EVALUATION OF THE DAMAGE DEGREE
IN BUILDINGS STRUCTURES
SUBJECTED TO EARTHQUAKES

by A. H. BARBAT *, A. HANGANU %, E. ONATE *and S. OLLER *

This paper represents an overview of the investigation pursued by the authors in
the ficld of damage evaluation of concrete structures {1, 2, 3]. A procedure to
evaluate the damage of reinforced concrete structures subjected to static and dy-
namic actions has been developed, which is based on a local damage constitutive
model using Kachanov's theory [4]. The constitutive model is used within a finite
element frame, a non-linear Newmark-type tangent in¢remental time integration
scheme is employed and finaily, an overall global damage index, based on poten-
tial energy criteria, is developed and justified.

1. INTRODUCTION

The damage of reinforced concrete structures can be defined ag the
degree of structural degradation that allows conclusions about the future
capacity of the structure to withstand other important loadings. It is
quantified through a “damage index’, defined as the value of damage
normalized to the failure level of the structure, so that a value equal to”
1 will reflect complete failure [5, 6]. Different definitions of the damage
index have been given in the literature. Recent works [7] define a damage
index for structural members using a linear combination between a duc-
tility factor and an energy factor. For complex structures the definition
of a global structural damage index is generally based on a weighted ave-
rage of the indices corresponding to the different members of the strue-
ture. In this paper, an overall global damage index based on potential
energy considerations is proposed.

2. CONSTITUTIVE MODELS

The analysis of framed structures subjected to seismic actions bey-
ond the linear behaviour has been traditionally treated in the following
ways :
(a) Theories based on plastic hinge formation [8]. This approach
has the inconvenience of admitting that the damage of a structure point
is dominated by bending criteria, what is true only for some particular
structures.
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(b) Simulation of beam structures based on the concept of plastifi-
cation bending moment. This procedure is based on formulating simplified
curvature-bending moment constitntive laws [9, 10].

The last formulations started from representing the behaviour of
materials in an approximate form, based mainly on experimental studies.
Today, it is required that these formulations be thermodynamically sus-
tainable. Among those which meet this requirement, the so-called conti-
muous damage theory is generally accepted as an alternative in the most
complex constitutive formulations [6, 113. Such a model can be seen in
[12] where a column discretized in plane finite elements, subjected to

" seismic action, is caleulated. The damage models have a rigorous but re-
latively simple formulation based strictly on thermodynamics. They deal
with the non-linear behaviour by means of one or more internal variables,
called damage variables, which weight the losing of secant stiffness of
the material and are normalized to an unit value which corresponds to
maximum damage. Figure 1 shows an unidimensional representation of
the behaviour of a point of a damaged material.

o |

Fig. 1. - Local damage behaviour.

The model presented herein is a 3D damage constitutive model with
a single internal variable. Therefore it is a local isotropic damage model,
based on Kachanov’s theory and also includes later works {11, 13, 14].
This formulation is a compromise between the complexity implied in mo-
deling concrete behaviour [3] and the versatility needed when dealing
with dynamic problems, which insures accurate results and low cost so-
lutions.

The model is formulated in the material configuration, for thermo-
dynamically stable problems, For this specific case the subsequent mat-
hematical form for the free energy ¥ is supposed, where the non-damaged
elastic energy factor ¥, is expressed as a scalar quadratic function of
tensorial arguments [1, 2, 3]

W(esd) = (1 — @) ¥yle) = (1 — d)( 1

2my

s:C°:e) (1)
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In this equation, the strain tensor ¢ i3 the free variable of the problem,
d{0 < d < 1) the internal damage variable, m, the density in the material
{lagrangean) configuration and € the stiffness tensor of the material in
the initial nndamaged state.

The constitutive law and its incremental form for a Kelvin type
viscous material are [2]

6=(1 — )% e+ ol —d) :¢ =C: 8+ al:¢ (2)
e =CP:8s +al?:88 =(I—D,):€: 3¢ | «al*: 3¢ {3)

where €7 is the secant constitutive matrix of the damage model, « = %

i the retardation time, defined as the time needed by the structure-dam-
per system to reach a stable configuration in the undamaged state, =
being the uridimensional viscous parameter. Matrix D, takes the follo-

wing value : {

d6(3) oG
D, = dI + 29 (o0 4 o020 4
+ ' (¢ + o) ® P (4)
¥ 4 1_:;-
with ¢ = %:¢ and ol = al?:§. d = G(F) =1 — — e ( °*)isthefunc-
. a

tion which links the damage level d to the equivalent stress &, o*
being the first damage yield limit and 4 a parameter depending on the
specific fracture energy of the material. The equivalent stress

