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Abstract

The aims of the thesis were to study the respohsentporary soil-filled walls both ex-
perimentally and numerically, and to develop amciffit and accurate analytical model
to predict2-D planar response from blast loading which couldibed to efficiently cal-
culate a pressure—impulsB—{) curve. An explicit finite element (FE) formulatiomas
constructed using LS-Dyna software, and two arnadytmodels were also derived and
presented: a Rigid-Body Rotation model as a prelami model, and the Rigid-Body
Hybrid model as the proposed model of this theéSeen full-scale experiments which
consisted of blast loading simple free-standind-fidted Hesco Bastion (HB) walls are
presented. Soil densities and moisture contents wmeasured in the field, and soil prop-
erties were obtained from triaxial tests of the gla® collected and prepared to match
field conditions. All models used some or all of terived soil properties pertinent to the
experiments as input, and whenever possible, ttmded pressure—time histories in the
experiments were assumed as the loadings. Thdgedwoth analytical models and the
FE models were compared with experimental reslitaddition, the results were com-
pared with one another within parametric studiesceoning sensitivity of model re-
sponses to soil properties and different heightith ratio walls. The models were also

used to calculate and comp#el curves.

The FE models were found to be in excellent agre¢mmeboth the post-experiment de-

formation and the displacement—time histories fa seven experiments (most results



within 5 %). The Rigid-Body Rotation model was fouto be in reasonable agreement
with the post-experimental deformation in casesrevliee wall did not critically overturn
but sustained moderate rotations. However, compangth the experimentally derived
displacement—time histories showed that it undeneséd displacement—time histories
and thus it possessed too much resistance. Amant domparison of an experimental re-
sult where the soil-fill in the wall possessed bleacohesion, the response of the Rigid-
Body Hybrid model was in very good agreement with éxperiments overall (within 10
%). A general recommendation for the model devekpniollows that a sliding inter-
face should be included in the model to capturdirgli behaviour arising from use of
soil-fills with substantial cohesion. A soil semgtly study was conducted and overall
very good agreement was reached between the Ruag-Blybrid model in comparison
with the FE model in its ability to capture diffaces in displacement—time histories
from differences in soil parameteR-I curves were developed using the analytical and
FE models for the three different wall configuragostudied in the experiments. The re-
sults demonstrated that the proposed Rigid-Bodyridyinodel is useful for calculating a
P—I curve for a HB wall efficiently and yielded veryagate results (within 5 % for the
impulse asymptotes). To establish the limitatiohbaih analytical models, an aspect ra-
tio study was conducted where the rotation of thalydical models were compared to
that of the FE models for walls of different heigbtempty width ratios, across a range
of impulsive loadings. Comparison with the FE mdde different height-to-width ra-
tios of walls showed that the Rigid-Body Hybrid nebevas within 10 % for all rotation
angles and predictions of critical overturning ingaufor height-to-width ratios of walls

H/w, 3 1.43. For walls with H/w, =1.29 the Rigid-Body Hybrid model was only in



agreement for rotation angles from 18 to 21 degreegiew of this narrow range of ac-
curacy, use of the model for walld/w, £1.29 in its existing form is not recommended.
Consideration of sidewall folding and contact witle ground is proposed to improve its
accuracy for wallsH/w, £1.29. Apart from this, overall the Rigid-Body Hybrid mel is

on average within 10 % experimental results andrelel results. Recommendations are

provided to address minor deficiencies within thedel and to expand its range of appli-

cation.
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Chapter 1

Introduction

The need for military protective structures hastad since the origin of war to provide a
defensive position. Above ground protective strtgguare required in many cases be-
cause they provide the ability to maintain a prédut offensive position. In addition,

an above ground structure may be the only altera@t comparison to a buried structure
in a case where practical construction difficultége encountered, such as rocky ground

or ground with a shallow water table.

Historically above ground protective structures énddeen permanent structures, taking
the form of stone forts or castles. Before the 599@any above ground protective struc-
tures were constructed using reinforced concretgatmon baskets filled with stones.
However modern warfare has presented the needpidlyaconstruct robust above-
ground protective structures while minimizing etfahipping weights for materials, and
construction machinery. In areas where large stanesiot available, or lack of curing
time prevents construction of reinforced concretacsures, the only alternative may be
the use of sandbags and timber framed structunésoUgh sandbags are lightweight to

ship and do not require substantial machinery && for construction, they are laborious
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to fill and place to form walls, and lack duralyil&ind robustness against blast loads. The
military began using the HESCO Bastion (HB) cormi@drs® (cubical units) for con-
structing above ground military protective struesjras they were easier to work with,
required less labour, and offered more protectimh@urability compared to sandbags.
HESCO Bastion concertainers® (HESCO Bastion [1])eniatroduced in 1991 and were
originally designed for civil engineering applicats such as retaining walls, flood and
shore-line protection. They were first used by military in the Gulf war in the early
1990s and are widely used today. Since then, seottrar products have originated that
are similar to HB concertainers, (Instomat [2], Bwmall [3], etc.). These HB concertain-
ers, details in Section 2.1, are prefabricatedsumiade of galvanized steel weld mesh ar-
ranged in cubical shapes, lined with non-woven palgylene geotextile, as shown in
Figure 1.1. The units are placed in the desiredngcal configuration and filled with

soil to form walls and structures for civil enginieg applications.

Figure 1.1 HB concertainer® used to construct a prective structure.

Expedient assessment of the protective capabilitywalls and structures from speci-
fied blast loadings is important for military engars so that they can formulate sufficient

protective designs and security protocols. Howetheme only appears to be limited stud-
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ies available concerning development of computatiomodels for HB units subjected to
blast loading, apart from a paper presented by lBopé [4] in which the LS-Dyna finite
element (FE) code was used to construct a modeHB wall, calculate blast loading re-

sponse, and iteratively calculate a pressure-ingptlsve.

The preferred methodology for expedient structueaponse calculations by military en-
gineers is in the form of pressure-impulsdet curves, which will be presented in detalil
in Subsection 2.4.2. The&e-I curves are very useful in blast resistant desigrthay il-
lustrate what combinations of blast loadings inmterof peak pressure® and impulses

| can be sustained for a selected defined leveaofadje. The calculation ofR-I curve

is computationally expensive, as every single pwititin a P—I curve often requires sev-
eral iterations to solve. Furthermore, a sirfgjd curve is typically only valid for a spe-
cific component sizes, dimension, and material eridps. Thus separale-I curves must
be calculated for each unique configuration of makeroperties and dimensions. The
analysis using an FE model of an HB wall typicalan take several hours or days to cal-
culate, which is not sufficient to provide expediassessments for a number of different
possible scenarios and different wall configuragiomherefore an efficient semi-

analytical model is required to enable calculabdbP—I curves efficiently.

1.1  Objectives

The aims of the thesis are:

1. To study the response of HB walls both expertadgnand numerically, and
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2. To develop an efficient semi-analytical modelpt@dict2-D planar response from
blast loading that is reasonably accurate, andddmatbe used to efficiently calculat®a

| curve.

1.2  Scope

The response of HB units is complex and not alkfiide wall configurations and soil-fill
conditions can be covered. In view of the abseriggaevious analytical models, an ana-
lytical model for2-D planar response is a substantial contributiorhéodevelopment of
robust3-D analytical models for modeling the response of Wdalls within protective
structures. Therefore main focus of this thesihésdevelopment of a validat@dD pla-
nar hybrid rigid-body rotation model for calculajithe response of HB walls subjected
to far-field blast loading, suitable for expedigntialculating aP—I curve. Therefore the
thesis will have the following scope:

1. Only free-standin@-D planar response of the walls will be considereddfevel-
opment of the analytical models. Axial loading framssible protective structure
configurations with supported overhead roofs wilt he considered.

2. Straight free-standing five column HB walls subgetto substantially uniform
blast loading will be considered for the experinseiotapproximat@-D planar re-
sponse. Only a single column HB unit with uniforoadling and appropriate pla-
nar boundary conditions will be considered in tlerfkodel.

3. Only response from far-field blast loading will bensidered.
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4. Although this study may be applicable to other nsa&ksoil-filled welded wire
mesh geotextile-lined cubical baskets, only setbcizes pertinent to common
sizes of HB units will be considered.

5. The experiments conducted will only be using DRD@figld Fuel-air site silty-
sand as fill for the HB units. The soil-fill is cqacted by foot at every 30 cm lift
of soil.

6. The effect of the geotextile liner in the FE modeld analytical models will be
omitted from this study. This decision results frpne-study FE model calcula-
tions showing its effects on the far-field blasaded response to be negligible,

while in addition, substantially increasing comiiataal time.

1.3 Overview of Thesis

The thesis is composed of seven chapters. FolloWiedntroductory chapter, Chapter 2
will provide a detailed explanation of what HB wére and how walls and structures are
constructed using them. A review of selected topiithin the field of blast loading per-
tinent to the study will also be conducted. Addifadly, an introduction to structural re-
sponse to blast loading will be presented, inclgdsimgle-degree-of-freedom (SDOF)
approximations, impulsive and pressure-dominatghpsotic solutions, as well as a de-
tailed explanation of wha®—I curves are and how they are typically calculatduapger

3 will present the details of the experiment setn@ instrumentation used. The soils tests
used to characterize the mechanical propertiebefsoil-fill will also be covered. The

details concerning the development of the FE medklbe covered in Chapter 4. Two



Introduction 6

analytical models for planar response of HB walidl e derived in Chapter 5: the
Rigid-Body rotation model and the Rigid-Body Hybrtbdel. The latter combines rigid-
body behaviour with a model for calculating locatizdeformation at the base of the
wall. Chapter 6 will be composed of four sectiortgali will discuss the following:

1. Results of full-scale experiments conducted on Hilsxsubjected to blast load-

ing.

2. FE model results and validation with experimenthss

3. Analytical model results and comparison with expemt and FE model results.

4. As a further validation of the analytical modelpgmarison ofP—I curves gener-

ated using the analytical models and the FE maddlifferent wall sizes.

Chapter 7 will present the conclusions and reconuagons for future work within the

realm of this study.



Chapter 2

Phenomenology and Literature Review

This section will focus on providing a qualitatidescription of soil-filled units and a lit-
erature review of studies applicable to derivingaaalytical model for this thesis. In or-
der to appreciate the findings of this researchumraherstanding of certain terminologies
and the nature of blast loading and structuralalese must be reached. The remainder
of this chapter will focus on providing the basiokvledge needed to comprehend this
study by presenting necessary background informatavering pertinent issues regard-

ing blast loading, response of structures, andspresimpulse curves.

2.1  Description of HB units

A soil-filled unit such as the HESCO Bastion (HBNncertainers® is a prefabricated unit
which is made of galvanized steel weld mesh linétth won-woven polypropylene geo-

textile (http://hescobastion.cqifi]), as shown in Figure 2.1 (a). The HB unit tenused

in many civil applications, e.g. shoreline protenti retaining walls, etc. HB structures
have also been extensively used for expeditionalyany structures since the Gulf war

in the early 1990s. The units come in a varietysiaks and are collapsed for efficient
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transport prior to assembling in theatre, Figurk (2). The most common sizes used in
protective structures are the Mil 1, Mil 2, and Nilunits. These specific names will be
fully explained in Chapter 3. Fill materials fromyaparticular area of operation can be
used when assembling. The convenience during asisgindlong with the ability to eas-

ily construct well-formed walls contribute to th@opularity.

(@) (b)

Figure 2.1 Hesco Bastion Concertainer units:; (a) fded Mil 3 units; (b), extended Mil 2 units; and

(c), view of inside of unit and geotextile flaps dflil 2 units.

To form a structure, the strings of cells are uméal in the desired wall configuration as
shown in Figure 2.1 (b). Geotextile lines the iesaf the cells, preventing soil-fill from
draining through the welded wire mesh spacing. Boee flaps fold underneath, as

shown in Figure 2.1 (c), to prevent soil from dmagfrom the lower edges.

(b)

Figure 2.2 Stages of HB construction: (a) unfoldedil 1 units aligned in desired configuration and

filled with soil; (b), compaction of soil every 3&m lift.
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Once the cells are unfolded, they are filled wabal soil, (Figure 2.2 (a)) and the soil is
compacted by foot, shown in Figure 2.2 (b), apprately every 30 cm lift of soil. Sim-

ple walls or fully encapsulating structures cancbestructed. Note that when the cells
are filled, the weld mesh side walls bulge outwadds to the lateral pressure from the
soil being compacted, as shown from Figure 2.3a)ts can also be stacked on top of
one another using custom clips which provide soomection strength between the up-
per and lower units. If beam-like supporting eletsesuch as steel profile sheeting, are
placed across the top of the structure, additibtialunits can be put on top of the sheet-

ing to provide a substantial roof, as shown in FegaL3 (b).

(@) - (b)

Figure 2.3 Final constructed forms: (a) simple wajl (b), fully encapsulated structure with sheet pile

roof.

The structural strength of the HB walls resultsrirblling the units with soil. The soil-fill
gives substantial mass, while wire and geotextitevide confinement for the soil-fill,
enabling it to sustain higher levels of shear tasise when loaded, as well as directly
contributing to the strength and the stiffnesshef @init to a limited extent. The ability of

the wall to stand and resist overturning is dugreity and the orthogonal shape, and no
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anchoring exists to provide any cantilever behaviQuantitative details such as the di-

ameter of the wire mesh and spacing will be furttescribed in Chapter 3.

2.2  Blast loading phenomenology

2.2.1 Stress waves and shock waves

A stress wave or pressure wave is a disturbandeptiopagates through a continuous
medium. For a stress wave to propagate, the mediust exhibit resistance under com-
pressive and/or tensile force, and possessesanéuiy time-varying stress applied to
such a material will cause a stress wave thatpsipagate.

The general expression for wave speed in a mateiéaived through continuity of mo-

mentum, is given in Henrych [5] as

N:\/gz EE, (21)
dr r dQ

where N is the propagation velocity, is the mass density of the material, is the

pressure or stress, arf@ is the relative volume deformation, volumetricagtr or dila-

tion. The wave speed depends on the slope of tkessstrain relationship at a given
stress or pressure in Figure 2.4 (a), which comegsp to thej—g term in Eqg. (2.1). A

shock wave is formed in a material when stressesigh enough in magnitude to cause
material stiffening resulting in increases in prga@on velocity. Parts of the wave at
higher stresses propagate more quickly and catdi tipe wave front, as shown in Fig-

ure 2.4 (b). This is the required condition fortabée shock wave to occur. The wave

10
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front continues steepen until it approaches acarfront. If the wave is externally dis-

turbed, it will shock up again and resume its steempt.

C
—1
/B:/ B B
A A A
Qy

Relative volume
deformation

(@) (b)

Figure 2.4 Shock wave development: (a) pressure andlative volume deformation relationship for

Stress or pressures

Distance or time—»

liquids and gases, (modified from Henrych [5]), (bYormation of a shock front with distance or time,

(taken from Cooper [6])

2.2.2  Detonation of explosives

Detonation can be described as a highly exotheomitizing reaction. A necessary char-
acteristic of a chemical explosive is that its esphn energy must equal or exceed that
amount of energy necessary for activating the esipfo reaction in adjacent material
(Kinney and Graham [7]). Denotation in an exploscan be initiated by mechanical
shock, temperature, electrical shorting, or eveaanse light. Detonation initiation by a
shock wave requires a critical energy fluence thatpecific to the particular explosive
(Cooper [6]). Once initiated, the energy releasethfthe reaction increases the pressure,
temperature and density causing a detonation waaedelerate away from the initiation

point. The propagation of the detonation wave reactront, under ideal conditions, is
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continuously supported by the energy released witine reaction and the high pressures
and temperatures it causes. A comprehensive ovedi@letonation theory is presented

in the book by Fickett and Davis [8].

2.2.3 Formation of a blast wave in air

A shock wave in air forms as a result of the ragigansion of high-pressure detonation
product gases. A pressure wave is emitted, angribfde of the wave depends on the

velocity-time history of the interface between thetonation product gases and the sur-
rounding air. Due to the high velocities at thigenface, the pressure wave emitted as a
function of time or distance is of a high enoughgmtude that it will ‘shock up’, as

shown in Figure 2.5.

emergence of the :_;hock transition air shock formed
from the explosive :

:
&

DIRECTION. OF TRAWEL me——

Figure 2.5 Formation of a shock wave in air (SourceKinney and Graham [7])

However this explanation is highly idealized, as piocess of emitting the pressure wave
and the shock up occur simultaneously. The detmmgtroduct gases also over expand
and substantial negative gauge pressures are a@reBtes causes the detonation gas

products to retract inward, creating a rarefactiave behind the primary shock wave.

12
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The subsequent implosion of the detonation gasyatsccauses a secondary shock wave
which follows the negative phase and is of a mwedsdr magnitude than the primary
shock wave. A more detailed description of the fation of a blast wave in air from a

high explosive is presented in Appendix A.

2.2.4  Blast wave profiles and empirical curve fits

Blast waves outside of the range of interactionletbnation product gases show a char-
acteristic sharp front followed by a decay and tigggphase. Figures 2.6 (a) and (b) are

examples of idealized blast wave profiles.

/— POSITIVE PHASE

.
Rt / P
g / P
2 NEGATIVE I
7 pity [
E '/ PHASE APmax
:D P N = J/T{L/A'—p‘
R) 1 Ol-—- AP T 1
| Ta T I )
0 . . )
0 ta ta+TH ta#THeT™
TIME
(a) (b)

Figure 2.6 Idealized pressure time histories Sourse (a) Baker [9] and (b) Gelfand [10]

The time of arrivalt, , denotes the arrival time of the primary posist®ck. At the time

of arrival, the pressure is assumed to jump vilyualstantaneously from ambient pres-
sure to peak positive pressure. The peak pressui@lowed by a decay in pressure,

which intersects ambient pressure at a tipet,, wheret, is the positive phase dura-

tion. The impulse is the integral or area undeiméla¢ pressure—time history. Note that
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the term ‘impulse’ is loosely used, and the moecze term is the specific impulse, as it
refers to the impulse per unit area. Typically otilg positive phase impulse is consid-
ered. The blast wave exhibits a negative phaseedalg the contraction of the detona-
tion gas products after they over-expand. Someoasithiso include the secondary shock
in their description of an idealized blast waveshswn in Figure 2.6 (b).

Use of an analytical curve fit enables one to sunmaacomplex time histories of pres-
sure recorded experimentally with only a few partemrse which later can be transcribed
back into an idealized pressure-time history fdcwation purposes. The simplest curve
fit is a triangular pulse load, which requires tparameters. The mathematical represen-

tation of such curve is

0 t<t,
p(t)= P 1- t;ta tLE tE (L+ 1), (2.2)
0 t>(t, +ty)

where P is the reflected peak pressure. The time durdborhis curve fit normally is
not set equal to the time duration of the posiphase of the experimental trace, but is
typically assumed as a value that will enable tbgitiyve phase impulse to match that of
the experimental trace. Another two parameter ciitwhat is widely used is in the form
of an exponentially decaying wave, representedhieyfollowing mathematical descrip-

tion.

p(t) = P(tt) , (2.3)

14
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wherel is the specific impulse. This curve fit is convaamti for analytical solutions and is

in most cases a better description of a blast viavamparison with the triangular fit.

Figure 2.7 shows exponential curve fits to a samppéssure trace and the resulting cu-

mulative impulse traces.

Increasing accuracy in fitting experimental tracas be attained with more parameters.

Past experimental investigations (U.S. Departmérth® Army [11] and Watson [12])

have shown that an increasingly accurate simulaifdsiast loading can be expressed by

a Friedlander curve fit, which involves three pagtens, as:

p(t)=

0

P 1-

0

) b(t-t,)
a e td

t-t

d

tE € (t+ 1), (2.4)

t>(t, +t,)

whereb is a decay coefficient depending on the dimensgmiscale distance from the

centre of the charge to the gauge location.
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—— — Triangular
fffff Exponential
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T SR

Example experimental pressure-time history

10 125 15 175 20 225 25 27.5 30

Time (ms)

Figure 2.7 Comparison of empirical curve fits for a experimental blast wave pressure-time history.
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Note that the preceding analytical curve fits andydntended for the positive phase.

There are limited proposed analytical curve fits floee negative phase. Although the
gauge pressures associated with the negative plhadgpically very low compared with

the positive phase, the effect on the cumulativeuise from the negative phase can be
significant. This can affect structures whose respds sensitive to impulse. The relative
proportion of the negative phase impulse decrehasegver with strong blast waves at
smaller scaled distances (see Subsection 2.2.5)ettr the negative phase is often ig-
nored for the reason that it is difficult to measand establish consistent experimental
data. This is because the positive phase presainiek occur at the beginning of a blast
wave are much greater in magnitude than the negphase pressures which follow, cre-
ating difficulties for precise measurement of tlegative phase. In design practice, the
negative phase is omitted and this leads to a coaidee result due to the fact that the net

loading is overstated.

2.2.5 Blast scaling

Hopkinson-Cranz scaling was first proposed by Bpkieson [13] in 1915. The law
states that self-similar blast waves are produdedesmtical scaled distances when two
charges of the same geometry and explosive typdetomated in the same atmosphere.

The scaled distance is given by

Z=-> (2.5)

where s is the standoff (or observation distance) fromdéetre of the explosive source

and W is the energy or mass of the explosive. FiguresB@vs a schematic comparing
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the pressure-time histories arising from two chasige standoff scenarios. Sin‘vi‘éy3 is
directly proportional to the charge diametér both scenarios possess the same scaled

distance, and both produce self similar blast walkatscan be scaled with one another.

P
—i d k= j — {,—

ta

P

‘ KSo 3 Kl
—iIKdk— /
Kt
Kt

a

Figure 2.8 Hopkinson-Cranz scaling (Source: Bakerd])

Appendix B presents the extension of this scalaw to consider differing atmospheric

conditions formulated by Sachs [14] in 1944,

2.2.6  Empirical performance of high explosives

The majority of empirical data generated from tkertsof when high explosives were
first studied has been for TNT. Due to the largargity of empirical studies using this
explosive compared with other explosives, TNT hasrbadopted as a benchmark high

explosive. A hemispherical configuration is a hgdlce approximation, shown in Figure
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2.9 (b), that was historically used to help relastablished spherical performance to
hemispherical performance. Appendix C provideshirtdetails concerning this ap-

proximation.

~ HE charge

Triple
_ point
trajectory

7/

~

,,

c

Figure 2.9 Charge configurations: a — spherical; b- hemispherical; ¢ — height of burst (Source: Gel-

fand [10])

Kingery and Bulmash [15], through compiling exteresexperimental data for TNT, de-
rived empirical equations consisting of polynomegjuations in logarithmic space as a
function of scaled distance for the performancdath spherically and hemispherically
configured TNT at sea level. Empirical performafmehemispherically configured TNT

is presented graphically in Figure 2.10.

Note that the subscript ‘r’ represents the normedljected parameters and subscript ‘so’
represents the incident parameters. The incidaminpeters are obtained through gauges
that allow the blast wave to pass by relativelyftezded and do not cause any substantial

stagnation in particle velocities. To accomplisis tithe gauge is mounted on a surface

18
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that is parallel to the direction of the shock wavepagation and its particle velocity di-

rection.
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Figure 2.10 Incident and reflected hemispherical TN performance as function of hemispherical

scaled distance (Source: Remennikov [16])

The reflected parameters are obtained from a gange surface that is perpendicular or
normal to the incoming blast wave, where stagnaitiatie particle velocity takes place.
Thus for a given situation in calculating the logglione must decide if the loading sur-
face with respect to the blast is best represeasea parallel or perpendicular surface to
select whether the incident or reflected paramdiess represent the loading case. These
are idealized cases, and one should also considgrassibility of blast clearing, refrac-

tion, and Mach stem effects, which are not considiéen the above graph, which occur

19
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for all high explosives. Additional information alitoblast clearing is presented in Ap-
pendix D, while an explanation of Mach stem formatand performance increases are
presented in the Appendix E. Also note that théectdd impulse is assumed to take
place off an infinitely large normal surface, (arface large enough that blast clearing

effects need not be considered).

Due to complexities in the height of burst confagion, (formation of Mach stem and
additional height of burst parameter), limited mm@tion is available to predict perform-
ance of height of burst scenarios, although TM50180.S. Department of the Army
Technical Manual [11]) does contain approximatehodblogies for accounting for in-
creases in incident pressures arising from the Maem produced in height of burst sce-
narios. Note that if the height of burst is smalmpared with the standoff distance,
hemispherical performance can be assumed. A corapsele study of when this as-
sumption is reasonably accurate is not availableeferences however, and assumption
of a hemispherical burst performance in a heighbwft situation will understate per-
formance. This is due to the fact that Mach stermétion (which improves perform-
ance) only occurs for a HOB scenario and not a senarical scenario. In addition, a
hemispherical scenario produces more crateringtlamsl more energy is lost compared
with a HOB scenario. In a hemispherical burst sdend is estimated that approximately
20 % energy is lost through cratering. As a measiithe fraction of energy imparted
due to cratering, ConWep (Hyde [17]) quotes a dogdiactor of 0.14 while Henrych [5]

quotes 0.22.
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2.2.7 Equating non-TNT explosives performance to equivialdNT

To calculate performance of explosives other th&T Tempirically established TNT
equivalence factors are often used as an estimhese factors can be used to relate a
charge of a given size and explosive type to anvatgnt TNT charge size, enabling one
to subsequently use established empirical perfocemaabulations for TNT to calculate
loading for an alternate explosive. The three ntostmon methods of calculating TNT
equivalence are by heat of detonation, by pressun@ by impulse. TM5-1300 gives the

following equation for equivalence based on heatetbnation:

d
—_ HEXP

WE - H d XP
TNT

(2.6)

where the equivalent weight of TNT for the explesim question i3\, while W, is
the actual weight of the explosive in question. Tikat of detonation of TNT and the ex-
plosive in question are given ByS,, and HZ,., respectively. Equivalence by Pressure or

Impulse are also widely used, Hyde [17], where gquivalence factor is determined by
taking the ratio of the peak pressure or impulsenfthe explosive in question with the
peak pressure or impulse from the same size of GiNlFge at the same standoff. Ratios
are calculated for a range of scaled distancestlamequivalence factor is taken as the
average ratio. A list of TNT equivalences for aie®r of explosives can be found in the

book by Cooper [6] or within the ConWep softwareydid [17]).



Chapter 2 Phenomenology and Literature Review 22

2.2.8 Ground shock

When an explosion occurs at or near the groundasesfground shock results from en-
ergy imparted to the ground by the explosion. Sofriis energy is transmitted through
the air in the form of air-induced ground shock aodhe is transmitted to the ground as
direct-induced ground shock. Henrych [5] providesllstration of the wave fronts cre-

ated by these two phenomena, shown in Figure 2.11.
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Figure 2.11 Diagram of the successive positions afr-induced and direct-induced ground shock,

(dashed curves: sound-wave front; solid curves: fmt of the first maxima) (Source: Henrych [5])

Air-induced ground shock results when the air-bfdmsick compresses the ground surface
and sends a stress pulse into the underlying mgui@ucing displacements in the
downward direction. Direct-induced ground shockulissfrom explosive energy trans-
mitted directly through the ground. The resultingwes from direct-induced ground
shock waves tend to be sinusoidal and are of manger durations than air-induced
ground shock waves. The overall ground movemetiieésnet of the motions caused by
the summation of air-induced and direct-inducedigtbshock waves. At close ranges to
the explosive event, the air blast propagates rfakn the ground shock, but the air

shock eventually slows and the ground shock outtiuasir blast.
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2.3  Structural response to blast

This section provides an introduction to structuesponse to blast loading, the solutions
to single degree of freedom systems, their asyngpgotutions, and the generationR#l

curves.

2.3.1 SDOF systems

In many cases, a structure can be representedipgaamically equivalent single-degree-
of-freedom, (SDOF), system which behaves time wisaly in the same manner as the
actual structure. Although all structures posseasynmodes of response, one mode usu-
ally dominates the response, and this mode carsed to derive an equivalent SDOF
system based on equivalent energy. A derivatioa BDOF system for an elastic beam
subjected to general dynamic loading can be foaritedesco [18]. An equivalent SDOF
system for a beam, represented by a concentrated, mad single mass-less spring, and

applied force is shown in Figure 2.12.

