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ABSTRACT

This paper describes a finite element model for the impact of
large tornado-generated missiles with reinforced concrete wall panels.
The analysis predicts the dynamic response of a wall panel when im-
pacted bj' a missile with a large contact area such as an automobile.

Quadratic finite elements are used to discretize the domain of
the wall panel. Fundamental assumptions are based on the Mindlin
and the related Reinsser plate theories. An "embedded" model is em-
ployed to account for the reinforcing bars. The nonlinear behavior
of concrete and steel bars are analyzed by means of time-dependent
constitutive relationships. A model is proposed to describe the initial
and subsequent yield surfaces of concrete material, which avoids un-
derestimation of the effect of high hydrostatic stresses on the yielding
behavior of concrete. Ottosen's four-parameter failure criterion is used
to define the failure surface of concrete. A crack monitoring algorithm
accounts for post-cracking and post-crushing behavior of concrete. Ex-
plicit time step integration of nonlinear dj'namic equations are carried
out using the finite element discretization of a concrete wall panel.

As a practical application of the analysis technique, the contact
failure pressure for a particular panel geometry can be calculated. The
contact failure pressure and the elapsed time to failure after missile
contact define a rectangular or triangular impulse loading to produce
failure of the panel. Since automobile crashes are known to produce
triangular impulse loads, the two pulses (failure and impact) can be
compared to determine if a particular impact will fail the panels. Thus,
a particular concrete panel can be analyzed to determine if it will fail
under a postulated missile impact.
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INTRODUCTION

The Department of Energy recently issued
Order DOE 5480.28. which establishes policy for
its facilities in the event of natural phenomena
hazards (NPH). including earthquake, wind, and
flood. DOE STD 1020-92 establishes NPH cri-
teria for the design and evaluation of DOE facil-
ities. The criteria include provisions for the im-
pact of tornado-generated missiles. DOE STD
1020-92 was formerly published as Ref. 2. Pub-
lic buildings such as schools, hospitals, fire sta-
tions, and emergency operating centers also are
candidates for missile protection. Studies over
the past two decades have addressed the na-
ture of tornado-generated missiles and the dam-
age inflicted by them. The nature of tornado-
generated missiles includes types of missiles, im-
pact velocities, trajectories, probabilities of oc-
currence and risk frequency. Studies in the lat-
ter category remain at a stage where empirical
formulas are employed to predict the local ef-
fect and impact tests are performed to verify
the prediction. The objective of the study de-
scribed in this paper is to predict the failure
response of a reinforced concrete wall panel to
the impact of a large tornado-generated mis-
sile. Typically, a concrete panel is represented
as a single-degree of freedom system so that
the structural response (displacement) can be
obtained by assuming conservation of momen-
tum and energy. However, tests [3] indicate
that neither the energy balance method nor the
impulse-momentum method can predict even ap-
proximately the permanent displacement of re-
inforced panels. Using ultra-conservative values
for design criteria results in increased construc-
tion costs. Thus, there is a need to accurately
predict the failure loadings of reinforced concrete
walls subject to the impact of large tornado-
generated missiles.

Modern computers make possible the ap-
plication of finite element techniques to study
reinforced concrete panels. Studies have been
conducted for more than two decades. However,
the finite element technique is rarely employed
for predicting overall structural response of re-
inforced concrete panels subject to the missile
impact. The complex properties of reinforced
concrete panels are difficult to model, especially
when the panels are subject to transverse load-
ing. The so-called smeared scheme has been rec-
ommended for bending problems of reinforced
concrete panels. However, this scheme does not

