discussed in more detail in Section 4.4.2, but the results
showed that samples were able to resist fracture with L dimensions of around 0.03 meters,
suggesting that impact durations around 0.01 to 0.03 seconds seem to be representative.

4.3 Scaling Requirements for Equivalence of Fracture Behavior
The process of scaling experiments to compare fracture behavior requires two scaling
operations since there are two parameters that are critical: the boulder barrier-soil interaction, and
the toughness of the rock type. The small-scale test velocity is determined to be similar for
barrier-soil interaction by assuming that the modulus of subgrade reaction, 𝛽, is the same for fullscale and small-scale testing. It is also assumes that gravity is constant between the two
experiments. This leads to the requirements that:
𝛽𝛿 = 𝛽𝛥
𝑔𝛿 = 𝑔𝛥

(4.23)

(4.24)

Inserting equations (4.23) and (4.24) into equation (4.11) leads to the similitude requirement for
similarity between subgrade reactions:
𝑣𝑜 𝛿 6 𝑣𝑜 Δ 6
=
𝑚𝑣 𝛿 𝑚𝑣 Δ

(4.25)

As an example, using the full-scale velocity and mass of the vehicle, 13.4 m/s (30 mph) and 6800
kg (15,000 lbs) respectively, equation (4.25) becomes:
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𝑣𝑜 𝛿 6 (13.4 𝑚/𝑠)6
=
𝑚𝑣 𝛿
6800 𝑘𝑔

(4.26)

One can select either the small-scale mass or velocity and solve for the other. The small-scale
mass is 8 kg, resulting in a small-scale velocity of 4.35 m/s. All small-scale tests were conducted
at this speed. For soil boulder-barrier interaction, this velocity is used to calculate boulder size
using equations (4.13), (4.14) and (4.15), which are shown below for reference:
𝜋𝐿 =

𝐿𝛿 𝑔𝛿 𝐿Δ 𝑔Δ
=
𝑣𝑜 𝛿 2
𝑣𝑜 Δ 2

𝜋𝑊 =

𝑊𝛿 𝑔𝛿 𝑊Δ 𝑔Δ
=
𝑣𝑜 𝛿 2
𝑣𝑜 Δ 2

𝜋𝐻 =

𝐻𝛿 𝑔𝛿 𝐻Δ 𝑔Δ
=
𝑣𝑜 𝛿 2
𝑣𝑜 Δ 2

In contrast to using the modulus of subgrade reaction, one can analyze conditions for
fracture similarity by using the rock toughness to determine the necessary scaling factors for
similarity across size scales. In this case, the bending stress, 𝜎𝑓 , and Equation (4.17) are both
used in the process, instead of 𝛽. Assuming that the stress for full-scale and small-scale tests are
the same, one has the requirement that:
𝜎𝑓 = 𝜎𝑓
𝛿

𝛥

(4.27)

Combining equation (4.17)and equation (4.27), and again inserting the full-scale velocity and
mass of 13.4 m/s (30 mph) and 6800 kg (15,000 lbs) respectively, we have the similarity
requirement that:

𝜋𝜎𝑓 =

𝑣𝑜𝑓

4
𝛿

𝑚𝑣 𝛿

=

𝑣𝑜𝑓

4
Δ

𝑚𝑣 Δ

→

𝑣𝑜𝑓

4
𝛿

𝑚𝑣 𝛿

=

(13.4 𝑚/𝑠)4
6800 𝑘𝑔

(4.28)
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Again, one can select either small-scale velocity 𝑣𝑜𝑓 or small-scale vehicle mass 𝑚𝑣 and solve
𝛿

for the other, knowing both the full-scale velocity 𝑣𝑜𝑓 and mass, 𝑚𝑣 Δ . Keeping the small-scale
Δ

mass as 8 kg to maintain consistency with the previous testing, the small-scale vehicle impact
velocity required for similarity in fracture behavior with the full-size testing is 2.48 m/s. This
velocity is used only to calculate the medium or full-scale fracture width and fracture length from
similar π parameters as (4.13) and (4.14). Specifically, one obtains:

𝜋𝐿𝑓 =

𝜋 𝑊𝑓 =

𝐿𝑓 𝑔𝛿
𝛿

𝑣𝑜𝑓

2
𝛿

𝑊𝑓 𝑔𝛿
𝛿

𝑣𝑜𝑓

=

𝛿

2

=

𝐿𝑓 𝑔Δ
Δ

𝑣𝑜𝑓

2

(4.29)

Δ

𝑊𝑓 𝑔Δ
Δ

𝑣𝑜𝑓

2

(4.30)

Δ

Note that the height is not allowed to vary, since the amount of the boulder above the ground
determines the impact height, and these must be consistent between small- and full-scale
experiments. As a result, height is not used as a scaling factor for the bending moment stress of
the boulder barrier.
The small-scale pendulum was used to test rock samples to determine the threshold
dimensions necessary to avoid boulder fracture. The samples were rigidly held in a vice such that
the pendulum impact location was 0.10 meters above the clamped surface (4 inches). Additional
details on the experiment are given in the following sections.
These experiments showed that, for a boulder to avoid fracture in very stiff base, the
small-scale sample dimensions must be at least 0.041 m wide by 0.029 m long. Using equations
(4.29) and (4.30) with the small-scale fracture velocity, the full-scale dimensions must be at least
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1.20 m wide by 0.85 m long with an assumed height of 2.1 m. This would be a boulder with a
mass of 5,700 kg.

4.4 Experimental Testing of Similitude Between Small- and Full-Scale Systems

4.4.1 Small-scale Testing Equipment
There have been several full-scale tests where a boulder was placed in a concrete
foundation and the subsequent vehicle impact resulted in fracture of the boulder barrier. Using
these experimental tests as a starting place for small-scale testing, small boulder samples were cut
from American Black granite. To avoid the expense and time of using concrete to fix the smallscale boulder to the surface, a large steel vice was used instead. The first experiments to measure
rock fracture used commercially-available bench vices. It was quickly determined that these were
not stiff enough to hold the boulder samples rigidly during impact, as they allowed movement of
the specimen. To correct for this motion, a custom-designed vice, shown in Figure 4.4-1, was
used instead to approximate an infinitely stiff base. It had three sections: the first was designed to
clamp the test specimen, and it consisted of four steel plates with a mass of 11 kg each. Two
bolts were placed through the plates and tightened to secure the test specimen. The second
section, shown in Figure 4.4-1a), had three more plates added to the impact side and two plates to
the back side, producing a clamp mass of 102 kg. The final section had two more plates with a
mass of 45 kg added to the sides to compress the original nine plates. This arrangement is shown
with partial transparency for clarity in Figure 4.4-1b). To avoid any residual movement, the vice
was partially embedded in limestone sand with additional plates on top to secure the testing
fixture, as shown in Figure 4.4-2. High-speed video testing was conducted to ensure that there
was no movement in the base during impact testing.
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a)

b)

c)
Figure 4.4-1 a) Test fixture sections 1 and 2, side view, b) Test fixtures sections 1, 2, and 3, side
view, and c) Test fixture sections 1, 2, and 3, top view. Bolts are shown in black.

Figure 4.4-2 End view of fracture test fixture

Additional testing was conducted to validate the test fixture since it relied upon a
clamping force to secure the rock. The goal of these tests was to evaluate whether the clamping
force adds strength to the test specimen. A base of concrete was poured, measuring, 0.23 m long
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by 0.23 m wide by 0.25 m deep, and the American Black granite specimen, with a length of 0.029
m, a width of 0.041 m, and a height of 0.178 m, was embedded in the concrete. This situation is
representative of the stiffest full-scale boulder embedment, and the use of concrete eliminated the
need for clamping the sample via the original fixture. After a week of curing, the rock barrier
surrounded by concrete was then embedded in limestone sand and tested.
As in the clamped condition case, the sample did not fracture, which indicates that any
effects from the clamping force of the vice are likely to be negligible. Further testing would have
to be conducted to ensure that this agreement is statistically significant, but that is beyond the
scope of this thesis.

4.4.2 Small-scale Granite Sample Results
As mentioned earlier, rock samples tend to have properties that improve as the sample
size is made smaller, simply because the statistical likelihood decreases of having flaws within
the sample. To test the small-scale fracture behavior, the granite sample size started at 0.043 m
long by 0.058 m wide. This is approximately half the size of the samples that were used to
evaluate the soil-barrier barrier interaction, which are known to resist fracture. The testing was
based on an impact speed of 4.5 ± 0.001 m/s, which was the speed used in all fracture tests unless
otherwise noted. Three tests used a high-speed impact of 5.8 ± 0.003 m/s to impart a higher load
on the specimen. These high-speed tests were necessary to retest a sample to determine if the
lower speeds were close to fracturing. There were also two tests that used a medium speed of 5.0
± 0.021 m/s to create a slightly higher load on the specimen. Table 4.4-1 shows the test numbers,
the width and length dimensions of the sample, the testing results, and the speeds of each impact.
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Table 4.4-1 Results of small-scale fracture testing on granite samples
Impact
Result
Speed (m/s)
Plate
2013_04_25_01
0.041
0.057
N
NF
4.47
2013_04_25_03
0.027
0.041
N
F
4.42
2013_04_25_04
0.046
0.029
N
NF*
4.54
2013_04_25_05
0.046
0.029
Y
F
4.54
2013_04_26_01
0.046
0.029
Y
F
4.46
2013_04_26_02
0.041
0.051
Y
NF
4.49
2013_04_26_03
0.041
0.051
Y
NF
4.46
2013_04_29_01
0.041
0.051
Y
NF
5.88
2013_04_30_01
0.035
0.051
Y
NF
4.48
2013_04_30_02
0.035
0.051
Y
NF
4.57
2013_04_30_03
0.035
0.051
Y
NF
5.77
2013_04_30_04
0.032
0.044
Y
F
4.54
2013_05_01_01
0.033
0.048
Y
NF
4.44
2013_05_01_02
0.033
0.048
Y
NF
4.50
2013_05_01_03
0.033
0.048
Y
F
5.87
2013_05_01_04
0.032
0.048
Y
NF
4.51
2013_05_02_01
0.032
0.044
Y
NF
4.48
2013_05_02_02
0.032
0.044
Y
NF
4.49
2013_05_02_03
0.032
0.043
Y
NF
4.47
2013_05_02_04
0.032
0.043
Y
NF
4.53
2013_05_03_01
0.032
0.043
Y
NF
4.89
2013_05_03_02
0.030
0.043
Y
NF
4.52
2013_05_03_03
0.030
0.043
Y
F
4.52
2013_05_03_04
0.029
0.041
Y
NF
4.50
2013_05_03_05
0.029
0.041
Y
F
5.18
2013_05_03_06
0.028
0.038
Y
F
4.50
2013_05_06_01
0.025
0.046
Y
F
4.47
2013_05_06_02
0.029
0.038
Y
F
4.49
2013_05_06_03
0.029
0.038
Y
F
4.47
2013_05_08_01
0.029
0.041
Y
NF
4.43
2013_05_08_02
0.029
0.041
Y
NF
4.53
2013_05_08_03
0.029
0.041
Y
NF
4.50
*Major vehicle deformation resulted during this test, e.g. the surrogate crush zone visibly
deformed around the sample, rather than uniformly against the sample
NF = No Fracture
F = Fracture
Test Number

Length (m)

Width (m)

As shown in Table 4.4-1, the size of sample that consistently fractured is 0.029 m in
length by 0.038 m in width. To determine the equivalent full-scale size boulder, utilization of
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Equation (4.29) and solving for 𝐿𝑓 , canceling gravity since it is the same for small and full-scale
Δ

and inserting small-scale fracture velocity 𝑣𝑜𝑓 = 2.48 m/s, the full-scale length is:
𝛿

𝐿𝑓 =
Δ

𝑣𝑜𝑓 2 ∙𝐿𝑓 ∙𝑔𝛿
Δ

𝛿

𝑣𝑜𝑓 2 ∙𝑔Δ
𝛿

=

(

13.4 𝑚 2
) ∙0.029𝑚
𝑠
2.48 𝑚 2
(
)
𝑠

= 0.85 m

The width can be calculated similarly using Equation 4.31 for a boulder with a length of 0.85 m
and a width of 1.11 m. Table 4.4-1 also indicates that, when one increases the width by 0.003 m,
this reduces the internal flexure stress enough to prevent the rock from fracturing. This results in
a full-scale boulder with a length of 0.85 m and a width of 1.20 m. To determine how this
compares to the flexure stress provided by the supplier of the American Black granite of 24 MPa
[6], Equation (4.22) is needed, as the example below shows:
𝑚
6 ∙ 𝑣0 ∙ 𝑚𝑣 ∙ 𝑀𝐴 6 ∙ 13.4 𝑠 ∙ 6,800𝑘𝑔 ∙ 0.725 𝑚
𝜎𝑓 =
=
= 22.9 𝑀𝑃𝑎
𝑡𝐼 ∙ 𝑊 ∙ 𝐿2
0.02 𝑠 ∙ 1.2 𝑚 ∙ (0.85 𝑚)2
Which is in very close agreement to the manufacturer-stated flexure stress for American Black
Granite.
The height at which the vehicle impacts the boulder creates a moment arm, 𝑀𝐴 , that
further affects test results. The moment arm can be different for each impacting vehicle,
depending on bumper height, engine location, etc. For this study, a full-size height of 𝑀𝐴 = 0.725
meters is assumed to be representative of the average of the impact height of a full-scale vehicle.
To compare the small-scale and full-scale results, crash situations resulting in boulder
failure were compared. For a full-scale example, test 2011_11_22_01 was a M30 experiment that
resulted in fracture of a boulder. For this test, the worst-case full-scale impact time, 𝑡𝐼 = 0.02
seconds, was determined by monitoring the time of contact of the vehicle with the boulder until
the boulder started motion, a duration obtained using the high-speed video of the crash. This
boulder was 0.76 m in length and 1.14 m in width. Using the data from the test 2011_11_22_01

46
and Equation (4.22), the full-scale experimental stress is estimated to be 32.8 MPa, as shown
below.
𝑚
6 ∙ 𝑣0 ∙ 𝑚𝑣 ∙ 𝑀𝐴 6 ∙ 14.75 𝑠 ∙ 6,786𝑘𝑔 ∙ 0.725 𝑚
𝜎𝑓 =
=
= 32.8 𝑀𝑃𝑎
𝑡𝐼 ∙ 𝑊 ∙ 𝐿2
0.02 𝑠 ∙ 1.143 𝑚 ∙ (0.762 𝑚)2
A comparison of the predicted full-scale size (1.14 m by 0.76 m) versus the fracture threshold
predicted by small-scale testing (1.20 m by 0.80 m) - using the scaling laws with test
2011_11_22_01 - indicates that scale-size experiments predict that failure should occur. These
results suggest that the use of small-scale experiments to approximate the full-scale size of the
boulder, and therefore, the corresponding stress, are close enough to warrant more evaluation.

