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ABSTRACT

DAMAGE ANALYSIS AND ASSESSMENT IN BRIDGE LIKE
STRUCTURES DUE TO HIGH EXPLOSIVE BLAST LOAD

Erdolu, Omer
M.Sc., Department of Aerospace Engineering

Supervisor  : Prof. Dr. Altan Kayran

December 2016, 132 pages

In recent years, number of explosion attacks on civilian structures
is on rise. Fast methods for damage analysis of civilian structures
exposed to external blast loads are especially important in the
preliminary design stage of structures to implement frequent design
changes to come up with more resistant structures. Single degree of
freedom (SDOF) approach is a preferable method for fast damage
analysis of structures exposed to blast loads. In this thesis, a new
damage level calculation tool for external blast loaded bridge-like-
structures is developed based on the SDOF approach. The damage
assessment tool developed analyzes the blast phenomenon and the
subsequent damage induced in three phases. In the first phase, free

propagation of the blast wave up to structure is considered. In the
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second phase, accurate calculation of the impulsive work on the
structure is performed and in the third phase structural response is
used to compute the damage level. Free propagation of the blast wave
is taken into account by considering height of the burst, the scaled
distance and the cases; fully incident wave of close-in explosion,
combination of incident wave and Mach Stem and formation of full
Mach Stem. Impulsive work on the structure is calculated by
considering the spatial variation of the overpressure along the
structure as well as the temporal variation of the overpressure. For this
purpose, the structure is discretized into several pieces. For the
structural response, SDOF methodology is utilized in order to
determine the maximum deflection and hinge rotation in the concrete
column by means of the DoD response criteria for anti-terrorism
design. Case studies are performed for two concrete columns with
different cross-sections. For the two columns studied, optimum
number of divisions is determined for the calculation of the impulsive
work on the structure subjected to the blast load. For the verification
of the developed tool, comparison of the results obtained by the tool is
performed with the results obtained by the explicit finite element
solver AUTODYN and SDOF solver RC BLAST. The modeling in
AUTODYN is performed for the fine meshed column and using the
Euler domain in order to prevent leakage in the Euler-Lagrange
interaction. For the assessment of the damage level in AUTODYN
analyses, damage in the element level and damage in the column level
are determined respectively. In the element level, damage parameter is
computed and when the damage factor is equal to 1, the element is
assumed to fail and erode. For column failure, existence of non-
eroded elements in any section is checked. If elements are eroded
throughout the whole cross-section, the structure is assumed not to
sustain any load. Results show that the developed tool and RC Blast

yield similar results for the failure explosive mass. It is also seen that
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if same side-on overpressure levels are used in the developed tool as
determined by the AUTODYN analysis, failure explosive masss
predicted by the developed code and AUTODYN agree considerably

well.

Keywords: External Blast Loading, Blast Analysis, Concrete Column,

Damage Assessment, SDOF
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PATLAMA YUKUNUN KOPRU TiPi YAPILAR I"JZERINDE_
OLUSTURDUGU HASARIN HESAPLANMASI VE DEGERLENDIRILMESI

Erdolu, Omer
Yiiksek Lisans, Havacilik ve Uzay Miihendisligi Boliimii

Tez Yoneticisi : Prof. Dr. Altan Kayran

Aralik 2016, 132 sayfa

Son yillarda, sivil yapt hedeflerine kars1 gerceklestirilen patlama saldirilarinin
sayilarinda artis meydana gelmistir. Patlama ylikiine maruz kalmis yap1 hedeflerine
kargt hizli bir sekilde hasar analizleri yapmak, 6zellikle sik tasarim degisikliklerine
olanak saglayarak patlama yiikiine daha dayanikli yapt 6n tasarimi i¢in 6nemlidir.
Tek serbestlik dereceli sistem yaklasimi, patlama yiikiine maruz kalmis yapi
hedefleri i¢in hizli hasar analizi yapilmasi konusunda tercih edilen metottur. Bu
tezde, dis patlama yiikiine maruz kalmis koprii tipt yapilar i¢in yeni bir hasar
hesaplama araci tek serbestlik dereceli sistem yaklasimi kullanilarak gelistirilmistir.
Gelistirilen hasar hesaplama araci patlama yiikiinii ve bunun yarattigi hasar1 ii¢
asamada hesaplar: ilk asamada, infilak ile olusan blast dalgasinin yap: hedefine
ulasmadan serbest yayilim dikkate alimr. ikinci asamada, blast dalgasmin yapi
hedefi lizerinde yaptig1 impulsif isin yiiksek dogrulukta hesaplanmasi gercgeklestirilir.

Ucgiincii asamada, yapr hedefinin impulsif is iizerindeki yapisal tepkisi hesaplanarak
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yapinin ugradigi hasar hesaplanir. Blast dalgasinin serbest yayiliminda, patlama
yiiksekligi, Olgekli mesafenin bulunmasi dikkate alinir. Bununla birlikte, hedefe
yakin patlama durumunda tamamiyle gelen blast dalgalarindan olusan durum, hedefe
uzak patlama durumunda gelen blast dalgalariyla beraber olusan Mach Stem ve
tamamiyle Mach Stem bolgesinden olusan durumlar hesaplama araci tarafindan
hesaba katilir. Yapi lizerinde yapilan impulsif is, basincin yapi iizerindeki degisimi
ve zamana gore degisimi dikkate alinarak hesaplanmaktadir. Bu amacla, yap1 hedefi
birkag bolgeye ayriklastirilir. Yapisal tepkinin ve hasar miktarinin hesaplanmasi, tek
serbestlik derecesi yontemiyle yap1 iizerindeki en yiiksek sehim ve destek
bolgelerindeki acisal doniis miktarlar1 belirlenerek, DoD anti terérizm hasar seviyesi
kriterlerine gore gergeklestirilir. Ornek olay incelemesi, farkli kesit alandaki iki
betonarme kolon iizerinde yapilmustir. ki 6rnek kolon igin, yapimin maruz kaldig
impulsif isin yiiksek dogrulukta hesaplanmasi i¢in en iyi bdliinme sayisi
belirlenmistir. Gelistirilen hasar hesaplama aracinin dogrulanmasi, sonlu eleman
¢oziilm programi AUTODYN ve tek serbestlik derece yontemini kullanan RC
BLAST programinin sonuclarinin karsilastirilmas: ile yapilmistir. AUTODYN
modellemesi, yliksek eleman sayisi ile kolonun modellenmesi ve Euler-Lagrange
etkilesimi esnasinda sizintinin olmamasi i¢in Euler alaninin ¢6ziim agmin
olusturulmasina dikkat edilerek gergeklestirilmistirr AUTODYN analizlerinde hasar
degerlendirmesi yapilirken, eleman seviyesinde hasar ve kolon seviyesinde hasar
sirast ile belirlenmistir. Eleman seviyesinde, hasar parametresi hesaplanmasi yapilir
ve hasar parametresinin bir oldugu durumda, eleman basarisizliga ugrayarak
erozyona ugrar. Kolon seviyesinde ise, herhangi bir kesit alan ilizerinde erozyona
ugramamis elemanlari varligi kontrol edilir. Tiim kesit alan boyunca elemanlar
erozyona ugramissa, yapin artik yiik tasiyamacagi varsayilmistir. Sonuclara
bakildiginda, gelistirilen hesaplama aracti ve RC BLAST programinin kolonu
basarisizliga ugratacak patlayict agirhigi hesaplamasinda yakin sonuglar verdigi
goriilmistiir. Ayrica, AUTODYN analizlerindeki gelen dalga basing degerleri ile
gelistirilen kodun basing degerleri ayn1 degere getirildiginde, kolonu basarisizliga
ugratacak patlayict agirligt hesaplamasinda gelistirilen kodun ve AUTODYN

programinin 6nemli 6l¢tide uyumlu geldigi goriilmiistiir.



Anahtar Kelimeler: Dis Patlama Yiiki, Blast Analizi, Betonarme Kolon, Hasar

Degerlendirmesi, Tek Serbestlik Derecesi
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CHAPTER 1

INTRODUCTION

Blast is the sudden release of huge amount of energy due to an explosion within very
short period of time. A typical blast phenomenon lasts in the range of 0.5 to 1
milliseconds with the loading in the range of several thousands of psi [1]. Blast is a
type of dynamic loading. Civilian structures are exposed to dynamic type of loading
in nature such as wind and earthquake. Wind, compared to earthquake and blast, is a
low intensity loading and does not result in high level of damage, disregarding giant
typhoons. On the other hand, earthquakes cause civilian structure to damage
moderately or intensely due to the high transmitted energy coming from the ground.
Like earthquakes, blast is high intensity loading causing structures to be devastated.
Compared to earthquake, however, blast loading lasts in the range of milliseconds
while earthquake has a duration of couple of seconds. Therefore, blast loading can be

considered as the most disastrous and dangerous threat for civilian structures.

Intensity and duration of the blast load leads to strain rate phenomenon in structures.
Comparison of strain rate levels for structures exposed to dynamic loading is given in

Figure 1.

(Quasi-static Earthquake Impact Blast

1?'5 1?'-* |t|r' l[ll ul}': w' 1w 1w 1w 10t 10

s . -1
Stram rate (57)

Figure 1. Strain Rate Range for Different Kinds of Loadings [1]



Different types of dynamic loading have different frequency and amplitude and

therefore have different effects on the structures. Figure 2 demonstrates the

amplitude versus frequency range for different kinds of loading. As seen in Figure 2,

blast has the highest amplitude, in other words the highest intensity loading and the

frequency range differs in a wide range from low to high.

Amplitude Scale
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Figure 2. Amplitude vs Frequency Scale for Different Kinds of Loadings [2]

Besides the damage that blast loading causes in the civilian structures, blast loading

also causes loss of civilian lives when civilian structures are the targets. Bureau of

Alcohol Tobacco Firearms and Explosives, a US federal organization, published a

table, given in Table 1, on the damage of vehicle bomb attack in civilian areas [3].



Table 1. Effect of Vehicle Bomb Attack on Civilian Areas [3]

MAXIMUM LETHAL MINIMUM FALLING

A I F DE;EC':;“;LTTON EXPLOSIVES | AIR BLAST | EVACUATION |  GLASS
CAPACITY RANGE DISTANCE HAZARD
500 Po
COMPACT "gr ;"‘;’25 100 Feet 1,500 Feet 1,250 Feet
SEDAN (In Trunk) 30 Meters 457 Nleters 381 Meters
FULLSIZE | ' g‘;‘l’:;’:ns 125 Feet 1,750Feet | 1,750 Feal
SEDAN B e 38 Meters 534 Meters 534 Meters
(in Trunk)
P“\?gf;’g;m 4,000 Pounds [ELDLTET 2,750 Feet 2,750 Feet
61 Meters
GARGO VAN 1,818 Kilos eters 838 Meters 838 Metars
S"""‘VLALNBOX 10,000 Pounds [EELILIZTL 3,750Fest | 3,750 Feat
BAR Ki | '
(14 £T BOX) 4,545 Kilos 91 Meters 1,143 Meters 1,143 Meters
a‘:;‘g;:’:&’: 30,000 Pounds R and 8,500 Feel 6,500 Feat
; 13,636 Kilos 137 Vleters 1,982 Meters | 1,982 Meters
TRUCK ‘
SEMI- 50,000 Pounds 600 Feet 7,000 Feet 7.000 Feet
TRAILER 27 273Kilos EREELCCEE 2,134 Meters | 2,134 Meters

One of the most highly targeted civilian structures for the blast threat is the bridge
structure. Collapse of the bridge due to blast not only causes the loss of structure, but
also results in interruption of transportation for some time. Interruption of the
transportation in a region disrupts lives of civilians and affects the economic activity
significantly. In Figure 3, a damaged bridge in Iraq is seen. The column of the bridge
is fully destroyed so that the span of the bridge is collapsed. The bridge cannot

function anymore after this attack.



Figure 3. A Bridge in Iraqg Damaged by an Explosion [2]

Specialized tools are required to compute damage levels in structures subject to for
blast loading. Some finite element solvers such as AUTODYN [4] can handle blast
loading and perform damage analysis in the structures exposed to blast loading.
However, finite element solvers usually require very long execution times because,
due to the highly dynamic nature of the loading, explicit solutions are performed in
time domain using very short time intervals. On the other hand, fast responding tools,
such as the ones using the SDOF methodology, yield approximate results in couple
of seconds. Hence, fast responding tools for damage analysis of bridge like structures
subjected to blast loads are important in the preliminary design stage to implement
design changes to come up with more resistant structures. There are some tools for
this purpose. However, they are either not accessible or restricted to certain
scenarios. Fast responding damage assessment tool that is developed within the
scope of the thesis allows very fast calculation of damage levels in bridge like

structures subject to different blast loading scenarios.

When an explosive detonates, enormous amount of energy is released. High release
of energy results in the formation of blast (shock) wave propagating from the
detonation point to its surroundings. While the blast wave propagates, the medium is

compressed layer by layer. In the compressed zone, pressure rises to very high



values, such as several thousands of psi [1]. Pressure level reached is function of
mass of the explosive and the distance from the detonation point to the target, which
is known as the stand-off distance. Rise in the pressure level in the compressed zone
declines as the blast wave moves away from the detonation point. Depending on the
distance and the mass of explosive, the resulting pressure is the key parameter for the

damage on the targets.

Predicting the extent of damage incurred in the structures subject to blast loading is
very important to develop more resistant structures to blast loading. The blast effect
is either observed by conducting series of tests or performing analysis using certain

software tools. Conducting tests for blast effects is not practical for three reasons [2]:

e It is troublesome to produce the same blast environment. The temperature,
humidity, dust conditions affect the results.

e Due to huge amount of energy release and possible fragment effect, it is
difficult to ensure the reliability of sensors and data measurements.

o Experimental blast tests should be conducted in specially designed facilities.

Hence, conducting blast tests are costly.

Because of non-practical use of conducting tests, blast analysis is the preferable

method to study the blast effects.

In general, there are two main analysis methods for predicting the blast effect on the
structures. Finite element method and single degree of freedom analysis method are
the two most commonly used methods for the analyzing the response of structures
exposed to blast loading. In this thesis, AUTODYN [4] is used as finite element
solver whereas RC-BLAST [5] is utilized for SDOF solver to check against the
results determined by the fast responding blast loading and damage assessment tool

based on SDOF approach which is developed in the thesis study.

AUTODYN is an explicit finite element solver, a hydrocode, mainly used to solve
dynamic problems involving high strain rates such as high velocity impact, blast

loading etc. Hydrocodes are able to solve time-dependent non-linear problems [6].



Fast-occurring high intensity loading such as impact, blast etc. are high strain rate

events [4].

Hydrocodes utilize two methods in order to solve non-linear dynamic problems;
Lagrangian and Eulerian approach. Both methods consider the the deformation of the
body. In the Lagrangian approach, the finite element mesh is attached to the body
and the elements in the body are connected with each other. When the body is
deformed by the external forces, elements attached to the body are also get distorted.
The flow properties are determined by tracking the motion and properties of the
particles in time. Lagrangian approach is commonly applicable to analyze low-strain-
rate (less than 10°) events of solid materials. On the other hand, Eulerian approach is
utilized for high-strain-rateevents. Fluids are generally modeled using the Eulerian
approach. In the Eulerian approach, the fluid properties such as pressure, density and
velocity are written as functions of space and time. In this approach, the finite
elements are fixed and material flows through the elements. In other words, the
elements are not distorted [4]. In Figure 4, Eulerian and Lagrangian approaches are
compared for a dinasour diving event. A dinosaur impacts on the ground. In the
Lagrangian approach, in the extremely deformed parts of the dinosaur, such as tail
and head, the elements are also extremely deformed. In the Eulerian approach, the

elements are fixed and dinosaur itself is deformed and flows through fixed elements.
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Figure 4. Difference in Lagrangian (b) and Eulerian (c) Approaches Using

Diving Dinosaur (a) Modeling [6]

In the Lagrangian computation cycle shown in Figure 5, external force, defined
either as boundary condition or interaction, is distributed to the nodes. By using the
force-mass relation, nodal forces are converted into nodal accelerations which are
integrated to obtain nodal velocities and the displacements. If defined, initial
conditions are given as input and using conservation of mass equations, strain rate
and density is obtained. Using conservation of energy and equation of state, pressure
and internal energy are obtained. Using constitutive relations, deviatoric stresses are
found. Finally, using conservation of momentum, nodal forces are determined and

one Lagrangian cycle is completed.
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Figure 5. Lagrangian Computation Cycle [4]

In the Eulerian computation cycle shown in Figure 6, external force defined on the
boundary is used in order to obtain the face impulses. Face impulse is then converted
to nodal accelerations and nodal velocities using momentum-mass relation. Nodal
velocities are transported to new cell mass, momentum and energy. Thereafter, using
initial conditions, if defined, cell density and strain rates are calculated. Utilizing the
conservation of energy and equation of state equations, cell pressure and internal
energy are calculated. Then, cell deviatoric stresses are calculated using the
constitutive relations. Finally, using the conservation of momentum equations, face

impulse is obtained and one Eulerian cycle is completed.
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Figure 6. Eulerian Computation Cycle [4]

An AUTODYN analysis can be either Lagrangian or Eulerian or may include
Lagrange-Euler coupling. For a bridge-like-structure subjected to blast load studied
in this thesis, structure is modeled using the Lagrangian approach whereas the
expanded gas led by the shock front is modeled by the Eulerian approach. When the
expanded gas led by the shock front impacts the structure, interaction takes place and

Euler-Lagrange coupling starts as shown in Figure 7.
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Figure 7. Euler-Lagrange Coupling in AUTODYN [4]

RC Blast [5] is a commercial tool calculating the structural response due to blast
loading. It uses Single Degree of Freedom system approach in order to calculate the
response. Single Degree of Freedom system simplifies the structure into lumped
mass-spring system so that impulsive work input on the system is converted into
displacement vs time curve for the given cases. By using the failure criterion written
in terms of the displacements of the structure, whether the structure fails or not is
determined by RC Blast. The detailed model of the SDOF system is given in Section
2.5.
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1.1. Literature Survey for Studies of Structures Exposed to Blast Load

In literature, there are several studies conducting blast analysis and tests for some
scenarios. In the study of Sherkar et al. [7] finite element software LS-DYNA [8] is
used to investigate the blast resulted pressure on the structure. In this study, three
gauges are located on the front face of the concrete column as shown in Figure 8.
Pressures after reflection of blast wave on the column are measured. Gauge pressures

are compared with the test pressure data.

