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Failure Modeling of Bridge Components Subjected to Blast Loading
Part I: Strain Rate-Dependent Damage Model for Concrete
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Abstract : A dynamic constitutive damage model for reinforced concrete (RC) structures and formulations of blast loading for
contact or near-contact charges are considered and adapted from literatures. The model and the formulations are applied to the input
parameters needed in commercial finite element method (FEM) codes which is validated by the laboratory blast tests of RC slabs
from literature. The results indicate that the dynamic constitutive damage model based on the damage mechanics and the blast load-
ing formulations work well. The framework on the dynamic constitutive damage model and the blast loading equations can there-
fore be used for the simulation of failure of bridge components in engineering applications.
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1. Introduction

With regards to all types of threats, explosives constitute 60
percent of terrorist attacks world wide. The Federal Highway
Administration (FHWA) of the United States envisioned a multi-
year prog,ram1 that will address securing the existing infrastruc-
ture and that will lead to a new generation of bridges and
structures that are resilient to this new, human threat.

To protect against terrorist bomb attacks, research and techni-
cal communities must: (1) better understand the effects of blast
loads on structures (e.g., bridges) by using field and laboratory
experimentation; (2) validate existing computational models for
the prediction of such responses; (3) develop simple design/
assessment tools that practitioners and bridge operators can use to
enhance the protection of both existing and new structures; and
(4) develop more efficient and economical mitigation strategies
that include the use of engineered materials and technologies.

The need for the protection of the civil infrastructure (specifi-
cally bridges) against blast load is not a new problem. In fact, the
1987 Structures Congress already considered the protection of the
civil infrastructure against terrorist attacks to be an existing prob-
lem.” Indeed, much research works and design manuals have
been conducted on blast loads and their effects on structures, pri-
marily in the United States,3 the United Kingdom,4 and Israel.’
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Much research has also been conducted on blast effects on build-
ings, and much of this research can be extrapolated to the devel-
opment of procedures for the design of blast resistant bridges.6
However, in many instances, it is not feasible or even practical to
implement these procedures into bridge design. A major issue in
the case of bridges subjected to blast loads is that charges can
easily be placed near or in contact with the structural elements,
and therefore, a force- or displacement-based fragility relation-
ship would be inaccurate.” Experimental and numerical finite ele-
ment analysis (FEA) studies on concrete blocks subject to blast
loads and fragments impact.8 showed a localized damage at the
surface of the impact zone. Micro-cracking mostly happened at a
depth of approximately 120 mm (5 in.) below the surface with no
concrete strength degradation below this zone.

Structural elements under close-in charge explosions are sub-
jected to very high strain rates, in the order of 10/s to 1000/s,
which will substantially modify the material propel‘[ies.9 The
high-strain rate data are accounted for through the ratio between
the strength of the material at dynamic loading to the one under
quasi-static conditions, which is referred to as dynamic increase
factor (DLF).9 For reinforced concrete (RC) under high strain
rates, the apparent strength of the materials can significantly
increase. Findings show that the DIF can be up to 1.5 for rein-
forcing steel bars, 2.0 or more for concrete in compression, and
6.0 or more for the concrete in tension.” " Donze et al.,'? using a
three dimensional discrete-element method of an unconfined con-
crete specimen under compression and high strain rate, showed
that the strain rate dependency of the concrete material is mainlty
attributed to internal inertia effects.

To correctly describe the strain-rate dependency in concrete,
suitable constitutive relations are necessary. Three model types
are currently considered to define the constitutive relations of
concrete under high strain rates: " (1) homogenization models,
which consider the compaction of the material porosity closer to
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the explosion subject to a strong hydrostatic compression; (2)
tensile damage models utilizing rate dependent damage models;
and (3) compression failure models combining viscoplasticity
with rate dependent damage models.

In this paper, approach based on dynamic constitutive damage
model is adopted for reinforced concrete (RC) structures and for-
mulations of blast loading for contact or near-contact charges are
considered and adapted from literatures firstly. The model and
the formulations then are applied to the input parameters in com-
mercial finite element method (FEM) code which is validated by
laboratory blast tests of RC slabs from literature. Finally, the
model and the formulations will be used for the simulation of
failure of bridge components in its companion papet.