_ 3
¢ =[1 4 rn —1)] VZ (o%)? (see figure 2) depends on the non-damaged

i=1

Fig. 2. —Damage Yield in
the prineipal plane g, —o,.
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principal stresses o} and alse on a traction/compression index,
k) 3

r=Y, (sd) Y 16%l5 (£2) = -;‘— (l#| & x), so that r=1 would correspond

i=1

sexl

to a tridimensional traction state and r = 0 to a tridimensional compre-
ssion state; finally, variable n = f,/f, gives the ratio of the compression
strength to the traction strength of the material. A complete description
of the damage model can be found in references {1, 2, 3].

3. DYNAMIC STRUCTUBRAL MODEL

The structure is modelized using the finite element method. The ele-
ment used is based on Timoshenko’s beam theory completed with a laye-
red formulation. The sectional stresses are solved through C° lagrangean
finite elements with three degrees of freedom per node in the plane case.
The cross-sectional generalized stresses obtained are decomposed point
by point, layer by layer, in stress tensors which are treated and corrected
by the damage model and afterwards recomposed in the resultant sectio-
nal stresses. These last stresses are used afterwards o compute the resi-
dual forees, in order to iterate for equilibrium if necessary.

Kelvin's model together with the proposed damage model allow the
decomposition of the total stress acting on a structure point in a hyper-
elastic part and a viscous part. These terms introduced in a finite element
scheme produce the classical damping and stiffness matrices. If an in-
cremental time integration algorithm is chosen, the corresponding tan-
gent constitutive matrices should be used instead of the secant ones thus
obtaining tangent stiffness and damping matrices.

The dynamie equilibrium equation, corresponding to this visco-da-
mage model, written at time ¢t = &, takes the following form :

M + (B v =t 3)
[

where M is the mass matrix, B is the classical finite clement method deri-
vative matrix, f is the dynamic load vector and a is the nodal displace-
ment vector. In this and the coming formulae, the lower index represents
the time step number. &, is the total sectional stresses vector which,
according to equations (3) and (4), allows the following inecremental decorn-

position :
g =6+ =C0:B:a+9%:B:q (6)
A&H_l:Cf:B:Aa;H-{—ﬁS:B:AﬁfH (1)

where ¥ = «(f and X :S S:X:8d4 are sectional matrices obtained

4
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by integrating corresponding local matrices over the finite element sec-
tion. As well, ¢ = SS :0dA and € = S: & are the relations linking sec-

4
tional stresses and strains to the local ones, by means of the correspon-
dence matrix 8.

If the Newmark time integration scheme is used, the following rela-
tions express the evolution of displacements, velocities and accelerations
for the time step (i - 1) function of their known values for the prece-
dent time step (i):

. “1 i . 1 v
Ay = WA‘*:H - W a; — (EF— — 1)“! (8)
dy,y — gs_}zm‘” T (1 _%)at 4 (1 _2‘_‘5) Atii, (9)
A = Aa,;H + Ay (10)

If relation e, = & + Ag,,, together with relations (6 —10) are replaced
in equation (5), the incremental equilibrium equation becomes '

K: da@, = £, (11)

where the upper index is the current iteration number. The following no-
tations have been introduced : '

R 1 .
= — A + K7 12
K=o Mttt (12)
%5”1 = f(ts,4) * M;[_}_,..gl‘ + (__1_ —1 a,]
i H BA 28
_A'I:(l __.;;—) ai "’l‘ (1 _“:‘216) Atﬁ;]——Ksiﬂg (13)

In these relations appear both secant and tangeni matrices, which are ob-
tained integrating the corresponding constitutive matrices over the length
of the finite element. Their values are -

KS:SB:CS: Bds; KT:SB: C,‘?:Bds; A= S B:i":Bds (14)
[ !
and all three are damage dependent, hencefore, time variable,

Solving the linearized system (11), the displacement increments
Aa{), are obtained and afterwards all the other variables corresponding
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to the time step (1 -+ 1). If the damage level has changed, new values for
matrices (14) need to be calewlated and this implies that an unbalanced
force may have appeared. This is the residual force ¥{J,, whose value is
governed by the difference between the expected stress state &, + Aoy,
and the real one &b, calculated using the updated secant stiffness and
damping matrices

Wy, = s B: (5, 1 A — a®) AV (15)
Vv

This residual force is now applied as the right hand term in egua-

tion (11) and, after having updated the value of K, the system is solved,
thus obtaining a new correction for the displacement increment. This ite-
rative process stops when the chosen norm of residual forces falls below
the desired tolerance.

