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Abstract  

In this present research study, development of the performance point of a bridge using 

stiffness-based damage index and drift damage to assess damage to reinforced concrete 

moment resisting frames, is proposed. It is shown that inelastic dynamic time-history analysis 

is performed on bridge subjected to earthquake records meanwhile damage of the bridge is 

computed by the stiffness-based damage index. Two relations between damage and drift are 

derived by applying a superposition that takes into account their effects. It is proven that the 

proposed point performance and damage indices are able to assess the damage index of 

bridge frames.The proposed approach is then checked by comparing predicted values to the 

ones considered as exact in the literature. 

 

Keywords:New point performance, bridge, stiffness-based damage index, drifts 

damage,nonlinear static analysis. 

 

Introduction  

 

During the long-term service life of structures, such as bridges or buildings, several 

environmental factors and the aging of structural materials, as well as other events such as 

natural disasters, can lead to different degrees of structural damages. These latest are mainly 

due to the continuous deterioration, creep, fatigue, corrosion and also unexpected heavy loads 

caused by natural phenomena, such as earthquakes, typhoons and strong winds, among others. 

Structural seismic design for reinforced concrete (RC) constructions requires a design that can 

sustain repairable damage. During an earthquake exposure, bridges can suffer irreparable 

damage or even a total collapse. The concept of the predictive method has been relied upon to 

assess potential seismic performance instead of design practice method. It is defined as a 
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performance-based seismic design (PBSD) (Mohd. Zameeruddin et al. 2020). PBSD refers to 

the strategy of processing and the methodology in which the requirements of structural design 

are represented in order to achieve a set of performance objectives.  

 

The basic principle of seismic computation provides an acceptable degree of security thus 

reducing the risks related to failures, disasters and also loss of life.  In seismic codes and 

regulations, the study of the response of structures under seismic action is conducted using 

simplified methods according to the nature of the structure and its destination. Technical 

analysis of these structures consists essentially in comparing a "demand" parameter to a 

"capacity" parameter. The shear force at the base of a structure is a parameter traditionally 

used for the seismic design of structures. Engineer calculates the stress caused by an 

earthquake at the base of the structure, and compares it to the resistance of the latter. 

Otherwise, new techniques for checking and dimensioning RC structures consist in choosing 

the performance objectives and thus developing an appropriate preliminary design. The 

evaluation of seismic demand and the capacity of the structure make it possible to verify if the 

design satisfies the purpose. 

 

The nonlinear calculation is a very useful tool to follow the behavior of structures beyond 

their elastic and plastic phase. This type of assessment has the advantage of taking into 

consideration the degradation of the rigidity of the elements constituting the structure and 

consequently, the redistribution of the internal forces in pieces. These new techniques of 

verification and design of RC structures are to choose objectives performance and develop 

appropriate preliminary design, evaluate the seismic demand as well as the capacity of the 

structure to be checked if the design satisfies the main goal. 

 

 

Performance objectives are a reasonable probability of the acceptable risk incurring various 

degrees of damage and potential consequences resulting from damages and failures (Mihai 

Mihaită,2015).PBSD procedures emerged during the first version of ATC40, FEMA273, 

second version of FEMA356, and next edition of FEMA 440,  concept guide documents share 

similar processes such: i) identifying performance targets and specifying performance levels 

associated with a particular earthquake hazard; ii) determining seismic demands of the 

structure and structural capability through comprehensive structural analysis; iii) Estimate the 

seismic requirements of the system and the capacity of the structure ; iv) Performance 



evaluation at the system level and the components level (Ghobarah, 2000)(FEMA 445). These 

methods evaluate the performance of the structure while it is being collapsed, but these 

methods are also unable to produce the associated damage value. 

 

The ability of a structure to withstand an earthquake may be quantified in terms of the 

predicted level of damage after an earthquake. Damage can be assessed using one of many 

damage indices, which are functions with values that can be linked to certain structural 

damage states. The usefulness of a variety of current response-based damage indices in 

seismic damage evaluation is reviewed and critically appraised. A novel rational damage 

assessment technique is provided, which offers an assessment of the structure's physical 

response characteristics and is better suited for non-linear structural analysis (Ranjkesh, 

2019). 

 

In order to evaluate an expected damage to structures when subjected to earthquakes of 

various intensities, a practical procedure based on static pushover analysis is proposed. The 

research of ductile and non-ductile RC buildings revealed that the suggested damage 

assessment process provides a straightforward, consistent, and reasonable damage indicator 

for structures (Mahboubi, S). 

 

The stiffness-based damage index (DIc) is developed in this study. It is simply formulated 

based on nonlinear responses that are obtained via nonlinear static techniques.It is handy since 

only one pushover is required to getthe inertia loads. These latest are required to determine 

the level of damage to the structure in question.On the other hand, DIc is used to estimate the 

damage of RC frames that represent various constructions. Damage values are usually linked 

to a damage index which is dependent on drift according to the DIc results. These resultsare in 

good agreement in comparison withdrift damage values and are a useful tool for practical 

applications(Hosseini, S.H). 