0.203 m
<>

10m \
|4

Sm \,\ 4.5m
b =

25m

Face of column \\
A

Left quarter face of columm

Figure 8. Gauge Placement in the Study of Sherkar et al. (2003) [7]

Williamson et al. [9] conducted experiments and analyses by the finite element
software LS-DYNA to study the failure response of a concrete column. Using
different explosive masss and different stand-off distances, which is the distance
between the detonation point and the target, failure of the concrete column is
analyzed. Figure 9 compares the analysis and large stand-off test results of the
concrete column that is studied by Williamson et al. [9]. As seen in Figure 9, in the
test, damage is observed at bottom of the concrete column and similarly in the
analysis; elements at the bottom of the column are seen to erode, as well. In another

test group, Williamson conducted small stand-off distance explosion tests. The
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results of tests and analyses are compared. For both cases, flexural response of the
concrete column is observed as seen in Figure 11. In the analyses, midsection

elements are eroded and the concrete column becomes as if it is broken from

midsection.

(a)

Figure 9. Comparison of Test and Analysis for Large Stand-off Distance [9]

Figure 10. Comparison of Test and Analysis for Small Stand-off Distance [9]

In another study, Fujikara et al. [10] conducted test and performed finite element
analysis using LS-DYNA [8] for a concrete column with footing. As seen in Figure

11, shear failure is observed in the footing of the column both in the test and finite

element analysis.

12



Figure 11. Comparison of Test and Analysis [10]

In the study of Matthews et al. [11], finite element simulation LS-DYNA [8] and test
results are compared as seen in Figure 12. It is seen that that concrete column tends
to be pulled out from the footing due to the stress concentration arising from the
cross sectional change between the column and the column cap for the rigidly

connected column cap situation.

Figure 12. Comparison of Test and Analysis [11]

In the study of Tokal-Ahmed [12], effect of the explosive mass with different stand-
off distances is investigated by finite element analysis in ELS software [13]. The

change in deflection in the concrete column is observed, as depicted in Figure 13.
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Figure 13. Effect of Concrete Column Deflection as a Function of the Stand-off
Distance [12]

Chock [14] used Nastran [15] to calculate the pressure distribution on the steel plate

due to the explosion of 20 Ib TNT at a stand-off of 24 inches, as shown in Figure 14.

187 Juen PR 1400002

Gl Tisae 0411, Nusbiorss Siremses. Eanshvakad Sloms A
PO ANAL VSIS, Tienedl 81 Divg bacorrsrvis, Traroletiomnsl

Figure 14. Pressure Variation on the Steel Plate Exposed to Blast Load [14]
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Matthews [16] studied the response of a deck and girder assembly which is exposed
to the explosion of 250 Ib TNT at a stand-off distance of 4 ft. Principal strain

distribution on the components is investigated as seen in Figure 15.

Girder

Figure 15. Principal Plastic Strain Variation on the Deck and the Girder
Exposed to Blast Load [16]

In addition to blast analysis, results of a series of tests conducted are presented in the
NCHRP report [19]. By changing the mass of explosive and the stand-off distance,
columns are exposed to the blast loading. As shown in Figure 16, for small stand-off
distance test, high level of damage and deflection occur on the column. For large
stand-off distance test, low level damage occurs on the column, as shown in Figure

17 and the column does not deflect considerably.

15



Figure 16. High Level of Damage [19]

Figure 17. Low Level of Damage [19]
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In the study of Oswald et al. [17], series of tests are conducted. In the tests, close-in
explosions which have scaled distance less than 1.0 ft/IbY® are examined. Moreover,
a solver which uses SDOF method is utilized to analyze the response of the structure
for the same conditions. Each simply supported concrete slabshave 8000 psi
compressive strength and 0.66 reinforcement ratio. After conducting the tests,
maximum deflection and hinge rotations on the concrete slabs are measured. In
addition, maximum deflection and hinge rotation are computed for the same concrete
slabs using the SDOF method. Table 2 compares the test and analysis results
obtained by the SDOF analysis method. In the last column of Table 2, ratios of the
calculated and the measured maximum deformations are given. The ratio ranges
from 0.77 to 1.73. In the 6" test, 0.97 ratio is obtained as the best result.

Table 2. SDOF Method Compared to the Test Results [17]

Max. Hinge Calculated
Test Length Thickness Depth Measured Rotagion Max. Ratio of
No [in] [in] [in] Deflection Deflection Calculated/Measured
. [deg] )
[in] [in]
1 250 7.9 6.7 5.2 2.4 4.7 0.90
2 250 7.9 6.7 25 1.2 21 0.84
3 250 7.9 6.7 0.8 0.4 11 1.38
4 250 7.9 6.7 7.9 3.6 11.9 151
5 250 7.9 6.7 0.3 0.1 0.5 1.67
6 250 53 45 24 11 2.3 0.96
7 250 5.3 45 13.4 6.1 23.0 172
8 250 5.3 45 2.4 11 2.7 113
9 250 53 45 11.8 54 13.0 1.10
10 250 53 45 4.9 2.2 3.8 0.78
11 250 53 45 0.6 0.3 1.0 1.67

As some of the studies taken from the literature show, response of structures exposed
to blast loading due to explosion is frequently analyzed by the finite element
approach. It should be note that performing blast loading tests is expensive and also
dangerous, therefore reliable analysis methods are required to study the response of
structures exposed to blast loading in the design stage. However, one drawback of

using finite element analysis in studying the response of structures exposed to blast
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loading is the high computational cost of the analyses due to the explicit solution
method used in the simulation of highly dynamic event such as the explosion.
Therefore, there is also a need to develop fast responding tools to obtain approximate
solutions for the blast response of the structures. It is considered that approximate
solutions can be used to reduce the total number of costly finite element simulations
of structures exposed to blast loading significantly. With the approximate solution
methods, one can have a baseline design for the structure studied to resist a certain
explosion induced loading or can determine an approximate failure explosive mass.
Detailed finite element analysis can then be performed utilizing the outcome of the

approximate solutions obtained by the fast responding analysis methods.
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1.2. Objective and Outline of the Thesis

The main objective of the thesis is to develop a fast-responding tool which is
accurate enough for the damage assessment in the columns of bridge structures
subjected to blast loading. The objective of the damage assessment could be either
the determination of the explosive mass necessary for the complete failure of the
column or performing fast preliminary geometric design of concrete columns to
withstand the failure for a certain explosive mass. It is also considered that with the
developed tool a first estimate of the failure explosive mass can be obtained for
detailed AUTODYN analysis and number of AUTODYN trials to determine the

failure explosive mass can be reduced in the detailed design and analysis stage.
For this purpose, in this thesis;

e The theory of blast phenomenon is explained in detail in Chapter 2.

e The development of the blast damage tool is explained with aid of flowcharts
in Chapter 3.

e Modeling in AUTODYN and RC BLAST is given Section 4.2 and Section
4.3, respectively.

e The results of the developed fast responding tool, AUTODYN and RC
BLAST are compared and assessment of the results is presented in Section 0.

e Concluding remarks and future work are given in Chapter 5.

e In Appendix A, a view of the developed tool is given.

e In Appendix B, derivation of load and mass factors used in SDOF conversion

IS presented.
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CHAPTER 2

THEORY

2.1. Blast Phenomenon and Propagation in Unconfined Free Air Burst

Blast is a phenomenon formed by the detonation of an explosive generating
enormous energy suddenly. The sudden energy release results in the formation of
blast (shock) wave. When an explosive detonates, starting from the detonation point
of the explosive, blast wave begins to propagate in the explosive medium first. After
reaching the boundary of explosive, blast wave front starts to compress the air layer
by layer and continues to propagate. In the compressed air, blast wave moves
supersonically. Fast-moving blast wave’s velocity drops as it moves away from the
detonation point and reaches the speed of sound in the uncompressed air medium
[18]. Figure 18 shows the propagation process of the blast wave both inside the
explosive and outside the explosive. Led by the shock wave front, expanded gas
causes dynamic pressure. Dynamic pressure is defined as the pressure of the resulting

air flow of the expanding gas [19].
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Figure 18. Process of Detonation of an Explosive [20]
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As the blast wave propagates through air medium, pressure increases dramatically in
the compressed zone. In blast terminology, pressure in the compressed zone is called
as “side-on (incident) overpressure”. “Overpressure” term is another usage of the
gage pressure, which is the pressure difference between the absolute pressure and the
atmospheric ambient pressure. “Side-on overpressure” depends strictly on the mass
of the explosive and on the stand-off distance. Stand-off distance is the distance
between detonation point and the location where the pressure is to be measured. For
instance, in Figure 19, a spherical explosive detonates at the location (0,0) and the
blast wave moves in a spherical manner. At time t;, blast wave reaches the location
(1,0), at time t; it is at (2,0), so on. In whatever location, the stand-off distance varies

depending on where the pressure is measured.

T (10) (20) (30) (40

DETONATION POINT
(0,0)

Figure 19. Propagation of the Blast Wave in Air Medium [21]

For fixed mass of the explosive, side-on overpressure varies as function of the stand-
off distance exponentially. Figure 20 shows the variation of the side-on overpressure
with the stand-off distance. As seen in Figure 20, “side-on overpressure” is 90000 psi
at 2 ft, whereas it drops to less than 2000 psi, which is almost 2.2% of the pressure at
2 ft.
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Figure 20. Side-on Pressure as Function of Stand-off Distance [12]

Besides the stand-off distance, side-on overpressure also depends on the mass of the
explosive. In blast analysis, the mass of the explosive and the stand-off distance are
grouped in the so-called “scaled distance” which is defined by Equation (1),

R
w3 1)

e

7 =

where R is the scaled distance [m], W, is the equivalent mass of the TNT explosive
[kg] and Z is the scaled distance [m/kg™®]. With the definition of the scaled distance,
side-on overpressure depends on the scaled distance. All blast parameters are
determined using the scaled distance which combines the stand-off distance and the
mass of the explosive in a unique parameter. For some of the blast parameters, one
should know how the pressure varies with the time at a fixed point around the
explosion. In Figure 21, a characteristic blast curve is shown. At the time of arrival
t, blast wave reaches the fixed point. After reaching to the fixed point, pressure
raises suddenly to the peak side-on overpressure Ps,. As time passes, pressure drops
to the ambient pressure P,. The time of duration from the peak value to the ambient
value is known as the positive phase duration t;. The area under pressure versus time

curve up to t, + t, is the positive impulse/area. Pressure then decreases below the
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ambient pressure and increases again until it converges to the ambient pressure value.
This region is called the negative phase and the area under the curve is the negative

impulse/area [22].
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Figure 21. Pressure vs. Time Blast Curve [22]

To determine all the blast parameters caused by the blast pressure using the scaled
distance, one should define the mass of explosive for different conditions. In the blast
discipline, all explosives are defined in terms of TNT. Mass of the explosive is
calculated using the “TNT Equivalency Factor” for other explosives. For instance,
tritonal explosive has a TNT equivalency factor of 1.07 for the pressure and 0.96 for
the impulse. Table 3 gives the TNT equivalency factor for some explosives. For
instance, 100 kg of tritonal equals to 107 kg of TNT for the pressure calculation and

96 kg of TNT for the impulse calculation.
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Table 3. TNT Equivalency Factor For Some Explosives [23]

Equivalent Equivalent
Denat Moz for Mass for Pressure
Explosive Mg/m Pressure Inypulse FEange MPa
Amatol (50/50) 1.59 0.97 0.87 NA!
Ammenia Dynamite NA! 0.90 0.90? NAl
(50 percent Strength)
Ammonia Dynamite Na! 0.70 0.70? Na!
(20 percent Strength)
ANFO (94/6 Ammonium NA! 0.87 0872 0.03 to 6.90
Nitrate/Fuel Oil)
AFX-644 1.75 0.73¢ 0.73° NA!
AFX-920 1.59 1.01° 1.01? NA!
AFX-031 161 1.042 1.04% Hal
Composition A-3 165 1.09 1.07 0.03 to 0.35
Composition B 1.65 1.11 098 0.03 to 0.35
1.20 1.30 0.69 to 6.90
Composition C-3 1.60 1.05 1.09 Hal
Composition C-4 1.59 1.20 1.19 0.07t0 1.38
1.37 1.19 1.38 t0 20.70
Cycloid (75/25 RDX/TNT) 171 1.11 1.26 NA!
(70/30) 1.73 1.14 1.00 0.03 to 0.35
(60/40) 1.74 1.04 1.16 NA!
DATE 1.80 0.87 0.96 NA!
Explosive D 1.72 0.85° 0.81 0.01 to 0.30
Gelatin Dynamite NA! 0.80 0.80° NAl
(50 percent Strength)
Gelatin Dynamite NA! 0.70 0.70° NA!
(20 percent Strength)
H6 1.76 1.38 1.15 0.03 to 0.70
HBX-1 1.76 1.17 1.16 0.03 t0 0.14
HBX-3 185 1.14 0.97 0.03t00.17
HMX Nal 1.25 1.252 Hal
LX-14 NA! 1.80 1.80° NA!
MINOL I 182 1.20 1.11 0.02t00.14
Nitrocellulose 1.65t01.70 0.50 0.50° NA!
Nitroglycerine Dynamic Nal 0.90 0.90° Hal
(50 percent Strength)
Nitroglycerine (NQ) 1.72 1.00 1.00° NA!
Nitromethane NA! 1.00 1.00° NA!
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Equivalent Equivalent
Density Moss for Mass for Prezsure
Explosive Mg/m Pressure Impulse Bange MPa
Octol (75/25 HMX/TNT) 1.81 1.02 1.06 NAl
(70/30) 1.14 1.09 1.092 0.01 to 0.30
PBX-9010 1.80 1.29 1.297 0.03 to 0.21
PBX-0404 1.81 1.13 1.132 0.03 to 0.69
1.70 1.70 0.69 to 6.90
PBX-9502 1.89 1.00 1.00 NA'
PBXC-129 1.71 1.10 1.10° Nal
PBXN-4 1.71 0.83 0.85 NA'
PBXN-107 1.64 1.05* 1.05? Nal
PBXN-109 1.67 1.057 1.057 Nal
PEXW-0 NA! 1.30 1.30° NA
PBXW-125 1.80 1.02? 1.02? Nal
Pentolite. (Cast) 1.64 1.42 1.00 0.03 to 0.69
1.68 1.38 1.14 0.03 to 4.14
NA! 1.50 1.00 0.69 to 6.90
PETN 1.77 1.27 1.272 0.03 to 0.69
Picrotol (52/48 Ex DVTNT) 1.63 0.90 0.03 0.03 to 4.10
EDX NAl 1.10 1.10° Nal
RDX/Wax (98/2) 1.92 1.16 1.16° NA
RDX/AL Wax (74/21/5) NA! 1.30 1.30° NA
TATB NA! 1.00 1.007 NA'
Tetryl 1.73 1.07 1.072 0.02t00.14
Tetrytol (75/25 Tetryl TNT) 1.59 1.06 1.06° NA
TNETB 1.69 1.13 0.96 0.03 to 0.69
TNETB/AL  (20/10) 1.75 1.23 111 0.03 to 0.69
(78127) 1.18 1.32 1322 NA!
(65/35) 123 1.38 1.387 NA'
TNT 1.63 1.00 1.00 Standard
Torpex 1.85 1.23 1.28 0.01 to 0.30
Tritonal (80/20 TNT/AL) 1.72 1.07 0.96 0.03 to 0.69

M4 - Data not availabla.
“Walue 1= estimated.
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Apart from the TNT equivalency factor, another factor which affects the mass of the
explosive is the casing factor. If the explosive is filled into a metal casing, like a
warhead, the effectiveness of the explosive decreases since the energy generated
from the detonation of the explosive should fracture the casing first and then release
its energy to the atmosphere. For this situation, considering tests of explosive with
casing, Fano proposed Equation (2) for the calculation of the uncased mass of the

explosive [24]

1424
C

Wy = W[0.6 + ]

)
where Wy is the uncased mass of explosive [kg], W is the mass of explosive [kg],
M is the mass of the metal casing [kg], C is the explosive mass [kg]. Considering
both the TNT equivalency factor and the casing factor, one can define the equivalent

mass of TNT explosive, W, [kg], as,

W, =w|0.6 + L * TNTEquivalencyFactor (3)
+ —_
c

Using the equivalent mass of the explosive, one can then properly define the scaled
distance corresponding to a stand-off distance. Once the scaled distance is
determined, one can get the time of arrival, peak side-on overpressure, positive phase
duration etc. using Figure 22 which was generated by combining the test results of

series of experiments during 1960’s.
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and Impulse I, Time of Arrival t,, Time of Duration t,, Shock Velocity Ug as a

Function of the Scaled Distance [22]

Besides the test data, there are some empirical formulae for the calculation of the
blast parameters, especially for the calculation of the peak side-on overpressure.

Kinney proposed Equation (4) for the calculation of the peak side-on pressure P,

[25].

i/

Pr, kPa

Pso, kPa

Ir, kPa-ms/kg'™
Is, kPa-ms/kg"”
ta, msfkg'”

to, mstkg"®

Us, m/ms

0.1 1
Scaled Distance Z=R/W1/3
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808 [1 + (ﬁ)z]

Feo = FPo * 7 2 7 \2 7 \2
\/”(m) \/“(@) \/1+(Tas)

where Py is the ambient pressure [kPa], Z is the scaled distance [m/kg

1/ 3]

Brode suggested Equation (5) for the peak side-on pressure B, in different ranges of

the overpressure [26]

6.7
P, = 73 + 1 forPsp > 10 bar

Q)
_ 0975 1455 585

Psp = + +
0Tz 7z 73
where the scaled distance Z is in [m/kg

—0.019 for 0.1 < Psp < 10 bar

13, side-on overpressure P, is in [bar]

Newmark proposed Equation (6) for the peak side-on overpressure £,

W, /W
Py = 6784R—§ +93 R—g (6)

where equivalent mass of the TNT explosive W, is in [tons], stand-off distance R is

in [m] and side-on overpressure B, isin [bar].
Mills introduced Equation (7) for the peak side-on pressure P, [28],

1772 114 108
SO: Z3 - Zz + Z (7)

where the scaled distance Z is in [m/kg"?