4. GLOBAL DAMAGE INDICES

The starting point for deducing a global structural damage index is
equation (1), which relates the damaged part of the free energy ¥ with
the non-damaged elastic free energy ¥,. In order to find » global index, a
similar expression is deduced by integrating (1) over the entire mass of
the structure. The integral over mass is transformed in an integral over
volume using the transformation dm = mydV as follows :

¥—(1—a) T =W, :Smo‘PdV =§(1 — d) mg¥dV =
v

= (1 — D) W3 (16)
where D is the global damage index, W} = s m,¥ AV is the total potential

14
energy of the structure if it were undamaged and W, is the total potential
energy corresponding to the actual damaged state. Solving equation (16)
for D), the following final relation i¢ obtained :

S m¥,dV — S(l — @) m¥ AV S dm ¥, dV
w, v

D=1 SN A= =
W3 S mFdV S my¥odV
' i

v

(17

If a damage index for a subvolume of the structure is needed (such as a
floor, some columns, ete.) the integration is done only over that specifc
subvolume,
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In a finite element scheme, in the case of a strueture discretized with
layered beams elements, the damage index of a beam point D, (conside-
ring the beam as a unidimensional finite element) is given by a similar
expression, obtained by integrating (17) over the cross-section of the beam,

. 1 ya
with mo‘l’0=—é—s:c" and e =98:¢

Dp=1—§‘“;&:Sszam4:Su—ﬂ)&c%A (18)
A

where £ and & are the generalized strains and stresses in that beam point,
respectively.

The global damage index will take the following form, for a finite clement
scheme :

E a:SB:&dS

L

D—1— :

Ea:SB:&"ds

[

(19)

This stress-oriented formula for the global damage index is a com-
pletely all-purpose one and it can be employed in any non-linear formu-
lation, as it is always possible to compare actual non-linear stresses with
would-be-linear ones. Thus, the global damage index is defined as the ra-
tio of the potential energy which the structure cannot undertake in the
actually damaged state to the potential energy that the structure would
undertake if it were undamaged.

5. NUMERICAL EXAMPLES
5.1. STATIC AND CYCLIC TESTS

In order to verify and adjust the whole methodology developed so
far, a set of static and ovchc trial simulations have heen performed They
aimed at displaying the qtmnvholds as well as the drawbacks of the pro-
posed damage evaluation Scheme.

Figure 3 shows the forec-displacement response of the reinforced
frame described in the next section (see fignre 5) subjected to a horizontal
displacement load in itsupper right extremity. It can be noticed that the
damage model allowed to pursue the test almost to the complete failure
of the struneture, until the complete loss of stifiness of the loaded frame.
The descending slnpe can be controlled entirely by means of the Q})P(‘lf'l{’
material fracture energy. The convergence of the non-linear process is
fairly good. _

Figure 4 displays the local damage evolution of the midpoint of a
beam loaded with eyclic displacements in the same point. The input dis-
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v r . Fig. 3. — Force-displace=
ment curve statically loa-
ded with displacements.
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Fig, 4. —Damage evolulion of a beam midpoinl in a [atigne test.

placement changes sign every load step maintaining the same amplitude
and is chosen such as to produce sn initial maximum damage index value
in the beam mid-span of 1/2. 1t is evidenced that the damage level in-
creases in time, which is the very result it is looked for as il proves that
the damage model and the computer code are able to reproduce material
fatigue phenomena. This is the effect of ever changing damage configu-
rations as in every cycle the situation is different from the preecedent one,
because a damage occurred at a load step induces further damage in the
next load step and =o on,
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5.1. SEISMIC NUMERICAL SIMULATION

The simulation of the evolution of the damage process in the rein-
forced concrete plane frame of figure 5, subjected to a synthetic earth-
quake aecelerogram (figure 6) having a predominant frequency of 4 Hz
and a maximum amplitude of 0.175 g, has been performed.