 

According to Zhou, for the level of damage sustained up to collapse, performance objectives 

in performance-based design procedures have been described in a variety of ways. In terms of 

economy and safety, selecting the appropriate drift associated with various levels of damage 

for the design is critical. It is proven that one of unresolved issues in the development of 

performance objectives in performance-based design and assessment procedures is the 

identification of drift levels associated with different states of damage(Zhou et al., 2017). The 



objective of this research is to develop a method for determining the drift of various structural 

systems that is associated with different definable levels of damage, which can then be used 

as performance objectives in the design of new structures and the assessment of structures 

seismic resistance. 

 

The correlation between drift and damage of various structural elements and systems was 

investigated using analytical and numerical data. Time-history analysis, dynamic and static 

pushover analyses of various designs of reinforced concrete walls and moment resisting 

frames were among used analytical procedures. The appropriateness and consistency of data 

from recently conducted tests as well as available experimental research results in the 

literature are examined. Static and dynamic testing of walls and frame components were part 

of the research. The drift associated with various levels of damage to different reinforced 

concrete elements and structural systems was discovered to vary significantly. 

 

Using a damage index, an attempt was made to establish a procedure to correlate damage of 

various structural systems to drift while considering diverse ground motion characteristics 

(Ghobarah et al. 2001).The relationship between damage and drift should be assessed against 

experimental work as well as observed structural performance during earthquakes for 

successful design criteria. 

 

The objective of this research work is development of the performance point of a bridge using 

stiffness-based damage index and drift damage to assess damage to reinforced concrete 

moment resisting frames, is proposed. Two relations between damage and drift are derived by 

applying a superposition that takes into account their effects. It is proven that the proposed 

point performance and damage indices are able to assess the damage index of bridge frames.  

 

1. Proposed pushover DI advantages 

 

The proposed damage assessment method has various advantages. Among these benefits, one 

can find : (a)The damage index is computed using a rational response analysis approach that 

requires little calibration, (b) The stiffness of the frame is determined after removing inertia 

and damping force effects and bringing it to a static state, (c) Without needing to anticipate 

the structure's maximum displacement or deformation near collapse, damage can be 

determined at any point during loading, (d) In the pushover analysis, two distinct final 



stiffness can be estimated depending on the load direction. The stiffness index can be 

calculated using the smaller stiffness; (e) A significant benefit of the suggested approach is 

that it offers information on element and level damage, as well as the sequence of element 

damage and failure. To integrate the influence of the frame elements, no averaging or 

weighting process is required to acquire the level and global damage indices for the entire 

frame, f) To integrate the effect of the frame elements, the damage indices for the entire frame 

are calculated without the use of an averaging or weighting process, (g) In addition to flexural 

yielding, the suggested index can model damage caused by additional other mechanisms 

(Mohd. Zameeruddin,2021). In this instance, all conceivable failure modes should be included 

in the analysis models. In the case of reinforced concrete structures, the model should account 

for shear deformation and reinforcing bar bond slip. Most published damage indices, 

according toWilliams et al., examined only flexural yielding and did not take into account the 

likelihood of shear failure. In the damage analysis of existing non-ductile structures, these 

difficulties are crucial. 

 

2. Damage Index 

 

According to what the index accounts for, the response-based damage indices can be 

classified into three groups: (a) maximum deformation; (b) cumulative damage; and (c) 

maximum deformation and cumulative damage. 

 

2.1 Damage indices based on maximum deformation 

 

a)Ratio of ductility (DR). The maximum deformation to yield deformation ratio is known as 

the ductility ratio. This ratio has been widely employed in seismic analysis to assess the 

performance of structures that are subjected to inelastic deformation and also to develop 

inelastic response spectra(Newmark and Rosenblueth, 1971).DR may be unsatisfactory as a 

damage index,in particularfor the case where shear distortion in connections and beam bottom 

bar pullout are expected. It has been proven that DR does not account for the effect of the 

ground motion's frequency and duration content, as experimental tests have 

shown.Furthermore, experimental research has shown that the duration and frequency of the 

ground motion has no effect on the ductility ratio.The structural ductility (capacity), which is 

equal to the ratio of ultimate deformation under monotonic static load to yield deformation, is 

overcome by the ductility demand (response) (Mohammad S et al. 2015). 



 

b) Ratio of slopes (SR).The slope ratio is a measurement of damage caused by stiffness 

degradation under seismic loading.It is determined from the slope of the loading branch of the 

force-displacement diagram divided by the slope of the unloading branch of the force-

displacement diagram. It has been determined that SR values of 0 and 2 correlate to structural 

behavior that is safe and structural behavior that is considerably damaged, respectively.These 

extreme figures are based on a study of small-scale structural systems (Toussi and Yao, 

1982). 

 

c) Ratio of flexural damage (FDR). The ratio of initial stiffness to reduced secant stiffness at 

maximum displacement, according to Roufaiel and Meyer, can be used as an indicator of 

damage. The critical values of the DR, SR, and FDR damage indices are calculated using 

laboratory tests and field observations.As a result, when predicting seismic damage for 

structures having attributes that differ significantly from those utilized in the calibration 

technique, they should be used with caution. 

 

d) Maximum permanent drift.Toussi and Yao gave a thorough overview of plastic 

deformations in a structural system that was directly related to permanent drift.Stephens and 

Yao, on the other hand, presented a qualitative estimate of damage that took into account the 

building's irreversible drift. 

