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Abstract


The structural safety and serviceability during extreme weather, such as floods and storms, is critical. Due to global warming in the last decades, the increase in the intensity of natural disasters, i.e., flood loading and the durability of the road structures and infrastructures, is becoming critical. Bridges and structures lose their capacity because of ageing over time. On the other hand, the load intensity is another reason for the structural damage. Debris loading due to the flooding on bridges is one of the reasons for the increase in flood loading and eventually structural damage. Measuring the level of structural damage under extreme events is vital in determining the vulnerability and resilience of structures during a disaster. A damage index (DI) can be defined as a measurement tool for the levels of structural damage. Oftentimes, damage indices are developed to measure the deterioration of the system under earthquake loading. Little work has been published on damage indices (DIs) under flood loading, where a uniform pressure is applied to a structure. This paper presents a comprehensive review of DIs published in the literature and compares two approaches to assess the system’s damage utilising finite element methodologies. The structure model developed in the ABAQUS software package is used to predict the failure of a concrete component under applied lateral loading. The model is validated using published experimental work. The model is verified, and then it is used to compute the damage indicators using two primary techniques, including a deflection-based method and an energy loss-based approach. Using the two offered DIs, the change in damage levels is displayed underwater flow uniform loading. A comparison of the two methods is conducted. In this paper, differences between the two concepts are analysed and presented.
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1. Introduction


Evidence has shown that most concrete structure failures occur during construction or natural disasters [1]. With recent reports that natural disasters have increased in frequency, understanding the vulnerability of structures during environmental disasters is of utmost importance [2]. Currently, most design procedures do not adequately address structural resilience due to disasters. Historical data showed that two types of natural disasters cost Australia the most money: severe storm floods and riverine flooding. Approximately $399 million per annum of damage loss is estimated due to flooding in Victoria, Australia [3]. On the other hand, the U.S. Department of Transportation survey showed that 28% of structures are deficient [4].



A bridge’s ability to resist flooding and withstand the debris load is one of the essential parameters in its design. Researchers have revised bridge design codes due to the increase in flood intensity during the past decades due to global warming. A comprehensive survey of fluid flow behaviour around piers uses a computational fluid dynamics (CFD) method to understand the water flow distribution [5]. Based on this study, the pressure distribution is adopted to be the uniform load along with the pier height.



An assessment of structural damage has two primary goals: to ensure structural integrity and serviceability while minimising the maintenance expense. Generally, damage assessment assesses how well a structure can withstand particular loads and to what extent its capacity has been lost. A large variety of assessment techniques exist with varying degrees of complexity, and the choice of the best procedure depends heavily on the assessment requirements.



There are numerous methods of structural health assessment. Visual inspection, magnetic particle, and ultrasonic are examples of field assessments that are not efficient because of their applicability and accessibility. It is not always feasible to access all structural components to test and inspect [6]. Numerical structure assessment is an economical approach to assessing structural health and safety. Researchers have also developed concrete damage indicators and crack propagation models [7,8,9]. Various methods for numerical modelling of concrete failure have been developed in recent years, including fracture energy models, smeared crack models, plasticity models, and non-local damage models. According to the literature study, researchers use various damage detection methods to model concrete cracking and crushing numerically, and advanced commercial finite element programs such as ABAQUS provide these phenomena as damage mechanisms [10].



Proper damage indices (DIs) can quantify the local or global damage. DIs are the indicator to represent how the deterioration is progressing. In the literature, damage indexes (DIs) describe the level of damage a structure undergoes under various loading conditions. DI is usually defined as the ratio between the current damage level and the damage that corresponds to failure. In the event of a disaster, the levels of damage can be used to determine the extent of recovery efforts required for structural repair. DI can range from zero to one. A zero value indicates no structural deficiencies, while one indicates the system’s complete failure.



