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Abstract It is well-known that damage observations on buildings after severe earth-
quakes exhibit interdependence with the seismic intensity parameters. Numerical
elaboration of structural systems quantified the interrelation degree by correlation
coefficients. Further, the seismic response of buildings is directly depended on the
ground excitation. Consequently, the seismic response of buildings is directly de-
pended on the used accelerogram and its intensity parameters. Among the several
response quantities, the focus is on the overall damage. Thus, the Maximum Inter-
Storey Drift Ratio and the damage index of Park/Ang are used. Intervals for the
values of the damage indices are defined to classify the damage degree in low,
medium, large and total. This paper presents an Adaptive Neuro-Fuzzy Inference
System for the damage classification. The seismic excitations are simulated by ar-
tificial accelerograms. Their intensity is described by seismic parameters. The pro-
posed system was trained and tested on a reinforced concrete structure. The results
have shown that the proposed fuzzy technique contributes to the development of
an efficient blind prediction of seismic damages. The recognition scheme achieves
correct classification rates over 90%.

A. Elenas (�)
Institute of Structural Mechanics and Earthquake Engineering, Democritus University of Thrace,
67100 Xanthi, Greece
e-mail: elenas@civil.duth.gr

E. Vrochidou · P. Alvanitopoulos · I. Andreadis
Laboratory of Electronics, Department of Electrical and Computer Engineering, Democritus
University of Thrace, 67100 Xanthi, Greece

E. Vrochidou
e-mail: evrochid@ee.duth.gr

P. Alvanitopoulos
e-mail: palvanit@ee.duth.gr

I. Andreadis
e-mail: iandread@ee.duth.gr

M. Papadrakakis et al. (eds.), Computational Methods in Stochastic Dynamics,
Computational Methods in Applied Sciences 26,
DOI 10.1007/978-94-007-5134-7_20, © Springer Science+Business Media Dordrecht 2013

335

mailto:elenas@civil.duth.gr
mailto:evrochid@ee.duth.gr
mailto:palvanit@ee.duth.gr
mailto:iandread@ee.duth.gr
http://dx.doi.org/10.1007/978-94-007-5134-7_20


336 A. Elenas et al.

1 Introduction

Seismic accelerograms are records of ground acceleration versus time during earth-
quakes that cannot be described analytically. However, several seismic parameters
have been presented in the literature during the last decades that can be used to
express the intensity of a seismic excitation and to simplify its description. Post-
seismic field observations and numerical investigations have indicated the interde-
pendency between the seismic parameters and the damage status of buildings after
earthquakes [1, 2]. The latter can be expressed by proper damage indices (DIs). The
Maximum Inter-Storey Drift Ratio (MISDR) and the global damage index as defined
by Park/Ang (DIG,PA) characterize effectively the structural damage caused to build-
ings during earthquakes and thus, are used as metrics to classify the damage degree
into 4 categories, low, medium, large and total. In this context, the damage degrees
denote undamaged or minor damage-repairable damage-irreparable damage-partial
or total collapse of the building, respectively.

This paper suggests a technique based on an Adaptive Neuro-Fuzzy Inference
System (ANFIS) for seismic structural damage classification. A total set of 200
artificial accelerograms has been used and were correctively assigned to one of
the above four categories with performances up to 90% and 87% of accuracy, for
MISDR and DIG,PA, respectively. High classification rates indicate that the proposed
methodology is suitable for adaptive predictive control of the behavior of the con-
crete construction used, for any unknown seismic signal. The proposed method is
applied to an eight-story reinforced concrete frame building, designed after the rules
of the recent Eurocodes.