 

2.2 Damage indices based on cumulative damage 

 

a)Normalized cumulative rotation (NCR).Morerecently, Banon et al.proposed the 

normalized cumulative rotation.The sum of all inelastic excursions produced by the structure 

during a seismic event is a simplified indicator of structural degradation. It is quite obvious 

that the value of this parameter is determined by the earthquake's duration and intensity. Then, 

the ratio of the sum of the inelastic rotations throughout half cycles to the yield rotation is 

known as the NCR.Damage indices based solely on cumulative inelastic deformation or 

dissipated energy have been shown to be insufficient to characterize the complex process of 

damage propagation and subsequent failure in concrete members, according to a statistical 

analysis of data on beam-column elements subjected to cyclic loads.Only few studies on this 

phenomenon have been reported in the literature. 

 



b) Low cycle fatigue (LCF).Using seismic data, the concept of low-cycle fatigue has been 

utilized to assess the status of damage in structures subjected to extreme ground 

motion.Miner.DI was created by Miner and is calculated in a complex fashion that considers 

the full response history.The maximum inelastic deformation, however, was not taken into 

account by the index.For more details, the reader is referred to the work by Wang and Feng. 

 

c) Local damage index of Park and Ang.Local damage index has received significant 

attention in the past three decades. Park and Ang were among the pioneer to be able to 

calculate the damage index using scaled values of the local element's ductility and dissipated 

energy during seismic ground shaking.The ductility is scaled by the ratio of the ultimate 

deformation under a monotonic static load to the yield deformation. It is defined as the ratio 

of the highest deformation to the yield deformation. In order to determine DI, one has to 

perform some experimental calibration. For the case of a concrete when it achieves a certain 

ultimate strain, the ultimate deformation is identified. Despite the fact that the index's value 

may exceed unity, Chung et aldeveloped DI, where a crucialparameter was introduced such 

asdamage modifiers that account for the loading history's effect. It is noticed that this 

indicator takes into consideration various responses of members that react to positive and 

negative moments. It is obvious that a damage modifier is used to account for the influence of 

the loading history, which includes the decrease in stiffness and the bending moment 

sustained up to the calculation cycle. The greatest deformation experienced by the element is 

not explicitly accounted for in the damage index formulation. 

 

d) Maximum softening.DiPasquale and Cakmakproposed a damage model for a succession 

of non-overlapping time windows based on the evolution of the natural period of a time-

varying linear system that is equivalent to the actual non-linear system. The combined effect 

of stiffness deterioration and plastic deformation is used to calculate this global damage 

index. In order to compute the maximum softening, the input ground acceleration as well as 

the acceleration at another position, such as the top of the structure, is required.The maximum 

DI does not account for dissipated energy or a decrease in strength, nor does it provide details 

on the extent of local damage.Besides, the change in the structure's initial fundamental period 

was employed by DiPasquale and Cakmak as a measure of the vibration's effect on 

rigidity.The effect of inertia and damping forces, on the other hand, is included in the 

instantaneous fundamental period. Then, the benefit of evaluating the final softening from the 

initial natural period and the final period derived from vibration field testing after the 



earthquake, can be significant. In practice, knowing the actual structural reaction is not 

necessary. 

 

3. Global Damage 

 

Several damage indicesdefined in previous sub-sections, including NCR ,DR, LCF, Chung et 

al,Park and Ang,describe the local damage incurred forparticular structural elements. Local 

damage indices are used to identify weak or sensitive components that need to be repaired. 

However, a large list of element damage indices makes it hard to acquire a clear picture of a 

structural  response to a particular movement. A single overall or global damage index is 

presently used to make important decisions about a damaged structure's residual strength and 

safety. Global indices are necessary fordamage assessment and structural appraisal after the 

earthquake, reliability studies, and applications in the performance-based engineering method 

(PBSD). 

 

3.1 Stiffness-based damage index  

 

Stiffness-based damage index of the entire frame is given as follows; 

 𝐷𝐼𝑘 = 1 − 𝑘𝑓𝑖𝑛𝑎𝑙𝑘𝑖𝑛𝑖𝑡𝑖𝑎𝑙                                                                (1) 

 

where Kinitalis the slope of the base shear-top deflection resulting from pushover analyses of 

the frame before subjecting it to the earthquake ground motion and Kfinal is the initial slope of 

the same relationship but after subjecting the frame to the earthquake (time history) (after 

Julian Carrillo). 

 

In order to remove the limitations of the stiffness DI, a cumulative effect has been established 

using the same formula as identified in Eq. (1), rewritten under the form; 

 𝐷𝐼𝑐 = 1 − 𝑘𝑐𝑘0                                                  (2) 

 

whereDIcrepresents the damage at collapse, Kc is the instantaneous stiffness at an intended 

performance level, and𝐾0 represents the stiffness at the operational level 

https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Carrillo%2C+Julian


 

[  
   
𝑑1 0 0𝑑1 𝑑2 − 𝑑1 0𝑑1 𝑑2 − 𝑑1 𝑑3 − 𝑑2 … … 0… … 0… … …⋮ ⋮ ⋮⋮ ⋮ ⋮𝑑1 𝑑2 − 𝑑1 𝑑3 − 𝑑2    ⋮⋮⋮ ⋮⋮⋮ 0⋮⋮⋮ ⋮⋮⋮ ⋮⋮⋮… … 𝑑𝑛 − 𝑑𝑛−1]  