This paper focuses on measuring bridge piers’ damage levels (DLs) under flood loading, which induces a uniform water flow pressure. If the flood momentum increases, so does the force, and consequently, the damage is increased. A comprehensive review of damage indices distributed in the literature is performed to realise the best measure of the failure level. An energy loss-based approach is proposed to estimate the damage and is compared with the deflection-based methods’ most common approach. The proposed energy loss-based method is an applicable method that can be easily modified using the amount produced from a FEM software pack to estimate the DI under various damage levels.




2. Concrete Damage Modelling


Since the mechanical properties of the constituent are complex, which is weak in tension and strong in compression, different approaches are used to model the concrete behaviour. Typically, a concrete structural component behaves elastically with increased loading when not cracked. Crack initiation will lead to a non-linear response followed by crack propagation, plastic response, plastic-hinge formation, and complete failure. In this study, a methodology for modelling is reviewed and validated. Advanced computational techniques have addressed these complexities in the past three decades, and reliable concrete modelling methods are now available.



There are different approaches to modelling concrete damage in the literature; for instance, a 3D discrete crack modelling in a meshfree particle approach is formulated to calculate the reinforced concrete damage and the crack pattern [11,12]. Research has shown that the non-linearity of the concrete is related to the compression and tensile behaviour of the constituent material; however, concrete is fragile in the tensile situation. Various approaches to concrete damage simulation are introduced for applying the plasticity theory to model concrete behaviour, for example, linear elastic fracture mechanics [13], smeared crack modelling [14,15], and the fictitious crack model [16], in which it was assumed the crack was within an element [17]. The smeared crack model has to be distinguished if a single or several cracks should be modelled within a single-finite element [18]. This study uses the Concrete Damage Plasticity (CDP) approach, the most common and widely accepted primary modelling method.



2.1. Concrete Damage Plasticity Modelling


The Concrete Damage Plasticity (CDP) model is one of the most popular constitutive models that can predict concrete’s mechanical behaviour under various loading conditions, including compression and tension, uniaxial, biaxial, and triaxial loading. It describes the mechanical characteristics of concrete by identifying scalar damage variables. The non-linearity of the concrete is attributed to two distinct degradation phenomena; damage and plasticity, which can be described by the theories of continuum damage mechanics and plasticity. Therefore, a model that considers both plasticity and damage is necessary. The tensile and compressive responses of concrete can be characterised, as shown in Figure 1 schematically.



ABAQUS software offers the CDP approach, where dt and dc are damage variables ranging from 0 (no damage) to 1 (fully damaged). E0 is the initial elastic module and    ε c  ~ p l    ,    ε t  ~ p l    ,    ε c  ~ i n    , and    ε t  ~ i n     represent the compressive plastic strain, tensile plastic strain, compressive inelastic strain, and inelastic tensile strain, respectively. The stress–strain relationships are described in Equations (1) and (2):


   σ t  =   1 −  d t    ·  E 0  ·    ε t  −  ε t  ~ p l      



(1)






   σ c  =   1 −  d c    ·  E 0  ·    ε c  −  ε c  ~ p l      



(2)







The damage with introduced plasticity yield criteria      σ c  &  σ t      and damage criteria (dt & dc) adequately describe the plastic response of the concrete. Subscript “c” represents the term in the compressive stress, and alternatively, “t” refers to the tensile stress. The constitutive relationships in the CDP model comply with thermodynamics laws [17] and is a viable model available in the ABAQUS package.




2.2. Damage Indicators: An Analysis


Damage Indices (DI) are applied to measure numerically various damage levels (DLs) of the structure, and they perform a substantial role in decision making on structural resilience during catastrophes. Using the Damage Indices, local and global damage to a structure can be quantified. In general, structural damage to concrete structures can be referred to as failure of the components of the structures. The malfunction in reinforced concrete is defined as the occasion relating to concrete cracking or crushing.



There are two types of DIs available—cumulative and non-cumulative indices. The cumulative damage theory presumes that a stress cycle with alternating stress beyond the durability threshold applies quantifiable, lasting damage [19]. It also states that the overall damage triggered by some stress cycles equals accumulative damages produced by the single stress cycles [20]. In monotonic loadings, the non-cumulative damage models are more suitable. One of the most straightforward methods of expressing the ductility percentage is to represent it as the deformation rate in the load time-history to the ultimate deformation of the structure. It is possible to determine the local damage using the non-cumulative DIs that can be used under monotonously increasing load, but this may not provide a comprehensive picture of the system’s general damage. Table 1 presents a summary of the existing DIs defined by different researchers.