All simulations have been carried out using the commercial
ABAQUS/Explicit FEA code, which is an explicit dynamic finite
element program. This program allows obtaining the structure’s
dynamic response by direct time integration of all the degrees of
freedom of the model."*" This program also has the capability to
simulate blast load by applying an incident load condition given
the geometric data describing an incident wave (i.e., the standoff
point coordinates), the incident wave source coordinates, the
properties of the fluid that the incident wave will be traveling
through, and the time-history overpressure caused by the explo-
sion. Given the incident wave loading, ABAQUS uses an inter-
nal algorithm to accounts for the incident angle effect. The time-
history overpressures for the analyses have been obtained in
advance by using the closed form solutions described in the fol-
lowing section. ABAQUS was chosen over other FEM codes since
it is able to obtain more stable results for dynamic analysis.16

The numerical tools described in this paper were then used for
the assessment of the capacity of the primary structural elements
(e.g, deck, pier, and arch) of one of the two bridges of the Tenza
Viaduct in Salerno, Italy, and described in companion paper.I7 It
is worth to note that the current dynamic damage mechanics
based material model and blast loading equations are applied on
only primary structural components since the simulations were
carried out using a personal computer, and therefore with a sig-
nificant limitation of computing tools. This research work dem-
onstrated how common numerical tools, often found in practice,
can be used to accurately describe a very complex phenomenon.

2. Constitutive damage model

This section describes the models used for both concrete and
reinforcing steel bars as input to the FEM models. Given the
compressive strength of concrete, simplified constitutive equa-
tions of strain-rate dependence under compression and tension of
concrete were created in a step-by-step fashion. The strain-rate
dependent equations were then used in a damage mechanics model
to create the concrete constitutive equations. For the steel bars,
simplified elastic-perfectly plastic constitutive laws were used to
reduce computational times while obtaining significant results.

2.1 Dynamic compressive strength of concrete

For each given strain rate, the dynamic compressive strength
was estimated following the Comité Euro-International du Béton
(CEB)]8 formulation from given value of static compressive

strength:

Kd(g) = fcd /fcm

= (&, 5,0)"%% for [5]<30 s (1)

Kf&) = fog fom = 7(8780)' " for |g]>30 s (2)

with
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(xs - 5+ 9fcm /fcm0 (3)
and
log ,=6.156, — 2 )
where

-4 15 the dynamic compressive strength,

Jom 15 the mean value of static compressive strength,
fomo=10 MPa (1 MPa = 145.04 psi),

¢, =the strain rate (s ), and £, =30 107

2.2 Dynamic compressive concrete stress-strain
relations

The dynamic concrete compressive stress-strain relationship
was determined by adopting the Mendis approach originally
developed for high strength concrete. " The stress-strain curve
used in this study includes a parabolic ascending portion and a
straight line descending branch as shown in Fig. 1. Eq. (5) gives
the parabolic ascending portion of the curve:

=K, cm[i_g—( £ )1 for e<¢g,, ®)

cd Eed

The linear descending portion of the stress-strain relation is
obtained as follows:

f=K,f,l1-Z(s-¢,,)]>f,,, for e>¢,, 6)

The residual stress, f, is defined as follows:
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Fig. 1 Simplified dynamic stress-strain relationship of concrete.
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Z=0.018f,,+0.55 (10)

4.26f,,,
g = —em

U (11)
E. = 4733 ff.,(MPa) (12)

Note that o will be calibrated with dynamic test data. As shown
in Eq. (12), the value for the elastic modulus of the concrete, E,.,
was assumed as the one prescribed by ACI 318-02.7 Eq. (12)
from ACI”' results in a very close value to one from the equa-
tion recommended by [19], while the corresponding equation
from CEB" gives about 19 percent higher. Therefore, Eq. (12)
from ACI”' is chosen in this study. Also note that the actual
value for the residual strength, £, should be zero. From a numer-
ical point of view, such value cannot be assumed as zero since it
would generate numerical instability. Mendis et al."” showed that
this damage model leads to good load predictions.

2.3 Dynamic tensile strength of concrete

For a given strain rate in the range of 107 to 160s™", the for-
mulations of dynamic tensile strength proposed by Malvar and
Ross”™ modified from Comité Euro-International du Béton (CEB)18
was used in this research project. The corresponding dynamic
tensile concrete strength is presented in Eqs. (13) and (14) start-
ing with the static compressive strength.