   
[  
   𝐾0𝐾1𝐾2⋮⋮𝐾𝑛−1]  

   =
[  
   𝑉1𝑉2𝑉3⋮⋮𝑉𝑛]  
   (3) 

 

 𝑉𝑛 = ∑ (𝑑𝑖+1 − 𝑑𝑖) 𝐾𝑖𝑛−1𝑖=0                                                                  (4) 

 𝑉𝑛+1 = ∑ (𝑑𝑖+1 − 𝑑𝑖) 𝐾𝑖𝑛𝑖=0                                                                (5) 

 (1 − 𝐷𝐼𝑐)𝐾0 = 𝐾𝑐                                                                      (6) 

 (1 − 𝐷𝐼𝑐)𝑑𝑐 𝐾0 = 𝑑𝑐𝑘𝑐                                                             (7) 

 (1 − 𝐷𝐼𝑐)𝑑𝑐 𝐾0 = 𝑉𝑐                                                                 (8) 

 

We set 𝑐 = 𝑛 + 1 and 𝑛 = 𝑐 − 1 

 𝑉𝑐 = ∑ (𝑑𝑖+1 − 𝑑𝑖) 𝐾𝑖𝑐−1𝑖=0                                                                  (9) 

 𝑉𝑐 = 𝐾𝑛(𝑑𝑐 − 𝑑𝑛) + ∑ (𝑑𝑖+1 − 𝑑𝑖) 𝐾𝑖𝑛−1𝑖=0                                           (10) 

 𝐷𝐼𝑐 = 1 − 𝑉𝑐𝑘0𝑑𝑐                                                                        (11) 

 𝐷𝐼𝑐 = 1 − 𝐾𝑛(𝑑𝑐−𝑑𝑛)+∑ (𝑑𝑖+1−𝑑𝑖) 𝐾𝑖𝑛−1𝑖=0𝑘0𝑑𝑐                                               (12) 𝐷𝐼𝑐,𝐼𝑂 = 1 − 𝐾𝐼𝑂(𝑑𝐼𝑂−𝑑𝑛)+∑ (𝑑𝑖+1−𝑑𝑖) 𝐾𝑖𝑛−1𝑖=0𝑘0𝑑𝑐                                          (13) 𝐷𝐼𝑐,𝐿𝑆 = 1 − 𝐾𝐿𝑆(𝑑𝐿𝑆−𝑑𝑛)+∑ (𝑑𝑖+1−𝑑𝑖) 𝐾𝑖𝑛−1𝑖=0𝑘0𝑑𝑐                                          (14) 𝐷𝐼𝑐,𝐶𝑃 = 1 − 𝐾𝐶𝑃(𝑑𝐶𝑃−𝑑𝑛)+∑ (𝑑𝑖+1−𝑑𝑖) 𝐾𝑖𝑛−1𝑖=0𝑘0𝑑𝑐                                          (15) 

 

 

 



4.Problem formulation 

4.1 Description of the structure 

The bridge used in research work is a slab bridge with two continuous spans, and a pier of two 

columns as shown in Figure 1with an overall plan and a view of the bridge. On the other side, 

Figure 3 shows a transverse section of the pier bridge. 

 

Figure 1.Longitudinal section of the bridge. 

 

Figure 2.Overall plan and view of the bridge. 

 

 

Figure 3.Transverse section of the pier. 



 

These figures illustrate the calculation of the total weight of the bridge. The total weight is Mg 

=27850.36 kN where M is the total mass of the bridge and g means gravity. 

4.2 Definition of materials 

The material being formed of any mixture and the discretization in tetrahedral elements being 

arbitrary, we were led to consider for all the elements the same calculated properties. The 

reinforced concrete is mainly composed of two materials which are concrete (matrix m) and 

steel (fibers f) to form a mixture of materials. The law of mixtures allows it possible to 

establish its properties using volume fractions (refer to Leila Soufeiania) 

Unidirectional fibers give the maximum properties according to the direction of the fibres 

corresponding to the case of the simple arrangement. Furthermore, they provide the minimum 

properties in the transverse direction. On the other hand, the law of mixtures is a good 

representation of the experiment. This is why an analogy formulation was used by Ferreira for 

the shell finite elements. 

We have introduced the composite reinforced concrete strength for the uniquedesigned bridge 

construction in the composite mixtures laws with: 

 

 𝑆𝑟𝑐 = (𝑣𝑓 + 𝑣𝑚 𝐸𝑚𝐸𝑓 )                                                                                (16) 

Equation (16) is the originality in this research for a specific structural case which includes 

the effects of steel reinforcement in the concrete structure. Material strength stresses are given 

in Table 1where Sf is the steelyield strength, Sm is the concrete yield strength and  Src is the 

reinforced concrete (RC) (Doo-YeolYooet al),(Bathias,2009). 

Volumes fractions of steel as fibers (f) and volumes fractions of concrete matrix (m) are 

related as; vm + vf = 1                                                                                         (17) 

where; 𝑣𝑚 and 𝑣𝑓 are the concrete and steel volume fractions, respectively. 

Let Vf be the volume of steel, Vm the volume of concrete and  Vrc the volume of reinforced 

concrete then we get; 

vf = VfVrc                                                                                         (18) 

vm = VmVrc=1-vf                                                                                  (19) 

https://www.sciencedirect.com/science/article/abs/pii/S0141029616303005#!


