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Abstract 

Structural pounding occurs when two or more structures with insufficient separation distances 

in between collide under earthquake loading. It occurs as a result of out-of-phase responses of 

structures due to differences in their dynamic properties. Seismic pounding damage has been 

observed in several earthquakes such as Mexico City earthquake in 1985 (Rosenblueth and 

Meli, 1986), Loma Prieta in 1989 (Kasai and Maison, 1997), and more recently Gorkha 

earthquake in 2015 (Shrestha and Hao, 2018). 

The extent of seismic pounding damage ranges from minor crushing to catastrophic collapse 

of the colliding structure, even though recent design codes provide guidance on mandatory 

separation gaps to prevent pounding; still, in dense metropolitan areas with growing 

populations and constructors willing to make the maximum use of available lands, structural 

pounding is becoming a significant matter that needs attention in the design of new buildings.  

Over the past decades, simulating structural pounding and assessing the resultant pounding 

forces have attracted the attention of many researchers. Simulating pounding between two 

structures and the extent of pounding damage started from a simple model that could only 

estimate the elasticity and plasticity of a damage using the pre- and post-impact velocities.  

The research gradually evolved to analytical force-based models called contact element 

models (other names are impact element or gap friction element models) that simulate 

pounding between structures idealised as lumped masses. These models have been widely 

used and modified numerous times; however, they suffer from a lot of uncertainties associated 

with their contact parameters (i.e contact stiffness, coefficient of restitution, and damping 

ratio) as proper methods/formulas to calculate the parameters for contact between flat surfaces 

do not exist.  

Progressively, these force-based models were implemented in commercial software as gap 

elements to model structural pounding. In this method of modelling, the gap elements were 

placed between the colliding structures to measure contact forces. Within the gap element 

approach, contact parameters have to be defined in advance and be inputted into the gap 

element before the start of the simulation, and yet the uncertainties with selecting suitable 

contact parameters persist. The selection of contact parameters influences the pounding 

response of the structures significantly. Therefore, diverse results are obtained from the 

existing methods of modelling pounding (Khatiwada and Chouw, 2014). 



 

ii | P a g e  

 

This research work intends to develop a methodology that properly simulates building 

pounding using the Finite Element Method (FEM). In this methodology, pounding between 

buildings is modelled using a penalty-based method. Using the proposed FE method, there is 

no need to define/ or assume contact parameters in advance and the reliability of the simulation 

is based on the material models used in the simulation. Unlike the existing lumped mass 

contact models with pre-defined contact points and limited locations to extract data, in the FE 

model the contact surface area, time of contact and the duration of contact can be obtained 

anywhere on the colliding buildings. Satisfactory data such as force, displacement, velocity, 

and acceleration-time histories at every microsecond of the seismic motion is easily 

accessible. 

To develop this methodology that leads to a more accurate FE model, contact phenomena at 

material level (i.e concrete and steel) has been studied using direct impact Hopkinson Pressure 

Bar (HPB) experiments. Direct HPB numerical simulations were validated against the 

experiments in LS-DYNA. The results of the investigation at the material level were taken 

onto the structural level and were combined with numerical simulations of shaking table tests 

validated against shaking table experiments conducted by Garcia et al. (2010).  

At a later stage, the findings of the experiments and the numerical simulations are combined 

into a final FE model that can simulate pounding with more accuracy compared to the existing 

methods of pounding simulation demonstrating the magnitude of the contact forces and the 

extent of damage in the colliding concrete buildings. The developed approach allows better 

insights into the structural and material response mechanisms during earthquake events. Also, 

more reliable contact parameters can be extracted from the developed FE model and be 

implemented onto the existing pounding models.   
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Chapter 1 

 Introduction 

In this PhD thesis work, a technique based on the Finite Element Method (FEM) is developed 

to model structural pounding with higher accuracy than existing modelling methods of 

structural pounding. This chapter provides an outline of the thesis structure as well as the aim 

and objectives of the research.  

1.1 Research background and motivation 

Structural pounding is a complex phenomenon that occurs between closely spaced structures 

with out-of-phase responses during earthquake events. When the adjacent structures collide, 

forces are generated which leads to plastic deformations, local cracking and may cause total 

failure of the structure. Over the past decades, modelling structural pounding has attracted the 

attention of many researchers. However, there are still uncertainties with the existing models 

of structural pounding which is mainly associated with their parameters such as contact 

stiffness. The purpose of this Ph.D. work is to develop a methodology that can reliably model 

pounding of buildings and overcome the limitations of the existing pounding models. Since 

physically testing pounding behaviour of buildings under earthquake is very expensive and 

time-consuming, analytically and numerically simulating the structures are preferred methods. 