[kPa].

] and the side-on overpressure P, is in

Sadovski proposed Equation (8) for the peak side-on pressure P,, [30],

1/3 2/3
We W, W,
Po=084——+27——+73 (8)

where the equivalent mass of the explosive W,is in [kg], stand-off distance W, is in

[m] and side-on overpressure B, isin [atm].
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Kingery and Bulmash defined a function given by Equation (9) for the determination
of the side-on peak pressure for different ranges of the scaled distance Z. As seen in
Equation (9), Kingery and Bulmash used sixth degree polynomial and exponential

function in order to fit the experimental data shown in Figure 22 accurately.

Function = eA+B(an)+C(an)2+D(an)3+E(an)4+F(an)5+G(an)6 (9)

In Equation (9), A-G are the coefficients defined for different ranges of the scaled
distance Z [m/kg*”], Table 4 gives the coefficients A-G used for the calculation of

the peak side-on overpressure.

Table 4. KingeryBulmash Coefficients for the Calculation of the Side-on

Overpressure [29]

Side-on Overpressure [kPa]
Range of Z
s A B C D E
[m/kg™]
0.2-2.9 7.2106 -2.1069 0.3229 0.1117 0.0685
2.9-23.8 7.5938 -3.0523 0.40977 0.0261 -0.01267
23.8-198.5 6.0536 -1.4066 0 0 0

Equation (9), proposed by Kingery and Bulmash, can also be used for the calculation
of the time of arrival, positive phase duration and the shock front velocity.

Table 5 gives the the coefficients A-G used for the calculation of the time of arrival,
positive phase duration and the shock front velocity for different range of the scaled

distance Z.
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Table 5. Kingery Coefficients for the Calculation of the Scaled Time of Arrival,
Scaled Positive Phase Duration and the Shock Front Velocity [29]

Scaled Time of Arrival [ms/kg"”]
Range of
Z A B C D E F
[m/kg™’]
0.06-1.50 | -0.7604 | 1.8058 | 0.1257 | -0.0437 -0.0310 | -0.00669
1.50-40 | -0.7137 | 15732 | 05561 | -0.4213 | 0.1054 | -0.00929
Scaled Positive Phase Duration [ms/kg1/3]
Range of
Z A B C D E F
[m/kg1/3]
0.2-1.02 | 05426 | 3.2299 | -1.5931 | -5.9667 | -4.0815 | -0.9149
1.02-2.80 | 0.5440 | 2.7082 | -9.7354 | 14.3425 | -9.7791 2.8535
2.80-40 | -2.4608 | 7.1639 | -5.6215 | 2.2711 | -0.44994 | 0.03486
Shock Front Velocity [km/s]
Range of
Z A B C D E F G
[m/kg™’]
0.06-1.50 | 0.1794 | -0.956 | -0.0866 | 0.109 0.0699 | 0.01218 -
1.50-40 | 0.2597 | -1.326 | 0.3767 | 0.0396 | -0.0351 | 0.00432

Dynamic pressure resulting from the air flow due to the blast pressure is calculated
by Equation (10) [18],

1

q =§PU52

(10)

where q is the dynamic pressure in [Pa], p is density of compressed air [kg/m?], Uy is
the shock front velocity in [m/s]. Figure 23 compares the variation of the blast wave
overpressure and the dynamic pressure with the time at a fixed point. It is noted that
in the negative phase zone, dynamic pressure is always greater than the atmospheric

pressure whereas the side-on overpressure is less than the atmospheric pressure.
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Figure 23. Comparison of Blast-Wave Overpressure and Dynamic Pressure [31]

Figure 24 shows the variation of the dynamic pressure g with the side-on
overpressure. This relation is obtained by experiments then fitted to a formula in
Equation (11),

5P

2By, + 7Py) (1)

q

where peak side-on overpressure P, and ambient pressure P, are in [kPa].
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2.2. Blast Propagation in Unconfined Air Burst and Formation of the Mach

Stem

In section 2.1, blast propagation in free air burst is examined. Blast loading in

different propagation medium is categorized and tabulated in Table 6 [12].

Table 6. Blast Loading Categories in Different Propagation Medium [32]

BLAST LOADING CATEGORIES
Explosive
Confinement Category Pressure Loads
Free Air Burst Unreflected
Unconfined Explosions Air Burst Reflected
Surface Burst Reflected
Internal Shock
Fully Vented Leakage
Internal Shock
Confined Explosions Partially Confined Internal Gas
Leakage
. Internal Shock
Fully Confined Internal Gas

Blast loading for bridge-like-structures is external and unconfined. Depending on the
height of burst, blast loading could be classified as either free air burst, air burst or
surface burst, as shown in Figure 25. If the explosive detonates on the surface, this is

called as unconfined surface burst.

LW

T ——— p— , | et e Sl e

[ 1] [1-5] [14]
Free-air bursts Air bursts Surface bursts

Figure 25. Categorization of Unconfined Blast Propagation [34]
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As shown in Figure 25b and Figure 25c, blast wave propagates in a spherical manner
without encountering any reflecting surface for some time before it impacts the
ground. After impacting the ground, the wave is reflected and moves in the air
spherically. The wave reflecting from ground, known as the “reflected blast (shock)
wave”, moves faster than the original incident blast wave and after a while reaches
the incident wave [35]. Incident blast wave and the reflected blast wave merge. This
merging point is called as the “Triple Point”. Merging waves form the so-called
Mach Stem wave which does not propagate spherically anymore but rather makes a
planar move. Moreover, Mach Stem has pressure greater than incident wave since it
is the combination of ground reflected wave and the incident wave. Figure 26 shows
the incident and the reflected waves and the formation of the Mach Stem. B is the
angle of incidence, which is the angle between normal vector of the propagating
incident wave and the surface normal. Angle of incidence is one of the critical
parameters for the formation of Mach Stem. Angle of incidence should be greater

than a certain critical angle, in order to have Mach Stem formation.

Bl INCIDEMNT SHOCK WAVE
REFLECTED
i SHOCH WAVE
— \
L '
\\ CHARGE \ ,-"
IRIPLE \g
=OINT b s
. waCT ;"} MACH
‘\ "% I}I j!-r,‘""':,cl::l“f
pREN—— '\\ = .-'" E—C
GROLND ZERD

Figure 26. Blast Wave Hitting the Ground and Mach Stem Formation [36]
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After merging of the incident and the reflected waves at the triple point, Mach Stem
grows and draws a path. This path is called as the path of the triple point and Figure
27 shows the path of the triple point and the growth of the Mach Stem.

R - REFLECTED WAVE R
I - INCIDENT WAVE

REGION OF REGULAR REGION OF MACH
REFLECTION REFLECTION

Figure 27. Path of the Triple Point [22]

In general, for blast waves reflecting from the surface, the magnification of the
explosion is defined in terms of magnification in the mass of the explosive [18].
Equation (12) gives equivalent mass of the TNT explosive W, if reflecting surfaces

exist,

W, =2" (12)
where n is number of reflective surface(s).

For the unconfined surface burst, ground is the reflective surface and mass of
explosive should be doubled to calculate the scaled distance. If an explosive
detonates at the corner with two reflective surfaces and the mass of explosive is
multiplied by 4. In calculating the mass of the explosive, surface is assumed to fully
reflect the blast wave and it is assumed that no energy is absorbed by the ground or
transmitted through the ground. Some studies were performed in order to find the
transmitting energy fraction and blast energy loss through the ground. Regarding this

loss, instead of using a magnification factor of 2, 1.7-1.8 is recommended. Mass of
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explosive is found accordingly and then the scaled distance and the correlated blast

parameters are computed [36].

Besides the magnification factor used for the mass of the explosive, increasing
pressure effect of Mach Stem formation scenario is modeled by Miller [37]. In order
to find the triple point height just before it impacts the structure and the
corresponding Mach Stem pressure, by means of tests and analyses, Miller defined
new terms to calculate these parameters. A parameter ¢, given by Equation (13), is
defined to decide on whether the Mach Stem forms or not.

Py
T PRot Py (13)

&

In Equation (13), ambient pressure P, and side-on overpressure P, are in kPa. Using
the parameter ¢, critical angle for Mach Stem formation is determined using Equation
(14).

4002 — 76.81¢ + 61.01¢? — 23.26¢
Feritical = ™1 "1 79; + 1.0262 — 0.22¢3

(14)

If the angle of incidence B (Figure 26) is greater than a ,iticq;, then Mach Stem
forms [37]. After deciding on the Mach Stem formation, triple point height and Mach
Stem pressure should be determined with a series of computations. For the triple
point height, scaled charge height should be determined first using Equation (15). As
all “scaled” blast parameters, “scaled” means division by cube root of equivalent

mass of TNT explosive.

w _ Height of Burst
He" = Ve (15)

e

In Equation (15), HY is the scaled charge height [ft/Ib*], height of burst is in [ft], w,

is the equivalent mass of TNT explosive in [Ib].
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To determine the scaled triple point height, Miller divides the scaled charge height
into intervals of 1, 1.5, 2, 2.5, 3, 3.5, 4, 5, 6, 7. For all intervals, scaled triple point
height is defined as function of the scaled distance. For instance, for the scaled

charge height of 1, scaled triple point height is given by Equation (16).

HY = —0.001Z* 4+ 0.0199Z3 + 0.0146Z% + 0.1183Z (16)

For other scaled charge height parameter, Table 7 gives the scaled triple point height
as function of the scaled distance for different scaled charge heights. For any scaled
charge height parameter, interpolation could be performed. Note that parameters in

Table 7 are in British Unit System.

Table 7. Scaled Triple Point Height as Function of Scaled Distance for Different
Scaled Charge Heights [37]

Scaled Triple Point Height, 5" (ftilb™?); (H." (ftb'?))
H' =1 H} =-0.001z" +0.01992% +0.0146z° +0.1183z
H! =15 H} ==7.0x107z° +2.2x1072° —0.0266z" +0.1566z° —0.3638z7 +0.3982:
H=2 . —5.513%107 +1.466x1072+1.828x107 2
T 1-01273z41.068x107 2% —3.241x107*7?
HI=25 w  —5.539x107 +5.889x107°2+3.692x107° % —5.038x1072*
T 1-02982:+3927x10722 —2339x107 2° + 5167107 *
H! =3 . 5385%107 —0.22952 +5.934 %1072 z%
T 1+01211z2—3345%107 2°
HY =35 w_ 1838x107 +1.524x1072+1.379%107 2
T 1-0.156z+1.002x107 27 —2.242 %1072
H =4 e —1343x107 —1.075x107 2 +5.559x107 2*
! 1-0077482 +2 674x107 2"
H! =5 = _ —1617x107 +2.83x107 2 +1.433x107 2
T 1-0.08417z+2307x1072°
H'=6 v  —2.30x107 +9.116x107°2-8.267x107"2*
T T 1-017452+9.455x107 2> —1.734x107%2*
H =7 g o 1525x107 +8.725%107 2~ 7177 %107 22
T 1-0.12392+3.45x1072*

Scaled charge height is function of the height of burst and the equivalent mass of
TNT explosive, scaled triple point height is function of the scaled charge height and
the scaled distance. Thus, scaled triple point height is function of the stand-off

distance, equivalent mass of explosive and the height of burst.
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Mach Stem pressure is determined according to different scaled charge height
intervals. Miller gives formulae for the Mach Stem pressure in his thesis for the
scaled charge height values of 0.8, 1.9, 3, 5.3, 7.2, as shown in Table 8. Mach Stem
pressure is dependent on the scaled charge height and the angle of incidence 3, which
depends on the height of burst and the stand-off distance. Since scaled charge height
depends on the height of burst and the equivalent mass of explosive, Mach Stem
pressure is function of the stand-off distance, height of burst and the equivalent mass

of the TNT explosive.

Table 8. Mach Stem Pressure as Function of the Angle of Incidence for
Different Scaled Charge Heights [37]

Mach Pressure, Pracs (psi); (" (itb"™), £, (%)

H'=08 P, =11323+46015 -87184 + 0134 —5469x10° 4

H!=19 P, =159+ 448 ~1.6098, + 0073314, ~2.848x107 8" - 6.67071x107 8, ~8.729x107 5" +
59304x107 g, ~1.6574x10™" g *

HC=3 P, =483.5-11.394, + 0057464, +2.601x107 4" ~1.704x107 '
H'=353 P, =7248+0.75318 - 0.041465,  +1.862x107 5’ +9.5714x107 g*
H'=72 P, =34.86+0.62544 —435x107 7 —1.433x107 5" +1.5338x 107 g
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2.3. Impulsive Work on the Structure

Blast wave which impacts the structure, may be composed of either fully incident
wave, fully Mach Stem or mixed depending on the height of burst and the scaled
distance. In Figure 28, shelter is exposed to fully Mach Stem since the triple point at

the location of the shelter is greater than the height of the shelter.

- Angle of Incidence, Incident Wave

Slant Distamee,
ank Histance Reflected Wave

Path of Triple Poat
&

le—— Mach Front

4 HT

H
Ground Surface

AN

Ground

_ dero Ba

el L

Figure 28. Mach Stem Formation and its Interaction with the Structure [9]

If explosion occurs at a closer location, as shown in Figure 29, blast wave is a fully
incident wave. If the explosion location is neither close enough to be fully incident

nor far enough to be fully Mach Stem, mixed condition may occur.

Structure

Figure 29. Close-in Explosion and Fully Incident Wave Impinging on the

Structure
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When the blast wave impacts on the structure, it makes an angle with the structure.
For instance, Figure 30 shows a spherical blast wave impacting on the column. The
explosion is close enough to the column so that it is a fully incident wave. The
incident wave has different angle of incidence with respect to different parts of the
column. The arrows emerging from the explosion point demonstrate the normal
direction of the spherical blast wave. Vector R1 makes an angle of f;with the surface
normal of the column. Vectors R2, R3, R4 have angles of incidence B, s, Ba

respectively.

Figure 30. Angle of Incidence with respect to the Different Points on the

Structure

Side-on (incident) overpressure impacting on the structure at an angle of incidence is
magnified by a factor of “coefficient of reflection” and the resulting pressure is
named as the “face-on (reflected) overpressure” in blast terminology [22]. Referring
to Figure 30, pressure at the location G1 is the side-on overpressure whereas at the
same stand-off distance pressure at the location G2, just next to the structure is the
face-on overpressure. Figure 31 compares the side-on and the face-on pressures and

how they are measured with the pressure probes.
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Figure 31. Comparison of the Face-on and the Side-on Overpressures [38]

The relation between the face-on overpressure and the side-on overpressure is given
by Equation (17) [12],

PFO = CoR = PSO (17)

where Pr, is the face-on pressure and the coefficient of reflection (CoR) is a function
of the side-on overpressure intensity and the angle of incidence. With series of
experiments performed in 1960’s, gauges were inserted at the same stand-off
distance but with different configurations, as shown in Figure 31. Test data for the
variations of the face-on with the side-on overpressure were recorded, and it was
observed that coefficient of reflection varies between 1 and 12.25. Figure 32 shows
the variation of the coefficient of reflection with the angle of incidence for different
side-on pressures. Angle of incidence “0” means that wave is fully reflected whereas
angle of incidence “90” means that incident wave is not reflected at all. Therefore,
for the incidence angle of 90, coefficient of reflection is 1 for all side-on pressure

values. Intermediate values of the incidence angle are for “oblique reflection” [22].
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Figure 32. Variation of the Coefficient of Reflection with the Angle of Incidence

for different Side-on Pressures [22]

When blast wave interacts with the structure, structure is subjected to the face-on
pressure which varies with time as shown in Figure 31. In addition to the face-on
overpressure, impulse has significant role on the damage incurred on the structure.
The area under the face-on overpressure - time curve is the impulse per unit area.
Impulse per unit area could be found using different approaches. By means of
conducted tests, an empirical formula is proposed by Driels for the impulse per unit
area [18]. Pressure variation in time was recorded by gauges and impulse/area is
computed. The results are correlated to the scaled distance with formula fits.
Equation (18) gives the impulse per unit area proposed by Driels,

VA 4
[ 0.067 % [1+ (ﬁ) &

A 721+ (%55)3]1/3

(18)

where Z is the scaled distance in [m/kg*?], I/A is the impulse/area [kPa.ms].
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In Equation (18), only the positive phase impulse is taken into account. It should be
noted that although the negative phase has a longer duration than the positive phase,
difference in the peak overpressure values for the positive and the negative phases is

very high so that negative phase impulse is ignored [22].

In Figure 33, loading of a blast-exposed-structure is given. Structure is subjected to
the face-on overpressure on the front wall, side-on overpressure on the sides, roof
and the rear wall. Side-on overpressures on the sides cancel each other; thus, net

loading is

Net Loading = FW Loading — RW Loading (19)
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~| Ower-prassure
({=side-om)

Fafloctad
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Figure 33. Blast Loading on a Structure [19]

In the report prepared by the U.S. Department of the Army [22], overpressure versus
time curve for a blast-exposed-structure is simplified and exponentially decaying
function of the face-on pressure shown in Figure 31 is converted into trapezoid and

triangular pulses. Figure 34 shows the simplified front wall loading of a structure.
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Figure 34. Front Wall Blast Loading Overpressure vs. Time Curve [22]

In Figure 34,Pg, is the face-on overpressure, Ps is the stagnation pressure which is
combination of the side-on overpressure and the dynamic pressure, t, is the positive
phase duration, t, is the equivalent time in which same impulse/area is calculated as
the simplified loading given in Figure 34. t. is clearing time in which clearing effect
occurs. Face-on overpressure along the structure varies since the scaled distance and
the angle of incidence change. During the clearing effect period, face-on
overpressure relieves toward the lower pressure zones at free edges. This forms a

relief wave propagating from the low to the high pressure zones.

