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Abstract: Effective seismic damage simulation is an important task in improving earthquake 

resistance and safety of dense urban areas. There exist two significant technical challenges for 

realizing such a simulation: accurate prediction and realistic display. A high-fidelity structural 

model is proposed herein to accurately predict the seismic damage that was inflicted on a large 

number of buildings in an urban area via time-history analysis (THA), with which the local 

damage to different building stories is also explicitly obtained. The accuracy and efficiency of the 

proposed model are validated by a refined finite element (FE) analysis of a typical building. A 

physics engine-based algorithm is also proposed that realistically displays building collapse, thus 

overcoming the limitations of the high-fidelity structural model. Furthermore, a visualization 

system integrating the proposed model and collapse simulation is developed so as to completely 

display the seismic damage in detail. Finally, the simulated seismic damage of a real 

medium-sized Chinese city is evaluated to demonstrate the advantages of the proposed techniques, 

which can provide critically important reference information for urban disaster prevention and 

mitigation. 
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1 Introduction  

Urban cities, especially metropolitan areas, generally have a dense population 
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and infrastructure. A strong earthquake may thus lead to a very large number of 

casualties and significant financial losses. Recently, powerful earthquakes have 

inflicted severe damage on several dense urban areas (Ye et al. 2010; Gonzalez-Huizar 

et al. 2012), e.g., the 2010 Chile Earthquake caused more than 500 deaths and a total 

damage thought to be in the range of 15 to 30 billion US dollars, which is 

approximately 9–18% of the country's total GDP (Lindell 2010; Lorito et al. 2011). 

Therefore, seismic damage simulation is an important task in improving earthquake 

resistance and safety of dense urban areas. 

Seismic damage simulations of dense urban areas currently face two significant 

technical challenges: (1) how to accurately predict seismic damage to a large number 

of buildings and (2) how to realistically display the predicted earthquake disaster 

scenarios. 

From the simplest single-degree-of-freedom (SDOF) model to the most 

complicated solid element model, various studies have been conducted with the 

objective of accurately predicting seismic damage to urban buildings (Tyagunov et al. 

2006; Korkmaz 2009; Steelman and Hajjar 2009; Tang et al. 2011; Yamashita et al. 

2011). Traditional prediction methods based on vulnerability matrices can no longer 

satisfy the accuracy requirements for the current seismic damage predictions. As such, 

the Federal Emergency Management Agency (FEMA) of the United States developed 

the HAZUS system and proposed Advanced Engineering Building Modules (AEBM), 

which are able to take the structural features of buildings and possible earthquake 

scenarios into account (FEMA-NIBS 1997, 1999; FEMA 2009, 2012a, b). 

Nevertheless, the highly local damage to different stories of a single building cannot 

be explicitly identified in HAZUS, because buildings are treated as SDOF systems. 

Wijerathne et al. (2013) proposed an “integrated earthquake simulation (IES)” to 

simulate the seismic damage of Tokyo city using nonlinear THA and refined structural 

models (e.g. a discrete element method (DEM) and fiber element model). However, 

the IES must be performed on a supercomputer due to the massive computational 

workload. Therefore, an accurate and efficient prediction method for seismic damage 

to a large number of buildings in urban areas still needs to be developed. 
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It should be noted that when high-fidelity structural models are adopted, the task 

of simulating the collapse processes of a large number of buildings is extremely 

time-consuming. Building collapses have significant impact not only on attempts at 

realistic visualization, but also on rescue and transportation planning, because roads 

may very well be obstructed or obscured by the collapsed buildings. Therefore, a 

highly efficient collapse simulation methodology is needed for displaying building 

seismic damage. 

Visualizations of seismic damage have been extensively studied by a large 

number of researchers (Duzgun and Yucemen 2011; Xu et al. 2008). For example, 

Abdalla and Tao (2005) created a 3D model of Vancouver City based on the 

distributed GIS and evaluated the extent of seismic damage to the entire city. However, 

the existing work mainly focuses on displaying the static earthquake disaster scenario 

instead of presenting the dynamic process of the collapse of buildings.  