4.4.3 Medium-Scale Granite Experimentation
After the small-scale tests were completed, the fracture testing was again conducted on a
larger scale – hereafter called the “medium-scale” experiments. These tests were conducted on a
cable-suspended swinging pendulum structure that is15.2 m high, shown in Figure 4.4-3.

Figure 4.4-3 Image of cable-mounted pendulum
A conservative approach was applied for the medium-scale tests because all full-scale
tests of a boulder barrier in concrete resulted in fracture of the barrier. Using the scaling laws
within Equation (4.17) to solve for vo Δ yields:
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vo Δ

𝜎𝑓 ∙ vo δ 4 ∙ mv Δ ∙ g Δ 3
=( δ
)
𝜎𝑓 ∙ mv ∙ g δ 3
Δ

1⁄
4

(4.31)

δ

Inserting Equations (4.24) and (4.27) into Equation (4.31) leads to a predicted impact speed of:
vo 4 ∙ mv Δ
=( δ
)
mv δ

vo Δ

1⁄
4

(4.32)

As in Section 4.3, we seek a situation where the impact velocity and the velocity where fracture
begins to occur, vo δ and 𝑣𝑜𝑓 are the same. Thus, solving Equation (4.29) for 𝐿𝑓 results in:
Δ

𝛿

𝐿𝑓 =
Δ

2

𝐿𝑓 ∙ 𝑔𝛿 ∙ 𝑣𝑜𝑓
𝛿

𝑣𝑜𝑓

2
𝛿

Δ

(4.33)

∙ 𝑔Δ

Inserting Equations (4.24) and (4.32) into Equation (4.33) yields:
1⁄
2

𝐿𝑓 =
Δ

vo 4 ∙ mv Δ
𝐿𝑓 ∙ ( δ
mv δ )
𝛿
𝑣𝑜𝑓

(4.34)

2
𝛿

Knowing that vo δ and 𝑣𝑜𝑓 are the same provides an equation for the length of the medium-scale
𝛿

boulder:
𝐿𝑓

Δ

mv
= 𝐿𝑓 ∙ ( Δ )
𝛿
mv δ

1⁄
2

(4.35)

A similar process can be used with Equations (4.17) and (4.30) to determine the width, as shown
in Equation (4.36) below:
𝑊𝑓

Δ

mv
= 𝑊𝑓 ∙ ( Δ )
𝛿
mv δ

1⁄
2

(4.36)
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Inserting the dimensions from the small-scale fracture testing, 𝐿𝑓 = 0.029 m and 𝑊𝑓 = 0.041
Δ

𝛿

m, and the mass of each pendulum vehicle, mv δ = 8 kg and mv Δ = 499 kg, the following
calculations give the expected no-fracture size for the medium-scale experiment.
𝐿𝑓

1⁄
2

Δ

𝑊𝑓

499 kg
= 0.029 𝑚 ∙ (
)
8 kg

Δ

499 kg
= 0.041 ∙ (
)
8 kg

(4.37)

1⁄
2

(4.38)

The resulting cross-section at the threshold of fracture is predicted to be 0.23 m in length and 0.32
m in width, for the medium-scale sample testing.
Because a slightly larger boulder was available on site, it was used in place of the
calculated size listed above. This sample was an American Black granite boulder with
dimensions of 0.33 m long by 0.49 m wide, measured at the cross-section created by the soilground interface. It was secured into a 3.05 m long by 2.13 m wide by 0.61 m high concrete base
with an estimated mass of 9,525 kg to create a stiff foundation to prevent movement of the test
rock barrier and to maximally direct the impact energy to the rock itself. The mass of the
impacting sled representing an attack vehicle was 499 kg and the velocity was 8.2 m/s, within 6%
of the target speed of 8.65 m/s.
This impact test showed that the boulder barrier did not move nor did it fracture,
suggesting that the boulder could resist fracture failure for these conditions. The impact event is
depicted in increments of 0.06 seconds in Figure 4.4-4, where one can observe that the impact
sled bounced off and rotated after impact.
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a) b)
c) d)

Figure 4.4-4 Medium-scale fracture test at a) impact and three more showing the subsequent
rotation in increments of 0.06 seconds for b), c), and d)

To achieve a fracture situation predicted by the scaling parameters, a second test on the
same boulder barrier was completed. Solving Equations (4.22) for the mass of the vehicle is
given by Equation (4.39) below:

𝑚𝑣 =

𝜎𝑓 ∙ 𝑊 ∙ 𝐿2 ∙ 𝑡𝐼
𝑣0 ∙ 𝑀𝐴 ∙ 6

(4.39)

Using an impact duration of, 𝑡𝐼 = 0.018 seconds (obtained from video logs of the previous
medium-scale test) and inserting 𝜎𝑓 = 24 MPa, 𝑊 = 0.49 m, 𝐿 = 0.33 m, 𝑣0 =8.65 m/s and 𝑀𝐴 =
0.305 m, the calculated mass for the pendulum is 1,460 kg for failure. To achieve this mass, the
impacting sled load was increased to 1,450 kg and the velocity was 8.4 within 3% of the target
speed of 8.65 m/s.
The boulder failed as expected under these test conditions. The fracture is shown in
Figure 4.4-5. These results, while not statistically significant, suggest that the fracture scaling
process gives predictions that agree with experimentation.
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Figure 4.4-5 : Medium-scale fracture test at a higher speed, resulting in a fractured boulder barrier

4.5 Conclusions of this Chapter
This chapter reviews the theory that the dimensionless parameters and tests on one size
scale of a boulder could be used to predict reaction of another boulder of different size. In
particular, the ability of a boulder to resist fracture due to impact was examined, including a
derivation of the process of scaling for fracture. Experimental testing was then presented that
determined the threshold stress predicting fracture situations for small-scale granite samples.
This information was used to scale up to a medium-scale test to successfully predict both pass and
failure conditions for the fracture on larger samples. This fracture size, speed, and mass
combination closely agreed with results from medium-scale tests.
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Chapter 5
Rock Barrier Systems Experimental Testing
The small-scale testing covered many different methods to explore ways to maximize the
ability of a rock barrier to impede the impacting vehicle. This chapter first considers the standard
soil type, which is 2A Modified gravel, and the importance of compaction of the soil. In an effort
to reduce dependence upon soil compaction, modifications to the soil including the addition of
cement to the soil, as well as the use of plates in the soil, are then examined. Next, modifications
to the rock by encasing the submerged portion in concrete are discussed. In an effort to
compensate for the greatest weakness of the rock barriers – low tensile strength – the use of
anchor systems is explored. A discussion is then presented on the significance of dissipating the
energy of the vehicle. And finally, a rating of the systems is evaluated in order to establish the
benefits of each.
Unless otherwise noted, the linear dimensions referenced in this chapter have a tolerance
of 0.002 m for small-scale dimensions and 0.02 m for full-scale dimensions.

5.1 Rotational Failure Description
A brief explanation of rock movement can help in understanding how engineered
modifications to the boulder can improve performance of the boulder barrier. Analysis of boulder
movement in small-scale testing indicates that, after impact, the rock translates and begins to
rotate. Rotation first compresses and displaces the soil opposite the impact face, in the area
shown in yellow in Figure 5.1-1. This pushes the soil down and back from the original vertical
position and creates a mound, shown in dark gray in Figure 5.1-1 behind the rock barrier. The
compression also produces an effective soil incline shown in green at the barrier-soil interface.
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While the soil opposite the impact face is being compressed, the impacted side develops a void
shown in orange in Figure 5.1-1. This causes the soil in this vicinity to lose density as it enters
the void.

Impact
Direction

Figure 5.1-1 Shows beginning of Self Excavation

As more rotation occurs, the soil on the impact face is pushed up, displacing the reduced density
soil and creating a soil cloud on the impact side. On the face opposite the impact, the growing
soil mound increases the amount of soil in contact with the boulder along the angle of the incline,
as shown via the red line visible in Figure 5.1-2.

Impact
Direction

Figure 5.1-2 Shows progression of Self Excavation
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In instances when the rock barrier fails due to rotation, the rotation becomes large enough
that the rock lifts and slides up the soil incline so much that it rises up out of the ground. In these
cases, the truck usually ramps over the barrier and the barrier is breached. This process is
referred to hereafter as self-excavation. Successful boulder barriers that do not fail due to rotation
do not have significant soil displacement on the opposite side of impact. From this analysis, it is
clear that the resistance of the soil behind the rock is of vital concern.
The process described above, along with the crushing of the vehicle, dissipates significant
energy. In the small-scale testing, the vehicle’s energy absorption is emulated using a modified
aluminum can, that in Keske’s research was found to correlate very closely to behavior of a fullsize truck. The rotation and crushing of the surrogate vehicle element is documented in Figure
5.1-3 through Figure 5.1-5. The progression is from left to right to left and top to bottom. Figure
5.1-3a) shows the initial contact, Figure 5.1-3b) the beginning of the surrogate vehicle crush,
Figure 5.1-3c) the surrogate vehicle crush at 50%, and Figure 5.1-3d) shows the surrogate crush
zone nearing maximum compaction.

a) b)
c) d)

Figure 5.1-3 Displays a) the initial impact through d) 95% of the surrogate vehicle crush
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Once the surrogate vehicle has approached maximum compaction the rock barrier shows more
noticeable movement as shown in Figure 5.1-4.

Figure 5.1-4 Displays rotation progression of the rock barrier

Figure 5.1-5a) shows the early stages of the soil mound behind the rock barrier and the beginning
of the soil cloud in front of it. In Figure 5.1-5b), the soil cloud begins to cover the pendulum arm.
The development of the soil cloud becomes more evident in Figure 5.1-5c) as it begins to cover
one of the fudicial markers. In Figure 5.1-5d), the soil cloud covers a large portion of the
pendulum arm and the fudicial marker and also shows that the surrogate vehicle has initiated the
override process.
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a) b)
c) d)

Figure 5.1-5 Displays the progression of the soil mound behind the rock barrier and the soil cloud
in front of it

The high-speed video that captures the snapshots of these figures was also used to
analyze the motion profile. These camera systems include an associated software system, Pro
Analyst, which allows tracking of specific targets in the video. Figure 5.1-6 shows four points in
the rotation of the rock barrier to illustrate the data point tracking process. The turquoise
rectangle shows the region to be monitored. Figure 5.1-6a) is at initial impact where tracking
begins; Figure 5.1-6b) shows measureable surrogate vehicle compaction and that movement of
the rock barrier is underway; Figure 5.1-6c) shows that the surrogate vehicle and rock barrier are
separating; and Figure 5.1-6d) shows the last frame of data collection.

56

a)
c)

b)
d)

Figure 5.1-6 Displays the progression of data tracking points of a rock barrier in soil
a) Initial impact b) Near maximum compaction c) Last data point for the end of the surrogate
vehicle d) End of data collection

As viewed in Figure 5.1-7, the data points were used to plot the displacement vs time and rotation
vs time of the rock barrier along with the crush amount vs time to help analyze the movement of
the barrier and the energy dissipated in the deformation of the surrogate crush zone. These plots
will be used to compare selected alternate rock barrier systems to evaluate the changes.
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Figure 5.1-7 The displacement and rotation of the rock barrier along with the crush amount of the
surrogate crush zone

The data used to create Figure 5.1-7 is unfiltered data; however a majority of the data requires a
filter in order to obtain usable velocity and acceleration profiles. A third-order Butterworth filter
with a natural frequency of 100Hz is used for most filtering hereafter. The improvements from
filtering are shown in Figure 5.1-8 through Figure 5.1-10 for a small-scale soil-only test. In most
cases, the filtering shows much improvement over the original data.
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Figure 5.1-8 Comparison of the displacement for the soil-only system showing slight
improvement from the filter

Figure 5.1-9 Comparison of the rotation for the soil-only system showing the improvement from
the filter

Figure 5.1-10 Comparison of the amount of surrogate vehicle crush for the soil-only system
showing the improvement from the filter
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The method used to obtain the data for the time plots seeks to visually track specific
features. Thus, the more distinctive the feature relative to the background image, the more
accurate the data are that are obtained from the tracking process. Since the testing is destructive,
it is common that features are modified or obstructed in the testing process. During excessive
rotation, the displaced soil can also obscure the tracking features. Small-scale testing has the
advantage that the features can be assigned to places that remain intact, for example, as part of the
test equipment. Full-scale tests produce much more debris and cause deformation of features that
have an influence upon data acquisition. The end of the plot in Figure 5.1-8 shows the filter
adjusting to data that is corrupted from the visual acquisition process. Figure 5.1-10 shows how
the filtering of the data creates a more accurate representation of the process. The rippling at
0.025 and after 0.035 seconds is due to artifacts in the image acquisition process and not a
compression and expansion of the surrogate vehicle crush zone. In the plots that follow, results
are shown from filtered data in order to best represent the actual process while maintaining
fidelity to it; however, the filtering process is identical to that described above.
To establish the initial contact with the barrier and the time where t = 0 as shown in
Figure 5.1-7 through Figure 5.1-10 above, a process that is displayed in Figure 5.1-11 below was
followed. Using the high-speed video, the impact is established by determining which frame
shows that contact is initiated. As is noticeable in Figure 5.1-11a), the surrogate vehicle has not
contacted the boulder since the dark background is visible in-between the surrogate vehicle and
the boulder. In Figure 5.1-11b), 0.001 seconds later the dark background is not observable and
there is no evidence of deformation. Following another 0.001 seconds, in Figure 5.1-11c), the
beginning of deformation is evident in the change in tension of the attachment arm. In this case,
time of t = 0 is shown in Figure 5.1-11b). This process is used throughout the testing process to
establish initial contact.
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a)

b)

c)
Figure 5.1-11 An illustration of the process used to determine time where t = 0 at initial contact

5.2 Soil - 2A Modified Gravel
The original soil used for the full-scale tests was 2A Modified limestone gravel, a very
common soil in construction applications. In full-scale testing, “smaller” boulders with a mass
between 4,000 and 6,800 kg were installed in the gravel and were not successful in stopping the
motion of the truck to achieve a P1 rating. In order to determine an upper boundary for the
boulder size, a very large boulder barrier known as the Big Old Boulder (BOB), a granite boulder
with a mass of 27,000 kg, was installed and successfully passed an M30 and an M50 test for P1
ratings on each. Figure 5.2-1shows two views of the BOB lying on its back face prior to
installation, and Figure 5.2-2 shows it almost standing upright, providing a perspective of its size.
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Figure 5.2-1 Two views of the BOB on its back