Clearing time is determined using Equation (20). Instead of the shock front velocity,
sound velocity in the compressed zone as function of the peak side-on overpressure

is utilized as shown in Figure 36 [23],

L
e o

where S is the minimum of width or height of the structural member [ft], G is the
maximum of width or height [ft], C, is the sound velocity in [ft/ms] and ¢, is the
clearing time in [ms]. Figure 35 demonstrates front and top view of a sample
structural member in which width, height and lengths are defined. For this case, since
height is greater than width, S is the width of the structural member while G is the

height of the structural member.
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Figure 36. Sound Velocity as Function of the Peak Side-on Overpressure [23]
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Stagnation overpressure P, is calculated by Equation (21) [23],

By = Fo + Cpq (21)

where Cp is the drag coefficient and its recommended value is 1 for front wall
loading [23]. After determining the face-on overpressure, stagnation overpressure,
positive phase duration and the clearing time, impulse/area is computed as the area
under the simplified front wall loading curve shown in Figure 34. Utilizing the
known the impulse/area of the simplified front wall loading, equivalent time for the

equivalent triangular loading is calculated using Equation (22),

_ (22)
Pro

te

where P, is the face-on overpressure in [kPa], I/A is the impulse/area in [kPa-ms],

t. is the equivalent time in [ms].

Rear wall loading is similar to the side wall and roof loading [23]. Equivalent rear
wall loading is a triangular pulse as shown in Figure 32 which gives the variation of
the effective side-on overpressure P, with respect to time. The gauge pressure is
assumed to become zero at time t,. + t,, which is the sum of the rise time ¢, and

positive phase duration t,.

ressire
I N

Fq

.
-~

f, + tg tme

Figure 37. Overpressure vs. Time Curve for the Rear Wall Loading [23]
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Effective overpressure P,, which is the combination of dynamic pressure and side-on

overpressure at rear side, is determined using Equation (23) [13],

B, = CgPp + Cpq (23)

where Cg is the equivalent uniform pressure factor, which is defined as the reduction
factor of side-on overpressure at therear wall in [psi], Cp is the drag coefficient, Pg,
is the side-on overpressure in [psi], q is the dynamic pressure in [psi]. A schematic
figure for the rear loading is shown in Figure 38. Blast wave with a wavelength of L,,

surpasses through the rear wall.

Equivalent uniform pressure factor Cg is determined with aid of the graph presented
in Figure 39 in which equivalent uniform pressure factor is given as a function of the
ratio of the blast wave length L,, to the span length L which is length of rear side of

the structural member as shown in Figure 38.
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Figure 38. Rear Wall Loading
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Figure 39. Equivalent Load Factor Cg [32]
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Blast wave length L,, is determined by [23],

LW = UStd (24)

where t; is the positive phase duration in [ms], U, is the shock front velocity in
[km/s], L,, is blast wave length in [m]. Shock front velocity U is calculated by
evaluating the function given in Equation (9) using the Kingery coefficients, which
is the 1960’s experimental data fit for the shock front velocity. Table 9 gives the

Kingery coefficients used for the calculation for the shock front velocity.

Table 9.Kingery Coefficients for the Calculation of the Shock Front Velocity

Shock Front Velocity [km/s]

Range Z
[m/kgll3]
0.06-1.50 | 0.1794 | -0.956 | -0.0866 | 0.109 | 0.0699 | 0.01218 | 0
1.50-40 | 0.2597 | -1.326 | 0.3767 | 0.0396 | -0.0351 | 0.00432 | 0

A B C D E F G

Drag coefficient for the rear loading is determined using the data given in Table 10.

Table 10. Rear Wall Drag Coefficients [23]

Peak dynamic pressure Drag coefficient
0-25 pst —0.40
25-50 ps1 —0.30
50130 psi —0.20

Rise time t,.is determined by Equation (25) [18],

t, = S/U, (25)

where S is minimum of height or width of the rear side of the structure in [ft], Us is
the shock front velocity in [ft/ms].
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2.4. Material Behavior and the Structural Response

Structures like columns, beams, slabs etc. experience static loading because of
carrying dead loads like their masss. In addition, as mentioned in Chapter 1, blast
loading is categorized as the dynamic type of loading. Unlike static loading, dynamic
loading includes inertia and damping effects. Moreover, dynamic loading in a very
short period of time causes material to behave differently compared to its behavior
under static loading. During the blast loading, structure is exposed to enormous
loading in a very short period of time and material is subjected to strain rate effects.
Blast loading has a strain rate in the range 10 10* [s™]. Since concrete and steel are
the materials mostly used in bridge-like-structures, in this study material behavior of
bridge-like-structures is examined. Girder bridge, shown in Figure 40, is selected for
further examination since it is mostly used in the highways or used over the rivers

due to its convenience.

Figure 40. Girder Type Bridge

Figure 41 shows components of the girder type bridge. A typical girder type of
bridge consists of pier (column), bent (horizontal beam), girder (longitudinal beam)
and deck (slab). Piers, which are the main carriers, support bents from below. Piers

are generally made up of reinforced concrete. Bents and girders carry upper parts of
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the girder bridge. Bents are made from reinforced concrete whereas girders can be
from either reinforced concrete or steel [18].

Figure 41. Components of Girder Type Bridge [18]

When a girder bridge is subjected to blast loading, either reinforced concrete or steel
components experience strain rate effects. Strain rate due to blast loading increases
the strength of the materials several times. This “several times” increase in strength
due to strain rate hardening is named as “Dynamic Increase Factor” (DIF). In Figure
42, strain rate effect on the concrete is seen. Since the blast loading has a strain rate
range of 10%-10* [s'], in tension, strength of the concrete is multiplied by a factor of
8, while the strength of the concrete becomes four times the static strength in
compression.
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Figure 42. Strain Rate Effect on the Concrete [40]

Dynamic increase factor for steels, on the other hand, is calculated by using Equation

(26) [41],

DIF = Strain Rate a (26)
= ( 104 )

and,
fy .
a = 0.074 — 0.040 114 for yield strength
P (27)
a =0.019 — 0.009 ﬁ for ultimate strength
where f, is the static yield strength of the material in [ksi], f, is the static ultimate

strength in [ksi]. In another resource, dynamic increase factor is tabulated in terms of
the stand-off distance and the type of failure. Table 11 gives the dynamic increase
factor for concrete and steel depending on the type of failure and the stand-off

distance [22].
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Table 11. Dynamic Increase Factor for Far and Close-in Design Ranges [22]

Far Design Range Close-in Design Range
Steel Concrete Steel Concrete
Stress DIE
Type DIF for | DIF for | DIF for for DIF for | DIF for | DIF for DIF for
Ultimate Yield Ultimate vield Ultimate | Yield Ultimate Yield
Flexure 1.05 1.17 1.19 1.19 1.05 1.23 1.25 1.25

*Far design range : Z > 2.5 ft/Ib'/3, close-in design range: Z < 1ft/Ib'/3

In addition to the dynamic increase factor which is due to the strain rate effect,

another factor to consider for the material behavior in blast loading is the “Strength

Increase Factor” (SIF). The mechanical properties obtained from standard tests are

generally the minimum values. On the contrary, these properties are higher than

specified values [19]. Regarding this fact, strength increase factor is a multiplication

factor to be used in dynamic seismic and blast loading of structures in order to

represent the actual strength of materials. For steel and steel contained materials,

strength increase factor values are tabulated in Table 12 [42] .

Table 12. Strength Increase Factor Values for Different Materials [42]

Material SIF

Structural Steel (f, < 50 ksi) 1.1
Reinforcing Steel (f, < 60 ksi) 1.1
Cold-Formed Steel 1.21
Concrete 1.0

For concrete, age factor is another strength increase factor which multiplies the

strength of the material. Recommended values for the age factor of the concrete is
tabulated in Table 13 [19]

Table 13. Age Factor for Concrete [19]

Age of Concrete Age Factor
Less than 6 months 1.15
Greater than 6 months 1.1

Structures are exposed to huge impulsive loading due to blast. Exposed to

considerable impulsive loading, structure is deflected as if it is rotated about some

hinge points and “flexural deformation” occurs. Depending on the impulsive work

done by the blast loading, structure, at first, deforms elastically and then undergoes
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through the elastic-plastic regime. Finally, the structure is plastically deformed, as

shown in Figure 43.

Plastic

Resistance

Elastic-Plastic

Elastic

=

Deflection

Figure 43. Elastic, Elastic-Plastic and Plastic Regime

Plastic hinges occur at the vicinity of the end supports and at the closest stand-off
distance along the structure. For instance, if height of burst is half of the height of the
column, hinges are observed at end points and at the midpoint, which is closest
section of the structure to detonation point as shown in Figure 44 which also shows
the formation of the plastic hinges in the blast loaded column and the beam.
Assuming that the closest stand-off distance is at the midpoint of the structure, at the
hinge locations, bending moment, known as plastic moment, is maximized. Plastic

moment is the critical parameter to calculate damage in the structure [19].
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Figure 44. Plastic Hinge Formation for the Blast Loaded Column [19] and the

Beam [43]

Maximum deflection of the structure, ductility ratio and the rotation of the structure
about the hinge points are the significant parameters to decide whether the structure

fails or not. Deflection of the column is related to the “ductility ratio” u given by

[22],
Amax
(28)

Aelastic

M:

where A,,,, 1S maximum deflection of the blast loaded structure, Aggstic 1S
allowable elastic deflection of the structure. In Figure 45, blast-loaded beam is
deflected such that the beam looks like as if it is broken and rotated about hinge

points. Maximum deflection A,,,, and support rotation parameters are shown in

Figure 45.
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Figure 45. Maximum Deflection and Support Rotation [23]

Hinge (support) rotation, which is function of maximum deflection, is computed as,

Amax

L2 ) (29)

Omax = tan~i(

After the calculation of the maximum deflection and the hinge rotation, whether the
structure fails or not is decided depending on the maximum deflection and the hinge
rotation. Department of Defense in United States published a table, given in Table
14, for the assessment of damage based on the maximum deflection and the hinge
rotation. In Table 14, structural members are categorized as reinforced concrete,
prestressed concrete, masonry and steel structures. Component damage is divided
into 4 zones. From superficial to hazardous, damage level rises in the structure.
Hazardous damage level is considered as the limit just before the failure of the
structure. For some structure and damage level, ductility ratio is not given or vice
versa. In the present study, by referencing Table 14, for the reinforced concrete, 10
degree of hinge rotation is considered to cause failure of the structure such that it

cannot function anymore. For steel-made-structures, the limit is taken as 20 degrees.
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Table 14. Failure Criteria Published by Department of Defense of the US Army

for Antiterrorism Design [23]

Superficial Moderate Heavy Hazardous
Element Type Max Max Max Max
Ductility Hinge Ductility Hinge Ductility Hinge Ductility Hinge
Ratio Rotation Ratio Rotation Ratio Rotation Ratio Rotation
[deg] [deg] [deg] [deg]
Single-reinforced
slab or beam 1 3 B 2 B > 3 10
Double-reinforced
Reinforced slab or beam 1 - - 2 - 5 - 10
Concrete without shear
Double-reinforced
slab or beam with 1 - - 4 - 6 - 10
shear
Beam with compact
section 1 - 3 3 12 10 25 20
Structural Beam with
Stfgllle(zc;t' noncompact section 0.7 } 0.85 } 1 B 12
plate bent about
weak axis 4 1 8 2 20 6 40 12
Cold- Girtor purlin 1 - - 3 - 10 - 20
formed steel Stud with sliding
connection at top 05 } 08 } 0.9 } 1 }
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2.5.  Single Degree of Freedom (SDOF) Method and the Failure Criteria

Single degree of freedom simplifies the structural system into a lumped mass and
spring system. Damping effect is also included in the SDOF method. Figure 46

shows the SDOF simplification of a structural system.

ak o

'

Figure 46. SDOF Simplification of a Structural System

FPir)

The equation of motion for such a SDOF system is given by,
my + cy + ky = P(t) (30)

where m is total lumped mass, ¢ is the damping, k is the stiffness of the structural
system. SDOF methodology is extensively used in order to find maximum deflection
and rotation of the structure exposed to the blast load. With the knowledge of the
maximum deflection and rotation of the structure, failure analysis of the structure can

be performed.

In the SDOF method, the impulsive work due to blast pressure as function of time is
given as input to the structural system and the deflection and rotation of the system
as function of time is the output. Depending on the magnitude of the impulsive work
on the structure, structure, represented by the lumped mass, spring and damper,
either has sinusoidal displacement curve or an increasing and converging
displacement curve, as depicted in Figure 47. In RC-BLAST software, a 0.5x0.5x5 m
concrete column is modeled and exposed to blast load of 20 kg and 30 kg of TNT at

a stand-off distance 1m [5]. For the first case, lumped mass has a fluctuating
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displacement history as seen in Figure 47a and has a maximum deflection of 62 mm.
Structure is damaged but survives in this case. On the other hand in the second case,
structure is subjected to the blast loading due to the explosion of 30 kg of TNT at 1
m, and it is seen that the structure has an increasing displacement with a decreasing
slope, as seen in Figure 47b. In the second case, deflection converges to the

allowable deflection limit and the structure fails [5].

Displacement-Time History

[—— SDOF Displacement
100 ——M—

8o 1

N N N/
VARVARVY
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40 1
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-80 +
100 4

Time, t (ms)

(@)

Displacement-Time History

200 +

150 4

100 +

Displacement, d (mm)

50 +

Time, t (ms)

(b)
Figure 47. Displacement Characteristics for Different Blast Loading [5]

In the SDOF method, lumped mass of the structural system is taken as the total mass

of the structure. Lumped mass is exposed to the net loading given by Equation

(19). Blast loading is a time-dependent impulsive loading. In the calculation of the
impulsive work on the structure, lumped mass and the load are multiplied by factors
determined by Biggs [43]. Biggs tabulated load and mass factors depending on the

end conditions and the type of loading. Table 15 gives the load and mass factors in
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order to convert the continuous structural system to the discrete SDOF system, as

depicted in Figure 48.

Table 15. Load and Mass Factors for Different Boundary Conditions and
Loading Used in the SDOF Method [43]

) Load Factor Mass Factor
Strain Range
KL— KM
Elastic 0.53 0.41
Fixed-Fixed & i i
) Elastic-Plastic 0.64 0.50
Uniformly Loaded
Plastic 0.50 0.33
Fixed-Fixed & Elastic 1.0 1.0
Point Load Plastic 1.0 1.0
Simply Supported & Elastic 0.64 0.50
Uniformly Loaded Plastic 0.50 0.33
Simply Supported & Elastic 1.0 1.0
Point Load Plastic 1.0 1.0
Continuous System Discrete System
F(t) = p(t) x L lF“““m
I l l J ! (Msoer)
AN M=mxL L \T/\
<’ KSUN
L ==
7777

Figure 48. Conversion of the Continous Structural System into Discrete SDOF

System
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Using load and mass factors given by Biggs [43], SDOF conversion process is made

as follows:

e Lumped mass M is multiplied by mass factor to obtain the mass of the SDOF
system Mgpop.

e Blast load F is multiplied by the load factor to obtain blast load of the SDOF
system Fgpop-

e Stiffness of the structure K is multiplied by the load factor to obtain stiffness
of the SDOF system Kgpor-

e Resistance force Ry;.;q exerted by the structure is multiplied by load factor to
obtain the resistance force exerted by the spring of the SDOF system
Ryield,SDOF-

e Impulse of blast load I is multiplied by load factor to obtain impulse of
discrete SDOF system Ispor-

e Impulsive work done on the structure is multiplied by the load factor to

obtain impulsive work done on the discrete SDOF system.

During the positive phase duration, lumped mass of SDOF system is exposed to
impulse, which is equal to change in momentum of the lumped mass. Since velocity
of the lumped mass v (t) is zero at time zero, the relation between the momentum

and the impulse is given by Equation (31).

MsporV = Ispor (31)

Impulse of blast load is converted to the kinetic energy of the lumped mass, which is

equal to the impulsive work done on the SDOF system. Thus,

1
Wimpuise,spor = 5 Mspopv? (32)

Substituting v from Equation (31) into Equation (32) yields the impulsive work
done on the SDOF system Wi, uise spor, Which is given by Equation (33) [23],
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Wimpuise,spor = ZEﬂ (33)
SDOF
where Mgpor 1S the lumped mass of the SDOF system, Iy IS the impulse exerted
to the SDOF system. The impulsive work on the SDOF system causes the structure
to deflect. For a spring-mass system as shown in Figure 48, maximum resistance
force Ryeq exerted by the spring on the lumped mass Mgpop OCcurs at the time of
maximum deflection. Impulsive work on the SDOF system Igpor IS Simply
equivalent to resistance of the spring R,;.;; multiplied by maximum deflection

Apax- Hence, maximum deflection of the system is calculated as [23],

_ Wimpulse,SDOF
Amax -

Ryield,SDOF (34)

For a beam/column, resistance force R4 is tabulated by Biggs depending on the

loading type and boundary conditions in Table 16 [43].
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Table 16. Maximum Resistance for Different Loading and Boundary Conditions

for a Beam/Column Structure Supported at Both Ends [43]

Strain Range Ryioa
Elastic 12M,
i i L
Fixed-Fixed &
. Elastic-Plastic 8M,
Uniformly Loaded I
Plastic 8M,
L
i 4M
Fixed-Fixed & Elastic - s
Point Load Plastic M,
L
i aM
Simply Supported & Elastic — B
Uniformly Loaded Plastic 8M,
L
i 4 M
Simply Supported & Elastic - B
Point Load Plastic M,
L

A structure subjected to blast load is deflected as shown in Figure 44 and enormous
bending moment is exerted by means of blast load. Depending on the geometry of

the structure, plastic moment capacity M, , which is the allowable bending moment

capacity, is determined by using Equation (35) [23],

SmtZny

M, dey(if# <3)

(35)
My = Znfay (if 1> 3)
where p is the ductility ratio, S,, is the elastic section moduli, Z,, is the plastic
section moduli, fg, is the yield strength of the structure. Section modulus is
geometric property of the cross section of the beams, columns, or flexural members.
Depending on the deformation type, section modulus is computed for the elastic and

the plastic deformation separately. Elastic and plastic section moduli of the

beam/column cross-sections are listed in Table 17.
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Table 17. Elastic and Plastic Section Modulus for Rectangular Cross Section

[44]
A
h
< ------- i- b =

v
Elastic Section Modulus S,,, bh?
m= "

6

Plastic Section Modulus Z,, bh?
Im ="

To check whether the structure is in the elastic or plastic regime, maximum elastic
work on the SDOF system should be calculated. At its elastic limit, impulsive work
done on the SDOF system is given by Equation (36).