— X o(t)

Figure 2.12 Beam under time varying pressure loadigpand equivalent SDOF system
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Note that damping is hardly ever considered in S[2@Eulations involving blast, this is
because (TM5-1300 [11]):
a) Damping has very little effect on the first peak@$ponse which is usu-
ally the only cycle of response that is of interest
b) The energy dissipated through plastic deformasomiich greater than
that dissipated by normal structural damping, and

¢) Ignoring damping is a conservative approach

In many cases concerning blast loading, it is ¢érest to be able to calculate the re-
sponse nearing ultimate failure and the assumpifom linear elastic beam may not be
valid. The equation of motion for the equivalel(¥ system shown in Figure 2.13, ac-
counting for non-linear resistance to loading,iieg by Biggs [19] as

Kumz+ KR 2= K p}), (2.7)
where m is the distributed mass per unit lengfR( 2 is termed the resistance function
and is a function which gives the resistance of¢anin terms of uniformly applied pres-
sure for an applied displacement ConstantsK,, and K, are calculated based on the
shape functiony (x), that is selected to follow the displaced shapéhef beam. The
shape function is typically selected based on thBcsdeflection, or for large displace-
ments of a simply supported beam, it is selectsgd@n the formation of a plastic hinge

at the centre span . The constal{s and K, are given respectively as

L
Ky = ¥ ?%(x)dx, and (2.8)

0

24
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K, = Ly (X)dx. (2.9)
0
Idealized cases exist for very short duration loadd very long duration blast loads,
which can be solved through energy balance. Ifiahding is very short compared with
the response time of the structure, the majoritthefresponse immediately after the ap-
plication of loading will be in the form of kinetienergy absorption. The remainder of its

response is subsequently governed by its abilitplisorb the kinetic energy through

strain energy absorption. The peak displacemerthfsitype of loading is independent of

the peak pressure applied, and only depends oimingse. The critical impulsé,, for
this idealized case can be derived as
K Zmax
ait =42-2m  R(2dz (2.10)
KL 0

where z__, is the selected maximum allowable deflection. @tailed derivation of this

equation is presented in Appendix F. Note that &gsation shows that no matter the
complexity of the resistance function, the amountpulse absorption ability is propor-

tional to the square root of the area underneaheahistance function ta,_, . Also note

that an increase in mass, with no increase in gtineproperties, leads to an increase in
impulse absorption capability that is proportiotathe square root of the mass increase.
Eq. (2.10) is only valid if impulsive loading isvalid assumption, and the range of valid-

ity of this assumption can be found in Baker ef20].

For a very long duration blast loading that apphescan ideal step pressure loading an-

other energy balance technique can be applied.r@s@onse is only peak pressure de-

25
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pendent, the term peak pressure dominated loadinfien referred to. An approximate
description is given in Kinney and Graham [7]. Tteshnique is possible because the

transient loading can be reduced to a constanirigaahd p(t) = p,.,= P(2 applies.
The critical step loadingy,., can be derived as the maximum of the cumulatez-a

age resistance within the interval of 02q, , i.e.
1 z
pstepcrit= Max E R a dZ, 0f £ o - (211)
0

The detailed derivation of this equation is presdnh Appendix G.

2.3.2 P—I curves

Assessing the effect of blast loading on structacahponents can be achieved by devel-
oping a bespoke Pressure-ImpulBel) or ‘iso-damage’ diagram for a particular struc-
tural component. A°—I curve, shown in Figure 2.13, gives the possiblelwoations of
blast waves capable of causing a selected levehofage, and effectively informs engi-
neers whether a particular blast loading will cadamage above or below the selected
damage level. Some examples of damage which dmutiefined are values of peak de-
flection, rotation, velocity at a given locationrupture or any form of collapse which is
deemed to cause excessive damage or may poserd tapersonnel within a structure,
etc. If the reflected peak pressure and peak peditipulse from the blast plot above and
to the right of theP—I curve, the component is assumed to have exceedesketacted
damage level, and if, on the other hand, the I@pgiots below thé>—I curve, the com-

ponent is assumed not to have exceeded the seléatedge level. Some examples of
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damage are an excessive deflection, rupture of@ny of collapse. The extent to which
the applied impulse or pressure dominates the tanalcresponse depends on the re-
sponse time of the structure relative to the danatif the applied blast load. Response to
relatively short duration loads are dominated kg tagnitude of impulse applied while
response to relatively long duration loads are dateid by the magnitude of peak pres-
sure. There also exists an intermediate region eliew often termed dynamic (Baker et
al. [20]), where the loading contribution of botretimpulse and the peak pressure must
be considered. These regimes are labelled in thergd®—I curve produced for a single-
degree of freedom linear spring mass oscillatofjexuiéd to an exponentially decaying
blast load as shown in Figure 2.13. The paramétgris the given maximum displace-

ment representing the threshold of damage.
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Figure 2.13 NormalizedP—-I curve for linear elastic oscillator (Source: Bakeret al. [20])
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The asymptotes can be located by using the enaigynde techniques explained in the
previous section, and oftéP-I curves are normalized with respect to their asytigpto
expressions as in Figure 2.13. Solving for the dyinaegime of thé®>—I curve can be te-
dious.P-I curves are numerically solved for by iterativelyvétg the equation

Dresut(P: 1) =D (2.12)

selecte?

where D,....q IS @ pre-selected damage level, (typically a pisglacement), defined by
the individual generating the—I curve. The functionD, (P, !) is the damage calcu-

lated by the underlying computational model useddperate th®-I curve. The under-
lying computational model can be any type of modef. single-degree-of-freedom
(SDOF), discrete element, finite element, or eviastlexperiments, which gives a result-
ing damage when subjected to a blast load of a pesdsure,P, and peak positive im-
pulse, | . Note that in assuming a blast loading charaatdrizy these two parameters,
one must assume a curve fit to the time-dependesspre profile. The two most popular
curve fits to the time-dependent pressure profila blast wave are the triangular and ex-
ponential fit, given by Eqgs. (2.2) and (2.3), ahd P—I curve location differs slightly in
the dynamic regime depending on which curve fisetected, (Li and Meng [21], and

Baker et al. [9]).

To comprehensively generatePal curve using a finite element (FE) model or experi-
ments by iteratively solving Eqg. (2.12) for sevedizens of points, (for sufficient
smoothness), can be prohibitively time consuming arpensive. However, use of a

curve fit enables one to calculate an approxinRatkecurve using only a limited number
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of points solved using Eg. (2.12). The most popualawve fit form is a hyperbola, given

as

(P~ Puepert) (- 1o C (2.13)
The parameteiC determines how abrupt the transition region iscrBasingC will
sharpen the transition and increasidgwill soften the transition in the Dynamic loading
realm. Once one or more points in the dynamic regame generated, in addition to the

asymptotes, the paramet€r can be altered to fit these points in the dynamgme as

shown in Figure 2.14

*

Pressure

/Curve fittedP-1 curve

Impulse

Figure 2.14 Curve-fitted P—I curve through limited numerically generated pointsusing a hyperbola
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Through numerous empirical comparisons of comprelkennumerically solved-I
curves with hyperbolic curve fits within the Dynamoading realm, the following em-

pirical equation was proposed by Oswald and Skq@2]jt

15

(P' pstepcrit)(l_ lcrit): 0.4 % Ic_2r|t : (214)

This hyperbolic equation provides a very good eatiom of the location of the—I curve
in the Dynamic loading realm without using Eq. @),1but only using the asymptotic

values ofl ; and pge,.; as solved in the previous section as input. Addlly, if there

are known points solved through Eq. (2.12) in thieashnic regime, the right hand side of

this Eq. (2.14) serves as a very good startinggaeparameteC in Eq. (2.13).

2.4 Literature review of Hesco Bastion units

Available literature sources concerning the perfmmoe against blast loading of soil-
filled HB units is scarce. Prior to the time at #tart of this thesis, there appeared to be
no studies available in the literature, apart frarpaper presented by Pope et al. [4] in
which the LS-Dyna finite element (FE) code was usedonstruct a model of a HB wall.
The (FE) model was iteratively used to calculatelttation of a Pressure-Impulde)
curve for the wall, and calculating approximatelylazen points on th@-I curve re-
quired a substantial computational effort. Schiukeet al. [23] examined reductions in
transferred velocity in the thickness directioradf-D column of soil from blast, and pre-
sented differences in transferred velocity by assgnnigid uncoupled versus coupled

loading and deformable soil. The velocity differenfor a column of soil through the
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thickness of an HB wall from coupled versus uncedpbading was found to be negligi-
ble, establishing that use of uncoupled loading-#Brwall response was a reasonable as-
sumption. In conjunction with this thesis, Scheiddaet al. [24] derived a rigid-body ro-
tation model, and found reasonable agreement wih whll experiments, although
slightly under predicting response. The rigid-badyation model offered an expedient
way to quickly calculate pressure-impulse curveshe®batiuk and Rattanawangcharoen
[25] conducted experiments measuring the displanériene histories at points on the
back of HB walls loaded by blast and compared thertthose obtained through using a
FE model. Good agreement was achieved. ScherbatidliRattanawangcharoen [26] de-
rived a rigid-body hybrid model, incorporating Itizad compression and shearing at the
corner of rotation with a rigid-body model. Veryagbagreement was achieved in com-

parison with FE models and experimental displacerntiene histories.

Several authors have presented work related tahbiss topic. Zhang and Makris [27]
studied rocking response of free-standing blockdeurcycloidal pulses of ground dis-
placement. Van Leeuwen [28] presented a matherhatiodel for calculating overturn-

ing dominoes, accounting for both the resistane&atds overturning and the impact and
effect of friction. Houlsby et al. [29] presentedyeneralized Winkler model for the be-
haviour of shallow foundations under cyclic loadiRpse et al. [30] reported on the ef-
fectiveness of cantilever walls in attenuating blaaves produced by a range of explo-
sive threats detonated at different distances faowall. The test program demonstrated
that a free standing wall can reduce the last peaksure behind the wall by 70 % and

reduce the blast impulse by 60 %, depending ofyihe of material, the width, the height
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of the wall and the location of the monitoring goiHowever, in these approaches the as-
sessment of protective level is based on the assomihat the structure could withstand
the blast loading, and not much attention was spanb the investigation of structural
response. Several authors have investigated salklmg under blast loading (Wang et
al. [31], Laine and Sandvik [32], FiSerova et 88]), which involved deriving soil prop-
erties, modelling blast wave propagation in soihgsAutoDyn® Computational Fluid

Dynamics/ Computational Solid Dynamics software][34



Chapter 3

Experimental Investigation

The first half of this chapter provides the detafghe full-scale experiments conducted
on HB walls subjected to blast loading. The sedaalfl of the chapter focuses on the de-

tails of the soil testing and determination of sod mechanical properties.

3.1 HB wall experiments

Seven experiments were conducted on HB walls stdgeto blast loading: Trials 1
through 7. All experiments were conducted at DRD@Gfi&ld at the Fuel Air Site, and
were undertaken within three different trial serisals 1 and 2 were conducted in 2003,
Trial 3 in 2004, and the remainder of the trialg@veonducted in 2006. An overview of
the experimental details are presented in TableaBile the following sections present

an overview of each of the experimental components.
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Table 3.1 Overview of experiments on HB walls

Trial | HB Unit (width x Courses Filled Instrumentation
depth x height) | (wall height, Width
(mm x mm x m) W, (m)
mm)
] Before and after photos, single pressure-time
1 Mil 3 (975 x 975 , .
2 (1.95) 1.2 measurement, manual filled width measure-
(2003) x 975)
ments
2 Mil 3 (975 x 975 _
2 (1.95) 1.2 Same as Trial 1
(2003) x 975)
) Before and after photos, single pressure-time
3 Mil 2 (600 x 600 ] )
2(1.2m) 0.74 m | measurement, laser scanned filled width
(2004) x 600)
measurements
Before and after photos, 3 pressure-time
4 Mil 3 (975 x 975 measurements, laser-scanned filled width
2 (1.95) 1.2 ) )
(2006) x 975) measurements, and cable displacement—{ime
measurements
5 Mil 1 (1050 x )
1(1.35) 1.33 Same as Trial 4
(2006) 1050 x 1350)
6 Mil 3 (975 x 975 _
2 (1.95) 1.2 Same as Trial 4
(2006) x 975)
7 Mil 1 (1050 x )
1(1.35) 1.33 Same as Trial 4
(2006) 1050 x 1350)
3.1.1  Experiment setup

The general experiment setup used for the triadhasvn in Figure 3.1. For each trial, the

blast wave was produced from the detonation ofxgmtosive charge. The details of the

charge and distance have been omitted for seawayons. All trials utilized reflected

pressure gauges, (one for Trials 1 to 3, thredfiais 4 through 7), mounted on the side

of the wall facing the blast. Framework housingfretractable displacement gauges was
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used in Trials 4 through 7 to measure displacentiem—histories at the points of the

wall facing away from the blast as shown.

Retractable cab
displacement gaug:

Upper displacemer (5 total, used il

monitoring poin Trials 4 through 7
S EmEmm—— / -
Explosive charg CrEmmmEEEC- Y 1 E—
30°
Pressure gauge! — 3¢ hfm
(one gauge used in Trials 1 througl %
three gauges used in Trials 4 throug i €
L L '\ I"tl‘l I 1
<\ T
Lower displacemer hm
monitoring poini
. A

Figure 3.1 Experiment setup

3.1.2 Wall details

Three different wall configurations were used ia Heven trials. Each wall consisted of a
simple straight free-standing HB wall with five éntonnected columns. Trials 1, 2, 4 and
6 were a Mil 3 two course wall consisting of 97588975 mm HB units, as shown in
Figure 3.2 (a). Trial 3 was a Mil 2 two course wadinsisting of 610x610x610 mm HB
units, as shown in Figure 3.2 (b). Trials 5 andefeva Mil 1 one course wall consisting
of 1050%1050x1350 mm units. For all HB walls testitne mesh was made of 4 mm di-
ameter Galfan® coated steel wire, spaced at 75 otimhworizontally and vertically. The
joints consisted of 4 mm diameter steel wire cotledapproximately 20 mm diameter,

which tie the welded wire mesh of adjacent HB utotgether as shown in Figure 3.3 (a).
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Figure 3.2 Configurations of HB walls tested: (a) 1B Mil 3 two course wall for Trials 1, 2, 4, and 6;

(b) HB Mil 2 two course wall for Trial 3; and (c) HB Mil 1 one course wall for Trials 5 and 7.

The upper and lower layers of the two course walise connected together using the
custom clips supplied with the HB units. The clgunsisted of 4 mm diameter wire, at-
taching the upper and lower course at two poimsgleach cell column, as shown in
Figure 3.3 (a). More details regarding the mateairad wire mesh specifications for HB

walls can be found on the manufacturing websitp; fihescobastion.cofd].

The geotextile in the HB units was 2 mm thick heduyy non-woven polypropylene.
Additional geotextile which form flaps at the battgrovided a prevention of soil drain-

ing from the lower edges, shown in Figure 3.3 (b).
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(@) (b) ()

Figure 3.3 Additional details of HB walls: (a) Coikd joint separating HB columns, shown with clips
connecting upper and lower course; (b) geotextilddps preventing soil from draining along bottom

wall sides; and (c) bulge at bottom constrained fnm geotextile flaps.

Upon filling with soil and compacting, a sizableldmiin the sidewalls occurred, as seen
in the walls in Figure 3.2. However the bulge wargély constrained at the bottom due
to the geotextile flaps, Figure 3.3 (c). Due tastht is advised that prior to filling, the

flaps be pulled out to relieve this constraint ascmas possible, improving the stability

of the wall resulting after filling.

3.1.3 Construction of walls

All of the tested walls were filled with local sitsand originally excavated from the site
and stockpiled. This fill was moderately well mixadd then compacted by foot for ap-
proximately 1 minute at every 0.3 m lift of soilhd& soil was not watered during compac-
tion and had an existing moisture content of 7 50%. The experiments took place
within two days of the construction of the wallagdanegligible precipitation took place in
the time between the construction and the testinifpe walls. The moisture content of

the fill depended on the moisture content of theéstockpiled, which itself depended on
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the precipitation at the given time of year that thspective trials took place. Additional

details regarding soil material properties willgresented in a following section.

3.1.4  Laser scanning

Laser scanning was employed in Trials 3 througb wheasure the pre-experiment vol-
ume, geometries of the bulges, and pre- and pgstrarent wall positions. The addi-
tional volume due to the bulges can add as mu@0&% more soil volume, (and mass),
over the empty pre-construction volume of the HBunThe type of laser scanner used
was a HDS300, which utilized Cyclone® post proaagsioftware, both manufactured by
Leica Geosystems®, Heerbrugg, Switzerland [35]ufgg3.4 (a) illustrates a volume
measurement conducted using Cyclone® post-progessifiware. Figure 3.4 (b) con-
tains a cross-section at mid-height of the wdllsirating the extent of the bulges caused
by lateral soil pressure. The extent of the bulgetth was surveyed for each column at a
number of different heights for each type of walkd, and the average bulged width was

calculated and is shown schematically in Figurea®\ listed in Table 3.1.

(@) (b)

Figure 3.4 Laser scan volume measurements of Mill3B wall in Trial 3: (a) overall volume and (b)

geometry of bulges at mid-height
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Figure 3.5 Width w, and average expanded widthv, of HB columns for different sizes of HB units

For Trials 1 and 2, a laser scanning device wasngiloyed and the bulged width was
manually measured at the top of each column usitagp@ measure. The average bulged

width w, for the Mil 3 two course walls in Trials 1 andd listed in Table 3.1, is 1.20

m.

3.1.5 Pressure measurements

For each experiment, the loading was provided bgxaiosive charge at a standoff that
produced a nearly uniform pressure over the wak fas validated using AutoDyn Com-
putational Fluid Dynamics software [34] as well@snWep [17]. Note that the validity

of assuming uniform loading for this study will Oescussed in Section 6.2. Prior to each
trial, calculations were performed using ConWepestimate the loading and select ap-
propriate standoffs for the experiments. The owesgure-time history exerted on the face

of the walls from the blast loading in all expermeewas measured by PCB® pressure
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sensors with Delrin® inserts in the steel circutasunts as shown in Figure 3.6 (a). The
mounts were installed into the HB walls prior tiirfig them with soil, and Figure 3.6 (b)
shows the enclosed steel tubing on the inside e@fathll used to house and protect each
pressure gauge. The gauge cabling was threadedgthtbe hose connected to the steel
tubing, which is shown to protrude out the backh# wall (the side facing away from

the blast) in Figure 3.6 (c). A sampling intervalloss was used for recording the pres-

sure-time histories. For Trials 1 through 3, onespure gauge was mounted at approxi-
mately mid-height of the middle column to meastme pressure-time history applied to
the face of the wall. Although pressure traces warecessfully recorded for Trials 1
through 3, only a modest success rate was achiavedording entire pressure-time his-
tories due to gauges being struck by dust or debhas for Trials 4 through 7, three re-
flected pressure gauges were used for each walabeach of the centre three columns.
This was done to help ensure that at least oneessfid pressure-time history would be
recorded. Three gauge mounts in Trial 4 can be se#me centre three columns of the

Mil 3 wall shown in Figure 3.2 (a).

(b)

Figure 3.6 Details of reflected pressure gauge stu(a) pressure gauge in steel circular mount on

wall facing the blast; (b) gauge mounted in steelibing inside Hesco cell before filling; and (c) gage

cables run through rubber hose exiting wall facingaway from the blast
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3.1.6 Photo and video

Pre- and post-experiment photos were taken forsaalirecord of the deformation. A

Phantom® high speed video camera in a protecteldsme was used to record the ex-
periment operating at a frame rate of 1 frame/ifise aim of the high speed video was to
capture a visual record of the response of theswathich based on preliminary FE mod-
elling was expected to last at least 500 ms. Howelast and debris raised from the
blasts obscured the response of the walls from .vidverefore only the pre- and post-

experiment photos are available for a visual recdrthe final deformation.

3.1.7 Displacement and deformed position measurements

In Trials 4 through 7, the displacement—time his®of the walls at selected points were
measured using the Intertechnology Incorporatedescel® retractable displacement
gauges, Figure 3.7 (a), mounted within steel frataeds behind each wall, as shown in

Figure 3.7 (b).

@)

Figure 3.7 Details of displacement gauge setup: (agtractable cable displacement gauge; and (b)

steel framing and protective housing for displacem# gauges, (cables shown in dashed lines)
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The upper monitoring point displacement was reabrig three retractable cable dis-
placement gauges separated at 30 degree anglefi(gee 3.1). Note that only two
gauges are required to calculate both horizontdl\artical displacements, but a third
was added for redundancy and to ensure a successfdurement in case one of the
three gauges failed to measure properly due thdingh loading environment. Two addi-
tional displacement gauges were used to measyptadesnent at the lower monitoring
point with both cables initially at horizontal (kige 3.1). Although only one displace-
ment gauge was necessary for this measurementicaddidisplacement gauge was used

for redundancy. Table 3.2 lists the relevant disés,h, , h, , and A in Figure 3.1, for

Trials 4 through 7 involving cable displacement sweaments.

Table 3.2 Overview of distances for cable displaceant gauge setup in Figure 3.1

Trial | HB Unit (width Height of upper Height of lower Horizontal distance from
x depth x displacement displacement displacement monitoring
height) (mm x monitoring point, monitoring point, point to frame displacement
mm x mm) hrm (m) hﬂ (m) gauges,A (m)
4 Mil 3 (975 x 975
1.50 0.225 2.25
(2006) x 975)
5 Mil 1 (1050 x
0.825 0.225 0.942
(2006) | 1050 x 1350)
6 Mil 3 (975 x 975
1.425 0.225 2.25
(2006) x 975)
7 Mil 1 (1050 x
0.825 0.225 0.942
(2006) | 1050 x 1350)

Note that the discrepancy in the height of the uppenitoring point between Trial 4 and

6 was due to an oversight occurring during the grpntal setup, and the height origi-
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nally intended for the upper monitoring point inal6 was 1.50. The cable displacement

measurements were sampled every 0.02 ms.

3.2  Soll properties

Several soil tests were conducted to characteneesoil and derive its mechanical prop-

erties. The testing pertinent to each experinenutlined in Table 3.3.

Table 3.3 Soils testing program for the blast expéments

Trial HB Unit (width Courses Filled Soils tests
x depth x (wall height, Width
height) (mm x m) W, (m)
mm X mm)

Densometer f MC); triaxial tests, Set 1|,

wet !

1 Mil 3 (975 x 975

2 (1.95 1.2 fully saturated (yield relationship, EOX ,
(2003) x 975) (1.99) oy sa o onship, EOS

G)

2 Mil 3 (975 x 975

2 (1.95) 1.2 Same as Trial 1
(2003) x 975)

Densometer f MC), no triaxial, but othe

wet ?

3 Mil 2 (600 x 600

(2004) X 600) 2(1.2m) 0.74 m | properties assumed same as trials 4 through 7
due to similarity in density and MC
Densometer £, MC), triaxial tests, Set 2,
4 Mil 3 (975 x 975 n-saturated (yield relationship, EOR,, G);
( 2 (1.95) 1o | un-saturated (i 'onship )
(2006) x 975) sieve and hydrometer particle size analysis;
and standard cone penetrometer
5 Mil 1 (1050 x )
1(1.35) 1.33 Same as Trial 4
(2006) | 1050 x 1350)
6 Mil 3 (975 x 975 )
2 (1.95) 1.2 Same as Trial 4
(2006) x 975)
7 Mil 1 (1050 x )
1(1.35) 1.33 Same as Trial 4

(2006) | 1050 x 1350)
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To obtain the Equation of State (EOS), the YieldaRenship, and the Bulk and Shear
moduli (K and G, respectively), two sets of triaxial tests weradwcted; one for the
trial series in 2003 consisting of Trials 1 andaBd one set for the trial series in 2006
consisting of Trials 4 through 7. Note that Triak8s conducted as a side experiment to a
larger series involving alternate trial objectivEsr Trial 3, apart from wet density ()

and moisture content (MC) measurements using aodegter, detailed soils testing was

not undertaken due to constraints in trial objexdiand budget.

3.2.1 Particle size analysis and soil classification

For the trial series in 2006 (Trials 4 through §8yeral disturbed samples of soil were

taken from the walls immediately after each expenm
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Figure 3.8 Particle size analysis of the silty-sandsed in the experiments
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A sieve analysis was conducted for the fill (ASTM4R2 — 63 [36]), and the soil was
classified as a silty-sand under the Unified Classion system (ASTM D 2487 — 90
[37]) with 19.8 % passing the no. 200 sieve. A loydeter analysis was conducted for the
fine particles and the resulting gradation curvehiswn in Figure 3.8. Patrticle size analy-
sis was not conducted for the soil in the trialesem 2003 or 2004, however throughout
the HB wall test program the site and source difdbremained consistent, apart from

seasonal changes in moisture content and resaitimgpacted density.

3.2.2 Densities and moisture contents

The density and moisture content of the soil-filssimeasured within two hours prior to
each experiment using the Humboldt Scientific Ipooated Model 5001 B nuclear den-

someter, which is shown in Figure 3.9 (a).

(b)

Figure 3.9 Measurement of densities: (a) density rmsurement for HB wall using nuclear densome-

ter; and (b) manual density measurement.

For the two-course walls, in Trials 1 and 2, oiilg tensity at the top of the three centre

HB columns were measured, while for Trials 3, 4] &rdensity measurements were con-
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ducted for the three centre HB columns at the fopach course. The densities in all tri-
als were measured using the direct transmissionenugthg a probe depth of 200 mm.
Due to the proximity of the sidewalls of the HB tsnin this measurement configuration,
care was taken to apply correction factors to #esily and moisture content readings to
help mitigate errors caused by possible bounddecest This was conducted by compar-
ing measurements of the standard count inside atgide the walls using the standard
density block supplied with the densometer. Theemions were calculated according to
the operator's manual supplied by the densometerufaaturer, Humboldt [38]. The
density and MC readings were averaged to obtaiovanall density and MC reading for
each wall. The average wet density measurementd@sdfor each HB wall are listed in
Table 3.4. Note that the trial series in 2003 cstitg of Trials 1 and 2 were performed in
late March when the soil was in a moist conditienabling significantly higher com-
pacted densities compared with the other trialivinrere carried out in August through
October. The densities and MC measured in eachweal reasonably close within their
respective trial series, where the density didvaoy by more than 50 kgfhifor density
measurements ranging from 1566 to 1850 Kyand the MC did not vary by more than
2 % for individual measurements made within eaict series. The density of the ground
at the base of the walls was significantly highemt the densities measured in the walls,
and averaged 2100 kg/rwith 10 % moisture. To validate the densities mea by the
densometer, six comparative manual measurements unelertaken. For each compari-
son, a density measurement was taken at a givaruspg the densometer, and then the
area surrounding the probe hole was carefully eatestly as shown in Figure 3.9 (b). This

removed soil was weighed and the excavation wasl limith thin plastic and filled with
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water until level with the surrounding ground. TWeight of water required to fill the ex-
cavation was recorded and compared with the weifjaoil removed to calculate the in-
situ soil density. In all instances, the manuallgasured densities were within 50 kg/m

of the densities recorded by the densometer.

Table 3.4 Summary of the HB walls tested in eachial

Trial HB Unit (width x depth Courses Filled Average Soil | Average %
(year) x height) (mm x mm x (wall height, m) Width w, T et (kg/m®) MC
mm) (m)
1
Mil 3 (975 x 975 x 975) 2 (1.95) 1.2 1850 15.5
(2003)
2
Mil 3 (975 x 975 x 975) 2 (1.95) 1.2 1850 15.1
(2003)
3 .
Mil 2 (600 x 600 x 600) 2(1.2) 0.74 1646 9.5
(2004)
4 .
Mil 3 (975 x 975 x 975) 2(1.95) 1.2 1572 7.6
(2006)
5 Mil 1 (1050 x 1050 x
1(1.35) 1.33 1577 7.7
(2006) 1350)
6
Mil 3 (975 x 975 x 975) 2 (1.95) 1.2 1566 7.5
(2006)
7 Mil 1 (1050 x 1050 x
1 (1.35) 1.33 1575 7.7
(2006) 1350)

3.2.3  Cone penetration tests

To determine the rigidity of the supporting growaimpared with the soil-fill in the HB
walls, standard penetrometer tests were conduciethé trial series involving Trials 4
through 7. A 25 mm cone Humboldt HS 4210 standar®egenetrometer (ASTM D1586

— 08a [39]) with a probe penetration depth of 108 mas used. The readings for the soil
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within the HB cells averaged 3 kg/émvhile the readings for the supporting ground aver-
aged 27 kg/ct The readings within the HB cells ranged from LL@kg/cnf while the
readings for the supporting ground ranged from®21 kg/cm. The tests gave an indi-
cation of the bearing strength of the soil, bubalsistrated that the ground was far more
rigid than the soil-fill in the HB units. This i®nosistent with the fact that far greater den-
sities were measured for the ground versus therstile walls, (2100 kg/fiversus 1550

to 1850 kg/m), as shown in the previous section.

