th
Thel4 World Conference on Earthquake Engineering
October 12-17, 2008, Beijing, China

Earthquake I nduced Damage | dentification in Buildings using Recor ded

Acceleration Response— A Smulated Study

A K. Dattal

! Assistant Professor, Dept. of Applied Mechanics/ Civil Engineering ,
National Institute of Technology ,Durgapur, India
Email: dattarec@yahoo.com

ABSTRACT :

In light of health monitoring of existing building just after natural disasters, quick identification of damage for
rehabilitation has received considerable attention in the recent past. In this paper, an attempt has been made for
identification of earthquake damage to Reinforced Concrete (R.C) framed building using System Identification (SI)
technique applied in the measured building acceleration response. In the study a seismic damage
localization/identification methodology has been proposed by using non-dimensional normalized trace value of
covariance matrix of recorded floor acceleration response. Through numerica simulation in a five-story
symmetrical/ unsymmetrical R.C. framed building the method is shown to be feasible and computationally efficient.
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1. INTRODUCTION

Earthquake induced damage identification in building is an important aspect of system identification (SI) in Civil
Engineering and is of immense utility in planning post-earthquake rehabilitation programme. Though the traditional
method of physical inspection cannot be completely done away with, valuable time can be saved by identifying the
areas and/or buildings which need to be inspected physicaly. The use of system identification in structura health
monitoring is based on the knowledge that vibration characteristics of mechanical systems are functions of stiffness
properties of the system. Since the damage to a mechanical system manifestsin stiffness and/or strength reduction, it
follows that the vibration characteristics of the system will also be affected due to damage. Thus, in principle, it is
possible to assess the health of a structure by using Sl techniques. Further, the change in vibration characterigtics,
viz, natural frequencies, damping, and mode shapes, can only indicate that the structure has suffered some damage.
For engineering applications, mere identification of the presence of some damage in a structure is not enough. It i<
also important that the location of damage be identified. Monitoring the change in modal parameters of the structure
is not very useful in locating the damage in a building as the lower vibration modes, for which reliable estimates can
be obtained from the response data; do not contain sufficient information about the local behavior. On the contrary,
the higher modes — containing information about the local behavior of the structure — cannot be identified accurately
from the response data. Thisis because of insufficient energy of ground motion in the high frequency range to excite
higher vibration modes of the structural system. Moreover, a prior knowledge of the moda parameters of virgin
structure is a must for the use of methods based on change in modal parameters. This requirement makes it difficult
to use these methods for the modal parameters estimated from ambient vibration records do not agree with the
estimates obtained from the strong motion response records [1]. Therefore, the use of parameters estimated from
ambient vibration surveys as representative of the state of virgin structure may lead to a wrong assessment of the
hedlth of structure.

A new method has been used in thiswork for identifying and locating damage in multi-story framed buildings which
does not require information about the state of virgin structure. The study is limited to the identification of damagein
the framed buildings because of column failures. Although the strong column — weak beam concept iswidely accepted
as a sound design philosophy for latera resistance, there have been several instances where the failure of columns
initiated the damage [2]. Moreover, columns are more vulnerable in the case of reinforced concrete (R.C.) buildings
where the construction has been completed in several phases, e.g., the upper floors may be constructed a couple of
years after the construction of lower floors — a common practice in developing countries. The approach presented in
this study, which can be used to identify and localize, at the floor level, damagein aR.C. framed building.

The damage in a particular story has been simulated by reducing story strength, represented by the sum of stiffness
of al columns. It is assumed that no further damage occurs anywhere in the building due to a subsequent base
excitation except in the damaged story. The response of building is computed by using the constant average
acceleration implicit time marching scheme. The member forces at each node are calculated assuming dastic
behaviour which are then checked againgt a pre-defined yield surface. If the computed force state lies outside the
yield surface then a plastic hinge is deemed to have developed at the node. However, if the point lies inside the yield
surface then the solution proceeds as an dastic solution. On the formation of a plastic hinge at a node the forces and
stresses are modified and the calculated unbalanced forces are redistributed (by means of suitable modifications in
stiffness and damping matrices) in subsequent iterations until a specified convergence criterion is satisfied. The
computations are terminated when the globa stiffness matrix becomes singular [3]. It is assumed that yielding takes
place only at generdized plastic hinges, modeled as members of zero length.