Structure damage can be explored using different concepts. Any significant changes in the typical structural characteristics can be evaluated by DIs and will be a representation of structural damage. For example, displacement [21], stiffness [22], the natural period of the structure [23], fatigue [24], and energy dissipation [25] concepts are the most common methods of damage evaluation [26]. Changes in the structural stiffness matrix or natural period of the structure can be characterised as damage.



The review of the DIs presented above has shown that most of the publications are developed for cyclic loading, where loading cycles would influence the failure or damage mechanism. The applicability of the energy loss-based approaches is investigated in the current study to assess the damage to bridge piers under flood loading. This paper compares the proposed energy loss-based DI and the displacement-based method as the most popular and most convenient existing damage indicators. In order to model and assess the damage to the pier of a U-slab bridge, a simple concrete component is modelled to explain the concept of damage estimation under two types of methodologies.





3. Modelling and Analysis


3.1. Methodology and Modelling Validation


In order to verify the current study approaches, an experimental test model [27] is modelled numerically using the F.E. method and analysed. A non-linear FEM analysis of a simply supported reinforced concrete beam is carried out to determine if it is suitable for damage detection utilising the commercial software ABAQUS 6.14. Damage parameters using the CPD method were consistent with the most common concrete models, i.e., the modulus of elasticity and the stress–strain relation [28]. To ensure mesh efficiency, the sensitivity of the mesh is also evaluated for the FE model. The model is a rectangular beam with a cross-section of 130 × 210 mm and a span of 2700 mm. Figure 2 illustrates the model setup [28] and FEM reproduction in ABAQUS in this study. The analysis results are monitored to validate the structure’s response under a monotonic static loading. The structural responses are assessed under a 20 kN point load incrementally applied to achieve the yield capacity of the system [26].



A comparison of the force–displacement relationship of the numerical model with experimental results has been conducted under static loads, as summarised in Figure 3. In the graph, the current study results and the empirical model are closely correlated [26].




3.2. A Four-Point Model Analysis


Under incremental static analysis in ABAQUS, Section 3.1 assesses the behaviour of the verified four-point load model, including the ultimate damage capacity. Inverse loading is continued until the system fails entirely. Provided that the system’s capacity is about 45 kN from the previous modelling, 80 kN is applied to observe the fully plastic response in the current study. Figure 4 illustrates crack formation scenarios under different loading levels in which the load is incrementally increased.



Figure 5 shows the load-deflection performance of the beam at the midspan. An 80-kN concentrated load is applied to the beam. The response of the pier is presented in three different phases. A quantitative analysis of data is conducted to address the changes in trends of each phase, and the respected data for flexural stiffness and loads are calculated. The parameter “K” is the flexural stiffness and the curve’s slope. The first phase of the graph (blue phase) is when the model is undamaged and the structural response is entirely elastic and safe. As the stiffness of the structure decreases, cracks may start in critical areas. In this model, the critical zone is the mid-span of the beam as the flexural moment is maximum in this area.



Then, in the second phase, concerning the increase in load, cracks are generated, formed, and distributed. However, the formation’s behaviour is elastic with a slight residual deformation (the green phase in Figure 5). When the structure’s stiffness is degrading due to load increase, the first bifurcation on the envelope curve is the critical crack initiation load of the structure, F1. The concrete beam begins to crack by increasing the load, and thus, the tensile stresses transfer to the reinforcement. The second degradation of the curve slope occurs after the second bifurcation point, F2 (critical load of failure), when the cracks start to open, and non-linear behaviour is reached due to the yielding of the tensile reinforcements.