3.2.4  Yield relationship

To derive the Yield Relationship, the EOS,and G, two sets of triaxial tests were con-
ducted; ‘Set 1’, for the trial series in 2003 catisig of Trials 1 and 2; and ‘Set 2, for the
trial series in 2006 consisting of Trials 4 throughUndrained Tests were chosen due to
the abrupt loading and response in the experinidrg. explanations and test results for

the following sections are partitioned into ‘Setabd ‘Set 2'.
Set 1:

The yield relationship for the soil in Trials 1 aBdwvas derived through three Consoli-
dated Undrained (CU) Triaxial tests performed i®2@ccording to ASTM D4767 — 95

[40]. Confining pressures of approximately 100000,5and 2000 kPa were used. The
relatively high pressures were selected based ®@mémgnitude of blast overpressures in
the experiment. The wall construction occurrethm spring, therefore the soil was espe-

cially moist and enabled the soil-fill in the waltsbe well compacted. The density meas-
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ured in the walls was 1850 kgirand the average MC for Trial 1 is 15.5 and Trias 2
15.1 %. The samples of soil were obtained fromsthikfill in the walls post-experiment.
Triaxial test specimens were formed by compact®mdQ0 % Standard Proctor density,
(ASTM D 1557 — 02 [41]), which resulted in sampéegraging 1860 kg/fnThe average
MC of the samples prepared was 16.7 % MC, whichwitten 10 % of the average MC
of 15.3 % measured within the walls in Trials 1 &ds shown in Table 3.4. The tests
were undrained which meant that once the confipregsures, had been established
and the soil was in a saturated state and sheasgabout to commence, the drainage
from the soil specimen was closed. Pore waterensthil was unable to leave the system
resulting in appreciable pore water presssife Under these conditions it is assumed that
only the soil skeleton is capable of sustainingaststress, and thus the Mohr’s circles

and failure envelope is based on the stresseseosdih skeleton which are the effective

stresses. The data obtained from the three tegtesented in Table 3.5.

Table 3.5 Data points for saturated soil from Set friaxial tests

Test Initial MC in Confining Peak Pore Pres-| Effective Peak Ef-
No. [y in Saturated Pressure, Total sure at Confining fective
0, H _ .
Saturated State (%) S, (kPa) Axial .Peak Ax Pressure, Axial
State Stress, | ial Stress, 58 (kPa) Stress,
(kg/m3) SA Su (kPa) SQ
(kPa) (kPa)
1 2063 21.7 1034 1439 928 106 511
2 2073 20.9 1555 2417 1271 284 1146
3 2097 19.8 1999 3032 1471 528 1561
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The effective stresses are calculated by subtiathia pore water pressure from the con-

fining pressures, and axial stress,. The primes denote effective rather than total
guantities. The Mohr-Coulomb criteria can be repnésd by the line

t¢=c ¢tanf §¢ ¢, (3.1)
where ct is the effective cohesion of the soil andlis the effective angle of friction of

the soil. The resulting Mohr’s circles from Tabl® &nd best fit line are shown in Figure

3.10.
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Figure 3.10 Mohr-Coulomb analysis and best fit lindor Set 1 triaxial tests

The best fit line in Figure 3.10 resulteddfi=63.5 kPe and tan(f¢)=0.572, which corre-

sponds to an effective angle of frictidgit=29.8
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Set 2:

To obtain the yield relationship pertinent to Tsiad through 7, four Unconsolidated
Undrained (UU) triaxial tests were performed in @@ disturbed samples according to
the specifications in ASTM standard D4767 — 02 [42]e confining pressures of 40, 70,
110, and 160 kPa were used. Note that the presselesed were lower than in Set 1 be-
cause according to pre-trial finite element (FE)elaesults, (which were not available
in 2003), apart from the initially high compresssteesses applied to the soil at the face
of the blast, the majority of the response of tral wook place after the blast loading.
The response was more dependent on the propeftssl @ompressed at the base, and
the pressures at the base near the corner ofataire shown to not exceed 160 kPa in
the pre-trial FE model. One additional change wasenn the soil test, i.e. to derive soil
properties to represent the actual soil conditiarthe blast experiments, contrary to what
was performed in Set 1 and contrary to ASTM staislg42], no saturation phase was
undertaken. The samples were watered and compattadcylindrical mould to ap-
proximately match the densities and MC measurethensoil-filled walls in the experi-
ments in Table 3.4 for Trials 4 through 7. It veepected that even under high compres-
sion from blast, the soil would be dry enough thaaturated state would not occur and
substantial pore pressure would not develop. The®ftfective stresses would be roughly
equal to the total stresses. The compacted sthileirexperiments at the measured density
and MC in Table 3.4 was too loose to form cohesamples at the experimental densi-

ties. Therefore the triaxial test specimens werméal atr ., of 1700 kg/m. This den-

wet

sity is within 3.2 % of the density in Trial 3, ththe properties derived for Set 2 for Tri-
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als 4 through 7 are also applicable for Trial SeTnitial r ., and MC of the triaxial test

wet
specimens are listed in Table 3.6. Each samplergoogy a triaxial test was initially
confined under hydrostatic stress, and then sudgeict additional axial stress until fail-

ure. The test data for these four triaxial testsadso given in Table 3.6.

Table 3.6 Data points for unsaturated soil from Sep triaxial tests

Test No. | |nitial I e (kg/m®) MC (%) Confining Pressure, Peak Total Axial Stress ,
S, (kPa) S, (kPa)
1 1718 8.9 40 108.8
2 1712 8.8 70 168.5
3 1730 8.8 110 295.8
4 1719 8.9 160 417.9
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Figure 3.11 Mohr-Coulomb analysis and best fit lindor Set 2 triaxial tests
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Using the points in Table 3.6, Mohr-Coulomb anaysas conducted based on the total

stresses and the results are plotted in Figure $Hd best fit line is given by

t =1.80+ 0.494 , (in kPa)

(3.2)

which corresponds to a cohesion and angle of dmctif c=1.80 kPe and 7 =26.2, re-

spectively.

3.25

Set 1:

The samples used to obtain the yield relationsbipSet 1 were also used to obtain the

Equation of State (EOS)

EOS. The EOS was measured through monitoring volcima@ges within the initial hy-

drostatic compression phase of the tests aftesdath@nderwent saturation.

Table 3.7 EOS points for saturated soil using triaial cell in hydrostatic compression for Set 1

Test | Initial Ini- Initial MC in Confining Pore Effective | Volumetric
No. Wet tial L et Saturated | Pressure, | Pressure | Confining | strain, e,
Density | MC in State (%) S, (kPa) Pre- Pressure,
[
kg/m® % shearing,
(kgm0 1 g 9| 5.6 kpa)
rated S, (kPa)
State
(kg/m’)
1 1841 14.6 2063 21.7 1034 565 469 0.052%
2 1887 18.3 2073 20.9 1555 597 958 0.058¢
3 1855 17.1 2097 19.8 1999 487 1512 0.095




Chapter 3 Experimental Investigation 54

The pore pressure was monitored and recorded fir &gt at the total confining pres-
sures of 1000, 1500, and 2000 kPa. The data reddode¢he triaxial tests pertinent to the
compression phase are summarized in Table 3.7 t®thee samples being saturated be-
fore compression, pore pressures were subtraabed tistal pressures to obtain the pres-
sures sustained by the soil skeleton. A plot oféfiective hydrostatic pressure with the

volume change on the horizontal axis is shown gufé 3.12.

2500 T T

2000

1500

K, =14680
1000

T
O

500

T
O
I

Effective Confining Pressure,s,’ (kPa)

O 1 1
0 0.05 0.1 0.15
Volumetric Strain, &

Figure 3.12 Equation of State obtained from Set Iriaxial tests

Linear regression was used to obtain the relatipnbbtween the effective confining
pressures ¢ and the resulting volumetric strag as
s,¢=1468®, (in kPe. (3.3)

The correlation coefficient of Eq. (3.3) is 0.892.

Set 2:
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Three additional unconsolidated undrained (UU)xtektests were conducted on dis-
turbed samples of soil from the post-experimentwdlls in 2006 to obtain the EOS. The
additional tests were conducted so that EOS datidddoe generated for measurable
compressions so that a relationship could be peavid accommodate the relatively high
pressures arising from the blast load, as the posviests at 40, 70, 110, and 160 kPa did
not yield measurable volumetric strains in the coeapion phase. These additional UU
tests were conducted at the same confining presswaised in generating the EOS for
Set 1: 1000, 1500, and 2000 kPa. Regarding thets®eof hydrostatic pressures ap-
plied, note that the peak pressure from the btzsdihg in the experiments ranged from
4,000 to 20,000 kPa during the first millisecondtwé loading, and numerical results us-
ing the FE models indicated that, after this finsitlisecond of the loading, the soll
stresses were typically lower than 160 kPa. Thesrdnge in pressure values tested
(1,000 to 2,000 kPa) was deemed to be a reasonabipromise between the high peak
pressures of the blast loading and the low pressiamlved in the HB wall response.
Furthermore the triaxial testing machine availabbes limited to pressures at or below
2000 kPa. Yield results had already been obtained the four previous tests at 40, 70,
110, and 160 kPa. Therefore, contrary to the ASTahdard [42], the test specimens
were only hydrostatically compressed and subseqagplication of axial loading was
not performed. No initial saturation phase was utadten as the specimens were to be
tested at MC equivalent to the soil in the blagieziments. The initial saturation level of
the test specimens averaged approximately 34 %.tfilee additional specimens were
formed from the excess soil sampled, and were edtand compacted in a cylindrical

mould to approximately 8 % MC and 1700 kd/rhote that the densities of the speci-
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mens prepared were again increased from the tdeyetity of 1550-1600 kg/frdue to
the inability to form cohesive samples. Volumeticain measurements were recorded
through measuring changes in fluid volume withie ttonfining cell of a Double Cell

Triaxial System, Jian-Hua [43]. The initial,, and the MC of each sample formed was

recorded as presented in Table 3.8.

Table 3.8 EOS points for unsaturated soil using texial cell in hydrostatic compression for Set 2

Sample Initial 7, Initial MC (%) Confining Pressure, Volumetric
No. (kg/m?) S, (kPa) Strain, g,
1 1697 8.5 1000 0.0539
2 1723 8.8 1500 0.0607
3 1708 8.6 2000 0.1004

Note that none of the samples approached 100 %asiatuwhen subjected to the confin-
ing pressures. The highest saturation level caledlavas for Sample 3 which reached 45
% saturation. A plot of the results in Table 3.8h®wn in Figure 3.13. Linear regression
was used to obtain the relationship between théiraog pressures, and the resulting
volumetric straing, as

s, =2074@, (inkPa. (3.4)
Note that the best linear fit line was constrain@gassing through the origin for both
Sets 1 and 2, representing zero pressure at z&rmetric strain. The correlation coeffi-
cient of Eq. (3.4) is 0.918. In lieu of speciatizesting to test above total confining pres-

sures of 2000 kPa, the best fit line was extrapdlab higher pressures and used in this

thesis because the peak pressures only constitoie@ aspect of the loading and the
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majority of the response from pre-trial FE modelimad shown response to be impulse

dominated (Scherbatiuk [24]).
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Figure 3.13 Equation of State obtained from Set Ziaxial tests

3.2.6 Bulk and shear moduli

Set 1:

The bulk modulusK and shear modulu& were determined at the initial compression
phase of the three triaxial tests used to derieeBE®S and yield relationship for Set 1.
Upon loading the specimens with axial pressure,somegnents of the changes in axial
strain and pore pressure were recorded and eféeetval and confining stresses were
calculated. For each test, the first three of th&dings of measurable volume change

when the axial load was applied were used to déterrtine values fork and G and
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these three results were averaged. This was dareuse in measuring very small volu-
metric strains, errors in the measurements thatlisggoportionately large compared to
the measured values would occur. Averaging the uteatsents was deemed as a way to
reduce this error. Secondly, since no unloadindesytake place in the initial compres-
sion phase and the bulk modulus is only a desonipdif the unloading modulus, an ap-
proximation is made that the unloading modulusgsat to the initial modulus. So it is
approximated that most of the deformation is etastd it is assumed that a small
amount of plastic deformation is tolerable as aorein the measurement. Note that the
values forK andG decrease with increased readings, indicatingubatmetric yielding

is taking place. Thus taking the first three measwents provides a compromise between
reducing the error in the volumetric strain measwst, while still providing elastic co-
efficients based mostly on deformation that is vecable. Furthermore errors in the
measured values & andG are tolerable because, as will be shown in Suiose6t4.5,

no noticeable changes in the response of the fat@ment model occur with increasing

or decreasingf andG by a factor of two. K andG were calculated from

K =ﬂ, and (3.5)
=}

G :M_ (3.6)
3e,- €

Here s is the mean stress, and is given by

_25h+sA

m 3 (3.7)
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while parametersg, and e, represent the volumetric strain and the axialirstr@spec-

tively. Note that since the specimens were satdrgtere pressures were subtracted from
the axial and confining stress in order to obtdfeative stresses which are pertinent to
the stiffness of the soil skeleton. The effectiesses were used with Egs. (3.5) and
(3.6) to calculate the bulk and shear moduli. Tighvidual readings are given in Table

3.9. The averag&K and G of all measurements were calculated to be 187d61&W

MPa, respectively.

Table 3.9 Bulk and shear moduli measurements for $&

Test No. Reading K (MPa) G (MPa)
1 99.7 8.19
#1 (at 1000 kPa) 2 61.46 5.05
3 50.02 4.11
1 415.92 34.19
#2 (at 1500 kPa) 2 289.02 23.76
3 254.19 20.89
1 265.62 21.83
#3 (at 2000 kPa) 2 145.78 11.98
3 106.39 8.74

Set 2:

K and G were determined at the initial compression phdshefour triaxial tests (at

40, 70, 110, and 160 kPa) used for the yield @tatiip for Set 2. Since the soil was not
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saturated for this test, nor did it approach saétman the hydrostatic compression, no
adjustments were necessary to account for poresymesUsing Egs. (3.5) and (3.6), the
following values were calculated and are preseiméddble 3.10. The average and G

of all measurements were calculated to be 163.38&8WPa, respectively.

Table 3.10 Bulk and shear moduli measurements fore$ 2

Test No Reading K (MPa) G (MPa)
1 223.64 3.304
#1 (at 40 kPa) 2 146.32 2.493
3 125.26 2.178
1 309.2 4.549
#2 (at 70 kPa) 2 211.82 3.36
3 131.2 2.27
1 137.86 24
#3 (at 110 kPa) 2 112.28 10.62
3 118.24 15.33
1 229.14 9.178
#4 (at 160 kPa) 2 132 13.66
3 83.08 9.218




Chapter 4

FE Model

This chapter provides the details for the formolatof the finite element (FE) model.
This includes the geometry, material models, tirgiut parameters, and the boundary
conditions. A mesh resolution study is conductethatend of this chapter to determine

the appropriate element size.

4.1 Geometry

The LS-Dyna explicit FE code was used to constauEE model of the wall. TrueGrid
software was used to generate the FE mesh. Thexperimental volumes of the filled
walls were calculated using laser scanning as shawfigure 3.4 (a) and (b), and the
volumes of the FE models of the walls were tailoi@anatch the measured volumes in
the experiments. The bulges of the filled HB uidiesvalls were approximated using co-
sine functions, and the extent of the bulges ferdgiven wall size in each experiment are
presented in Table 3.1 and Figure 3.5. Fully irdtggt eight node constant stress solid

elements were used (Livermore Software Technologygp@ation [44]). The element
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size was chosen to be proportional to the sizékeobteel mesh of the HB units in order

to merge the nodes of the soil elements with tlod$kee wire mesh.

4.2 Material models

The material model selected in LS-Dyna to model sbd was MAT_SOIL_CON-
CRETE (Livermore Software Technology Corporatiod])4 This material model calls
for user-defined tabulated piecewise-linear desiomg for the EOS and yield relation-
ship, as well as the density, bulk and shear maddibe MAT_SOIL_CONCRETE ma-
terial model was selected because it was geneoalgénto consider both linear and non-
linear EOS or yield relationships. The EOS, Yiadthtionships K andG, and appropri-
ate r presented in the previous section on soil propenvere used for the models. For
the  Mohr—Coulomb  yield parameters to be compatiblevith the
MAT_SOIL_CONCRETE material model, the following tveguations were used to find

the equivalent Drucker—Prager yield parametersgDasd Siriwardane [45]):

6sinf
a, == , and 4.1
' 3-sinf (4.1)
6cos
k., =c , 4.2
° T3-sinf (4.2)

where ¢ and f are the Mohr—Coulomb cohesion and angle of frictibhe Drucker—
Prager relationship in terms of parametegsandk, are given as

sy =k, +a s ., (4.3)
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where the mean stress,,, can be calculated from Eq. (3.7) or from the gpal stresses

as

S, +5,+s
s, =123 (4.4)
3
The Von Mises stress in each element is comparateoyield stresss, , Eq. (4.3),

within the FE program to determine if yielding ocguand if so a perfectly plastic stress-

strain relationship is assumékche Von Mises stress is given as

Sum :\/% (51'5 2)2+ (5 ™S 3)2+~€ 7S 3)2 . (4-5)

Beam elements of a 4 mm diameter were used tosepiréhe steel wire and the nodes of
the steel wire coincided with the nodes of thedselements. The Simplified Johnson—
Cook model (Johnson and Cook [46]) was used to irtbeemild steel weld mesh. The

steel parameters used in the model were
E =200GPa; n = 0.3, andr, = 7809, (4.6)
where E, 77, and r are the Young’'s Modulus, Poisson’s ratio, and s steel, re-

spectively. In the model, Johnson and Cook expeseeflow stresss , as
s, = (A + Bg”)(1+q Iné), (4.7)
whereA;, B, ¢, andn, are input constants given by Pope et al. [4] wivelne set at 3.5

x 10° kPa, 2.75 x 10kPa, 2.2 x 16 s*, and 0.36, respectively, while® is an effective

plastic strain ance is the effective strain rate. Note that if the desl steel wire mesh
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failed, it failed before the coils in all previoesperiments. Therefore a pin connection

was used to model the coils joining the welded wesh panels of the adjacent units.

The contribution of the geotextile was found torbmimal in affecting the overall re-

sponse as shown in Appendix H. Less than a 3 %gehemthe displacement at any time
occurred from inclusion of the geotextile into thedel. Furthermore, modelling the con-
tact forces between the geotextile and the soikesed the calculation time of the model

by a factor of four. Therefore the geotextile wastted from the FE model.

As mentioned in Chapter 3, the measuredf the ground at the base of the wall aver-

aged 2100 kg/f which was much higher than the measured densifiéise soil in the
HB walls. Standard cone penetrometer tests preddnt Subsection 3.2.3 showed the
ground to be much stiffer in comparison to the caotgd fill within the HB walls (val-
ues of 27 kg/crfor the ground versus an average of 3 kg/wn the soil-fill within the
walls). Therefore, it was justified to consider tireund to be a rigid planar surface. The
tangent of the angle of friction was assumed astedficient of friction for the contact
between the HB wall and the ground. The angle iofidn from the yield relationship
was 29.8° for Set 1, pertinent to Trials 1 andrij 26.2° for Set 2, pertinent to Trials 3
through 7. These two angles of friction corresptindoefficients of friction of 0.571 and

0.491 respectively.
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4.3 Initial and boundary conditions

Body acceleration in the vertical direction wasdugethe model to simulate gravity. The
model allowed the soil to settle under gravity aedch equilibrium in the first 500 ms.
The FE model of a filled Mil 3 two course HB wadl $hown in Figure 4.1 (a). Since the
charges in each experiment were far enough to peoduuniformly distributed load on
the wall face as stated in Subsection 3.1.5, only half-columns of each HB wall,
shown in Figure 4.1 (b), were simulated to redusmputational effort. Displacement
boundary conditions of the nodes on ytxglane of the edge surfaces are

U, Vee T 0; W= 0, (4.8)
whereugg, Vrg, andwge are displacements in the, y—, andz-directions, respectively.
The pressure—time histories measured from the ewpats were applied to the face of

the wall in the calculation.

\ Upper displacement
monitoring point

\ Lower displacement
monitoring point

z X

(@) (b)

Figure 4.1 FE model of Mil 3 two-course wall: (a) he entire wall and (b) two half-column model
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4.4  Mesh resolution study

To determine the appropriate element size in theardlysis, the Mil 3 two course HB
wall size used in Trial 1 was selected for the mesiolution study. The element sizes of
75, 37.5, 25, and 18.75 mm in each dimension waleeted based on divisions of the 75
mm welded wire mesh spacing. Horizontal and vdrticsplacement—time histories of a
monitoring point at 3/4 of the height of the watl the back of the wall are shown in Fig-
ure 4.2 (a) and (b), respectively. It can be seem fthe figures that the convergence was
achieved when the element size was 37.5 mm or Téesefore, an element size of 37.5
mm was selected for the FE analysis. Note thatrtbéel using 18.75 mm elements for a
two half-column took approximately 110 h to cald¢alan an Intel® Pentium IV® 2.2
GHz processor with 1 GB ram while the model usiiigbBim elements took approxi-

mately 4 h to compute.

1000 250 . . . |
— -+—+ 75 mm element
= * % 37.5 mm elemen
7501 E 0 —— 25 mm element
< - 18.75 mm elemen
(O]
§ 2501
500 8
o
2 5001
-+—+ 75 mm elemen —
250 ** 37.5mmelemen | 8
— 25 mm element € -750[
- 18.75 mm elemen 2
0 ' : : ' -1000 . L L L
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
Time (ms) Time (ms)
(a) (b)

Figure 4.2 Comparison of displacement—time historewith different mesh resolutions: (a) horizontal

displacement and (b) vertical displacement



Chapter 5

Derivation of Analytical Models

One of the aims of this thesis is to develop artiefit analytical model to calculageD
planar response of HB walls subjected to blastif@mathat enables rapid calculation of
P—I curves. During the course of this thesis, althosgberal models were investigated,
only two models are successfully validated and nteylp (Scherbatiuk and Rattanawang-
charoen [24] and [26]). These two models consisthef preliminary model based on
simple Rigid-Body Rotation, and the final model tbis thesis, namely a Rigid-Body
Hybrid model. The Rigid-Body Hybrid model combinegid-body rotation with local-
ized compression and shear deformation at the dfaee wall. The following sections

present the derivations of these models.

5.1 RIigid-Body Rotation model

Based on observations of experiment and resulsd&fE analysis, Rigid-Body Rotation

appeared to contribute significantly toward theralleresponse. After careful and thor-
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ough investigation of the behaviour of an HB walber blast loading, four assumptions
were made in order to achieve this simple andieffianodel:

1. At the time of filling with soil, the weight of theoil caused each HB unit to ex-
pand laterally at the mid-length, and this expamswas assumed uniform
throughout the height of the unit.

2. The dominant mode of deformation of the wall aftebjecting to a blast load was
rotation.

3. The axis of rotation was located at the bottom eoof the wall Oz axis in Fig-
ure 5.1 (a)).

4. Ground shock and sliding of the wall were neglected

y
w
: W, C i 5 Wy
a\/ —\\ a —> -~
%
d
d?xdy ] \ —> f|og
CL ! i
;fi p(t) j) cdy g H
s ly H — R
X_! EXR(Z) — mg \@
(2 | om — o )
& ,
P———

\~ Axis of rotation
(a) (b)

Figure 5.1 Configuration of a rigid-body rotation model: (a) diagram illustrating calculation of iner-

tial properties, (b) 2D elevation view and sectioa-a
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The configuration of the model is shown in Figurgé @) with a side view shown in Fig-

ure 5.1 (b).

The lateral blast loading pressupét) is assumed to be applied uniformly and normal to
the surface along the height of the wHll. The length of each HB unit ils,. The width

of the wall, w, varies along its length from the unfilled widtl,, and the outermost ex-
treme width of the lateral expansion or bulge after wall has been filled and soil has
been settled or compacted, . This rigid block model has a uniform mass dengityan
average mass per unit length and a rotary inertid,, about axisOz. The block incurs

a time history of rotation, denoted §yabout axi®©z, which is assumed to be located at
the extent of the unfilled widthy,. R is the distance from the axis of rotati@z to the
location of the centre of gravitgg. An anglea is the angle between the line connect-
ing axis Oz and thecg, referenced with the vertical, and represent<thieal angle that
the wall must rotate to in order to tip over with further loading. From the geometry in

Figure 5.1 (b),R anda can be calculated based on an unfilled dimensiaspectively,

as

R=%,/(H2+V\é), (5.1)

W,
a=tan!' —= . 5.2
H (5.2)

Functions x (2) and x;(2) denote the position of the wall on the left-hamtesand

right-hand side, respectively. These functions apipnate the shape of the bulge using a

sine function over the length of one unit, andgiven as
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x (2)=- w- Msin Pz and (5.3)
2 L,
5. (2) = Ve” W) g 2 (5.4)
2 L, '

Consider an infinitesimal cubic element of dimensiax, dy, anddz, in the x-, y- ,
and z- directions, respectively, as shown in Figure 5)1 Tae effective moment of in-
ertia 1 ,, of an HB column can be derived from
1 Le H Xg(2)
lg, =— s?dxdyd, (5.5)
c 0 0x (2)

wheres is the distance from the ax@z to the infinitesimal element as shown in Figure

5.1 (a). The result of the integration in Eq. (5&)er simplification, is
- : 3w’ +2H? - W
lOz: a Wa2+H2+(Wb Wa) +§(va_wa)2+( a )(V\é a)

a a

(5.6)

An effective volume-per-unit length of an HB colurman be calculated in a similar fash-
ion as

_ 1 LeH XR(Z)

\% =r dxdyd:. (5.7)

c 0 0x(2

Explicit expression of the effective volume-perduength of an HB column is
\7=WaH+%(V\£- w). (5.8)

The mass-per-unit length of an HB colunm can be obtained by multiplying the effec-

tive volume-per-unit length in Eq. (5.8) with thbefd densityr . The governing equation
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of motion for the time—dependent rotational degoédreedom g of the rigid block

model shown in Figure 5.1 (b) can be written as

rlyg +mgRsin(a -q )= H72 (D (5.9)

The impulse-dominated solution can be derived Isyimsng that, during the entire dura-
tion of blast loading, the wall has not deformedignificant amount so as to cause a
change in its initial resistance and position. Dhest load duration is very short com-
pared to the duration of the response. Hence,hlelgm can be separated out to the blast
loading imparting a velocity and corresponding kimenergy to the wall. From this ini-
tial kinetic energy, absorption of energy due t@ist or potential energy with rotation
governs the maximum value of rotation achieved. Valeie calculated for the critical
amount of impulse to topple the wall correspondthtovertical asymptote of BRI dia-
gram. This asymptote is approached when the loaatidn is very short and the pres-
sures are very high. The initial response overcth@se of the blast loading approaches
achieving an instantaneous velocity with negligitigplacement. The energy balance re-
quires that

KE = PE, (5.10)
where KE and PE are kinetic and potential energies, respectivBlgice the change in
the stiffness of the differential equation durihg turation of loading, Eq. (5.9), the ve-
locity delivered by the blast loading that is ugedcalculate kinetic energy can be ob-

tained by integrating the equation of motion oue blast load duratiot,. The rota-

tional velocity transferred by triangular pulsehsrefore
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2
| H™ 2moRg . , (5.11)
rl 2 P

Q(td):

Oz
where | is the impulse andP is the peak pressure. A triangular pulse was tleor
this analysis because it has a time duration thiaite. The impulse for a triangular blast

wave is given by
| =—=. (5.12)

The kinetic energy at the end of the blast loadiag be calculated directly from Eq.

(5.11), i.e.