The “physics engine” is a recently introduced computer graphics technology that 

specializes in calculating the complex physical behaviors of objects, such as the 

spread of smoke, flow of water and rigid-body collisions (Millington 2007). Havok, 

Bullet and PhysX are the three most popular physics engines, and they are all widely 

used in visual simulations and the making of videos (Havok 2012; Game Physics 

Simulation 2012; NVIDIA 2012). This technology can be used to simulate the 

processes of the collapse of buildings or other structures (Boeing and Bräunl 2007; 

Joselli et al. 2008; Maciel et al. 2009). For instance, Xu et al. (2013) employed the 

physics engine to simulate the movement of debris in bridge collapses. Nevertheless, 

the physics engine has not yet been extensively applied to seismic damage simulations. 

Thus, utilization of a physics engine to simulate the seismic-induced collapse 

processes of buildings merits further investigation.  

In this paper, solutions to the two aforementioned technical challenges in 

simulating seismic damage to a dense urban area are presented. A high-fidelity 

structural model based on the multi-story concentrated-mass shear (MCS) model is 

proposed for accurately predicting seismic damage to a large number of buildings in 

an urban area using THA. The accuracy and efficiency of the proposed model are 
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validated through a refined FE analysis of a typical building. To realistically 

characterize earthquake disaster scenarios, an algorithm using the physics engine for 

visualizing earthquake-induced building collapses is also proposed, which overcomes 

the limitations of the high-fidelity structural model. Furthermore, a realistic 

visualization model of urban buildings is established and a complete visualization 

system integrating the high-fidelity structural model with collapse simulation is 

implemented to provide detailed seismic damage. Finally, the simulated seismic 

damage of a real medium-sized Chinese city is investigated to demonstrate the 

advantages of the proposed techniques, which can provide critically important 

reference information for urban disaster prevention and mitigation.  

2 High-fidelity structural model of seismic damage  

2.1 The proposed MCS model 

The computational workload for the THA is massive when dealing with a large 

number of buildings in a dense urban area. To balance the computational workload 

and accuracy, the multi-story concentrated-mass shear (MCS) model is adopted for 

high-fidelity seismic damage analysis, as illustrated in Figure 1. The MCS model is a 

multi-degree-of-freedom model that is able to calculate the local damage to different 

stories with a high degree of efficiency (Hori and Ichimura 2008).  

The accuracy of the MCS model is dominated by the inter-story hysteretic 

behavior model. The inter-story hysteretic model proposed by Han et al. (2012) (see 

Figure 2) is adopted in this study, as it is adaptive to most typical structural types and 

capable of simulating complicated inter-story behaviors (e.g. yielding, hardening, 

softening and pinching). 

To determine the parameters in the inter-story hysteretic model, a method based 

on pushover analysis is proposed herein. All of the buildings within an urban area can 

be divided into different classes according to their different structural types (FEMA, 

2012a) and typical buildings are selected from each class. Refined FE building models 
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are then created for the selected typical buildings using the fiber beam element model 

and the multi-layer shell model (Lu et al. 2013; Guan and Loo 1997). The inter-story 

force-displacement relationships are obtained via a cyclic pushover analysis of the 

refined FE models. Simultaneously, a cyclic pushover analysis is also conducted on 

the corresponding MCS model created for the same building. The parameters of the 

hysteretic model in the MCS model are continuously modified until the two 

inter-story force-displacement relations agree with each other (Figure 3). In this study, 

a good agreement is considered to have been achieved if the errors of four individual 

key points (i.e. the peak, yielding, ultimate and pitching points) between the two 

inter-story relation curves are within 10%.  

Once the parameters of the inter-story hysteretic model of typical buildings have 

been determined, these parameters are mapped to the inter-story hysteretic model of 

all the remaining buildings in the same class as follows. 

Step (1): According to the similar MCS modeling research conducted by Hori (2011), 

the initial inter-story stiffness and the mass of each story can be assumed to be 

uniformly distributed along the height of the building.  

Step (2): The vibration periods and story mass of each building are calculated 

according to the empirical equations in the Load Code for the Design of Building 

Structure (GB 50009-2001) of China (MCPRC 2002), with which the initial 

inter-story stiffness are obtained.  

Step (3): The lateral strength and deformation potential of the typical buildings are 

mapped to the remaining buildings in the same class in proportion to the inter-story 

stiffness, story mass and number of stories of the building (Hori 2011).  

It should be noted that if the mass or stiffness distributions in a building vary 

significantly along the height, such a building is treated as a special case and its MCS 

model needs to be established directly based on the refined FE model for such a 

building, as shown in Figure 3. However, as pointed out by Hori (2011), most of the 

buildings in an urban area can be approximately modeled with the above 

parameter-mapping process.  