2 Damage Indices

MISDR is an overall structural damage index (OSDI) that can define the level of
post-seismic corruption in a building [3, 4] and can be evaluated by Eq. (20.1):

MISDR = |u|max

h
100[%] (20.1)

where |u|max is the absolute maximum inter-storey drift and h the inter-storey height.
Additionally, the OSDI after Park/Ang (DIL,PA) is used to describe the structural

damage [5]. First, the local damage index according to Park/Ang is calculated. The
local damage index is a linear combination of the damage caused by excessive de-
formation and that contributed by the repeated cyclic loading effect that happens
during an earthquake. The local DI is given by the relation:

DIL,PA = θm − θr

θu − θr
+ β

Myθu
ET (20.2)

where θm is the maximum rotation during the load history, θu is the ultimate rotation
capacity of the section, θr is the recoverable rotation at unloading, β is a strength
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Table 20.1 Structural damage classification according to MISDR and DIG,PA

Structural Damage Indices Structural Damage Degree

Low Medium Large Total

MISDR ≤ 0.5 0.5 < MISDR ≤ 1.5 1.5 < MISDR ≤ 2.5 > 2.5

DIG,PA ≤ 0.3 0.3 < DIG,PA ≤ 0.6 0.6 < DIG,PA ≤ 0.8 > 0.8

degrading parameter (0.1–0.15), My is the yield moment of the section and ET is
the dissipated hysteretic energy.

The global damage index after Park/Ang is a combination of the maximum duc-
tility and the hysteretic energy dissipation demand forced by the earthquake on the
structure. Thus, the global damage index after Park/Ang (DIG,PA) is given by:

DIG,PA =
∑n

i=0DILEi
∑n

i=0Ei
(20.3)

where Ei is the energy dissipated at location i and n is the number of locations at
which the local damage is calculated.

The two used DIs are utilized extensively in earthquake engineering, as they are
experimentally proved to express the behavior of structures [5–12]. In Table 20.1,
intervals for the values of the DIs are defined to classify the damage degree in low,
medium, large and total [11]. These categories refer to minor, reparable damage,
irreparable damage and severe damage or collapse of buildings, respectively.

3 Seismic Intensity Parameters

It is well-known that seismic intensity parameters are simple descriptors of the com-
plex seismic accelerogram and they exhibit interdependency with observed post-
seismic damages. Correlation studies manifested the interrelation degree between
seismic intensity parameters and the damage indicators [1, 2]. Therefore, the fol-
lowing parameters are evaluated: peak ground acceleration PGA, peak ground ve-
locity PGV, the term PGA/PGV, spectral acceleration (SA), spectral velocity (SV),
spectral displacement (SD), central period (CP), absolute seismic input energy
(Einp), Arias intensity (IA), strong motion duration after Trifunac/Brady (SMDTB),
seismic power (P0.90), root mean square acceleration (RMSa), intensity after Faj-
far/Vidic/Fischinger (IFVF), spectral intensities after Housner (SIH), after Kappos
(SIK) and after Martinez-Rueda (SIMR), effective peak acceleration (EPA), maxi-
mum EPA (EPAmax), cumulative absolute velocity (CAV) and destructiveness po-
tential after Araya/Saragoni (DPAS). Table 20.2 presents the examined intensity pa-
rameters and their literature references, respectively.
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Table 20.2 Seismic intensity parameters