reflect the true behavior of reinforcing bars in
concrete and is difficult to apply to plastic anal-
ysis of concrete. In addition 1U the effects of rein-
forcing bars, special initial yield and failure crite-
ria must be used for modeling concrele behavior.
A crack monitoring algorithm is needed to model
the lensile behavior of concrete. To overcome all
the difficulties, an embedded scheme is used to
take account of the effects of reinforcing bars.
A model is proposed to describe the initial and
subsequent yield surfaces of concrete. Ottosen's
four-parameter criterion 5. is used to define the
failure surface of concrete. The tensile behavior
of concrete is studied by means of a strain crite-
rion which can predict the reduction of stresses
when cracks occur. The strain-softening behav-
ior of concrete due to concrete crushing is taken
into account by assuming that the failure surface
of concrete will shrink at a rate such that stress
reduction is achieved from the increase in vis-
coplastic strain. A special function is proposed
for the viscoplastic flow rule of concrete mate-
rial. The fundamental assumptions are based
on the Mindlin and the related Reinsser plate
theories. Eight-node quadratic elements are em-
ployed for the discretization of the wall panel
domain. Effects of impact contact area and the
steel ratio on the displacement response are de-
termined. The relationship between the collapse
loading and the span to thickness ratio (flexu-
ral ratio) of the reinforced concrete panels, a/h,
are calculated, which will help design engineers
find the least thickness of the panels for a cer-
tain impulse loading. The contact pressure to
produce failure for a given span to thickness ra-
tio (flexural ratio) is calculated by the numerical
procedure.

VISCOPLASTICITY OF CONCRETE

The viscoplastic flow rule is based on a
non-associated rule as

= 7
do

( i )

in which {e}'7' and {cr} are viscoplastic strain
rate and stress vectors, respectively; 7 is a fluid
parameter; a is a numerical coefficient; 0 is the
plastic potential: / is / / / , where / and /,. are
stress function and equivalent yield stress, re-
spectively.

The 7 and a parameters are discussed for
both concrete and metal in reference {4j. The
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Yield Surfaces

Figure 1: Yield Surface and Failure Surface of
Concrete

function / is defined by two functions, fsup and
fsubi which describe the supercritical and the
subcritical regions, respectively (see Fig. 1).

fsup = Pl^

Tsub /e[4(
h + Hi! +

C,2 - 1 ]

fc = (2)

in which J2 and Ix are the second invariant of
the deviatoric stress tensor and the first invari-
ant of the stress tensor, respectively; Hvp is the
viscoplastic modulus; ft,ft, and 77 are material
coefficients; £° defines the shape of subsequent
yield surfaces [4]; (f = / c / f t and £,- is the value
of V /̂2 when -J j = \(tf + £?). A is a function
of sinZB [5]

A =

](—k2sin2>9))
for sin3& < 0

1 (k2sin39)}
for sinZO > 0

(3)

in which fc] and k2 are two material parameters;
$ is the so-called Lode angle. Values of mate-
rial properties depend on the ratio of the tensile
strength to the compressive strength of concrete.
For f[lf'e = 0.12, ft = 0.9218, /32 = 2.5969,
fci = 9.9110, and k2 = 0.9647 [5]. In this case
the angle of internal friction is <j> = 51.8°.

The plastic potential Q can be assumed as
the Drucker-Prager function.

O = a I, + (•1)

which defines the direction of viscoplastic flow.
d = 2sin<j>j[ \/3(3 i sind>)\.

FRACTURING OF CONCRETE

The mechanism of concrete fracturing or
post-failure is quite complex. Post-failure of con-
crete can be divided into two categories: post-
cracking due to tensile stresses and post-crushing
due to compressive stresses. Post-cracking be-
havior of concrete is usually studied by means
of a smeared representation. Post-crushing be-
havior, or the strain-softening effect, is studied
by means of a strain-softening function. In prac-
tice, the incremental constitutive relation of the
strain-softening is assumed to be as same as that
of the strain-hardening for simplicity but the
plastic modulus is changed into a negative value.
In this study, different techniques are employed
to account for concrete fracturing.

Post-Cracking Behavior

A crack monitoring scheme is employed to
describe the tensile behavior of concrete. Cracks
are assumed to occur in the plane normal to the
directions of the principal stresses if the corre-
sponding strain in that direction, e,, exceeds the
critical value of strain. Tests indicate that the
maximum strain, eo, may be over four times as
high as the critical strain, e(, corresponding to
the peak loading. So the stress level is gradu-
ally reduced to zero until the maximum strain is
achieved.