Using the THA based on the aforementioned high-fidelity MCS model, the local 
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seismic damage to different stories of each building in a dense urban area can be 

predicted accurately and the necessary data on seismic damage (e.g. the displacement, 

acceleration and inter-story drift ratios) can be subsequently obtained.  

2.2 Validation 

To validate the accuracy and efficiency of the MCS model, a 6-story reinforced 

concrete (RC) frame building is investigated herein, which is a very common type in 

most urban areas. Using the fiber beam elements and the multi-layer shell elements 

(Lu et al. 2013; Guan and Loo 1997), a refined FE model of the RC frame is 

established using the general purpose FE software MSC.Marc, as illustrated in Figure 

4.  

Through a cyclic pushover analysis, the lateral hysteretic curves of the refined 

FE model are obtained for each story. Based on these hysteretic curves, the inter-story 

hysteretic parameters of the MCS model are then determined. The lateral hysteretic 

behavior of the bottom story as a result of both the FE model and the MCS model are 

presented in Figure 5. It is evident that the two hysteretic curves agree very well with 

each other.  

The nonlinear THA for the building is also performed for the refined FE model 

and the MCS model. The widely used El-Centro record is taken as the input ground 

motion (Chopra 1995) and a 600 cm/s
2
 peak ground acceleration (PGA) is adopted. 

For the refined FE model, computation is terminated at 5.412 s due to the large 

nonlinear deformation which results in a non-convergent solution to the FE program. 

Before 5.412 s, the top displacement values of the building versus the time histories 

predicted by the two models are presented in Figure 6. Again, an excellent agreement 

is achieved. Similar agreement is also found for the displacement of each story, as 

displayed in Figure 7. All of these comparisons confirm that the MCS model is able to 

reliably and accurately simulate the seismic behavior of a typical and representative 

frame building structure. 

In terms of computational efficiency, the proposed techniques exhibit a 
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predominant advantage. On a quad-core Xeon-based server (2.0 GHz per core), the 

above THA of the 6-story building structure takes more than 2 hours using the refined 

FE model, whereas less than 2 seconds using the MCS model.  

3 Realistic seismic damage visualization  

3.1 Physics engine-based collapse simulation 

Using the high-fidelity MCS model, the computational workload required to 

implement the entire collapse simulation of each and every building in a dense urban 

area is impractically heavy. For each building, it is also extremely time-consuming to 

accurately compute large deformations and collisions between the different stories 

based on the MCS model. To solve this problem, a physics engine can be used as an 

ideal alternative means of simulating complex movement and interactive collisions in 

the process of building collapse, due to its substantial advantage in multi-body 

dynamics and collision detection. Furthermore, physics engines are highly efficient in 

large-scale simulation, e.g. the physics engine PhysX adopts a graphic process unit 

(GPU) to accelerate computation (NVIDIA 2012). As such, PhysX is used in this 

study for the simulation of the collapse of a large number of buildings.  

To incorporate the results of the MCS model, this study considers a building 

story as a basic element in the collapse simulation, i.e. each story is modeled by a 

box-shaped rigid-body with the same area, height and mass. In addition, the ground is 

modeled as a planar rigid-body of infinite mass. In the proposed MCS model, building 

collapse is considered to have been initiated when its inter-story drift ratio reaches the 

collapse criterion specified in HAZUS (FEMA 2012a). This is presented in Figure 8a. 

To accurately simulate the building collapse, the displacement and velocity data for 

the different stories predicted by the MCS model when collapse occurs can be used as 

the initial state for the following collapse simulation by PhysX, as shown in Figure 8b. 

The subsequent movement of a rigid-body story under gravity is simulated by PhysX 

with an initial collapse displacement and velocity until it collides with other 
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rigid-body stories or the ground. This is demonstrated in Figure 8c. Such a collapse 

simulation by PhysX provides a real-time visualization of the collapse process of a 

dense urban area and is much more efficient than any direct implementation with the 

MCS model.  

To visualize the process of building collapse, PhysX must be integrated with a 

graphics engine. To fully control the rendering process, an open-source graphics 

engine OpenSceneGraph (OSG) is used as the visualization platform (OSG 

Community 2012). In OSG, all of the geometries are managed and stored by the 

Geode node (OSG Community 2012), whereas, in PhysX, all the objects in the 

physical calculations are represented by the Class Actor (NVIDIA 2012). To ensure an 

accurate correlation between the physical calculation and the graphical display, each 

building story is modeled as a Geode node in OSG, and is also modeled accordingly 

as an Actor in PhysX. The initial factors (e.g. the shape, initial position and velocity 

when collapse occurs) remain the same between the Actor and the Geode. In addition, 

a plain Static Actor, which is a special Actor with infinite mass in PhysX, is used to 

model the ground (NVIDIA 2012).  