When the third phase of damage starts, the reinforcement begins to yield, and due to the non-linearity, large deformations are expected. From this level of damage, the plastic hinges appeared, and due to that phenomenon, the structure’s stiffness decreased dramatically. Despite the presence of plastic hinges not indicating the structure’s overall instability (failure) (since it can withstand more lateral loads), the plastic hinge appearance can cause non-recoverable damage in the structural system.



The structural responses of the four-point model are validated with the load-deflection curve, when it is under damage analysis using CDP, to estimate the fracture and crack propagation. Figure 5 has the same trend, which can be observed in the fracture mechanics approach to calculate the concrete structural damage [29,30]. This structure’s damage is determined by its mid-span deflection response, and the changes in structural stiffness define its different damage levels.




3.3. Pier Model under Water Flow Pressure Analysis


The bridge pier is modelled under uniform pressure by adopting the validated approach to model the concrete. Based on a previous study [5] on the pressure behaviour of the water flow pattern along with the pier height, uniform loading is considered an appropriate metric to represent water flow pressure applied to the pier. Uniform pressure distribution is assumed per the pier model [5]. Here, 1 (MPa) static pressure load is applied on the pier incrementally. The pier is 355 × 355 m in cross-section and 3 m in height; the details of the model are presented in [5,26]. The pier weight and the dead load axial load transferred from the superstructure were considered in modelling and analysis (see Figure 6). The damage parameter (dt) and the contours in Figure 6b are presented to show how the most critical tensile cracks are propagated along with the height of the pier under water-flow pressure. As can be seen, apart from the mid-height of the pier, the fixed support is a high-risk area.



The modelling and analysis approach mentioned in Section 3 is applied to the bridge pier model in this simulation. In this model, the bed condition is assumed fixed. It is expected that the pier shows higher flexural stiffness behaviour. Figure 7 provides the load-deflection response for different damage levels. The appearance of the plastic hinge dramatically reduced the structural capacity. Therefore, it can be concluded that the failure of the structure synchronised with the appearance of plastic hinges. In the present static non-linear simulation, the output from the ABAQUS package is utilised for damage assessment. The quantitative data can be estimated using the characteristic parameters of the structure (K1–K2, F1–F3) using Figure 7.




3.4. Comparison between the Fixed-End and Pined-End Model Response and Their Performances


The incremental FEM analysis using ABAQUS is used to calculate the damage to the structure. The ductility factor is higher for the pin-pin supports model, while stiffness is lower. The negative eigenvalue of the stiffness matrix appears when the structure is unstable. In this model, 80 kN is not enough for this pin-pin model phenomenon. Both models are analysed to show the procedure of analysis. A comparison of the two different methods for both models is conducted to understand the best approach for assessing the structural damage.



The numerical outcomes derived from the two models with the same cross-section and lengths are described in Table 2. A comparison of the threshold loads and the stiffness values for both models in each level is presented. The analysis considered comparing these two models and a study on the fixity effect on the damage levels of the component. F1 is the load that causes the first crack initiation in the structure (Fcr), resulting in the first stiffness reduction. Since the four-point model is simply supported, the structural crack initiation threshold load is just 4% of the fix supported model. The initial slope of the load-displacement curve is within the elastic range, K0, and the initial flexural stiffness of the structure, for the simply supported models, is 25% of the fix-pin model’s initial stiffness under uniform pressure. F2 is the lateral load that causes the yielding of the reinforcement. In this DL, elastic range, K1, the structural stiffness when cracks are initiated, has a 73% reduction in the pin-pin model, while 83.2% of the structural stiffness is reduced for the fixed-pin model. This level is the elastic-plastic phase, and plastic hinges’ initiations appear in this phase. Since the model under the uniform pressure is loaded until the system’s failure, the structural stiffness has reduced up to 11% of the structural elastic-plastic stiffness. In this mode, the structure behaved plastically, and notable deformation occurred. At this stage, the fixed-pin model responded and behaved similarly to a pin-pin model structurally.



