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ABSTRACT
Geotechnical centrifuge model tests were performed to study the effects of
explosives on level ground soils. The soil types that were used in this research were dry
Nevada sand, wet Nevada sand, and Kaolin clay. Tests were done using different values
of soil density, relative density, and water content.
One preliminary test was run at 1 g and eight tests were run at 80 g’s on the
geotechnical centrifuge. Two of the 80 g tests were performed on dry Nevada sand, two
tests on wet, saturated Nevada sand, and four tests were done on Kaolin clay. The
objective of the centrifuge tests was to measure the effects of soil density and water
content on blast crater size.
In the Nevada sand tests, both dry and wet tests, soil density, relative density, and
water content were important parameters in determining blast crater dimensions. The
higher density tests produced smaller craters, both radius and depth, when comparing
dry tests to dry tests and wet tests to wet tests.
In the Kaolin clay tests, water content and wet density proved to be important
parameters in determining the craters sizes. The craters produced in the lower water
content and higher wet density tests were deeper with smaller radii than the craters
produced in the higher water content and lower wet density tests.

x

1. INTRODUCTION AND BACKGROUND
1.1 Introduction
Ever since the collapse of the World Trade Center in 2001, there has been an
increased focus on our defenses, and awareness of the possibilities of terrorist attacks.
These attacks are typically planned to strike very quickly in populated areas. Dams and
levees have been an area of concern. The devastation that can occur if one of these
structures fails can be catastrophic, as seen in 2005 during Hurricane Katrina (Sillis et
al., 2008). In order to help prevent or at least limit these sorts of tragedies, researchers
are studying the effects of explosives on dams and levees (Abdoun and Zimmie, 2006).
Actually testing full size dams in the field would certainly be the most effective way
of determining the effects of explosives. However, this is obviously not practical in
general. In order to replicate the properties of a full size dam without actually testing the
prototype, small scale models can be used, a process known as physical modeling. The
use of a geotechnical centrifuge to study these model explosions has proven to be an
extremely valuable tool for this research. The centrifuge allows researchers to construct
small scale models which can then be tested at high “g” levels. This allows both the size
of the model and the amount of explosives to be scaled down for the model, while still
accurately simulating a full scale prototype (Craig, 1985).
A number of studies have previously been done that focused on various factors such
as the effect of explosive size on the size of the blast crater, and the mechanisms of levee
failure (Sausville, 2005).

1.2 Objective
The objective of this research was to demonstrate the appropriate procedures for
placing soil at specified densities and the techniques for measuring blast craters in test
models. These procedures will then be utilized for the construction of centrifuge models
to determine the relationship between soil compaction and the size of blast craters.
The procedures associated with this study focused on two different types of soil;
Nevada sand and Kaolin clay. These soils were tested at several different levels of
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compaction. In the case of the Nevada sand, tests were done on models compacted to
about 40% and 85% relative density.
For the purposes of this research, the focus was on level soil surfaces. The testing
determined the effects compaction of flat soil surfaces had on the size of blast craters.

1.3 Theory and Background
1.3.1

Soil Compaction

Soil compaction is a measure of the reduction in the amount of voids in soil either by
applying a load, impacting the soil, and or by various vibration methods (Monahan,
1994). Soil is made up of a non-homogeneous combination of solid soil particles, water,
and air where the void ratio, e is a measure of the volume of voids to the volume of solid
particles in a soil. The volume of voids includes both the volume of air and volume of
water present in the soil. The void ratio can vary due to several different factors
including the size and shape of soil particles as well as the density of the soil. There is a
distinct correlation between the amount of compaction or consolidation and the soil
density. There are two common methods used to determine the level of compaction of a
soil. These are moisture-density tests and relative density tests.
The maximum compacted density of a soil is a function of both water content and
compactive effort. In 1933, R. R. Proctor published an article in Engineering News
Record entitled “Fundamental Principles of Soil Compaction.” His publication
introduced a rational approach to soil compaction. Proctor developed a laboratory test
that could be used to determine the optimum water content and density of a soil during
field compaction.

These tests are commonly referred to as moisture-density tests,

compaction tests, or proctor tests (Monahan, 1994).
The two most common types of Proctor tests are the standard Proctor and the
modified Proctor. In each of these tests a soil sample is compacted into a standard mold
at varying water contents. The soil is compacted in lifts, using a specified type of
hammer and blows in order to impart a specified amount of compactive effort. The
details of these two tests are summarized below in Table 1-1.
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Test

Standard Proctor

Modified Proctor

1/30 ft3

1/30 ft3

Mold Size

(4.6 in. x 4.0 in. diameter)

(4.6 in. x 4.0 in. diameter)

Layers

3

5

Hammer

5.5 lb

10 lb

Hammer Fall

12 in.

18 in.

Blows/Layer

25

25

Total Energy

12,400 ft-lb/ft3

56,000 ft-lb/ft3

ASTM

Standards

D698

ASTM

AASHTO

D1557

T99

Modified AASHTO

British Standard 1377: 1948

Table 1-1: Comparison of Standard and Modified Proctor Tests (Monahan, 1994)
The compaction of fills on a project site is commonly specified as a percentage of the
maximum compact dry density. For example, 95% standard Proctor density or 90%
modified Proctor density. The range of allowable water contents may also be specified.
Optimum Proctor density and optimum moisture content are determined from the
Proctor curve, as shown in Figure 1-1.
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Figure 1-1: Typical Proctor Compaction Curve (Monahan, 1994)

As previously described, there is a range of densities that are possible for a given soil
and a given compactive effort. In order to determine how compact the soil is, it is
common to compare the density of a soil to the maximum and minimum densities that
are possible for that soil. This can also be expressed in terms of void ratio, where the
maximum density corresponds to the minimum void ratio and minimum density
corresponds to maximum void ratio. Relative density is defined as:
Dr =

emax − ecompacted
emax − emin

where Dr is the relative density, emax is the void ratio of the soil in its loosest state,
emin is the void ratio of the soil in its densest state, and ecompact is the void ratio of the
compacted fill.
Figure 1-2 shows a Proctor curve and the corresponding ranges of void ratios and
relative densities.
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Figure 1-2: Typical Compaction Curve Showing Void Ratio and Relative Density
Ranges (Monahan, 1994)
Figure 1-3 shows standard and modified Proctor curves for a variety of soils. Freedraining, cohesionless soils are more apt to have higher compacted densities along with
lower optimum moisture contents than cohesive, low-permeability soils.

Soils that

consist of a large amount of fines also tend to be associated with lower compacted
densities and optimum moisture contents. The plasticity of the fines plays an important
role in determining the compaction characteristics of a soil as well. Highly plastic fines
can be characterized as being “fat” whereas medium to low plasticity fines are referred
to as being “lean” (Monahan, 1994).
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Figure 1-3: Compaction Curves for Various Types of Soils (Monahan, 1994)

1.3.2

Experimental Compaction by Pluviation

It is difficult and uncommon to obtain undisturbed samples of sandy soil deposits.
Because it may be useful to recreate field conditions, there are specific techniques that
can be used to re-establish these in-situ properties, for example relative density. Some
techniques that can be used to compact sand samples include but are not limited to
pluviation, vibration, and tamping. Pluviation is a common experimental technique that
can produce reasonably homogeneous samples that mirror soil characteristics found in
the field. This method is sometimes referred to as “raining” and one of its major
advantages is that it allows the tester to prepare a sample with the desired relative
density (Rad and Tumay, 1987).
The pluviation method commonly utilizes a hopper with a pattern of holes at the
bottom. The term “raining” comes from the fact that sand is added to the hopper and is
rained through the holes in order to deposit the sample. There are a number of factors
that can affect the relative density of a sample prepared by pluviation. These include the
size and pattern of the holes as well as the fall height of the sand. By using pluviation, it
is possible to achieve relative densities of up to 60% in sands (Carter, 2008; Rad and
Tumay, 1987).
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1.3.3

Explosives

Explosives can be placed in three main categories.

These include primary,

secondary, and propellant explosives. Primary explosives will ignite due to a spark,
flame, heated wire, or friction.

They are considered the most sensitive type of

explosives.
Secondary explosives will not ignite when subjected to a spark or a flame. In
general the shock wave energy from a primary explosive is the trigger that is typically
required to ignite a secondary explosive. These secondary explosives have a much
higher energy output than primary explosives. RDX (Cyclotrimethylenetrinitramine)
and PETN (Pentaerythritol Tetranitrate) were the secondary explosives used in this
research.
Propellants primarily burn or deflagrate.

They produce high pressure buildups

without a high velocity shock wave when detonated. A common example of a propellant
explosive is typical black powder (RISI, 2000).
Exploding bridgewires (EBW) can be used to detonate any of the above mentioned
explosive charges. In an EBW, a large amount of energy is applied very quickly to the
system. Because EBWs require a large amount of voltage to detonate, they are generally
much safer than blasting caps, which can accidentally detonate with low voltage. Figure
1-4 shows a schematic of a typical EBW circuit. The capacitor is charged by the power
supply, which discharges its power when triggered. The current is transmitted through
the transmission line across the bridgewire, causing detonation.
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Figure 1-4: Circuit Diagram of an EBW (RISI, 2000)
An RP-80 bridgewire, supplied by Reynolds Industries Systems Incorporated, was
used for the preliminary test in this project. A cross-section of an RP-830 is shown in
Figure 1-5.