1 2 17 H? 2mgR_.
KE==rl t = —_—- SI
2 o 9 (t) 2rl,, 2 P

na . (5.13)

The potential energy available for rotation uphe tritical rotationa can be expressed

as

PE=mgRsin(a-g) ¢= mgR: cos mg-R% . (5.14)
0

Equating Egs. (5.13) and (5.14), the critical ingeutequired to topple the wall can be

calculated as

2P\/2r|ozmg R-E
| = 2

= 5.15
et PH? - 4mgRsina (5.15)

Eq. (5.15) is not very sensitive to the chosen gaaksure value. When the pressure is
doubled, the critical impulse decreases by less tha % for a two course Mil 3 wall.
For engineering purposes, the peak pressure valube arbitrarily chosen as the upper-

most pressure value on tRel curve. For a perfectly impulsive load of a finitepulse
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but infinitesimal time duration and infinite peatepsure, the second term in the denomi-

nator becomes negligibly small compared to thé fasn, and Eqg. (5.15) reduces to

e =%\/2rlozmg R- % : (5.16)
The pressure-dominated solution is derived basealssaming that the impulse and time
duration of the blast loading is infinite. The hlsding time history approaches an ideal
step pressure load. Considering a resisting moweat function of anglg at any time,
ie.

M ., =mgRsin(a - q), (5.17)
where M is a resisting moment and is a function of thengetoy and time—dependent

rotation. Note that this function starts at aniaimoment resistanceg(=0) and de-
creases as the rotatian increases. For any moment applied from an idegd-ptessure
load that is less than the initial moment resistamicthe wall, the wall will not incur any
motion. If the moment applied by the peak presgieal step load is slightly greater than
the moment resistance of the wall, the wall wpl diver entirely. There is no solution for
an ideal step pressure loading that will lead toaximum rotation that lies between zero
rotation and complete overturning. Therefore, tmiscal ideal step pressure wave value
can be solved for by equating the moment causeatidogpplied ideal step pressure to the

initial moment resistance of the wall as

2

H7 Pyep = MRSING . (5.18)
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The value of ideal step pressupg,, that will cause overturning, defined g, is

given as

_2mgR

stepcrit — H 2

sina . (5.19)

Note that the same solution for deriving the id#ap loading asymptote will result from
using the method presented in Appendix G. Sincerégestance to an applied pressure
continuously decreases with increasipgthe peak value for the cumulative mean resis-
tance between the intervalE@ £ a occurs atg =0, and is exactly equal to the initial
resistant pressure. Thus the critical ideal stegsure is equal to the initial resistant pres-
sure. This is a special case in comparison witlerogtiructures which typically offer

greater resistance in response to increased deflemt deformation.

To calculate the time history of response of thelehdo different pressure-time histories,
the non-linear governing equation of motion, Eq9)5was coded in Visual Basic using
the Runge—Kutta technique in solving a non-linepragion. A time step of 0.0hswas

selected for the program based on the convergdnite® histories of rotation achieved

at time steps of 0.0hsor smaller.

5.2 A RIigid-Body Hybrid model

This model was derived to provide an efficient gheial model which improves upon the
previous Rigid-Body Rotation model. In formulatiagmore accurate model, additional
observations were made concerning the modes ofrdafmn incurred by the HB walls.

Since excess dust and debris raised by the blagite iexperiments hindered the ability to
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obtain visual stills of the deformation through hngpeed video, the deformation of the
FE model was used to study the mechanisms of respand to gain insight so that a

suitable analytical model could be proposed.

5.2.1 Response mechanism from the FE model

The deformation from the FE model is shown in Fegbr2. The primary mechanism of
deformation is the Rigid-Body Rotation of the HBIlwa&he corner shear and compres-
sion are also important because they decreaseotimhtal distance between the centre

of gravity (cg) and the point of rotation. The distribution ofsbapressure with an

equivalent forceF, and the base frictiofr, are shown in the figure.

/ ; corner shear &
’ compression

pressure distribution
changing with time,
% affecting location of-,

Figure 5.2 Deformed shape of finite element modehd basic formulation of analytical model
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The compressibility of the soil influences the miagpte of the resulting equivalent force

F, and its locatione,. The density and the slope of the yield relatigmsire influential

soil parameters contributing to the response dffdleid walls.

5.2.2

Assumptions in the formulation of the model

Based on the deformation from the FE model, thieiohg assumptions were made in

formulating the proposed model:

1.

4.

The wall can be modelled adequately using the Violig three mechanisms:

rigid-body rotation, compression and shear neactneer.

The ground is assumed to be rigid.

Only two-dimensional behaviour is considered, wresimple free standing wall

is loaded uniformly along the length and heighttloé wall. The bulges in the

walls that occur after filling are accounted forthe calculation of the overall

mass and rotational inertia, but their effect inliag strength to the shear defor-
mation is ignored. The model is formulated from plmént of reference of the un-

expanded width or inner corner for the deformatibinis assumption is based on
the fact that the geotextile folds underneath eaghand at the bottom the wall is
constrained from expanding when filled due to thetgxtile.

The effect of any local inertia arising from locformations and accelerations,
either from the shear or compression at the basessumed to be negligible. Only
the forces arising from the resistance to locabdeation at the bottom are calcu-

lated.
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5. The change in shape due to the local deformatibekaar and compression at the
base and corner is not great enough to sufficiesithnge the rotary inertial prop-
erties of the wall.

6. The compression, pressure distribution and thetilmtaof the resulting force
normal to the ground can be modelled by assumiadtitom of the wall acts as
Winkler foundation resting on rigid ground, withaptic compressive properties
governed by the soil Equation of State.

7. The shear yield stress is a function of the nomna@lompressive stress at the base,
and can be calculated using the Mohr-Coulomb wahip. The shear stress-
strain relationship is assumed to be perfectlytigas

8. For the range of interest of the rotation, the redroompression of the Winkler
base of the wall is assumed to act independentihefshear displacement. The
normal pressure distribution at the base is caledlay considering the compres-
sion of the Winkler base, and the distribution ofmpression is only affected by
the vertical force and rotation angle of the waltianot the shear deformation.

9. Although it is possible for the entire wall to ®idshearing to take place within
the wall or a combination of both, due to the highistance against sliding be-
cause the welded wire mesh digs into the groundeatorner of the wall it is as-

sumed that no sliding takes place. Thus p@nshown in Figure 5.2 is assumed

to be fixed.

To gain a better understanding of the local deftionamodel proposed, consider a soil

wall subjected to a corner deformation at any times shown in Figure 5.3 (a). The dis-
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placement coordinates are in the rotated positidghewall. Assume that thegis fixed
from both the translations and rotations aboutdfe The body is considered rigid, with
the exception of the area near the compressedrcdtomt O translates taO,. The re-
sulting components of the normal pressures antidrapressures (shear pressures) in the
rotated coordinates arfe, and F,, located at the distances and g, from the cornelO,,

respectively. Here the corner undergoes displacesmemnd v. Assume that the defor-
mation around the corner measured by displacemerdad v is not subjected to large
inertial forces that would otherwise be statedusmetions of the second time derivative of

these displacements. Only static resistance oloitedized corner deformation is consid-

ered.

/

1
!
/

iy
v cg

displacement

!

fixed cg

corner . /
fixed corner

\\\\\\\ / q,
écm% ) fﬁk (V)
v &
g &
F,(u,v) F,(u,v)
(b)

(@)

Figure 5.3 Diagrams illustrating analytical model brmulation: (a) assuming fixed cg and corner dis-

places, (b) assuming fixed corner and cg displaces
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Alternatively, for the proposed analytical modekstead of considering that the body be-
ing fixed with respect to theg, assume that the corner is fixed at locat@n as shown

in Figure 5.3 (b). Under the same reaction forEgsnd F,, the entire body moves equal
and opposite to the deformations incurred at theero Thecg translation from the cor-
responding position in an undeformed body, showthéndotted line in the figure, is a di-
rect translation of the corner deformations. Assuhe the inertial resistance to dis-
placementsu and v is approximately equal to the inertial resistant¢he undeformed
body. Also assume that any interaction of the cowith an arbitrarily shaped rigid sur-
face can be resolved into and sufficiently modebgdusing these equivalent forces and

locations.

5.2.3  Derivation of equations of motion

A free-body diagram of the model in Figures 5.3g@l (b) is shown in Figure 5.4 and is

used to derive the equations of motion for the stamding wall subjected to a uniformly

applied time history of blast pressypg). In the figure, thick solid arrows denote all

forces and pressures acting on the body, while leehaded arrows denote distances
and arrows mark displacements from the point oérexfce indicated. The wall has a
height H and a widthw. The wall in its initial configuration is outlineid the dashed-

dotted line. The centre of gravity of the wall tsca, in its initial position. The centre of
the applied blast pressure will be assumed to lti@divectly through thecg at all times.

Despite the change in height from the deformatigrit is assumed that the total force of

the pressure distribution at the base will be coreskand act vertically. After the wall is
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loaded, it undergoes a rotatign The light dotted line represents the equivalersitpon
of the rotated undeformed wall. The centre of dgyaof the wall at this position is &g, .
The corner at poin©, is fixed; however, the body undergoes local defdroms,u and
v, which are measured parallel to the width and Hteigespectively. These corner de-
formations result in a direct translation of thedtion of the centre of gravity fromrg, to
cg, shown in the figure. The displacement of the i@eat gravity fromcg, to cg is rep-
resented by the displacement componéht&ndV in the horizontal and vertical direc-

tions, respectively. The parametéisandV represent the second time derivativesbf
and V, respectively.m denotes the averaged planar mass per unit lerfgtheowall

along a single column ang the gravitational acceleration. The density ofwadl is r

and the rotational second moment of area aboutehtre of gravity id

<|

F(u V)

Figure 5.4 Free-body diagram for derivation of theequations of motion
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The translational equations of motion in the hamiab and vertical directions and the ro-

tational equation of motion about tlog are, respectively

p(t)Hcosg- F, u,v)cog- mY¥ E (,v)sigr (5.20)
p(t)Hsing- F, (u,v)sing- mV FE(uvcog nmygy | and (5.21)
ri.g - F.u,v) %— v e+ F(uvy Y—; -u g 0. (5.22)

To obtain the equations of motion in terms of thealised corner displacementsand
v, it is first necessary to relate these to centrgravity horizontal and vertical displace-

ments,U andV .

U :VEV' %, and (5.23)
v=__y. (5.24)
2
whereX andy are given as
- _ W H .
X = 5 U Ccosg- - v sing, and (5.25)
y= VEV u sing+ % V CO0yj. (5.26)

Substituting Egs. (5.25) and (5.26) into Egs. 3pand (5.24) and taking the second de-

rivative of U andV with respect to time yields

U=gy +(q)27< +ucosg - vsing- ( using v cog), and (5.27)

2 . .
V =-gx+ (q) Y+ using+ vcosg+ 27( ucog- Vv smlj. (5.28)
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Substitution of Egs. (5.27) and (5.28) in the emumst of motion, Egs. (5.20) to (5.22),

gives
myg + muwosg - mwsing= RHS, (5.29)
mxg - mwsing- mwosE RHy, and (5.30)
rlg =RHS; (5.31)

where RHS, RHS, and RHS, are defined by

RHS, =- rﬁ>(q)2+ 2 g( sing+ o)

(5.32)
+(pt(B- F, Uv)) cas F, u(v, )sin
RHS, = rﬁ)(q)2+2 ng( ©osg- \sing) (5.33)
- (P M- F, ¢v) sigr K {v)cap mg , a
RHS = B(uy ©- v g- Ruy5 -u e, (5.34)

For convenience in applying the Runge-Kutta nunagrintegration technique for the
above non-linear differential equations, the agegiens can be isolated from the system

of equations as

y=RHScosg  RHSSING, RHZ 5 sing- yeosy), (5.35)
m m r Icg
__RHSsing  RHScosy RHaS(y(Cosm vy sing), and (5.36)
m m r lcg
g=RtS (5.37)

rle
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Note that all parameters within the equations of amtan be calculated thus far, except

for F,(u,v) and F,(u,v) and corresponding locatioreg and g,, which are to be calcu-

lated for given deformations andv using the local deformation model as discussed in

the following section.

5.24 Reverse Winkler formulation

5.2.4.1. Plastic and elastic spring properties

In order to incorporate the base compression imonbodel, the base of the wall with
continuous soil compression properties in Figute(8) is modelled by Winkler springs
having the discreet spring constants as shown iar€i§.5 (b). Since the base of the wall
is modelled with Winkler continuous springs, while tiround is assumed rigid, the for-
mulation in the title of this section is termexierseWinkler. Note that these springs are
constrained to compressive stresses only and ¢éessiésses are set to zero if tensile
strains occur. The idealized relationship betwessgure and volumetric strain of the
soil in compression is shown in Figure 5.5 (c). Thepressive stains are assumed not to
be large enough for the relationship to become Im@mar. Any loading to higher than

previously encountered levels of loading occurs@lthe slope designated g, while

any unloading and reloading that is lower than pesiy encountered levels occurs

along the slope designated . The equivalent Winkler spring constarks and k,

shown in Figure 5.5 (d), must be obtained from tRSEf the bulk modulus of the soil.
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Figure 5.5 Reverse Winkler foundation: (a) wall wih soil having continuous compression properties,
(b) wall with soil having equivalent spring displa@ment properties, (c) relationship for pressure aa
function of volumetric strain, and (d) relationship for distributed force as a function of spring dis-
placement

To calculatek, from K, andk from K, consider a wall with continuous soil properties

resting on a rigid foundation in Figure 5.6 (a).ddnthe application of the gravitational

acceleration and an arbitrary ground acceleragenw, the top of the wall undergoes a
vertical displacement),, calculated from the static application gf+ w as shown in

Figure 5.6 (b). The overall height of the wall chesgromH to H{.The centre of grav-
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ity is displaced from its initial positioeg by an amounD,, to its new position atg(,

which results from both the decrease in height &ediricrease in density. The distribu-
tion of vertical stress, vertical strain, and dgnalong the height of the wall are shown in
Figures 5.6 (c), (d) and (e), respectively. Notd tha vertical stress and strain are func-
tions related to its undeformed configuration, while density function relates to the de-

formed configuration. Variablep,, ¢, and r, represent the pressure, strain, and den-

sity at the base of the wall, respectively. Paramet is the density at the top of the wall,

which is equal to the density of the soil in itsaaded state. Assuming that wall is thick
enough that the volumetric strain deformation duthe vertical stresses only takes place
in the vertical direction, and horizontal straing aegligible, the pressure and strain

along the height can be given as

p(s)=r(g+w < and (5.38)
e(s) = M’; (5.39)

\

where s is measured from the top of the undeformed walé $inain distribution can be

integrated along the height to calculate the tisplacement,, as

dy = e(s)ds= r(g+w)sds=r(gz+KV\)l_F'

ot
0 0 \ \

(5.40)

The resulting height ¢ can be calculated as

He=H - ¢

tot *

(5.41)
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Figure 5.6 Calculation setup for equating, to ky

The pressurep, and straing, at the base of the wall can be given as

p,=7(g+w H, and (5.42)
%ziﬁggﬂﬂ. (5.43)

\

The density at the base of the wa]| can be calculated based on the strain at thedsase

’
r, = . 5.44
* 1-¢g (5.44)
The change in position of the centre of gravity barexpressed by
H _
Qg=5-ww (5.45)
wherey, . can be calculated from the density distribution as
HY*  (H
M9 LHF
chlt = H ¢ (546)
Ho +—(r,-r )
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Substituting Egs. (5.41) and (5.44) into the abegeation and simplifying the result

yields
H-d,)3-
=) 3 28, (5.47)
3 2- g
With the use of Egs. (5.40) and (5.43), Eqg. (5@89omes
_ _H _ 2r(g+wH
ycg¢—€ 3- < (5.48)
Therefore, Eq. (5.45) gives
H*r (g+w)
D = , 5.49
“ 3K ( )

\

Given thatk, relates pressure at the base to displacemené @ithk, can be found as

_p, _3KHr(g+w) _3K, 5 50
K D H?r (g +w) H (5.50)

cg

Under the same assumption,
k=—. (5.51)

Note that no loading rate effects are includechadalculation of stresses from strains in

the soil.

5.2.4.2. Deformed configuration of lower portion of wall

Figure 5.7 (a) shows the lower portion of the viralits deformed configuration. As pre-
viously defined, pointO represents location of the corner in the corredpmnunde-

formed shape, while poir®, represents the corner in its fixed position. Caspimentu
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and v in the rotate coordinates rela@®to O,. Interaction of the Winkler spring with the
rigid ground results in a nominal contact distai@€ . The displacement of the distrib-
uted spring in the reverse Winkler foundation igegi by trianglePQ C. A normal stress
distribution f  results from this displacement. The resultant oot this distributed
normal force isF, and its location isg, referenced from poin®,. The shear stres§,

acting along the width of the portion of the watlan the ground at the contact interface at

ground level can be calculated frdusing the Mohr-Coulomb relationship for the soil.
The resultant off, over the distanc®,C is F,. Note thatF, and F, intersect at point
D, which can be transformed at this location to ésrE, and F, in the rotated coordi-
nates, shown in Figures 5.3. The side of the waathé right of pointO,, which was ini-

tially vertical but has since undergone significahear, is assumed to maintain an angle
that is greater than zero when measured from haateeference and thus does not in-
teract with the ground. This assumption is validha initial time history of movement,
but as the wall undergoes very large rotationsxieess of its critical amount of rotation
for overturning, this assumption may begin to lidseralidity. However, this assumption
is considered reasonable for the portion of moveémprto critical overturning. Consider
at this instant in time that the hatched portiothef triangle to the right of poir is un-
dergoing displacement that is higher in magnitutEntpreviously encountered and is
therefore in a state of loading. The area of tlemgle to the left of poinE is undergo-
ing displacement that is less than the highestipusly encountered and is therefore in a

state of unloading. Assume that the area between goand F is in a state of unload-
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ing and that the compressive stress still has anmate of greater than zero. PoiRt
shows where the material has been previously caspde causing permanent deforma-
tion, and then unloaded an amount to where thess@é this location is now equal to
zero. The solil to the left of poirfe has been loaded and permanently compressed, and
then unloaded to the state that would otherwisse#ension if the contact interface were
not cohesionless. The stress of the portion ofriaagle to the left of poinF is there-

fore zero. There is essentially no contact to #fedf point F . At any point alongCQ,,

the spring displacement in the vertical directignlénoted as.

distributed sprin
force
(@D
=~ )

T

m

m»
O
O

F vertical spring displaceme

F,(u,v)

(@) (b)

Figure 5.7 Diagrams illustrating calculation of forces for reverse Winkler: (a) displacements and

stresses, (b) points of interest plotted on sprindistributed force versus displacement relationship

These points of interest listed in Figure 5.7 (&) @otted on the distributed spring force-

displacement plot in Figure 5.7 (b). Note that coespive spring force is assumed posi-

tive. The pointF shows the current spring displacement, while pcﬁntdenotes the

highest displacement experienced with referen¢bedwertical direction. This notation is
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used for all other points of interest listed. Ag thall rotates, poinC is compressed
from the origin along slop&, until it reaches poinf:. When the wall rotates more, this

point is unloaded along sloge. Due to the zero tension admissible at the intexféhis
point is lifted off the ground. Note that thesghest points are always referenced to the
vertical direction, and directly referenced to thsplacement plane surpassing all previ-

ous displacement planes at a given location.

To calculate the stress distribution at the badgs,necessary to solve for the locations of
pointsC, E, and F from the time-dependent variables defining theodaed configu-
ration (u, v, and g) for each time step. As shown in Figure 5.8, f@igen rotationg

and a given displacement point C alongr can be calculated as

f. =min L,w . (5.52)
tang

The locations of point&€ and F can be determined analytically and the analyscéli-
tions are presented in Appendix I. The analyticdlitson for point E is simple to im-
plement in the computer code but the analyticalitsm for point F is very cumber-
some. Both analytical solutions require the rotatio be positive and increasing and
cause critical errors if the wall begins to rotagekwards after reaching maximum rota-
tion. Therefore the numerical solutions elaboratethe following subsections are used
instead to locate pointE and F . These numerical solutions are proven to proviae t

same results but are stable when rotation decrediseseaching maximum.
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5.2.4.3. Locating pointe

In Figure 5.8, thin dotted lines represent previplanes of displacement encountered at
lesser magnitudes and at earlier times, assumatgtile wall positively rotates up until
its maximum rotation. Note that as explained egrliee shear deformation is assumed
not to affect the compression of the Winkler founataat the base, and therefore the dia-
gram was drawn without showing shear deformaticachEof these dotted lines repre-
sents a previous displacement plane at an instaimhe. In the case of continuous time,
there is an infinite number of past displacemeanes. The dashed line represents the
highest previous displacement encountered at amy pa the base along the thickness.
This dashed line is a collection of the upper nsegiments of all previous displacement
planes, and is defined along by line q.,(r). Line O,C represents the present dis-
placement plane and is defined &fr), given by

q(r,t) =v(t)- rtang . (5.53)
Point E represents the point of intersection between th&imum previous displace-
ments and the present displacement plane. In @aod&rcate pointE, an approximate

method is used in this study. The step-by-stepgutore is as follows:

1. Check the present displacement plage) with the maximum displacements
O, (1) » iINncrementing along to find the point of crossover.

2. Linearly interpolate between the two discrete poon either side of the cross-

over, (i.e.r,, andr,) to find a more precise intersection of the twe§, where

the intersection in terms of coordinatas defined ag;. as follows:
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- [ (. ) - A% )]

=1, -] 5.54
" T ey gty g ] (559

3. Update the maximum displacememn, (1) to be used in the next time step by

replacingq,,., () where it was exceeded by the present displacephame q(r,) .

qmax( r)

Figure 5.8 Locating pointsC, E, and F by finding intersection of present displacement @ne (line

0;C) with line of maximum displacement (dashed line)and line of zero stress (solid line)

5.2.4.4. Locating pointF

It is useful for upcoming analyses to define a fioeiht / which gives the ratio of zero
stress displacement to maximum experienced displect based on the slopes of the

loading and unloading constants of the spring.
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j=to Kk (5.55)
n Kk

max

Note that the displacementy and n shown in Figure 5.7 (b), can be taken for any

hnax !
point, and because of the linear relationship efgpring force-displacement relationship
assumed/ remains constant. In the case/of 1, the soil is perfectly plastic and all de-
formation is permanent. In this case, variabl@vould be assumed as infinity. In the case
of / =0, the soil is perfectly elastic, where the unlogdamd loading spring coefficients

are equal to one another.

In Figure 5.8, the solid line represents the lacatf where the present displacement
plane would have to be for zero stress to occurtdusloading. This line can be calcu-
lated by multiplying the vertical distance shown from the bottom to the solid line,

Onax(1), DY/ . Point F represents the intersection of this line with phesent displace-

ment planeg(r) . The physical meaning of this point is that ithe division between the
portion of the base to the right of poift, which is compressed and is in a state of
unloading, and the portion to the left of poiRt, which is at zero stress, where contact
with the ground is not made any more due to thetigl@ompression at a previous time
period. For the diagram in Figure 5.8, the solmelis drawn for approximately = 2/3.
The methodology that was used in the previous@etti locate poinE was also used to
locate pointF , but owing to the assumption that the unloadirggadice is measured ver-
tically, the interpolation formula for the intersien was adjusted for the given angje

as follows:
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. [/ G (1) - a(F. )] . & 56
T a®) O [AG D 7 ] il 659
where
f=1-[% /]d,,()tag , and (5.57)
=1 - [E /] ) tag . (5.58)

5.2.4.5. Calculation of stresses and forces

Once the distances, r. andr. have been derived, the base pressure, total seacti

force F, and its locatiorg, can be calculated. Consider the diagram in Fi§e

displacement

stress

F.(u,v)

Figure 5.9 Calculation of base pressure, equivalemeaction force, and location
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The distanced, ,, d.., andd.. betweenO, and P, Pand E, and Eand F can be

0P

calculated, respectively, as

dop = Vsing, (5.59)
doe = e . vsing , and (5.60)
cosq
d, =F'e (5.61)
cosqg

The normal spring displacements,, n., andn., at pointsP, E, andF can be calcu-

lated, respectively, as

n, =Vvcosy, (5.62)
n=—de =V RN g (5.63)
cosg cogy
ne = 9 V- F tanq_ (5.64)
cosg cogy
The normal force per unit lengtfy, at locationsP, E, andF are, respectively,
fo =k, (5.65)
fe =k, ng, and (5.66)
fe =k,n:. (5.67)
The total normal forcd=, can be calculated as
1 1 1
FnZEdeQP+_2(fP+fE)dPE+_2(fE+fF)dEF' (5.68)

The location of the normal force with respect tinp®,, namelye,, can be calculated as
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11 2 1 1 1
& _Fn E fpdqp §dqp + fEdPE dQP+_2 dPE +_( fP' fé dPE dloﬂ'_s dPE
(5.69)
1 1 1
+deEF dqp+ dPE t dEF +_2( fE fF) dEF dQP+ dPE+_3 dEF

5.2.4.6. Derivation of shear displacement relationship

Using the Mohr-Coulomb relationship

t =c+s  tarf . (5.70)
Integration of Eq. (5.70) over the contact lendihf-, yields the relationship between the

normal force and the shear force as

F F F
t(X)dx= cdx+tan s (X d, (5.71)
o o o

The integral of the normal stress is equal to ttal normal forceF,. The effect of the
cohesion can be evaluated by multiplying the caresiver the contact lengt®,F .

Thus the above expression can be simplified toutate the shear force as

F, =c(dy,+ o + dp) +tanf F, (5.72)
Once the normal force is calculated, the shearef@eevaluated using the above equa-
tion. Note that it is assumed that no sliding oscat the ground surface. Shear is as-
sumed to occur in the portion of the soil in thelveaer a very narrow zone near the
ground. The direction of the shear force dependthenvelocity of the wall at the shear

interface. This velocity is calculated using thgidibody velocity and rotation at the lo-

cation of e . If the velocity is positive, then it is assuméxtt shearing takes place and
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the shear forcd=, is applied. Consider Figure 5.10, in which theebaslocity ¢ can be

obtained from

c=U-Rgcos tan* =& | (5.73)

y

where the horizontal velocity of theg, U , can be found by taking the first derivative of
Eq. (5.23) with respect to time as
U =gy +ucosg - vsing. (5.74)
MeasuremenR, which is the distance from poil to thecg, can be found from
R=4(X- g)+ V¥, (5.75)
where X and y are given in Eqgs. (5.25) and (5.26), respectiv@yaluation of ¢

whether positive or negative determines the dioectf shear. If the derivative is zero,

the shear force is zero.

Figure 5.10 Evaluating direction of shear force fron horizontal rigid-body velocity at base
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5.2.4.7. Transformation of forces and locations

The equations of motion were only derived for fereg the basef, and F,, which are

oriented orthogonally to the wall in its rotatechfiguration. Therefore it is necessary to

transform the normal and shear fordésand F, as derived in the previous section, to
forces F, and F, for use in the equations of motion. The tramsftion of forces and
their locations can be done using vector transftionaFrom Figure 5.11F, and F, can
be calculated from known values Bf and F, as
F, = F,sing +F,coy, and (5.76)
F, =F, cosg- F, sing. (5.77)

Locationse, and e, can be calculated from known value&fas

e, = € co0sg, and (5.78)
-e,= €5sing. (5.79)
F.(u,Vv)

Figure 5.11 Transformation of forces and locations
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5.2.5 Calculation of inertial properties about the c.g.

To use the equations of motion presented in suiosebt2.3, it is necessary to calculate
the second moment of area about the centre oftgrdyj as shown in the diagram in
Figure 5.12. Thecg and the origin of the axis are assumed to lie ngbometric centre

of a cell. Sincel,, has already been derived in Section 5.1, the |phealis theorem can

be used to calculatg, as

|, =1o,-VR?, (5.80)

cg

wherel,,, V, and R are given in Egs. (5.6), (5.8), and (5.1), respelyt. Substitution
of these equations into Eg. (5.80) results in

HZ

w, H 2
(w, +—3). (5.81)

| =5y (W +H?)