Fiafom = (575" for |E|<1s” (13)
Foa'fom = Bo(&/50)' > for |'g|>1{1
td"Jtm s\€t" Ct0 | = (14)
with
1
S Tikr /7 15
é; 1+ Sf;m /f;'mO ( )
log B,=60,—2 (16)
where

fia =the dynamic tensile strength,
f-m = the mean value of static compressive strength,
Jfemo=10 MPa (1 MPa = 145.04 psi),
&, =the tensile strain rate in the range of 10°t0 160 s, and
£, =10"%".

2.4 Dynamic tensile concrete relations

For concrete subjected to tensile dynamic loading, a two-sec-
tion model from CEB-FIP 90" was adopted. For un-cracked
concrete subjected to dynamic loading, a linear stress-strain rela-
tionship is assumed as follows:

Si=E (17)

where
f; =the tensile stress,
&, = the tensile strain, and
E_=the tangent modulus of elasticity.

For cracked concrete sections, a fracture energy based bilinear
stress-crack opening relationship (see Fig. 2) is used because it
can lead to stable numerical results.'*'®
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Fig. 2 Stress-crack opening diagram of concrete.

£ :f,d(l —0.85K) for 0.15f,,<f,<f., (18)
wy
1 -
g = 2N W) g o201y, (19)
We=WwW,
W= 2Gral fu— 0.15w, (20)
W= Gyl frg @1

where

w =the crack opening (mm, 1 mm = 0.039 inch),

wy =the crack opening (mm, 1 mm = 0.039 inch) for £=0.15 £,
w, =the crack opening (mm, 1 mm =0.039 inch) for f/=0,
fw =the dynamic tensile strength (MPa, 1 MPa = 145.04 psi),
ar =the coefficient as given in Table 1, and

Gr,= the dynamic fracture energy (Nmm/mmz, 1 N-mm/mm”

=68.52 fi-Ib/ft).

The dynamic fracture energy of concrete Ggy can be defined as
the energy required to propagate a tensile crack of unit area.
Because of the absence of experimental data on Ggg, the static
equation recommended by CEB-FIP'® was adapted to the dynamic
case as follows:

Gra= Grl Jeal feaw) 22

where

0= 10 MPa (1 MPa = 145.04 psi),

Gpo=the base value of fracture energy that depends on the
maximum aggregate size, and d,,,,= given in Table 1.

2.5 Damage based model for concrete

For each strain rate, a damage mechanics-based concrete dam-
age plasticity model was used in the local components’ damage
analysis that is subjected to blast loadirlg.m‘]s’23 The model
assumes that the uniaxial tensile and compressive response of
concrete is characterized by damage plasticity as shown schemat-
ically in Fig. 3. As shown in the figure, when the concrete speci-
men is unloaded from any point on the strain softening branch,

Table 1 Coefficient o and fracture energy G, vs. max aggre-
gate size dpax.

Ay MM(in.) 8(031) 16(0.62) 32(1.26)
oy 8 7 5
Gro, Nmm(Ib/in)| 0.025221e4) | 003(2.66e4) | 0.058(5.13e4)
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the elastic stiffness of the material will degrade. The degradation
of the elastic stiffness is characterized by the damage indices d,
and d., characterizing the level of damage in tension and com-
pression, respectively. The damage indices can take values from
zero (representing the undamaged material) to one (representing
the total loss of strength). The elastic modulus E,, indicates the
initial (undamaged) elastic stiffness of the material, and the
stress-strain relations for the uniaxial tension and compression
loading are given as follows:

o, = (1-d)E,(&-&") 23)
o, = (1-d)Ey(s,~E) (24)

Based on the definition, the effective tensile and compressive
stresses are obtained as shown:

Et = (1 ffd) = Eo(gtfg‘fl) (25)
;c - (1 fcd) = Eo(gcfgf[) (26)

The size of the yield (or failure) surface will then be deter-
mined via the effective stresses.