The frame is 9 meters high and 6 meters wide and has three levels.
The columns have a 30 em x 30 cm cross-section of reinforced econcrete
with a 4.35 9%, steel ratio. The horizontal beams are 40 em thick and 30 c¢m

+

3m

+

Fig. 5. — Geometry of the 3m
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Fig. 6. — Synthetic accelerogram.

wide with a steel ratio of 5.3 %,. The structure is diserelized in 43 quadra-
tiec threc-noded beam finite elements having two Guust points each. Thus,
the resulted dynamic model had 87 nodes with three degrees of freedom
per node. Each element is one meter long and has the eross-section divi-
ded in 20 layers of egual thickess. The 2nd and 19th layers are made of
steel and the rest of them of conecrete. The steel ratio is controlled by
modifying the width of the steel layers. The state of the material is checked
at the interface between layers and afterwards interpolated linearly across
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line), it may be seen that it takes values.only slightly smaller than the
maximum sectional damage at the bases of the columns [1, 2, 3].

This fact ratifies the choice of the global damage index as the ratio
between the potential energy which the structure cannot undertake in
the damaged state and the potential energy that the structure should
undertake if it were undamaged. The first floor damage is slightly higher
than the global damage of the structure as this floor is the most affected,
while the second and third floors follow in decreasing order as the damage
reduces with height.

Another interesting property of the global damage index is that of
allowing the decision of thestate of the structure in what regards its fai-
lure mechanisms. It permits the identification of the mechanism of co-
lapse by means of observation of the local damage indices and conti-
nuous comparison with the global one, ‘When, during 3 damaging process,
the global index gets close to the maximum local damage and the rest of
the points of the strueture stop degrading, it means we identified the crj-
tical points of the structure. The failure of these points leads to the for-
mation of a mechanism, i.e. a collapse of the structure, This fact carries
great consequence from an engineering structural retrofitting point of
view,

The effect of introducing viscous damping is one of constant “brea-
king” the motion of the structure as can be seen in figures 8 and 9, thus
reducing amplitudes and damage. This phenomenon corresponds to the
real behaviour of structures in a dynamic environment, where the mate-
rials display increased strengthes and nonconservative energy dissipation.

5. CONCLUSIONS

In this paper a visco-damage constitutive model is developed and
tested. It is proven to provide. good performances and low-cost solutions
and to describe properly the nonlinear behaviour of reinforced concrete
structures under dynamic loads. This model is incorporated in a finite
element scheme which nses Thnoshenko’s heam elements, discretized in
layers of concrete and steel in order to approximate the behaviour of
beam cross-sections. A global damage index is rigorously deduced from
the local damage index supplied by the constitutive model. A reinforced
concrete building structure, under both non viscous and viscous regimes,
subjected to synthetic accelerograms, is solved and satisfactory results were
obtained. It is shown that the effect of considering the viscosity is of great
importance.

The model, in its present form, has two major drawbacks : first, it
does not produce remanent deformation, which is a well-known feature of
non-linear materials and second, it does not discriminate between traction
damage and compression damage, which makes impossible the simmla-
tion of “‘crack closure™, These are the problems which are currently under
study and solutions are in sight already.
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the layer. This gives 40 check points per cross-scction in each Gauss

olnt.
P The materials have the following properties: (a) steel — F =
= 2.1 -10% daN/em?, ¢° = 4 200 daN/em?, v = 0.25, ¢ — 8 gfem?®; (b)
concrete — F = 2,0 - 105 daN/em?, &°= 300 daN/cm? v =0.17, p =
= 2.5 glem3.

The equations of motion governing the dynamic behaviour of the
structure have been solved using the described Newmark step-by-step
algorithm for § = 0.25 and v = 0.5 [15]. The time step used is a thirtieth
of the fundamental period of the structure, that is 0.14 s.

The structure is calcuated in two Joad cases: (a) without
acounting for damping [1], (figure 7a), and (b) considering damping
effects through a value for the retardation time of x= 0.001 &, (figure 7b).

n
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Figures 10 and 11 show the distribution of the sectional damage as
given by formula (18). The damage is located at the joints of the columns
with the floors, what is precisely the expected damage localization for
this type of structure and load. As the structure is to fail mainly by des-

L AR A AR RS R EARARN RS RARULIANRI AREARERY 2] RRARRAR R AT
e

IR AT

dalidil

displacement {om)
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Fig. 9. — Pseudostatic viscous response.

truction of the columns at their joint with the base fioor, the mentioned
diagrams confirm this prognosed behaviour too. Comparing these diagrams
with the global damage given in figures (7(a) and 7(b) (the continuous

N NN

o 3 NP
A

DN

Fig. 10. — Distribution of Fig. 11. — Distribution of
sectional damage Dy, after sectional damage I3y, after
mild earthquake. a strong earthquake.
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