Wspor elmax = 5 sporle (36)

Since the resistance force at the yield point is the stiffness of SDOF system Kgpor
multiplied by deflection at elastic limit deflection A,;, maximum impulsive work for

elastic deformation Wspor e1max 1S Calculated as [23],

RZ
__ ‘‘yield,SDOF
WSDOF,el,max_ 2K. (37)
SDOF

If the impulsive work done on the SDOF system is greater than the maximum elastic

work on the system, the impulsively loaded structure is in the plastic regime.

To justify the impulsive loading assumption, it is recommended to satisfy the

following inequality [23],

T <0.1 (38)
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where t; is the positive phase duration and T is the period of the SDOF system.
Period of SDOF system T is determined by [23],

MSDOF

T =2m (39)

KSDOF

where Mgpor is the lumped mass of SDOF system, KsporiS the stiffness of SDOF
system. For beams/columns supported at both ends, stiffness of the converted SDOF
system, Kqpor, 1S listed by Biggs in Table 18 [43].

Table 18. Stiffness of Beams/Columnsfor Different Loading and Boundary
Conditions [43]

Strain Range Kepor
Elastic 384El
Fixed-Fixed & EBL:EI
Uniformly Loaded Elastic-Plastic S
Plastic -
Fixed-Fixed & Elastic 192E1
LE
Simply Supported & Elastic 384E1
5132
Uniformly Loaded Plastic -
Simply Supported & Elastic 48E1
LE
Point Load Plastic ]
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CHAPTER 3

DEVELOPMENT OF THE BLAST LOAD INDUCED DAMAGE

CALCULATION TOOL

In this chapter, the methodology for predicting the blast-induced damage in bridge-
like-structures is explained in detail. Based on the methodology described in Chapter
2, a fast-responding tool is developed for the prediction of blast-induced damage in
bridge-like structures. In Chapter 2, the underlying theory for the relevant steps for
the prediction of blast-induced damage is presented. In this chapter, with aid of
flowcharts, the whole process of blast-induced damage is explained to aid the
understanding of the capability of the developed fast-responding tool. The main
process of assessing the blast-induced damage is shown in the flowchart given in
Figure 49.

C Detonation )

Analyzing the Travel of the Blast Wave up to the
Structure

N

Analyzing the Interaction of the Blast Wave with
the Structure

Calculation of the Structural Response

Calculation of the Damage Level in the
Structure

Figure 49. Main Flowchart of the Assessment of Blast-Induced Damage
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After the detonation of the explosive, blast wave is formed and it propagates up to
the structure. Then, blast wave impacts the structure and interacts with it. Depending
on the impulsive work on the structure, structure is deflected and damaged. With the
use of relevant failure criteria, the damage level in the structure is predicted. The
main process of the damage assessement due to blast loading is explained in detail in
sections 3.1, 3.2, 3.3.
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3.1. Blast Propagation up to the Structure

Figure 50 shows the flowchart which gives the analysis of the blast wave up to the
structure.When the blast wave propagates up to the structure; there are three different

cases that one has to consider.

e Height of burst is high enough so that there is no Mach Stem formation. In
this case, blast wave is fully incident (side-on) wave.

e Height of burst is at a certain height so that Mach Stem is formed. However,
triple point height is less than the height of the structure. In this case, the
structure is divided into two regions. First region is exposed to the Mach
Stem wave. Second region is exposed to the incident wave.

e Height of burst is so low that Mach Stem is formed and triple point height is
higher than the height of structure. In this case, all the structure is subjected

to the Mach Stem.
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Blast wave interactions for all three cases are shown with a flowchart in Figure

51.
CMach Stem Formation)

Calculation of the critical angle o¢ritical
for the formation of Mach Stem
(Equations (13) and (14))

!

Angle of incidence B is
greater than the critical
angle Ocritical ?

\L Yes No —\l/
C Mach Stem is formed ) (Mach Stem is not formed>

Figure 50. Mach Stem Formation
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( Detonation )

Mach

No Stem Yes
Formed?
Fully Incident incident | _ Mach
Wave Wave > Stem

Figure 51. Analysis of the Blast Wave up to the Structure

In all three cases, side-on overpressure should be calculated. Side-on overpressure is

calculated using the equivalent mass of the explosive. The process of calculating the

equivalent mass of the explosive is explained with the flowchart in Figure 52.

/

Mass of the
Explosive

/

Multiplication with TNT
Equivalency Factor (Table 3)

Uncased

Equivalent Masst of
the Explosive

J

Cased or
Uncased
Explosive

Cased

Multiplication with the Casing

Factor (Equation (2))

4

Equivalent Mass of
the Explosive

Figure 52. Calculation of the Equivalent Weight of the Explosive
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After determining the equivalent mass of explosive, scaled distance should be
calculated in order to find blast parameters such as side-on overpressure, positive
phase duration etc. Most important parameter to be determined in a typical blast
curve, given by Figure 21, is the side-on overpressure. There are several approaches
followed in the literature to calculate the side-on overpressure. Equations (4), (5),
(6), (7), (8), (9) given in Chapter 2 are different formulae that are used for the
calculation of the side-on pressure. In order to find the best method to calculate the
side-on overpressure accurately, six different approaches are compared with the test
results obtained in 1960s and presented in Figure 22 in Chapter 2. For the
comparison purpose, test data in Figure 22 is transferred to the digital environment.
Side-on overpressures calculated by different approaches are compared with the

experimental results in Table 19 and Table 20.

Table 19. Comparison of Side-on Overpressure Calculations

Side-on Overpressure [kPa]
Scaled Test Kinney Difference Brode Difference | Newmark | Difference
Distance Results Equation [%] Equation [%] Equation [%]
[m/kg"0.33] (2) (3) (4)

0.07 56091.30 | 47194.19 15.86% 2349953.35 | -4089.51% | 2396730.90 | -4172.91%
0.08 48471.80 | 41678.54 14.01% 1419516.51 | -2828.54% | 1450748.49 | -2892.97%
0.09 42360.50 37165.63 12.26% 932642.30 | -2101.68% | 955205.72 | -2154.94%
0.10 37860.50 | 32824.96 13.30% 612762.98 | -1518.48% | 629237.30 | -1561.99%
0.11 33460.70 29683.55 11.29% 445323.21 | -1230.88% | 458386.25 | -1269.92%
0.13 28915.40 | 25794.07 10.79% 292603.37 -911.93% 302315.43 -945.52%
0.15 24708.40 22208.32 10.12% 192273.55 -678.17% 199563.62 -707.68%
0.17 21113.60 19314.84 8.52% 132881.66 -529.37% 138586.52 -556.39%
0.19 18245.50 16784.43 8.01% 93401.58 -411.92% 97941.82 -436.80%
0.22 15074.40 14270.33 5.33% 63493.44 -321.20% 67048.89 -344.79%
0.25 13026.70 11928.07 8.43% 42454 .85 -225.91% 45224.15 -247.17%
0.29 10642.40 9546.60 10.30% 26558.61 -149.55% 28638.45 -169.10%
0.33 8694.55 7929.59 8.80% 18381.72 -111.42% 20047.15 -130.57%
0.38 7103.20 6406.62 9.81% 12314.48 -73.37% 13623.31 -91.79%
0.44 5803.11 4924.82 15.13% 7730.30 -33.21% 8718.43 -50.24%
0.51 4794.52 3923.43 18.17% 5284.36 -10.22% 6067.43 -26.55%
0.62 3384.90 2724.54 19.51% 2979.24 11.98% 3524.99 -4.14%
0.71 2673.74 2072.12 22.50% 1991.63 25.51% 2409.50 9.88%
0.84 1908.96 1454.48 23.81% 1223.59 35.90% 1518.53 20.45%
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1.00 1393.90 1017.97 26.97% 778.70 44.14% 983.21 29.46%
1.16 984.08 721.26 26.71% 523.98 46.75% 663.24 32.60%
1.37 710.54 499.78 29.66% 360.44 49.27% 447.07 37.08%
1.54 513.03 381.32 25.67% 283.01 44.84% 339.00 33.92%
1.78 358.15 271.81 24.11% 218.23 39.07% 243.25 32.08%
2.05 258.60 196.06 24.18% 177.67 31.29% 178.78 30.86%
2.43 178.51 132.87 25.57% 146.92 17.70% 125.33 29.79%
2.81 131.82 95.48 27.57% 130.31 1.14% 93.25 29.26%
3.30 93.06 66.84 28.18% 118.62 -27.46% 67.88 27.06%
3.76 71.08 50.97 28.28% 112.65 -58.50% 53.22 25.12%
4.32 56.14 3851 31.41% 108.31 -92.92% 41.17 26.67%
4.94 42.40 29.87 29.55% 105.55 -148.95% 32.40 23.59%
5.56 35.03 24.22 30.86% 103.90 -196.61% 26.39 24.65%
6.61 27.06 18.15 32.91% 102.32 -278.17% 19.64 27.39%
7.52 21.37 14.88 30.37% 101.57 -375.28% 15.85 25.82%
8.51 18.06 12.44 31.09% 101.09 -459.79% 12.95 28.27%
9.84 14.92 10.20 31.66% 100.70 -574.97% 10.24 31.38%
11.32 12.19 8.51 30.18% 100.46 -724.20% 8.19 32.82%
13.47 9.63 6.88 28.52% 100.27 -941.47% 6.23 35.31%
15.75 8.14 5.73 29.54% 100.17 -1131.30% 4.88 40.05%
18.22 6.35 4.87 23.43% 100.11 -1475.44% 3.89 38.74%
21.80 5.19 4.00 22.94% 100.06 -1827.51% 2.95 43.08%
25.36 4.44 3.40 23.27% 100.04 -2155.16% 2.34 47.15%
31.20 331 2.74 17.30% 100.02 -2919.31% 1.71 48.38%
36.70 2.62 2.32 11.48% 100.01 -3722.04% 1.34 48.93%
39.25 231 2.16 6.52% 100.01 -4224.50% 121 47.81%
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Table 20. Comparison of Side-on Overpressure Calculations (Continued)

Side-on Overpressure [kPa]

D?:::-::(:e Test Results ] Mills Diffeorence Sad(?vski Diffeorence E'::.:gfi:)yn Dirf‘fceere
[m/kgn0.33] quation (5) [%] Equation (6) [%] 7) %]
0.07 56091.30 6190161.17 | -10935.87% | 2551416.40 -4448.68% - -
0.08 48471.80 3736621.47 -7608.86% 1548459.91 -3094.56% - -
0.09 42360.50 2453360.13 -5691.62% 1022009.78 -2312.65% - -
0.10 37860.50 1610664.73 -4154.21% 675010.25 -1682.89% - -
0.11 33460.70 1169777.09 -3395.97% 492775.91 -1372.70% - -
0.13 28915.40 767864.66 -2555.56% 325959.08 -1027.29% - -
0.15 24708.40 504010.15 -1939.83% 215845.21 -773.57% - -
0.17 21113.60 347932.35 -1547.91% 150323.79 -611.98% - -
0.19 18245.50 244258.83 -1238.73% 106535.78 -483.90% 18172.11 0.40%
0.22 15074.40 165786.47 -999.79% 73159.90 -385.33% 15305.89 -1.54%
0.25 13026.70 110640.24 -749.33% 49505.93 -280.03% 12847.50 1.38%
0.29 10642.40 69022.88 -548.56% 31464.23 -195.65% 10471.21 1.61%
0.33 8694.55 47642.97 -447.96% 22083.74 -154.00% 8883.77 -2.18%
0.38 7103.20 31799.14 -347.67% 15045.80 -111.82% 7375.48 -3.83%
0.44 5803.11 19846.37 -242.00% 9651.51 -66.32% 5865.07 -1.07%
0.51 4794.52 13479.09 -181.14% 6725.22 -40.27% 4801.91 -0.15%
0.62 3384.90 7489.20 -121.25% 3908.56 -15.47% 3460.91 -2.25%
0.71 2673.74 4927.86 -84.31% 2668.65 0.19% 2689.83 -0.60%
0.84 1908.96 2939.05 -53.96% 1676.33 12.19% 1926.76 -0.93%
1.00 1393.90 1788.49 -28.31% 1079.64 22.55% 1366.02 2.00%
1.16 984.08 1130.02 -14.83% 723.37 26.49% 974.72 0.95%
1.37 710.54 706.91 0.51% 483.42 31.96% 677.99 4.58%
1.54 513.03 506.09 1.35% 364.04 29.04% 518.12 -0.99%
1.78 358.15 337.40 5.79% 258.90 27.71% 370.05 -3.32%
2.05 258.60 230.99 10.68% 188.73 27.02% 267.83 -3.57%
2.43 178.51 149.24 16.40% 131.20 26.50% 183.04 -2.54%
2.81 131.82 104.18 20.97% 97.13 26.32% 133.36 -1.17%
3.30 93.06 71.50 23.17% 70.58 24.16% 94.77 -1.84%
3.76 71.08 54.14 23.83% 55.44 21.99% 73.27 -3.09%
4.32 56.14 40.88 27.19% 43.15 23.14% 56.19 -0.08%
4.94 42.40 31.87 24.82% 34.30 19.10% 44.13 -4.08%
5.56 35.03 26.06 25.60% 28.29 19.23% 36.09 -3.02%
6.61 27.06 19.86 26.61% 21.58 20.24% 27.25 -0.71%
7.52 21.37 16.51 22.75% 17.82 16.64% 22.37 -4.68%
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8.51 18.06 14.00 22.49% 14.93 17.31% 18.67 -3.41%
9.84 14.92 11.66 21.87% 12.21 18.13% 15.22 -2.01%
11.32 12.19 9.87 19.01% 10.14 16.81% 12.60 -3.36%
13.47 9.63 8.12 15.70% 8.12 15.69% 10.05 -4.35%
15.75 8.14 6.85 15.81% 6.68 17.83% 8.23 -1.20%
18.22 6.35 5.88 7.53% 5.61 11.71% 6.86 -7.92%
21.80 5.19 4.89 5.90% 4.55 12.41% 5.47 -5.43%
25.36 4.44 4.19 5.55% 3.82 13.79% 4.51 -1.67%
31.20 3.31 3.40 -2.72% 3.03 8.49% 3.42 -3.34%
36.70 2.62 2.89 -10.59% 2.54 3.09% 2.72 -4.05%
39.25 2.31 271 -17.03% 2.36 -1.92% 2.47 -6.63%

The results show that Kingery’s results have the best fit with test results given in
Figure 22. Side-on overpressures determined by the tests and calculated by the

Kingery’s empirical formula are compared in the graph given in Figure 53.
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Figure 53. Comparison of Side-on Pressures Determined by Tests and

Calculated by Kingery’s Empirical Formula

It is seen that empirical formulae other than Kingery’s have narrow ranges that fit
good. At this point there are two alternatives to follow for the calculation of the side-
on pressure. Either the side-on overpressure will be defined according to the scaled

distance range using different formulae or Kingery’s equation will be used for all
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scaled distances. Looking at the percent differences given in Table 19 and Table 20,
even the narrow ranges of different formulae has higher percent difference from the
test results compared to the side-on pressure calculated by the Kingery’s formula. It
should be noted that unlike other empirical formulae, Kingery divided the considered
three different ranges of the scaled distance to fit experimental data well. For positive
phase duration and the shock front velocity, Kingery’s approach is used in the tool
developed within the scope of the thesis. For the positive phase duration and shock

front velocity, Kingery coefficients are listed in Table 5 in Chapter 2.
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3.2. Interaction of Blast Wave with the Structure

Blast wave propagates through the air in a spherical manner and once it reaches the
structure, blast wave impacts the structure. At this point, second phase of the blast
analysis, which is the interaction of the blast wave with the structure, begins. In

Figure 54, main process for interaction with structure is explained via the flowchart.

Interaction of the Blast
Wave with the Structure

4

Calculation of the Stand-off Distance to the
Structure and the Scaled Distance (Equation (1))

!

Determination of the Related Blast Parameters using
Kingery Coefficients given in Table 4 and Table 5.

v

Determination of the Coefficient of Reflection using
Figure 32

v

Calculation of the Face-on (Reflected)
Overpressure on Structure

v

Calculation of the Front Wall Impulse
(Loading) using Figure 34

Calculation of the Rear Wall Impulse
(Loading) using Figure 37

N\

Calculation of the Net Impulse
(Loading) using Equation (19)

Figure 54. Analysis of the Interaction of the Blast Wave with the Structure

Using the stand-off distance to the structure, scaled distance has to be calculated.
Scaled distance of a fixed mass of the explosive, or the stand-off distance, varies
along the structure. Figure 55 shows how the scaled distance varies along the
structure. Depending on the location of the explosive with respect to the structure

and the length of the structure, scaled distance changes. In Figure 55, the top point
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has a scaled distance of Z1 whereas the midpoint has a scaled distance of Z4, and

bottom point has a scaled distance of Z7.

-

Figure 55. Variation of the Scaled Distance Along the Structure

Variation of the scaled distance along the structure depends on the height of the
structure and the position of the explosive with respect to the structure. In Figure 56,
two different structures with two different heights are seen. For both structures,
structure is divided into 7 segments. As shown in Figure 56, when the height of

structure increases, its effect on the scaled distance is higher compared to a structure

with low height.