Figure 1-5: Dimensions and Composition of an RP-830 EBW (RISI, 2000)
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During the centrifuge tests in this research, RP-850 charges were used, which are
very similar to the RP-830 charge shown. The specifications and firing parameters are
exactly the same as for the 830. The only difference is the ability of the RP-850 charge
to be detonated under water. Table 1-2 gives the dimensions and TNT equivalency for
various EBW’s used in this project.

EBW

RP-80

RP-810 RP-830
RP-850

Diameter (in)

0.295

0.295

0.280

Length (in)

0.824

1.00

1.56

PETN (mg)

80

80

80

RDX (mg)

123

450

1031

TNT Equivalency (mg)

252.527 628.25

1295.819

Threshold Burst Current (amps)

180

180

180

Thresholds Voltage (volts)

500

500

500

Threshold Voltage Std. Deviation (volts)

75

75

75

Function Time (µsec)

2.65

5.38

5.38

0.125

0.125

Function Time Simultaneously Std. Dev. (µsec) 0.125

Table 1-2: Specifications and Firing Parameters of Select EBWs (RISI, 2000)

1.3.4

Modeling Explosions

As previously noted, performing full scale explosive testing is both impractical and
expensive, in general. With the use of a centrifuge as a modeling technique, one can
efficiently test the effects of explosions in a laboratory atmosphere.
In brief, there are five main soil properties that are typically examined to determine
their effects on the size of blast craters:
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Soil density
Soil strength
Soil composition
Homogeneity of the soil
Water content of the soil
In addition, there are five main properties of explosives that affect the size of a blast
crater:
Size of the charge
Shape of the charge
Position of the charge with respect to the ground
Energy densities
Thermal effects
Many different types of explosives are available.

For comparisons, they are

commonly converted to a TNT equivalency. A list of several common explosives and
their TNT equivalencies is shown in Table 1-3.

Explosive

Conversion Factor

TNT

1.00

Ametol

0.94

Dynamite (40%)

0.68

Pentolite

1.23

C-4, C-3

1.34

Ammonium Nitrate

0.55

Nitrometane

1.10

PETN

1.39

RDX

1.149

Lead Azide

0.39

Table 1-3: TNT Equivalencies (after Serrano, 1987)
10

1.3.5

Craters

When modeling and measuring craters, there are a number of dimensions that can be
measured, depending on the information desired. The intent is to determine the actual
dimensions of the crater.

In order to quantify this procedure, a profilometer or

alternative measurement tool is used, depending on the accuracy that is required. The
measured dimensions of the model crater can then be multiplied by N, or the number of
g’s in order to determine the prototype or full scale dimensions. Normalized crater
dimensions are commonly used to facilitate correlation of the data collected during
modeling by removing the dependence on explosive energy.
Normalizing the dimensions of the crater involves dividing by Wn, where W is the
explosive energy for a given chemical explosive and n is the charge mass exponent,
since explosive energy is proportional to charge mass. In practice, a value of n = 1/3 is
reasonable for approximating the radius and depth of a crater.
1/3

dimensions are therefore divided by W

The scaled crater

in order to produce the normalized dimensions

(Brownell, 1992).
Relative to this project, there are some geometric characteristics of the explosives
location to keep in mind that may affect crater dimensions. These are the depth of burial
(DOB) of the explosive device and the height of burst (HOB), which applies to surface
and above surface charges (Brownell, 1992). For this research, the explosives were
placed on the surface, and were not buried.
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Figure 1-6: The Four Stages of Crater Formation (from Davis, 2000)
There are four stages that occur during the formation of a crater. These stages are
summarized in Figure 1-6. Stage 1, early time, occurs just as the explosive device
detonates and energy is released into both the air and the ground.
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Stage 2, middle time, the maximum or true crater is produced, and soil and debris are
ejected from the ground and the crater lip is formed. The third stage, late time, occurs
when the transient crater begins to collapse and soil and debris fall back into the crater,
producing the apparent crater.
The fourth and final stage, post time, occurs after the apparent crater has sat for some
time. The walls of the apparent crater begin to collapse throughout this stage (Davis,
2000). Because we measured the craters immediately after they were formed, the fourth
phase was not relevant to this research.

Figure 1-7: Profile of a Crater (from Ferrero, 1988)
As shown in Figure 1-7, both an apparent and a true crater exist. The true crater is
the actual crater that is created during the explosion. The apparent crater is created when
debris is released, and eventually falls back into the crater. The apparent crater is that
which is actually observed after the detonation of an explosive (Rubin, 2005). The layer
of material that slides or falls back into the crater is known as fallback. The soil that is
ejected from the ground as the crater is produced and subsequently deposited on the
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ground surface near the crater is called ejecta. The ejecta causes a raised “lip” to form
around the crater, which is known as the crater lip. Figure 1-7 illustrates the location of
the true and apparent craters as well as the fallback, ejecta, and other various zones. As
previously mentioned, only the apparent craters were measured in this research.

Figure 1-8: Crater Dimensions (adapted from Abdoun and Zimmie, 2006)
In this research, we focused on three main crater dimensions: crater width, crater
depth, and crater lip height. These dimensions are shown in Figure 1-8 where the crater
width is measured as the width of the widest portion of the crater from lip to lip. Crater
depth is measured as the depth of the deepest point in the crater from the initial ground
surface level and the crater lip height is measured as the height of the highest point on
the crater lip from the initial ground surface.
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2. CENTRIFUGE FACILITY AT RPI
2.1 Centrifuge Background
There are a number of different types of centrifuges, used for example in material
and food processing, aeronautics, uranium production, and motion simulation.

A

geotechnical centrifuge is characterized by its rugged nature, large payload capability
and low-speed operation. Geotechnical centrifuges can be subdivided into two main
classes, including beam and drum centrifuges. The centrifuge at Rensselaer Polytechnic
Institute (RPI) is a beam centrifuge which rotates in a horizontal plane. The acceleration
field acting on the model is the resultant of the centrifuge acceleration field and the
earth’s gravitational field. The behavior of the model will depend on the orientation of
the model on the centrifuge platform to this resultant acceleration field.
Beam centrifuges can be subdivided into three platform types, which include fixed,
restrained, and swinging platforms. The RPI centrifuge has a swinging platform and in
this type of platform, the surface is always normal to the resultant acceleration.
The RPI Model 665-1 was manufactured by Acutronic, France. The centrifuge is
composed of a swinging basket, centrifuge boom, balancing counterweight, hydraulic
rotary joint, electrical slip-rings assembly, drive system, aerodynamic enclosure, and an
in-flight balancing system (Elgamal et al., 1991; NEES).

The centrifuge is also

equipped with an imbalance measurement system, where automatic shutdown of the
machine occurs if excessive imbalance is detected.
One of the primary objectives in geotechnical research and design is to be able to
accurately determine and model the shear strength of soils. Soil strength is largely
dependent upon the confining stresses that are being exerted upon a soil. In the field, a
particular sample of soil experiences a normal stress that is equal to the unit weight of
the soil multiplied by the height of soil above the sample in question. A soil that is
confined under a larger amount of stress will usually have a higher strength than a soil
that is confined under less stress.
The design strength of soil structures such as dams, levees, and embankments, is a
function of the height of these structures. As a result, modeling such structures, or any
soil system in general, can be problematic. A 10 inch model of a dam will not behave
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the same as the real-life 100 foot dam. If the gravitational force exerted on the 10 inch
model can be increased, the behavior of the full-scale dam can be simulated.

A

geotechnical centrifuge can be used to accomplish this task.
Geotechnical centrifuge modeling is a powerful technique that has developed
rapidly since the 1980’s. Centrifuge modeling is a powerful and cost effective technique
that allows a researcher to accurately model full-scale stress states in small-scale models.
In recent years, many geotechnical research facilities have acquired centrifuge facilities,
including RPI (NEES).
As with any centrifuge, a geotechnical centrifuge is used to “spin” the soil model at
high speeds. The centrifugal force on the model acts to increase the apparent weight of
the model, thus allowing a researcher to accurately model the full-scale soil stresses and
strengths. The increase in apparent weight or gravitational acceleration is commonly
measured in “g’s.”

2.1.1

Scaling Laws

Various scaling laws have been used to relate the model scale to its corresponding
prototype scale while in flight on the centrifuge. Some of these scale factors are shown
in Table 2-1 (Serrano, 1987). A 1/N model that is subjected to a gravitational
acceleration of N g’s will experience the same stresses at comparable points in the soil
mass as are experienced in the full-scale prototype. Using the same type of soil in the
model as is used in the full-scale prototype soil structure will preserve the stress-strain
relation at equivalent points in the model and prototype (Arulanandan et al., 1988). A
diagram showing the concept of centrifuge modeling and corresponding stresses is
shown in Figure 2-1.
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Quantity

Prototype Scale

Centrifuge Model at Ng*

Length

1

1/N

Area

1

1/N2

Volume

1

1/N3

Acceleration

1

N

Dynamic Frequency

1

N

Force

1

1/N2

Stress

1

1

Strain

1

1

Dynamic Time

1

1/N

Diffusion Time

1

1/N2

*N is the number of g’s exerted on the model while in flight

Table 2-1: Centrifuge Scaling Relations (Serrano, 1987)

Figure 2-1: Centrifuge Modeling Concept
One such scale effect involves particle size. During centrifuge testing, the grain size
of a soil scales to a larger size than at 1 g. Thus it is necessary to show that the soil will
behave in the same manner in the model as it would in the prototype, even with the
particle size effects. A study by Schmidt and Holsapple in 1978 showed that there was
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no detectable effect of grain size on explosive cratering (Schmidt and Holsapple, 1978).
Since an explosion is volumetric in nature, the volume scaling law (Table 2-1) applies.
Thus, the scaling law for explosives is g3 where the mass of the explosive is raised to the
third power when scaling from model to prototype (Craig, 1985).