The mechanical properties of matrix materials [D−1] (6 × 6) are expressed in terms of the 

properties of heterogeneous materials RC from Hooke's general law under the following form; 

 

(  
 𝜀𝑥𝑥𝜀𝑦𝑦𝜀𝑧𝑧𝜀𝑦𝑧𝜀𝑧𝑥𝜀𝑥𝑦)  

 =
( 
   
   

1𝐸𝑟𝑐 − 𝑣𝑟𝑐𝐸𝑟𝑐     − 𝑣𝑟𝑐𝐸𝑟𝑐             0      0   0      − 𝑣𝑟𝑐𝐸𝑟𝑐 1𝐸𝑟𝑐     − 𝑣𝑟𝑐𝐸𝑟𝑐            0      0    0− 𝑣𝑟𝑐𝐸𝑟𝑐 − 𝑣𝑟𝑐𝐸𝑟𝑐 1𝐸𝑟𝑐           0        0 0           0        0       0                         12𝐺𝑟𝑐       0         0           0        0        0                          0         12𝐺𝑟𝑐       0              0        0         0                          0        0          12𝐺𝑟𝑐) 
   
   
(  
 𝜎𝑥𝑥𝜎𝑦𝑦𝜎𝑧𝑧𝜎𝑦𝑧𝜎𝑧𝑥𝜎𝑥𝑦)  

 
                         (20) 

 

where; 𝐸𝑟𝑐 and 𝑣𝑟𝑐 correspond to the Young’s modulus and Poisson’s ratio, respectively. 𝐺𝑟𝑐is 

the shear modulus. 

{  
  𝐸𝑟𝑐 = 𝐸𝑚  𝑣𝑚  + 𝐸𝑓𝑣𝑓𝑣𝑟𝑐    =  𝑉𝑚  𝑣𝑚 +  𝑉𝑓 𝑣𝑓
𝑟𝑐    = 𝑚  𝑣𝑚 + 𝑓  𝑣𝑓1𝐺𝑟𝑐        =    𝑣𝑚 𝐺𝑚   +      𝑣𝑓 𝐺𝑓                                                                       (21) 

 

For the example of OuedOumazer bridge, given data considered in this study are listed in the 

following Table 1. 

Table 1.Characteristics of fiber and matrix mixture. 

 

Characteristics of fiber and matrix mixture 𝐸𝑚  

[MPa] 

𝐸𝑓  

[MPa] 

𝐺𝑚  

[MPa] 

𝐺𝑓 

[MPa] 

𝑚  

[kg/m3] 

𝑓  

[kg/m3] 

 𝑣𝑚   𝑣𝑓 

30798 207000 12319 80233 2402.8 7850 0.25 0.29 

Characteristics of reinforced concrete and 

steel 

Characteristics of the mixture of materials 

𝑉𝑟𝑐  

[m3] 

 𝑉𝑓  

[m3] 

 𝑀𝑟𝑐  

[kg] 

 𝑀𝑓 [kg] 𝐸𝑟𝑐  

[MPa] 

 𝑣𝑟𝑐  𝑟𝑐  

[kg/m3] 

𝐺𝑟𝑐  

[MPa] 

410.76 7.849 10.28*103 61614 34165 0.2508 2506.87 12522 

4.3 Elements cross-sections 

Table 2 gives the dimensions of the sections of Bridge Piers and is represented graphically in 

Figure 3. 
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Table 2.Transverse sections of elements. 

 

 

 

 

where; band h are the width and the height of the crosshead, respectively. d is the diameter of 

columns, I is the moment of inertia, A is the area of the element and W = 576.43 kN/ml. 

5. Nonlinear dynamic analysis 

Let us consider the proposed Bridge Piers, subjected to the earthquake of Boumerdes 

(Algeria) which is classified by the RPA 99/version2003 (CGS, 2003) as zone III a very high 

seismicity zone. The response spectrums on the displacement (a), in pseudo speed (b) and in 

pseudo acceleration are taken from (C.G.S,2003). An earthquake accelerogram May 21, 2003 

Boumerdes is shown in Figure 4and the response spectrum conversion in acceleration to a 

spectrum of demand is represented in Figure 5. 

 

 

Figure 4.Earthquake accelerogramMay 21, 2003 Boumerdes, Algeria[16]. 

 

 

 

 

 

 

 

 

Figure 5. Spectrum of demand of the earthquake of Boumerdes May 21 2003 (𝜉 = 5%)[16]. 
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Based on Ansys analysis, bridge piers structure as shown in Figure 6 present tetrahedral mesh 

characteristics with a number of DOF of 45,927, a number of tetrahedral elements of 45,352 

and a corresponding number of nodes of 15,309.The use of computed pricipal stresses allows 

for the calculation of dynamic stresses and the verification of the RC strength bound.It is 

worth noting that this dynamic analysis necessitates the computation of numerous time steps 

and handles large matrices reaching 45,927dof. On the other side, in sum 12 Ansys 

corresponding batch files for each simulation case have been carried out. Obtained results are 

shown in Figures 6 to9 and represent a graphical progression of the dynamic solution.This 

study using the meshing process as well as thesolving is carried out by the Ansys finite 

element software, with an analyzing programming batch for a generated mesh data file.It is 

also worth noting that the time required to mesh the structure is not included in the analysis 

time range's CPU time.We previously created and saved these meshes in order to use them in 

Ansys commands batch files that summarize the participation rate of the modal masses, taking 

into account the first three modes of participation rates of the most important masses. 