Figure 5.2-2 BOB almost standing upright
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Installation of the large barrier for full-scale testing proved to be extremely difficult and
expensive, requiring special equipment. Some of the equipment – several of the orange lifting
straps at $3k each – were destroyed during the installation process.
In an effort to simplify installation of the barrier, smaller rock barriers were evaluated to
determine the smallest rock barrier that would arrest the vehicle and have a low likelihood of
fracture. After many small-scale tests, the size was determined to be 0.1 m x 0.1 m x 0.305 m [1].
This size was found to be large enough to prevent both fracture and rotational failure, and as
such, it was denoted as the Minimum Mass Boulder (MMB). This scale-sized device was scaled
up to full-size for testing using Equations (4.13), (4.14), and (4.15). Inserting the velocities, 𝑣𝑜 𝛿
= 4.35 m/s and 𝑣𝑜 𝛥 = 13.4 m/s, and the small-scale length 𝐿𝛿 = 0.1 m into Equation (4.13), and
solving for 𝐿𝛥 :
𝐿𝛥 =

𝐿𝛿 𝑣𝑜 𝛥 2
𝑣𝑜 𝛿 2

=

𝑚
𝑠

0.1 𝑚∗ (13.4 )2
𝑚
(4.35 )2
𝑠

=1m

Following the same process for the width (W) and height (H) with Equations (4.14) and (4.15)
respectively, produced a boulder that measured 1 m x 1 m x 3 m and had a mass of 9,700 kg.
Figure 5.2-3 shows the Minimum Mass Boulder MMB standing upright prior to installation.
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Figure 5.2-3 Depicts the size of the MMB

The full-scale test 2013_09_15_01 of the MMB resulted in 10 ± 0.5 degrees of rotation,
passing an M30 test for a P1 rating. While the boulder was appreciably smaller than the BOB
boulder, it still required extensive effort to install.

5.3 Evaluation of Experimental Consistency
Further testing showed that, when decreasing the size of the barrier, successful system
performance becomes more and more dependent upon the density of the soil in which it is
embedded. Soil compaction is a process where force is applied to the soil so that the density is
increased. The process depends primarily on the force applied, the moisture content of the soil,
and the depth of soil prior to compaction. The incremental amount of soil in the subsequent
compaction is known as a soil lift.
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Small-scale testing revealed that there are potential shortcomings of evaluating boulders
that are embedded in compacted 2a Modified gravel, due to variations in compaction from
experiment to experiment. The reference for compacting the soil lifts complied with the standard
in ASTM F2656-07, which specifies how the soil should be compacted. When scaling down the
compaction to small-scale tests, lifts were a minimum of 0.03 m and a maximum of 0.08 m.
Although the same process was followed in the installation of each of the test specimens, the
results had enough variation to cause concern. For example, the measured rotations varied from 9
degrees – a definite “pass”, to 22 degrees – a result that is near a borderline for “fail”. Figure
5.3-1 shows the maximum displacement and rotation of the rock barrier from the four tests for a
worst-case preparation of soil. The differences between these tests are suspected to be due to the
soil, but could also be due to other factors such as differences in surrogate crush zone systems or
varying initial conditions in the pendulum or rock placement.
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Figure 5.3-1 Displays the maximum displacement and rotation of tests 20130329_01,
20130329_02, 20130403_01, and 20130404_01 respectively

Table 5.3-1 shows the size of the boulders, test number, speed, and maximum rotation of the rock
barriers of four small-scale tests. In each test, the soil was compacted by the same process, the
same soil was used in each test, and the same rock barrier was hit at the same location and initial
position. The speeds were recorded at the moment before impact, by noting the highest velocity
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in the velocity trajectory (measured by an encoder attached to the swinging pendulum arm). The
rock’s rotation angles were measured by processing the high-speed video. The results are shown
in Table 5.3-1.
Table 5.3-1 Shows results based on the same rock, soil, and compaction process
Small-scale
Boulder Size (m)
0.1 x 0.1 x 0.305
0.1 x 0.1 x 0.305
0.1 x 0.1 x 0.305
0.1 x 0.1 x 0.305

Test Number
20130329_01
20130329_02
20130403_01
20130404_01

Vehicle Speed,
at t=0 - (m/s)
4.38
4.35
4.47
4.48
̅̅̅̅̅̅
4.42

Rotation (degrees)

RMS difference

12.20
13.38
9.09
22.49
̅̅̅̅̅̅̅
14.29

2.94
1.76
6.05
-7.35

The time progression of the displacement and rotation of the rock barriers along with the amount
of crush from the four tests are shown in Figure 5.3-2. Each test was measured by the high-speed
video at 1,000 frames per second.

Figure 5.3-2 : The time traces of displacement, rotation, and the amount of surrogate vehicle
crush
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As is observed from the data above, the displacement and rotation are inversely
proportional; situations of less rotation and displacement correspond to situations with more
deformation to the surrogate crush zone. These plots illustrate that the two manageable options
for energy dissipation are in either the movement of the barrier or the deformation within the
surrogate crush zone. If the surrogate crush zone has large deformation, this is indicative that the
soil and rock have provided increased resistance. This in turn would require more strength from
the rock. It is also evident that a full-scale boulder’s performance will depend on its mass, its
physical size, and the resistance of the surrounding soil.
There are two full-scale tests that likewise show different outcomes and potentially
indicate differences due to soil compaction: tests 2010_11_15_01 and 2011_11_11_01. Neither
barrier succeeded in achieving a P1 rating. As is visible in Figure 5.3-3 and Figure 5.3-4, the two
vehicles stop within a 2 m of each other in reference to the rock barrier.

Figure 5.3-3 Shows the resting place of the vehicle for crash 2010_11_15_01
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Figure 5.3-4 Shows the resting place of the vehicle for crash 2011_11_01_01

Evaluating the two full-scale tests can provide insight to what makes an anti-ram barrier
in soil successful. An exact comparison of differences in a specific parameter between two tests
is difficult to obtain without knowing very specific details of soil conditions for each test.
Nevertheless, a general comparison can provide good insight. Both tests were M30 and the
speeds were close to each other (13.4 and 15.2 m/s), resulting in a 22.3% less kinetic energy
imparted to the smaller rock, assuming the larger rock is the baseline. Comparing the final
resting place for each vehicle in Figure 5.3-3 and Figure 5.3-4, one should note that the lighter
boulder barrier (by 35%) was more successful at stopping the vehicle as indicated by the lower
breach distance. Table 5.3-2 shows the overall picture: the lighter boulder has 35% less mass, but
was hit with 22% less energy, and performed better. This improvement in performance in the
mass per energy absorbed would indicate that there are other factors involved. From the results
of these tests and their measured parameters, and examining the results from the small-scale
experiments, it is a possibility that differences in the compaction of the soil could explain these
differences in results.
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Table 5.3-2 Compares key parameters of test 2010_11_15_01 and 2011_11_01_01
Test
11_15
11_01
Diff.

Barrier Truck Breach
Kinetic
Volume Depth
Speed
Mass Mass Distance
Energy
(m)
(m/s)
(m3)
(kg)
(kg)
(m)
(kJ)
1.003 0.762 2.184
1.67 1.207 4,395 6,795
5.6
13.4
610
1.143 0.787 2.438
2.19 1.448 6,800 6,772
7.2
15.2
782
12.2% 3.2% 10.4% 23.9% 16.7% 35.4% -0.3%
22.1% 11.8% 22.0%
W
(m)

L
(m)

H
(m)

An additional factor may be in differences between the vehicles’ crush zones. There are
a variety of vehicles used for M30 testing, and in the scale-size testing, it is impossible to produce
identical surrogate crush zones because these are produced from manual modification of
aluminum cans with duct tape. Similarly, large-scale vehicles will have different crush zone
designs depending on the manufacturer, model, and year of the vehicle.
Both the small-scale and full-scale results show that the same testing process can be
followed and still produce varying results, indicating that consistent results depend upon close
monitoring and testing of the compaction process, the crush zones, and likely many other factors.
This also raises concerns in real-life applications because the on-site installation process will also
expose additional potential opportunities for inconsistency and thus, for possible failure. These
inconsistencies have to be considered as a source of statistical variation in the results of past and
future testing, and should be used to judiciously weigh the results for the alternative barrier
techniques explored in the following sections.

5.4 Repeatability of Scale-size Testing
In the previous section, the consistency of results for boulders in 2A Modified gravel was
evaluated, and the results indicated that scale testing can have varied results. For example the
rotation of the boulder varied from 9.1 to 22.5 degrees. The results for displacement, rotation and
crush amount for a worst-case preparation of soil – e.g. where aggressive compaction is used in
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one test, and moderate or even light compaction are used in another test – are displayed in Figure
5.4-1. The tabulated values for vehicle speed and maximum rotation are shown in Table 5.4-1.
The standard deviation for the worst-case compaction process is 5.35 degrees is also included in
the table.
In a best-case soil preparation, where the compaction was kept as consistent as possible,
the rotation is bound between 10.5 and 13.7 degrees. The difference between this best-case
situation and the worst-case results indicate that the soil compaction has a large impact on testing
results. Further, the results show that this effect, when closely monitored, can be managed for
consistency. The performance of the best-case soil preparation system is shown in Figure 5.4-2.
For the best-case soil compaction, the size of the boulders, test number, speed, and
maximum rotation of the rock barriers of five small-scale tests. In each test, the soil was the
same, the soil was compacted by the same process, and the same rock barrier was hit at the same
location and initial position. The speeds were recorded at the moment before impact, by noting
the highest velocity in the velocity trajectory (measured by an encoder attached to the swinging
pendulum arm). The rock’s rotation angles were measured by processing the high-speed video.
The results are shown in Table 5.4-2 along with the standard variation of 1.06 degrees.
Table 5.4-1 Shows results based on the same rock, soil, and worst-case compaction process
Small-scale
Boulder Size (m)
0.1 x 0.1 x 0.305
0.1 x 0.1 x 0.305
0.1 x 0.1 x 0.305
0.1 x 0.1 x 0.305

Test Number
20130329_01
20130329_02
20130403_01
20130404_01

Vehicle Speed,
at t=0 - (m/s)
4.38
4.35
4.47
4.48
̅̅̅̅̅̅
4.42

Rotation (degrees)
12.20
13.38
9.09
22.49
̅̅̅̅̅̅̅
14.29

RMS difference
(degrees)
2.94
1.76
6.05
-7.35
σ = 5.35

71
Table 5.4-2 Shows results based on the same rock, soil, and best-case soil compaction process
Small-scale
Boulder Size (m)
0.1 x 0.1 x 0.305
0.1 x 0.1 x 0.305
0.1 x 0.1 x 0.305
0.1 x 0.1 x 0.305
0.1 x 0.1 x 0.305

Test Number
01
02
03
04
05

Vehicle Speed,
at t=0 - (m/s)
4.50
4.50
4.53
4.50
4.50
̅̅̅̅̅̅
4.51

Rotation (degrees)
10.5
12.03
12.7
13.66
12.86
̅̅̅̅̅̅̅
12.35

RMS difference
(degrees)
1.78
0.25
-0.42
-1.38
-0.58
σ =1.06

Figure 5.4-1 Worst-case soil preparation boulder barrier performance of displacement, rotation,
and the amount of surrogate vehicle crush
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Figure 5.4-2 Best-case soil preparation boulder barrier performance of displacement, rotation, and
the amount of surrogate vehicle crush

5.5 Soil Modification
To enable more consistent testing results and improved energy absorption by the barrier,
research was initiated into two additional categories of soil modification: composite and additive
soil modifications. Composite soil modifications introduce distinct elements to the soil to add
mass and engage more soil as the boulder barrier moves in the soil. Additive soil modifications
combine a stiffening agent with the soil to increase its rigidity and to assist in decreasing the
movement of the boulder barrier.
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5.5.1 Additive Soil Modification: Soil Cement
One method considered to improve boulder barrier performance is to use soil cement in
the surrounding material. This augmentation of cement to the soil seeks to improve the rock
barrier performance by providing a stiff soil, similar in stiffness to concrete, but without the
strength of concrete. The reason for this intentionally weak design is as follows: a very stiff soil
supplies the rock barrier with sufficient resistance to movement to arrest the progress of a vehicle.
However, the reduced strength of the modified soil in comparison to concrete allows enough
initial movement and energy dissipation to keep stresses in the rock below the fracture limit.
The use of soil cement was first investigated in full-scale tests, described below, and then
followed by small-scale tests. The goal of each was to explore the tradeoffs between the amounts
of cement additive versus the size of the embedded boulder. Obviously, the optimization of this
tradeoff is more easily done in small-scale tests, but the small-scale testing facility were not
available at the start of experiments with soil cements, and so the full-scale tests were done first.
The full-scale and small-scale installation of a boulder barrier with soil cement is similar
to installation of a rock barrier in that a hole is excavated and the barrier set in place and then the
soil is installed and compacted in lifts of 0.6 m. The difference is that the soil is mixed with
cement and the amount or percentage of cement is based on weight by percentage. The typical
percentage used is generally quite small, for example 5%. This process is shown below in Figure
5.5-1 through Figure 5.5-3.
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a)

b)

Figure 5.5-1 5% Soil Cement Barrier a) barrier in excavated hole and b) installation of first lift
of soil with 5% cement mix

Figure 5.5-2 5% Soil Cement Barrier Compaction of soil cement

Figure 5.5-3
surface

5% Soil Cement Barrier showing that the final lift is level with surrounding soil
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5.5.1.1 Full-scale Five Percent
Two full-scale tests were conducted to investigate the use of soil cement: one with no
concrete amendments to standard 2A gravel (a baseline test), one with 5% concrete amended to
2A gravel, and one with 5% concrete amended to sand. In these tests, the American Black granite
boulder dimensions were: a length of 0.79 m, a width of 1.14 m, a height of 2.44 m, and a mass of
7,150 kg. For the first test, 2011_11_01_01, the rock barrier was embedded 1.44 m in compacted
2A Modified gravel. The velocity of the vehicle was 15.2 m/s. The maximum rotation of the
rock barrier was close to 67 ± 2 degrees from the vertical position without successfully arresting
the vehicle movement, resulting in a P2 rating as shown in Figure 5.5-4. This test without
concrete augmentation is illustrative of the “baseline” performance without engineered
modifications.