No Seismic Intensity Parameter References

1 Peak Ground Acceleration (PGA) [13, 14]

2 Peak Ground Velocity (PGV) [13, 14]

3 PGA to PGV ratio (PGA/PGV) [13, 14]

4 Spectral Velocity (SV) [13, 14]

5 Spectral Acceleration (SA) [13, 14]

6 Spectral Displacement (SD) [13, 14]

7 Central Period (CP) [15]

8 Seismic Energy Input (Einp) [16]

9 Arias Intensity (IA) [17]

10 Strong Motion Duration after Trifunac/Brady (SMDTB) [18]

11 Power (P0.90) [19]

12 Root Mean Square Acceleration (RMSa) [13]

13 Seismic Intensity after Fajfar/Vidic/Fischinger (IFVF) [20]

14 Spectrum Intensity after Housner (SIH) [21]

15 Spectrum Intensity after Kappos (SIK) [22]

16 Spectrum Intensity after Martinez-Rueda (SIMR) [23]

17 Effective Peak Acceleration (EPA) [24, 25]

18 Cumulative Absolute Velocity (CAV) [26]

19 Maximum EPA (EPAmax) [24, 25]

20 Destructiveness Potential after Araya/Saragoni (DPAS) [27]

4 Structural Model

Figure 20.1 presents the examined reinforced concrete structure. The eigenfre-
quency of the frame is 0.85 Hz. The design of the 8-storey building is based on
the recent Eurocode rules EC2 and EC8 [28, 29]. The cross-sections of the beams
are T-beams with 40 cm width, 20 cm slab thickness, 60 cm total beam height and
1.45 m effective slab width. The distance between the frames of the structure is
6 m. The structure has been characterized as an “importance class II-ductility class
medium” structure according to the EC8 Eurocode. The subsoil is of type C and the
region seismicity of category 2 after the EC8 Eurocode (design around acceleration
value equal to 0.24 g). External loads are taken under consideration and are incorpo-
rated into load combinations due to the rules of EC2 and EC8. With the help of the
IDARC software, the characteristics of the building are inserted into the program
and a dynamic analysis is taking place, so as to estimate the structural behaviour of
the building [7].
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Fig. 20.1 Reinforced
concrete frame structure

5 ANFIS Algorithm

ANFIS was introduced in 1993. ANFIS is able to extract a set of fuzzy “if-then”
rules and define the membership functions in order to establish the association be-
tween inputs and outputs. Its structure is shown in Fig. 20.2. Basically, ANFIS sug-
gests a method that, through the training procedure, can estimate the membership
function parameters that serve the fuzzy inference system (FIS) to consequently
specify the desired output for a certain given input [30].

ANFIS creates a fuzzy inference system in order to relate a certain input to the
appropriate output. FIS interprets inputs into a set of fuzzy membership values and
similarly the output membership functions to outputs. During the learning process,
all parameters which define the membership functions will change. In order to op-
timize the model, these parameters are evaluated. Usually a gradient vector is used
and an optimization routine could be applied in order to tune the parameters, so as
to lead the model to a better generalization performance.

In this work, 20 seismic parameters are used as input data to describe the damage
caused by one seismic event, and a total of 200 seismic events are used to train the
system. All 20 seismic features have been normalized to belong in the interval [0,1].
The 200 seismic events are distributed equally to all four damage categories in order
to create a uniform data set.

First, inputs are related to membership functions (MFs) (Fig. 20.3 shows the
initial MF for one of the seismic parameters), to rules to outputs MFs, by using
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Fig. 20.2 ANFIS structure

Fig. 20.3 Initial membership
function on input 1

Fuzzy C-Means (FCM) technique [31, 32], which is analyzed later in this section.
Next, the input/output data, which is a uniform set of 100 accelerograms, is used
for training the model. The membership function parameters are tuned through the
training process.

After the training, a model validation procedure is performed. During this proce-
dure, an unknown input data set is presented to the trained fuzzy model for simu-
lation. Thus, it can be evaluated the efficiency of the model. When a checking data
set is presented to ANFIS, the fuzzy model selects the appropriate parameters asso-
ciated with the minimum checking data model error. One crucial point with model
validation, is selecting a suitable data set. This set must be representative of the
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Table 20.3 Classification results based on the structural damage indices MISDR and DIG,PA

Structural Damage Index MISDR DIG,PA

Correct Classification Percentage (%) 90% 87%

data that the model is trying to simulate, and at the same time distinguishable from
the training data. If a large amount of samples is collected, then all possible cases
are contained and thus, the training set is more representative. In our case, a total
number of 200 seismic excitations are considered as the data set.

FCM is a wildly used data clustering technique. Each data point is assigned to a
cluster with a membership grade that is specified by a membership grade. It provides
a method that shows how to group data points that populate some multidimensional
space into a specific number of different clusters. The purpose of data clustering is
to discover similarities between input patterns from a large data set, in order to de-
sign an effective classification system. At first; the FCM algorithm selects randomly
the cluster centers. This initial choice for these centers is not always the appropri-
ate. Furthermore, the variation of the cluster centers leads to different membership
grades for each one of the clusters. Through the iteration process of the FCM al-
gorithm, the cluster centers are gradually moved towards to their proper location.
This is achieved by minimizing the weighted distance between any data point and
the cluster centre. Finally, FCM function defines the cluster centers and the mem-
bership grades for every data point.