 

 

Figure 6 Representation of displacement Vector mode1.        Figure 7Representation of displacement Vector 

mode 2. 
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Figure 8Representation of displacement Vector mode3Figure 9 Representation of displacement Vector mode4. 

 

5.1 Capacity curve 

The horizontal force at the building's base as a function of displacement is represented by the 

capacity curve.In general, it is composed of a linear elastic phase followed by a non-linear 

phase corresponding to the formation of flexural and shear hinges, until the moment of 

rupture (Bhandari, Mohitet all). 

 

Figure 9 represents the curves of capacity and development of plastic hinges obtained by a 

Pushover analysis with and without P-∆ effect, respectively (P-∆ : the effect of secondary 

momentum due to normal effort PxMsec = Px∆). 

Results of the nonlinear analysis of the sections (M-𝜑) obtained by Response 2000 are shown 

below for two different sections (crosshead, column) of BB2. 

5.2 Obtained results 

Figures 10 represent the curves of capacity and development of plastic hinges obtained by a 

Pushover analysis with and without P-∆ effect, respectively (P-∆: the effect of secondary 

momentum due to normal effort PxMsec = Px∆). 

 

 

 

 

 

 

 

 

 

Figure 10. Curve of capacity and condition of plastic hinges with and without P-∆. 

 

With P-∆ 

 

Without P-∆ 

 

https://fr.art1lib.org/g/Bhandari,%20Mohit


Figure 10 illustrates the difference between the two capacity curves (with and without P-∆), as 

we see the compatibility of the two curves up to a threshold (the point indicated in the figure) 

and after a separation which explains the influence of P-Δ on the behavior.  In Table 3 below, 

the ductility of the two curves are given. 

The 'Pushover' curves (as presented in Figure 10) illustrate the behavior that is closer to the 

real behavior of our structure. These curves are characterized initially by an elastic part 

containing the cracking of the concrete up to the elastic limit designated by the first point of 

plasticization of the steels then they increase while describing the behavior of the structure in 

its inelastic phase, finally, a significant degradation of the lateral stiffness BB2 is observed 

until the rupture is reached by a formation of a ruined mechanism. The maximum 

displacement associated with the rupture is equal to 3.82 cm corresponding to the ultimate 

lateral displacement of BB2. 

 

Table 3.Obtained results (with and without P-∆). 

 

 Dy (mm) Fy(kN) Du (mm) Fu(kN) µ 

 with  P-∆ 11.91 9323.075 35.44 13072.68 2.98 

without P-∆ 11.91 9359.857 35.2 13187.88 2.95 

 

where; Dy is the displacement at the summit for the first plastification of steels, Du is the 

ultimate displacement at the summit, Fy is the strength at the base for the first plastification of 

steels, Fy is the ultimate strength at the base and µ corresponds to the ductility. 
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Figure 11 Development of plastic hinges of the most important events allowed 3,000 steps. 



6. Performance point during the Boumerdes earthquake 

6.1 Determination Performance point by PBSD method 

The basic principle of seismic computation is essentially to provide an acceptable degree of 

security thus reducing the risks related to failures, to disasters and the loss of life.  In seismic 

codes and regulations, the study of the response of structures under seismic action is 

conducted using simplified methods according to the nature of the structure and its 

destination. Technical analysis of these structures consists essentially in comparing a 

"demand" parameter to a "capacity" parameter . The shear force at the base of a structure is a 

parameter traditionally used for the seismic design of structures. The engineer calculates the 

stress caused by an earthquake at the base of the structure, and compares it to the resistance of 

the latter. Otherwise, new techniques for checking and dimensioning reinforced concrete 

structures consist in choosing the performance objectives and thus developing an appropriate 

preliminary design. The evaluation of seismic demand and the capacity of the structure make 

it possible to verify if the design satisfies the purpose? In that case, it is judiciable to use the 

PBSD method . 

 

 

ATC40 (Applied Technology Council, 1996)  is mainly based on the characterization of the 

capacity of the structure and the determination of the seismic demand in one hand, and on a 

process of verification of the performance fixed in advance by the owner jointly with the 

engineer at the beginning of the project on the other hand. This ATC40 strategy is commonly 

known as the « Capacity Spectrum Method (CSM) » . The main interest of the CSM method 

is to superimpose a curve which represents the resistance capacity of a structure resulting 

from a nonlinear static analysis (Pushover) with a representative curve of the demand due to 

the earthquake (response spectrum). The intersection leads to the point of performance . 

 

Figure 12 depicts the bilinear capacity spectrum representation as well as the superposition of 

demand and capacity spectrums (Step 1 in the procedure A of ATC40).The steps of ATC 

technique A should be followed in order to estimate the earthquake strain and locate the point 

of performance, and the results are shown in Figure 12 below. 
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Figure 12. Evaluation of the BB2 performance point for the Boumerdes earthquake (𝜉 = 21.9%). 

 

The CSM method gives good performance point for the Boumerdesearthquakes: 

Sd = 0.0108 m. 