Figure 5.5-4 Shows the final resting place of test 2011_11_11_01

For the second test, 2012_10_24_01, the rock barrier was embedded 1.44 m deep in an
engineered 2A Modified gravel-based soil with 5% cement, by weight, to increase the stiffness.
The velocity of the vehicle was 12.8 m/s. The maximum rotation of the rock barrier was 3 ± 0.5
degrees from the initial vertical position, and it successfully arrested the vehicle movement for a
P1 rating, as shown in Figure 5.5-5.

76

Figure 5.5-5 Shows the final resting place of test 2012_10_24_01

5.5.1.2 Small-scale Five Percent
Small-scale testing of 5% concrete-amended soil was conducted to evaluate whether the
results from full-scale translate into the same results for small-scale, so that small-scale
experiments can be used for further testing and refinement. This process may not scale correctly
because the scaling parameters were derived assuming cohensionless soil, which this system does
not use. To prepare the small-scale system, 18 kg of limestone sand was mixed with 0.9 kg of
Portland cement and 1.8 kg of water. The test was conducted using a surrogate boulder that was
0.079 m x 0.1 m x 0.235 m (LxWxH) in a soil cement base that was 0.1 m larger around each
edge, for a total size of 0.279 m x 0.305 m x 0.137 m. Both the rock barrier and soil cement
dimensions are scaled down using Equations (4.13),(4.14), and (4.15) from the full size test of
0.79 m x 1.14 m x 2.44 m and 2.79 m x 3.14 m x 1.44 m respectively. The pretest setup and
outline of the soil cement in light gray are shown in Figure 5.5-6.
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Figure 5.5-6 Small-scale soil cement 5% test with 0.279 m x 0.305 m soil cement base visible
around rock

The outcome of the impact demonstrated pass/fail results that agreed with the full-scale test; the
maximum dynamic rotation was 2.9 ± 0.5 degrees, which is very impressive for a rock barrier this
size. To investigate the cohesionless aspect of the soil cement system further, the measurements
obtained from the high-speed camera for displacement, rotation, and the amount of crush were
scaled using the scaling laws(Equation (4.13)) and are plotted in Figure 5.5-7. The time where t
= 0 was established as outlined in Figure 5.1-11 by stepping through the frames in 0.001 second
increments to determine the one that initiates impact. The data for each were again filtered with a
third-order Butterworth filter with a cutoff frequency of 100Hz. The first two sections of the
figure show that the small-scale system experienced more displacement and less rotation than that
for the full-scale system, and that the timing of each motion does not match. The third graph
reveals that the amount of crush for the small-scale and full-scale tests exhibits very similar
characteristics. Considering all the plots together, the correlation is not as consistent as those in
Section 2.3. This indicates that the use of small-scale testing with the soil requires that the
scaling terms be re-derived for a cohesive soil model.
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Figure 5.5-7 Comparison of small-scale and full-scale soil cement systems of displacement,
rotation, and amount of crush

To further show that the errors in the scaling are due to model differences related to
cohesion, most of the variances in Figure 5.5-7 were observed to be due to the movement of the
soil cement base in relationship to the surrounding soil. The evidence of the base movement is
displayed in Figure 5.5-8b) where the soil covers some of the background text.

a)

b)

Figure 5.5-8 Shows the soil movement in the small-scale soil cement test

Like the full-scale tests, the small-scale tests with and without soil enhancements showed
clear improvements with the five percent soil cement, versus those without. The small-scale
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experiments showed that the soil-only system (without any cement) failed as defined in Section
1.2. Namely, the boulder rotated more than 25 degrees and maintained a forward velocity. The
same experiments with the soil cement system rotated 2.9 ± 0.5 degrees, stopping the forward
motion. In the process, the boulder translated 0.012 m and caused twice (0.052 m vs. 0.025 m)
the amount of deformation of the surrogate crush zone. Portions of these results are shown in
Figure 5.5-9. The full displacement and rotation for the soil-only experiments were very
excessive and therefore not included.

Figure 5.5-9 Compares displacement, rotation, and amount of crush of soil-only system to the
five percent soil cement system

5.5.1.3 Small-scale Three Percent
In an effort to understand the minimal amount of soil cement that could be used, a smallscale impact test was conducted that reduced the amount of cement mixed into the soil from 5%
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to 3% by weight. The soil was prepared such that 0.54 kg of cement was mixed with 18.1 kg of
limestone sand and 1.1 kg of water. The rock, along with the soil cement, were placed in a form
and allowed to cure for a week. The test used an American Black granite rock of similar size to
the 5% test. It was 0.078 m x 0.105 m x 0.228 m (LxWxH) in a soil cement base that was 0.1 m
larger around each edge for a total size of 0.279 m x 0.305 m x 0.137 m. As expected, the test
showed improvement over soil without amendments; however, in contrast to the tests with 5%
concrete, in the 3% test the soil cement base fractured, as shown in Figure 5.5-10. Despite the
fracture of the base, the maximum dynamic rotation was 9.2 ± 0.5 degrees, still within a “pass”
criteria for this boulder barrier.

Figure 5.5-10 Shows the 5% soil cement and base fracture of a 3% soil cement after impact test

5.5.1.4 Small-scale 36% Smaller Volume Boulder with 5% Concrete Soil Amendment
Since a smaller boulder is more manageable to install and likely more commonly found
in nature and in quarries, smaller geometries were investigated along with soil amendments. For
these tests, the soil was again amended with five percent cement content by weight. The volume
of the boulder was reduced from 0.078 m x 0.105 m x 0.228 m to 0.051 m x 0.105 m x 0.222 m
(LxWxH). This limestone boulder was installed in a soil cement base that was 0.1 m larger
around each edge for a total size of 0.254 m 0.305 m 0.146 m.
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The results of the impact test showed that the smaller boulder rotated 7.5 ± 0.5 degrees
and again the base fractured, splitting the base in half as is visible in Figure 5.5-11.

Figure 5.5-11 The base fracture is evident in a test of 5% soil cement with 36% smaller boulder

An additional test was conducted on this same 5% soil cement and 36% smaller boulder
to determine the ability of the system to handle a second hit. The system failed to withstand the
second hit, with the impact almost removing the rock from the base as shown in Figure 5.5-12. If
this were a full-scale test, and assuming similitude, then an override of the barrier could occur
because the angle of the boulder exceeds the threshold of 25 degrees, above which override often
occurs. Also visible in Figure 5.5-12, one can observe that the soil mound has a very distinct line,
showing the rotation of the soil cement base with the rock barrier.

Figure 5.5-12 Results from the second hit on 5% soil cement with the 36% smaller boulder.
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5.5.1.5 Soil Cement Summary
Creating soil cement is a relatively straightforward process. One must simply mix
cement into the soil so that it creates a soil that can provide increased resistance to rock
movement. The increased resistance covered in the testing outlined in the previous sections is
summarized in Table 5.5-1. These results show clear improvements over the soil-only system.

83
Table 5.5-1 Results of the soil cement tests
Test
number
2014_

(deg.)

(P)ass or
(F)ail?

02_21_01
5% Soil
Cement

2.9

P

02_21_02
3% Soil
Cement

9.2

P

02_21_03
5% Soil
Cement
Small
Rock

7.5

P

02_21_02
5% Soil
Cement
Small
Rock
Second
Impact

36.8

F

Post Test Status

Rotation

From the small-scale testing of boulder barriers, the 5% addition of cement by weight
improves the performance of boulder barriers versus standard soil mixes. The 3% addition
experiments also showed improvement in impact resistance versus standard soil. Based on the
above tests, reducing the content below three percent is not recommended because testing with
percentages below 3% cement content were not successful. Tests were conducted at 0.5% cement
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content, but the mixture was so weak that the form would not hold together for testing. Testing
between 0.5% and 3% could be done, but because concrete is quite inexpensive and readily
available, the focus shifted to optimization of the rock’s dimension.
It is anticipated that, in terms of cost and installation difficulty, reducing the size of the
rock could be more beneficial than reducing the percentage content of the cement mixed into the
soil. The small-scale testing results, if they scale up to full-scale equivalents, suggest that it is
reasonable to expect that a full-scale rock barrier with a mass of 4,100 kg in 3% soil cement will
provide a P1 rating on an M30 test. Full-scale tests of this particular situation remain to be
completed.
The small-scale tests suggest that a 2,700 to 3,600 kg boulder in a 3% soil cement
mixture might receive a P1 rating for an M30 test, or that it would at least be very close to
marginal pass. However, because the scaling similarity of small-scale tests to full-scale tests are
in doubt from the time traces, additional simulations or similitude studies should be completed
before pursuing full-scale tests at these marginal sizes of boulders.

5.5.2 Composite Soil Modifications: Composite Plates
The purpose of soil amendments in previous sections was to reduce the motion of the
boulder within the soil through chemical bonding of the soil via concrete, but there are
mechanical methods that can be used to affect the soil/boulder interaction to reduce motion. To
investigate mechanical methods of reducing rotation of the boulder within the soil, plates were
added near the boulder in critical areas to increase the boulder’s engagement with the surrounding
soil. These types of modifications are referred hereafter as “composite” soil modifications, as
they are composite barriers consisting of boulders, plates, and soil.
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To investigate the use of plates as a boulder/soil interface, the small-scale American
Black granite boulder with dimensions of 0.078 m x 0.105 m x 0.228 m (LxWxH) was used in the
testing. This was a scaled-down version of the full-scale boulder with dimensions of 0.79 m x
1.14 m x 2.44 m that was used for the soil cement tests. The scaling follows the same process
utilized in Section 5.2 using Equations (4.13) through (4.15). The full-size boulder geometry did
not fracture during testing in a fairly stiff soil; thus, fracture of the small-scale granite would only
be a concern if the rotation from testing with plates was less than the rotation with soil cement. In
the following figures showing the plate geometry relative to the boulders, the meandering blue
lines represents the ground surface, the light blue rectangles are the plates or plate-like boulders,
the dark blue rectangles are the primary impacted boulder, the tan rectangles are flat plates
(assumed to be concrete slabs or steel), and the approach of the impacting vehicle is from left to
right. For each of the composite designs, the secondary boulders and plates are chosen to be
larger than the width of the impacted boulder to engage more of the surrounding soil, as shown in
Figure 5.5-13 and Figure 5.5-14.

Impact
Direction
Impact
Direction

Figure 5.5-13 Top view and side view of impact rock with horizontal plate in front and horizontal
secondary boulder behind
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Impact
Direction

Impact
Direction

Figure 5.5-14 Top and side view of impact rock with vertical plate in front and vertical plate
behind

Because the unmodified boulder exhibits too much rotation in the soil, a secondary
boulder was placed opposite the impact face to help involve more mass and to engage additional
soil. Additionally, a flat plate was placed in front of the impact face to engage the soil on the
bottom edge of the impact boulder as the boulder rotates. This plate is intended to cause the
rotating barrier to lift more soil as it rotates, as shown in Figure 5.5-15.
Impact
Direction

Figure 5.5-15 A side view of the impact barrier showing a plate in front and secondary boulder
behind.
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To test these mechanical methods to engage the rotating boulder, a scale-sized
experiment was conducted. Figure 5.5-16 and Figure 5.5-17 show still images captured from the
high-speed videos of the tests at 0.1 seconds after impact, for both the unmodified boulder and for
the boulder with mechanical modifications. In the boulder with modifications, there is a larger
soil mound in front and extending along the side of the barrier. It is also noticeable that the
rotation of this boulder is smaller and the deformation of the surrogate crush zone is larger. This
indicates that more energy was dissipated into the vehicle. Overall, these results indicate that the
mechanical amendments to the boulder are helping to dissipate the energy and improve the
performance of the system. However, this design is considered a failure due to the excessive
rotation seen in the impacted boulder.

Figure 5.5-16 Small-scale test with no soil modification at 0.1 seconds after impact
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Figure 5.5-17 Small-scale test with horizontal front plate and horizontal rear secondary boulders,
at 0.1 seconds after impact

5.5.2.1 Horizontal Front Boulder and Horizontal Rear Boulder
One issue with insertion of a plate to the front of a boulder is that the integrity of the plate
may diminish with weathering and corrosion over time. To investigate purely natural
modifications to the boulder, e.g. boulders, the horizontal front plate was replaced by a horizontal
boulder (or equivalently, a concrete slab could be used). The orientation of the boulders is
displayed in Figure 5.5-18.
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Impact
Direction

Figure 5.5-18 Two horizontal secondary boulders, one in front and one behind

As before, small-scale experiments were conducted on this system. The results, not
shown, revealed even larger rotation than the plate system described earlier, to an angle of 65
degrees for this system versus 63 degrees for the plates. Since the plates were larger in the profile
area, these results are somewhat expected. However, because the plates produced better results
and were easier to fabricate and thus test, the secondary rocks were removed from subsequent
testing that follows, in favor of the plates.

5.5.2.2 Large Vertical Front Plate and Small Rear Plate
In the previous plate-augmented boulder, a worrisome amount of rotation was seen, so
effort was focused on reducing the rotation by reorienting the plates. Figure 5.5-19 shows a
design that changes the plate orientation in an attempt to prevent the lower left portion, or the
lower front of the rock, from moving through the soil at the impact face.
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Impact
Direction

Figure 5.5-19 Rock barrier with a 0.13 m x 0.28 m vertical plate in front and a 0.04 m x 0.33 m
vertical plate behind.

As before, this dual vertical plate concept was tested via the small-scale system. Figure
5.5-21 shows the performance of the dual vertical plate system 0.1 seconds after impact. There is
very limited mounding of the soil in front of the barrier, suggesting that any movement into the
soil at the impact face of the boulder, due to rotation of the boulder, was minimal. While the soil
mound in Figure 5.5-21 does not appear to be larger than that shown in Figure 5.5-20, the
overhead view in Figure 5.5-22 reveals that the soil disturbed along the width dimension of the
barrier is more extensive when compared to the previous plate design. Again, this barrier would
be considered a fail due to the excessive rotation seen in the impacted boulder.
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Figure 5.5-20 Small-scale test with no soil modification 0.1 seconds after impact

Figure 5.5-21 Small-scale test with dual vertical plates 0.1 seconds after impact
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Figure 5.5-22 Overhead view of soil displacement for vertical plates

Figure 5.5-23 Overhead view of typical soil displacement with no soil modification

The effects of vertical plates to engage more of the surrounding soil is particularly evident when
comparing Figure 5.5-22 with a typical soil distribution with no soil modification, as shown in
Figure 5.5-23. Figure 5.5-22 shows the void that was created when the barrier and plates are
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pushed back into the soil. So, while the barrier is not successful, the plates are clearly engaging
the soil as desired.