8HL® wHE Hb
+ + +—
P 2 p

whereb represents the thickness of the bulge in a ssiglewall and is given as

A el (5.82)

One of the assumptions in subsection 5.2.2 wastllealocal deformationsi andv are
not sufficient enough to sufficiently change théatimnal inertial properties of the wall

from its initial shape. Therefore it is permissilite use | ,, derived within the Rigid-
Body Rotation model to obtaih,, to use within the rigid-body hybrid model since th
calculation forl , is based on a rigid-body assumption, which assurezhanges with

corner deformationsl and v. The change in rotary inertia about the cg from ldrgest
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of local shear and compressive deformations wassiiyated in Appendix J and found to
be within 1 % of the value for the undeformed shédggnce the affect of these deforma-

tions on the rotary inertia were ignored.

x (2)

~—

Figure 5.12 Diagram illustrating calculation of inetial properties

5.2.6 Discretization

Figure 5.13 (a) shows the vertical displacemengetimstories using different time step
sizes from Runge-Kutta integration of the Rigid-Bddybrid model. The same results
were achieved using a time step of hdand 0.05ms,and therefore a 0.hstime step

was used. To determine the appropriate discretizationg the thickness in the determi-

nation ofr. andr., the HB wall size and loading in Trial 7 were usidte that the Mil

1 wall was selected for this investigation becaitise thicker than the Mil 3 wall. The
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discretization along the - axis was chosen to be 5, 10, 20, 50, and 100. icdédis-

placement—time histories of the upper monitoringhpare shown in Figure 5.13 (b). It

can be seen from the figure that the convergenseashieved when the number of dis-

cretizations was 50 or more. Using 100 discretiretiresulted in less than 0.1 % differ-

ence in the displacements in comparison to usindi&€retizations. Thinner walls were

also tested and found to converge similarly. Traeef50 discretizations along the thick-

ness were selected.

—_ B8-Dt =1 ms -
IS Dt = 0.5 m¢ £
£ 250 eoDt=0lm: | € 250
= -—4-Dt = 0.05 m =
(O] (O]
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(O] (O]
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S-750f . 8-750
@ @
> >
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250
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(b)

Figure 5.13 Vertical displacement—time histories;d) convergence stuffy for time step size, (b) con-

vergence study for number of discretizations alonghickness using t=0.1ms



Chapter 6

Results and Discussion

The experiment results, the accuracy assessméine &fE analysis, Rigid-Body Rotation
model, and Rigid-Body Hybrid model will be presehia the first four sections of this
chapter. The last two sections of the chaptercismaparison of the pressure impul&el}

curves generated using the analytical models anchédel for the different wall configu-

rations studied.

6.1 Experiment results and validations

All HB walls tested consisted of five-column, simapistraight, free-standing walls. In
Trials 1 through 3, pressure measurements were tike a single gauge at the centre
span of the wall at approximately mid-height. Omihe post-experiment response is
available from post-experiment position measuresmant photos. In Trials 4 through 7,
three pressure gauges, one at mid height at theecgineach of the centre three columns,

were used, and displacement—time histories wegded as detailed in Chapter 3.
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6.1.1 Trial 1

A two-course Mil 3 wall was tested in Trial 1. Thexorded reflected pressure—time his-
tory is shown in Figure 6.1 (a), while the post-esiment position of the wall is shown in
Figure 6.1 (b). The painted wooden marker was la¢tdo the wall as a visual aid to
help observe the time history of rotation of thelvim the high speed video. Unfortu-
nately the rotation—time history in the high speatko could not be observed due to the

fireball, dust, and debris raised by the blast.sTieimained a deficiency for all experi-

ments.
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Figure 6.1 Results of Trial 1: (a) recorded presswa—time history, (b) post-experiment photograph of

the end of the five-column wall

The measured post-experimental rotation was apmately 15° at the centre span of the
wall and 13° at the end column. The geometric aatenal properties considered for the

wall tested in Trial 1, from Set 1 were
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w, =0.975 m, w, = 1.2m, H= 1.95m
r =1850 kg/m , K, = 14680 kPa,c = 63.5kF (6.1)
f=27.77, K =187.6 MPa,G= 154 MF_

These parameters were used along with the recoedfkstted pressure—time history in
Figure 6.1 (a) to simulate the experiment usingRkReand analytical models. The FE-
simulated wall reached a peak rotation of 18° leefetracting to 15° in its final position
due to the cohesion of the soil. The peak and faesition are shown by Figure 6.2 (a)

and (b), respectively.

Figure 6.2 Results of FE model for Trial 1: (a) ovday of maximum FE model response, (b) overlay

of final FE model response with the photo of the ehcolumn of the wall

Although the aim of the analysis is to compareRBEemodel results with the centre col-
umn, in the photo overlays the end cell is compdrechuse it is only possible to take a
photo of the end column of the wall. The final tma of the FE model was in excellent

agreement with the centre column of the wall in é&x@eriment, (both final rotations
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were approximately 15°). Note that the peak rotatbthe wall in the experiment is un-
known due to the difficulty in observing the rotatiof the wall in the high speed video

as earlier stated.

The governing equation of motion for the Rigid-Bddgtation model Eq. (5.9)and gov-
erning equations for the Rigid-Body Hybrid modelsE@5.35) through (5.37), were
coded in Visual Basic using the Runge-Kutta techeion solving a non-linear equation.
The time step was selected to be 1 microsecond;hwivas equal to the time interval
used in the experiment to sample and record thHectefl pressures. This selected time
step was within the size of time step requireddamvergence of the results (0.1 ms for
the Rigid Body Rotation model in as discussed intiSe 5.1, and 1 ms for the Rigid-
Body Hybrid model as discussed in Subsection 5.2Té)e results of the analytical mod-

els are shown in Figures 6.3 (a) and (b), respelgtiv

(@) h (b)

Figure 6.3 Results of analytical models for Trial 1(a) overlay of maximum response of Rigid-Body

Rotation model, (b) overlay of maximum Rigid-Body H/brid model response
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The Rigid-Body Rotation model reached a peak ratatf 13°, which was slightly less
than the rotation of 15° recorded at the centren sfathe wall in the experiment. The
Rigid-Body Hybrid model offered too little resistanin comparison to the experimental

wall and reached a peak rotation of 20°.

6.1.2 Trial 2

An additional two-course Mil 3 wall constructed @ndhe same conditions as Trial 1
with a decrease in the stand-off to increase thdifm. The reflected pressure—time his-
tory measured for Trial 2 is shown in Figure 6.heT8same geometrical and soil parame-

ters listed for Trial 1 are assumed.
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Figure 6.4 Reflected pressure—time history measurefdom Trial 2
The wall overturned completely in the experimergirld the loading in Figure 6.4 as in-

put; the FE, Rigid-Body Rotation, and Rigid-Bodybtligl models all calculated the wall

to overturn, and thus were in agreement with thpedarmental result.
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6.1.3 Trial 3

A two-course Mil 2 wall was tested in Trial 3. Tfwlowing parameters were recorded in
this experiment and used for calculating the respaf the wall with the FE and analyti-

cal models.

w, =0.6 m, w, = 0.74 m, H=12m,
r =1646 kg/m , K, = 20740 kPa,c= 1.797 ki (6.2)
f=26.15, K=163.3MPa, G= 83MP

Figures 6.5 (a) and (b) show the recorded pressnre-history and post-experiment pho-

tograph, respectively. The result from the FE asialys overlaying the post-experiment

photo.
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Figure 6.5 Results of Trial 3: (a) recorded pressw—time history, (b) post-experiment photograph

with overlay of FE model response

The measured rotation of the centre column of tBewdll in the experiment was ap-

proximately 12°. Since the soil possessed onlgrg 8mall cohesion, contrary to the re-
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sult in Trial 1, there was negligible differencethre peak and final rotation of the FE
model. The final rotation predicted by the FE modak approximately 10°. The results
of the Rigid-Body Rotation model and Rigid-Body Higbmodel are shown respectively
in Figures 6.6 (a) and (b). Both models were inetigat agreement with the experiment.
The Rigid-Body Rotation model predicted slightlgderotation than the Rigid-Body Hy-

brid model (11° compared with 12°).

(a) ' (b)
Figure 6.6 Results of analytical models for Trial 3(a) overlay of maximum response of Rigid-Body

Rotation model, (b) overlay of maximum response drigid-Body Hybrid model

6.1.4 Trial 4

It should be noted that the results from Trialbrbuigh 3 were limited due to the difficul-
ties in measuring the time histories of rotationglisplacements. Therefore subsequent
experiments included measurement of displacememdtistories as per the schematic
shown in Figure 3.1. Although only 2 displacemeatuges at sizable angles from each
other are required to calculate horizontal andie@rtlisplacement—time histories, a third

gauge at sizable angle from the other two waswasd. This was done in case that if one
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of the gauges were unsuccessful, horizontal anticaedisplacement could still be cal-
culated based on the other two successful gaudss, 8wing to the possibility of soll
and debris raised from the blast and striking tlesgure gauge, three pressure gauges in-

stead of one were used for Trials 4 through 7.

Figures 6.7 (a) and (b) show the recorded pressore-history and the post-
experimental position of the wall, respectivelywhis desired that the wall be loaded to a
level that would slightly exceed that required Buge overturning so that entire dis-
placement—time histories up to and including owaitg would be measured. One of the
three pressure gauges was struck by debris parthwaygh the trace. The two remaining
gauges successfully recorded entire pressure—tisteries that were nearly identical
with one another. These traces were averaged atlassthe loading input for both the
FE and the analytical models along with the follogvparameters:

w, =0.975 m, w = 1.2 m, H= 1.95m
r =1570 kg/mi , K, = 20740 kPa,c = 1.797 kI (6.3)
f=26.15, K=1633MPa, G= 83MP

The FE post processing software LS Post [44] wasl & obtain the horizontal and ver-
tical displacements from the corresponding momprpoint locations within the FE
model. For the Rigid-Body Hybrid model, the horitmnand vertical displacement at a
monitoring point,u_ and v, , respectively, can be computed from the heighthet
monitoring pointh,, (shown in Figure 3.1), and the localized cornepliicementsi and

v, the wall rotationg and the thickness of the bul@pe(shown in Figure 5.12) as

u, =(h,- v)sing+ (u+ b cosg- k, and (6.4)
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v, =(h,- v)cosg- (4 b sing h. (6.5)
Note that the thickness of the bulgewas 112.5 mm, calculated from the Eq. 5.82. Eqgs.
6.4 and 6.5 were also used for the Rigid-Body Ratamnodel to calculate horizontal and

vertical displacements of a given monitoring pdiptsettingu andv to zero.

Figure 6.7 (c) shows the horizontal and verticgdezimental displacement—time histories

of the upper monitoring poind,,,, andy,

mu?

respectively, along with those predicted by

the FE analysis and the analytical models. Allehcable displacement gauges performed
for the duration of the wall movement in the expemt. In this case, all three solutions
for horizontal and vertical displacements were gt (i.e. that from the first and sec-
ond, first and third, and second and third cab#pldcement gauges). Only small differ-
ences between the three solutions (+/- 5 mm) oeduand the average of the three solu-
tions was taken as the experimental displaceménts.to the wall overturning and hit-
ting the gauge stand at 830 ms, the experimengglatiement—time histories have been
truncated at 830 ms as displacements measured dé#yisrtime were no longer accurate.
Since the ground that the wall toppled onto wasimdtided in the formulation of any of
the analytical models, the resulting displacememie-thistories calculation for the ana-
Iytical models were truncated when the verticapldisements were equal to the heights
of the monitoring points. The results from the Falgsis are in excellent agreement with
the experimental results (the horizontal displacertiene histories are within 5 % of
each other). The Rigid-Body Rotation model possk$sse much resistance and was not

in good agreement with the experimental result® Rigid-Body Hybrid model was in
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very good agreement (within 10 % of the experimledtaplacements), but provided

slightly more resistance compared with the wathi@ experiment and the FE model.

A comparison of the cable displacement resulthatldbwer monitoring point are pre-

sented in Figure 6.7 (d). At the lower monitoringrt, only the change in the length of

the cables can be used for comparing the modetéxmériments because both displace-

ment gauges attached to the lower monitoring poerte at the same angle in the ex-

periment (Figure 3.1).
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Figure 6.7 Results of Trial 4: (a) recorded presswe—time history, (b) post-experiment photograph, (c)
comparison of horizontal and vertical displacementtime histories of upper monitoring point, and (d)
comparison of experimental and calculated cable didacement—time histories of lower monitoring

point
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The displacement-time histories recorded by botlgga at the lower monitoring point
were measured within 1 % of each other. The rgsekented here is the average of the
two measurements taken. However it is not enticelain in this particular experiment
why the displacement at the lower monitoring pogttacted at approximately 350 ms.
The most likely cause was that a cover on one @fdieplacement gauge enclosures lo-
cated directly underneath both lower displacemabtes was loosened and uplifted from

the blast, and may have impacted both of theserldsplacement cables.

To compare the displacement—time histories atahel monitoring point obtained from
the FE and analytical models with the recorded eslit is necessary to calculate what
would be recorded by imaginary displacement gaagieshed to the FE and analytical
models in the same configuration as the experim&iter obtaining the horizontal and
vertical displacements at the lower monitoring pdioy using the LS Post for the FE
model, or using Egs. (6.4) and (6.5) for the amedytmodels), the change in length of the

cable is calculated by:

Ds :\/(A' L4n|)2'|' \MZ - A (6.6)
where distanceA is shown in Figure 3.1, while, andv,, denote the horizontal and

vertical displacements given in Table 3.1 at theelodisplacement monitoring point, re-

spectively.

In Figure 6.7 (d) both the FE model and Rigid-Baétibrid model both show shear dis-
placements of approximately 175 and 220 mm in #iméydime history which cease at

200 msfor the Rigid-Body Hybrid model and 400s for the FE model. The slight dis-
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placement following the shear behaviour is mostlg tb movement of the lower moni-
toring point caused by rotation. The lower moniigrpoint displacement for the Rigid-
Body Hybrid model was truncated after 550 ms, whichmuch less than the experimen-
tal and FE extent of the displacement-time histdtyis is because after undergoing ap-
proximately 175 mm of shear in the initial displaent-time history, the monitoring
point passes below ground elevation at much lesdioa, where the displacement-time
history is no longer valid. This was done for tb@amparison as well as following com-

parisons.

In general, all lower monitoring point displaceneeate in reasonable agreement (within
20 %) except the results from the Rigid-Body ratatmodel. The Rigid-Body rotation
model does not include shear or sliding behaviouha bottom of the wall, and thus its

result is comparatively in poor agreement withéRperiment and the FE model.

6.1.5 Trial 5

A one-course Mil 1 HB wall was tested in Trial Sni@one of the three pressure gauges
successfully recorded an entire pressure—timerlisichich was assumed as the loading
for the models. The following parameters were Usethe FE and analytical models:

w, =1.05 m, w, = 1.33 m, H= 1.35m
r =1570 kg/mi , K, = 20740 kPa,c = 1.797 kI (6.7)
f=26.15, K=1633MPa, G= 83MP
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Figure 6.8 Results of Trial 5: (a) recorded presswg—time history, (b) post-experiment photograph, (c)
comparison of horizontal and vertical displacementtime histories of upper monitoring point, and (d)
comparison of experimental and calculated cable didacement—time histories of lower monitoring
point

Figures 6.8 (a) and (b) show the history recordedl the post-experimental position of
the wall, respectively. From Figure 6.8 (c) it &imated that after 40@sthe experimen-
tal measurement became inaccurate due to intedereinthe top corner of the wall with
the cables, and thus the experimental resultsranedted at 400ns Again the Rigid-

Body Rotation model substantially under-predictieel displacement at the lower moni-

toring point and reacted too slowly for the displaent at the upper monitoring point,
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which implied that this model possessed too musistance. The FE analysis slightly
over-predicted the displacement time history nbearend of the trace, while the Rigid-
Body Hybrid model over-predicted the displacemeS8imilar observations are obtained
for the displacement at the lower monitoring posttown in Figure 6.8 (d). Note that if
negative rotation does not take place, large lomenitoring point displacements will

translate to large upper monitoring point displaeeta. The Rigid-Body Hybrid model

over-predicted displacement at the lower monitopognt, and this over-prediction was
responsible for the over-prediction of the horizbmlisplacement at the upper monitoring
point. Comparison of Figures 6.8 (c) and (d) illatts the magnitude of the over-
prediction in the horizontal displacement at th@erpmonitoring point is approximately

the same as the magnitude of the over-predictiahedisplacement at the lower moni-

toring point.

6.1.6 Trial 6

The test in Trial 4 was repeated with an increasthe standoff to reduce the loading on
the wall. Only one of three pressure gauges sultdssecorded the entire pressure—
time history. The geometrical and soil parameterstlie FE and analytical models are

identical to Trial 4 except the pressure—time histo
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Figure 6.9 Results of Trial 6: (a) recorded presswe—time history, (b) post-experiment photograph, (c)
comparison of horizontal and vertical displacementtime histories of upper monitoring point, and (d)
comparison of experimental and calculated cable didacement—time histories of lower monitoring

point

In the experiment, the wall overturned and impactkedgauge stand. As a result, the late
time history of the measured displacements at gpeumonitoring point in Figure 6.9
(c) was not accurate after 1200 ms. The FE modsliwaxcellent agreement prior to
1200 ms (within 5 % of the experimental displacetsernmhe Rigid-Body Hybrid model
was in good agreement (within 15 % of the expertalegisplacements), but possessed

slightly more resistance than both the FE model thedexperimental result. The Rigid-



Chapter 6 Results and Discussion 117

Body Rotation model did not overturn but prediceednaximum rotation of 14° and

therefore was in poor agreement with the other risoaled the experiment result.

Comparison of the displacement—time history atltneer monitoring point is shown in

Figure 6.9 (d). The result from the FE analysiwithin 20 % of the experimental result.
The Rigid-Body Hybrid model moderately under-préeiic the displacement showing
that the resistance to shear deformation at thtetnodf the wall was higher than the ex-

periment and the FE model.

6.1.7 Trial 7

Trial 5 was also repeated with an increased chstayedoff to reduce the loading on the
wall. Two of the three pressure gauges succesgsttigrded pressure—time histories, and
the average of these two time histories were asswasnehe loading. The geometrical and
soil parameters are identical to Trial 5. The walérturned onto the gauge stand and
therefore the vertical displacement—time historyh&f upper monitoring point after 450
ms is not considered accurate in Figure 6.10 (b Measurement horizontal displace-
ment may have also been affected to a lesser eatehthe full time-history is included
in the plot. Generally, all modelling results arghm 5 % for time histories up to 450
ms, except the Rigid-Body Rotation model, which dat overturn but reached a maxi-
mum rotation of 17.3°. Comparing the results ofdisplacement at the lower monitoring
point in Figure 6.10 (d), the FE model is within #of the experimental results, while
the Rigid-Body Hybrid model moderately over-predittthe displacement at the lower

monitoring point.
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Figure 6.10 Results of Trial 7: (a) recorded presge-time history, (b) post-experiment photograph,
(c) comparison of horizontal and vertical displacerant—time histories of upper monitoring point, and
(d) comparison of experimental and calculated cabldisplacement—time histories of lower monitoring

point

6.2 Discussion of FE model

Overall very good agreement was reached in the adsgn of the FE model response

with the experimental response of the walls fortadlls (FE displacements averaged
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within 10 % of the experimental displacements).plzisement—time histories of a moni-
toring point on the back of the wall were succegfxtracted from the experiments, al-
though in the late time histories, the cables efdisplacement gauges were contacted by
the top corner of the wall. In addition, the walppled onto one of the gauge mounting
frames, causing further errors in the experimeptalkasured displacement—time history
and further disagreements with the FE model. Thas wnavoidable because the preci-
sion in the displacement measurement would beildasie angle between each gauge
would have been reduced appreciably by settingdtractable gauges further back in the

experiments.

In the process of accessing the validity and tloeiracy of the FE model, several poten-
tial sources of error and additional behaviours toald possibly influence the response

of the FE model were investigated and are disculsskmulv.

The difference in surface of the pressure gauge awftthe HB walt Theoretically, the
reflected pressure will be higher when a blast wsivikes a rigid object than when a
blast wave hits a deformable or movable objects Mmuld cause the rather rigid steel
mounted pressure gauges to record more load thanaewally applied. However,
Scherbatiuk et al. [23] found that given the exiegnhigh shock impedance of both steel
and soil compared with air, the difference in retiéel pressures and impulse is negligible.
Thus within engineering assumptions, both the stedlthe soil can be approximated as
rigid reflected surfaces. Estimations of this etmough conducting fully coupled 1-D

uniaxial calculations of the effect of the impattahock wave in air on a column of soil
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showed that the aforementioned assumption wouldltres the loading being overesti-

mated by less than 1.5 percent according to Schiekid23].

The effect of a ground shockThe ground shock acceleration—time history froma th
charge was calculated using ConWep (Hyde [17]) thedcalculated accelerations were
applied to the rigid ground in the FE analysis. Gf@p assumes the charge to be on the
ground surface while in the actual experiment, edrge had a 1 m height of burst. For
that reason, using the ConWep-calculated groundksbbould overstate the amount of
ground shock and lead to a conservative resulteSBonWep does not provide a vertical
ground acceleration—time history, the vertical gwbwacceleration—time history was as-
sumed to be equal to the horizontal ground acdayerarecommended by TM5-1300
(US Department of the Army [11]). It was found tleakding the ground shock accelera-
tion—time history to the FE analysis made neglmidifference in the result of the FE
calculation. This was because the particle disphecg caused by the ground shock is
very small in comparison with the overall displaeginof the wall. ConWep predicted
less than one centimetre of horizontal particl@ldisement at the ground surface below

the base of the wall due to the ground shock.

The pressure on the rear of the walloadings only on the front face of the walls were
recorded in the experiments and these loadings appéed to the front face of the FE
model of the wall. The loading impinging on therref the wall was neglected in the
analysis. A Computational Fluid Dynamics (CFD) mlodas constructed using Auto-
Dyn® software [34] to model the charge and thetblesve loading the wall. The peak

pressure recorded on the rear of the wall wasthess 3 % of the peak pressure recorded
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on the front of the wall. The net impulse of thesiiwe and negative phases on the rear
face of the wall was less than 3 % of the net irs@un the front face of the wall. Since
the wall response is largely governed by the impusthe loading (Scherbatiuk et al.
[24]), it was concluded that in this case, using pinessure recorded on the front face of
the wall was a sufficient approximation for the tegtding on the wall. For further details

please see Appendix K.

Increase in soil strength and stiffness under dynemtoading: The mechanical proper-
ties of the soil in terms of compressibility anelyi relationships were derived using tri-
axial tests. These triaxial tests were performeal slow rate, with measurements taken at
initial time increments of 30 seconds. The timéaibthe specimens in the tests typically
took over 30 minutes. The entire dynamic resporighe walls normally occurs in the
0.5 to 1.5 second range, which is much shorter thartriaxial test conditions. Prakash
[47] reported that soil strength and stiffness urfdeced transient loading were substan-
tially greater than those under quasi-static logdiondition. Since the increase in soill
strength and stiffness contribute to the increasthé resistance of the walls, then it can
be assumed that including the rate dependant sergastrength of the soil in the FE

analysis would likely increase the resistance efwfalls.

Differences in soil strength and stiffness arisirfgppm differences in compactionThe

strength and stiffness of the soil will increaseéhwincreased compaction. It is possible
that the soil near the bottom of the filled HB snitas more compacted than the soil near
the top of the wall due to the compaction of sajdrs above. This increase in the density

may lead to an increase of the internal shearteagis at the bottom of the wall. How-
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ever, the assumption that the soil properties waiéorm throughout the height of the

wall was made in this study based on that littfeedénces were shown in the compacted
densities of the tops of the upper and lower caursehe two-course walls. This was be-
cause of the results of measuring the densities.chiange in the soil properties along the

height is beyond the scope of this study.

Differences between the compacted density of thefgband the initial densities of the
triaxial test specimenskor the experiments involving measurement of iepldcement—
time histories (Trials 4 through 7), triaxial tegtecimens were prepared to a density of
approximately 1700 kg/idue to the additional compaction needed to forsh $peci-
mens that would not break apart and be well-fornTdé average compacted density of
the soil in these four experiments was approxirgatd70 kg/mi. Thus it is likely that the
mechanical properties consisting Kf, G, EOS, and yield relationship determined by
the triaxial tests may be slightly too stiff comgawith the soil mechanical properties in
the experiment, which may have lead to more rewistan the FE model than would be
otherwise. The magnitude of influence that thi€ipancy has on the response of the FE
model cannot be evaluated since the soil propeaties density of 1570 kgArare not

known.

The validation of the FE model with the experiménggults provides a good understand-
ing on the behaviour of the HB walls under blastdiog. It is noted that the largest
model, i.e. the walls in Trial 5 and 7, using a tadf-column model with 37.5mm ele-
ments in the FE analysis, took approximately 8 &darrun on a Pentium IV® 2.2 GHz

laptop computer with 1 GB of RAM.
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6.3 Discussion of Rigid-Body Rotation model

6.3.1  Examination of analytical behaviour

Since the Rigid-Body Rotation is a reasonable appration for the actual behaviour of
HB walls subjected to blast loading, examinationhi$ simple model enables one to un-
derstand some of the important and unique aspédctiseoresponse of HB walls. Eq.
(5.16) implies that the impulse that the wall castain is proportional to the square root
of the soil density. Thus compaction of the soihigher densities will help improve the
resistance of the walls slightly due to the higlensities achieved. Additional benefits
may also result from increased compressive andr skssstance due to added compac-
tion, the effect of which is not included in thegiiFBody Rotation model. The effect of

soil properties on HB wall response will be considilater in this chapter.

If a HB wall is loaded to a level where moderat&tion is attained, large changes in ro-
tation can take place for relatively small change®ading. This can be shown through

deriving the amount of impulse required to rotdte wall to a fraction/, of its critical

rotation anglea . Similar to the derivation of the impulse asyntptm Section 5.1, the

expression for Potential Energy required to rotéewall a fractional angle is
8

PE=mgR sin@-g)d¢= mg Rog (1 /,3 } % : (6.8)

0
Upon equating this with the kinetic energy exprassn Eq. (5.13), the amount of im-

pulse required to rotate the wall to a fractionha critical rotation angle can be solved as
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l, :%\/Zrlomg Reoy (:/ ,a) )- % : (6.9)

Dividing this equation with the equation criticalesturning impulse Eqg. (5.16), an equa-

tion for the fraction of critical overturning imgé /, as a function of the fraction of the

critical angle/, is obtained as

H
» Reoy( (- 7,4 ) >
/== . . (6.10)
crit R_ I
2

This relationship is plotted in Figure 6.11 forveotcourse Mil 3 wall and a one-course
Mil 1 wall, and is only dependent on the width dradght of the wall. Both lines are vir-
tually identical. From plotting this relationshiprfdifferent height-to-width ratio walls it

was observed that the relationship is extremelgriggive to changes in geometry.
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Figure 6.11 Fraction of critical angle /a as a function of fraction of critical impulse /I for Rigid-

Body Rotation model
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The relationship shows that the amount of rotatittained in proportion to the critical
angle becomes very sensitive to small changes pulse when the wall is loaded to sig-
nificant rotations. From the graph, a wall loadé®@ % of its critical impulse will only
rotate to approximately 14 % of its critical angfewall loaded to 80 % of its critical
overturning impulse will only rotate to 40 % of itsitical angle. An additional 25 %
more applied impulse on top of this amount is emotayattain the critical impulse and
overturn the wall completely. The difference ofuies between moderate rotation and
overturning occurs over a relatively small rangéngbulse. This behaviour makes it very
difficult to plan experiments with the desired autee of causing large rotations in free-
standing HB walls without causing them to overturhe moderate to large rotations at-

tained without overturning in Trials 1 and 3 weoetdinate results.

6.3.2  Comparison with experiment results

For the HB walls tested against blast that didawatrturn but sustained moderate rotation
angles (Trials 1 and 3), excellent agreement (mtadngles within 5 % of the experi-
ment) was reached. The observed primary respondge,me. the final rotation about the
base of the wall, agreed well with calculated valftrem the Rigid-Body Rotation model.
In the experiment, the upper % of the walls maimgdirigid-body behaviour showing lit-
tle or no shear. But the comparison of the dispresg—time histories in Trials 4 through
7 revealed that the model possessed more resistanaeds overturning compared with
the experimental displacement—time histories. ial$16 and 7, contrary to the results of

the experiments, the Rigid-Body Rotation modelmbdl predict overturning.
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The Rigid-Body Rotation model performed well in sooomparisons and not others. To

help explain the source of this discrepancy, tselts of Trial 3 are reconsidered.