Sa = 0.289 g. 

This point estimates the maximum displacement as well as the shear at the base and describes 

the state of damage. 

   Sd = δPF1∅1,s δ=  Sd × PF1  ×  ∅1,sSo ; we get ;     δ = 0.0108 m Sa = Vα1W/gV  =  Sa × 𝛼1 ×𝑊/𝑔                          V = 8657.69 kN 

 

From Figure 12, one can notice that BB2 remains in the elastic domain (before the 

plastification of steels), but the state of damage of the concr Designers may be able to use this 

relationship to compare defined qualitative boundaries in PBSD codes.ete is a little advanced 

as we see the appearance cracks at the top and bottom of the columns and the crosshead as 

shown in Figure 12.This figure explains the damage state of BB2. 

 

 

 



6.2 Determination Performance point by superposition Stiffness-Based Damage Index and 

damage drift 

The analytical results show that obtained drift values at the operational level are conforms to 

the values specified in the code; however, they are inconsistent with those at the other 

performance levels. This mismatch could be caused by members with limited plastic rotation. 

This difficulty can be overcome by calculating the real drift using the crack section's lower 

gross inertia. 

A pushover cannot be used to define a collapse zone; however, the drift criteria can be utilized 

to determine the zone.If a zone can be inserted, the drift criteria can then be plotted as the 

structural collapse zone.Designers may be able to use this relationship to compare defined 

qualitative boundaries in PBSD codes.The relationship between level of performance and 

damage value, as measured by the introduced zone of structural destruction, is investigated in 

this study. 

Table 4.Collapse mechanism for Bridge. 

 

Steps 
disp 

(mm) 

Strength 

(kN) 

Different performance levels 

Remarks A-B B-IO IO-LS LS-

CP 

CP-

C 

C-D D-E 

1 0,024 59,6 16 0 0 0 0 0 0 A-B 

16 1,03 2320,124 14 2 0 0 0 0 0  first hinge in B–IO range 

180 12,02 9324,108 6 9 1 0 0 0 0  first hinge in IO–LS range 

452 30,04 12609,2 6 2 7 1 0 0 0  first hinge in LS– CP range 

650 38,24 13112,64 6 2 0 7 0 1 0  first hinge in collapse range 

2836 186,75 12601,8 4 2 0 2 0 1 7 collapse  

 

FEMA 356 (2000) and ATC 40 have always offered simple and uncomplicated drift criteria 

for identifying the global damage condition of the RC structure by using pushover 

analysis.Table 5 shows the performance of a structure based on the various drift 

restrictions.The criterion for drifting is determined according to the following relation; 

 𝐷𝐼𝑑𝑟𝑖𝑓𝑡 = ∆𝑚𝐻                                                                           (25) 

 

where H is the bridge’s height and∆𝑚denotes the maximum displacement at a focalpoint. 



 

The analytical results revealed that the obtained drift values at the operational level were 

conform to the values stated in the code; however, they were inconsistent with those at the 

other performance levels. This discrepancy could be caused bycomponents with limited 

plastic rotations. This difficulty can be overcome by measuring the real drift using the crack 

section’s lower gross inertia. 
 

Table 5.Drift limits at various performance levels (FEMA 356, 2000; ATC 40,1996). 

 

Performance level Remarks Drift % 

(OP) Operational level Construction  does not undergo any damage < 0.7% 

(IO)Immediate occupancy level Constructionelements are partially damaged 1% 

(LS)Life safety level Construction and non-structural elements are remarkably 

damaged 

2% 

(CP)Collapse Prevention level Construction is about to collapse 4% 

 

Stiffness-based damage index DIc relies on structural stiffness degradation during the pushing 

process (pushover). The stiffness can be used to compare the intact stiffness with the stiffness 

value of the expected performance level. The intact stiffness corresponds to the elastic range 

of the operational level. In assessing the stiffness at an intended level of performance, 

incremental displacement address the accumulated effect that has not been considered in 

previous studies for the formulation of damage, It is assumed that the appearance of a plastic 

hinge or the first fracture inside the operating level is an indicator of intact stiffness. 

 

Figure 13 represents the percentage of stiffness-based damage index in the bridge with respect 

to the percentage drift of the analysis of an RC frame. It is obvious from these variance that at 

the formation of the first plastic hinge, DI is equal to zero at the operational level, DI is equal 

to 44% at the immediate occupancy, at the life protection range DI is equivalent to 62%, DI is 

equal to 69% at the collapse prevention level, and 70% at the collapse level. 



 

Figure 13.Variation in stiffness-based damage indices of Bridgewith drift (%).  

 

Table6 illustrates the evaluation of bridge I subjected to various lateral loads. For each 

displacement increase, the capacity curve reflects the deterioration of structural stiffness. It 

means that the deterioration of stiffness often takes the same path. The value of the damage is 

associated with different levels of performance following plastic hinge formation sequences 

and their transfer from one level of performance to another. Extended structural damage has a 

direct correlation to the variation in structural stiffness and it is useful to study this variation. 

 

Figure 13 illustrates the change in bridge stiffness and demonstrates clearly that the structural 

stiffness continue to decrease with each increase in displacement in the elastic state, 

Presenting the consecutive yield of structural load carrying elements. 

 

Table 6Stiffness-based damage indices for the Bridge. 