6 Results

The results are summarized in Table 20.3. The structural damage is presented by
means of the two used DIs, MISDR and DIG,PA, and the algorithm was tested for
both DIs. The results indicate that the MISDR leads to higher performance, up to
90%, compared with the results when using DIG,PA which rates up to 87%.

In Figs. 20.4 and 20.5, blue circles represent the seismic signals that have been
misclassified with ANFIS algorithm using MISDR and DIG,PA respectively.

7 Conclusions

This paper presents an efficient algorithm based on ANFIS techniques for seismic
signal classification. A number of 20 seismic parameters and a set of 200 artificial
accelerograms with known damage effects were used. For each seismic excitation
the induced structural damage of the examined building is estimated and quanti-
fied according to two widely used damage indices, MISDR and DIG,PA. The struc-
tural damage is expressed in the form of 4 damage categories. The 4 damage cat-
egories (classes) are defined through threshold values of the used damage indices.
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Fig. 20.4 Classification of
200 seismic signals into 4
damage classes with MISDR
as metric. Correct
classification percentage:
90%

Fig. 20.5 Classification of
200 seismic signals into 4
damage classes with DIG,PA
as metric. Correct
classification percentage:
87%

An ANFIS model is trained and tested. The classification results reveal the effective-
ness of the proposed system to estimate the earthquake’s impact (damage category)
on the examined structure. Classification rates up to 90% in the case of MISDR and
87% in the case of DIG,PA are achieved. The high percentage of correct classification
in both cases, prove the efficiency of the method and show that the fuzzy technique
that is implemented, contributes to the development of a competent blind prediction
of the seismic damage potential that an accelerogram possesses.



20 Classification of Seismic Damages in Buildings 343

References

1. Elenas, A.: Correlation between seismic acceleration parameters and overall structural damage
indices of buildings. Soil Dynamics and Earthquake. Engineering 20, 93–100 (2000)

2. Elenas, A., Meskouris, K.: Correlation study between seismic acceleration parameters and
damage indices of structures. Eng. Struct. 23, 698–704 (2001)

3. Structural Engineers Association of California (SEAOC): Vision 2000: performance based
seismic engineering of buildings. Sacramento, California (1995)

4. Rodriguez-Gomez, S., Cakmak, A.S.: Evaluation of seismic damage indices for reinforced
concrete structures. Technical Report NCEER-90-0022, State University of New York, Buffalo
(1990)

5. Park, Y.J., Ang, A.H.S.: Mechanistic seismic damage model for reinforced concrete. J. Struct.
Eng. 111, 722–739 (1985)

6. Altoontash, A.: Simulation and damage models for performance assessment of reinforced
concrete beam-column joints. Dissertation, Stanford University, Stanford (2004)

7. Valles, R.E., Reinhorn, A.M., Kunnath, S.K., Li, C., Madan, A.: IDARC 2D version 4.0: a pro-
gram for inelastic damage analysis of buildings. Technical Report NCEER-96-0010, State
University of New York, Buffalo (1996)

8. Freeman, S.A.: Drift limits: are they realistic. Earthq. Spectra 1, 355–362 (1985)
9. CEB-FIP: Displacement-based design of reinforced concrete buildings. State-of-Art report,

Fédération Internationale du Béton, Lausanne (2003)
10. Toussi, S., Yao, J.T.P.: Assessment of structural damage using the theory of evidence. Struct.

Saf. 1, 107–121 (1982)
11. Gunturi, S.K.V., Shah, H.C.: Building specific damage estimation. In: Proceedings of the l0th

World Conference on Earthquake Engineering, pp. 6001–6006. Balkema, Rotterdam (1992)
12. Andreadis, I., Tsiftzis, Y., Elenas, A.: Intelligent seismic acceleration signal processing for

structural damage classification. IEEE Trans. Instrum. Meas. 56, 1555–1564 (2007)
13. Meskouris, K.: Structural Dynamics. Ernst & Sohn, Berlin (2000)
14. Chopra, A.K.: Dynamics of Structures. Prentice Hall, New York (1996)
15. Vanmarcke, E.H., Lai, S.S.P.: Strong-motion duration and RMS amplitude of earthquake

records. Bull. Seismol. Soc. Am. 70, 1293–1307 (1980)
16. Uang, C.M., Bertero, V.V.: Evaluation of seismic energy in structures. Earthquake Eng. Struct.