Figure 8 compares the growth in the ultimate loads and a reduction in the structural stiffness for different DLs for both models, observed from the models’ load-deflection response study. This study demonstrated the impact of fixity on bridge piers’ structural response under flood loading. The fixed-end model shows that energy is dissipated in the fixed-end zone of the system due to the flexural damage, and the significant reduction in the stiffness in the model can show the dissipation of energy. In contrast, considerable deflection in the pin-end model happens in the mid-span, which causes significant damage. This comparison can provide an initial insight into the behaviour of a bridge pier with a fixed end zone exposed to flood loading in the following parts of the study.




3.5. Damage Evaluation of Pier Based on Deflection Concepts


The DI for each DL is developed based on the structural displacement considering the definition of damage indices using Equation (3) [31]:


  D I =    δ i     δ  u j      



(3)




where    δ i    is the deflection of the mid-span in the load step i and    δ  u j     is the ultimate displacement for each DL, j (j = 1, 2, 3). To gain a better understanding of the calculation procedure, from the load-deflection curve of the midspan, shown in Figure 7, the corresponding capacity and associated deflections,    δ  u j    , are estimated for all of the three DLs by analysing the data trends. Then, the percentage of damage quantity values for different DLs are evaluated [17]. DI variation in relation to water flow loading for various DLs is illustrated in Figure 9. The diagonal dashed line in Figure 9 indicates a similar trend in the three different DLs. Within the phase 1 level, the coating concrete and the concrete in the tensile zone tolerate the tensile stresses. Although the values of DI change from zero to one in the first level of damage, no damage is expected. The DI value in level 1 shows vulnerability and how the structure is close to crack formation. Since the initial crack forms, the structure starts to deteriorate by losing stiffness, and, in other words, a non-linear response starts. Level 2 damage is formed when cracks appear in the concrete and the tensile load transfers to the reinforcement. Within Level 2, the damage rate represents moderate damage to the structure, in which minor cracks are formed, and the reinforcement is not yielded. Analysing the output and DI values indicates that the damage for the second DL is less than 20%.



The equivalent equations are calculated based on a regression analysis to determine how the deformation index affects the damage behaviour of the system. Upon exposure to water flow loading, structural safety can be explained by the equations presented in Table 3, where F indicates water flow loading. The correlation coefficient, R2, also represents the accuracy of the formula. However, for further study, it is recommended to generalise this approach to different structures with distinct characteristics.



Comparing the three levels of damage based on the deformation concept indicates that the loads required for increasing the damage from the first level, no damage, to the second level, moderate damage, are approximately similar to damage the model from the second to the third DL. For example, the ratio between the second DL load and the first DL is about 1.7 (    4.55   ×    10 5    2.62   ×    10 5     ), and the ratio between the third DL and second DL is about 1.6 (    7.3   ×    10 5    4.55   ×    10 5     ). This means that the changes in the structural stiffness are relatively close.



Figure 9 and Table 3 explain the results based on the values of all DLs. Notably, there are extraordinarily similar patterns of damage level changes with the load changes. The slopes of all graphs are remarkably close (see Figure 9, where a relatively equal slope of dashed lines indicates this phenomenon).





4. Damage Calculation Based on Dissipated Damage Energy


Apart from the deflection-based DI, the dissipated energy loss is analysed on the entire system to measure the damage in this paper. We compare the results with the prediction in the prior section based on the maximum deformation of the structure in the middle.



Figure 10 shows the variation of dissipated damage energies (DDE) for the entire model, determined by the area under the load-displacement curve obtained from the ABAQUS output. The DDE values and thresholds for the whole model can be evaluated effectively using ABAQUS results as the entire model’s damage dissipated energy (ALLDMD). By analysing the output, 192 (mJ) energy is consumed to crack formation in the whole structural system. Figure 10 also shows the DDE variation as the water flow pressure increases incrementally. The curve’s trend grows with time, but the amount of energy dissipated before plastic hinges appear steadily increases (see Figure 10 for the second phase of the graph showing the damaged area in green). Following this phase, the energy dissipation develops significantly (see Figure 10 for the third phase of the chart, showing the presence of plastic hinges in red).