 

Step 
disp 

(mm) 

Strength 

(kN) 

Stiffness 

(kN/m) 𝑑𝑐𝐾0 

(𝒅𝒊+𝟏− 𝒅𝒊) 𝑲𝒊 
∑(𝒅𝒊+𝟏𝒏−𝟏
𝒊=𝟎−𝒅𝒊) 𝑲𝒊 𝐷𝐼𝑐  Remark 

1 0.02 259.8 12990.0 // // // // // 

16 0,091 430,50 4730,77 430,50 430,50 430,50 0,00 A-B 

19 1,03 2320,12 2252,55 4872,69 2320,12 2750,62 0,44 the first hinge in B–IO range 

180 12,02 9324,11 775,72 56863,86 18648,22 21398,84 0,62  the first hinge in IO–LS range 

452 60,04 12609,20 210,01 284035,43 63046,01 84444,85 0,69  the first hinge in LS– CP range 

2836 100,28 13113,00 130,76 474401,62 65565,01 150009,85 0,70 collapse range 
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Figure 14 Variation of Structural Stiffness at Different PerformanceLevels for of bridgewith drift (%). 

 

Figure 15 Superposition of the variation in stiffness-based damage indices of the bridge with drift damage andthe 

variation of structural stiffness at different performance levels of the bridge with drift damage  (%). 

 

Figure 15 shows the superposition of the variation in stiffness-based damage indices of the 

bridge with drift damage and the variation of structural stiffness at different performance 

levels for of the bridge with drift damage (%). To estimate the earthquake strain and find the 

point of performance by a new approach, one has to follow the procedure presented in Figure 

15. 

 

The method gives a good performance point for the Boumerdes earthquakes: 𝐷𝐼𝑑𝑟𝑖𝑓𝑡 = ∆𝑚𝐻 = 0.309%, ∆𝑚= 𝐻 ∗ 𝐷𝐼𝑑𝑟𝑖𝑓𝑡 =>∆𝑚= 0.016𝑚with 𝐻 = 5.395𝑚, 𝐾0 = 12990.00 KN/m 
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𝐾𝐾0 = 0.397% =>𝐾= 0.397%(𝐾0) = 515703𝐾𝑁/𝑚 

 

V = 0.397%(𝐾0 ∗ ∆𝑚) = 0.397%(𝐾0 ∗ 𝐻 ∗ 𝐷𝐼𝑑𝑟𝑖𝑓𝑡)=0.394(12990.00*1.6) = 8251.248 KN/m. 

 

This point estimates the maximum displacement as well as the shear at the base and describes 

the state of damage. 

  Sd = δPF1∅1,s δ=  Sd × PF1  ×  ∅1,sSo ; we get ;     δ = 0.0108 m Sa = Vα1W/gV=  Sa × 𝛼1 ×𝑊/𝑔δ= 8657.69 kN 

 

Table 7 Point of performance by ATC40 vs Point of performance by our methods. 

 

 Point of performance 

by ATC40 

Point of performance by our 

methods δ(m) 0.0108 0.016 𝑉(𝐾𝑁) 8657.69  8251.248 

 

From Table 7, one can notice that the maximum displacement of point of performance by 

both methods is almost of the same order as well as for the shear value. 

Conclusion 

 

In this research work, damage assessment was carried out following three stages: (a) a static 

nonlinear pushover analysis of the frame; (b) a determination of the structure response under 

anearthquake ground motion; (c) a dynamic study.The proposed approach, described by 

equations (2) and (3), is employed to assess the damage index for the entire structure and for 

each storey. Besides, an analysis of the performance point of a bridge has been developed 

using a stiffness-based damage index and a drift damage to assess the damage to reinforced 

concrete moment resisting frames. 

 

Additional analysis taking into account dynamic inelastic time-history was also performed on 

a bridge subjected to earthquake records.Besides, the damage developed during loadings 

wasassessed by the stiffness-based damage index. On the other hand, damage - drift 



relationship were derived by applying a superposition taking in consideration their effects. It 

is also proven that the proposed performance point and damage indices are capable to 

estimate the damage index of bridge frames. The validity of the proposed approach was 

checked by comparing the predicted values to the ones considered exact in the literature. 

 

The suggested method outperforms the state-of-the-art methodology such that the acceptable 

value of the performance point can be determined without having to generate the so-called 

acceleration displacement response spectrum. This latest is required when using the capacity 

spectrum procedure. The correctness of the proposed approach is confirmed by comparing the 

results to those previously obtained using procedure ATC 40 and comparing them to those 

considered accurate in the research.The proposed methodology was validated by a relatively 

good agreement between the maximum displacements and shear forces obtained by the 

numerical method and those obtained during testing. 

 

The prediction of structural behavior has become a part of a new design process such as 

performance and displacement based approaches. The seismic demands in displacement and 

force seismic for a design can be determined by taking into account the interaction with the 

structural capability. However, computing the resultant performance point according to this 

approach requires a significant amount of time and efforts. For this reason, the determination 

of the performance point of structures should be obtained in a simpler way by the nonlinear 

static analysis procedure. Throughout this research work, a simple but correct alternative 

strategy is proposed on behalf of practicing design engineers accumulation of damage owing 

to earthquake force continues to soften, resulting in a period shift to the longer side. 
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