2. DAMAGE IDENTIFICATION

Assuming that reliable estimates of the dynamic properties of the structural system initsvirgin state are available, the
modal parametersidentified from the recorded response data to an earthquake can be used to assess the integrity of the
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structural system. The extent of damage is determined by the maximum softening index (8) defined as [4]

(Tl)final _(Tl)initial

1
(Tl ) final

Where, (T )sina iS the fundamenta time period in damaged state; (T; )iniia 1S the fundamenta time period in the
virgin state of the structure. The basic assumption in this agpproach is that the damage affects the fundamental period
of the structure but the changes in associated mode shape are negligible. A further refinement to this approach is to
define atwo-dimensional damage index by considering the changes in periods of vibration in the first two modes[5].
For regular buildings the two-dimensional damage index gives a rough idea of the location of damage as either in
lower or upper haf of the structure. Moreover, this approach requires prior information about the natural periods of
virgin structure which may not always be available. Therefore, a new approach for detecting and locating the damage
is developed in the following. This approach is particularly suited for detecting damage in buildings constructed in
phases. For such buildings the joint between the column stub (from an earlier phase of construction) and the casting
of new column during the next phase of construction forms the weakest link in the entire structural system. Such
buildings have a tendency to devel op plastic hinges at such junctions during earthquakes.

o=

2.1. Damage L ocalization

As afirgt approximation, let us assume the floor response process to be a zero mean, ergodic Gaussian process with
the sampl e redlizations being characterized by nodal responses (representation of floor responses) of one component
out of three orthogonal components.  For example, the sample redlization in the longitudinal direction is obtained as
the longitudina component of floor acceleration response.  Similarly, redlizations of the response in other twao
orthogond directions can be characterized. The 3 x 3 temporal covariance matrix of these three time histories
represents the covariance matrix, C of the response process. Thus the ijth element of the temporal covariance
matrix C; isgiveby

G, =l @) @0 -u )il =123 @

where, @; and a; denote the two orthogonal components of acceleration response, N is the total number of

1
data points in the time history, and g, (:W Z:zlai (k)) is the tempora mean of the ith component of

acceleration response process. In this study, the covariance matrix, C is measured by using, the determinant
norm, and the trace norm respectively. The physical significance of scalar norms of the covariance matrices of the
random process, used, are interpreted as follows. The diagona terms of the covariance matrices, compact
probabilistic representation for the random process, are variances. As the process is assumed to be zero mean, the
variances are equd to mean square values.  Thus, the energy of the random field can be expressed by sum of mean
sguare vaues, i.e., the trace norm of the covariance matrix. Whereas, the product of mean square values, i.e.,
determinant norm, may be assumed as the 3D representation for strength of particle motion which constitute the
random processes. Now, the term damage location indicator (DLI) may be defined as:

DLl = Trace 3
~ (Determinant)¥?

The DLI would be computed from the response records of undamaged and damage state of a structure. The
overlapping of DLI values, obtained from different floor response records, means no relative change in motion due to
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additiona energy input, which can be interpreted as no relative difference of motion among the floors. 1t may also
indicate, that the floors are in motion as a whole, i.e., behaving as a rigid body. The DLI can be used for
localization of damage in structure due to strength degradation of columns at story level. It isalso important to note
that the DLI should not be used as a generalized term and it is used mainly for resplendent representation of damage
localization at story level. Now, the methodology will be implemented through simulation studies on a typical
five-storey building.