2.2 Geotechnical Centrifuge at Rensselaer
The 150 g-ton geotechnical centrifuge facility is located in the basement of the
Jonsson Engineering Center on the RPI campus in Troy, NY. The facility is a part of the
Network for Earthquake Engineering Simulation (NEES). A photo of the geotechnical
centrifuge is shown in Figure 2-2.

RPI’s centrifuge facility includes: two model

preparation rooms; in-flight robot testing room; electronics development room; two data
acquisition

(DAQ)/LAN

server

rooms;

state-of-the-art

teleconference

room;

geotechnical computer lab; soil storage area; state-of-the-art centrifuge control and
teleparticipation room with four plasma screens; capacity for on-site visitors; and the
centrifuge.

Figure 2-2: 150 g-ton Geotechnical Centrifuge
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Some of the attributes which characterize the performance of the centrifuge are:
•

The nominal radius, 2.7m, which is the distance between the center of the
payload and the centrifuge axis. Useable load capacity and acceleration are
defined at this radius.

•

The platform radius, which measures 3.0m, is the distance between the
swinging basket platform and the centrifuge axis.

•

Useable payload dimensions: the space available for the payload is a depth of
1.0m, a width of 1.0m, a height of 0.8m, and a maximum height of 1.2m.

•

Performance envelope: the performance envelope of a centrifuge indicates
the allowable levels of acceleration as a function of payload mass. For the
RPI centrifuge, the do not exceed limits are: 200 g, 1.5 tonne, and 150 g-ton
(the product of payload weight times g’s).

The RPI centrifuge is most commonly controlled and operated from the control and
teleparticipation room, but can also be controlled remotely using the internet.

2.3 Centrifuge High Speed Camera
A high speed camera is often used during testing to allow researchers to analyze the
response of models during testing in slow-motion.

This is especially useful for

explosive work. The specifications of the V5 High Speed CMOS camera are as follows:
•

Small and rugged design for high “g”

•

Variable on-chip shutter

•

Automatic exposure

•

Full image resolution 1024x1024 pixel array capability at 60,000 pps

•

Designed for standalone use

•

Image memory that allows recording up to 16 seconds at 1,000 pps

Figure 2-23 is a picture of the high speed camera attached on the centrifuge, as used
during this research.
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Figure 2-3: Centrifuge High Speed Camera

2.4 Data Acquisition on the Centrifuge
The data acquisition system (DAQ) consists of four signal conditioning extensions
for instrumentation (SCXI) chassis installed at the end of the centrifuge arm, next to the
model. Each chassis has four shielded signal conditioning modules with eight analog
input channels each, for a total of 128 channels.
PCI extensions (PXI) for modular instrumentation deliver a PC-based, standardized,
high performance system. After the analog signal has been filtered and amplified by the
SCXI, it is converted into digital signal in the DAQ board, which is located in the PXI
unit. The PXI Unit consists of a Pentium III PC, a 6070E DAQ board and a 6711
Analog Output board. The SCXI Units are connected to the 6070E ADC boards, which
are located in the PXI Unit, in the center of the centrifuge. Once the acquisition is
triggered, the data is stored in the PC located in the PXI. The Data Acquisition process
is controlled using a wireless connection.
Configuration of the sensors is done using LABVIEW, which allows the user to
input for each channel a series of parameters that describe the corresponding sensor,
including type of sensor, range, sensitivity factor, excitation, scale factor, gains and
filters.
20

A variety of sensors are used for data acquisition on the centrifuge. These include:
linear voltage differential transformers (LVDT) for measuring linear displacement;
Tekscan pressure sensors; and a profilometer. The profilometer was primarily used for
this research in order to measure the size of the blast-induced craters.
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3. EXPERIMENTAL PROCEDURES
An important part of this research was the determination of the procedures for
construction and documentation of the models used for centrifuge blast testing. A
primary focus was the correlation of varying soil characteristics with their resulting blast
crater sizes. The following sections detail some of the equipment and procedures used in
this project.

3.1 Experimental Equipment
3.1.1

Proctor Mold and Hammer

In order to determine the maximum practical-achievable densities of both sands and
clays, modified Proctor tests were performed. During these tests, an ASTM aluminum
mold was used (Figure 3-1), consisting of three main parts, the base, the mold, and the
collar.

The mold and collar attach securely to the base during compaction.

The

removable collar allows soil to be compacted to a level that is slightly above the top of
the mold, to ensure thorough compaction inside the mold. The volume of the mold is
987.5 cm3.

Figure 3-1: Proctor Mold
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Figure 3-2: Modified Proctor Hammer

In order to compact the sample into the mold, an ATSM Modified Proctor hammer
was used. The Modified Proctor hammer, as shown in Figure 3-2, has a fall height of 18
in. and a mass of 10 lbs. The difference between the Modified Proctor Test and the
Standard Proctor test is the size of the hammer and number of blows per lift as
mentioned previously in this paper (Table 1-1). Based on experimental results, 90% 92% of Modified Proctor density is roughly equivalent to 95% Standard Proctor density,
except for fine grained soils (for example clay) where the difference may be significantly
larger (Monahan, 1994). The density difference between Modified Proctor and Standard
Proctor density testing appears to increase with the percentage of fines in the soil matrix
while the optimum moisture content decreases. It may be practical to utilize 90% of
Modified Proctor density and optimum moisture content when working with fine grained
soils such as clays for best results (Monahan, 1994).
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3.1.2

Model Box

The models used in this research were constructed in a 1 inch thick aluminum box
with inside dimensions of 34.5” L x 15.5” W x 14” H. The box is shown in Figure 3-3.

Figure 3-3: Aluminum Model Box

3.1.3

Pluviation

In order to replicate relative densities, a method known as pluviation was used, as
mentioned earlier in this paper.

The pluviator device consisted of a sheet metal

container with a handle on top and many holes on the bottom (see Figure 3-4 and Figure
3-5). The box is filled with sand, which falls out of the holes and into the model box.
This allows even lifts to be poured at roughly 60% relative density.
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Figure 3-4: Pluviator

Figure 3-5: Bottom of Pluviator showing tiny holes made for “raining.”
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3.1.4

Model Leveling Apparatus

Once the layers of sand were pluviated or rained into the model box, a leveling
apparatus was used in order to create a level top surface. The leveling apparatus shown
in Figure 3-6 consists of an arm that spans the top of the box, which is connected to a
lower arm that is dragged across the surface of the sand at a designated height.

Figure 3-6: Leveling Apparatus on the Model Box

3.1.5

High Speed Camera and Lamp

A high speed camera and high powered lamp were used so that the explosions could
be captured on film. Figure 3-7 shows a photograph of the camera and lamp. Details of
the camera were presented in Section 2.3, and Figure 2-3 shows the camera mounted on
the centrifuge.
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Figure 3-7: High Speed Camera and Lamp

3.1.6 Explosives
During the preliminary test, which was run at 1 g, an RP-80 EBW explosive was
used (Figure 3-8). During centrifuge testing, RP-850 charges (Figure 3-9) were used,
which contain larger explosive charges (Table 1-2). Details of EBW’s were presented in
Chapter 1.

Figure 3-8: RP-80 EBW Charge Used During the Preliminary Test
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Figure 3-9: RP-850 EBW Charges Used During Centrifuge Testing

3.1.7

Firing System

In order to ignite the explosives during these tests, an FS-10 firing unit was used
(Figure 3-10 and Figure 3-11). The control unit was connected to the firing module. A
safety key was inserted into the firing module. The EBX was connected to the firing
module. Immediately prior to the test, the safety key was removed from the firing
module and inserted into the control unit. To fire the charge, the “Hold to Arm” button
was pressed on the control unit. An orange light will flash once the unit has charged to
the required voltage. The “Hold to Fire” button was then pressed, while still pressing the
first button, to detonate the explosive.

Figure 3-10: FS-10 Firing Unit (Control Unit on Left, Firing Module on Right)

28

Figure 3-11: EBW Firing System (RISI, 2000)

3.1.8

Profilometer

A profilometer was used to measure the craters after testing (Figure 3-12). The
profilometer consists of an x-axis beam, rods, y-axis bars, and the z-axis scale as shown
in Figure 3-13. After testing, the y-axis bars are attached to the model box. The x-axis
beam and the scale are then attached to one row on the y-axis bars. A series of rods are
slid down through holes in the beam that are spaced 1 cm apart. These rods are lowered
until they contact the surface of the crater. The height of the tops of each rod can be
measured using the scale. Once the crater is measured along the x-axis, the profilometer
beam is moved ahead to the next row on the y-axis, and the measurements are taken
along that row. This process is repeated until the entire crater has been measured.
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Figure 3-12: Profilometer
When the rods are lowered, they tend to penetrate the surface of the sand, which
causes error in the measurements. In order to prevent this penetration, a thin strip of
wax paper was placed on top of the crater beneath the rods.
The data collected from the profilometer was entered into an Excel spreadsheet
which was imported into 3-dimensional surface mapping software, Surfer 8.
program was used to produce 3-D images and profiles of the craters.
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This

Figure 3-13: Top and Side Views of the Profilometer

3.2 Modified Proctor Tests
Prior to running any tests, a number of Modified Proctor tests were performed on
both Nevada sand and Kaolin clay samples in order to determine their optimum
compaction densities as well as their optimum moisture contents.
3.2.1

Nevada Sand

Modified Proctor tests on the Nevada sand closely followed the procedures of ASTM
D1557 02, Method A. Two variations from the ASTM procedure were:
1. The sand was not left to sit after mixing with water. It was assumed that
due to the free-draining nature of the sand, uniform water contents could be
achieved by thorough mixing.
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2. ASTM recommends that at least 500 grams of the compacted sample be
used for water content determination. For the purposes of this research, a 40-50
gram water content sample was taken at the top and bottom of each of the
compacted molds. The average of the water contents from the top and bottom of
each respective sample was used as the water content for that sample.
Two Modified Proctor tests were performed at water contents near the approximate
optimum, in order to better define the peak. The first Modified Proctor curve for
Nevada sand can be seen in Figure 3-14. The optimum moisture content was 9.5% and
the optimum compacted dry unit weight was 103.5 pcf (16.25 kN/m3).