5.5.2.3 Twin Large Vertical Plates, Front and Rear
Because there was little movement in front of the barrier for the two vertical plate tests,
yet extensive movement behind the barrier and similar rotation as in previous tests, a modified
version of the vertical plate was considered. In this modification, large identical plates were
installed in front of and behind the barrier as shown in Figure 5.5-24.
Impact
Direction

Figure 5.5-24 Rock barrier with a 0.13 m x 0.28 m vertical plate in front and behind

Once again, this concept was tested with small-scale impact testing. The maximum
rotation with twin large plates, one in front and one behind, was measured from the high-speed
video to be 54 degrees. Figure 5.5-25 and Figure 5.5-26 compare the behavior of the twin large
plate system to the same boulder with one large plate and one small plate (e.g. the previous
design), at 0.1 seconds after impact. Since the barrier in Figure 5.5-24 has a larger plate (0.13 m
x 0.28 m vs 0.04 m x 0.33) behind it that will engage more soil and increase resistance to
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movement, it is expected that the surrogate crush zone should show more damage. This effect is
indeed visible in the results. With the additional size of the rear plate, the soil in front of the
barrier exhibits much greater movement. However, again, this barrier would be considered a fail.

Figure 5.5-25 Small-scale test with dual vertical plates, one large plate in front and a smaller one
behind the barrier, 0.1 seconds after impact

Figure 5.5-26 Small-scale test with twin vertical plates, 0.1 seconds after impact

While it makes sense that the resistance behind the barrier is more important in
controlling the movement of the rock barrier, tests 04-05-02 and 04-08-01 show this to be true.
The only change was the larger size of the rear plate in test 04-08-01, with the result being a
decrease of nine degrees in rotation.

95
Comparing these results to the baseline, unmodified barrier in Figure 5.5-27a), it is clear
that the boulder barrier with plates in Figure 5.5-27b) reduces the extent of the soil deformation.
It is also evident from Figure 5.5-27 that the deformation of the surrogate crush zone has
increased with the insertion of the plates. However, there is no clear conclusion for the rotation
and the displacement since they are very similar from the pictorial evidence of the two barriers;
the presence of the plates in these systems does not seem to assist in preventing rotation or
translations that lead to barrier failure.

a)

b)

Figure 5.5-27 Small-scale test comparison of a) Soil-only and b) Twin Plates rock barriers

Shown in Figure 5.5-28 is a comparison of the measured data between the baseline
boulder and that with the twin vertical plates. The data measurement begins at impact, which is
determined with the high-speed video stepping through the frames 0.001 seconds at a time while
observing initial contact and initial deformation as shown in Figure 5.1-11. One can observe that
the barrier with the twin plates moves slightly sooner; this is attributed to the reduced friction
between the surface of the rock and the plate. Figure 5.5-28 confirms that the system with the
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plates caused more deformation in the surrogate crush zone. The rotations are similar and neither
is graphed above 40 degrees since override, as discussed in Section 1.2, would be expected in
both cases because they exceed the threshold of 25 degrees (shown as the horizontal red line).

Figure 5.5-28 : A comparison of the displacement, rotation, and crush distance time traces for the
soil-only and twin plate barriers

The twin plate system used the plate width as the primary means to engage more soil. As
is shown in Figure 5.5-28, there is minimal improvement in performance due to the additional
plates; large displacement and rotation are still present, and the amount of crush in the surrogate
crush zone is also minimal. Similar to the results observed in Section 5.2, these results show that
increasing the width of a barrier to engage more soil does not appreciably improve performance
of the barrier system.
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5.5.2.4 Large Horizontal Front Plate and Large Vertical Rear Plate
As yet, another variant on the plate modifications to the boulder, test 2013_04_08_02,
also used two identical plates; however, the front plate was rotated 90 degrees to be horizontal, as
shown in Figure 5.5-29.
Impact
Direction

Figure 5.5-29 Rock barrier with a 0.13 m x 0.28 m horizontal front and a 0.13 m x 0.28 m vertical
rear plate

The results of the horizontal front / vertical rear plate system was a rotation of 57
degrees, which is very similar to the system with two vertical plates analyzed in the previous
section. This previous system rotated 54 degrees, showing an increase of 3 degrees rotation in the
horizontal front / vertical rear plate system. Figure 5.5-31 and Figure 5.5-30 compare the highspeed video at 0.1 seconds after impact. The system with the horizontal front plate shows far
more movement of the soil in front of the barrier. In comparing the visible deformation of the
surrogate crush zone between the two systems, the horizontal front plate system in Figure 5.5-31
shows less deformation than the twin vertical plate system in Figure 5.5-30. These differences
are minor and could be the result of variability in the surrogate crush zone the compaction
process, or other aspects, but are noted for reference. Since the engagement of the boulder with
the surrounding soil depends on plate location and orientation, less deformation to the surrogate
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crush zone would indicate that the horizontal plate configuration would not expose the barrier to
as high a force as the twin vertical plate system, shown in Figure 5.5-24. This knowledge could
be useful if rock fracture becomes a concern. Overall, one can observe from the high-speed video
that this particular horizontal / vertical plate configuration was not successful in improving
boulder performance to the level needed for P1 ratings. Again, this barrier would be considered a
fail.

Figure 5.5-30 Vertical front plate, vertical rear plate 0.1 seconds after impact

Figure 5.5-31 Horizontal front plate, vertical rear plate 0.1 seconds after impact
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5.5.2.5 Large Vertical Front Plate and Tall and Narrow Rear Plate
The MATLAB model of boulder motion predicted that more soil engagement is needed
to prevent rotation, therefore, the small-scale tests to this point sought to reduce the rotation of the
barrier by modifying the effective width in order to engage more soil. While these tests showed
improvements, they were not sufficient to arrest the movement of the vehicle to a P1 rating. One
could further increase the width dimensions of the plate until sufficient performance is observed,
but enlarging its dimensions also increases potential problems if several barriers are adjacent to
each other; there would not be sufficient space for side-by-side installations.
The other dimension that can be exploited is the effective boulder depth below the
surface of the ground. In order to explore the effects of increasing the depth dimension, the next
test included a rear plate that was somewhat larger in width than the boulder (0.171 m wide, vs
the boulder’s 0.105 m wide) but substantially deeper in depth (0.26 m deep, vs the boulder’s
0.127 m deep). This configuration is shown in Figure 5.5-32.

Impact
Direction

Figure 5.5-32 Boulder barrier with a 0.13 m x 0.28 m vertical front plate and a 0.26 m x 0.17 m
vertical rear plate
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Figure 5.5-33 and Figure 5.5-34 show the high-speed video at 0.1 seconds after impact
for the twin vertical plate design and this large front / tall rear plate design. Comparing the two,
the large front / tall rear plate (Figure 5.5-34) shows less soil movement and less rotation of the
boulder barrier than does the twin vertical plate design, while the surrogate crush zone clearly
exhibits more deformation. This was the only plate design to obtain an equivalent P1 rating, e.g.
a “pass”.

Figure 5.5-33 Small-scale test with twin vertical plates 0.13 m x 0.28 m, 0.1 seconds after impact

Figure 5.5-34 Small-scale test with a 0.13 m x 0.28 m vertical front plate and a 0.26 m x 0.17 m
vertical rear plate, 0.1 seconds after impact
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The addition of a more deeply embedded plate behind the boulder barrier enabled this
system to engage a similar amount of soil as a much taller boulder, thereby improving the
performance of the system. This modification showed the greatest improvement of all the plate
systems.
To maintain consistency with previous analyses, the results of the deep vertical plate
system were compared to the benchmark system. The high-speed camera’s time measurements of
displacement, rotation angle, and crush distance are shown for both systems in Figure 5.5-35.
The procedure outlined in Section 5.1 was used to determine the time of impact, which is when
time equals zero. This process showed the initial impact by monitoring the high-speed video for
the last frame, with space in-between the vehicle and the boulder and the first indication of crush
in time steps of 0.001 seconds. It is clear that all three measurements show great improvement
with the more deeply embedded plate design. Again the initial movement is faster but the
displacement dissipates very quickly, in 0.04 seconds, resulting in smaller rotational movement
and increased deformation of the surrogate crush zone.
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Figure 5.5-35 : A comparison of the time traces of the displacement, rotation and crush amount
for soil-only system versus the wide front plate and tall rear plate barrier.

This test with the wide front / tall rear plate design showed that smaller boulders can be
modified to perform like larger boulders without the financial and installation encumbrances
associated with a large boulder. However, improvements made to reduce the rotation of the
barrier can also increase the fracture energy that the rock must have in order to withstand an
impact. This trade-off led to an examination of scaling parameters associated with the toughness
or fracture resistance of the rock. This was discussed previously in Chapter 4.

5.5.2.6 Composite Plate Summary
The composite plate testing examined two primary factors for barrier soil interaction:
engaging more soil by increasing the effective width of the rock with wide plates and increasing
the effective depth of the rock by increasing the depth of the plates. This is shown in Figure
5.5-36.
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Impact

Impact

Direction

Direction

a)

b)

Figure 5.5-36 Shows difference in depth of rear plates – a) 0.13 m high by 0.28 m wide vs b) 0.26
m high by 0.17 m wide of vertical rear plates

Secondarily, the orientation of the front plate to the rock was examined. The two
positions considered were: the plane of the plate perpendicular to the impact face, or parallel as
shown in Figure 5.5-37. Selected results are summarized in Table 5.5-2.

a)

Impact

Impact

Direction

Direction

b)

Figure 5.5-37 Shows front 0.13 m x 0.28 m plate – a) horizontal vs b) vertical orientation

104
Table 5.5-2 Shows the results of composite plate tests
Test
number
2013_

(deg.)

(P)ass or
(F)ail?

04_05_02
Large
Front
Small
Rear
Plates

63

F

04_08_01
Twin
Plates

54

F

04_08_02
Horizontal
Front
Vertical
Rear
Plates

57

F

04_10_01
Wide
Front
Tall
Rear
Plates

12.5

P

Post Test Status

Rotation

Considering tests 2013_04_05_02 and 04_08_01, the front plates were identical;
however, test 2013_04_05_02 had a rear plate that was 60% smaller than the rear plate in test
2013_04_08_01. From Table 5.5-2, one can see the smaller plate allowed the rock to rotate 63
degrees, which is 9 degrees more rotation than the large rear plate (54 degrees). It can also be
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observed that the soil in front of the rock in test 2013_04_05_02 is not disturbed; conversely the
soil in front of and behind the rock barrier in test 2013_04_08_01 has large disturbances.
The difference in tests 2013_04_08_01 and 2013_04_08_02 is that the orientation of the
front plate of 2013_04_08_02 is horizontal near the lower front edge of the rock rather than
vertical and in contact with the impact face. The difference in rotation of 3 degrees (54 and 57
degrees) indicates that the performance of the two plate orientations (vertical vs horizontal) is
similar.
The composite plate systems experienced major improvements in test 2013_04_10_01.
The rear plate width was reduced from 0.28 to 0.17 and the height increased from 0.13 m to 0.26
m, extending 0.133 m below the rock. The front plate remained the same at 0.13 m high by 0.28
m wide. This was the only composite plate system to receive an equivalent P1 rating, rotating
12.5 degrees with unnoticeable soil displacement, when compared to the other systems shown in
Table 5.5-2.

5.6 Concrete Supplemental Mass Base
Another means of modifying a smaller boulder to behave like a larger one is to utilize
concrete at the base of the boulder. This can be designed with the goal of adding more mass to
the barrier system and/or increasing the amount of soil that engaged around the boulder. Many
different concrete supplements were considered, but the first concrete-supplemented base designs
were derived by emulating the foundations used in steel structures that have been previously
tested on the project. These test structures used a thin and broad reinforced concrete base that
was located slightly below ground level. These are easy to install on sites as minimal excavation
is needed, and can be done after the installation of the boulder. A diagram of this is shown in
Figure 5.6-1.
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Figure 5.6-1 Side and top view - Initial concrete footer system in gray surrounding the boulder
barrier in light blue

The simplicity of adding mass to the barrier with concrete is potentially a good method to
reduce boulder size and increase impact resistance, so small-scale testing continued to explore the
concrete base. However, this was not pursued because full-scale testing (done concurrently to the
setup of the small-scale pendulum) showed repeated failures. Each of the three full-scale tests
with boulders of cross sectional dimensions (L x W) of 0.99 m by 0.74 m, 0.76 m by 1.14 m, and
0.64 m by 0.74 m resulted in the top section of the boulder breaking off from the base near the
rock-concrete interface. Thus, small-scale testing was not conducted on this thin and broad
design.

5.6.1 Small-scale testing of concrete supplements to boulder systems
Small-scale tests were conducted on eight different sizes of granite samples surrounded
by concrete. Rather than use the thin and broad pancake-like base that was shown to fail in the
full-scale tests, the small-scale testing explored a different approach to incorporate the concrete
base. These tests resulted in both rock barrier fracture and in successful P1 ratings, depending on
the configuration. The results of these studies agree with those of Section 3.1: if the base material
or soil is too stiff, then the boulder must be able to transfer all the energy from the impact,
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excluding the energy that causes deformation to the vehicle, without fracturing. For boulders
with small cross-sections, this situation results in failure of the rock barrier via fracture. Unless
the rock is larger (1 m long by 1 m wide), the soil must allow some movement of the barrier in
order to prevent fracture. These conclusions are also observed in the specific tests that follow and
are shown in Table 5.6-1. To summarize the configuration of the concrete base discussed in the
following sections, the submerged portion of the boulder barrier was surrounded in concrete,
which extended the effective depth. A diagram of this configuration is shown in Figure 5.6-2.

Impact
Direction

Figure 5.6-2 : The boulder barrier surrounded by concrete.