{a} = j£>j{e} for e, > e, (5)

in which {a} = {aua2}\ {e} - {eue2};

[D] =
Ec

til V /i,
- 1

69.9

in which /,' is the tensile strength in psi; Ec and
v are the Young's modulus and Poisson's ratio of
concrete material, respectively [6]. fJ., is zero for
an open crack when e, = er;. /i, is 1 when e, < Q.
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Post-Crushing Behavior are expressed as

The failure and yield surfaces of concrete
are assumed to shrink at a certain rate. Shrink-
age of yield surface will increase the viscoplastic
strain rate and reduce the stress level so that the
strain-softening behavior can be described. As
the damage of concrete is accumulated, or vis-
coplastic work I! ! ' ' increases, the failure surface
will shrink at a certain rate 7 . The degradation
will be accelerated afterthe failure of concrete at
a rate, exp — y>(11 ''' -- 11 L;') , in which ip can be
taken as 10 i_8_ and IP 7 ' is the viscoplastic work
when concrete fails.

FINITE ELEMENT MODELING

When finite elements are used to discretize
the domain of concrete panels, the choice of el-
ements is very important. Although the advan-
tage of Mindlin and the related Reinsser plate
theories is the application of C(0) continuity
plate elements, a phenomenon termed "locking"
appears following the integration over thin plate
elements. Serendipity and Lagrangian elements
are good choices for concrete panels because the
flexural ratio of a panel rarely exceeds 40 accord-
ing to the Building Code Requirements for Rein-
forced Concrete. However, application of bilin-
ear elements will still produce "locking" even for
those thick panels. Eight-node Serendipity plate
elements (isoparametric quadratic elements) ap-
pear to be best for this study. The dynamic gov-
erning equation for a reinforced concrete panel
can be expressed as [4]

(7)

in which \M\ is the lumped mass matrix; [C]
is the damping matrix; {d} and {d} are nodal
acceleration and velocity, respectively; {p} and
{/} are internal resistant force and external force
vectors.

Superposition of internal resistant forces
for each element will constitute the internal re-

" A
2

j=\ ;=i

A'.-

[ti ~ t? (9)

in which {pi} has to be added to the internal
resistant force vector corresponding to 6T or 8,,.
respectively: S ^ is the domain of an element;
E.* and As are Young's modulus and the cross-
sectional area of reinforcing bars, respectively; L
and No are the number of concrete layers and the
number of reinforcing bars in one layer and one
element, respectively; z} is the the z coordinate
of a reinforcing bar; {07} and {cr..} are the flex-
ural and shear stress vectors, respectively; N],
AT2, and A*3 are the shape functions of a bar el-
ement; e/ and e)p are the total strain and the
viscoplastic strain in the direction of a steel bar.

respectively; {B{
f
e))T,

as

JV,1 N.j Mj ..
N? Ar | N~ ..
Nf N$ N$

and IT] are given

(10)

(11)

(12)

[Bfi] =

[B,,\ =

(13)

(14)

sistant force vector {p}. Since steel bar elements obtained as
are embedded in concrete plate elements, respec-
tively, their effects on the dynamic response will dn+] —
be considered by adding the contribution of steel
bars to the internal resistant force vector. The
internal resistant forces for individual elements

By using the central difference scheme for
time integration, the individual nodal values are

b i d

+ 2m,',< - (m,-,-- y (15)
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rf.1 - 2m,,

(16)

in which ?n,,.c,,./,. and p, correspond to
\M), \C). {/}, and {p}, respectively; At is the
time step. The critical time step without con-
cerning the damping is defined as ;4j

Atcr < 0.3 h (17)

in which h and pr are the thickness of the panel
and the mass density of concrete, respectively.
A number of calculations for non-linear analysis
indicate that the real time step can be taken as
(1 ~ l.2)Atcr for viscoplastic concrete analysis.

PARAMETER STUDIES

The model developed above is applied to
study the relationship of various parameters that
affect the results.