2.6 Dynamic stress-strain relations for steel bars
To simplify the problem and reduce the computational times,
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Fig. 3 Response of concrete to uniaxial loading in tension (a)
and compression (b).

an idealized characteristic of steel rebar was used in this study.
This idealized characteristic is according to CEB-FIP"® in which
E; indicates the modulus of elasticity, and £, denotes the yield stress.
The hardening property for steel bars can also be considered in
modeling the reinforcement. For this study, the authors preferred
to use the simplified idealized property from CEB-FIP MODEL
CODE 1990" to reduce computational times, yet obtaining at the
same time, conservative results. In this perfect plastic model of
steel confinements, the Young’s modulus is assumed as indepen-
dent to the strain rate, while the yield strength in dynamic load-

ing was assumed to be 1.5 times the static one.”"”

3. Blast loading

In this section, blast loading equations for free-air explosions
are described first. Based on these equations, some special cases
of explosions, contact charges and charges on the ground or on
the surface of bridge, will be extended to study bridge components
under explosive loads. More details on the applications of the spe-
cial cases of explosion are presented in the companion palper.17

3.1 Free air explosion

A bomb burst can be defined as a very rapid release of stored
energy characterized by an audible blast. A major part of the
energy is transmitted via shock wave through the surrounding air
at a supersonic velocity. The explosive blast wave has an instan-
taneous rise, a rapid decay, and a relatively short duration. A typi-
cal pressure-time history for a charge burst wave is shown in Fig. 4.
As shown in the figure, the overpressure reaches atmospheric
pressure and then falls below it in a short time. An empirical
quasi-exponential form can be used to describe a free-air explo-
sion wave of the positive phase of a spherical chemical charge H

P(t)=Py(1 - t/1)e ™" 27

where
P(¢) = the instantaneous overpressure at time t,
P, =(P,,—P,)is the maximum or peak overpressure observed
when t is zero,
P, = atmospheric pressure,
P,, =the peak pressure when t is zero,
e =the base of natural logarithms,
a =the decay factor, and
t; =the positive pressure duration.
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Fig. 4 A typical pressure-time curve for an explosive blast wave.
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Since the positive phase of an explosion causes most of the
damage for heavy structures2 2 the blast load parameters are
defined in this project in reference to the positive phase.

In Eq. (27), the overpressure P, in Pascal (1 Pa=1.45E-4 psi)

is calculated by [24].
808P [1+( 45) J
= (28)

T E) [ h) h)

in which, the atmospheric pressure, P,, is taken as 0.10132 MPa
(14.7 psi). The positive loading duration in milliseconds is
expressed as follows™:

) 980W1/3[1 +( 0§4)'°J
e e

The decay factor a is available in [24] with tabulated data vary-
ing with scaled distance Z. For an efficient application of Eq.
(27) to the computer simulating, o is fitted to an equation as
function of Z as in Eq. (30). Considering the application of the
blast loadings are mostly the close-in cases in this study, the
scaled distance Z could be small, therefore Z is fitted within a
range of 3 to get more accurate equation. The relative coeffi-
cient, R-squared value, of this fitting reaches 0.9998. It should be
noted that the maximum value of a is 4 tabulated in [24] corre-
sponding to Z equals to 0.952. In some applications, if Z is less
than this value, an extrapolation is needed to get corresponding
value of a by using Eq. (30).

a =033067" —3.18387° + 11.7557> —=20.308Z + 15.12,
for 2<3.0 (30)

Z is the scaled distance:
Z=dx W G1)

where W is the charge weight in kilograms (1 kg=2.2 Ib), and
d is the standoff distance in meters (1 meter=3.28 feet). The
reflection coefficient is as follows™":

8P, + 14P,

¢ Py+17P, 32

Therefore, the dynamic pressure, P,(#), imposed on the surface
of a structure can be expressed as follows:

P(f) = R,Py(1—t/1,)e " (33)

Normally, the incident angle or reflect angle of the blast load-
ing incident wave affects the structural loading conditions. In this
research project, a spherical incident wave loading was used, the
effect of the incident angle or reflect angle is accounted in the
ABAQUS algorithm.