Figure 56. Variation of the Scaled Distance with the Height of the Structure
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In Figure 57, two structures with same height are shown. One of the structures is
exposed to near-field explosion, whereas the other structure is exposed to far-field
explosion. As shown in Figure 57, as the distance from the explosion location to the
structure increases, changes in the scaled distance at different segments in the

structure diminish.

Figure 57. Variation of the Scaled Distance Due to Increase in Distance

After calculating the scaled distances for each segment along the structure, side-on
overpressures for different segments are calculated. Following the calculation of the
side-on overpressures, utilizing the coefficient of reflection graph given in Figure 32,
and the angle of incidence given in Figure 30, face-on overpressure is computed. In
order to use Figure 32 for the calculation of the coefficient of reflection for different
side-on pressures automatically, the curves are divided into several regions so that
appropriate curve fits could be performed. In Table 21, fit functions are given for for
different side-on overpressures and different angle of incidence intervals. For
intermediate side-on pressures, the developed tool uses interpolation to calculate the
coefficient of reflection.
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Table 21. Fit Functions Used for the Calculation the Coefficient of Reflection
for Side-On Pressures in the Range 200 — 5000 Psi

Side-on Angle of
Overpressure Incidence Fit Function
[psi] [deg]
0-45 y =-0.0011773701x” - 0.0600908395x + 12.2816227670
) 46-52 y= 0.0637034115x - 9.4710081001x° + 468.7638751907x - 7,715.3712492941
2000 53-85 y =-0.0002951941x> + 0.0714568037x” - 5.754010685 1x + 155.1177909063
86-90 1
0-43 y= -0.0017772559x” - 0.0127160201x + 10.8444264516
44-52 y = -0.0839470084x” + 7.9779657893x - 181.2190159583
3000 psi
53-85 y= -0.0002948220x° + 0.0695927606x” - 5.4767818525x + 144.9631400256
86-90 1
0-43 y= -0.0015412155x” - 0.0128817509x + 10.0266771658
) 44-51 y = -0.0040936284x> + 0.5020435095x” - 19.9451749237x + 261.3722933939
2000ps! 52-85 y= -0.0002965972x> + 0.0689801503x" - 5.3600800346x + 140.5430074971
86-90 1
0-43 y =-0.0005300796x” - 0.0417335535x + 8.6495782176
) 44-53 y= 0.0110070728x> - 1.6505526939x° + 82.1116322599x - 1,348.5379263807
1000 st 54-85 y =-0.0002311970x’ + 0.0544859734x” - 4.2898844349x + 114.2248415517
86-90 1
0-42 y = -0.0002920896x” - 0.0407200922x + 7.8389110727
) 42-53 y= 0.0088228860x” - 1.2985379395x” + 63.3793658801x - 1,019.5566890884
200p 54-85 y = -0.0001897874x> + 0.0451890592x” - 3.5992499994x + 97.2063024550
86-90 1
0-40 y = -0.0008672048x” - 0.0065661565x + 6.9840495122
) 41-50 y =-0.0399925756x” + 3.6383806227x - 76.3138891658
#00ps 51-85 y= -0.0001327854x° + 0.0323332372x> - 2.6441672834x + 73.8652252463
86-90 1
0-39 y =-0.000743 1326x° - 0.0089131298x + 6.6160424347
) 40-50 y = -0.0288564900x” + 2.5616439755x - 50.9107027162
300ps! 51-85 y= -0.0000872903x° + 0.0225575165x> - 1.9499414737x + 57.4337143452
86-90 1
0-37 y= -0.0007967835x” - 0.0003832897x + 5.9353381333
) 38-50 y =-0.0213043454x” + 1.8155750911x - 33.3009141972
200ps! 51-85 y = -0.0000503870x> + 0.0133640838x” - 1.200041096 1 + 37.5386360980
86-90 1
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Following calculation of the face-on overpressure, front and rear wall impulse/area
are calculated. It should be noted that, side-loading is not taken into account since
these loadings cancel each other. In the rear wall loading calculation, equivalent load
factor is defined in a certain range, as seen in Figure 39. Equivalent load factor
cannot be calculated for scaled distances less than 0.5 m/kg*>. In order to compare
the front and the rear wall loading, ratio of the front wall loading to the rear wall
loading is calculated for the 0.5x0.5x5 m column. Then, a curve is fit to data points
as shown in Figure 58. Calculation range of the scaled distance is taken up to 5

1/3

m/kg™® because for scaled distances greater than 5 m/kg™, no damage occurs in the

structure [19].

—a&—Front Wall / Rear Wall
Impulse for 0.5x0.5x5
Celumn

IS
(=]

w
[=}

y = 0.4405x° - 8.0791x" + 59.39x* - 223.14x* + 451.18x’ - 468.34x + 203.86

Front Wall / Rear Wall Impulse
N
o

-
o

o

0 05 1 15 2 25 3 35 4 45 5
SCALED DISTANCE [m/kg”0.33]

Figure 58. Ratio of the Front Wall Loading to the Rear Wall Loading as a

Function of the Scaled Distance

For scaled distances less than 0.5 m/kg™?, rear wall loading cannot be calculated.
However as seen in Figure 58, front wall loading is very dominant over the rear wall
loading for low scaled distances.Therefore, in the developed tool, rear wall loading is

ignored for scaled distances less than 0.5 m/kg**.
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3.3. Material Behavior and the Structural Response Due to Blast Loading

As mentioned before, blast loading is a type of dynamic loading. Unlike other
dynamic loadings, such as wind and earthquakes, blast loading is an intensive
loading which occurs in a very short period of time. Consequently, materials
subjected to blast loading strengthen. In Figure 59, calculation of the dynamic

strength of reinforced concrete and steel structures is shown in a flowchart.
Static Yield Strength of
Material

Reinforced Concrete or
Steel ?

Reinforced
Concrete Sile/‘”
Multiplication Multiplication
with DIF with DIF
(Table 11) (Table 11)

1 v

Multiplication with
Multiplication SIF (Table 12)
with SIF
(Table 12) v
\l/ Dynamic Yield
Multiplication Strength of
with Age Factor Steel
(Table 13)

Dynamic Yield Strength of
Reinforced Concrete

Figure 59. Calculation of Dynamic Strength

Once the dynamic strength of the structure is determined, structural response can be
calculated. For this purpose, as the first step, net impulse is calculated, as described
in Section 2.3. Net impulse is the external load applied to the SDOF system, in which

mass, stiffness and loads are converted to the SDOF system by means of load and
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mass factors. Calculation of the structural response is explained in the flowchart

given in Figure 60.

Net Impulse on the Calculation of the
Structure Section Moduli of the

Structure (Table 17)

Calculation of the Parameters of the SDOF
System (Table 15)

Calculation of the Plastic Moment Capacity of
the Structure (Equation (35))

Calculation of the Impulsive Work Done on
the SDOF System (Equation (33))

Calculation of the Maximum Resistance Force
(Table 16)

Calculation of the Maximum Deflection and the |
Support Rotation (Equation (34)) (Figure 45)

( Damage Assessment (Table 14) >

Figure 60. Calculation of the Structural Response

For the calculation of the structural response using the SDOF method, the load can
be assumed to be either point load or uniform load. It should be noted that although
the two cases do not cover all loading possibilities, especially for the far-field
explosion, the loading tends to be uniform [12]. For the short stand-off distances, it is
more accurate to use uniform loading than the point load. Hence, in the developed
tool, uniform loading assumption is used. For the uniform loading assumption, a

comprehensive study is performed and presented in Section 0.

Another assumption that is used to complete the process of the calculation of the
structural response given in Figure 60 is that structure is assumed to be plastically
deformed. The developed tool calculates the required mass of the explosive to
destroy a given structure in the case studies. Since the developed code only aims to

determine the limit explosive weight, one can assume that the structure has to be

83



plastically deformed. Thus, the tool uses plastic deformation cases presented in Table
15, Table 16 and Table 18. It should also be noted that, during the response analysis
of the structure due to blast loading, the developed tool also calculates whether the

structure is elastically or plastically deformed using Equation (37) for justification.
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CHAPTER 4

RESULTS OF DAMAGE ASSESSMENT OF STRUCTURES SUBJECTED

TO BLAST LOADING

In Chapter 3, the proposed method for the fast responding blast induced damage
assessment tool is explained with flowcharts in detail. The tool is prepared in
MSExcel spreadsheet and presented in Appendix A. The MS Excel spreadsheet has

five regions.
In region 1 of the spreadsheet, the user gives the following as input:

¢ location of the explosive

e mass and the TNT equivalency of the explosive
e metal mass to explosive mass ratio

e location of the structure

e dimensions of the structure
With these input, in region 1 of the spreadsheet, following calculations are made:

e equivalent mass of the TNT explosive

e average stand-off and scaled distances with respect to the midpoint of the
structure

e average side-on overpressure and dynamic overpressure value

e determination of whether the Mach Stem is formed or not

e Triple point height and Mach Stem pressure value

In region 2 of the Excel spreadsheet structure is divided into segments in order to

calculate the impulsive loading accurately. Number of divisions that one can give as
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input change from 1 to 10. In Section 4.1, a case study is performed in order to
investigate the effect of number of divisions on the results. After the structure is
divided into several zones, angles of incidence, scaled distances are calculated for all
zones. The position vector for each zone is taken from the detonation point to the
mid of the selected zone. After the calculation of the angle of incidence and scaled
distance for each zone, side-on overpressure, positive phase duration, coefficient of
reflection, face-on overpressure, dynamic overpressure, stagnation pressure, sound

velocity and clearing time for each zone, are calculated respectively.

Thereafter, front and rear wall and net impulse/area are calculated for each zone.
Impulse/area values are then multiplied by the loaded area of each zone and net
impulse on each zone is determined. Finally, impulses on each zone are summed up

and net impulse on the structure is determined.

In region 3 of the Excel spreadsheet, material and geometric properties of the

structure is computed. In the first part of the region, the following are given as input:

e material of the structure (either reinforced concrete or steel)
e boundary condition (either fixed-fixed or simply supported)
e elastic and plastic section moduli

e moment of inertia

e static strength of the material
With these input, following calculations are made:

e dynamic increase factor and strength increase factor values
e |oad and mass factors

e dynamic strength of the structure
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In region 4, structural response calculation by means of SDOF methodology is

performed. In region 4, no external input is given but results of the calculatons made

in regions 1-3 are used in region 4 for the determination of the following:

total force on the structure
total impulse on the structure
whether the structure is plastically deformed or not

maximum deflection

Inregion 5, damage assessment of the structure is made. The output of region 5 is:

maximum deflection

hinge rotations

whether the structure failed or not (according to the allowable hinge rotation
criteria, see Table 14)

If not failed, damage percent of the structure is given. Linear trend is assumed
to determine damage percent. No blast load; i.e. no hinge rotation is regarded
as “0% damaged” whereas 10° of hinge rotation for concrete materials, 20° of
hinge rotation for steel materials are considered as “100% damaged”. For

midranges, interpolation is performed.
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4.1. Effect of the Number of Divisions on the Results

Since the scaled distance is the base point for determining the blast effect, scaled
distance must be calculated for each zone in the structure which is divided into
segments. In order to determine the optimum number of divisions, two different
sample concrete columns, with dimensions of 0.5x0.5x5 m and 1x0.5x5 m are

selected, as shown in Figure 61.

05m

1m

* R > 0.5m

Figure 61. Cross Sections of Sample Columns

Columns are then exposed to the blast loading due to the explosion of TNT occuring
at four different stand-off distances. Stand-off distances are taken as 1m, 2.5m, 5m
and 10 m for the blast analysis of the two columns. For each analysis, mass of the
TNT explosive required to cause 100% damage in the concrete column is
determined. In other words, the required amount of explosive necessary for the
concrete column to have 10° of hinge rotation is determined for each case. The
sample columns are divided into 1, 2, 4, 6, 8 and 10 segments along the height of the
columns. For example, if the sample column is divided into 10, each zone of the

column is 0.5 m when Mach Stem is not formed. On the other hand, if Mach Stem is
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formed, the column is divided into one Mach Stem region plus 10 segments, as

shown in Figure 62.

-
o
—
=

Dwm==m~ wl-p-lm =] -qli:o w

=l lw]lAjn]|®|~|mo|wO

(b)

—
<]
—

Figure 62. Sample Column Division with 10 Segments without/with Mach Stem
Region (MSR)

For the 1 m stand-off distance, Figure 63 shows the variation of the TNT explosive
mass required to fail the column with the number of divisions. It is seen that when
the column is taken as one-piece, the required amount of TNT explosive is largely
underestimated for the 1x0.5x5m column. For the 0.5x0.5x5m column, the scatter in
the amount of explosive is less but still when the number of divisions is less, the
amount of explosive to fail the structure is incorrectly estimated. For both columns, it
can be said that convergence of the amount of TNT explosive is achieved at

approximately 8 divisions.
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Figure 63. Variation of the Required Amount of TNT Explosive for the 1 m

Stand-Off Distance to Fail the Sample Columns with the Number of Divisions

For the 2.5 m stand-off distance, Figure 64 shows the variation of the TNT explosive
required to fail the column with the number of divisions. When the number of
division is 1, explosion of 63.8 kg of TNT fails the 0.5x0.5x5 column, whereas
explosion of 104.1 kg of TNT fails the same column when 10 divisions are used. For
the 1x0.5x5 m column, explosion of 349.5 kg of TNT fails the column when only
one division is used, while explosion of 626.6 kg of TNT fails the same column for

when the number of divisions is 10.
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Figure 64. Variation of the Required Amount of TNT Explosive for the 2.5 m

Stand-Off Distance to Fail the Sample Columns with the Number of Divisions
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For the 5 m stand-off distance, Figure 65 shows the variation of the TNT explosive
required to fail the column with the number of divisions. When the number of
division is 2, explosion of 359.8 kg of TNT fails the 0.5x0.5x5 column, whereas
explosion of 364.3 kg of TNT fails the same column when 10 divisions are used. For
this case, there is no significant scattering. For the 1x0.5x5 m column, explosion of
2371.3 kg of TNT fails the column when 2 divisions are used while explosion of

2407 kg of TNT fails when 10 divisions are used.
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Figure 65. Variation of the Required Amount of TNT Explosive for the 5 m

Stand-Off Distance to Fail the Sample Columns with the Number of Divisions

For the 10 m stand-off distance, Figure 66 shows the variation of the TNT explosive
required to fail the column with the number of divisions. In this case, explosion of
721.7 kg of TNT fails the 0.5x0.5x5 m column when 1 division is used, whereas
explosion of 727.2 kg of TNT fails the same column when 10 divisions are used. As
seen in Figure 66, as the stand-off distance increases, the effect of the number of
divisions used on the failure explosive mass becomes less and less. This is because
the position vectors from the detonation point to the center of each zone do not differ
much when the stand-off distance is increased. For the 1x0.5x5 m column, explosion
of 9021.6 kg of TNT fails the column when one division is used, whereas explosion

0f 9421.5 kg of TNT fails the same column when 10 divisions are used.
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Figure 66. Variation of the Required Amount of TNT Explosive for the 10 m
Stand-Off Distance to Fail the Sample Columns with the Number of Divisions

For all the cases studied, the required amount of TNT explosive required to cause

failure is given in Table 22. For near-field explosions such as 1 m stand-off distance,

explosive mass converges when the number of divisions is greater than 8. As stand-

off distance increases, for less number of divisions, the convergence is obtained. For

all possible cases, ten numbers of divisions is sufficient for convergence and

therefore number of divisons to be used is selected as 10 in the developed damage

assessment tool.

Table 22. Variation of the Required Amount of TNT Explosive Mass [kg] for

Failure of Sample Columns with theNumber of Divisions

%tgr;d-off Member Number of Division
'S[ri?ce Dimension 10 8 6 4 2 1

1 0.5x0.5x5 20.7 21 20 26.8 26.9 30.8

1 1x0.5x5 127.2 130.9 120.5 145.7 162.7 19.9

2.5 0.5x0.5x5 104.1 104.3 106 106.1 107.3 63.8

2.5 1x0.5x5 626.6 626.2 625.6 623.8 631 349.5
0.5x0.5x5 364.3 363.9 363.7 363.1 359.8 330.8
1x0.5x5 2407 2405.5 | 2403.7 | 2398.7 | 2371.3 | 1959.1

10 0.5x0.5x5 727.2 727.1 727.1 726.8 725.7 721.7

10 1x0.5x5 9421.5 9417.7 | 9414.8 | 9410.3 | 9385.1 | 9021.6
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4.2. Blast Induced Failure Assessment Using AUTODYN

To check the accuracy of the fast responding tool developed, two independent
analysis tools are also used to predict the failure explosive mass of concrete columns.
RC BLAST is one of the analysis tools which uses the SDOF approach and gives
quick results. RC BLAST [5] is explained briefly in Chapter 1. Another tool used for
comparison is the finite element software AUTODYN [4]. In this chapter, the
modeling of the blast analysis in AUTODYN is given in detail. As previously
mentioned in Chapter 1, AUTODYN uses Euler-Lagrange coupling for fluid-
structure interaction. In the blast phenomenon, after the detonation, explosive is
converted into fast moving expanding gases, led by the shock front. This part forms
the fluid part (Euler) of the analysis in AUTODYN. Before reaching to the structure,
shock front and the expanding gas propagate through the air freely. To model the free
propagation, 1-D wedge modeling of TNT explosive and the air is used as shown in
Figure 67. 1 mm elements are used in the wedge modeling as shown in the enlarged

view.

Material Location

R=1m
TNT R=0.6m
Air

Figure 67. Wedge Modeling of TNT Explosive and Air

In the modeling, wedge domain is filled with air in order to solve free propagation up
to 1 m away concrete column. The wedge domain is then filled with TNT explosive

at time 0. TNT explosive is then detonated and very high pressurized gases, led by
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wavefront, are formed as shown in Figure 68. Wedge modeling continues up to

wavefront reaches 1 m stand-off distance.

ANSYS
PRESSURE [kPa] WAVEFRONT OF R15,0
1.200e4 BLAST WAVE
! 1.080e4 x
9.600e3

—{ 8.400e3
- 7.200e3
1 4.800e3
| 3.600e3 R=1m

2.400e3
I 1.200e3
0.000e3

Figure 68. High Pressurized Gases and Wavefront in Wedge Modeling

In the analyses, different explosive masses are detonated and free propagation of the
blast wave up to the structure is modeled and solved. Masses of explosive used in the

analyses are listed in Table 23.