Figure 6.12 Comparisor(1a())f Rigid-Body Rotation modelwith post-exp(ek:i)ment photo in Trial 3: (a)
maximum response of Rigid-Body Rotation model, (bpost-experiment photo
To overturn the rigid shape in Figure 6.12 (a)tgrotated state would still take a signifi-
cant amount of impulse. The experimental wall igufe 6.12 (b) has undergone signifi-
cant shear at the bottom, and the centre of gréasylaterally shifted and is closer to be-
ing directly overtop of the resultant of the veatistress distribution at the base of the
wall. Therefore, the wall in the experiment woulat meed much more impulse for it to
overturn. Had the loading been increased, the imathe experiment may have over-
turned while the Rigid-Body Rotation model wouldvbaonly achieved higher rotation
without overturning. Despite this discrepancy, predictions by the Rigid-Body Rota-

tion model are reasonable for slight to moderatatians. Deficiencies of the Rigid-Body
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Rotation model for differing angles of rotation Whle examined more formally later on

in this chapter and the limitations of the moddl ¢ established.

The behaviour of the Rigid-Body Rotation model sgfpovide understanding of the be-
haviour of HB walls under blast loading and theinmary response mode of rigid-body
rotation. It is noted that on average each experalesimulation using the Rigid-Body
Rotation model took approximately 20 seconds toamm@n Intel Pentium™ [V 2.2 GHz
laptop computer with 1 GB of RAM using a 0.001 nmset step (the time interval used
for recording the pressure—time histories). If phessure—time histories are approximated
using a 0.1 ms time interval and if a 0.1 ms tir@ep $s used, each calculation takes less

than one second.

6.4  Discussion of Rigid-Body Hybrid model

6.4.1  Comparison with post-experiment deformation

The Rigid-Body Hybrid model was in excellent agresetnwith the experiments for Trial
2 (predicted overturning) and 3 (predicted rotatwithin 5 % of the experiment), but
over-predicted the rotation in Trial 1. In Triakie Rigid-Body Hybrid model rotated to
20°, while the wall in the experiment rotated 1§ate that reducing the impulse of the
loading by 6 % (through scaling down the time s¢aléhe pressure trace) would cause
the result of the model to match the experiments Bhows that despite a 33 % over-
prediction in rotation angle, the model only deedthby 6 % for the impulse. In view of

the discussion in Subsection 6.3.1, it was expetitat the Rigid-Body Hybrid Model
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would also show large changes in rotations for beteinges in impulse. Therefore the
model is not as inaccurate as originally appednatidiscrepancies are increased by the
sensitivity of rotation to small changes in impwgeen loadings corresponding to sizable

rotations occur.

6.4.2 Effect of cohesive soil-fill

Despite that the accuracy may be better from thepeetive of applied impulse rather
than rotation, there is a reason why the Rigid-BHgrid model for Trial 1 particularly,

over-predicted the rotation. Consider the illustrain Figure 6.13.

internal
shear stress
-

~
D
friction or

tractional stress

Figure 6.13 Interaction of friction and internal shear stress

The resistance to sliding and the resistance &nat shear act in series with one another

due to the transfer of friction stress to inters@il stress. If two elastic springs of differ-
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ent properties are in series, more deformatiorh@dpring of least stiffness will occur.
However both sliding and the resistance to inteshaar act as elastic perfectly plastic
systems, and since the plastic deformation inghiblem is many times larger than the
elastic deformation, both of these relationshipsld¢de approximated as rigid plastic. If
two springs of rigid plastic material propertie® an series with one another, only the
spring with the lower plastic resistance will defoand the other one will not. Thus de-
pending on which mechanism has less plastic resisieeither internal shear or sliding
will dominate, and this depends on the normal foReferring to Figure 6.13, the applied
normal force or stress at the base of the walhatground will be slightly more than the
applied normal force or stress at a point withie Wall just above the base, and it is rea-
sonable to assume that they are approximately agttalone another. Note that the soil
properties for Trials 3 possess little cohesio9T.kPa), while in Trial 1, the soil pos-
sesses substantial cohesion (63.5 kPa). If thgpesBesses cohesion, the cohesion at the
base of the wall will not be continuous at the rifatee of hard ground and backfill. The

effective coefficient of friction will be greater @qual totan/ of the fill due to the ef-

fect of the wire mesh digging into the soil. As esult, the magnitude of resistance
against sliding and the internal shear deformatibmplotted with the applied normal
stress or force, will cross over each other as shiowFigure 6.14 (a). For lower applied
normal stresses, the resistance to sliding istless the resistance to internal shear, and
sliding will dominate. For higher applied normalestses beyond the crossover, the resis-
tance to soil internal shear will be less than rémstance to sliding, and internal shear

will dominate. This last statement is also truedohesionless soils, shown in Figure 6.14

(b).
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Figure 6.14 lllustration of determination of shearor sliding behaviour for different soil types: (a)co-

hesive soil, (b) cohesionless soil

Due to the cohesion of the soil-fill for Trial ligsificant sliding took place which was
not accounted for by the Rigid-Body Hybrid modepgeoximately 7 cm in the FE
model, which was nearly equal to 6 cm recordedHerexperiment). One of the assump-
tions in the derivation of the Rigid-Body Hybrid del was that while cohesion was con-
sidered in calculating the shear resistance ofsthiie only internal shear took place be-
cause poinD; in Figure 5.4 is fixed to the ground. To test tiilea that sliding had on
the FE model, the corner of the wall in the FE modes constrained not to slide and the
model was recalculated. The FE model over-preditttedotation in comparison with the
experiment by approximately the same amount aRigel-Body Hybrid model. Thus
over-prediction of the rotation by the Rigid-Bodylhid model was caused by not con-
sidering sliding within the model, and it is likeljpat reasonable results would be
achieved if sliding was considered. Therefore tkisteng Rigid-Body Hybrid model in
this thesis is only applicable to soils of littlerm cohesion. It is recommended for future

models to consider sliding of poi@; so that the effect of cohesive fills could be cap-
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tured accurately. However since the differenceerms of the applied impulse was only 6
% between the Rigid-Body Hybrid model and FE maddirial 1, it can be inferred that

the accuracy of the model is only moderately aédct

6.4.3  Comparison of displacement—time histories

Table 6.1 summarizes the overall comparisons afliebetween the Rigid-Body Hybrid
model and the experimental results for the expartméwvolving measurement of dis-

placement—time histories (Trials 4 through 7).

Table 6.1 Summary of the comparison of the resultsom the Rigid-Body Hybrid model with the re-

sults from the experiments for displacement—time Istories in Trials 4 through 7

HB Wall Type

Agreement of Upper Point Upper

point Results

Agreement of Lower Point

Lower point Results

Trial 4 - Two-course

Mil 3

Within 5 % for early time history, un

der predicted by 10 % for late timetory, under predicted by 15 ¢

history

- Within 5 % for early time his4

(=)

for late time history

Trial 5 - One-course

Mil 1

Within 5 % for early time history|

horizontal and vertical displacemer

are over predicted by 50 % for latdor late time history

time history

Within 10 % for early time his
tsory, over predicted by 70 9

o

Trial 6 - Two-course

Mil 3

Within 5 % for early time history,
horizontal displacements under pr
dicted by 10 %, while vertical dig
placements over predicted by 20

for late time history

Excellent for early time hist
etory, under predicted by 35 ¢

(=)

-for late time history
%

Trial 7 - One-course

Mil 1

Excellent for early time history, undg
predicted by 5 % for late time history

srExcellent for early time hist

tory, over predicted by 65 9

o

for late time history
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For all experiments the Rigid-Body Hybrid model wethin 5 % of experimental results
in the early displacement-time histories, but rotkse of agreement for the late time
histories. It is important to note that the walfisTirials 4 and 5 were loaded with signifi-
cantly more loading than the walls in Trials 6 ahdrhis is evident from comparison of
the pressure trace from Trial 4 with Trial 6, (FigW.7 (a) with Figure 6.9 (a), respec-
tively), and comparing the pressure trace from|iavith Trial 7, (Figure 6.8 (a) with
Figure 6.10 (a), respectively). In Trials 4, 6, ahthe Rigid-Body Hybrid model was in
reasonable agreement with the experiments (witldir®® for the late time histories.
However the model was in poor agreement with thEeement for the late time history
in Trial 5. In terms of impulse, Trial 4 was loadedh approximately 21 % more specific
impulse compared with Trial 6, and Trial 5 was leddvith approximately 50 % more
specific impulse compared with Trial 7. Since alll\w overturned, it can be concluded
that the wall in Trial 4 was loaded over its calioverturning loading by at least 21 %,
while the wall in Trial 5 was loaded over its arél overturning loading by at least 50 %.
Since the walls in Trials 4 and 5 were overloadetievhat beyond the critical loading,
this may have altered the behaviour of the modelotme extent. A number of observa-
tions can be deduced from Table 6.1. However, boeld keep in mind that only a lim-
ited number of experiments were conducted andttinere is inherent uncertainty associ-
ated with any observations. These observation®obnprovide some evidence that may
be worth investigating more thoroughly. Notwithstang, the interpretation of the results

in Table 6.1 by the author is as follows:
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1. Generally the Rigid-Body Hybrid model under-predidisplacement of the lower
monitoring point and shearing near the bottom falisvof higher height-to-width
ratios and over-predicts shearing at the bottonwialis of lower height-to-width
ratios.

2. When the walls are overloaded well beyond thetroaii overturning capacity, the
model over-predicts both the horizontal displacemanthe upper monitoring
point and the shearing at the lower monitoring poline over-prediction of the
lower monitoring point displacement is mostly rasgible for the over-prediction
of the upper monitoring point displacement.

3. Generally the Rigid-Body Hybrid model is in betsgreement for walls of higher

height-to-width ratios.

6.4.4 Examination of corner deformation

One of the likely causes of disagreements betweemRigid-Body Hybrid model and ex-
perimental or FE model results is the assumptia tihe lower portion of the sidewall
above pointQ, in Figure 6.15 (a) does not make contact withgreund in the Rigid-

Body Hybrid model. The FE analysis result shows tha lower portion of the sidewall
above pointO, touched the ground for the later part of the mosetnas shown in Figure
6.15 (b). Furthermore, this sidewall folding is maxtensive for the one-course Mil 1
walls. For taller walls such as the Mil 3 two-caussall, the transition from shear to cor-

ner folding is not as influential up to criticatation because rotations before overturning

are less, so the Rigid-Body Hybrid model predibesitesponse that is in better agreement
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for taller walls. Therefore, for the purpose ofgicding maximum rotation up to the point

of overturning, the Rigid-Body Hybrid model is safént for taller walls.

rigid hybrid FE model showing
model assumes  folding of sidewall and it
° no contact of contacting the ground
01 sidewall with
ground
(a) (b)

Figure 6.15 Comparison between assumption of RigiBody Hybrid model and result of FE model:

(a) Rigid-Body Hybrid model showing no contact of ilewall right of point O,, (b) FE model showing

contact of sidewall with ground through folding

A more detailed look at the trends encounteredditierent height-to-width ratios of

walls will be discussed in Section 6.6.
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6.4.5  Soll sensitivity comparison

Unlike the Rigid-Body Rotation model where onlylsdensity is considered, the Rigid-
Body Hybrid model incorporates soil properties le fprediction of the wall response.
This section investigates the effect of the sodparties on the calculated displacement—
time history of an HB wall subjected to blast loagliand compares the results of the
Rigid-Body Hybrid model with the FE model. Trialgas selected as an example for this
investigation because the results of the Rigid-Bdgprid model and the FE model, and
the experimental results were in good agreemerit witle another for this experiment
(within 10 % for the horizontal displacement-timistbries), and that this experiment
consisted of a taller height-to-width ratio of wafith a fill of little cohesion. Figure 6.16
(a) illustrates the effects that the change inbill& modulusK used in the calculation has
on the displacement—time history of the HB wallcdn be seen from the figure that, by
varying the values oK to 0.5K and 2K ; the displacement—time history of the HB wall
remains almost the same in both the FE model agdf&ody Hybrid (RBH) model.
The magnitude of change in the Rigid-Body Hybridd®mloagrees with the FE model.
Figure 6.16 (b) shows the effects that the changte slope of the EOS has on the dis-
placement—time history of the HB wall. The variatiof the slope of the EOS does not
contribute to the HB wall response in the FE mobet,affects the response of the Rigid-
Body Hybrid model by +/- 5 %. In Figure 6.16 (cetbhange in the slope of the yield re-
lationship alters the response of the HB wall ia #& model and Rigid-Body Hybrid
model to a similar magnitude. The reduction of stepe of the yield relation by half in-

creases the displacement up to 20 % while the aseref the slope of the yield relation
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to double reduces the displacement up to 20 % th thee FE and Rigid-Body Hybrid

model results. The effects that the change in temhsis on the HB wall response are

shown in Figure 6.16 (d).
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Figure 6.16 Comparison of Rigid-Body Hybrid (RBH) nodel to FE model in capturing changes in re-

sponse to different soil parameters: (a) folK, (b) for EOS slopeK,, (c) for slope of yield relation-

shiptan/ , and (d) for density
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The increase in the density of the soil decreaseslisplacement of the HB wall. This is
because the increase in the density of the saieases the rotational inertia of the wall.
Both the FE and the Rigid-Body Hybrid models sh@praximately the same changes in
response from changes in density. However for sitdenf 1800 kg/m, the Rigid-Body

Hybrid model did not overturn the wall while the Rtodel did. This is to be expected as

the Rigid-Body Hybrid model overall has slightly reaesistance than the FE model.

From the above discussion, the response of the BlBdepends mostly on the density of
soil and the slope of the yield relationship. Excep Figure 6.16 (b), the Rigid-Body
Hybrid model agrees with the FE model in capturing magnitude of changes in dis-
placement—time histories from changes in soil priog®e and the discrepancy in Figure
6.16 (c) is only moderate (+/- 5 %). The proposégidRBody Hybrid model using a 0.1
ms time step took approximately 2.2 seconds toutatie on an Intel Pentium™ [V 2.2
GHz processor with 1 GB RAM while the FE analysisacsingle column model using

the same computer took approximately 8 hours toutzte.

6.5 Calculation and comparison Bl curves

To compare the analytical models with the FE mdaoleh range of combinations of peak
pressures and impulsd3;| curves were calculated assuming the damage craeoger-

turning. The soil properties for Set 2 were consdewhich are:

r =1570 kg/mi , K, = 20740 kPa,c= 1.797 ki

(6.11)
f=26.15, K=163.3MPa, G= 83MP
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P—I curves were constructed for the three configuratiohwalls presented in the ex-
perimental section: a Mil 3 two-course wall, a Miltwo-course wall, and a Mil 1 one-
course wall, which have the following geometricatagmeters.

Two-course Mil 3wall:w, = 0.975mw, = 1.2mandH =1.95r. (6.12)
Two-course Mil 2 wall: w, = 0.6 m,w, = 0.74m, andH=12m. (6.13)
One-course Mil L wall: w, = 1.05m,w, = 1.33m, anHl =1.35m. (6.14)

The reflected wave pressure profile assumed imtbdel to calculate alP—I diagrams
was the exponentially decayed distribution from Ex3). The time step selected was
1/20 ms for calculating thB—I diagrams for both the Rigid-Body Rotation model and
Rigid-Body Hybrid model, which satisfied convergeraf results. Since the exact point
of overturning is a point of instability (i.e. castrbe achieved because either overturning
occurs or it does not), typical root solving algjoms are difficult to employ. Therefore
the motion of the wall for a given peak pressure eraluated initially for two quantities
of impulse, one quantity that overturned the wall ane that did not. The difference be-
tween these two quantities of impulse was repeateidected according to the outcome
of successive numerical calculations. Bisectionseve®nducted until the difference be-
tween the two quantities of impulse, one resultimgoverturning and one not, were
within the desired solution tolerance of 0.01 % tlee analytical models. This process
was repeated for an entire range of peak prestuadve for the respective quantities of
impulse which constituted tHe-I diagram. Approximately 200 points were used to gen-

erate a smootR—I curve for both the Rigid-Body Rotation and RigideyoHybrid mod-
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els. An additional computer program employing ttagesl algorithm was coded in Visual

Basic to automatically solve for tiie-1 diagrams for both of these models.

Since the average calculation time for the FE aimslio produce a result for one pres-
sure-impulse combination was 8 hours, and éadipoint depending on the level of ac-
curacy desired would take several calculationsotees it was not feasible to generate a
comprehensivd’—| curve consisting of several dozens of points usireg FE model.
Hence the hyperbolic curve fit Eq. (2.13) was usefit a P-I curve through four points
that were comprehensively solved for using the Fgleh Similar to both of the analyti-
cal models, successive bisection was used to oivihese fouP—I points to obtain a

result of within 1 % solution tolerance.

The P-I curves generated for a two-course Mil 3 and Mil &lvsing all models are
shown in Figures 6.17 (a) and (b), respectivelyteNbat the transition from the impul-
sive to the dynamic loading realm for this typestificture and mode of deformation oc-
curs at relatively low blast pressures (less thag atmosphere above atmospheric pres-
sure). In order to achieve the impulse associatiélal avfailure at this pressure, the load
would have to be applied for several hundreds dlisaconds. When considering con-
ventional high explosives, pressures and duratdiisis magnitude are only achieved by
the detonation of thousands of tonnes of exploatvthousands of metres stand-off from
the structure. It follows, therefore, that most wemtional loading cases could be dealt
with by performing an impulsive analysis - equatthg maximum kinetic energy taken-
up by the structure to its internal energy devetbgering deformation (Hulton [48]). In

this case there is no requirement to consider tegspre—time history acting on the struc-
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ture, but this may not be true of other soil stioes that undergo more complicated
modes of response. The plotsR#l for different charge sizes of TNT over a range of
stand-offs, generated from the ConWep Programak@ shown in the figures. These
plots show that, in practice, the wall will tip ovie the impulse dominated realm rather

than the pressure dominated realm.
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Figure 6.17 P—I curves calculated from FE and analytical models fofailure defined by overturning:

(a) two-course Mil 3 wall, (b) two-course Mil 2 wal

The P—I curves for a failure criterion defined by overturgicalculated using the Rigid-
Body Hybrid model are in very good agreement (withD % for both the pressure and
impulse asymptotes) with those calculated by therfeidel, while theP-I curves calcu-
lated by the Rigid-Body Rotation are significarttigher and to the right. This shows that
the Rigid-Body Rotation model possesses much mesistance than the other models.
Note that the graph for the Mil 3 wall shows tel curve from the Rigid-Body Hybrid
model is located slightly to the right of that frahee FE model, while the graph for the
Mil 2 wall shows the opposite. This is due to thetfthat Mil 2 wall is much smaller than

Mil 3 wall, hence greater contribution of the wireesh towards the stiffness of the corner
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lead to a more resistaRt-I curve for the FE model compared to the Rigid-Bodpit
model. The Rigid-Body Hybrid model only consideng fproperties of the soil and does
not consider the contribution of the wire mesh, akhhas greater influence on the re-
sponse of smaller walls. However the differenceelatively small. At the approximate
intersection of the 1000 kg charge line with Bid curves of the FE model, Figure 6.17
(a) shows approximately a + 4.8 % difference ofutap between the Rigid-Body Hybrid
model and FE modé?—I curve, while Figure 6.17 (b) at the 1000 kg intetis® shows
approximately - 4.2 % difference. These differende not change much if the 100 kg or
10000 kg charge line intersections are considerld. spread of these differences (ap-
proximately 9 %) constitutes a measure of the diffees in contribution of the wire
mesh between the two-course Mil 3 wall and Mil 2lwaherefore it is recommended
that the model be extended to consider the corinibwf the wire mesh towards stiffen-
ing the corner deformation if greater accuracyasiitd. Despite these small differences,
overall, the Rigid-Body Hybrid model and FE modkell curves are in very good agree-

ment with one another (within 10 % for both thegstege and impulse asymptotes).

The generation of B—I curve for the one-course Mil 1 wall using the FEd®lowas not
possible, specifically because the FE model ofNhilel wall would not overturn com-
pletely. The following Figures 6.18 (a) through &tjow the different final positions of
the Mil 1 one-course wall resulting from increasingdings. Due to the substantial de-
formation at the lower corner, the Mil 1 wall didtroverturn completely. For increased
loading, the level of sidewall contact with the gnd was increased, while the upper por-

tion of the sidewall although increasing in rotatangle, maintained a residual angle. A
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concise definition of overturning is not possibledaany definition proposed for these

cases would be debatable.

(@) (b) (c)

Figure 6.18 Final positions of FE model for one-case Mil 1 wall resulting from different impulses

which illustrate inability to overturn completely: (a) 21° rotation, (b) 36° rotation, (c) 50° rotatim

Concerning the Rigid-Body Hybrid model, althoughexact critical rotation angle does
not exist for the model because it depends onithe-dependent compression and shear
of the corner, for impulsive loading it was empatlg found that the critical angle to pro-
duce overturning for the Mil 1 wall using the Rigibdy Hybrid model was approxi-
mately 21° of rotation. Recall that as explainedbirbsection 2.3.2, it is up to the indi-
vidual to determine suitable failure criteria, whiican be any type of deflection or dam-
age. And in this case, overturning is not clea#yirted in the FE model and therefore a
P—I curve cannot be generated for overturning using-tenodel. However, 21° of rota-
tion is a concise definition. Thus tike-I curve for the FE model and analytical models

were iteratively calculated for 21° of rotationdathe results are shown in Figure 6.19.
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Figure 6.19P—I curve for one-course Mil 1 wall for failure definedby 21° rotation

It can be seen that excellent agreement (within) 3vé6s achieved between the FE model

and Rigid-Body Hybrid model. Similar to the prevéocases, the—I curve calculated us-

ing the Rigid-Body Rotation model was substantiailyher and to the right of the others.

Solving for four points on thE—I curve to within 1 % tolerance using the FE modekto

approximately 200 hrs of computation effort onragke 2.2 GHz Intel Pentium™ proces-

sor. Each 200-poir®—I curve generated by the Rigid-Body Hybrid model tepioroxi-

mately 45 minutes of computation using the samegssor, while the Rigid-Body Rota-

tion model took approximately 15 minutes. The ressdemonstrated that the proposed

Rigid-Body Hybrid model can be used to generateéPtHlediagram for a HB wall both ef-

ficiently and accurately.
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6.6  Aspect ratio study and analytical model limitations

To help assert the limits of application of the lgtieal models, a study was under taken
to examine the results of the analytical modelstaed=E model across a range of differ-

ent height to empty-dimension widthd(/ w, in Figure 5.1 (b)) or aspect ratios of walls

throughout a range of impulsive loadings. The omerse Mil 1 dimensions were as-
sumed as the basic model, which has an aspectahlid9. Six different aspect ratio
walls were examined, where the 1.35 m height irbées@c model was extended in 0.15 m
increments up to 2.1 m high. A range of impulsesnfi20 % to approximately 130 % of
the critical loading (predicted by the Rigid-Bodyltid model) were used to load each
model and rotation angles were recorded. Only isipelloading was investigated be-
cause, as established previously, the HB walls terae impulsively loaded for charge
sizes below 10000 kg. The soil properties fronall4ithrough 7 were used for the study,

(the soil possessed very little cohesion). Theltesue shown in Figures 6.20 (a) though

(f).

As mentioned previously, the point of critical otwgning is an instability, and this results
in vertical asymptotes shown for both analyticaldels in all the figures. But for the

shorter aspect ratio walls calculated using thenkdglel, due to the models inability to
overturn the asymptotes are not clear. This isentith Figure 6.20 (a) and (b). The as-
ymptotes for the FE model become clearer in Figu2® (e) and (f) for the taller aspect

ratio walls.
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In all graphs the Rigid-Body Rotation model offeredictions within 20 % up to 8°, but
under predicts rotation angles beyond that. Fumbee it predicts larger critical angles
before overturning, and over-predicts the critmatrturning impulse in comparison with
the Rigid-Body Hybrid and FE models by approximat8b % for lower aspect ratio
walls and 20 % for higher aspect ratio walls, showrigure 6.20 (a) and (e), respec-

tively. From this study concerning different hemgfor the Mil 1 width (v, = 1.05 m) of

walls, the Rigid-Body Rotation model is only suialior smaller angles of rotation (8 °
or less). Recall that the simulation of Trial 3 ngsithe Rigid-Body Rotation model
showed excellent agreement for a rotation angkgppfoximately 12 °. This is in contra-
diction to the limitation of 8 ° established foidtstudy. But the wall in Trial 3 used was

a Mil 2 wall (w, = 0.6 m), where increased contribution of stiffné®m the wire mesh

occurs due to the smaller cell size (as explairedtipusly in the comparison of Figures
6.17 (a) and (b)). This increased contribution tdfreess from the wire mesh causes the
walls of smaller cell sizes to act more like rignddies, and is responsible for increased
agreement of the Rigid-Body Rotation model in TBal Thus the limitation of 8 ° is a
conservative approximation for the limitation oetRigid-Body Rotation model, and in
view that it is impossible to extend this modehtijust for the stiffness of the wire mesh,

it is recommended that this study be extended ttswasmaller cell sizes.

In Figure 6.20 (a) /w, =1.29), the Rigid-Body Hybrid model under-predicts tioar
tion by as much as 70 % in comparison with the FiEleh apart from the region near its
critical rotation (between 18 and 21 °). Citing th@row range of validity, use of the

Rigid-Body Hybrid model for wallH/w, £1.29 is not recommended. The predictions in
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rotations from both the models: the Rigid-Body Hgtbmodel and the FE model; are

within 20 % for Figure 6.20 (b)H/w, =1.43) and they are within 5 % for higher aspect
ratio walls such as in Figure 6.20 (e) and (f)/(v, =1.86 and 2.). Similarly, for the

prediction of the amount of impulse producing owsring, excellent agreement (within 5
%) between the Rigid-Body Hybrid model and FE madeahown for higher aspect ratio
walls. For lower aspect ratio of walls the RigideBaHybrid model is within 10 % of the

FE model (Figure 6.20 (b)H/w, =1.43)), with the exception that the Rigid-Body Hy-

brid model predicts critical overturning while tik&E model does not. This is the only

substantial disagreement in these model results.

However there is no experimental evidence to vehft the FE model of the Mil 1 wall
does not overturn but only increases in rotatioshamsvn in Figure 6.18 (b) and (c). Fig-
ure 6.21 (a) shows the result of Trial 7, whilel¥®y6.21 (b) shows the modelled result.
The modelled result upon coming to rest has a waesiangle of approximately 60° at the
upper sidewall. Although difficult to distinguisim ifrom the post-experiment photo in
Figure 6.21 (a), the experimental wall did not hang residual angle. This was verified
by a post-experiment investigation of the wall, veh¢he wire mesh of the wall was
found to be lying flat on the ground. The diffiagak of the FE models of shorter aspect

ratio walls to overturn may not be realistic.
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(@) (b)

Figure 6.21 Comparison of post-experimental wall pgitions for Trial 7: (a) experiment result, (b) fi-

nal FE model result showing residual angle of topfesidewall at approximately 60°

In view of this experimental evidence, deficiendieshe FE model are likely responsible
for the disagreement of the Rigid-Body Hybrid modath the FE model in predicting
overturning. Therefore an acceptable valid rangei$e of the Rigid-Body Hybrid model
for the Mil 1 thickness iH/w, 3 1.43. Although an additional study could be conducted
for HB walls of cell thicknesses smaller than thé Mthickness to determine the valid
limits of the model, considering that the resultssented in Figures 6.20 (a) through (f)
consisted more than 100 FE calculations, it maynee productive to first attempt to
improve the model by considering the contributidrsiiffness from the wire mesh. But
this modification to the model would likely only prove its accuracy for smaller HB cell

sizes but not improve its accuracy fal/w, ratios of 1.29 and lower. The consideration

of folding of the sidewall at the corner of rotatizvould have to be considered in the

model for increasing accuracy for lowklr/w, ratios of HB walls.
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Conclusions and Recommendations

The aims of the thesis were to study the respohstBowalls both experimentally and
numerically, and to develop an efficient and actuemalytical or semi-analytical model
to predict2-D planar response from blast loading and which camuged to efficiently
calculate aP-I curve. To gain understanding of blast loading, mmoduction to blast
phenomenology was provided. Seven full-scale erpats consisting of blast loading
simple free-standing soil-filled HB walls were peased. Soil densities and moisture con-
tents were measured in the field, and soil propenvere obtained from triaxial tests of

the samples collected and prepared to match fatditions.