3. SIMULATED STUDY ONA TYPICAL BUILDING

The methodol ogy devel oped is now implemented via simulation studiesin atypical building and two types of ground
motions are considered to excite the building. The building is symmetrical having plan dimension 2m x 3m and
five-storey height having storey height 3m each. The geometrical and materia information of the building are: The
beam and column cross-section dimensions are 300mm x 300mm and are assumed to be same at all locations in the
building. The dab thickness for al floors has been assumed to be 150mm. All congtitutive properties of the R.C.
elements have been derived assuming the use of M-20 concrete and Fe-415 grade of steel. The building is assumed to
be situated on firm strata and the soil-structure interaction (SSI) effects have been neglected. The damping is assumed
to be Rayleigh damping with modal damping of 5% in the first and sixth mode. The resulting modal damping in the
intermediate modes is approximately 5% as well, whereas the higher modes, with damping proportiona to the square
of the natural frequency, are damped out of the response.

The building is assumed to be affected by damage a ground floor and fourth floor respectively. The acceleration
response records at the optimal location [6] of sensors are assumed to be available for the building in damage
condition. And this acceleration response is generated numerically [7]. The damage was found to be localized at
particular floor columns via the formation of plastic hinge at node points of the columns. For example, say, the
damage state has been simulated in the building at the ground floor; therefore, plastic hinge formation will take place
at the node points of ground floor columns only.  The response records from firt, third floors and roof [6] are used
for damage detection and quantification purpose. The system parameters (frequencies) are identified from response
records through the devel opment of MIMO (three inputs and nine outputs) ARX model[7]. Then, using time period
and Eqg. (1) damage is quantified in terms of damage index. Damage localization study is carried out by finding
DLI. TheDLI iscomputed from the time window data (recorded time histories are divided in segments of 3.4s and
10s window length). The reason is, the DLI can be studied as time dependent parameter and the nature of
segmented data is assumed to be better suited for the methodology developed, particularly when the system behavior
is non-linear.

3.1 Damage dueto Ground motion Type-

The building is assumed to be damaged and analyzed due to ground motion Type-l (Uttarkashi earthquake). The
damage state of the building has been simulated reducing story strength by 55.55%. The response records due to
the ground mation of the un-damage and damaged building are used to compute DLI as described in earlier. The DLI
computed from the floor responses are plotted against centre of each time window shown in Fig. 1. The legends are
used to present DLI vaues corresponding to floor responses and firgt, third floors, roof in un-damage state and
damaged state of the building. From the Fig. 1, it is observed that the DLI values computed from first, third floor and
roof responses are merged with each other. Therefore, it may be stated that first floor and above of the building i<
not experienced with significant change in motion floor wise. However, from un-damage state, it is found three well
separated curves with respective DLI vaues of firgt, third floor and roof responses. The behavior of the building
above the floor damaged can best be described with rigid body motion. It means no apparent change in motion
along the height of the building is taking place due to margina or nil contribution of energy of ground motion to the
building. The behavior of building motion cannot be explained properly, when the damage is simulated at the
fourth floor. The curves with corresponding DLI values are separated to each other. It isfound, that the valuesin
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damage state are dightly less in comparison to un-damage state of the building, which is obvious dso. Asthereis
no additional floor, therefore, rigid body behavior of the building above the floor damaged (fourth floor) cannot be
reproduced, however overall change in the gtiffness of the building and its corresponding effect on the motion can
easily be understood from the curves. The change in time period estimated by ARX mode corresponding damage
indices are shown in Table 1a

D = Damage State; UD = Un-damage D = Damage State; UD = Un
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Figure 1 : Damage Localization at Ground floor
(Ground motion Type-l)

Figure 2 : Damage Locdization at Ground floor
( Ground motion Type-11)

Table 1a : Damage of Building due to Ground motion Type-|

Story strength | Computed | Estimated | Damageindex Location of Plastic
Case study Reduction Time Time ) hinges
(%) period (S) period (S)
Un-damaged Not 0.522 0.57 Not Not Applicable
Applicable Applicable

Ground floor Ground floor columns
Damaged 55.55 1.918 172 0.66

Fourth floor Fourth floor columns
Damaged 55.55 0.67 0.68 0.16

The identified first mode frequency for the building, when the ground floor columns are damaged, is 0.58Hz.
Corresponding to fourth floor damage of the building the identified frequency from the frequency response function
plot is 1.468Hz. Therefore, time periods of the building corresponding to its two damage states are found to be
1.90s (computed value 1.918s) and 0.681s (computed value .6717s) respectively.  Corresponding time period of the
building in un-damage condition is 0.57s (1.76Hz). Now, the damage can be quantified using Eq. (1) for the twao
damage states of the building and are found to be 0.66 and 0.16 respectively.