Figure 3-14: Modified Proctor Curve for Nevada Sand
In order to check the results, another Modified Proctor test was run, and a second
curve was developed. As shown in Figure 3-15, the optimum moisture content for the
second Modified Proctor curve was 11.5% and the optimum compacted dry unit weight
was 102.75 pcf (16.13 kN/m3). The optimum moisture contents and compacted dry unit
weights were averaged for the two tests, and the resulting average values were used.
The results are shown in Table 3-1, along with the results of Arumoli, et al., 1992.
.
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Modified Proctor - Nevada Sand
2/13/08
104.00

Dry Unit Weight (pcf)

103.00
102.00
Modified Proctor

101.00

Zero Air Voids

100.00
99.00
98.00
6.00%

8.00% 10.00% 12.00% 14.00% 16.00% 18.00% 20.00% 22.00% 24.00%
Water Content

Figure 3-15: Additional Modified Proctor Curve for Nevada Sand

This Research

Arulmoli et al., 1992
3

Optimum Compacted Dry Unit Weight

103.0 pcf (16.17 kN/m ).

Optimum Moisture Content

10.5%

Maximum Dry Unit Weight

104.09 pcf (16.34 kN/m3)

110.39 pcf (17.33 kN/m3)

Minimum Void Ratio

0.603

0.511
3

Minimum Dry Unit Weight

88.92 pcf (13.96 kN/m )

88.35 pcf (13.87 kN/m3)

Maximum Void Ratio

0.876

0.887

Specific Gravity

2.67

Permeability (Medium-Dense)

5.6x10-5 m/sec

Mean Grain Size (D50)

0.15 mm

Table 3-1: Summarized Compaction Properties of Nevada Sand
To find a range of densities for Nevada sand, a max/min density test was performed
using a dry sample. To determine the minimum density, sand was carefully poured from
a low height into the Proctor mold and weighed. Four trials were performed. To
determine the maximum density, sand was compacted into the Proctor mold in five lifts
using 25 blows per lift with the Modified Proctor hammer. The lowest and highest
values obtained were taken as the minimum and maximum densities respectively: the
Nevada sand had maximum and minimum densities of 104.09 pcf (16.34 kN/m3) and
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88.92 pcf (13.96 kN/m3) respectively. Maximum and minimum void ratios were
calculated to be 0.876 and 0.603 respectively.
Arulmoli et al., 1992 obtained maximum and minimum densities of Nevada sand
(Table 3-1). They also obtained the grain size distribution shown in Figure 3-16, and
determined that Nevada sand has a specific gravity of 2.67. Its maximum and minimum
dry densities were found to be 110.39 pcf (17.33 kN/m3) and 88.35 pcf (13.87 kN/m3)
respectively at corresponding minimum and maximum void ratios of 0.511 and 0.877
respectively. They also obtained an average permeability of about 5.6x10-5 m/sec in a
medium-dense state and a mean grain size (D50) of 0.15 mm. These characteristics of
Nevada sand are summarized in Table 3-1.

UNIFIED SOIL CLASSIFICATION
SAND

GRAVEL
COBBLES

COARSE

FINE

COARSE MEDIUM

SILT OR CLAY

FINE

PERCENT PASSING BY WEIGHT

100

80

60

40

20

0
1000

100

10

1

0.1

0.01

0.001

GRAIN SIZE IN MILLIMETER

Figure 3-16: Grain Size Distribution for Nevada Sand (Arulmoli et al., 1992)
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3.2.2

Kaolin Clay

Similar to the procedure followed for Nevada sand, Modified Proctor tests on the
Kaolin clay closely followed ASTM D1557 02. The only minor variation to the ASTM
procedure was:
1. The clay was not left to sit after mixing with water. Each sample was carefully
mixed and hand-kneaded for 10-15 minutes, to ensure the water content was
consistent in each sample.

Modified Proctor - Kaolinite Clay
1/31/08, 2/13/08, 2/19/08
100.00

Dry Unit Weight (pcf)

95.00

90.00
Modified Proctor
Zero Air Voids

85.00

80.00

75.00
10.00%

15.00%

20.00%

25.00%

30.00%

35.00%

40.00%

Water Content

Figure 3-17: Modified Proctor Curve for Kaolin Clay
A Modified Proctor test was performed to determine the optimum moisture content
and peak dry unit weight of Kaolin Clay. After the first test, two additional tests were
performed at water contents near the estimated optimum in order to better define the
peak of the compaction curve. The Modified Proctor curve for the Kaolin clay can be
seen in Figure 3-17.

The optimum moisture content is 19.0% and the optimum

compacted dry unit weight is 96.6 pcf (15.16 kN/m3) (Table 3-2).
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Optimum Compacted Dry Unit Weight

96.6 pcf (15.16 kN/m3).

Optimum Moisture Content

19.0%

Specific Gravity

2.65

Table 3-2: Summarized Compaction Properties of Kaolin Clay

3.3 Relative Density
In sands, density and/or relative densities are commonly used to specify or classify
the sand. In this research, relative densities of 45.3% and 87.5% for the Nevada sand
were used.
The relation for relative density is:

1

γ dry ,min

Dr =

1

γ dry ,min

−

−

1

γ dry
1

× 100%

γ dry ,max

where Dr is the relative density (in percent), γdry,min is the minimum dry unit weight,
γdry,max is the maximum dry unit weight, and γdry is the dry unit weight of the sample.
The equation for relative density was solved for the unit weight of the sample, γdry in
order to facilitate calculating the required dry density of the sample to achieve the
desired relative density:

γ dry =

1
1

γ dry ,min

−

Dr ⎛⎜ 1
1
−
100% ⎜⎝ γ dry ,min γ dry ,max

⎞
⎟
⎟
⎠

A summary of relative densities and corresponding dry densities used in this project
are shown in Table 3-3.
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Table 3-3: Relative Density vs. Sample Unit Weight for Nevada Sand
Relative Density
60%
75%
90%
93.8%

3.4

Sample Unit Weight
97.4 pcf (15.29 kN/m3)
99.8 pcf (15.67 kN/m3)
102.3 pcf (16.06 kN/m3)
103.0 pcf (16.17 kN/m3)
(optimum compacted)

% Modified Proctor
95%
97%
99%
100%

Preliminary Modeling
Prior to centrifuge testing, a preliminary test was performed at 1 g, that is without the

use of the centrifuge. The primary focus of the 1 g test was to gain experience in
constructing the model and controlling the various densities of the Nevada sand.
3.4.1

Controlling the Density of the Sand

It was determined that the best way to control and monitor the density of the sand
during preparation of the model was to add known weights of sand in known volumes.
In order to control this operation, 1 inch spaced lines were marked on the sides of the
model box. The volume contained by each of these 1 inch lifts was then computed, and
the weight of the sand required to fill that volume for the specified density was
computed.
The volume of a 1 inch lift in the model box was computed as 34.5 inches x 15.5
inches x 1 inch, or 534.75 inches3 (0.309 ft3). Knowing this volume, the weight of sand
required to fill that volume at a given density could be calculated. The resulting weights
are listed in Table 3-4.

Table 3-4: Required Weight of Sand per Lift
Relative Density

Unit Weight

Weight of Sand per 1 in. Lift

60%

97.4 pcf

30.14 lbs (13,671.274 grams)

75%

99.8 pcf

30.88 lbs (14,006.932 grams)

90%

102.3 pcf

31.66 lbs (14,360.734 grams)

The target relative density for the preliminary test was 60%. 30.14 lbs of sand was
used for each lift. The sand was rained into the test box using the pluviator at a fall
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height of 18 inches.

This ensured a uniform density throughout the model of

approximately 60% relative density. The surface of the sand was then leveled using a
straight edge and a custom-made leveling apparatus. The height of the lift was then
verified to be 1 inch, and the sand was tamped slightly if it needed to be densified. The
procedure was repeated until 8 inches of sand were added to the model. After adding all
of the sand to the preliminary model, it was determined that the actual height of the soil
was 7.875 inches, as opposed to the target of 8 inches. The actual relative density of the
sand was calculated to be 69.5%.
It was found that a 1/8 inch variation in the total height of the sand in the model
yields a 10% variation in the relative density of the sand. This is important because it
reinforces the need to be meticulous about controlling the density of the sample. It is
essential the sand be compacted carefully and the 1 inch lifts be exactly measured.
3.4.2

Setting up the Explosive Charge

The preliminary test was done at 1 g. As shown in Figure 3-18, the EBW was placed
on the surface of the sand, and the wires were attached to the side of the model box to
hold the charge in place. For tests on the centrifuge, it was necessary to hold the charge
in place to prevent it from sinking into the sand at high g’s. Photographs of the setup
that was used to hold the charges during testing at high g’s are shown in Figures 3-22 to
3-24.