Comparing Figure 7 and Figure 10, an excellent correlation between the deformation and DDE change rate trend is observed during the increase of pressure in water flow. The analysis and plot of the change in dissipated energy versus water flow pressure are shown in Figure 11.



The damage energy dissipation in different damage modes is represented by the DDE outcomes in the whole model. When cracks form in the system, 192.8 mJ of energy is dissipated, and when the plastic hinges are created, the model softens, and 338 mJ of energy is lost. Substantial deflection occurs until the total failure of the structure with a significant softening factor. A complete failure phase (the black area in Figure 10) causes the system to become unstable, reducing structural stiffness. An applicable DI based on the energy outputs can be estimated by analysing the progressive damage observed in Figure 11. The structural response to the increase in load is explained earlier in the first phase; DL1 and DDE are both zero, and the crack has started to grow. Consequently, since the first level’s value is zero, the other two levels of damage are investigated in the energy loss-based approach. The DI variation during the increase in water flow loading is focused on, and an energy loss-based method is contrasted with a deformation-based method.



The turning points in Figure 12 are emphasised, and their damage dissipated energy (DDE) is estimated to calculate DI based on the dissipated energy concept. Then, the energy loss-based DIs described in this paper are calculated with Equation (4):


  D I =   D D  E i    D D  E  u j      



(4)




where   D D  E i    is the damage dissipated energy in loading step i and   D D  E  u j     is ultimate damage dissipated energy.



Figure 12 displays the values of the different DLs and shows that increasing the load significantly reduces the damage compared to the displacement-based damage index. The methods described above demonstrate the application of the energy-based damage index, which gives similar results as the displacement-based method.



4.1. Discussion and Comparison of Two Different Concepts of DIs


In this section, the differences between the two methods of damage estimation discussed in this paper are compared for the pier under water-flow pressure. According to the evaluation perception of DIs undertaken by the two different concepts of deflection and DDE, non-linear analysis is conducted for the system under consistent incremental pressure. In order to quantify DIs for every damage level, we use the ultimate deflections and the dissipated energy estimates from the turning points of the discussed curves (see Figure 7, Figure 11 and Figure 12). A quantitative analysis of ABAQUS outputs undertook to determine the DDE parameter for the whole system (ALLDMD parameter).



Figure 13 provides a contrast between both methods for damage value evaluation. It should be emphasised that the safe zone is at the zero-damage level and that it is not discussed here. The DI comparisons indicate they provide similar outputs at lower loading levels, where the structure experiences moderate damage. In contrast, estimated DI values using the energy concept are approximately 6–10% more than those observed using the displacement concept at the plastic damage level. The deflection method captures only the displacement changes for the mid-height of the pier, where it experiences the most critical displacement. Not only does the mid-height of the pier experience large deformations, but also rotational damages occur close to the fixed boundary condition. The results indicated that the assessed damage using the energy concept quantifies the total damage to the structure, including displacement and rotational damage.



In contrast, the displacement concept considers only damage to maximum displacement. ABAQUS as a FE tool provides a straightforward and general approach to estimating the whole system’s energy loss and dissipated energy. Therefore, estimation of damage based on the energy concept is applicable.



In this study, the pier was one degree more indeterminate than the pin-pin model. The above results and the observation show that if the structural indeterministic degree increases, the energy concept can be a more reliable tool for assessing the total damages. In other words, it can evaluate the other independent damage concepts, i.e., deflection, rotational, and lateral.



Correspondent Water Current Velocity


To recognise the impact of water flow on the bridge pier, reverse calculations can be performed to assess the effective water flow velocity. Flow loading results can be correlated with the flow velocity. The following equation determines the equivalent static drag load according to AS5100 [32]:


   F  D r a g   =  1 2   C d  ρ  V 2   A d  ⟹ V =     2  F  D r a g     ρ ·  C  d   ·  A d       



(5)




where    C d    represents the drag coefficient, depending on the pier shape and flow factors [32,33], and  ρ  and  V  are the fluid density and velocity, respectively. The surface facing the water flow is represented as  A ; here, it is a rectangle of 130 × 2700 mm2. The equivalent water flow velocity could be calculated applying Equation (5) based on the analysis and the related calculation. According to the standards’ description, the drag coefficient of the square component is considered,    C d    = 1.4 [32]. No damage occurs in the safe zone, DL1, and the structure experiences no cracks. Figure 14 presents the results. An extremely high velocity, more than 30 m/s, is necessary to collapse the pier (as shown in the graphs), which is not practical.