To dynamically display the calculation results of PhysX in OSG, the Callback 

mechanism, which implements the user-defined functions before rendering each 

visualization frame (OSG Community 2012) is adopted herein. In each frame, the 

movement data from Actors is transferred to the corresponding Geodes and the 

Geodes are updated by this data, in order to dynamically display the movement of 

each story (Xu et al. 2013). This continuous looping forms the visualization process of 

building collapse.  

3.2 Realistic visualization model of urban buildings 

A realistic visualization model of urban buildings is a critically important 

foundation for displaying seismic damage. The MCS model simplifies the building 

stories into concentrated-masses, resulting in a lack of full 3D façade information. 

Thus, the Geographic Information System (GIS) is introduced to provide the 
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necessary geometric information (e.g. the site locations and the ground polygon) in 

order to create the 3D geometric models of the buildings (Xu et al. 2008). By 

extruding the ground polygons of buildings, the 3D geometric models of the buildings 

are created story-by-story based on the MCS model. Additionally, the multi-texture 

technology proposed by Tsai and Lin (2007) is adopted, which has the capacity of 

mapping different textures onto different faces of the building. The above procedure is 

illustrated in Figure 9. 

3.3 Integrated visualization system  

Based on the proposed techniques, the complete visualization process of seismic 

damage to buildings can be divided into two stages: the pre-collapse stage (i.e. the 

inter-story drift does not reach the collapse criterion) and the post-collapse stage. 

In the pre-collapse stage, all the deformations of the building stories are 

determined by the nonlinear THA results of the MCS model, and each visualization 

frame is related to the corresponding time step in the THA. To display the dynamic 

deformations of the buildings, a new class called updater is created by inheriting the 

Class UpdateCallback that manages the geometry updating in the Callback 

mechanism (OSG Community 2012). During the Callback process for each frame, the 

updater uses the displacement data at the corresponding time step from the THA to 

update the vertices of the different stories. This continuous updating process enables a 

complete visualization of the deformation that occurs in the buildings. When the 

maximum time step is reached or collapse of the building occurs, the updater is 

destructed to release the memory.  

In the post-collapse stage, the physical model of each building is created before 

rendering. If the collapse criterion is satisfied in the THA of the MCS model, the 

updater that links the graphic engine to the THA results is destructed. Simultaneously, 

the corresponding Actor is activated. The subsequent collapse movements of the 

building stories are calculated in real-time and presented according to the 

aforementioned technique of collapse simulation. The entire process covering the 
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pre-collapse and post-collapse stages is illustrated in Figure 10. 

4 Application and discussion  

Shantou, a medium-sized city in China, is selected as the case study in the 

present work. The downtown region of Shantou has 7,449 buildings with a total of 

43,016 building stories. The MCS models are created for all the buildings. The El 

Centro-1940 earthquake ground motion is chosen for the implementation of the 

nonlinear THA. Five damage states (i.e. none, slight, moderate, extensive and 

complete) are defined as indicated in HAZUS (FEMA 2012b), and the inter-story drift 

ratio predicted by the MCS model is used to evaluate these damage states. The 

seismic damage to the buildings across the entire region is illustrated in Figure 11 and 

a selected local area is enlarged to show the detailed seismic damage inflicted on the 

different stories (Figure 12).  

Compared to the existing models (such as HAZUS), the MCS model that was 

adopted in this study can explicitly provide local damage inflicted on different stories, 

as evident in Figure 12. It not only provides a more accurate seismic damage result, 

but also detailed data that enables substantial improvement on the visualization of 

earthquake scenarios. Furthermore, although the high-fidelity MCS model is used, the 

required computation time was less than 10 minutes on a desktop computer (i5 

processor, 2.8 GHz; 4 GB memory); therefore, the proposed model is notably 

efficient.  

Based on the results of the MCS models and the GIS data, realistic building 

visualization models are established (Figure 13a), and amplified building deformation 

is provided in Figure 13b. Due to the massive number of buildings in this urban area, 

a simulated collapse of all the buildings using the high-fidelity structural model 

cannot be accomplished using conventional desktop computers. However, by 

introducing PhysX, the collapse process can be presented in real-time on the same 

desktop computer with a speed of 30 FPS (frame per second), as illustrated in Figures 

13c and 13d. Compared to the existing methods of visualizing seismic damage, the 
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physics engine-based technique is able to present a more realistic process of building 

collapse that overcomes the existing shortcomings of the high-fidelity structural 

model.  