Figure 3-18: Placement of the Explosive for the Preliminary Test
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3.4.3

Completed Preliminary Model

Figure 3-19 shows a photograph of the completed preliminary model immediately
before the explosive was detonated. The results of the preliminary test can be found in
Chapter 4.

Figure 3-19: Preliminary Model Immediately Before Detonation

3.5 Centrifuge Modeling
Centrifuge tests were performed on various soil types at 80 g’s. The soil types tested
were dry Nevada Sand, saturated Nevada Sand, and Kaolin clay at various densities and
water contents.
3.5.1

Controlling the Density of the Sand during Actual Testing

In order to control the densities of Nevada Sand, 1 cm. lift lines were marked on the
sides of the model box. The volume contained by each of these 1 cm. lifts was then
calculated, and the weight of the sand required to fill that volume for the specified
density was also computed.
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For the centrifuge tests the blasting box was divided into two sections in order to run
two tests per model. The volume of a 1 cm. lift in the model box was computed as 16.56
inches x 15.44 inches x 0.3937 inches (1cm.) or 100.66 inches3 (1649.5cm3). The
weight of sand required to fill that volume at a given density was calculated. The
resulting weights are listed in Table 3-5.

Table 3-5: Required Weight of Sand per Lift
Relative Density

Unit Weight

Weight of Sand per 1 cm. Lift

40%

94.4 pcf

2,495 grams

85%

101.5 pcf

2,681 grams

The sand was rained into the model box using the pluviator at a fall height of 9
inches in order to get a relative density about 85%. After each lift was placed, the sand
was leveled using a straight edge and a tamping apparatus. The height of the lift was
then verified to be 1 cm. and the sand was tamped slightly if it needed to be densified.
This procedure was repeated until 12 centimeters of sand were added to the model.
In order to achieve 40% relative density, the same procedure was used except the
sand was poured into the box using a funnel with a large circumference opening. This
allowed to the sand to remain fairly loose, that is a high void ratio. The sand was poured
into the box from a very shallow height in order to maintain this loose soil structure.

3.5.2

Adjusting Water Content of Soil in Blasting Model

Some tests required adding water to increase the water content or saturate the soil.
The mass of water needed to achieve the desired water content or saturate each sample
was weighed in a large bucket and placed on a bench above the height of the model box.
Plastic tubing was used to siphon the water from the bucket into the box. A device
which allowed water to be released at a designated rate into the box was used in order to
avoid saturating the sand too fast. Photographs of the device used in this process can be
seen in Figure 3-20. The saturated model can be seen in Figure 3-21.
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Figure 3-20: Setup for Siphoning Water into Model Box for Saturation

Figure 3-21: Finished Model after Full Saturation
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3.5.3

Setting up the Explosive Charge during Testing

During testing, the high g’s required the charges to be placed securely enough so
they would maintain their position throughout the test. At 80 g’s the charges became 80
times heavier, and were secured to prevent them from sinking into the soil and
becoming a buried charge. As shown in Figures 3-22 to 3-24, the charges were placed
on the surface of the sand, and the wires were attached to the rods that ran perpendicular
to the length of the box. During the wet Nevada sand tests and the Kaolin clay tests, the
charges were laid directly on the soil surfaces as it was determined they would not sink
under the soil surface during centrifuge testing. The wet Nevada sand and Kaolin clay
samples were sufficiently compacted and did not require the support of the brackets as in
the dry sand tests. Figure 3-25 shows the saturated Nevada sand model prior to testing
with the charges lying across the soil surface.

Figure 3-22: Placement of the Explosives for the Centrifuge Test
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Figure 3-23: Close-up of Charge Placement

3.5.4

Completed Centrifuge Models

Figure 3-24 and Figure 3-25 show photographs of completed centrifuge models of
both dry and saturated Nevada Sand immediately before the tests were run.

Figure 3-24: Dry Nevada Sand Centrifuge Model Prior to Testing
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Figure 3-25: Saturated Nevada Sand Centrifuge Model Prior to Testing

3.5.5

Mixing Kaolin Clay at Various Water Contents

An industrial food mixer was used to mix the clay. It was determined that 25 pounds
of clay created a manageable sample size in the mixer. Table 3-6 lists the various
amounts of water added to each 25 pound mixture of Kaolin clay for various water
contents.

Mixing Kaolin Clay to Desired Water Content, w%
Water Content, w%

Mass of water needed (g)

30

3402

40

4536

50

5670

60

6804

70

7938

80

9072

Table 3-6: Required Mass of Water Needed at Water Content
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3.5.6

Placement of Kaolin Clay

When the clay was mixed properly, it was carefully placed into the model box to
minimize the amount of air voids created. This process was difficult and time
consuming due to the nature of the clay and the water contents used for the tests. During
each of the Kaolin clay centrifuge tests, two different water contents were used on each
side of the model box. The lower water content side proved to be very dry and therefore
difficult to place during this stage of preparation. Unlike the Nevada Sand test series
where the sand was placed in lifts, the Kaolin clay had to be placed in sections at a time
because of its consistency. When a manageable layer of sections had been laid down,
the clay was then compressed by hand and by using a custom made tamping device to
further limit the number of voids. When the clay was placed to a specified height, it was
again compacted and smoothed out using the appropriate leveling tools. Figure 3-26
shows a completed Kaolin clay model box.

Figure 3-26: Completed Kaolin Clay Model Prior to Testing
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3.5.7

Consolidation of Kaolin Clay

After proper placement of the clay in the model box a surcharge was added in order
to speed up the process of consolidation. The surcharge used in this research was
Nevada Sand. A layer of permeable geo-fabric was used to separate the sand from the
clay layer. After the fabric was placed in the box, a 17 cm layer of sand was placed on
top of the geo-fabric. Figure 3-27 shows the sand surcharge on top of an existing clay
layer. This process was repeated on both sides of the model box. Water was also added
to the sand until it was saturated in order to provide added load. In addition to adding a
surcharge of saturated sand to the Kaolin clay, the model was also spun at 80 g’s for a
total of five hours in order to fully consolidate the clay layer. Prior to consolidation on
the centrifuge, it was determined that additional surcharge was required on the lower
water content side. Figure 3-28 shows a finalized model box prior to consolidation.

Figure 3-27: Sand Surcharge on Top of Existing Kaolin Clay Layer

As seen in Figure 3-28, clamps were used in order to prevent warping of the model
box during long periods of consolidation on the centrifuge. After five hours of
consolidation, the sand surcharge was removed as well as the permeable geo-fabric, and
the model was now ready for blasting.
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Figure 3-28: Completed Kaolin Clay Model Box Prior to Centrifuge Consolidation
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4. RESULTS
4.1 Nevada Sand Test Series
4.1.1

Preliminary Test on Nevada Sand

A preliminary test was performed on dry Nevada sand and the target relative density
was 60%. After constructing the model, it was determined that the actual relative
density of the sand in the model was 69.5%. The preliminary test was done using an RP80 explosive charge at 1 g. A summary of the test parameters and results is presented in
Table 4-1. Photographs of the blast crater are shown in Figure 4-1.

Soil Type

Nevada Sand

Relative Density

69.5%

Water Content

0%

Soil Dry Unit Weight

98.9 pcf (15.53 kN/m3)

Charge Type

RP-80

TNT Equivalency

252.527 mg

G Level

1.0

Mass of Charge

203 mg (4.475 x 10-4 lbs)

Apparent Crater Depth

1.491 cm (0.587 in)

Apparent Crater Width

17 cm (6.69 in)

Apparent Crater Height of Lip

0.295 cm (0.116 in)

Volume of Apparent Crater

104.3 cm3 (6.36 in3)
123 mg (RDX)

Scaled Mass of Charge

80 mg (PETN)

Scaled Apparent Crater Depth

1.491 cm (0.587 in)

Scaled Apparent Crater Width

17 cm (6.69 in)

Scaled Apparent Crater Height of Lip

0.295 cm (0.116 in)

Scaled Volume of Apparent Crater

104.3 cm3 (6.36 in3)

Table 4-1: Summary of Preliminary Test Parameters and Results
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Figure 4-1: Preliminary Test Blast Crater

The crater was measured immediately after the test using a profilometer. The
photographs on Figure 4-1 show that the crater is almost perfectly circular and
symmetrical.
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The deepest and widest portion, across the diameter of the crater, was measured. A
cross section (Figure 4-2) was taken across this portion of the crater. The depth of the
apparent crater was measured to be 1.491 cm (0.587 in), the width of the apparent crater
was measured to be 17 cm (6.69 in), the height of the lip of the apparent crater was
measured to be 0.295 cm (0.116 in), and the volume of the apparent crater was measured
to be 104.3 cm3 (6.36 in3). Since this test was performed at 1 g, the scaled dimensions of
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Figure 4-2: Profile of Preliminary Test Blast Crater
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4.1.2

Centrifuge Test on Nevada Sand

An 80 g centrifuge test was performed on dry Nevada sand and the two target
relative densities were 40% and 85%. The actual relative densities after preparing the
samples were 45.3% and 87.5% respectively. The increases in relative density are likely
a result of accidental compaction and or vibration, as mentioned in chapter 3. The test
was done using RP-850 explosive charges. A summary of the test parameters and results
are shown in Table 4-2. Photographs of the blast craters can be seen in Figure 4-3 and
Figure 4-4.