3.2 Damage dueto Ground mation Type-l|

The ground floor and fourth floor damage state of the building is now analyzed for low frequency rich Michoacan
Earthquake, long duration earthquake, ground motion Type-1l. Similar kind of damage is introduced at ground
floor and fourth floor of the building by reducing story strength of 55.55%. The good reproduction of rigid body
motion of the building above damaged ground floor is seen. When the ground floor is damaged, the DLI values
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corresponding to first, third floors and roof responses are overlapped to each other (Fig. 2). Whereas, in un-damage
condition the DLI values corresponding to responses at these floors of the building are well separated. Therefore,
different nature of ground motion (compare with ground mation Type-1) can represent the same type of building
behavior when the building is damaged a ground floor. Similar analyses are carried out when the damage i<
assumed to be localized at fourth floor. The corresponding values of damage indices are shown in Table 1b.

Table 1b: Damage of Building dueto Ground motion Type-—I|

Story strength | Computed | Estimated | Damage index Location of Plastic hinges
Case study Reduction Time Time )
(%) period (s) | period (9)
Un-damaged | Not Applicable 0.522 0.57 Not Applicable Not Applicable
Ground floor Ground floor columns
Damaged 55.55 1.918 1.764 0.674
Fourth floor Fourth floor columns
Damaged 55.55 0.67 0.72 0.208

4. RESULTSAND DISCUSSIONS

Numerical-simulation study for damage analysis due to ground motion type-1 and type-11 has been carried out for the
building. The good indication of rigid body behavior of the building portion above the ground floor is observed for
the two types of ground motions. The anadysis shows that the variation of DLI values can reflect the damage
condition of the structure. From the analysis of fourth floor damage no decisive comment can be made. The
damage analysis for ground motion Type-l1 shows that the DLI vaues corresponding to roof response for damage
state are less in comparison to un-damage state.  However, for ground motion Type-Il, different kind of variation is
observed for roof response. The variation of DLI values are found to be conflicting in nature corresponding to first
and third floor response for two types of ground motion when the building is damaged at fourth floor. It may be
that the building experiences complex type of motion due to the change of top story strength and the building
response becomes significantly frequency dependent of the ground motion considered.  Although, the localization
of damage at fourth floor cannot be made with clear physical sense as it is possible in case of first floor damage,
however, the loss of structural integrity can be understood clearly. It is important to note that one more sensor
record above the floor damage would have provided good information on location of damage.

5. CONCLUSIONS

Damage detection has been performed for the five storey symmetrical building viasimulation study. The detection
of damage, here, includes localization of damage and quantification. Localization of damage has been carried out
using a new method developed in this paper. For quantification of damage existing formula has been used.
Damage localization has been carried out using a new term (DLI) derived from the methodology developed. It is
found through numerical simulation study that DLI can successfully be used for locating damage at story level.  For
simulating damage at a particular story level column cross section and material properties (modulus of easticity and
other stress values) have been reduced proportionately such that damage can be localized through plastic hinge
formation at that story level. It is important to note that innumerable number of case studies on buildings of
different types and configuration has been carried out and it is observed that particular type of building damage
behavior is noticed for story strength reduction of 20% and above. It is aso important to note that the proposed
methodology cannot be used for locaization of damage at el ement level. Two types of ground motion with different
characteristics are considered for the study to check the ground motion effects. From the study no remarkable
change is observed, as far as the explanation of rigid body motion of the portion of the building above the damaged
story is concerned. However, response behavior can change as the damaged building’s vibration characteristics
may be conducive for generating large motion due to a particular type of ground motion. The developed
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methodology can be used, even when pre-damage response characteristics are not available. Using this approach
the type of building failure occurring can be explained from rigid body motion. Following question can be answered
for a building from this study as stated [7]: (a) Is there damage in the building (existence); (b) Where is the damage
in the building (location); (c) How much damage is there (extent)
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