An explicit FE formulation was constructed using-D8na. Two analytical models were
also derived and presented: a Rigid-Body Rotatiodehas a preliminary model, and the
Rigid-Body Hybrid model as the proposed model @ thesis. The Rigid-Body Rotation
model was derived based on observation of the pyimesponse mode of the walls from
FE models, rigid-body rotation. The Rigid-Body Higbmodel was derived based on
considering rigid-body rotation as well as localgression and shear at the base of the

wall. The deformation and forces at the base werdeited using distributed springs at
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the base of the wall, where the bottom of the walé assumed as deformable and resting
on rigid ground. Properties for the distributedisgs were derived from the EOS and
bulk modulus of the filled soil. The shear forcesw@alculated from the base reaction
force using the Mohr-Coulomb yield relationshipided from soils tests, and the shear

stress-strain relationship was assumed to be pigrfgastic.

Both analytical models as well as the FE model werapared with the experimental re-
sults and with one another in additional analytatadies. All models used some or all of
the derived soil properties pertinent to the expernits as input, and assumed the re-
corded pressure-time histories in the experimenth@ loadings. Following the compari-
son of all three models with the experimental firewhtions and displacement—time histo-
ries, the results of the FE model, Rigid-Body Rotatmodel and Rigid-Body Hybrid
model were discussed. Additional comparisons betvtlee models were conducted such
as examining the sensitivity to soil propertiesnparing theP—I curves calculated, and
comparing the model performance for different heighwidth ratios of walls. Limita-
tions of both analytical models were established @Tommendations were provided to

improve the proposed Rigid-Body Hybrid model.

Examination of the FE model led to the followinghctusions:

The results of the FE models were compared to ékelts of the seven experi-
ments and were found to be in very good agreenweititiq 10 %) in both the

post-experiment deformation and the displacemeng-tiistories.
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Several sources of error were examined and foummave insignificant effects on

the model performance.

The effect of varying soil properties was examiaed the FE model was found
to be most sensitive to changes in the slope ojithld relationship and moder-
ately sensitive to changes in density. The otheamaters examined (Bulk and
shear modulus, slope of the Equation of State) viared to have little effect on

the results.

For single course Mil 1 walls that are loaded ertotegcause large rotations, the
walls do not show overturning but only increasethtron with excessive corner
deformation. However limited experimental eviderst®ws overturning which

contradicts the behaviour of the FE model.

Overall the FE model was in very good agreemertt thié experiments and was valuable
in providing insight into the behaviour of the HBalNg to help formulate the analytical

models.

The following conclusions and recommendations vpargtulated based on the results of

the Rigid-Body Rotation model:

It was found that the rotation response predictgdhe Rigid-Body Rotation
model was in reasonable agreement for the postiexpetal deformation in
cases where the wall did not critically overturrt Bustained moderate rotation

angles.
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The displacement—time histories calculated by tigidFBody Rotation model
were underestimated in comparison with the expearimesults for soils of little
cohesion, which implied that the model possessedrtoch resistance. This was
because the model did not account for compressiinsaear behaviour at the

base of the wall, which becomes increasingly inftig for large rotations.

Investigating the analytical solution for impulsil@ading showed that the re-
sponse of the wall was very sensitive to small geann impulse if the rotation
approached critical rotation angles. This behavimasents difficulties in plan-
ning experiments where moderate to large rotatiogles are desired without

overturning.

Investigating the analytical solution also showkedt tincreases in compacted fill
density can increase the resistance of HB walts/&sturning, but the increases in

the resistance are not comparatively large.

Comparison of thé—I curves calculated using the Rigid-Body Rotation &i&d
model showed that the Rigid-Body Rotation modelspssed too much resis-
tance, and for charge sizes below 10000 kg ovenaggi the critical overturning

impulse by 20 to 35 % depending on the height-tdthvratio of wall.

Using the Rigid-Body Rotation model a 200 poiil curve was solved in 15
minutes, where each point was solved to a tolerah€@01 %. To solve for four
points within 1 % tolerance using the FE model tgekeral days of calculation

time using the same Intel Pentium™ [V 2.2 GHz pssce.
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The Rigid-Body Rotation model is in better agreetveith experiments for walls
of smaller cell sizes, where the added contributibstiffness from the wire mesh

causes the experimental walls to behave moreiljk&-bodies.

Comparison with the FE model for different heigbiwtidth ratios of walls
showed that the Rigid-Body Rotation model was ssamable agreement (within
20 %) up to rotation angles of 8 °. For rotatioeydnd 8 ° it overestimated resis-
tance to rotation and overturning because of failtar consider corner deforma-
tions. Note that the recommendation of 8 ° was dbasethe Mil 1 wall thickness,
and an additional study would have to be condutied wall of a smaller cell
size. Due to increased contribution of stiffnessrfrwire mesh for smaller cell
sizes, it is expected that the model would be vedrdhigher rotation angles. A
separate study would have to be conducted to deterthe limit, however, an
experimental comparison in Trial 3 for a Mil 2 walowed validity at 12 ° rota-

tion.

The addition of local corner deformations resuitethe Rigid-Body Hybrid model. The
following conclusions and recommendations were drénem examination of the Rigid-

Body Hybrid model:

The response of the proposed Rigid-Body Hybrid rhede compared with the
post-experimental position of the walls and ovevally good agreement (averag-

ing within 10 %) was achieved with the exceptioattmodest disagreement (30
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%) was reached in comparison to an experiment whetehesive soil-fill was

used.

Cohesion causes sliding to become the dominatihg\beur instead of internal
shear. Note that the present model only considéesnal shear and not sliding. A
general recommendation for future model developni@tdgws that a sliding in-

terface should be included in the model to capbaieaviour arising from use of

soil-fills with substantial cohesion.

The response calculated from the Rigid-Body Hylniddel was in good agree-
ment with the experimentally recorded displacemi@mnie- histories for three out
of four experiments, only slightly under-predictitige rates of displacement. The
experiment that the Rigid-Body Hybrid model was moigood agreement with
sustained loading that was far beyond the critis@rturning loading, which had

influenced the behaviour of the model.

Displacement-time histories for the model were ettdr agreement with experi-
ments in the early time histories compared withléter time histories. Also bet-
ter agreement was shown for taller height-to-widtio walls than shorter height-
to-width ratio walls. The likely source of disagneent was that considering the
walls overturned, sidewall folding and contact wiie ground in the late time
history became increasingly influential. Consideratof this behaviour in the

model would help to further improve the results.
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Excellent agreement was reached between the Rigiy-Blybrid model and the
FE model in its ability to capture differences isplacement—time histories from
differences in the yield slope, soil-fill densitgnd bulk modulus. The only dis-
crepancy was that the slope of the EOS led totslagmoderate differences in the
responses of the Rigid-Body Hybrid model but cqoeslingly little differences

in the response of the FE model. Overall, the RRpdy Hybrid model was able
to capture the changes in response from changssiliproperties in very good

agreement with the FE model.

Comparison ofP—I curves generated using the Rigid-Body Hybrid maonteh-

pared to the FE model showed excellent agreementharge sizes below 10000
kg which defines the region that is largely indegmt of peak pressure, the dif-
ference in critical overturning impulse betweenhbwtodels differed by less than

5 %.

Comparison of the locations of the Rigid-Body HybModel P-I curve for the
two-course Mil 3 wall and Mil 2 wall showed thatetlturve for the Mil 2 wall
showed slightly too little resistance while the Nilwall showed slightly too
much resistance. This was due to the greater tomimh of stiffness from the
wire mesh for the smaller cell size of the Mil 2Imahich the FE model consid-
ers but the Rigid-Body Hybrid model does not. Th#ness of the wire mesh is

more influential for the smaller HB wall cell sizegch as the Mil 2.
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The Rigid-Body Hybrid model was also very effici€filfilling the objective of
the thesis) calculating a 200 pofl curve in 45 minutes, where each point was
solved to a tolerance of 0.01 % while to solveféar points on &—I curve to 1

% tolerance using the FE model took several daysattfulation time using the

same Intel Pentium™ [V 2.2 GHz processor.

Comparison with the FE model for different heigbiwtidth ratios of walls
showed that the Rigid-Body Hybrid model was in withO % for all rotation an-
gles and predictions of critical overturning foridté-to-width ratios of walls

H/w, 3 1.43. For wallsH/w, =1.29 the Rigid-Body Hybrid model was only in

agreement for rotation angles from 18 to 21 degreegew of this narrow range

of accuracy, use of the model for walts/w, £1.29 in its existing form is not

recommended. Consideration of sidewall folding aodtact with the ground

may help to improve its accuracy for walis/w, £1.29. Note that these conclu-

sions were based on the Mil 1 wall thickness, big expected that similar con-

clusions would be reached for thinner walls sucthadMil 2 thickness.

Overall, the Rigid-Body Hybrid model is in very gbagreement (within 10 % on aver-
age) with experimental results and FE model resldspite minor disagreements. Further
investigations of the following points are recommbed in order to improve the Rigid-
Body Hybrid model and extend the range of its vglid

Consideration of sliding at the base to improvaultssfor walls with cohesive

soil-fill in the model.
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Consideration of folding of the sidewall and itstact with the ground within the
model.

Consideration of the contribution of bending s&ffs from the wire mesh side-
wall in the calculation of resistance to shear deftion at the base of the wall.
Further experimental investigation to resolve whketthe inability of the FE
model to overturn is realistic for smaller aspextior walls, and if so, considering
additional response mechanisms within the modéel ritey become more domi-
nant for these small aspect ratio walls.

Determination of why the Rigid-Body Hybrid modelrsore sensitive to changes

in the slope of the EOS compared with the FE model.
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Appendix A

Detailed Description of the Formation of a
Blast Wave in Air

To aid in illustrating how a blast wave is formedair, a sphere of TNT of a 0.25 m ra-
dius and its interaction with the surrounding aaswnodelled using AutoDyn® Compu-
tational Fluid Dynamics software [34]. The formatiof shock wave pressure profiles
and corresponding particle velocity profiles in tely time history up to a radius of 2 m

are shown in Figure A.1 (a) and (b), respectively.

The initial position of the interface of the explaswith the air is labelled on the graph
and is the black vertical dashed line. Subsequertical dashed lines in colour show the
location of the interface of the detonation prodg@ses with the surrounding air at each
instance in time. Note that a logarithmic scale sgigcted so that large ranges in pres-
sures and the details of their profiles could bewsh The absolute pressures are plotted
so that any negative gauge pressures could be acodated on the logarithmic scale. In
Figure A.1 at 0.0381 ms, the detonation wave hashed the edge of the explosive and

the gas products begin to expand against the sudthogi air, labelled poirg. A large in-
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crease in particle velocity results due to thetieddy low resistance and inertia of the

surrounding airb.
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Figure A.1. Early-time formation of a blast wave: @) pressure profile (top), and (b) particle velocig
profile (bottom)

A shock front begins to form at 0.0476 roswhile a rarefaction wave in the detonation
products originates from the interface of the datmm product gases and surrounding air

resulting from the high outward particle velocitydapropagates toward the origit,
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Note that the pressures involved with the detonatice far higher than the pressures

within the shock wave in air formed. Figures Aa2 and (b) show the later time history

across a radial distance of 10 metres.
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Figure A.2. Late-time formation of a blast wave: (3 pressure profile (top), and (b) particle velocity
profile (bottom)

The rarefaction wave reaches the origin at appratetg 0.0895 ms in Figure A.2 (a3,

The pressure at the origin decreases, and the gpacreates a vacuum in the detona-



Appendix A 168

tion product gases at 1.35 nfs,At the same time, the high pressure at the mterf
causes a compression wave in the detonation pradisetsg, (of a relatively low pres-
sure but strong opposing particle velocity comporegrgradient against the direction of
the expansion)h. This wave propagates toward the origin but thepagation of the
front of this wave in the inward direction is conipg with the overall expansion. The
front is not able to move closer to the origin, m\ibBough it achieves greater distance
from the interface at 3.31 mk, The interface between the air and the detonajam
products eventually expands to a radius of 4 mpptaximately 5.25 msj, and subse-
guently begins to contract inward. Note that theigle velocity profile at this time and
location crosses the horizontal axis. Also, thexation gas products have expanded so
much at this time as to cause close to zero alespheissure near the origin, The posi-
tive pressure built up at the interface pushegriteeface inward. This causes a rarefac-
tion wave that propagates towards the primary shamke front, giving it the characteris-
tic decaying shapé, The compression wave originating from the integfand propagat-
ing inward within the detonation product gases Wwhi@s previously unable to overcome
the outward expansion, is able propagate towamr€ehtre at 5.25 ma). Although the
pressure is of a negative gauge pressure, theivegarticle velocity component (nega-
tive represents movement towards the origin) iswarablen. This wave reflects on it-
self at the origin in compression positive pressuréhe form of a secondary shock wave
at 6.49 msp. The secondary shocf, propagates radially following the primary shock.
Figures A.3 (a) and (b) show the pressure andgbartielocity time histories, respec-

tively, recorded at 2.5 m, 5m, 7.5 m and 10 m.
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All profiles show the primary shock, followed bynagative phase, followed by a secon-
dary shock. Note the difference between the tirstohy at 2.5 m compared with the oth-
ers. The time history at 2.5 m was within the ragid the expansion of the detonation
reactant gas products, (recall that limit of thén@rd expansion of the gas products was
approximately 4 m). The pressure traces at 5 mn¥.and 10 m were outside of the
detonation gas products, and these traces aresistamt shape with one another. This
aspect of inconsistency within the range of thedation gas products is important ex-

perimentally as it defines the limit at which blastves fit a consistent profile.
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Figure A.3. Recorded time histories at given distaces: (a) pressure history, and (b) particle velogjt
history

The discrepancy in the trace at 2.5 m is causeithdextent of the large negative gauge
pressures that propagated outward within the datnaroduct gases, shown by point
in Figure A.2 (a), and the limit at which these adge gauge pressures met the compres-
sion wave propagating inward, shown approximatgiypbinti, which was in competi-
tion with the overall outward expansion, reachihightly beyond 3 m. Henrych [5],

gives a practical limit of non ideal blast effeetsapproximately 10 charge radii. The
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limit of non-ideal effects from this analysis was3a02 m, which was equivalent to 12.1

charge radii, (corresponding roughly to a sphescaled distance of 0.5 m&g).



Appendix B

Sachs Scaling

Hopkinson-Cranz scaling [13] was extended by Sfthkin 1944 to account for the ef-
fects of altitude or atmospheric pressure condstion air blast waves. From the principle
of conservation of momentum, at points in distaas&y from two separate explosion
scenarios where the energy released per unit nfaas is the same, the explosive per-
formance parameters can be related with one ohgrerimentally generated blast data
are typically plotted in terms of their Sachs sdgb@rameters. The dimensionless Sachs

scaled distance, pressure, and impulse is given as:

bE
7 — So pamb
Z= , B.1
= (B.1)
P= , and (B.2)
pamb
7= lPam (B.3)
E% pamb 3

wherea,, is the ambient sound speed of the material, andl@ilated by
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By = g7'° = JoRT. (B.4)

The parametep is the ratio of specific heat capacity of a gasaaitstant pressure to spe-
cific heat capacity of the same gas at constantmel For air,g can be assumed as 1.4.

The constanR is the universal gas constant, and is equal to889%/ K .

For a given reference experiment conducted in @teok atmospheric conditions at a
standoff s,,, (pressure and temperature, given py,, and T, , respectively), Sach’s

scaling principles can also be used to calculaegtrformance that would result in a dif-

ferent set of atmospheric conditions, (pressuretamgerature, given by, ., andT, .,

respectively), at standof ,, where

027

o %
S, = K, S, whereK, = —amt (B.5)
amb2
P, = K, B; whereK | =-Pamtz (B.6)
pambl
T b
t, =Kt,; whereK, =K, 2" (B.7)
amh2
t,, = Kty , and (B.8)
0 % T b
I, =K,I; whereK, =K K, = —2m2 amh (B.9)
pambl Tamk2

Note that coefficientk denote factors of scaling. Subscripgks p, andt represent dis-

tance, pressure, and time. Considering the priaayplSachs scaling, Hopkinson-Cranz

scaling can be shown to be a special case of Saetieng when atmospheric conditions
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between the two explosion scenarios are considsgadl, as equal scaled distance in the

same atmospheric condition satisfies equal enaiggase per unit mass of air.
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Empirical Comparison of Spherical and
Hemispherical Charge Performance

A hemispherical configuration is a half-space agpmation that is commonly used to es-
timate hemispherical performance from sphericalfgperance data. A hemispherical
charge configuration is important as it may repnésemore common threat scenario than
a spherically configuration. Owing to symmetry, igeaperformance should be theoreti-
cally identical for a hemispherical configuratioham explosive weightW /2 compared
with a spherical configuration of an explosive weiyV. However a caveat to this prin-
ciple is that the ground is assumed to be perfemld and unyielding, Kinney and Gra-

ham [7].

Empirical data shows a slight to moderate declmeexplosive performance for the
equivalent hemispherical configuration of an explesveight W/ 2 due to relief of the
loading confinement from yielding of the groundanatering. It has been estimated that
approximately a 20 % loss in energy occurs throtighering and ground shock, Rem-

nikov [16]. Consider the following comparison of imcal results in Table C.1 obtained
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from ConWep [17], which is based the on Kingery+Bakh [15] empirical equations for
spherical and hemispherical performance.

Table C.1: Comparison of half space approximationdr sample scenario using ConWep [17]

Performance Pa; ConWep empirical Using half space ide- ConWep empirical | Percent Dif-
rameter (200 kg @ 10 m | alization (100 kg @ (100 kg @ 10 m ference

spherical) 10 m hemispherical) hemispherical)

Peak Incident

Overpressure 276.9 276.9 239.5 -13.5
(kPa)
Peak Incident
Positive Impulse 622.1 622.1 578.1 -7
(kPa-ms)

A decline in performance takes place due to entoglyfrom cratering, and the decline
would obviously be affected by differences in thhegerties of the ground or soil. Note
that the author is not aware of any comprehensivdiess detailing the amount of the loss
for different soil types, likely for the reason thdast experimental data possess signifi-
cant spreads in results and it is doubtful thatefiect of soil properties could be sepa-
rated from the spread in data with any significd@gree of confidence. Empirical hemi-
spherical performance was compiled where the etiedifferent soils on the decline in
performance are averaged. The decline in perform@&only moderate, and it is still a
fair assumption that spherical performance databesansed with the halfspace approxi-
mation to calculate performance in hemispheric@lasions with the acknowledgement

that a slight to moderate over-prediction of logdwill result.
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Blast Clearing

When a blast wave loads a structure surface refgotessures are produced. Throughout
the time history of reflected loading, the pressute not persist because the presence of
the edges of the structure allow relief waves wppgate inward from these edges, Rose

[49]. This phenomenon is referred to as blast waearing.

Figure D.1 (a) illustrates phases of a planar shake impinging on a rectangular struc-
ture, while Figure D.1 (b) illustrates an idealizgdssure-time history (from the perspec-
tive of pressure-time histories affected by cleg¥irecorded at a given monitoring point
located away from one of the corners, outlinechmfine dashed line. When the incident

shockU hits, a reflected wave is createdl,. This creates a localized zone of high pres-

sures normal to the surface. Rarefaction wave®ltiaward from the corners, relieving

the high reflected pressures. The relief wave tsasea propagation speed, which is

assumed as the local sound speed in the zonelettexf pressures, and it arrives at the

time t, labelled in Figure D.1 (b). The approximate tinfeaoival of the relief wavd,

depends on how close the point of pressure measuatamto the structure boundary and
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the speed of the relief wawg, . For the case that the pressure wave is an itegahsave,

eventually after a certain time period beyond whenrarefaction wave has propagated
towards the centre and back towards the cornerptéssures exerted on the structure
surface decrease to a steady state condition,irgeatflow field around the structure.
The pressure at the surface normal to the blasewavgrease from the reflected pressure
to the incident pressure plus the stagnation predsom the particle velocity flow multi-
plied by an appropriate drag coefficient. This batvar and realization of this condition
also occurs for a decaying blast wave of a suffiicturation in comparison to the struc-
ture size, but with the further complication thag blast wave pressures are decreasing in
time. The time when the condition where the pressur the surface is roughly equal to

the incident pressure plus the stagnation pressureferred to as the clearing time,

which is also labelled on the graph in Figure )l (

p(t)

(a) (b)
Figure D.1: Blast wave clearing: (a) diagram of rdection on an orthogonal structure, (taken from
structural design for dynamic loads by CH Norris []); and (b), resulting pressure—time history on a
point on a structure surface affected by clearing

Note that the change in condition from the arriwhthe relief wave at,, to where the

pressure is equal to the incident pressure plusifhamic pressure df, is not an abrupt
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process. One reason for this is that when a rarefawave propagates from the corner,
instead of the front of the wave developing a sHewspt as in compressive waves ex-
plained in the section on shock waves, contraridytls becomes less sharp with time and
propagation distance for rarefaction waves. Alsordalization of the cleared state to oc-
cur may take several travels of the rarefactionevahis is a complicated process and
several authors have proposed empirical equationsheé clearing time. The clearing
time in TM5-1300 [11] is given as

4S

tc :m, (Dl)

where S is the smallest edge distance to the centre ofttiveture, ancR is the ratio of
the smallest edge distance to the largest edgendiss to the centre of the structure. Hen-
rych [5], as well as Kinney and Graham [7], give thearing time as

=X (D.2)
CR

where the measuremenmt is the shortest distance from the centre of thecsire to the

edge of the structure.

Both Henrych and TM5-1300 negate the arrival timhéhe rarefaction wave, and ap-
proximate the arrival of the relief wave as staytfrom the point of time of peak pres-
sure. Citing Kinney and Graham [7], this type opagximation gives an average of the
pressure—time history over the structure face,rgthat the clearing time is advised to be
calculated for the most interior point, which iseated by clearing last. Figure D.2 (a) il-
lustrates idealized cleared reflected pressure-tisteries from gauge points of varying

proximities to an edge, while Figure D.2 (b) shais averaged pressure—time history,
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resulting from making use of the approximation o arrival of the rarefaction wave to

occur at the instant of peak pressure, and appaikign the overall clearing time as the

clearing time at the point on the structure furttiesm any edge.

Figure D.2: Idealized clearing: (a) cleared refle@d pressure—time histories from gauge points of
varying proximities to an edge; and (b), averagednessure—time history for the entire face, (both fig
ures taken from Kinney and Graham [7])

For use in calculating the clearing time, the losalind speed, which is assumed to be

equal to the speed of the rarefaction wave, isrgase

Cr =\/gRT, (D.3)
where g, is assumed as 1.4, and is the gas specific eunstiating to the specific heat
capacity at a constant temperature to the spduifat capacity at a constant volume for
the medium. The universal gas constaRt, can be taken as 296.86 J/K. Note that this
equation requires the temperature, which is natiggitforward to determine within the

reflected blast wave. Henrych gives equations &bcutating the temperature of the inci-
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dent wave from the ambient conditions and incideneissure, which can then be used
within Eqg. (D.3) to calculate the temperature & tieflected wave. More conveniently,

the local sound speed as a function of peak intioeerpressure is given in Figure D.3.

Figure D.3: Sound velocity in reflected overpressug as function of peak incident overpressure, taken
from TM5-1300

ConWep [17] also employs a similar algorithm tocoddte the effect of clearing on re-
flected impulse throughout an orthogonal reflecsngface from a hemispherical charge.
Figure D.4 shows a contour plot of reflected impuls a surface calculated from Con-
Wep. The sharp gradient in contours around the dgew the effect of the algorithm
used for considering clearing. Clearing reducesdimantity of reflected impulse around
the edges of the structure. Because of this, tigeddhe structure with respect to the du-
ration of the blast wave, the less the reductiovarall impulse from clearing. If the
structure is small with respect to the durationhef blast wave, the reduction in reflected

impulse due to clearing will be extensive and o¢bhusughout the structure face.
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Figure D.4: Sample plot showing reflected impulsepatial distribution and effect of clearing for a
large structure loaded by a blast wave of a shortutation, calculated by ConWep

Rose [49] conducted several Computational Fluid @yits (CFD) calculations model-
ling a rectangular structure of a fixed height-twiiv ratio loaded by different hemi-
spherical charges at different ranges of scale@dmties. Several of his CFD calculations
were validated by experiments and found to be ny geod agreement. He formulated
an empirical model for calculating averaged reflddimpulse based on the scaled charge
size and size of the structure based on the resuttee CFD calculations, and compared
the results of his empirical model to the algorithautlined in TM5-1300 and ConWep.
Figure D.5 (a) shows an example plot of the eftdatlearing on the reflected pressure-
time history from a large charge on a large stmactdote that this plot shows the differ-
ence in arrival times of the rarefaction waves gitteat gauges 1 through 5 are located at
different distances from the structure edge. Tlaplgin Figure D.5 (b) compares the re-
sults of his empirical model to experiments, arngbatompares the results of the algo-
rithms in TM5-1300 and ConWep. Figure D.5 (b) shamsater agreement with experi-

mental results for average reflected impulse cosgparith TM5-1300 and ConWep.



Appendix D 182

Figure D.5: Results of Rose [49]: (a) sample cleadgressure—time histories illustrating difference le-

tween reflected pressure—time histories on infinilg large surface; and (b), comparison of empirical
model for calculating averaged reflected impulse oa structure with algorithms from TM5-1300 [11]

and ConWep [17]

One of the shortcomings of the empirical model lmg®is that it only yields results for
average reflected impulse and does not providalsletgarding the spatial distribution
of impulse, which may be important for some streeftuesponse problems. In addition,

the charge location was restricted to be coincidetht the centre of the structure.
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Description of Mach Stem and Performance

In situations when a charge is elevated above grdawvel (termed ‘height of burst’
(HOB)), empirical loading predictions based on sma or hemispherical charge con-
figurations may not be accurate because of fatluensider the development of a Mach
stem. A Mach stem is formed due to nonlinearitethe shock wave reflection process.
Figure E.1 shows the pressure contours resultimg 8 50 kg charge at a 1 m height of
burst modelled using AutoDyn Computational Fluidn@gnics software [34]. The se-

guential slides illustrate the formation and pragtaan of a Mach stem.

Figure E.1: Periodic pressure contours showing del@ment and progression of a Mach stem arising
from a 50 kg charge at a 1 m height of burst

Substantial increases in pressures result witleivtch stem upon formation. The Mach

stem increases in height, and eventually encompdhksamajority of the shock front. By
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this time, the substantial differences in pressurssle and outside the Mach stem along

the shock front present at the time of its formatiave decreased dramatically.

Mach reflection is a complicated topic. The bookBsn Dor [51] presents analytically
derived solutions and experimental results for Meaftection, derived on the basis of
applying continuity of mass, momentum, and enexgpss each of the regions of the at-
mosphere separated by the incident shock frongated shock front, and Mach stem. He
also presents comprehensive analytical discussiadsexperimental results concerning

different types of Mach reflection.

Figure E.2 (a) contains an illustration of the fatian of the incident and reflected waves
forming a Mach stem, and the trajectory of theléripoint. Henrych [5] gives a qualita-
tive description of the phenomena. Consider thgrdia in Figure E.2 (b) of a shock
wave impinging on a rigid surface at an inciderglara . The point of intersection of the
incident wave with the rigid surface, denoted bynpd\, travels at a velocitg, along
the rigid surface. The velocitg, is equal to the incident shock speead divided by
sina . The wave is reflected at an angbe which is more tham due to the particle ve-
locities parallel to the surface and the increasmehd speed within shock heated air be-
hind the incident wave. The velocity of the refegtipressure wave is shown Bs. The
velocity of the reflected wave along the directmarallel to the groundN,,, is N, sinb.

At small angles of incidence, the spel( is less than the spe&(. If the angle of inci-

dencea is increased, the velocity, will decrease while the velocitil,, will increase.

At a critical angle,a_.., which depends on the overpressure at the inciare front,

crit ?
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the velocity N, will be equal toc,. Upon further increase ia , the reflected wave

front will overtake the incident wave front, ancetpoint of intersectionA will move
away from the barrier surface. A new wave callecMaave, will arise as a result of the
composition of the incident and reflected wave efwint A, as shown in Figure E.2
(c). Point A is termed the triple point (point intersectiontimfee waves). The front of the
Mach wave moves along the barrier surface andriple {point moves away from it, in-

creasing the height of the Mach stem.