Soil Type

Dry Nevada Sand

Dry Nevada Sand

Target Relative Density

40%

85%

Actual Relative Density

45.3%

87.5%

Water Content

0%

0%

Soil Dry Unit Weight

94.4 pcf (14.84 kN/m3)

101.5 pcf (15.94 kN/m3)

Charge Type

RP-850

RP-850

TNT Equivalency

2591.638 mg

2591.638 mg

G Level

80

80

Mass of Charge

2222 mg (4.89 x 10-3 lbs)

2222 mg (4.89 x 10-3 lbs)

Apparent Crater Depth

3.33 cm (1.313 in)

1.91 cm (0.750 in)

Apparent Crater Diameter

16 cm (6.29 in)

13.5 cm (5.31 in)

Scaled Mass of Charge-TNT

1,327 kg (2925 lbs)

1,327 kg (2925 lbs)

Scaled Apparent Crater Depth

2.668 m (8.753 ft.)

1.528 m (5 ft.)

Scaled Apparent Crater Diameter

12.781 m (41.933 ft.)

10.800 m (35.4 ft.)

Table 4-2: Dry Nevada Sand Centrifuge Test Parameters and Results

51

Figure 4-3: Measurements of Crater Size (45.3% Relative Density)

Figure 4-4: Measurements of Crater Size (87.5% Relative Density)
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4.1.3

Centrifuge Test on Saturated Nevada Sand

An 80 g centrifuge test was performed on wet Nevada sand and the two target
relative densities were 40% and 85%. As in the dry Nevada sand test, the actual relative
densities were 45.3% and 87.5%. The sand was saturated following the procedure
explained at the end of chapter 3. The test used RP-850 explosive charges. A summary
of the test parameters and results are presented in Table 4-3. Photographs of the blast
craters are shown in Figures 4-5 to 4-8.

Soil Type

Wet Nevada Sand

Wet Nevada Sand

Target Relative Density

40%

85%

Actual Relative Density

45.3%

87.5%

Water Content

28.9%

24.3%

Soil Dry Unit Weight

94.4 pcf (14.84 kN/m3)

101.5 pcf (15.94 kN/m3)

Charge Type

RP-850

RP-850

TNT Equivalency

2591.638 mg

2591.638 mg

G Level

80

80

Mass of Charge

2222 mg (4.89 x 10-3 lbs)

2222 mg (4.89 x 10-3 lbs)

Apparent Crater Depth

2.1 cm (0.83 in)

1.9 cm (0.75 in)

Apparent Crater Diameter

18.25 cm (7.19 in)

16.5 cm (6.50 in)

Scaled Mass of Charge-TNT

1,327 kg (2925 lbs)

1,327 kg (2925 lbs)

Scaled Apparent Crater Depth

1.68 m (5.51 ft.)

1.52 m (4.99 ft.)

Scaled Apparent Crater Diameter

14.60 m (47.90 ft.)

13.20 m (43.31 ft.)

Table 4-3: Saturated Nevada Sand Centrifuge Test Parameters and Results
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Figure 4-5: Measuring Crater Diam. on Saturated Nevada Sand (45.3% Dr)

Figure 4-6: Measuring Crater Depth on Saturated Nevada Sand (45.3% Dr)
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Figure 4-7: Measuring Crater Diameter on Saturated Nevada Sand (87.5% Dr)

Figure 4-8: Measuring Crater Depth on Saturated Nevada Sand (87.5% Dr)
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4.2 Kaolin Clay Test Series
4.2.1

Centrifuge Test on Kaolin Clay – October 30, 2008

A centrifuge test was performed on kaolin clay at 80 g’s. For this test, the clay was
placed in the model box and consolidated on the centrifuge at 80 g’s for five hours with
an additional sand surcharge on each side. There was also an extra surcharge used for
the targeted 40% water content side in order to hasten consolidation. After
consolidation, the sand was removed and the clay was re-leveled before performing the
blasting. The shear strength was measured using a Torvane and Pocket Penetrometer.
The Torvane tests the actual shear strength of the soil and the Pocket Penetrometer tests
the unconfined compressive strength of the soil. The unconfined compressive strength is
divided by two to get the soil shear strength. The average of the three Torvane tests and
the average of three Pocket Penetrometer tests were averaged together to get the shear
strength shown in Table 4-4. Figures 4-9 to 4-13 are photos of the craters.
Soil Type

Kaolin Clay

Kaolin Clay

Initial Water Content (Pre Consolidation)

40.8%

70.9%

Final Water Content (Post Consolidation)

37.6%

51.7%

Average Soil Shear Strength

873 psf

147 psf

Surcharge Added during Consolidation

82.4 psf

23.1 psf

Height of Clay (Pre Consolidation)

12 cm (4.72 in.)

13.5 cm (5.31 in.)

Height of Clay (Post Consolidation)

11.3 cm (4.45 in.)

10.7 cm (4.21 in.)

Charge Type

RP-850

RP-850

TNT Equivalency

2591.638 mg

2591.638 mg

G Level

80

80

Mass of Charge (2 RP-850)

2222 mg (4.89 x 10-3 lbs)

2222 mg (4.89 x 10-3 lbs)

Apparent Crater Depth w/ Lip

6.71 cm (2.64 in.)

3.14 cm (1.24 in.)

Apparent Crater Diameter

10.44 cm (4.11 in.)

24.38 cm (9.60 in.)

Scaled Mass of Charge-TNT

1,327 kg (2925 lbs)

1,327 kg (2925 lbs)

Scaled Height of Clay (Post Consolidation)

9.04 m (29.66 ft.)

8.56 m (28.08 ft.)

Scaled Apparent Crater Depth w/ Lip

5.37 m (17.62 ft.)

2.51 m (8.23 ft.)

Scaled Apparent Crater Diameter

8.35 cm (27.40 ft.)

19.50 cm (63.98 ft.)

Table 4-4: Summary of Centrifuge Test on Kaolin Clay – 10/30/08
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Figure 4-9: Post Test (w%=51.7 on Left, w%=37.6 on Right)

Figure 4-10: Measuring Blast Crater Diameter (37.6% Water Content)
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Figure 4-11: Measuring Blast Crater Depth (37.6% Water Content)

Figure 4-12: Measuring Blast Crater Diameter (51.7% Water Content)
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Figure 4-13: Measuring Blast Crater Depth (51.7% Water Content)

4.2.2

Centrifuge Test on Kaolin Clay – November 6, 2008

This centrifuge test was a duplicate of the test run on October 30, 2008 except for
one minor change. The total surcharge added to the targeted 40% initial water content
side was reduced to 74.5 psf from 82.4 psf in the October 30 test. Clay height, sand
surcharge, target water content, and consolidation time remained the same. This test was
primarily run in order to replicate the results seen in the October 30 test. Average shear
strengths were measured using both the Torvane and Pocket Penetrometer and are listed
in Table 4-5. The shear strengths of both samples were considerably higher than those
measured for the October 30 test. Figures 4-14 to 4-19 show photos of the craters.
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Soil Type

Kaolin Clay

Kaolin Clay

Initial Water Content (Pre Consolidation)

40.6%

67.5%

Final Water Content (Post Consolidation)

35.8%

51.7%

Average Shear Strength

1034 psf

260 psf

Surcharge Added during Consolidation

74.5 psf

23.1 psf

Height of Clay (Pre Consolidation)

12 cm (4.724 in.)

13.5 cm (5.315 in.)

Height of Clay (Post Consolidation)

11 cm (4.331 in.)

11 cm (4.331 in.)

Charge Type

RP-850

RP-850

TNT Equivalency

2591.638 mg

2591.638 mg

G Level

80

80

Mass of Charge (2 RP-850)

2222 mg (4.89 x 10-3 lbs)

2222 mg (4.89 x 10-3 lbs)

Apparent Crater Depth w/ Lip

6.78 cm (2.71 in.)

5.33 cm (2.10 in.)

Apparent Crater Depth w/o Lip

5.29 cm (2.08 in.)

3.51 cm (1.38 in.)

Apparent Height of Crater lip

0.63 in.

0.72 in.

Apparent Crater Diameter

11.11 cm (4.37 in.)

21.35 cm (8.41 in.)

Scaled Mass of Charge-TNT

1,327 kg (2925 lbs)

1,327 kg (2925 lbs)

Scaled Height of Clay

8.80 m (28.87 ft.)

8.80 m (28.87 ft.)

Scaled Apparent Crater Depth w/ Lip

5.42 m (17.80 ft.)

4.26 m (13.99 ft.)

Scaled Apparent Crater Depth w/o Lip

4.23 m (13.88 ft.)

2.81 m (9.21 ft.)

Scaled Apparent Crater Diameter

8.89 m (29.15 ft.)

17.08 m (56.04 ft.)