In contrast, the hydrodynamic load will increase if debris is collected incrementally behind the pier during the flood. If the velocity and the vertical area of the flood loading on the surface of the structure increases, Equation (5), the resulting water flow pressure will significantly increase, which can be evaluated using the approach presented in this study. The increase in debris load will eventually result in structural collapse, and damage level 3 will occur.






5. Conclusions


The current study presents the methodologies for assessing the concrete structure under flood and debris loading. A suitable technique for estimating concrete structural damage under ever-increasing static loading applying ABAQUS is built using CDP modelling. The system’s authentication leads to the challenge of assessing different damage evaluation methodologies. An incremental pressure load distributed on the pier’s surface is applied to the structure, assessing damage behaviour at three different levels.



Three discrete levels of damage have been identified in this study. The first is the elastic level. When assessing damage to a structure with high performance, this method should be used (the serviceability limit). In the first level, no surface cracks in the system are anticipated. Limits are calculated based on the structural response to load at this level. A second level is the degree of damage before the appearance of plastic hinges. The structure is expected to exhibit elastic-plastic behaviour at this level, which is the ultimate limit state. Calculations for this level can be made the same way as those for the initial level. Finally, the remaining DL is associated with full structural failure in which it cannot endure any further loading. This section calculates the overall damage sustained by the structure for three separate DLs.



A new energy loss-based method can evaluate the damage to vertical structures, such as bridge piers under lateral, flood, and loading. The displacement-based approach and the new energy loss-based approach have been evaluated by applying a bridge pier case study. Based on the findings, the following conclusions can be drawn. The displacement-based and the energy loss-based DIs’ estimation yield comparable results for moderate damage (second level of damage).



	
Increasing the degree of freedom seems to increase the reliability of the energy-based DI for determining the damage of complex structures.



	
Deflections of fixed boundary conditions could not be considered, while overall damage dissipation energy considers the deterioration of the whole system.



	
Using the finite element analysis results, an energy-based approach provides a superior method because it applies more easily to structural systems.



	
Damage detection and estimation depend heavily on the structural boundary conditions and degree of indeterminacy.
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Figure 1. Concrete behaviour in axial compression (a) and tension (b) strength [15]. 
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Figure 2. (A) Beam setup [28] reproduced with permission from Hanif M. U. (B) Current Studies Beam FEM simulation in ABAQUS and its cross-section. 
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Figure 3. Static response in ABAQUS correlation with the empirical results [26]. 
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Figure 4. Crack formation at various load levels in ABAQUS (PT = 2 P). 
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Figure 5. Curve of static load-displacement for a concentrated four-point model. 
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Figure 6. (a) Simulation of the pier and the water flow load applied on one face in ABAQUS and (b) damage parameter contours and the legends (red shows that the tensile damage parameter is more than one and the blue is zero). 
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Figure 7. Load-deformation performance for a bridge pier under water-flow loading. 
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Figure 8. Comparison of (a) the growth in the threshold loads and (b) the reduction in the structural stiffness for different damage levels for both models. 
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Figure 9. Damage Index (DI) variation for the first, second, and third DLs when water flow increases incrementally. 
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Figure 10. The variation in damage dissipated energy (DDE) for the entire pier model. 
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Figure 11. Variation of the total damage dissipated energy (DDE) using the entire system. 
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Figure 12. Variations in the damage index for elastic-plastic and fully plastic damage modes. 
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Figure 13. Comparison of the displacement and energy concepts of the elastic-plastic and fully plastic damage phases. 
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Figure 14. Damage index changes for numerous damage levels of water flow velocity. 
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Table 1. Summary of the Damage Indices and the concepts.
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	Reference
	Damage Index
	Concept
	Detail