1. Effects of Steel Ratios on Displacement Res-
ponse:

Consider a 12ftxl2ftxlft reinforced con-
crete panel. Material properties: Ec = 3.6 x 106;
f'c = 4000 psi; // = 480 psi; pc = 0.000217 Ib •
s2/in4; Hvp = 3.14 x 106 psi; Yield stress of steel
bars, <Ty = 40000 psi; Es - 29 x 106 psi; mass
density of steel bars, ps = 0.0007224 Ib • s2/in4.
Steel reinforcing bars are placed at 10 in. on
center, each way. each face. Tensile and com-
pressive steel ratios are, respectively, p = pi —
0.848%, 1.326%, and 1.909% by using different
size bars. A quarter panel has nine plate ele-
ments and eight layers. A uniformly distributed
impulse pressure of 40 psi is applied. Fig. 2
shows the effect of different steel ratios on the
central displacement response. As the steel ra-
tio increases, the displacement decreases.

2. Effects of Impact Contact Areas

Selecting a panel with p = pi = 1.909%,
impact contact areas of a 144/f2, 81ft2, 36ft2,
and 9ft2 were considered. A quarter panel in
this case contains sixteen elements and eight lay-
ers. The panel was subject to a uniformly dis-
tributed step pressure. The total step loading

was (10 x .4) psi. Fig. 3. shows thai the dis-
placement increases as 'he impact contact area
decreases.

CONTACT FAILURE PRESSURE

Failure of a reinforced concrete panel oc-
curs when the viscoplastic work is large enough
to violate the stability of the step-by-step cal-
culations, or the accumulation of the concrete
damage is too large. Failure loading of rein-
forced concrete panels largely depends on the
flexural ratio a/h and the impact contact area
S,. Different concrete panels with compressive
strength f'c = 4000 psi and the tensile and the
compressive steel ratio /? = />,= 0.848% were
analyzed. The range of the flexural ratios var-
ied from 6 to 20. If the flexural ratio exceeds
20, the central displacement can be very large
before the panel collapses. The typical impulse
of automobile crashes onto a rigid target is tri-
angular with an impact duration of about td —
120 msec. The peak value of loading tends to
occur at ts = 40 msec. Now, by assuming that
the impulse remains the same for a particular re-
inforced concrete panel with a certain thickness,
the maximum failure pressure of the impact, qj,
which will fail the panel can be calculated. Cal-
culated values of the failure pressure for different
contact areas and same steel ratio are plotted in
Fig. 4.

The maximum contact pressure of an auto-
mobile impact onto a reinforced concrete panel
can determined by means of the impulse princi-
ple,

9m = e (18)

where the impact is assumed to be plastic; g is
gravity acceleration; m and Vo are the mass and
the impact velocity of the automobile; tj is the
impact duration; Sc is the impact contact area.

Suppose a 3000 lb automobile impacts a
12 ftx 12 ftx 1 ft reinforced concrete panel at
50 mph. The impact contact area is approxi-
mately 16 ft2. The triangular impulse has an
impact duration 120 msec. The peak contact
pressure from this impact is 49 psi which is much
smaller than the failure pressure shown in Fig.
4(a) when the flexural ratio is 12. Therefore,
the slab is safe. The failure contact pressure of
600 psi and the calculated contact pressure in
this case are compared in Fig. 5. It can easily

Fourth DOE Natural Phenomena Hazards Mitigation Conference - 1993

134



0.848%
1.326%
1.909%

12.0 18.0 24.0
Time (msec)

30.0 36.0

Figure 2: Central Displacement Response for Different Steel Ratio
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be seen from Fig. 5 that the calculated contact
pressure is much smaller than the failure contact
pressure.

CONCLUSION AND RECOMMENDATIONS

Because the failure of reinforced concrete
panels is complex, the finite element technique
is the only practical approach for nonlinear anal-
ysis. The explicit time integration scheme em-
ployed in the dynamic impact analysis proposed
in this study is efficient in the use of CPU time
and computer memory.

For certain types of impulses the relation-
ship between the flexural ratio and the contact
failure loading of reinforced concrete panels can
be determined. Thus, by comparing the con-
tact pressure to produce failure, qf, of the con-
crete panel with the maximum impulse pressure
of the missile, qm, a judgement can be made re-
garding the safety of a particular concrete panel
that is impacted by a missile with particular size
and impact velocity. The approach shows great
promise as a design tool, but must yet be vali-
dated by comparing calculated results with au-
tomobile crash data.
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