Table 4-5: Summary of Centrifuge Test on Kaolin Clay – 11/06/08
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Figure 4-14: Post Test Blast Craters (w%= 35.8 on Left, w%= 51.7 on Right)

Figure 4-15: Measuring Blast Crater Diameter (35.8% Water Content)
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Figure 4-16: Measuring Blast Crater Depth (35.8% Water Content)

Figure 4-17: Measuring Blast Crater Diameter (51.7% Water Content)
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Figure 4-18: Measuring Blast Crater Depth (51.7% Water Content)

Figure 4-19: Cross Section of Blast Crater (51.7% Water Content)
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5. SUMMARIZED PROCEDURES
5.1 Summary of Procedures
The following procedures for the preparation of Nevada Sand and Kaolin Clay
models have been established, and were utilized in this research.
5.1.1

Nevada Sand Modeling

The recommended procedure for the placement of dry Nevada sand is as follows:
1. Prepare the model box by marking 1 cm. lift lines on the inside walls of the
box.
2. For a desired relative density, calculate the mass of sand required to fill a 1
cm. lift in the model box. Table 3-4 lists the masses required for the two
target densities utilized for this research. Section 3.3 describes the
procedure for calculating the density.
3. Pluviate the sand into the model box, taking care to keep the surface as level
as possible.
4. Using the leveling apparatus, carefully level the surface of the sand.
5. Tamp each lift of sand as necessary to a thickness of exactly 1 cm.
6. Continue the filling process until 12 centimeters of sand have been added to
the model.
It is important that the surface of the sand is leveled carefully, as excess vibration
can cause the sand to densify. Unintentional densification of the sand is of most concern
for lower relative density models.
After the model has been prepared, it is important to minimize vibrating the model.
It is recommended that the model be constructed on the centrifuge to avoid densification
of the sand by vibration during transport.

5.1.2

Placement of Kaolin Clay

For the Kaolin clay test series, the clay was placed at various water contents. The
various water contents were achieved by using the procedure explained in Chapter 4.
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The recommended procedure for the preparation and placement of Kaolin clay in the
model box is as follows:
1. Calculate the volume of the interior of the model box for a 1 cm. lift.
2. For the given dry density of clay for the test, calculate the corresponding
wet density of the clay at a particular water content. Calculate the mass of
dry clay and the mass of water required to achieve the desired wet density
for each lift.
3. Mix the clay in batches using a heavy duty mixer.
4. Cover the clay and allow it to set for at least two hours. Be sure that it is
covered so as to prevent it from drying out.
5. Mark the sides of the model box with 1 cm. lift lines. Add the
appropriate mass of wet clay to the box to fill a 1 cm. lift, and level the
surface.
6. Tamp the clay as necessary to compress it to a thickness of 1 cm. per lift.
7. Repeat this process until the desired height in cm. of clay has been added
to the sample.
8. While filling the model box, remove a small portion of the clay at the
bottom, middle and top of the box and verify the water content.
For the clay models, it is important that the model be covered once it is constructed
in order to prevent the clay from drying.

5.1.3

Measuring Crater Dimensions

Accurate documentation of crater dimensions was a key aspect of this research. It is
important that photos be taken of the craters immediately after testing. Measurements of
the crater should be performed soon after testing, preferably before model box removal
from the centrifuge, to avoid disturbance.
Measurements of the craters employed the use of a profilometer. The procedure was
as follows:
1. Prepare the profilometer by taping a paper scale to the frame.
2. Attach the y-axis bars to the short ends of the model box using screws.
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3. Place the x-axis scale and bar assembly across the model box. Place it at
least 5 cm behind the crater. It is necessary to take measurements in a grid
whose dimensions are equal to the diameter of the crater plus 10 cm. This
will ensure that the entire crater lip is captured in the measurements.
4. Once the x-axis of the profilometer is placed, insert pegs into the appropriate
holes to lock it into place on the y-axis. Clamp the assembly in place to
keep it stable.
5. Cut a strip of wax paper that is approximately 1 to 2 cm wide and at least as
long as the width of the measurement grid. Place the paper strip beneath the
x-axis bar. The measuring rods will be lowered against the paper to prevent
them from sinking into the soil.
6. Insert the rods into the profilometer, beginning and ending at least 5 cm from
the outside diameter of the crater. This should be done one rod at a time.
The rods should each be carefully lowered until they contact the paper and
soil surface.
7. Once the rods are placed, record the elevation of the tops of each of the rods
using the paper scale that was attached in step 1.
8. Remove the rods.
9. Move the x-axis ahead 1 cm and repeat steps 4 thru 9 until the profilometer
has advanced along the y-axis for at least 5 cm beyond the opposing edge of
the crater.
10. Input the data into an Excel spreadsheet and import it into Surfer 8. The
Surfer 8 software can be used to develop a 3-D surface model of the crater.

5.1.4

Placing Explosives

When tests are performed at high g’s, it is necessary to safely secure the explosives
to the surface of the soil. This helps prevent them from settling into the surface of the
soil as their apparent weight increases on the centrifuge. This setup is shown in Figures
3-22 to 3-24. In the case of the wet Nevada sand and Kaolin clay, the explosives were
attached to the side of the model box by way of duct tape, shown in Figure 5-1. The soil
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in these tests was compacted enough, not allowing the explosives to sink under the soil
surface. Figure 5-1 shows a photo of this setup.

Figure 5-1: Explosive Wiring Assembly
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6. CONCLUSIONS
6.1 Conclusions
The focus of this research was to define relationships between soil types (including
soil parameters such as water content and density) and blast crater size.
6.1.1

Normalizing the Data

The first two graphs, which are shown in Figure 6-1 and Figure 6-2, are plots of the
scaled crater radius and scaled crater depth in ft/lb1/3 vs. the scaled depth or height of
burst in ft/lb1/3.

The scaled radius and scaled depth of burst are normalized

measurements with respect to the mass of the charge. To produce this relationship, the
mass of the charge (TNT equivalency) is first determined. The centrifuge tests were
performed with two RP-850 charges, each with a scaled mass of 663.5 kg for a total
mass of 1,327 kg. The charge mass raised to the one third power normalizes this
dimension. In metric units this results in 10.989 kg1/3, and in English units is 14.301
ft1/3. The scaled average crater radius and maximum crater depth (prototype dimensions)
from each of the centrifuge tests are then divided by this scaled mass of charge and
plotted in Figures 6-1 and 6-2.
Figure 6-3 and Figure 6-4 illustrate the scaled crater radius and depth in m/kg1/3 vs.
the wet density in pounds per cubic foot (pcf).

The scaled radius and depth are

calculated the same as above and the wet density is taken as the total density of the soil,
which is found in the results tables of chapter 4. A summary of the results used to
formulate the graphs are shown in Table 6-1.
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Table 6-1: Summary of Prototype Crater Measurements
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6.391
5.395

1.466
1.238

23.967
21.667

7.305
6.604

1.676
1.515

8.753
5.000

2.668
1.524

Maximum
Depth (m)

5.513
4.987

1.680
1.520

Maximum
Depth (m)

0.612
0.350

0.385
0.349

Scaled Depth
ft/lb(1/3)

Kaolin Clay, Level Ground (10‐30‐08)

0.665
0.601

Maximum
Depth (ft.)

Saturated Nevada Sand, Level Ground

0.582
0.491

Average
Average Scaled Radius Scaled Radius
m/kg(1/3)
Radius (ft.) Radius (m)
ft/lb(1/3)

20.967
17.700

Maximum
Depth (ft.)

Scaled Depth
ft/lb(1/3)

0.153
0.138

Scaled Depth
m/kg(1/3)

0.243
0.139

Scaled Depth
m/kg(1/3)

Maximum Scaled Depth Scaled Depth
Water
Average
Average Scaled Radius Scaled Radius Maximum
(1/3)
(1/3)
m/kg
m/kg(1/3)
Depth (ft.)
Depth (m)
ft/lb(1/3)
Content Radius (ft.) Radius (m)
ft/lb
35.80%
14.577
4.443
1.019
0.404
18.073
5.509
1.264
0.501
51.70%
28.020
8.540
1.959
0.777
13.993
4.265
0.978
0.388

Kaolin Clay, Level Ground (11‐06‐08)

Maximum Scaled Depth Scaled Depth
Water
Average
Average Scaled Radius Scaled Radius Maximum
(1/3)
(1/3)
m/kg
m/kg(1/3)
Depth (ft.)
Depth (m)
ft/lb(1/3)
Content Radius (ft.) Radius (m)
ft/lb
37.60%
13.700
4.176
0.958
0.380
17.620
5.371
1.232
0.489
51.70%
31.990
9.751
2.237
0.887
8.247
2.514
0.577
0.229

45.30%
87.50%

Relative
Density, Dr

45.30%
87.50%

Relative
Density, Dr

Average
Average Scaled Radius Scaled Radius
Radius (ft.) Radius (m)
ft/lb(1/3)
m/kg(1/3)

Dry Nevada Sand, Level Ground

122.79
127.73

Wet Density
(pcf)

95.21
101.92

Wet Density
(pcf)

Scaled Depth
of Burst,
Wet Density
ft/lb(1/3)
(pcf)
‐0.13
125.48
‐0.13
108.06

Scaled Depth
of Burst,
Wet Density
(1/3)
ft/lb
(pcf)
‐0.13
125.48
‐0.13
108.06

‐0.13
‐0.13

Scaled Depth
of Burst,
ft/lb(1/3)

‐0.13
‐0.13

Scaled Depth
of Burst,
ft/lb(1/3)

Figure 6-1: Scaled Crater Radius vs. Scaled Depth of Burst

Figure 6-2: Scaled Crater Depth vs. Scaled Depth of Burst

70

Figure 6-3: Scaled Crater Radius vs. Wet Density

Figure 6-4: Scaled Crater Depth vs. Wet Density
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6.1.2

Nevada Sand

It is apparent from the results of tests on Nevada Sand that relative density or the
percentage of the optimum dry unit weight has a large influence on the blast crater
dimensions. Both the depth and diameter of the crater produced in the 40% relative
density sand were much larger than in the more compact (85% relative density) sand.
The depth of the crater was almost twice as large in the 40% relative density sand while
the diameter was only slightly larger.
Tests were performed on fully saturated sand and at the same relative densities as the
dry sand. Both the depth and diameter of the saturated sand craters were still larger in
the less dense sand, but the magnitude of this difference was much less than for the dry
sand tests. Final crater dimensions in saturated sands are suspect since liquefaction can
occur, causing soil to flow back into the crater after the blast.
The differences between the dry and saturated sand blast crater dimensions were
relatively small when comparing similar relative densities. The saturated Nevada Sand
had smaller crater depths in both densities than the dry Nevada Sand. However, in both
the 40% and 85% relative densities, the saturated sand had slightly larger crater
diameters than in the dry sand.