One small-scale test of the American Black granite boulder with concrete base used a
surrogate boulder that was 0.038 m in length by 0.019 m wide by 0.178 m in height. The boulder
was cast in a concrete base that was 0.1 m square and 0.254 m in height. The total height from
the bottom of the concrete base to the top of the boulder was 0.35 m, which is 0.1 m taller than
the small-scale MMB. For illustration and comparison purposes, the scale-size version of the
MMB and the boulder with concrete base are shown side-by-side in Figure 5.6-3. The compound
barrier is embedded 0.05 m deeper than the MMB, which improves its resistance to rotation. The
use of concrete to surround a small boulder also simplifies installation by reducing the size and
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weight of the boulder itself. For full-scale implementation, the boulder that would be equivalent
to that of this small-scale test would be 1.11 m in length by 0.55 m in width by 1.69 m in height.
This is a similar scaling process as that detailed in Section 5.2. However, since the rock was
sized for fracture, Equations (4.29) and (4.30) along with the fracture velocity 𝑣𝑜𝑓 = 2.48 m/s are
𝛿

utilized to determine the length and width. The length was determined by using Equation (4.15)
and 𝑣𝑜𝑓 = 4.35 m/s since length is not scaled for fracture A boulder this size would have a mass
of 2,900 kg, which is less than one third the mass of the MMB.

Figure 5.6-3 : A comparison of the small-scale versions of the MMB on the left and the concretebase barrier with concrete base

The improvement in behavior of the concrete-base boulder versus the benchmark soilonly system are illustrated in Figure 5.6-4, where time traces measured from the high-speed
camera in displacement, rotation, and crush are measured. One can observe that the results are
similar to the plates with the tall rear plate in Section 5.5.2.5, and similar as well to the results for
the soil cement in 5.5.1.1. There is limited rotation and displacement of the concrete-base design,
along with considerable deformation of the surrogate crush zone. The rotation is so small that it
is difficult to see, and appears to be a straight line with minimal slope. This would support the
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theory in Section 3.3 that indicates that the height and therefore depth of embedment of the rock
barrier is an important factor in improving the impact resistance. This barrier would be
considered a “pass”. Full-scale tests of this design are still pending.

Figure 5.6-4 : A comparison of the time traces of the displacement, rotation, and crush
measurements for the soil-only and concrete-sock barriers

Tests 2013_07_19_01 and 2013_07_19_03 were of American Black granite with a length
of 0.03 m, a width of 0.02 m, and a height of 0.18m, cast into a square concrete base of 0.1 m and
a height of 0.24 m. The granite was sized to fracture in a soil that provides moderate resistance
and to rotate in a soil that supplied minimal resistance. The resistance provided by the soil was
reduced by increasing the height of the soil lifts (the height of each fill layer prior to compaction)
from a maximum of 0.08 m to 0.12 m for test 2013_07_19_01 and to 0.24 m for test
2013_07_19_03.
The results were failure by fracture for test 2013_07_19_01 and failure due to override as
defined in Section 1.2 for test 2013_07_19_03. These tests, along with test 2013_07_08_03, are
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displayed in Table 5.6-1 showing the status 0.03 seconds after impact, where impact is
determined through the high-speed video analysis as discussed in Section 5.1.
Table 5.6-1 Shows concrete supplemental mass base tests 0.03 seconds after impact
Test
number
2013_

(deg.)

(P)ass or
(F)ail?

07_08_03
0.1 m x
0.1 m x
0.25 m

3.5

P

07_19_01
0.1 m x
0.1 m x
0.24 m

NA

F

07_19_03
0.1 m x
0.1 m x
0.24 m

59

F

0.03 Seconds After Impact

Rotation

5.7 Anchor Systems
In an effort to provide additional means to design boulder barrier systems, soil-based
anchoring methods to secure a smaller boulder (2,200 – 3,600 kg) were next investigated. In
essence, these anchor systems seek to prevent motion in the boulder by connecting the boulder to
the surrounding soil by forcing motion of an object, an “anchor”, through the soil. The first uses
a soil “nail”, as will be discussed in Section 5.7.2, in the soil to anchor the rock barrier. This is
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displayed in Figure 5.7-1, showing a rock barrier that is partially transparent, mounted on grade
over a soil nail, with the nail embedded deep within the soil and extending up into or through the
rock barrier.

Impact
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Figure 5.7-1 : An idealized diagram of a soil nail anchor

The second anchoring method considered in this study affixes the boulder to submerged
plates, which are installed in the soil and attached to the rock barrier by a cable or similar hightensile-strength device. These are referred to as plate anchors and are shown conceptually in
Figure 5.7-2

Impact
Direction

Figure 5.7-2 : An example of a plate anchor
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Early full-scale variations of plate anchored boulders involved three boulders, instead of
a plate, that were connected together with a cable as shown in Figure 5.7-3 and Figure 5.7-4. The
system received a P1 rating in full-scale crash testing, indicating that the concept of a plate
anchoring system is a possible solution.
Impact
Direction

Figure 5.7-3 Installation drawing of full-scale cable anchoring system – top view

Figure 5.7-4 Field installation of cable anchoring system - elevated front view
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The third anchoring system is less of anchor that is embedded in the soil to resist
movement, but rather initially rotates through the soil easily so that an engineered structure can
rotate into the path of the impacting vehicle and resist motion. This barrier system is referred to
as a relay and is shown in Figure 5.7-5.

Impact
Direction

Impact
Direction

Figure 5.7-5 Side and top view of simple relay anchor

These anchoring systems supplement the weakness of a rock barrier system by
considerably reducing the mass and size of the boulder. The reduced size of the boulder as well
as the fact that it is mounted a little below or on grade appreciably reduces the bending moments
on the boulder itself. This in turn reduces the internal tensile stress caused by this bending
moment, which means that the boulder will be less likely to fracture. The downside of these
systems is that the anchoring system introduces another possible means of failure, such as a
failure of the attachment to the boulder from the anchor.

5.7.2 Soil Nail Anchor Performance Evaluation
In this research, the term soil nail best describes the small-scale testing process. R. J.
Byrne describes it this way, “The “nail” may simply consist of a steel tendon, but most commonly
the tendon is encapsulated in a cement grouted body to provide corrosion protection and improve
load transfer to the ground.” [7]. The testing process detailed in the following paragraphs most
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closely resembles a soil nail, which is simply a steel rod. In full-scale applications, the smallscale soil nail could become a soil anchor, micro pile, soil dowel, or soil pile, depending on the
design of the structural element. Therefore, this research will generally reference it as a soil nail.
One advantage of a soil nail is that it can minimize installation effort. For example, one
can simply place a 3,000 kg boulder on grade, drill a hole through it and into the soil and then
install the soil nail.
For the small-scale testing of nail-anchored boulders in this thesis, an American Black
granite boulder with a 0.013 m hole drilled through it was placed in the impact area. A hole in
the soil was created by driving a 0.01m diameter rebar into the soil through the boulder
(simulating “drilling” of the hole). The boulder was then removed, and then a 0.013 millimeter
diameter rebar was driven into the hole created by the 0.01 m rebar until the desired depth for the
soil nail was achieved.
From the results of testing in Section 5.5.2, it is known that the installation depth of the
soil nail could strongly affect the success of the system. The first soil nail anchor was driven 0.25
m below the soil surface, and the tests of this anchor resulted in a very low rotation of 7.5
degrees. This was a “pass” condition.
When the depth was decreased to only 0.15 m, the rotation of the rock and soil nail was
90 degrees, and the movement of the vehicle continued past the P1 mark. This is a “fail”
situation.

Table 5.7-1 presents selected results for a small-scale soil nail anchored barrier that is 0.1
m x 0.1 m x 0.1 m. Note that the full-scale equivalent would be 1 m x 1 m x 1 m, and would have
a mass of 2,767 kg. From the small-scale testing, the minimum recommended depth of the soil
nail anchored boulders should be 2 m for a full-scale barrier. Tests of this design at full-scale are
ongoing at present.
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Table 5.7-1 Shows results of Soil Nail Anchor tests
Test
number
2013_

Post Test Status

Rotation

(deg.)

(P)ass
or
(F)ail?

11_18_01
0.25 m
Deep Soil
Nail

7.5

P

11_22_01
0.2 m
Deep Soil
Nail

10

P

11_27_01
0.15 m
Deep Soil
Nail

90

F

11_27_02
0.18 m
Deep Soil
Nail

27.5

P
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5.7.3 Plate-Anchored Boulder Testing
In the case of a physical object embedded in the soil, these are hereafter referred to as
“plate -anchored boulders”. There are several characteristics of a plate-anchored boulder system
that can be explored. This research considers the depth, size, and position of the anchor as a
primary concern. This research ignores the type of bonding and cabling to/from the boulder and
the embedded plate, simply assuming that these bonds and cables are sufficiently strong so as not
to fail. The embedded plate connection type, size, and depth analysis are covered below in
greater detail, but the first experiments considered the position of anchor relative to the rock
barrier.

5.7.3.1 Plate Anchor Position Relative to the Boulder
As the first small-scale test of plate-anchored boulders, there are three positions that are
considered. Figure 5.7-2 shows the first position, wherein an anchoring device is located directly
beneath the boulder, and thus the restraining force is acting in the vertical direction. In contrast,
Figure 5.7-6 shows the second position of the plate anchor to be located in the subsoil, prior to the
impact face of the boulder, so that the restraining force is horizontal. The anchoring cable runs
parallel to the surface of the ground. The intent of this second location is to allow relatively
shallow anchor installations while adding resistance to the boulder’s movement in the direction of
impact.
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h
a
pFigure 5.7-6 Front parallel anchor
t
e
The third position considers adding
an additional horizontal anchor to the rear of the rock, 0
r
degrees with the cable attached to the lower front of the rock barrier as in Figure 5.7-7. The goal
of this particular constraint is to add resistance to rotation.
Impact
Direction

h
a
p
Figure 5.7-7 Front and rear parallel anchors
t
e
For the third position, with the rear parallel anchor, testing showed that there is enough
r
initial translation of the boulder towards the rear anchor so that the rear anchor is not engaged
when rotation begins. The front parallel anchor develops some restraining force, but this anchor
tends to be pulled up out of the soil as the rock rotates, as shown in Figure 5.7-8. This causes the
majority of the resistance to be from the rock pushing through the soil, e.g. the baseline
configuration. Increasing the depth and hence height of the rock could improve the horizontal
anchor’s ability to resist motion due to the increased moment arm and also due to the increased
amount of soil each anchor would have to traverse before exiting the soil. Since the purpose of
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the anchors is to reduce the size of the rock barrier, such modifications might be
counterproductive.

a)

b)

Figure 5.7-8 Shows horizontal anchor pulled up and out of the soil a) side view and b) top view
with edge of anchor visible
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Table 5.7-2 Shows results of Plate Anchor location tests
Test
number
2014_

Post Test Status

Rotation

(deg.)

Pass
or
Fail

01_14_02
0.2 m
deep
below

44

F

01_17_01
0.08 m
deep
Front
plate

61

F

01_17_02
0.08 m
deep
Front &
Rear
plates

62

F

During testing, the first configuration of the anchor – the one directly beneath the boulder
– provided the best performance. Repeated testing showed that any anchoring locations less than
225 degrees (with 180 degrees being the direction of impact) decreases the ability of the anchor to
improve the performance of the rock barrier, and is not useful. The successful anchor zone is
illustrated in green in Figure 5.7-9.
The introduction to this chapter explained that the boulder barrier has a tendency to lift
up out of the soil, so keeping the anchor between 225 degrees and 270 degrees (e.g. directly
beneath the boulder) provides the best resistance to this lifting behavior.
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0°

225°

270°

Figure 5.7-9 Plate Anchor recommended anchor zone with the impact direction in red

5.7.3.2 Rock Barrier to Anchor Connection
There are two methods used to connect the cable to the rock. The first relies upon a cable
threaded through one or two holes in the rock and clamped on the top side of it to connect the
cable and the rock. This is referred to as the “Through Hole Connection.” The second uses a
cable wrapped around the rock to connect it to the rock. This is known as the Belt Connection.
Through Hole Connection
For the initial testing, a single 0.013 m hole was drilled through an American Black
granite cube that measured 0.1 m per side. A plate with a diameter of 0.76 m and a 0.003 m
diameter cable attached to it, shown in Figure 5.7-10, was buried 0.2 m below the surface of the
ground as in Figure 5.7-11.
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Figure 5.7-10 Plate anchor system showing anchor, cable with through hole connection to rock
barrier

Figure 5.7-11 Plate Anchor inserted 0.2 m below soil surface
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With the soil compacted in lifts and the cable protruding out of the ground, a surrogate boulder
barrier was set over the cable as shown in Figure 5.7-12.

a)

b)

Figure 5.7-12 Cable protruding out of a) soil and b) out of the rock barrier

This setup, with a single hole in the boulder, performed well when the impact was lowspeed and in line with the hole, achieving a “pass” condition. But if the impact was offset at all
relative to the centerline, the single anchoring system allowed rotation of the rock barrier along
the vertical axis, resulting in a “fail” condition. At higher impact speeds, the rotation around the
vertical axis was more pronounced.
To remedy this issue, two 0.008 m holes were drilled and a cable was fed through each
hole and secured. Figure 5.7-13 shows a comparison of the two types of small-scale through-hole
object anchors using either a one-hole or two-hole design. Test 2013_12_06_02 in Table 5.7-3
shows the result of the dual hole test with a 0.1 m deep anchor. The boulder rotated beyond 25
degrees, which would allow override, however, the rotation and translation of the boulder reduced
the energy in the vehicle such that the potential for override is reduced.
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Figure 5.7-13 : A comparison of a single hole and dual hole anchoring system in a boulder barrier

From the information gained in Section 5.5.2, tests were conducted with single and dual
hole boulders on the plate anchor varying two principal dimensions: the size of the anchor, and
the depth of the anchor. The small anchor, used the single hole boulder, was a washer assembly
with an outer diameter of 0.08 m; the larger, used the dual hole boulder, was a rectangular plate
measuring roughly 0.24 m long and 0.094 m wide. The small-scale test article is 0.1 m x 0.1 m x
0.1 m, making use of Equations (4.13) through (4.15) and 𝑣𝑜𝑓 = 4.35 m/s as in Section 5.2.
Therefore, the full-scale equivalent would be 1 m x 1 m x 1 m with a mass of 2,700 kg.
For the small anchor, the deepest installation depth was 0.2 m below grade; experiments
with this deep installation resulted in 15 degrees of rotation – a “pass” outcome. The shallowest
anchoring was 0.1m below grade; this resulted in 75 degrees rotation, or a “fail” outcome. Table
5.7-3 summarizes tests conducted for the through-hole plate anchors, noting that the small anchor
may not pass the P1-equivalent rating at a depth of 0.1 m. At other depths, this anchoring system
was successful in stopping the impacting vehicle within the required distance.
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Table 5.7-3 Shows the results of the low speed Plate Anchor tests
Test
number
2013_

Rotation
(degrees)

(P)ass
or
(F)ail

12_03_01
0.2 m Deep
Small Plate
Anchor
Single Hole

15

P

12_06_01
0.1 m Deep
Small Plate
Anchor
Single Hole

75

F

12_06_02
0.1 m Deep
Large Plate
Anchor
Dual Hole

40

F

Post Test Status

As can be observed from Table 5.7-3, deeper anchors can utilize small anchors as these
were able to engage more soil during the pull-out that occurs post-impact, whereas shallow
anchors needed a broader footprint.
The dual hole large plate-anchored system was next compared to the soil-only system by
analyzing the displacement, rotation, and deformation of the surrogate crush zone as collected
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from the high-speed camera. These time traces are plotted in Figure 5.7-14. Due to the flexibility
and limited initial tension in the cable, the displacement and rotation occur faster in the plate
anchored system. Despite the increased flexibility of the plate anchor system, the crush rate is
initially the same, but quickly becomes greater indicating that more energy is being dissipated in
the deformation of the surrogate crush zone. A large amount of rotation (more than 45 degrees) is
observed in the plate anchored design, and so it is possible that a vehicle could override the fullscale equivalent design. (As a reminder, the pendulum arm limits override in small-scale testing.)
These results indicate that this particular soil-anchored boulder would not likely be a successful
design, resulting in a “fail” test outcome for this situation. Small-scale testing does not allow
override, the rotation over 25 degrees of the boulders in plate anchor testing are considered a fail
due to this rotation and the potential for override. More evaluation of the rotation of the boulders
and the likelihood of override is needed to increase the confidence level of these barriers.
increasing the initial tension in the cable is expected to reduce the rotation and thus be ready for
full-scale testing.