3.2 Contact charges

Since most terrorist attacks to a bridge structure would consist
of charges close to the elements (e.g., piers, arch, and the bridge
deck), the case of contact charges must be considered. Assuming
a spherical shape for the explosive, the charge can be considered

to be in contact when the distance between the center of the
explosive and the target surface is less than or equal to twice its
radius (see Fig. 5). The diameter of the spherical charge can then
be defined as the distance between the center of the explosive
and the target surface, and it can be calculated as a function of
the charge size as shown in the following equation:

d=2r= ( 6W)1/3

4
nd,, 34)

where W represents the weight of the charge, and d,, the corre-
sponding density. Substituting Eq. (34) into Eq. (31) leads to the
following equation:

Z:(%JIB (35)

Eq. (35) shows that, for charges placed in contact with the ele-
ment, the scale distance becomes independent from its size. Con-
sequently, the weight of contact charges will have an effect on
the loading duration, #,, given by Eq. (27), without affecting the
overpressure Py and the decay factor a. Eq. (35), together with
Eqgs. (27) through (33), were used in the FEM model to charac-
terize the loading conditions corresponding to this case.

3.3 Charge on ground

The case of explosions on ground may be significant in the
case of on the surface of the bridges, especially for decks where
the charge can be driven onto the bridge. Since for this loading
case, the energy is concentrated into a hemisphere instead of
being dispersed in three dimensions, the effective charge could be
twice the original we:ig,ht.24 Considering the energy losses from
the crater formation on the yielding surface during bursting, a
conversion factor equal to 1.8 was taken.”™”’ The case of a
charge on the ground was then studied by using the effective

charge weight in Egs. (27) through (33).
4. Validations

The validation of the numerical model adopting the introduced
dynamic constitutive damage model and assumed blast loading
formulations was performed by comparing the numerical results
based on FEM simulations with experimental results obtained on
RC slabs subject to close-in blast loads.”® Such tests were per-
formed at the University of Missouri-Rolla as part of a compan-
ion experimental campaign.

4.1 Blast test of RC slab

The validation of the numerical model was performed on RC

Spherical charge

Target surface

Fig. 5 Sketch showing the contact charge location.
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slabs 1.22 x 1.22 x 0.089 m (48 x 48 x 3.5 in) in size, reinforced
with steel bars uniformly placed in both directions as positive
reinforcement, and with a clear cover of 13 mm (0.5 in) from the
bottom surface. The same amount of steel reinforcement was
used in both directions, consisting of ribbed steel bars having
cross-sectional areas of 71 mm’ 0.11 inz) and spaced 152 mm
(6 in) on center. The slab rested on 2 parallel “T” beams having
0.152 m (6 in.) wide flanges without anchors as shown in Figs. 6
and 7. The charge was hung above the slab center. The charge
weight (W) and standoff distance (d) of two blasting cases are
listed in Table 2, such that the free-air blasting equations are used
in these simulations because there is a distance between the
charge and the target. Due to the limitation of recording devices
for the explosion test, the test results are referred to post-test pho-
tographs from the observed damage pattern. The damage levels
observed from the tests are listed in Table 2, and the correspond-
ing damage patterns are shown in Figs. 6 and 7, respectively. In
Table 2, the major crack indicates the observed millimeters-wide
visible cracks and the severe damage indicates complete crush-

ing of concrete and large permanent deformation of the steel
refinements as shown in Figs. 6 and 7, respectively.

The static compressive strength of the concrete used in these
tests was 30.3 MPa (4.4 ksi). Following the procedures described
in the previous section 2, the dynamic material properties and
corresponding input parameters for the concrete and the steel
were obtained via the static compressive strength. The dynamic
properties of concrete at a strain rate of 100/s are as follows:
Young’s modulus = 26,100 MPa (3,780 ksi), Poisson’s ratio = 0.2,
compressive failure stress =70.3 MPa (10.2 ksi), strain at failure
=4.76¢E-3, tensile failure stress=19.8 MPa (2.8 ksi), shear dila-
tation angle =36.31°, and ratio of biaxial to uniaxial compressive
failure stress = 1.16 the last two parameters are used from ABAQUS
default parameters. The dynamic properties of the steel reinforce-
ment are as follows: Young’s modulus =200 GPa (2.9E4 ksi),
Poisson’s ratio=0.3, and yield stress=388 MPa (56.3 ksi) at
strain rate le-4/s and =547 MPa (79.4ksi) at strain rate 174/s.
The blast loading parameters, overpressure P, loading duration t,
and decay factor a, of two cases are listed in Table 2 following

(a) Side view

(b) Top view

Fig. 6 Experimental results of RC slab under case 1.