6.1.3

Kaolin Clay

The centrifuge tests performed using Kaolin Clay utilized two different water
contents (40% and 70%). After drainage during the consolidation phase the water
contents decreased to 35-38% and 51-52%, respectively.
In the October 30 tests, the crater depth was significantly larger for the 35% water
content clay (125.5 pcf) than in the 52% water content clay (108.1 pcf). The depth of
the crater in the lower water content clay was more than twice the depth of the higher
water content clay. However, the crater diameter of the lower water content clay was
less than half as large as that of the higher water content clay.
The November 6 tests on Kaolin Clay produced similar results to the first test
although without quite as large of a variation in crater dimensions between the two water
contents. The crater depth in the lower water content clay was larger than in the higher
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water content clay but the difference was not as great as in the first test. The diameter of
the crater in the lower water content clay was about half as large as that in the higher
water content clay.
6.1.4

General Conclusions

It appears that soil density, relative density, and water content are important
parameters in determining the size of craters formed by blasts. As expected, in the
Nevada sand tests, both dry and saturated tests, the higher density tests produced smaller
craters, both radius and depth, comparing dry to dry and wet to wet.
For the Kaolin Clay test series, water content and wet density appear to be important
parameters in determining the size of craters produced. The craters produced in the
lower water content (higher wet density) clay tests were quite different compared to the
higher water content (lower wet density) tests. The higher density test craters were
deeper with smaller diameters than the lower density craters.
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8. APPENDIX
8.1 Nevada Sand Preliminary Test

8.1.1

Surfer Output Data for the Preliminary Test @ 1 g level – 03/1/2008

——————————
Gridding Report
——————————
Sat Mar 01 11:52:32 2008
Elasped time for gridding:

0.13 seconds

Data Source
Source Data File Name:
C:\Documents and Settings\CARTEC\My Documents\My
Documents\Spring 2008\Master's Thesis\Practice Test\Carter_&_Pollard_Folde2-28-08r\Carter
& Pollard Folder\PRACTICE.xls
X Column:
A
Y Column:
B
Z Column:
C

Data Counts
Active Data:

108

Original Data:
Excluded Data:
Deleted Duplicates:
Retained Duplicates:
Artificial Data:
Superseded Data:

108
0
0
0
0
0

Univariate Statistics
——————————————————————————————————————————
——
X
Y
Z
——————————————————————————————————————————
——
Minimum:
1
5
-1.5
25%-tile:
3
9
-1
Median:
7
14
-0.5
75%-tile:
9
18
0
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Maximum:

11

22

0.3

Midrange:
Range:
Interquartile Range:
Median Abs. Deviation:

6
10
6
4

13.5
17
9
5

-0.6
1.8
1
0.5

Mean:
0.53240740740741
Trim Mean (10%):
0.52755102040816
Standard Deviation:
Variance:

6

13.5

-

6

13.5

-

3.4156502553199
11.666666666667

5.1881274720911
26.916666666667

0.50107822700129
0.25107938957476

Coef. of Variation:
-1
Coef. of Skewness:
0.079851965718647
——————————————————————————————————————————
——

Inter-Variable Correlation
————————————————————————————
X
Y
Z
————————————————————————————
X:
1.000
0.000
0.168
Y:
1.000
0.205
Z:
1.000
————————————————————————————

Inter-Variable Covariance
————————————————————————————————
X
Y
Z
————————————————————————————————
X:
11.666666666667
0
0.28796296296296
Y:
26.916666666667
0.53287037037037
Z:
0.25107938957476
————————————————————————————————

Planar Regression: Z = AX+BY+C
Fitted Parameters
——————————————————————————————————————————
——
A
B
C
——————————————————————————————————————————
——
Parameter Value:
0.02468253968254
0.019797041623667 0.94776270742215
Standard Error:
0.013803947244179 0.009087952480473 0.155354503216
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——————————————————————————————————————————
——
Inter-Parameter Correlations
————————————————————————————
A
B
C
————————————————————————————
A:
1.000
0.000
-0.533
B:
1.000
0.790
C:
1.000
————————————————————————————
ANOVA Table
——————————————————————————————————————————
——
Source
df
Sum of Squares
Mean Square
F
——————————————————————————————————————————
——
Regression:
2
1.9069467295691
0.95347336478453
3.9713
Residual:
105
25.209627344505
0.24009168899529
Total:
107
27.116574074074
——————————————————————————————————————————
——
Coefficient of Multiple Determination (R^2): 0.070324028557585

Nearest Neighbor Statistics
—————————————————————————————————
Separation
|Delta Z|
—————————————————————————————————
Minimum:
1
0
25%-tile:
1
0.1
Median:
1
0.1
75%-tile:
1
0.2
Maximum:
1
0.5
Midrange:
Range:
Interquartile Range:
Median Abs. Deviation:

1
0
0
0

0.25
0.5
0.1
0.099999999999999

Mean:
Trim Mean (10%):
Standard Deviation:
Variance:

1
1
0
0

0.15277777777778
0.1469387755102
0.11503488467138
0.013233024691358

Coef. of Variation:
Coef. of Skewness:

0
0

0.75295560875813
0.51603337668971

Root Mean Square:
1
0.19124349420065
Mean Square:
1
0.036574074074074
—————————————————————————————————
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Complete Spatial Randomness
Lambda:
Clark and Evans:
Skellam:

0.63529411764706
1.5941067939722
431.10043189966

Exclusion Filtering
Exclusion Filter String:

Not In Use

Duplicate Filtering
Duplicate Points to Keep:
X Duplicate Tolerance:
Y Duplicate Tolerance:

First
1.1E-006
2E-006

No duplicate data were found.

Breakline Filtering
Breakline Filtering:

Not In Use

Gridding Rules
Gridding Method:
Kriging Type:

Kriging
Point

Polynomial Drift Order:
Kriging std. deviation grid:

0
no

Semi-Variogram Model
Component Type:
Anisotropy Angle:
Anisotropy Ratio:
Variogram Slope:

Linear
0
1
1

Search Parameters
No Search (use all data):

true

Output Grid
Grid File Name:
C:\Documents and Settings\CARTEC\My Documents\My
Documents\Spring 2008\Master's Thesis\Practice Test\Carter_&_Pollard_Folde2-28-08r\Carter
& Pollard Folder\PRACTICE2.grd
Grid Size:
100 rows x 59 columns
Total Nodes:
5900
Filled Nodes:
5900
Blanked Nodes:
0
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Grid Geometry
X Minimum:
X Maximum:
X Spacing:

1
11
0.17241379310345

Y Minimum:
Y Maximum:
Y Spacing:

5
22
0.17171717171717

Grid Statistics
Z Minimum:
Z 25%-tile:
Z Median:
Z 75%-tile:
Z Maximum:

-1.4910740057701
-1.061206700758
-0.63808584749712
-0.13729799793254
0.29507669843535

Z Midrange:
Z Range:
Z Interquartile Range:
Z Median Abs. Deviation:

-0.59799865366738
1.7861507042055
0.92390870282548
0.44943149559693

Z Mean:
Z Trim Mean (10%):
Z Standard Deviation:
Z Variance:

-0.60246416597444
-0.60346464221125
0.48686666552168
0.23703914999619

Z Coef. of Variation:
Z Coef. of Skewness:

-1
0.10551238917753

Z Root Mean Square:
0.77459810306989
Z Mean Square:0.60000222127948
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————————————————
Grid Volume Computations
————————————————
Sat Mar 01 11:35:07 2008

Upper Surface
Grid File Name:
C:\Documents and Settings\CARTEC\My Documents\My
Documents\Spring 2008\Master's Thesis\Practice Test\Carter_&_Pollard_Folde2-28-08r\Carter
& Pollard Folder\PRACTICE.grd
Grid Size:
100 rows x 59 columns
X Minimum:
X Maximum:
X Spacing:

1
11
0.17241379310345

Y Minimum:
Y Maximum:
Y Spacing:

5
22
0.17171717171717

Z Minimum:
Z Maximum:

-1.4910740057701
0.29507669843535

Lower Surface
Level Surface defined by Z = 0

Volumes
Z Scale Factor:

1

Total Volumes by:
Trapezoidal Rule:
Simpson's Rule:
Simpson's 3/8 Rule:

-104.29217902401
-104.3042502557
-104.30586840523

Cut & Fill Volumes
Positive Volume [Cut]:
Negative Volume [Fill]:
Net Volume [Cut-Fill]:

2.6887689694248
106.98094799345
-104.29217902402

Areas
Planar Areas
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Positive Planar Area [Cut]:
Negative Planar Area [Fill]:
Blanked Planar Area:
Total Planar Area:

27.576739000337
142.42326099966
0
170

Surface Areas
Positive Surface Area [Cut]: 27.908581957215
Negative Surface Area [Fill]: 147.04427214812
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