Table 23. Explosive masses used in the Wedge Method

Stand-off Distance [m] Mass of TNT Explosive [kg]
15
30
45
60
75
90
100
150
250

R e I T e T e T Y R Y A =N
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In the sample AUTODYN analysis described, the structure is located 1 m away from
the explosive and information in the wedge model is mapped into 3D Euler domain
shown in Figure 69 after wavefront moves by 1 m away from the detonation point.
Specifically, pressure and velocity information of the high pressurized expanding gas
and wavefront in the wedge modeling is transferred to the 3D Euler domain and blast
wave propagation continues on 3D Euler domain. Euler domain is modeled such that
flow out boundary condition is defined at the £X, +Z and +Y surfaces. There is no
flow out boundary condition defined at -Y surface because reflection from ground is
taken into account. Moreover, the column is fixed at both ends in the model for the

particular example.

MATERIAL AN §1YSSU

LOCATION
CONC-35 MPA

STEEL 1006

AR

0.5x0.5x5 m Column

Velocity Vector of High Pressurized
Expanding Gases and Wavefront

Figure 69. Mapping of the Pressure and Velocity Information of High
Pressurized Gases into 3D Euler Domain

For modeling, element size is also important in the finite element method. For this
purpose, air filled Euler domain and Lagrange concrete column are meshed
according to some recommendations. In the reference [7], a 0.416x0.406x10 m
sample concrete column is modeled for blast-structure interaction analysis. In this

study, mesh dependency of the concrete column is also examined. Cubic elements
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with 8 nodes are used in the analyses. Mesh density used in this study is given in
Table 24.

Table 24. Mesh Density used in Modeling the Concrete Column [7]

Mesh Configuration Number of Elements in Column
Coarse 360
Fine 4160
Very Fine 20000

By referring to Table 24, 0.5x0.5x5 m column is meshed with 10000 cubic elements
with element dimension of 50 mm. Aspect ratio of the elements used in meshing the
column is taken as 1 to improve the accuracy of the solution. For Euler-Lagrange
interaction, Euler domain is modeled such that an Euler element size is one half of
the Lagrange element size in order to prevent Euler leakage through the Lagrange
part [4]. When elements of Euler and Lagrange domain are not sized properly,
expanding gas and the wavefront do not pressurize the Lagrange domain fully.
Hence, Euler domain is modeled as 25 mm cubic elements with 8 nodes according to

the recommendation. Euler and Lagrange domains are shown in Figure 70.
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Figure 70. Euler and Lagrange Domain for the Interaction

For failure assessment, an erosion criterion is defined for the concrete model.
Erosion could be defined in terms of user-defined elastic strain, plastic strain and
failure mode of the elements. For elastic and plastic strain erosion criterion, elements
are eroded when the elastic/plastic strain exceeds certain limit given as input by the
user. In the erosion failure criterion, AUTODYN computes the damage factor of the
elements by Equation (40) [45],

D AP

= z o (40)
where AeP is the accumulated plastic strain and &/ is the failure strain which is given
by,

b pspall)D2

gf :Dl*(ﬁ/_ ﬁ;, (41)
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where f' is the static compressive strength of the concrete, pg,q; is the spall strength
of the concrete, p is the pressure exerted on the element, D; and D, are material

constants as given in Table 25.

Table 25. Material Constants for Damage Factor Calculation

D, D,

0.4 1

AUTODYN calculates the damage factor by Equation (40). When damage factor is
greater than zero, the elements degrades and when it is equal to 1, the element is

assumed to fail and therefore it is eroded.

Failure of the concrete column can be assessed using the erosion criteria. In this case,
when an element is damaged; it starts to be degraded. When damage factor is equal
to 1, element fails and eroded, thus visually one can see how the respective sections
of the column fail by monitoring the level of erosion. Column failure is based on
checking the non-eroded elements in any section. For instance, in Figure 71
structural integrity loss of the 0.5x0.5x5 m column subjected to the blast load due to
the explosion of 75 kg of TNT is shown. In this case, element erosion method is used
to visually inspect the evolution of the failure in the column. Figure 71 shows that
erosion of the elements start at the hinge points at both ends of the column and at the
mid span. At 20 ms, most of the elements in the end and mid span sections are
eroded. At t=30 ms, all the elements in three sections, in the lower, upper end
supports and in the mid span section, are eroded. This is an indication that column

can not sustain any load anymore.
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Figure 71. Loss of Structural Integrity Utilizing the Failure Erosion Criteria
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4.3. Blast Induced Failure Assessment Using RC BLAST

RC BLAST [5] needs 3 different types of input from the user for the analysis. These

are

e Physical properties of structure
e Load-deformation curve

e Applied pressure

As for the physical properties of the structure, total mass [kg] and the loaded area
[m?] have to be given as input. For the sample 0.5x0.5x5 m concrete column studied,
total mass is 3000 [kg] and the loaded area is 2.5 [m?].

For load-deformation curve, there are some steps to be covered. Firstly, user should
define the boundary condition, load type, which can be either uniform or point
load,member length [m], plastic hinge length [m], explained in section 2.4, initial
rotational support stiffness [N-m/rad] as depicted in the user interface of RC BLAST
given in Figure 72. In the analysis, fixed boundary condition and uniform loading are
selected as in AUTODYN analysis. For some desired parameters such as plastic
hinge length, initial rotational support stiffness, the software gives some tips and
suggestions. For the unknown or indefinite parameters for the analysis,

recommendations are used.

General Member Properties

Support condtions:= Member length, L= 0 m

| Partially or fully foced -

Joad lype— Plastic hinge length, Lpl:i= 0 mm

| Uniformly distibuted load | Initial rotational suppaort stiffness, krot:= 0 Mm/rad

Figure 72. General Member Properties for the Load-Deformation Curve

For step 2, the user defines a material model, cross-section of the member as seen in
Figure 73. 0.5x0.5m cross section is given as input in RC BLAST. Later on,
moment-curvature is formed by RC BLAST, as depicted in Figure 74.
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Material Summary | Section Summary | Moment Curvature | Console |
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=]
[=]

Cancel | [ <<Back | [ Ned»

3£ M-Phi is out-of-date. | 3{ M-Rot is out-of-date. |3 R-d is out-of-date.

Figure 73. Material and Section Properties for the Load-Deformation Curve

[%= Material Properties ~ 73 Cross-section and Reinforcement - Eﬂ Generate Moment-Curvature ﬁ Solver Settings
| Material Summary | Section Summary| Moment-Curvature |Console|
[ Generate moment-curvature ] Moment-curvature
500 T T T T T
400
_ 300 F
-~
& 20 %
=
E 100 +
= 0
=
€ 00 ¥
E 200 ¥
-300 +
400 1
u u + u t
02 01 0,0 0.1 02 03
Curvature, ¢ (1/m}
Cancel | [ <<Back | [ Net>»
# M-Phi is up-to-date. | 3 M-Rot is out-of-date. |3 R-d is out-of-date.

Figure 74. Sample Output of Moment-Curvature

Then, by using the generated moment-curvature curve, yield points and ultimate
curvature points should be selected. The software suggests some tips for those points.

For the analysis performed in this study, the suggestions of the software are used.
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For the applied pressure input, user can select either blast parameters mentioned in
section 2.1 (peak side-on overpressure, positive phase duration, peak negative
pressure, negative phase duration) or explosive mass/stand-off distance so that blast
parameters are automatically calculated. For the sample analysis performed in this

section, 10 kg of TNT is detonated at 1 m stand-off distance.

After preparing all the input that is required by RC BLAST, the tool gives the
displacement vs. time curve for the SDOF model of the structure exposed to blast
loading. As seen in Figure 75, for the particular analysis performed, the displacement
of the structure has an oscillating trend with a maximum displacement of 30 mm and

the structure does not fail in this case.

Displacement-Time History

AAWANANAYG

0 50 100 150 200 250
Time, t (ms)

Displacement, d (mm)

Figure 75. Displacement vs. Time History Curve as a result of explosion of 10 kg
of TNT

When the mass of the TNT is increased to 20 kg, the structure has still an oscillating
displacement curve as depicted in Figure 76. Maximum displacement is increased to

62 mm due to increase in the TNT mass.
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Figure 76. Displacement vs. Time History Curve as a result of explosion of 20 kg
of TNT

In order to determine the failure mass of TNT, mass of TNT is increased to 25 kg
and RC BLAST gives the output shown in Figure 77. In this case, the displacement
curve is not an oscillating curve; rather it has an increasing displacement with
decreasing slope and finally reaches 192 mm deflection at 37 ms.

Displacement-Time History

—— SDOF Displacement
250

200

150 L SDOF Analysis Terminated (=) b

100 1 Structure failed on inbound thrust - maximum inbound displacement
b\ exceeded @ Nal mm st time 37 ms.

Displacement, d (mm)

50 1

Tamam

t t T T
0 10 20 30 40 50
Time, t (ms)

Figure 77. Displacement vs. Time History Curve as a result of explosion of 25 kg
of TNT

Following the same procedure, failure mass of the explosive is determined for the

0.5x1x5 m concrete column as well and results are given in Table 26.

Table 26. Failure Mass of the Explosive Calculated by RC-BLAST

Failure Mass of the Explosive [kg]

0.5x0.5x5 Column 0.5x1x5 Column

RC BLAST 25 134
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4.4, Assessment of the Results

In order to test the accuracy of the fast responding tool developed in the thesis study,
the failure assessment results obtained by the present code are compared with the
SDOF solver RC BLAST and also with the explicit finite element solver
AUTODYN. As mentioned in section 1.2, the aim of the tool is to give fast and
accurate enough results for bridge-like-structures exposed to external blast loading.
Since RC BLAST and the tool developed in the present study are fast-responding
tools, once the required parameters are given as input, failure assessment results can
be obtained in a few seconds. However, AUTODYN analyses last more than a day
depending on the model. Determining the required amount of explosive to fail the
bridge-like structures is not an easy process for AUTODYN. For each explosive
mass, one has to perform AUTODYN analysis to make failure assessment and this
process requires many reanalysis by changing the explosive mass. One of the
significant advantages of the developed tool is that the approximate failure explosive
mass can be determined very fast and predicted failure explosive mass can be used as
the initial explosive mass in AUTODYN analysis. This way number of detailed

AUTODYN analysis to be performed can be reduced significantly.

For comparison, two sample columns with the dimensions 0.5x0.5x5 m and 1x0.5x5
m are analyzed. For a stand-off distance of 1 m, structures are exposed to the blast
loading due to the explosion of 15, 30, 45, 60, 75, 90, 100, 150, 250 kg of TNT.
Table 27 lists the first set of analysis performed by AUTODYN.
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Table 27. First Set of AUTODYN Analysis

Stand- Mass of
off TNT
Distance | Explosive
[m] [ka] Member
1 15 Column (0.5x0.5x5)
1 30 Column (0.5x0.5x5)
1 45 Column (0.5x0.5x5)
1 60 Column (0.5x0.5x5)
1 75 Column (0.5x0.5x5)
1 90 Column (0.5x0.5x5)
1 100 Column (0.5x0.5x5)
1 150 Column (0.5x0.5x5)
1 250 Column (0.5x0.5x5)
1 15 Column (0.5x1x5)
1 30 Column (0.5x1x5)
1 45 Column (0.5x1x5)
1 60 Column (0.5x1x5)
1 75 Column (0.5x1x5)
1 90 Column (0.5x1x5)
1 100 Column (0.5x1x5)
1 150 Column (0.5x1x5)
1 250 Column (0.5x1x5)

For the first set of analysis, two sample columns are examined whether they fail or
not using the column failure criteria explained in Section 4.2 based on the erosion of
the elements throughout the whole cross section. Starting from 15 kg of TNT
explosive, mass of explosive is increased up to the failure of the structure. For the
15kg, 30kg and 45 kg of TNT, there exists no cross section throughout which all
elements are eroded. In other words, the column has not failed yet. Figure 78
demonstrates effect of 45 kg TNT explosion on the 0.5x0.5x5 m concrete column. At
the end supports, some elements start to be eroded at 5 ms. Although some elements
eroded at the column ends, erosion throughout the whole cross section does not
occur. Moreover, at the midspan, no erosion occurs and midspan does not deflect

much.
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Figure 78. Effect of 45 kg TNT Explosion on the 0.5x0.5x5m Concrete Column

Since 45 kg TNT explosion is not enough to fail the concrete column, effect of 60 kg
TNT explosion is investigated. Figure 79 shows the effect of 60 kg TNT explosion
on the 0.5x0.5x5 concrete column. At 5 ms, some elements start to erode near the
end supports. At 10 ms, midspan elements also start to erode as well. It is seen that at
30 ms, most of the elements near the end supports and the midspan erode. At 50 ms,
throughout upper and lower end support, elements fully erode in the sections near the
upper and the lower end supports. Compared to the explosion of 45 kg TNT, at 30
ms, most of the elements erode in the sections nears the end supports for the
explosion of the 60 kg TNT. It is also seen that at the midspan, most of the elements
erode as a result of explosion of 60 kg TNT whereas no erosion exists in the midspan
for the explosion of 45 kg TNT.
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Figure 79. Effect of 60 kg TNT Explosion on the 0.5x0.5x5m Concrete Column

Table 28 summarizes the results of first set of analysis. After the first set of analysis,
to narrow the range of the failure mass of TNT for 0.5x0.5x5 m column, second set

of analysis is performed.
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Table 28. Results of First Set of AUTODYN Analysis

Mass of
nd-off TNT lumn
D?st;ndceo[m] Explosive Member Igz;)illLJJre?
[ka]
1 15 Column (0.5x0.5x5) No
1 30 Column (0.5x0.5x5) No
1 45 Column (0.5x0.5x5) No
1 60 Column (0.5x0.5x5) Yes
1 75 Column (0.5x0.5x5) Yes
1 90 Column (0.5x0.5x5) Yes
1 100 Column (0.5x0.5x5) Yes
1 150 Column (0.5x0.5x5) Yes
1 250 Column (0.5x0.5x5) Yes
1 15 Column (0.5x1x5) No
1 30 Column (0.5x1x5) No
1 45 Column (0.5x1x5) No
1 60 Column (0.5x1x5) No
1 75 Column (0.5x1x5) No
1 90 Column (0.5x1x5) No
1 100 Column (0.5x1x5) No
1 150 Column (0.5x1x5) No
1 250 Column (0.5x1x5) Yes

The results given in Table 28 show that 0.5x0.5x5 m concrete column fails due to the
explosion of 45-60 kg of TNT whereas 0.5x1x5 m concrete column fails due to the
explosion of 150-250 kg of TNT. To narrow the range, a second set of analysis is

performed and explosive masses causing the failure of the column are determined

and presented in Table 29.
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Table 29. Results of Second Set of AUTODYN Analysis

Stand- Mass of
. off TNT. Member Column Failure?
Distance | Explosive
[m] [ka]

1 50 Column (0.5x0.5x5) Yes
1 55 Column (0.5x0.5x5) Yes
1 155 Column (0.5x1x5) No
1 160 Column (0.5x1x5) No
1 165 Column (0.5x1x5) No
1 170 Column (0.5x1x5) No
1 180 Column (0.5x1x5) Yes
1 190 Column (0.5x1x5) Yes
1 200 Column (0.5x1x5) Yes
1 210 Column (0.5x1x5) Yes
1 220 Column (0.5x1x5) Yes
1 230 Column (0.5x1x5) Yes
1 240 Column (0.5x1x5) Yes

Figure 80 shows the effect of 50 kg of TNT explosion on the 0.5x0.5x5 m column.
At 5 ms, elements begin to erode near the end supports. As time elapses, number of
eroded elements increase. At 30 ms, most of the elements in the sections near end
supports and at the midspan erode. However, erosion of all elements in the sections
near the end supports and at the midspan takes place 100 ms later at 140 ms. This is
an indication that 50 kg of TNT is certainly the limit on the failure mass of the TNT

explosive. It should be recalled that for the 60 kg of TNT explosion, the column fails

at 50 ms.
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Figure 80. Effect of 50 kg TNT Explosion on the 0.5x0.5x5m Concrete Column

Failure response of the concrete columns determined by AUTODYN are compared
to the test and analysis results of Williamson, shown in Figure 10, and great
similarity is observed between the two simulations and tests. For concrete columns
exposed to the explosion with small scaled distance, it is seen that concrete columns
deflect such that as if they broken in the midsection. In other words, plastic hinges
are seen, as shown in Figure 44. This similarity in a way demonstrates that flexural

failure is modeled correctly in AUTODYN analyses.

The results of AUTODYN analyses show that considering the column failure
criterion which is based on checking the non-eroded element in any section of the
column, 0.5x0.5x5 m column fails as a result of explosion of 45 - 50 kg of TNT
while 0.5x1x5 m column fails as a result of explosion of 170 - 180 kg of TNT.

For the same case, results of the fast-responding RC BLAST, results obtained by the
developed tool and with the AUTODYN results are compared in Table 30. The
results show that the tool and RC BLAST, which use SDOF methodology, give close

results for both 0.5x0.5x5 m column and 0.5x1x5 m column. However, for both
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columns failure masses of the explosive predicted by AUTODYN are higher than the

failure masses of the explosives determined by the developed tool and RC BLAST.

Table 30. Comparison of Explosive Masses Calculated by the Present Study,

RC-Blast and AUTODYN

Failure Mass of the Explosive [kg]

0.5x0.5x5m Column | 0.5x1x5m Column
Present study 20.7 120.7
RC BLAST 25 134
AUTODYN 45 -50 170 -180

To investigate the reason for the difference in the failure masses obtained by

AUTODYN and predicted by the developed tool, side-on pressures obtained by the

developed tool and AUTODYN are compared. For different scaled distances, peak

side-on overpressures obtained by AUTODYN and the developed tool are compared
in Table 31. The results show that the developed tool (Equation (9) and Table 4)

overestimates the peak side-on overpressure compared to AUTODYN results.