Figure 5.7-14 : The time traces of the displacement, rotation, and crush distance for soil-only and
plate anchored barriers
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Belted Connection
In some boulder systems, it may be problematic to drill through the boulder prior to
installation. Thus, alternative connections were considered that join the boulder barrier to the
embedded anchor. For this set of tests, a cable was employed to join the anchor used in previous
tests to a surrogate boulder that was 0.1 m x 0.07 m x 0.18 m in L x W x H respectively. The
plan dimensions were similar to the surrogate boulder from through-hole anchored testing, but the
height of the rock was extended by 0.08 m to 0.18 m, allowing the flexible cable to wrap around
it as shown in Figure 5.7-15.

Figure 5.7-15 Shows extended portion of rock barrier (shaded) and anchor attachment

Results similar to the Through Hole Connection section were obtained; however, all
belted tests had rotation greater than the 25 degree threshold for override, and thus were
considered a “fail”. Since the small-scale testing limits the potential of override the belted system
requires more evaluation prior to consideration for full scale tests.

5.7.3.3 High Speed Small-scale Testing at M40- and M50-Equivalent Speeds
Additional impacts were conducted to test the ability of a plate-anchored system to arrest
a vehicle impact at higher speeds, instead of the lower speeds that were previously conducted.
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These impacts were done on an American Black granite boulder of dimension 0.1 m x 0.1 m x 0.1
m, with anchoring that was installed 0.1 m and 0.2 m below grade, using a 0.24 m long by 0.1 m
wide rectangular plate and a smaller plate with a diameter of 0.08 m, respectively, as plate
anchors.
The small-scale experiment with test number 2013_12_02_01 was impacted at a fullscale equivalent of 17.9 m/s (40.0 mph) and was successful in achieving a P1-equivalent rating.
However, this boulder rotated around the vertical axis and the vehicle started to deflect off to one
side as evidenced in Figure 5.7-16.
Further testing of this same small-scale system at a full-scale equivalent of 22.4 m/s did
not receive a P1 rating. Again, the rock barrier rotated around the z-axis and the vehicle deflected
to one side, but at this higher speed it was able to breach the barrier.

Figure 5.7-16 : The rotation of rock barrier about the vertical axis and the result of deflection
during impact

To reduce the rotation about the z-axis, the dual hole system was employed with the long
plate (0.24 m long by 0.094 m wide) and cable buried 0.1 m below the surface of the ground, and
the rock barrier attached as shown in Figure 5.7-17. This dual hole design was experimentally
tested as test number 2013_12_06_02, which was a 13.4 m/s (30.0 mph) equivalent that resulted
in a 40 degree rotation of the barrier.
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Figure 5.7-17 : The dual hole plate anchor system with P1 line to the right prior to impact and
after impact

This same barrier was tested at 22.4 m/s (50.1 mph) equivalent test resulted in 58 degrees
of rotation of the boulder out of the soil, which was 45% more than test number 2013_12_06_02.
This would be a “fail” situation.
To conjecture about the reason for this failure, as described in the previous section, the
plate anchor must compress or displace soil upward. This effect can be seen in Figure 5.7-18
where three views show how the plate anchor causes the soil to accelerate upward and out of the
ground. Figure 5.7-18a) is 0.025 seconds after initial contact, with initial contact being
established through high-speed video visual analysis as described in Section 5.1, and shows no
soil movement - only rotation of the barrier. Figure 5.7-18b) is 0.1 seconds later, and therein one
can observe that the soil cloud is over 0.15 m high, covering the end of the pendulum. After
another 0.1 seconds, in Figure 5.7-18c), even the barrier is only partially visible due to the
amount of upwardly displaced soil.
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a)

b)

c)
Figure 5.7-18 : Small-scale testing of an M50 equivalent impact on a plate-anchored system,
showing the soil cloud development on test 2013_12_06_03

The pre-test and post-test pictures in Figure 5.7-19 show how the soil has been displaced
and spread around the plate-anchored barrier. Note that the P1 line behind the barrier in Figure
5.7-19a) is no longer visible in Figure 5.7-19b). Also visible in the post-impact photo is the end
of the plate anchor, seen just below the crushed vehicle.
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a)

b)
Figure 5.7-19 : a) the soil prior to impact and b) displaced soil after impact

While test 2013_12_06_03 had very large (61 degrees) rotation, the anchor plate did not
completely rotate out of the ground. This suggests that a small rock barrier might be engineered
to achieve an M50 P1 rating. What is notable in this test is that the depth of the small-scale
embedded anchored plate was 0.1 m; the full-scale equivalent would be 1 m deep. The shallow
depth required a large plate (0.24 m long by 0.094 m wide) to resist the movement of the boulder
due to the impact. Using the scaling parameters in Section 4.1, this would be 2.1 m long by 0.85
m wide in full-scale. The plate anchors, like other systems discussed, may be a viable alternative
to very large boulder installations, and the larger anchors may be especially suited to situations
where the depth allowed for the anchor is limited.
There are two types of anchors considered thus far: a soil nail which consists of rigid
objects in contact with the boulder, and plate-anchored systems which consist of tethering
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systems attached to the boulder from beneath. One can compare the results of both systems to
gain insight on the effect of elasticity of the cabling on the system’s performance. For example,
the 0.2 m soil nail system (test 2013_11_22_01) can be compared to the same depth plate anchor
system (test 2013_12_03_01). One can observe that the soil nail system has 5 degrees less
rotation, or a total rotation of 10 degrees versus 15 degrees for the plate-anchored system. There
are two primary reasons for this: first, the soil nails are rigid bodies that fit snugly to the rock
barrier. Second, any rotation of the soil nail anchored rock barrier requires rotation of the soil
nail through the soil. For the plate anchor, the connection to the submerged anchor is not in
tension at the instant of impact, and thereby these systems allow movement of the rock barrier
before the anchor system is engaged via tension in the tether. It was observed that soil nail
system provides better performance than plate-anchored designs for small rotation angles (less
than 30 degrees); once the tipping point is reached at approximately 45 degrees, the soil nail
systems tend to fail completely – see for example the results of test 2013_11_27_01 show in
Table 5.7-1. For both the soil-anchored and plate-anchored systems, the movement of the barrier
displaces soil away from the barrier, essentially removing portions of the soil that secures the
system – a process herein referred to as self-excavation as explained in Section 5.1. The plate
anchored system allows more boulder motion for low-speed impacts, but shows much greater
resistance to larger rotations that could be produced for higher-speed impacts. This is likely due
to the cable flexing and cutting through the soil, thus forcing soil to compress or be displaced
upward and thereby dissipating a large amount of energy.

5.7.3.4 Behavior of Plate Anchored Boulders During Repetitive Hits
Plate anchors with deep anchors were evaluated in tests 2013_11_27_03,
2013_12_02_01, 2013_12_02_02, and 2013_12_03_01 to arrest vehicle movement after one
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impact with little soil disturbance. Several of these tests performed quite well, so it is natural to
question whether these barriers might survive multiple hits with no adjustments between impacts.
For these tests, a belted plate anchor was designed using a surrogate boulder with a length of 0.1
m a width of 0.07 m and height of 0.18 m.
The results of the first impact, noted as test 2014_01_14_02, attained a P1 rating. Figure
5.7-20 shows the maximum rotation of this barrier at 45 degrees from vertical after the first
impact. This would be considered a “fail” test result.

Figure 5.7-20 Shows smaller belted plate anchor at maximum rotation (45 degrees) after the first
impact

A second impact on the same barrier was then conducted without any modifications
between impacts, to determine if the rotation would increase further. This test, denoted as test
2014_01_14_03, showed far less relative rotation. The rotation of the boulder after the second
impact was 54 degrees from vertical (a motion of 33 degrees from the at rest position 21 degrees
after the previous strike). Given this large angle, it is possible that the full-scale equivalent
vehicle test would ramp over the rock barrier beyond a P1 rating, resulting in a failed test. Figure
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5.7-21 shows the vehicle and angled (21 degrees) boulder just prior to the second impact, while
Figure 5.7-22 shows the results of second impact at maximum intrusion.

Figure 5.7-21 The plate anchored boulder after the first impact test, just prior to the second
impact with the boulder impact face at 21 degrees

Figure 5.7-22 The maximum penetration and rock barrier rotation during the secondary impact on
the belted plate anchor

5.7.4 Relay Barriers
A relay barrier is defined in this thesis as a system that uses one barrier’s impact to move
another barrier device into the path of the vehicle; it is so named because the mechanical action is
similar to an electrical relay switch wherein activation of one circuit causes another to activate.
The system described in this section is mechanically “activated” when the impacted face of the

134
engineered structure is moved. This causes an attached structure – for example a concrete
reinforced structure – to be pulled up and out of the ground during rotation from the initial
impact. This secondary structure, when rotated into position, is designed to engage the vehicle
and thereby halt the vehicle. This multi-tiered approach has the potential advantage that, the
harder the impact, the more the secondary structure rotates out of the soil and into the vehicle’s
path.
As an illustration of a relay barrier, the pre- and post-impact diagrams are conceptually
depicted in Figure 5.7-23. For this example, the secondary impact structure is designed to impale
the impacting vehicle; specifically, the incident angle of the impaling structure to the vehicle
allows it to be driven into the ground, providing more resistance as the vehicle advances forward.
To test the feasibility of a relay barrier, small-scale testing was conducted using a device with the
following dimensions: 0.305 m in length by 0.14 m in width and 0.013 m thick.

Impact

Impact

Direction

Direction

a) Pre-impact

b) Post-impact

Figure 5.7-23 A diagram of a) the relay barrier in a pre-impact configuration with an engineered
structure below the surface of the ground and b) the same device rotated 20 degrees post-impact
with the engineered structure protruding out of the ground
Small-scale testing of this barrier, conducted in test 2013_12_17_01, shows that the
concept may achive a “pass” condition. In this test, the boulder barrier rotated to a maximum of
30 degrees from vertical, which would normally result in a “fail” condition, but the secondary
device engaged the impacting vehicle and halted its motion well within the “pass” range. In other
words, this situation would potentially have caused the truck to override the barrier in full-scale
testing, but the secondary device did engage the impacting pendulum in the test – suggesting that
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it may have been a “pass”. Figure 5.7-24 shows the progression of motion, where the impact is
occurring from left to right. One can observe that the secondary structure is not visible during the
initial vehicle contact with the rock barrier, and then first appears as a light speck in the center
figures. Full engagement of the secondary device with the surrogate vehicle can be seen in the
lower left portion of the figure, and this engagement appears to halt the vehicle’s movement.
This relay barrier system seems to be a viable approach to arresting vehicle motion, but further
research is needed because the secondary structure could have the potential of vaulting the
vehicle into the air above the barrier. This effect cannot be captured with the rigid pendulum
used in the small-scale study, but could be studied with the medium-scale pendulum.

Figure 5.7-24 : The emergence of the secondary structure during the vehicle impact, from initial
exposure of engineered structure, to initial contact of engineered structure with the pendulum, and
then finally, to maximum rotation of rock barrier and engineered structure
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5.8 Importance of Vehicle Energy Dissipation
In small-scale testing, as the boulder’s width was reduced, the deformation to the
surrogate crush zone increased, especially when the boulder was smaller than the width of the
impacting vehicle as shown in Figure 5.8-1a). In fracture testing, this is a problem because this
dissipated energy is not fully dispersed from the rock within the soil, and thus a boulder is not
fully tested for its resistance to fracture, which depends on transferred energy. This issue was
resolved by placing an aluminum plate on the impact side of the surrogate boulder to ensure
uniform crushing of the surrogate crush zone of the vehicle, as shown Figure 5.8-1b).

a)

b)

Figure 5.8-1 Displays a) the size of the boulder compared to the surrogate crush zone and b) an
aluminum impact distribution plate to prevent excessive localized deformation in the crush zone

During the fracturing testing, it was determined that a boulder small enough to fracture
by itself could be modified to withstand the impact and resist fracture by intentionally localizing
the crush energy into the vehicle’s deformation. This concentration of energy into the vehicle
was achieved by making a vehicle’s impact region be much wider than the boulder, thus allowing
the vehicle to deform around the boulder.
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To test for this effect, the boulder barriers were placed in a clamp apparatus to simulate
an infinitely stiff embedment material. This allowed impacts to take place onto the boulder
specimens to determine the fracture resistance of the small-scale boulder.
The test (test 2013_04_25_04) results indicate that, without the distribution plate, the
surrogate crush zone deformed around the rock. Shown in Figure 5.8-2a) is an image from the
high-speed camera captured 0.02 seconds after impact. This image shows how deformation
reduced the impact energy, which allowed the boulder to withstand the impact without fracturing.
When a distribution plate was then attached to the rock, and the test (test 2013_04_25_05) was
repeated, the rock fractured. The results from both tests are compared in Figure 5.8-2b) at 0.02
seconds after impact. It is clear that the initial impact that deformed the surrogate crush zone in
Figure 5.8-2a) was not enough to overcome the strength of the boulder, whereas in Figure 5.8-2b)
when the distribution plate prevented the surrogate crush zone from absorbing the energy of the
impact, the boulder failed.
To verify this supposition and to confirm that the initial impact of the boulder did not
lead to cracking, another boulder of the same size was tested (test 2013_04_26_01). And, as
before, with the plate to engage the entire crush zone at once, this boulder fractured in a similar
manner. This illustrates that the vehicle deformation strongly affects the success of the rock
barrier and in particular whether rock fracture will occur in situations that are the threshold of
pass/fail in terms of the rock’s cross-sectional area.
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a)

b)

Figure 5.8-2 Impacts of the same boulder with two different crush zones illustrating a) no
boulder fracture when there is large vehicle deformation and b) fracture of the boulder when a
plate is used to engage the entire crush zone.