Steel rebar

Steel support

(@)

Fig. 7 Damage patterns of experimental results of RC slab under case 2.

Steel support

(b)

Table 2 Blast test results and the corresponding blast loading parameters.

Case Damage level W, kg(Ib) d, m(in) Py, MPa(psi) tg, MS a
1 Major cracking 1.16(2.5) 0.3(12.0) 10.4(1513) 0.41 10.3
2 Severe damage 1.71(3.8) 0.2(8.0) 20.9(3032) 242 122
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the calculating procedure in section 3.

The parameters listed above were used as input for FEM. It
should be noted that a strain rate of 100/s is assumed for whole
slab even though somewhere off centering of the target center
may subjected to low strain rate.

4.2 Simulations using FEM

The two cases were simulated using ABAQUS/Explicit FEA
codes. Only a quarter of the slab was modeled because of struc-
tural and geometrical symmetry. Since the explosive charges are
hung close to the slab top surface, the spherical shock wave front
is considered and the corresponding input parameters are use as
input in the ABAQUS/Explicit FEA code. Fig. 8 shows the cen-
tral deflection time history of the slab under case 1. The maxi-
mum deflection reaches 52.15mm (2.1in.) at 10 ms and then
recovers to 44.1mm (1.71in.) eventually which indicates the
residual deformation. The simulated cracks are shown in Fig. 9
featured with varied orientations. Some of the cracks are radial,
and some are circumferential, which is consistent with the experi-
mental results shown in Fig. 6. These cracks are mostly flexural
cracks caused by the bending generated by the relative lower
overpressure when the explosive charge is closely put above the
center of the slab. Under case 1, the simulated crack initiation
occurs at 0.18 ms as shown in Fig. 10 in which (a) shows cracks
with circular ring pattern at top surface of the ground zero while
(b) shows cracks corresponding to local bending and damage
corresponding to spalling at the surface opposite the ground zero
caused by reflection of compressive stress wave at the bottom
boundary. Fig. 11 shows the minimum principal stress contours
on the top surface of the ground zero starts at time 0.03 ms and
the compressive stress wave propagates along radial direction
finally reaches the edges forming circular rings. The minimum
principal stresses are 51.4 MPa (7.46 ksi), 44.3 MPa (6.43 ksi),
434 MPa (6.3 ksi) and 40.8 MPa (5.93 ksi) corresponding to
0.03 ms, 0.06 ms, 0.09 ms and 0.24 ms, respectively. This is mostly
caused by the effect of spherical shock wave for close-in explo-
sion. Fig, 12 shows the maximum principal stress on the bottom
surface opposite the ground zero at the same time as at Fig. 11.
The maximum principal stresses are 10.1 MPa (1.47 ksi), 16.3 MPa
(237ksi), 18.5MPa (2.68ksi) and 19.2 MPa (2.79 ksi) corre-
sponding to 0.03 ms, 0.06 ms, 0.09 ms and 0.24 ms, respectively.
This positive maximum principal stress mainly caused by the
reflection of the compressive stress wave on the bottom surface

0 0.005 0.01 0.015 0.02 0.025 0.03

Deflection, mm

-60

Time, sec.

Fig. 8 Deflection time history of the slab at center under case 1.

boundary and the local bending. In this simulation, a rebar layer
was used instead of the individual rebars'* which were provided
by ABAQUS to reduce the pre-processing efforts especially for
large bridge components. The membrane stress contours are
shown in Fig. 13 (a) at time of 0.15 ms when yielding is begin-
ning where the maximum tensile stress is 383.1 MPa (55.56 ksi)
and the minimum tensile stress in 205.6 MPa (29.82 ksi). Fig. 13
(b) shows large area yield of the rebar layer at time of 10 ms cor-
responding to maximum central deflection where the maximum
tensile stress is 489.4 MPa (70.98 ksi) and the minimum tensile
stress in 77.43 MPa (11.23 ksi).

Fig. 14 shows the simulated damage pattern of a quarter of the
slab at 1 ms in which the grey areas indicate the damage corre-
sponding to case 2 shown in Fig. 7. The large damage area indi-
cates the crushing of concrete caused by relatively higher blast
overpressure. For the higher blast overpressure, the damage ini-
tiates at 0.07 ms as shown in Fig. 15 (a) for the compressive
damage and (b) for the tensile damage which caused by the spal-
ling on the bottom surface opposite the ground zero.