Table 31. Comparison of Peak Side-on Overpressures Obtained by AUTODYN

and the Developed Tool

Mass of Scaled AUTODYN Tool Side-on
TNT Distance Di Side-on o Difference
Explosive [m] /LS tigCBeg Overpressure ve rE ressure [96]
15 0.5 0.20 13794 16794 17.86%
15 0.75 0.31 8042 9879 18.60%
15 1 0.41 5183 6631 21.84%
15 1.25 0.51 3536 4714 24.99%
15 15 0.61 2527 3474 27.26%
15 1.75 0.72 1897 2631 27.89%
15 2 0.82 1486 2037 27.05%
15 2.25 0.92 1184 1608 26.36%
15 25 1.02 957 1290 25.84%

After determining the difference in peak side-on pressures determined by the

developed tool and AUTODYN, the side-on overpressure calculated by the tool are
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decreased to match the side-on overpressure determined by AUTODYN. With the
decreased side-on overpressure, failure masses of the explosive are calculated again
by repeating the analysis for the two columns having dimensions 0.5x0.5x5 m and
0.5x1x5 m for the stand-off distance of distance of 1m. Table 32 gives the updated
explosive mass calculated using the decreased side-on overpressure. From Table 32,
it seen that with the updated side-on overpressure, failure explosive masses
calculated by the developed tool are much closer to the AUTODYN results. It should
be noted that in the present study side-on overpressure is based on the experimentally
determined values and AUTODYN calculates it by analysis, therefore it is doubful
that side-on pressure calculated by AUTODYN analysis is absolutely correct. It is
noted that the developed tool, which is based on SDOF approach, calculates lower
failure explosive mass than AUTODYN. In this respect, the calculated failure
explosive mass forms the lower bound for the AUTODYN analyses. It can be
commented that the developed tool gives conservative values for the failure

explosive mass.

It is also considered that present set of analyses by the developed tool and
AUTODYN are performed for the stand-off distance of 1m which is small. In the
developed tool, loading is assumed to be uniform along the structure. For small
stand-off distances, distribution of the load along the structure may deviate from
uniform loading and this could also account for the differences obtained for the

failure explosive masses by the developed tool and AUTODYN.

Table 32. Comparison of Explosive Masses by the Present Study and
AUTODYN

Failure Mass of the Explosive [kg]
0.5x0.5x5m Column 0.5x1x5m Column

Present Study 20.7 120.7
Present Study with Updated 365 1819
Side-on Overpressure
AUTODYN 45 - 50 170 - 180

In this section uniform load assumption used in the developed tool is studied. Recall

that in the developed tool, instead of point load, uniform loading assumption is done
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for the SDOF conversion. In theory, it is not possible to represent the blast load by
either uniform load or point load. However, uniform loading assumption is more

reasonable since the loading is distributed along the structure.

To check the uniformity of the load, series of fast-responding analyses are
performed. 0.5x0.5x5 m concrete column, shown in Figure 61, is sampled and
divided as shown Figure 62 for the uniformity analyses. 60 kg of TNT is exploded at
a height of burst of 2.5 m. Stand-off distances are taken as 1m, 2m, 3m, 4m, 5m and
10 m.

At 1 m stand-off distance Mach Stem is not formed. Mach Stem is the 1°' discrete
zone in all graphs. Figure 81 shows the distribution of the face on overpressure along
the structure for a stand-off distance of 1 m. As seen in Figure 81, load is maximized
in the mid-region whereas it is minimum at the upper and the lower ends. Loading is
symmetric since the height of burst is half of the column height. For small stand-off

distance, blast load varies so much along the column.
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Figure 81. Distribution of the Face on Overpressure along the Structure for a

Stand-off Distance of 1 m

Figure 82 shows the distribution of the face on overpressure along the structure for a
stand-off distance of 3 m. For the stand-off distance of 3 m, Mach Stem forms and
the triple point height ruins the symmetry. However, in this case load is more
uniformly distributed along the structure compared to the 1 m stand-off distance

case.
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Figure 82. Distribution of the Face on Overpressure along the Structure for a
Stand-off Distance of 3 m

Figure 83 shows the distribution of the face on overpressure along the structure for a
stand-off distance of 5 m. For the stand-off distance of 5 m, Mach Stem again forms

but its intensity diminishes since the stand-off distance increases and loading is more
uniform.
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Figure 83. Distribution of the Face on Overpressure along the Structure for a

Stand-off Distance of 5 m

Figure 84 shows the distribution of the face on overpressure along the structure for a
stand-off distance of 10 m. For the stand-off distance of 10 m, loading is very close

to uniform load disregarding the Mach Stem Region.
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Figure 84. Distribution of the Face on Overpressure along the Structure for a
Stand-off Distance of 10 m

In the overall, as the stand-off distance increases, uniform loading assumption
becomes more reliable approach for blast analysis. For 1 m stand-off distance,
loading is not uniform. For small stand-off distances, distribution of the load along
the structure is not uniform and this could account for the differences obtained for
the failure explosive masses by the developed tool and AUTODYN. To see the effect
of uniformity of the loading at the stand-off distance of 5 m, where loading could be
considered to be almost uniform, further analyses are performed in order to
determine the failure masses of the TNT explosive by the developed tool and
AUTODYN. For the 0.5x0.5x5 m concrete column, in the developed tool, failure
explosive mass is computed as 460 kg of TNT . To trace this clue, in AUTODYN,
440-500 kg of TNT explosive range is scanned to determine failure mass of the TNT
explosive.

For the 450 kg of TNT explosive at a stand-off distance of 5 m, time response of the
column is shown in Figure 85. It is seen that damage starts at the lower end support
at 5 ms. At 30 ms, many of the elements at the lower end support erode.
Furthermore, some elements at upper end support also erode. At 85 ms, the column
deflects considerably at lower end support and almost all elements erode. At 200 ms,

all elements at lower end support erode and the column fails.
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Figure 85. Effect of 450 kg TNT Explosion on the 0.5x0.5x5m Concrete Column

It is seen that lower end support is damaged much more than the other plastic hinge
locations, which are at the upper end support and at the midsection. To investigate
the reason behind this, face-on overpressure distribution along the column is

analyzed by the developed tool as shown in Figure 86.

It is observed that Mach Stem is formed and impacts the target resulting in 27000
kPa approximately. On the other hand, other parts of the column are subjected to
face-on overpressures between 11000 and 14500 kPa. Face-on overpressure at the
Mach Stem region is almost 2.5 times the face-on overpressure on the other part of
the column. Higher face-on overpressure in the Mach Stem segment of the column
yields greater damage at the lower end support and column fails at the lower end of

the column.
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Figure 86. Distribution of the Face on Overpressure along the Structure
Exposed to 450 kg of TNT Explosive for a Stand-off Distance of 5 m

In Table 33, the failure masses of explosives for the 0.5x0.5x5 m column are listed
for the 1m and 5 m stand-off distances. At 1 m stand-off distance, the difference is
11 kg when average of 45 and 50 kg of TNT explosive is considered. At 5 m stand-
off distance, the difference is 8.3 kg of TNT explosive. In terms of percent
difference, at higher stand-off distances, the difference in the failure explosive mass
calculated by the developed code and AUTODYN is much lower than the percent
difference for the low stand-off distance case for which the loading less uniform. It is
thus concluded that when the stand-off distance is increased, loading becomes more

uniform.

Table 33. Comparison of Failure Masses of the TNT Explosive Calculated by
AUTODYN and by the Developed Tool at Stand-off Distances 1m and 5 m

AUTODYN DEVELOPED TOOL

Failure Mass of
TNT Explosive at

Stand-off 45 -50 36.5

Distance of 1 m

Failure Mass of
TNT Explosive at
Stand-off
Distance of 1 m

450 - 455 460.8
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In addition to difference in the side-on overpressure calculated by the developed tool
and AUTODYN, and uniform load assumption used in developed tool, other
probable reasons for the differences between the failure explosive masses determined
by the developed tool and AUTODYN could be listed as:

e The tool discretizes the structure into 10 segments. In reality, the structure is
composed of infinite segments.

e The tool disregards negative phase loading. Negative phase diminishes
impulse on the structure. The decreased impulse results in higher mass of the
explosive necessary to fail the structure.

e Failure criteria used by AUTODYN, RC BLAST and the tool are different.
There is no clue for failure criterion used in RC BLAST. Difference in failure
criteria may result in different results.

e SDOF methodology requires several assumptions. In this method, a complex
concrete  model is simplified into lumped mass-spring system. The
simplification is so sharp andthis also causes differences between the results
obtained by the developed tool and AUTODYN.

Although there are some differences between the failure explosive masses calculated
by the developed tool and AUTODYN, failure explosive masses calculated by the
developed tool are not very off from the failure masses calculated by AUTODYN.
As it is mentioned before, the calculated failure explosive mass by the developed tool
forms the lower bound for the expensive AUTODYN analyses. In this respect, the
developed tool can be used for fast estimation of the failure explosive mass and for
more refined analysis, failure explosive mass determined by the tool can be used as
the lower bound for AUTODYN analysis and the number of AUTODYN analysis to
be performed for the more accurate determination of the failure explosive mass can

be reduced significantly.
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CHAPTER 5

CONCLUSION AND FUTURE WORK

The main objective of the thesis study is to develop a fast responding tool which is
accurate enough for the damage assessment in the columns of bridge structures
subjected to blast loading. In order to achieve this goal, available studies in the
literature are extensively examined to establish the background of the blast
phenomenon and also to determine the methodology for the developed tool. The
methodology of the fast responding blast induced damage calculation tool is
explained by means of flowcharts presented in Chapter 3. Key points of the
developed tool are the determination of the side-on overpressure up to the structure,
determination of the impulsive work on the structure and calculation of the structural
response. As for the determination of the side-on overpressure, Kingery’s empirical
formula is determined as the most accurate approach which gives the best fit to the
experimental results. In fact in the literature, Kingery’s empirical formulation is
extensively used for the calculation of blast parameters, especially for the side-on
overpressure. For the accurate calculation of the impulsive work on the structure,
Mach Stem phenomenon is investigated in detail and effect of the Mach Stem is
included in the developed tool. The most critical point on the determination of
impulsive work on the structure is to model the spatial distribution of the face-on
overpressure along the structure. For accurate calculation of the impulsive work on
the structure, the structure is divided into several segments. Thus, variation of the
stand-off distance and the angle of incidence along the structure is modeled
precisely. Furthermore, in order to determine the effect of the ratio of the the rear
wall loading to the front wall loading, a study is performed and this ratio is
determined as function of the scaled distance. It is shown that for small scaled
distances, front wall loading is really dominant over the rear wall loading. Hence, for

the scaled distance less than 0.5 m/kg"?

, it is concluded that the rear wall loading is
negligible. For the calculation of the response of the structure, material behaviour of

concrete and steel structures is examined. Effects of dynamic increase factor,

119



strength increase factor, age factor are considered for determining the dynamic
strength of the material. Single Degree of Freedom (SDOF) approach is utilized for
the flexural response of the structure exposed to the blast loading. Biggs’ tables are
used for the conversion of the continous system into discrete SDOF system.
Maximum deflection and hinge (support) rotations are computed for damage
assessment of the structure. For the damage assessment, failure criteria published by

Department of Defense of the US army is used.

In addition to the studies performed to develop the fast responding analysis tool,
commercial programs RC BLAST and AUTODYN are used to assess damage in
structures subjected to blast loading for comparison purposes. As mentioned in
Section 4.3, RC BLAST is also a SDOF solver and gives deflection versus time
curve for the blast loaded concrete and steel structures. When sample structures are
subjected to relatively small amount of TNT explosion at 1 m stand off distance,
structures deflect with oscillation in a sinusoidal manner. Increasing the amount of
TNT explosive raises the amplitude of deflection, but thedeflection may still be in
oscillating form. Once the amount of TNT explosive is increased above a certain
limit, deflection of the structure increases with a decreasing slope and converge to
the failure deflection limit of the structure. RC BLAST gives a warning window
showing the failure mass of the TNT explosive and the time of failure. By using the
developed tool and RC BLAST, failure responses of two sample concrete columns
subjected to blast loading are determined. Failure response analyses of the same
sample columns are also performed by AUTODYN which is an explicit dynamic
finite element solver. Free propagation of the blast wave is solved using the wedge
modeling approach. By mapping the pressure and velocity information of high
pressurized expanding gas and the wavefront to the 3D Euler domain, interaction of
the blast wave with the structure is analyzed. The damage and failure is assessed in
two stages; element failure and the column failure. For the element level failure,
damage factor calculated by AUTODYN is used to decide on the failure of the
element and element is allowed to degrade when it starts to be damaged and element
fails when the damage parameter becomes equal to one. Concrete column failure is

based on checking the existence of non-eroded elements which havedamage factor
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less than one in any section of the column. When all the elements in a section of the
column erode, it is considered that the column can not sustain load anymore. By
applying the two stage failure criterion, series of AUTODYN analyses are performed
and failure masses of the TNT explosive is determined for the two sample columns
studied. Failure explosive mass results obtained by the developed tool, RC Blast and
AUTODYN show that although the developed tool and RC BLAST yields close
results, they differ from AUTODYN significantly. To find out the reasons behind
this difference, side-on overpressure results obtained by AUTODYN and Kingery’s
formulation, which predicts test results very closely, as seen in Figure 53, are
compared. It is seen that AUTODYN vyields lower side-on overpressure than
obtained by the Kingery’s formulation which is used in the developed tool. As a
follow-up study, side-on overpressure predicted by the developed tool is reduced to
match the side-on overpressure determined by AUTODYN. With the reduced side-on
overpressure, failure masses of the TNT explosive are recalculated. It is seen that
failure explosive masses determined by the updated side-on overpressure determined
are much closer to the AUTODYN results. For further investigation of the possible
source of the differences between the failure masses predicted by the developed tool
and AUTODYN, uniformity of the load as a function of the stand-off distance is
examined. It is seen that for the sample columns studied, the load is not uniform
when the stand-off distance is 1 m, and load becomes more and more uniform when
the stand-off distance is increased. For the 5m stand-off distance, failure masses of
the TNT explosive calculated by AUTODYN and the developed tool are compared
and it is seen that at high stand-off distance the difference in the failure masses
diminishes due to the enhanced load uniformity. Despite some differences between
the failure explosive masses calculated by the developed tool and by AUTODYN,
they are not very off from each other. When the computational time spent is

considered, the developed tool is very efficient compared to AUTODYN.

It is noted that the developed tool, which is based on the SDOF approach, calculates
lower failure explosive mass than AUTODYN. In this respect, the calculated failure

explosive mass forms the lower bound for the AUTODYN analysis. It can be
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commented that the developed tool gives conservative values for the failure
explosive mass. Thus, the developed tool can be used for fast estimation of the
failure explosive mass and for more refined analysis, failure explosive mass
determined by the tool can be used as the lower bound for AUTODYN analysis and
the number of AUTODYN analysis to be performed for the more accurate

determination of the failure explosive mass can be reduced significantly.

In conclusion, the developed tool can be used for the design of bridge-like structures
in two main ways. Column dimensions can be optimized to withstand possible
detonation threats. By taking advantage of the very fast analysis capability of the
tool, preliminary design of the column can be performed. More refined analysis can
be performed by AUTODYN, if necessary. In addition, the explosive mass and the
detonation point to cause failure of the structure can be optimized by performing

parametric analysis and examining the effective blast parameters.

Regarding the future work, single column analysis can be extended to the blast
analysis of the whole bridge structure. Furthermore, the developed code can be
improved to estimate the damage of the whole bridge structure for various detonation
locations with the goal of determiningthe optimum detonation point to fail the whole
bridge. Moreover, graphical user interface can be developed for the fast responding
blast analysis tool. With such a graphical user interface, the ease of use of the tool

can be substantially increased.
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APPENDICES

A. VIEW OF THE DEVELOPED TOOL
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B. DERIVATION OF MASS AND LOAD FACTORS

In the study of Biggs [43], load and mass factors are given in Table 15. In Appendix
B, derivation of load and mass factors are given for the plastic regime. Uniformly

loaded structure fixed at both ends is shown schematically in Figure B1.
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Figure B1. Uniformly Loaded Structure Fixed At Both Ends

LOAD FACTOR FOR THE UNIFORMLY LOADED FIX-FIX BEAM

Load factor is given by [43],
K, =— (B1)

where K; is the load factor, Fy is the equivalent force on structure and F is actual

force on structure. Equivalent force is given by,

L

L
Fy = fo p()B(x)dx = fo po B(x)dx (B2)

where p(x) is force per unit length along the structure, @(x) is shape function. Shape

function is given by Equation (B3),
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A(x)

B(x) =
Amax (B3)
For a structure in the plastic regime, deflected shape is given in Figure B2.
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Figure B2. Deflected Structure in the Plastic Regime

A(x) is given by Equation (B4)

A(x) =xtan6 forx <L/2

(B4)
A(x)=(L—x)tan® forx=1/2
and A, 1S given by Equation (B5).
L
Aax= > tan 6 (B5)

Thus, shape function @(x) is computed as,
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A(x)_xtan@_ X L

P(x) = =2- orx <—
Amax % tan 6 L / 2
(B6)
66 A(x) (L—x)tan® 201 x) f - L
x) = = = - = orx =
Anax % tan @ L 2
Load factor is given by Equation (B7)
L/2 L
Fp Jo  p)8C)dx + [, p(x)B(x)dx
KL = —= =0.5 (87)
F pPoL
MASS FACTOR FOR UNIFORMLY LOADED FIX-FIX BEAM
Mass factor is given by [43],
Mg
Ky = M (B8)

where K, is the mass factor, My is the equivalent mass of structure and M is the

actual mass of structure. Equivalent mass is calculated as,
L
Mg = [ m(x)0* () ®9)
0

where m(x) is the mass per unit length along the structure and @(x) is the shape

functiongiven by Equation (B6). Hence, mass factor is calculated as,

L/2 5 L 2
1) dx + 1) dx
Ky = % = JymE)0te) xmLfL/ M7 () =033 (B10)
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