(@) (b) (c)

Figure E.2: Mach reflection from height of burst charge: (a) incident, reflected, and Mach waves,
(taken from Gelfand [10]); (b), incident and refle¢ed waves before Mach stem formation, (taken
from Henrych [5]); and (c), Mach stem geometry, (t&en from Kinney and Graham [7])

The critical angle at which Mach stem formation wscdepends on the shock overpres-
sure. Kinney and Graham [7] present an analytiaddisived graph for the critical angle
of Mach stem formation as a function of the Macimber of an incident shock wave in
Figure E.3 (a). The Mach number is the ratio ef$peed of the shock wave front to the

ambient sound speed. Assuming an ideal gas andgsett 1.4, the Mach number of the

incident shock can be calculated by the equation

M= 2Py, (E.1)
7p,
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where p, is the incident overpressure argl is the atmospheric pressure. TM5-1300

[11] gives empirical relationships for the reflecticoefficient (the ratio of reflected pres-
sure to incident pressure), as a function of tihength of the incident shock wave and
angle of incidence, and is presented in Figure(B).3Note that the abrupt rises in reflec-

tion coefficients for strong incident pressureagiroximately 40 to 50 degrees incidence

angles are a result of Mach stem formation.

Figure E.3: Figures illustrating formation of Mach stem: (a) analytically derived relationship for
formation of a Mach stem as a function of angle ohcidence and strength of incident shock, (taken
from Kinney and Graham [7]); and (b), Ratio of reflected pressure versus incident pressure, as a
function of incident pressure and angle of inciders, (taken from TM5-1300 [11])

For weak shocks, (low Mach numbers), the Mach dtams at much higher angles of
incidence. For very strong incident shocks, thecali angle for Mach stem formation in
Figure E.3 (a) remains constant, while in the Feglar3 (b), for incident pressures above

100 psi, M, =2.61), the formation of the Mach stem seems to takeepkt higher an-

gles. Thus there is some disagreement betweend-k3r(a) and (b). This can be attrib-

uted to changes in equation of state for air.
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To calculate the pressure within the Mach stem HGB charge scenario, TM5-1300
[11] advises to first calculate the incident pressand impulse at the slant distance to the
point of interest at ground level and assuminglaesgpal charge configuration. Then us-
ing the angle of incidence and the incident presscalculate the reflection coefficient
using the graph in Figure E.3 (b). The pressuréiwithe Mach stem can be calculated
by multiplying the incident pressure with the reflen coefficient. A similar graph is

available in TM5-1300 to calculate impulse as well.

TM5-1300 presents a graph for the calculation otEMstem height, shown in Figure E.4
(a). The result from this graph can be used tordete if the target is within the regime
of Mach stem loading. Figure E.4 (b) presents apiecal study illustrating differences

in Mach stem trajectories between hard ground awydsdnd, and shows lower Mach
stem trajectories resulting from HOB scenarios imvigy dry sand versus hard packed
ground. This mechanism may also be responsibleherincreased critical angles of

Mach stem formation for strong incident shocks emtdn Figure E.3 (b).

Figure E.4: Trajectory of Mach stem: (a) Mach stentrajectories for different scaled burst heights as
function of horizontal scaled distance, (taken fromTM5-1300 [11]); and (b), differences in Mach
stem trajectory between hard ground and dry sand,tbken from Bryant et al. [52])
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To compare the differences in loadings between & ld@nfiguration (which produces a
Mach stem) and a hemispherical configuration, &gp@emispherical charge and a 50 kg
charge at a 1 m height of burst were modelled iddialy in two-dimensional axisym-
metric rigid half space using AutoDyn CFD softwg8d]. A gauge array at a 0.5 m
height above ground (which was selected to reptadentical slant and horizontal dis-
tances between the two charge scenarios), wastossmmpare the performance of peak
incident overpressure and peak incident positivpuilse at 0.25 m increments in hori-
zontal distance, as illustrated in Figure E.5 Tdie percent difference between the HOB

Calculation ‘B’ to the hemispherical Calculation’ “&ere plotted in Figure E.5 (b).

T 7T T T T T T T T T T T
8ol R 4

Calculation 'B' 70 [ Peak incident overpressure
50 kg sphere 60k T Peak incident positive impulse_|

@ 8 sof ¢ .
S P
T F—1m— 15m 2m3 > 14.5m 15 m- z r 7
im X X X X X X X X X X 5 30F
\‘/ 05m array of monitoring £ 20f
points o
\L 5 10F
[od
Calculation ‘A rigid halfspace 0
50 kg -10
hemisphere 20k
(baseline) :
30
40 [l [l [l [l [l [l [l [l [l [l [l [l [l [l
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Horizontal distance (m)
(a) (b)

Figure E.5: CFD calculation setup and results: (aschematic of charge configurations and monitor-
ing points; and (b), comparison of percent differene in performance between a 1 m HOB configura-
tion (Calculation ‘A’) to a hemispherical configuration of an equivalent charge mass (Calculation
IB!)

From Figure E.5 (b), for the monitoring point logdtat 1 m, the loading is 30 % lower in
the HOB configuration Calculation ‘B’ compared withe hemispherical configuration
for Calculation ‘A’. In Calculation ‘B’ the Mach s had formed, but it propagated be-

low the 0.5 m height of the monitoring point at 1 hiihus the monitoring point at 1 m for



Appendix E 189

the HOB case recorded the equivalent of a 50 kersgl charge, while the monitoring
point at 1m for the hemispherical case recordedetipgivalent of a 100 kg spherical
charge. The monitoring point at 2.5 m shows a dtanacrease in pressure and impulse,
resulting from the Mach stem passing through thamitoring point location in Calcula-
tion ‘B’. Although the increase in both pressural ampulse for Calculation ‘B’ is sub-
stantial, with increased distance, the performdregens to converge toward the result of
Calculation ‘A’. The difference in performance iaused by the timing of the contain-
ment of energy. The energy contained through rieflecr confinement occurs initially
in the hemispherical configuration, but for the H@@&hfiguration, occurs when the inci-
dent wave from the sphere reflects from groundhtnfar field, the performance of the
HOB charge will nearly equal the performance of teenispherical charge, assuming
idealized rigid unyielding ground for both configtions, which was simulated in the

CFD calculations.

Recall that blast performance is decreased thréagghof confinement by cratering, and
less cratering will take place for a HOB chargefigumation. Therefore the increase in
performance for a HOB versus a hemispherical cheogéguration shown by the previ-
ous example calculation is understated to an exfBm¢ example hemispherical and
spherical empirical comparison calculations presegnh the section on empirical per-
formance of TNT resulted in a 13.5 % decline inkppgessure and 7.5 % decline in peak
positive impulse lost to cratering. Therefore ilikely that the height of burst perform-
ance may be additionally greater by up to thesegme¢ages if negligible cratering losses

are assumed for a HOB configuration.
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The author is not aware of any comprehensive ssuaiglining the limits of where Mach
stem effects should be considered for a HOB condition, versus when the observation
distance is far enough away that the assumpti@ah@mispherical charge yields reason-
able agreement for loading predictions. Such aadcg would depend on the scaled
height of burst and scaled distance from the chdtgevever, some general statements
can be deduced upon inspection of the Mach stgectoay graph in Figure E.3 (a). For
equal sized charges, decreased heights of budsyield sooner, (in time and distance),
formation of the Mach stem and the higher Mach di@jectories. It can be deduced that
the effect on loading from the Mach stem will deaay much shorter distance, and as-
suming a hemispherical configuration for load ckdttan purposes will be reasonable at
much shorter standoffs. At equal heights of bumstieases in charge size will also yield
higher Mach stem trajectories, but these increasé®jectory heights are only modest.
In lieu of available detailed studies on the liridas of assuming hemispherical charge
configurations for purposes of loading calculatio@glfand’s book [10] presents results
from a collection of researchers on TNT equivalefocgoressure and impulse for differ-

ent scaled HOB scenatrios.



Appendix F

Detailed Derivation of Impulse-Dominated
Solution

The equation governing the response of a non-liS&4DF system is

Kymz+ K R2= K Q). (F.1)
If the loading is very short compared with the m@sge time of the structure, the majority
of the response immediately after the applicatibloading will be in the form of kinetic
energy. The remainder of its response is then gedeby its ability to absorb the kinetic
energy through strain energy absorption. Sinceldhding assumed is very short, the
amount of movement is negligible and negligibleistasice occurs during the loading

time, the following equation is valid during theucse of loading:
Ko (O)mz= p(9. (F.2)
Isolating the second derivative and integratingrawe time duration of the loading,

which is assumed to be very short, the velocity is

R TG
>~k om, N om (F-3)
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where | is the blast impulse, ang, is the initial velocity resulting from the appltean
of the blast impulse. The loading(t) can now be omitted in Eq. (F.1), and Eq. (F.1) can

be rewritten as the following, whose solution ibjsat to the initial velocityz, .

Z+& =0. (F.4)
Kn (2 m

It is assumed that negligible displacement hasntgtace over the very short time dura-

tion of the loading, but the mass of the structuas been accelerated to a veloczty

Since the loading occurs over a very short timeoperthe time is assumed to be ap-
proximately still at zero. This equation cannotdoectly solved for a time history due to
the non-linearity. However if we make the subsitt

:d_z :iz_dzz Z_d:’ (F5)
dt dz dt dz

and multiply the equation bgiz, the equation reduces to

2dz+— 3 G40, (F.6)
K (2m
Integrating and rearranging, we get
2 Zmax
»_ " _R3 (F.7)
2 o K (2m

Subbing in the velocity, from Eq. (F.3), we get

12 ™ R(2)

——=- ———dz. F.8
2K, (0y'm’ o K (2m (F8)

The first term represents the kinetic energy, dredsecond represents the strain energy.

Rearranging to isolate the impulse we obtain
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_ ™ R(2
| =K, (O)\/Zm O molz . (F.9)

Although the maximum displacement cannot be isdl#&beobtain a closed form expres-
sion for the maximum displacement as a functiothefapplied impulse, the impulse can
be isolated to obtain an expression for the imprésgired to attain a pre-selected maxi-
mum displacement. Therefow,, is replaced by, ., which is defined as a pre-selected
maximum displacementl is replaced withl  , representing the critical impulse re-
quired to achieve the pre-selected maximum allowvaldplacementz,  , as shown in

the following equation

_ " R
Y (0)\/2”1 O mdz : (F.10)

Normally K,,, will decrease with the onset of a plastic hingeslaown in the differences

between elastic and plastic constants in TableThik leads to an increase in deflection.

If K., isassumed to be constant throughout the entireement, the equation becomes

Zdmg
[ eri :\/ZKLMm R(2dz . (F.11)

0
From observation of the equation form, no mattercamplexity of the resistance func-
tion, the amount of impulse absorption ability i®gmortional to the square root of the
area underneath the resistance function up todleeted tolerable damage displacement.

Also an increase in mass (with no increase in gtreproperties), leads to an increase in
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impulse absorption capability that is proportiotathe square root of the mass increase.

Note that these principles are only valid if impugsloading is a valid assumption.

Table F.1: Deformed shapes and derived transformatin factors for a variety of cases, (taken from
Biggs [19])

Mass Factor Load/mass
Kwm Factor Ku .
) Load ) Spring
) ) Strain Con Con Max. Resis- . )
Loading diagram Factor Uni- Uni- con- Dynamic reaction V
range (o c. tance R,
Ki form form stant k
Mas Mas
Mass Mass
s s
8M 384E|
] ELAS- _ = 3 039R+ 011F
FpL 0.64 0.50 _ 0.78 L 5L
JER | e
; . .
PLAS- _ M., 038R, + 012F
0.50 _ 0.33 0.66 L 0
TIC
4M 48EI
. ELAS- . 3 078R- 028F
1.00 | 1.00 0.49 1.00| 049 L L
TIC
T2 L2 g
PLAS- % 075R, - 025F
1.00 | 1.00 0.33 1.00| 0.33 L 0
TIC
ELAS- _ _ 12M, 384El 036R, + 014F
0.53 0.41 0.77 L L
TIC
ELAS-
i TIC/ 8 384E|
0.78 —M,+M 039R+ 011F
SENEEEE PLAS- 0.64 - 0.50 - L( ) 513
) L | TIC
PLAS-
8m.+m,) 038R, + 012F
TIC 0.50 _ 0.33 _ 0.66 L 0
192EI
. ELAS- f(MS +M,) - 071R- 021F
1.00 | 1.00 0.37 1.00| 0.37 L L
| TIC
’ L/i2 L/2 ’
— | pLas- A, +m,) 075R - 025F
. 1.00 | 1.00 0.33 1.00| 0.33 L 0

Ms: Moment capacity at support M: Moment capacity at mid span
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Detailed Derivation of Pressure-Dominated
Solution

For an ideal step pressure loading, another eneatgnce technique can be applied as

well. The equation of motion is given as

Kumz+ KR 2= K Q). (G.1)
An approximate description is given in Kinney andal@&am [7]. This technique is possi-
ble only because the normally transient loadingeduced to a constant loading and

p(t) = Py, = P(2 applies. The equation of motion Eq. (G.1) becomes

KLM (Z)mZ+ R i: er' (GZ)

Applying the substitution in Eq. (F.5), the equatlecomes
dz
KLM (Z) mzd_Z+ R i: er' (GB)

Multiplying the equation bydz and taking rearranging gives

- R
mzdz= Puep” R(J d. (G.4)

K (2)

Integrating both sides gives
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22 Zmax pstep- R( 3 dZ

m=— =
0 K (2)

> (G.5)

This equation gives the velocity as a function ispthcement, which would not be useful
normally. However, consider that the velocity ireges with z when the value of

Psep- R(2 is positive. When the value gf,.,- R(2 is negative the velocity decreases.

tep
When velocity reaches zero, maximum displacemesthegn achieved. Setting the left

hand side of the equation to zero we obtain

™ Paep” N2 R(2 dz.
0 K (2

0= (G.6)

This is identical to setting the external work dgwathe strain energy as done in Baker
[20] for a linear resistance function, which imglia solution at zero kinetic energy. For a
given ideal step loading, the maximum displacenoamt be solved by trial and error or

any other numerical technique. Similarly, for aesé¢éd damage leved, , the critical

step loadingp,.;; can be solved for by solving the following equatio

Zimg o R
0= pS‘eL(z) dz. (G.7)
0 K (2

Unfortunately in this form neitheg, = nor p...; can be isolated to give an explicit ex-

pression. However, iK ,, is taken as a constant, the equation becomes

Zdmg

0= ( pstepcrit - R( Z)) dZ, (68)

0

which can be solved as
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1
pstepcrit e — R( Z) d:. (Gg)

mg 0
Note that this is equivalent to taking the averafjghe resistance function up to the as-

signed damage levet, . However this expression assumes that the evatuati this
function will be highest at, .. But this may not be true for a resistance fumctiwat is

very complex. For instance, it would be unreasamabh certain critical step load was

calculated atz,,,, yet at a lower displacement, a higher critical step loading resulted
from evaluation of this expression. The critic&#pstoading corresponding tg,,, would

automatically be assumed at the higher criticgb $d@ading. Therefore the critical step
loading can be stated more precisely as the maximiuthe cumulative average within
the interval of O toz,  as
1°
Psepert = Max 2, R3dz; O£ £ gz, (G.10)

This statement has been validated using a singleedeof freedom model with compli-
cated piecewise resistance functions through caosgrarnf this technique with values
obtained from iteratively solving solutions of tpeessure asymptote. Solution of the

pressure asymptote through Eq. (G.10) is also gealyrshown in Figure G.1.
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Figure G.1: Determination of critical step pressurdoading for selected damage Ievelzdmg, using en-

ergy approach
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Effect of Including Geotextile in FE Model

The effect of including the geotextile within th& model is investigated in this Appen-
dix. Belytschko-Tsay membrane elements (Livermarévare Technology Corporation
[44]) of a 2 mm thickness were used for the gedtextittle or no sliding observed be-
tween the wire mesh sidewalls and geotextile inekggeriments. Therefore a 37.5 mm
width and length for the geotextile membrane elasaras selected so that nodes could
be coincident with the nodes of the wire mesh atmfb spacings. The soil in contact
with the geotextile was modelled using the automastirface to surface contacts within
LS-Dyna, where the soil could compress and slidé Wiction against the geotextile and
vice versa, but no tension forces could develogute H.1 (a) shows the geotextile and
wire mesh portion of the model. Note that the getdgecovering the wire mesh that di-
vided adjacent HB cells was not included in the atodihe geotextile covering the wire
mesh dividing wall would prevent soil from migragito adjacent cells, and this purpose
was already served by the wire mesh dividing walthie model, which also acted as a

shear wall.
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sail increased in height to
equalize decrease in
volume from removing 3
mm on each side

initial 3 mm gap
between soil and

/ geotextile (both
sides)

initial 4 mm gap
between soil and
geotextile flap and
ground

(@) (b)

Figure H.1: FE model with geotextile: (a) geotextd and wire mesh; and (b), FE model with geotextile
showing initial gaps before settlement under gravit

The simplified Johnson-Cook model (given by Eq.) 4vds used for geotextile based on
that its form of stress strain relationship wassoesble to approximate the stress strain
relationship from obtained from geotextile tensdsts. The parameters used in the model
were

E =27MPa; n = 035 andr = 4001g, (H.1)
where E, 1, and r_ are the Young’'s Modulus, Poisson’s ratio, and dgnsespectively.

The density of the 2 mm thick Geotextile was calted by weighing a sample of known

dimensions. The Johnson-Cook parameters stated.id.E,A;, B, ¢, andn,, were set

at 2.25 x 18 kPa, 2.8 x 1bkPa, 0.1 x 18 s*, and 0.36, respectively. Note that since
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strain rate dependence has been largely omitted ihe FE model, and that no strain rate

dependent tensile tests were undertaken, the pteatn&vas set to be negligible small.

To progressively load the contact surfaces in tloeleh the width of the soil mass was
reduced by 3 mm on each of the sidewalls as showfigure H.1 (b), so that contact
forces could progressively occur under initial ghagettlement. The height of the soll
mass was increased to maintain the same volumeilofvghin the model. The model

was allowed to settle under gravity into the getliexand wire mesh shape for 500 ms,

which from observation of the normal forces atlblase of the wall, was sufficient to ob-

tain static equilibrium.

1500 ! ! ! ! ! ! !

1250

1000

750

500

250

Horizontal Displacement (mm)

No geotextile, soil equivalenced with wire mesh

-250

-500 L

With geotextile, soil contact with geotextile, gextile equiv. with wire mesh

750 1000 1250 1500 1750 2000

Time (ms)

Figure H.2: Comparison of FE model result with andwithout geotextile
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Figure H.2 below shows the horizontal displacenminé histories at the upper monitor-
ing point from the model with and without the gediie. The effect from the geotextile
was small (less than three percent differenceendibplacement time history). The com-
putational time was approximately four times longrethe model with the geotextile be-
cause of the small time steps required to restlgeodntacts between the soil and geotex-
tile. Based on the added calculation time and tightsdifference in the response, the

geotextile was omitted in the FE model.
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Analytical Solution for Locating Points
andF

A more expedient method can be used in lieu offigoximate method if it is assumed
that rotation is always increasing with time durihg calculation. This is a reasonable
assumption if the HB wall is impulsively dominatddiote that we will discuss this as-

sumption shortly. To solve for point, consider that at a given point q(r,t) can be
expressed in a point in time as

a(r. ) =v(t)- [ tang ¢ ). (1.1)
Suppose we wish to find the maximum displacemeturmed during the time history of

displacementq(r,t) at a given locatiorr,. The following equation could be solved for
the time at which this occurred

d(v(t- rtang )) _
dt
Finding t which satisfies this equation would give the pomtime at which the maxi-

0. (1.2)

mum displacement at occurred. Alternatively, we could set the timetlte present time
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t and solve for which gives the location at where maximum displaest is on

present?

the threshold of occurring, denoted fyas shown in the following equation:

d (V(tpresent) - r.Etanq (t presen)) -

0, 1.3
o (1.3)
where isolation of. gives
d (V( tpresem) )
- dt —_ V(tpresem)
e = - qu( resen ) (|4)
©d(tang Gpecen))  (tpecen) presen

dt
In the case that the base compression extendssabmentire base wherg exceedsv,

V(tpresem)
q(tpresen)
This method provides a very convenient and quick teaocater. rapidly without hav-

r. =min COS G Corocem )W - (1.5)

ing to store the maximum incurred displacementaegd numbers of points along the
thickness, and thus this method is far more efiicthan the approximate method de-
scribed in the main body of the thesis. This metisodlso exact, where the method de-
scribed in the main body of the thesis is only agpnate. The exact method was coded
and validated with the approximate method and teduh virtually the same values cal-
culated. This method is also particularly convehien use with Runge-Kutta integration
because, in addition to displacements, velocitresadgso incremented and readily avail-
able to use in the above equation. Thus this egmmesequires little additional computa-

tional effort to calculate.
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Using a similar methodology to locate paint and considering that a value gf at a
specific point in time in the past corresponds withcurrently, the exact solution for the

point in timet___ in which this occurred is given as

past

v(t - /v(t t
( presem) ( pas) = V( pas) COSZC] ¢past ): rF :rEpas1' (|6)
tanq¢present)_ / taq (past) q ( past)
Finding t ., for which this equation is satisfied will provide answer for. . However
this solution is not convenient to implement, asould require the program to search for
the time at which this expression was satisfiedugh previous time periods within the
recorded solution and interpolate between the t®sii comparison the approximate

method may be a more efficient alternative for gktingr. . There is an exception how-

ever, in the case of a perfectly plastic soil ilmpoession with an infinite unloading
modulus, poinf is equal to poinE, and the computer program would only require point
E. Therefore use of the analytical solution wouldnhere efficient. In fact the analytical
solution in this case is many times more efficignan the approximate one. But in terms
of the computational time within the overall prograthe location of these points of in-
tersection only consumes a relatively small porobithe calculation effort. On average,
for perfectly plastic soil with an infinitely highnloading modulu¥, implementing the
approximate method for locating poiittook 2.2 seconds to run using a single 2.2 GHz
Intel Pentium® processor, while using the exactitsomh reduced the run time to 1.9 sec-
onds. Thus this method is only slightly more eédi for perfectly plastic soils in com-
pression, but for soils that are not perfectly ftaghe exact method is cumbersome to

implement and computationally expensive.
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Regarding the validity of the assumption that th&ation is always positive and increas-
ing, in this problem, we are only concerned witlsipee rotation up to maximum rota-
tion or overturning, whichever occurs first. Afther of these conditions is met the cal-
culation is terminated. For impulsive loading nollsneotation is positive and increasing
up to the point of maximum rotation or overturniiut one type of loading that could
lead to a violation of this assumption would behiére were multiple pressure waves,
where the wall may rotate positively, start to tetaegatively, and then be caused to ro-
tate positively again by an additional wave. Howewince the wall is impulse domi-
nated and the response lasts for several hundrididecdonds, multiple blast waves cre-
ated by reflections off adjacent structure surfagpgally will not be spaced far enough
apart in time for this to occur. Using this methedreasonable for almost all cases of
loading due to the wall being impulse dominatedicWhs a valid assumption according

to the work by Scherbatiuk [24].
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Calculation of Change in c.g. Location with
Local Shear Deformation

One of the assumptions made in the formulationhef Rigid-Body Hybrid model was
that the location of the centre of gravity (c.gadahe second moment of area about the
centre of gravityl , only undergoes negligible changes due to the deftion at the
corner. As an investigation of the magnitude, adasihe diagram in Figure J.1 of an
idealized HB wall that has undergone shear displece at the base, where the shape
of the sheared portion of the wall has been idedlas a 1:1 slope. The c.g. in the unde-

formed shape is given bgg,, measured from the left side &g while the centre of grav-
ity for the deformed shape is given by, , measured from the left side &s
Measurement¥, and X, can be calculated as

X, =—,and J.1)

NS

w g
5 o J.2)

x|
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Figure J.1: Diagram for calculation of change in @. position from idealized shear deformation of
wall

The distance frontg, to cg,, given asDcg, can be calculated as

_ s?

Deg=% - %= (3.3)

Through observation of the results of the FEM mpael approximate value for the
maximum shear attained in this idealised shap&ism for a two-course Mil 3 wall of

height of 195 cm and an average width of 110 cne dlfange ircg can be evaluated as

25

8= 2(195

The calculated shift in the centre of gravity ig lavge compared to the overall shear of

=1.6 cm. J.4)

25 cm or the average width of 110 cm. The momenh@tftia about the originatg in

the undeformed shape can be found as

| =‘1"—;(w2+h2). (J.5)
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The moment of inertia abowy, can be found as

. :W_h(W2+h2)+W_§ 4_3_S: I +£§ 4- 3—8. (J.6)
@ 12 12 h % 12 h

For a wall of the same dimensions as stated, theepedifference in the second moment

of inertia from the undeformed shape to the defarsteape can be calculated as

$ 4- 3§ 25 4 3129%
%diff =—— 1 x 100= x 100= + 0.578¢, 3.7
h(w? + 2 195(11G + 198) (3-7)

Thus the difference in the rotational inertia isyvemall and it is a reasonable assumption
to assume the changeslig to be negligible. This is of benefit considerihg difficulty
in the calculation caused by accounting for bothlihlges and the shear in the wall, and

that the actual shape of the sidewall near the Haseto shear has not been formulated

within the Rigid-Body Hybrid model.
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Further Blast Loading Details and CFD

Uniformly distributed loading was assumed as arr@pmation in the experiments. The

spatial differences in pressures along the lenfthatl generally depends on both the dif-

ferences in distance to the wall surface, (centrin@ wall compared with the edge), as
well as differing off-normal angles of incidencette wall surface. Figure K.1 shows the
effect of reflected pressure on differing off notraagles to the wall surface. Note that in
the experiments, the off-normal angle did not edcé®d °, and minimal differences are

shown in the reflection coefficient for the maguiés of incident pressures in the ex-
periment. Little change in loading along the waldth is also predicted by ConWep [17]
as well as Computational Fluid Dynamics (CFD). ecurity reasons the charge weight,
shape and dimensions, type of explosive used, simge, and type of booster charge,

height of burst, and distance have been omitted.
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Figure K.1: Ratios of reflected to incident pressue for different angles of incidence (source: TM5-

1300 [11])

The charge was configured in a height of burst Wipmduced a Mach stem. Figure K.2
shows the pressure wave contours before the peegsawe impacted the wall in one of
the experiments. The height of the Mach stem umaching the wall was at least the
height of the wall in all experiments. As a restlie loading was approximately uniform
along the height of the wall and little differerioethe response of the FE model occurred

when a spatially distributed load was used.
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Figure K.2: Pressure contours obtained from CFD shwing Mach stem height before impacting wall

In the experiments the pressures on the rear oivililewere not measured. In retrospect
measurement of the pressure on the rear of theshalilld have been conducted for vali-
dation that the loading was negligible on the @athe wall in comparison to the front,
and thus is recommended for future experimentsoByh CFD software [34] was used
to calculate the pressure-time history on the faond rear of the wall. Figure K.3 shows
the pressures at the rear of the wall were veryllssompared with that on the front. The
peak reflected pressure on the rear of the wathidtheight is less than 3 % of the re-
flected pressure on the front face at mid-heightene the peak pressures differed by a

factor of 35 times, which may be counter-intuitive.
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Figure K.3: Comparison of front and rear loading from CFD

Rose et al. [53] published a study on the effeciss of cantilever walls in attenuating
blast waves. In their study, they compared the ¢gdis in terms of what incident pres-
sures would have resulted without the wall at #r®es location. In the same paper, Rose
also gives a contour plot for a single scenarionshg the reductions behind a wall as a
percentage of the pressures in absence of a walh@sn in Figure K.4. Note that the
CFD calculation also assumes that the wall is ragid survives the blast, which may not
always be the case. Figure K.4 shows that at reighit, only 10 to 20 % of the pressure
results in comparison to incident pressure witteowall, which equates to a factor of 5 to
10 times less loading. Considering that the refbectoefficient in the experiments was
approximately 6, the 5 to 10 times reduction irideat pressure would equate to 30 to 60
times reduction in reflected pressure. The 35 timeekiction encountered in the CFD-

simulated results in Figure K.3 is within this rang
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Figure K.4: Contour plot of pressure with wall in place as a percentage of pressure without wall,

(Source: Rose et al. [53])

In Figure K.3, the net impulse of the positive aregjative phases on the rear face of the
wall was slightly positive. However the magnitudenet impulse on the rear face of the
wall was less than 3 % of the net impulse on tbatfface of the wall. Since the wall re-
sponse is largely governed by the impulse of tlaglileg (Scherbatiuk et al. [24]), it was
concluded that in this case, using the pressuaded on the front face of the wall was a
sufficient approximation for the net loading on thall. Comparison of the response of
the FE model using only the pressure at the fr@msws using both the front and rear

pressures for loading showed little difference.