	Park & Ang (1985) Model
	      u m     u u    + β    E h     F y   u u      
	Combination of the ductility and energy loss
	   u m    is the maximum displacement of an SDOF system under seismic loading,    u u    is the ultimate displacement under monotonic loading,    E h    is the hysteretic energy dissipated by the SDOF system,    F y    is the yield force, β is the parameter to include the effect of repeated loading



	Banon & Veneziano (1982) Model
	   D I =    M u   ∅ m     M m   ∅ u      

       ∑   i = 1  n   ∅  i m   −  ∅ y     ∅ u      
	Flexural and rotation
	   M m    is the moment in   m  th    element and    M u    is the ultimate bending moment.

   ϕ m    is the rotation value of   m  th    component and    ϕ y    and    ϕ u   , respectively, are the rotation functions of the curvature at the yield and ultimate states



	Stephen & Yao (1987) Model
	     ∑  i = 1  n         Δ  d +    Δ  d f        1 − b r     
	Deflection and fatigue
	 d  is the deflection,   Δ  d f    represents the fatigue deformation, and    b r    is a factor for the shape and size of the cycle



	Jeang & Iwan (1988) Model
	     ∑  i = 1  n        n i   u i 2   C      
	Displacement on the effect of cumulative cycles
	n is the number of cycles, u is the relative deformation, and C is the amplitude factor



	Cao et al., (2011) Model
	          E h     E h  +  E  r e c         N − i     
	Cumulative energy
	   E h    is the cumulative hysteretic energy to the ith cycle,    E  r e c     is the cumulative recoverable energy until the ith cycle, i is the number of cycles that satisfy the condition    u m  >  u  c r    ,    u  c r     is the deformation at cracking, and N is an equivalent number of yield cycles



	Rafuaiel & Meyer (1988) Model
	      d r  −  d y     d f  −  d y      
	Deformation
	   d r    is the maximum top-level deformation,    d y    is the roof deformation, and    d f    is the roof failure deformation



	Massumi & Moshtagh (2013) Model
	   1 −        T  i n i t i a l      T  f i n a l        2    
	The natural period of the structure
	Tinitial is the initial natural period of the structure and Tfinal is the natural period of a system subjected to cyclic loads



	Ghobarah et al., (1999) Model
	   1 −      K  f i n a l      K  i n i t i a l         
	Stiffness of the structure
	Kinitial is the initial stiffness of the undamaged structure and Kfinal is the stiffness of the structure subjected to the earthquake time history










 





Table 2. The models’ threshold and approximate stiffness in each damage level.
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	F1 = Fcr

(N)
	k0

(N/m)
	F2 = Fy

(N)
	K1

(N/m)
	F3 = Fu

(N)
	K2

(N/m)
	      1 −    K 0  −  K 1     K 0      %    
	      1 −    K 1  −  K 2     K 1      %    





	Four-point load model (pin-pin)
	11,500
	7923
	48,100
	2150
	-
	48
	27%
	2.2%



	The model under water flow

(fixed-pin)
	262 × 103
	31,728
	455 × 103
	5329
	73 × 104
	590.8
	16.8%
	11%










 





Table 3. Safety equations, based on deformation concepts, for various levels of damage.
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	Damage Levels
	Safety Equations
	R2
	Damage Load (N)





	(Level 1)
	DI = 1 × 10−22 F4 − 5 × 10−17 F3 + 1 × 10−11 F2 + 2 × 10−6 F
	1
	2.6 × 105



	(Level 2)
	DI = 2 × 10−23 F4 – 3 × 10−18 F3 + 8 × 10−13 F2 + 5 × 10−7 F
	0.999
	4.5 × 105



	(Level 3)
	DI = −9 × 10−24 F4 + 2 × 10−17 F3 − 6 × 10−12 F2 + 6 × 10−7 F
	0.992
	7.3 × 105
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