Dyn. 19, 77–90 (1990)
17. Arias, A.: A measure of earthquake intensity. In: Hansen, R.J. (ed.) Seismic Design for Nu-

clear Power Plants, pp. 438–483. MIT Press, Cambridge (1970)
18. Trifunac, M.D., Brady, A.G.: A study on the duration of strong earthquake ground motion.

Bull. Seismol. Soc. Am. 65, 581–626 (1975)
19. Jennings, P.C.: Engineering seismology. In: Kanamori, H., Boschi, E. (eds.) Earthquakes: Ob-

servation, Theory and Interpretation, pp. 138–173. Italian Physical Society, Varenna (1982)
20. Fajfar, P., Vidic, T., Fischinger, M.: A measure of earthquake motion capacity to damage

medium-period structures. Soil Dyn. Earthq. Eng. 9, 236–242 (1990)
21. Housner, G.W.: Spectrum intensities of strong motion earthquakes. In: Proceedings of Sym-

posium on Earthquake and Blast Effects on Structures, pp. 20–36. EERI, Oakland (1952)
22. Kappos, A.J.: Sensitivity of calculated inelastic seismic response to input motion characteris-

tics. In: Proceedings of the 4th U.S. National Conference on Earthquake Engineering, pp. 25–
34. EERI, Oakland (1990)

23. Martinez-Rueda, J.E.: Definition of spectrum intensity for the scaling and simplified damage
potential evaluation of earthquake records. In: Proceedings of the 11th European Conference
on Earthquake Engineering, CD-ROM. Balkema, Rotterdam (1998)

24. ATC 3-06 Publication: Tentative provisions for the development of seismic regulations for
buildings. Applied Technology Council, Redwood City, CA (1978)

25. Lungu, D., Aldea, A., Zaicenco, A., Cornea, T.: PSHA and GIS technology tools for seismic
hazard macrozonation in Eastern Europe. In: Proceedings of the 11th European Conference
on Earthquake Engineering, CD-ROM. Balkema, Rotterdam (1998)



344 A. Elenas et al.

26. Cabanas, L., Benito, B., Herraiz, M.: An approach to the measurement of the potential struc-
tural damage of earthquake ground motions. Earthquake Eng. Struct. Dyn. 26, 79–92 (1997)

27. Araya, R., Saragoni, G.R.: Earthquake accelerograms destructiveness potential factor. In: Pro-
ceedings of the 8th World Conference on Earthquake Engineering, pp. 835–842. EERI, San
Francisco (1984)

28. EC2: Eurocode 2: design of concrete structures—part 1: general rules and rules for buildings.
European Committee for Standardization, Brussels, Belgium (2000)

29. EC8: Eurocode 8: design of structures for earthquake resistance—part 1: general rules, seismic
actions, and rules for buildings. European Committee for Standardization, Brussels, Belgium
(2004)

30. Duda, R.O., Hart, P.E., Stock, D.G.: Pattern Classification. Wiley, New York (2001)
31. Kurian, C.P., George, V.I., Bhat, J., Aithal, R.S.: ANFIS model for time series prediction

of interior daylight illuminance. ICGST Int. J. Artif. Intell. Mach. Learn. (Online) 6, 35–40
(2006)

32. Theodoridis, S., Koutroumbas, K.: Pattern Recognition. Academic Press, Kidlington (2009)


	Chapter 20: Classiﬁcation of Seismic Damages in Buildings Using Fuzzy Logic Procedures
	1 Introduction
	2 Damage Indices
	3 Seismic Intensity Parameters
	4 Structural Model
	5 ANFIS Algorithm
	6 Results
	7 Conclusions
	References