It is logical that, if energy is expended to deform the vehicle’s crush zone, then less
energy will be absorbed by the boulder and soil. Consequently, the barrier system will have to
dissipate less energy upon impact, which decreases the likelihood of boulder fracture. Figure
5.8-2 substantiates this theory. The same size boulder was tested three times, once without a
plate, wherein the vehicle deformed around the boulder and had a large amount of deformation in
the crush zone, and twice with a plate that prevented considerable deformation within the crush
zone, wherein the rocks fractured.
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5.9 Rating of Systems
While full-scale installation has not been completed for most of these systems, it is
anticipated that the level of simplicity between different full-scale rock barrier systems would be
similar to the simplicity between different small-scale installations. The summary of this is
shown in Table 5.9-1. The level of simplicity is a measure of the ease of installation, each system
is rated on four relative criteria; cost/time, technical simplicity, installation simplicity, and
flexibility of installation. The rankings are entirely subjective observations by the author,
obtained and evaluated from work on these systems. These evaluations are based on small-scale
and some full-scale installations. Each category is represented by an “A” for the best through
“C” for the worst; note that the development of a hard metric on the limited full-scale installation
data to date would be premature at this time, so all installations are presented in terms of relative
performance in each category. The cost/time metric is based upon the amount and complexity of
work needed to install the system; an “A” would be the lowest cost and time needed. Technical
simplicity includes complexity of design and application; an “A” would indicate a simple design
and application. Included in the installation simplicity would be the amount of time and
complexity required to complete installation. Large amounts of time and required monitoring of
the installation process would not be simple and would thus be a “C”. An “A” for flexibility of
installation indicates that the system has good potential to adapt to site needs. With regard to
installation, a system with an “A” rating is the simplest and a rating of “C” is the most complex
and most site-specific.
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Table 5.9-1 Rating of different attributes for boulder barrier system considered in this thesis
Rock Anchor System

$/Time

Soil Nail
Concrete Base
Soil Cement
Plate Anchor
Plates

A
B
B
C
C

Technical
Simplicity
B
C
A
B
C

Installation
Simplicity
A
B
B
B
C

Flexibility
C
B
B
A
C

5.10 Conclusion of this Chapter
This chapter discusses the use of small-scale experimentation to investigate new boulder
barrier concepts. It explains experimental difficulties encountered in maintaining consistent
results due to differences in compaction of the soil surrounding the boulder barrier from one test
to another. This chapter highlights methods to improve testing consistency by modifying the soil
using a stiffening additive or by creating a composite base material with secondary barriers
entrenched in the soil surrounding the barrier. Further testing explored modifying the mass of the
boulder by embedding it in concrete. These tests showed that using concrete could improve the
rock barrier’s ability to arrest a vehicle, and also that potential fracture of the boulder could be
diminished. Soil nail and plate anchors were also investigated. The plate anchor incorporates
two alternative methods to anchor the rock barrier with a flexible connection between the rock
barrier and a plate submerged in the soil. These anchor systems showed comparatively good
performance in arresting the impacting vehicle. The anchor system testing also demonstrated that
a smaller boulder can be engineered to provide a level of protection similar to, or exceeding that
of, a much larger boulder barrier.
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While soil nail anchors show great promise for efficient installation and performance,
there are drawbacks. The first drawback of the soil nail anchor is that the strength of the bond of
the anchor to the rock barrier has not been resolved, as this is very difficult to test in small-scale
experiments. Second, if the nail has insufficient depth, there is a point during translation and
rotation where the rotation of the anchor through the soil substantially reduces the barrier’s
resistance, rendering it ineffective. With regard to the plate anchors, additional testing displayed
a questionable ability to impede a second impact without any repair to the system. A concept of
relay barriers was then introduced, and tests showed that full-scale testing could be promising.
Experimental results showed that dissipating energy through deformation of the vehicle can
decrease the potential for failure due to rock fracture. The chapter concludes with a rating system
to evaluate the benefits of each system.
To summarize the feasibility of the barrier systems discussed above, the plate anchors
showed particular promise, and it was argued that a small anchor with large depth could be
replaced with a large anchor with a shallow embedment depth. Figure 5.10-1 compares the
motion profiles from four of the better-performing systems with the benchmark system that uses
only soil. As can be observed in the displacement and rotation sections of the figure, all systems
except the soil-only system cause the vehicle to come to rest within the time window of
measurement. All barriers except the plate anchor had rotations of less than 25 degrees, and thus
would be likely to have a P1 rating.
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Figure 5.10-1 Compares the displacement, rotation, and amount of crush versus time for soilonly, soil cement, wide front & tall rear plates, concrete base, and shallow plate anchor
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Chapter 6 Conclusions and Future Work
For boulder barriers to be considered successful, they must dissipate energy into the
surrounding soil without fracturing. A key goal of this study is to maximize the effectiveness of
boulder barriers to vehicle impacts without increasing the cost of installation. There are three
ways to accomplish this goal: increasing the size of the boulder barrier, modifying the soil around
the barrier, and changing the geometry of the boulder to promote deformation of the vehicle. The
three are related to each other. Increasing the size of the boulder barrier decreases soil movement
and increases the deformation within the vehicle’s crush zone. However, the increase in size of
the boulder barrier increases the cost and difficulty associated with installation of the system.
There are engineering modifications that can be made to the boulder – the addition of plates for
example – that maximize the dimensions of the boulder barrier without appreciably increasing the
mass of the boulder barrier. Increasing the stiffness of the soil can allow for increased
deformation of the vehicle and/or use of a smaller boulder barrier, thereby achieving results
similar to, or better than, a large boulder barrier.

6.1 Boulder Barrier Dimensions
The results of this thesis show that maximizing the length of the barrier (measured in the
direction of impact) is beneficial in two ways: first, it reduces the bending stress that the boulder
experiences; and second, it increases the rotational inertia that helps resist movement. The
analysis of this thesis shows that it is nearly always better to increase the length of the rock
barrier rather than the width.
Increasing the embedment depth (and thus, the overall height) of the boulder barrier is
also beneficial, and in fact, provides the greatest increase in resistance to the impact of the
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vehicle. The primary reason for this improvement is that the increased height appears to result in
a decrease in force and pressure that the soil must provide to resist movement, a result likely due
to the increased moment arm. Second, increased depth was observed to decrease the potential of
self-excavation. However, one has to be cautious when changing the height: increasing the height
without closely monitoring the cross sectional area could result in a boulder that fractures during
impact.

6.2 Fracture
Because an increase in soil resistance concentrates the energy to be dissipated onto the
rock barrier, this thesis examined the stress resistance of the rock and accurate scaling parameters.
These parameters were found using the bending stress of the impact. However, the flaws found
in natural rock necessitate a large factor of safety to ensure success. Testing revealed that
predicting fracture through scaling parameters is a reasonable approach.

6.3 Soil Modification
As demonstrated in this thesis, there are different ways to make a small boulder give the
same impact resistance of a much larger boulder. This thesis examined modifications of the soil
with modular components, or with the addition of a stiffening agent such as a cement additive.
Both were found to inhibit movement of the barrier through the soil. The cement additions to the
soil increased the overall stiffness of the soil system, and thereby provided noteworthy
performance improvements of smaller boulder barriers. For example, the small-scale equivalent
of a full-scale rock barrier that would have a mass of 2,950 kg was tested with a five percent soil
cement mixture. The results were impressive; the soil cement mixture allowed movement of the
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rock barrier independent of the base soil without major rotation. The independent movement of
the rock barrier and soil base is expected to reduce the likelihood of fracture over a system that
has the boulder barrier rigidly fixed in the ground, or one that has the boulder and base soil move
as one unit. For boulders in the 2,700 to 4,100 kg range, there is a tradeoff between changing the
soil stiffness and thereby reducing rock mass, versus increasing the likelihood of fracture. A
stiffer soil and smaller cross-sectional area would tend to allow for boulder fracture; a larger
cross-sectional area and looser soil would tend to rotate too much.

6.4 Concrete-base
This thesis considers a concrete footer that surrounds a boulder like a sock; the goal of
this design was to increase the mass and volume of the rock barrier. In that respect, this system
behaves similar to a much larger boulder barrier but without the difficulties of handling or
shipping a larger mass boulder. The containment or bonding of the rock barrier to the concretebase is critical to the success of this system, and the results of this thesis are not appropriate to
test this failure mode. Even though the small-scale testing shows good results, the full-scale
evaluation has not resolved the bonding of the boulder to the concrete to implement a full-scale
test.

6.5 Anchor Systems
The most prominent reductions in rock barrier size were achieved by the anchoring
systems that use the surrounding soil. This design consists of a smaller boulder of 1,800 to 2,700
kg that is anchored to the soil beneath. Various anchoring systems were considered, including a
soil nail, which are basically rods inserted through the boulder into the soil below. These soil nail
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designs show the greatest potential for a fast, simple installation while still acting as an effective
anti-ram barrier. Experiments with these designs show that the key aspect for success is the depth
of the soil pile: a soil nail anchor system with limited depth could rip upward through the soil,
start the self-excavating process, and then rotate up and out of the soil. The small-scale testing
evaluated the interaction of the system with the soil and established guidelines for the minimum
soil pile depth of 2 m and cross sectional area of 0.012 m.
Plate anchors, which consist of a smaller boulder on the surface of the ground or with
partial embedment, cable, and an object embedded to a depth of one meter or more, were also
tested in this thesis. These also showed great potential to withstand vehicle impacts.
Experiments showed that the results depended strongly on the cable and object engagement
during impact as well as on the effective mass of the object anchor itself. The small-scale testing
in this thesis tested the interaction of object anchors with the soil, not the strength of the cable nor
submerged plate, which would require other methods of evaluation.
The final anchor system is called a “relay barrier”, and it utilizes the rotation of the
impacted barrier to engage a secondary engineered device into the vehicle’s path. This allows for
the secondary device to impale the vehicle. The results from this thesis show promise, but
additional experiments are needed to ensure that the secondary device does not launch the vehicle
upward during the impaling process.

6.6 Conclusions
In general, a boulder barrier in a stiffer soil like gravel will arrest the movement of an
impacting vehicle faster than a boulder in a less dense soil like sand. Independent of soil and
barrier type, embedding a boulder barrier system deeper into the soil will also improve the ability
of the barrier to resist motion. The biggest improvements in behavior were seen with
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modifications that increased the depth of the soil that was engaged – either through taller boulders
or through anchoring systems to the subsoil. To increase the fracture resistance, the results of this
thesis suggest that increasing the size of the boulder in the direction of impact, referred to as
length in this thesis, is best.
To achieve a good tradeoff between boulder size and avoiding fracture, the experiments
of this work show that one must carefully manage the stiffness of the soil: a soil that is too stiff
can result in fracture of the boulder, while a soil that is too loose allows too much motion of the
boulder allowing a ramping effect. It is expected that a full-scale boulder barrier that measures 1
m by 1 m at the cross-section at the surface of the ground would not fracture in most soils.
However, if the soil is so stiff that there is no movement of the boulder barrier, then there is a
high likelihood of fracture unless the rock barrier’s cross-section is quite large. To reduce the
cross sectional area to be smaller than what was discussed above, the soil must allow some
flexibility. For example, a soil cement of 3% with a boulder barrier that measures 1 m in length
by 0.5 m in width by 2.1 m in height would obtain a P1 rating, as predicted by the small-scale
tests in this thesis. A boulder barrier this size would have a mass of 2,950 kg which is less than
one third of the mass of the MMB. The same rock barrier in five percent soil cement would tend
towards fracture. Thus, a successful low-mass boulder barrier design is a balance between
fracture and rotation.
While full-scale installation has not been completed for most of these systems, it is
anticipated that the level of simplicity, or ease of installation, between different full-scale rock
barrier systems would be similar to the simplicity between different small-scale installations. The
summary, taken from Section 5.9, is repeated in Table 6.6-1.
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Table 6.6-1 Rating of different attributes for boulder barrier system considered in this thesis
Boulder Anchor
System
Soil Nail
Concrete Base
Soil Cement
Plate Anchor
Plates

$/Time
A
B
B
C
C

Technical
Simplicity
B
C
A
B
C

Installation
Simplicity
A
B
B
B
C

Flexibility
C
B
B
A
C

6.7 Future Work
This thesis covers a broad range of barrier systems in an effort to find low cost, highly
reliable barriers for use in anti-ram applications. The most logical next step is to start with the
most promising barrier, the soil nail, and evaluate it in full-scale testing to develop it as a fullscale anti-ram barrier. The process would continue to evaluate other systems to develop or reject
them as needed. Note that full-scale testing of soil nails is now ongoing on this project.
The ability to predict fracture of large boulders from the results of small-scale fracture
and the scaling laws was briefly considered. However, more small-scale testing and larger scale
(medium-scale and full-scale) testing should be completed to determine if the scaling is truly a
way to predict fracture of different sizes.
Investigation into cohesive soils, soil cement in this thesis, would prove to be beneficial
to the development of anti-ram barriers. In order to optimize the soil cement system, both the
size of the boulder and the soil cement base could be explored to reduce the full scale evaluation.
However, results from this thesis indicate that the use of small-scale testing with cohesive soil
requires that the scaling terms be re-derived for a cohesive soil model.
Further exploration of the geometry of the barrier is warranted for two reasons. The first
reason is to determine the best orientation of the boulder with regard to impact direction in order
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to maximize the resistance of the boulder to fracture. The second reason is to further evaluate
what influence the embedding depth has in resisting fracture and rotation.
Continued investigation of the plate anchored systems to evaluate the boulder rotation
and the potential for override is needed. At this time, the amount of rotation (greater than 25
degrees) of the boulder results in a failure of some plate anchor systems. However the energy
dissipated in translation and rotation of the boulder could possibly eliminate the potential for
override.
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