The resulting visualization using the physics engine can be used for emergency 

decision makings on issues of transportation and rescue. This is because the detailed 

visualization results (e.g. the collapse direction and the location of falling materials) 

provide important information as whether the collapsed buildings obstruct the 

surrounding road networks. Further, the outcome of this study can also be used in 

virtual drills on escape and rescue in earthquakes. By using the two digital light 

processing (DLP) projectors and double monitors, a stereo visualization of an 

earthquake disaster is performed for Shantou City, and the terrain and sky are added to 

the scenario of the earthquake disaster simulation (Figure 14). The stereo visualization 

of the seismic damage creates a highly immersed and realistic earthquake scenario for 

emergency drilling. 

5 Conclusions 

A high-fidelity MCS structural model is proposed to be able to simulate seismic 

damage to a large number of buildings in a dense urban area via THA. Compared to 

the existing methods, the proposed MCS model can explicitly obtain the local damage 

values in different stories, which provides a more accurate prediction of seismic 

damage and also more detailed data for the purpose of a visualization of an 

earthquake scenario. Through a refined FE analysis of a typical RC frame building, 

the proposed model is validated to be both accurate and efficient in the simulation of 

seismic damage. 

Compared to the existing methods, the physics engine-based technique enables 

both a more realistic and efficient simulation of building collapses and overcomes the 

shortcomings of the high-fidelity structural model. The dynamic visualization system 

integrating the high-fidelity structural model and collapse simulation is able to 

completely display seismic damage in detail and in real time.  
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The investigation of a real Chinese medium-sized city demonstrates that the 

proposed techniques can be used for emergency decision makings on issues such as 

transportation and rescue and also in carrying out emergency drilling, which provides 

critically important reference information and technical support for urban disaster 

prevention and mitigation.  
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Figure captions: 

Fig. 1. The multi-story concentrated-mass shear model for a building 

Fig. 2. The inter-story hysteretic model (Han et al. 2012) 

Fig. 3. Method for determining the parameters of hysteretic model in selected 

typical buildings 

Fig. 4. The refined FE model of the 6-story RC frame building 

Fig. 5. Lateral hysteretic behavior of the FE model and the MCS model in the 

bottom story  

Fig. 6. Top displacement versus time histories predicted by the FE model and the 

MCS model  

Fig. 7. Displacements of each story predicted by the FE model and the MCS 

model at 5.412 s 

Fig. 8. The process of collapse simulation in physics engine 

Fig. 9 Procedure for creating a realistic visualization model of a building 

Fig. 10. Complete process of visualization of seismic damage to a building  

Fig. 11. Seismic damage to buildings of the Shantou city 

Fig. 12. Seismic damage to buildings of a selected local area 

Fig. 13. Visualization of seismic damage to buildings in a local area 

Fig. 14. Stereo visualization of seismic damage for the Shantou city 
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Fig. 1. The multi-story concentrated-mass shear model for a building 
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Fig. 2. The inter-story hysteretic model (Han et al. 2012) 
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Fig. 3. Method for determining the parameters of hysteretic model in selected typical 

buildings 
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Fig. 4. The refined FE model of the 6-story RC frame building 
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Fig. 5. Lateral hysteretic behavior of the FE model and the MCS model in the bottom 

story  



6 
 

 

Fig. 6. Top displacement versus time histories predicted by the FE model and the 

MCS model  
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Fig. 7. Displacements of each story predicted by the FE model and the MCS model at 

5.412 s 
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Fig. 8. The process of collapse simulation in physics engine 
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Fig. 9 Procedure for creating a realistic visualization model of a building 
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Fig. 10. Complete process of visualization of seismic damage to a building  
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Fig. 11. Seismic damage to buildings of the Shantou city 
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Fig. 12. Seismic damage to buildings of a selected local area 
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(a) Realistic building visualization model 

 

(b) Amplified deformation of the buildings (marked with circles) 
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(c) Process of collapse 

 

(d) End of collapse 

Fig. 13. Visualization of seismic damage to buildings in a local area 
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Fig. 14. Stereo visualization of seismic damage for the Shantou city 

 