Note that the cracks are represented by very rough element
meshes because of the limits of computer memory for the 3-
dimensional problem; otherwise, very fine elements would be
used. A good agreement between numerical and experimental

— Support line

Center of slab

Support line

Fig. 9 Damage pattern of a quarter of the slab under case 1
at 30 ms (Grey indicates cracks).

(a) Top view

(b) Bottom view

Fig. 10 Cracks initiate at time 0.18 ms under case 1.
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Fig. 11 Minimum principal stress contours of the slab at give time under the case 1.
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Fig. 12 Maximum principal stress contours of the slab at give time under the case 1.
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Fig. 13 Membrane stress contours of the equivalent steel rebar layer at give time under the case 1.

results was found based on the predicted damage pattern and the 5. Summary

observations of the post-test photographs. The dynamic constitu-

tive damage model based on the damage mechanics and the blast A framework of dynamic constitutive damage model for RC
loading formulations is acceptable, and therefore, it was chosen concrete and formulations of the blast loading were considered,
for the simulation of bridge components subjected to blast load- adapted and validated to experimental data available in the litera-
ing. The results of such analysis are described in the companion tures. The FEM results were compared with the laboratory blast
paper.]7 tests of slabs. The results indicate that the dynamic constitutive

26 | International Journal of Concrete Structures and Materials (Vol.1 No.1, December 2007)



Center of slab

T Support line

Fig. 14 Damage pattern of a quarter of the slab under case
2 at 1 ms (Grey indicates damages and cracks).

(a) Compressive damage

(b) Tensile damage

Fig.- 15 0.07 ms under case 2.

damage model based on the damage mechanics and the blast
loading formulations is acceptable. Therefore, the model was
chosen for the simulation of failure modeling of the bridge com-
ponents subjected to close-in charge blast loading.
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Notation
d.. = Maximum aggregate size
d = Standoff distance of an explosion
d,, = Density of an explosive charge
d, = Degradation of compressive elastic modulus of concrete
d, = Degradation of tensile elastic modulus of concrete
e = Base of natural logarithms
f = Compressive stress
1 = Strength of concrete under compression
Jed = Dynamic compressive strength
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Jedo

Jem
ﬁnzO

ﬁes

v v

3

=

[

N I

Gry

10 MPa, dynamic compressive stress constant of
concrete equals to 1450.4 psi

Average static compressive strength

10 MPa, static compressive stress constant of
concrete equals to 1450.4 psi

Residual stress

Strength of the steel bar

Tensile stress

Dynamic tensile strength

Average static tensile strength

Yield strength of steel

Time, second

Time, second

Positive pressure duration of a shock wave
Equivalent measuring time

Crack opening

Crack opening for ;= 0.15 f;;

Crack opening for f;=0

Initial (undamaged) elastic modulus of concrete
Elastic modulus of concrete

Elastic modulus of steel

Instantaneous overpressure at time ¢
Dynamic pressure

Maximum or peek overpressure observed when t is zero

Atmosphere pressure

Peek pressure when ¢ is zero

Reflection coefficient

Explosive charge weight

Variable or scaled distance of a explosion
Variable

Coefficient of material property or decay factor
of shock wave

Coefticient

Dynamic fracture energy

Variable

Coefficient

Coefficient

Variable

Strain

Static strain at maximum stress of concrete or
compressive strain

Compressive elastic strain of concrete
Compressive plastic strain of concrete
Tensile elastic strain of concrete

Tensile plastic strain of concrete

Dynamic strain at maximum stress of concrete
. -1

Strainrate (s ')

. . -1
Compressive strain rate (s )

—6 —1 . .
30 x 10 "s , compressive strain rate constant
of concrete

Tensile strain
Tensile strain rate (s-1)
100%™ , tensile strain rate constant of concrete

Stress



o, = Compressive stress

o, = Tensile stress

o, = Compressive stress at yield point

0., = Ultimate compressive stress

o, = Tensile stress at yield point

6. = Effective compressive stress

G, = Effective tensile stress
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