Research on the modelling of seismic structural pounding started from simple analytical 

models called stereomechanics approach (Goldsmith, 1960) that could predict the degree of 

plasticity of an impact using closing and residual velocities. The ratio of the residual or post 

impact velocity over the closing or initial velocity is called the coefficient of restitution shown 

as (e). If the value of restitution coefficient is 0, the impact is plastic and if it is 1, the impact 

is elastic. Methods of modelling pounding improved over time and evolved into analytical 
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models that could predict the magnitude and duration of an impact by idealising structures as 

point mass models. 

However, the existing analytical contact models suffer from uncertainties in contact 

parameters such as contact stiffness and damping ratio. One of the limitations is the lack of a 

proper formula to calculate contact stiffness for flat surfaces and in a lot of times, its value is 

based on assumption/or estimation. A contact model consists of a spring that is placed between 

masses, and the stiffness property of that spring (called contact stiffness and is denoted by 

“K”) is estimated based on small impact experimental findings. Mostly the contact stiffness is 

taken equal to the axial stiffness of a member of the structure in investigations carried out by 

researchers such as Maison and Kasai, (1997); Zhu et al. (2002); Watanabe and Kawashima, 

(2004); Ye et al. (2009); Khatiwada and Chouw, (2014); Raheem et al. (2018); Chenna and 

Ramancharla (2018); Raheem et al. (2019); and Godbole et al. (2021). However, this method 

ends up in diverse results and different conclusions for different impact cases. Such models 

with great disadvantages are unable to predict what happens to buildings when they come into 

contact multiple times. Dashpots were later added to the analytical models to account for 

plastic deformation and energy loss and still, their values are based on assumption due to lack 

of robust formulas. The contact parameters are functions of material, impact velocity, mass 

and the geometries of the colliding bodies.   

The FEM combined with contact element model is an alternative method to model pounding 

between adjacent structures. Contact in between two adjacent structures is defined using 

contact elements/or gap friction element. Yet, the contact element properties have to be 

defined in advance and still the contact parameters are assumed. Diverse results about 

structural pounding behaviour in earthquake are concluded from these methods. Apart from 

that, modelling impact using the previous methods have several uncertainties associated with 

it, the pounding behaviour of buildings is still not very well understood (Khatiwada and 

Chouw, 2014). 

The developed FEM within this PhD offers significant advantages over the existing 

approaches particularly that in such a method contact is explicitly modelled using the penalty 

method instead of using gap elements and defining the contact parameters in advance which 

is no longer needed. However, such a method requires confidence that the FEM can model 

impact/pounding with higher accuracy compared to the existing methods of modelling 

pounding. In the developed FE models, concrete material model plays a significant role in 

increasing the accuracy of the FE models. In the developed methodology, two concrete 

material models called Continuous Surface Cap Model (CSCM or MAT_159), and 

Karagozian and Case (K&C or MAT_72R3) were considered. Firstly, physical and numerical 
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Hopkinson Pressure Bar (HPB) tests were carried out on concrete and steel samples to 

investigate impact at material level as well as calibrating the numerical model parameters. 

HPB findings were transferred onto a greater model at structural level. Numerical simulations 

of shaking table tests conducted on a full-scale individual building were carried out and were 

validated against experimental work conducted by Garcia et al. (2010). Finally, full-scale FE 

models of buildings were developed to investigate building pounding. The current method 

developed within this Ph.D. work, makes it possible for researchers to investigate the 

pounding behaviour of buildings in much more detail including cracking/spalling and crushing 

of concrete. The contact location unlike the existing methods of pounding is not pre-defined, 

therefore, it is possible to study where the buildings come into contact at first. Finally, the 

approach developed here allows better insight into the mechanisms of structural and material 

response during pounding events.  

Using this tool, (1) unlike the gap friction elements that are placed at certain locations in the 

existing methods, there is no need to define contact location neither any contact parameters 

are determined in advance, (2) buildings with different geometries can be studied including 

contact between flat surfaces, (3) variable histories such as force-time, acceleration-time, etc. 

can be obtained anywhere on the building, (4) concrete cracking and crushing and building 

deformation can be observed during pounding, (5) structural pounding response can be studied 

in great detail including the first and subsequent points of contacts between buildings can be 

identified, as well as the contact duration and contact forces magnitudes, and finally (6) the 

proposed FE method can be used as a tool to calculate more reliable contact parameters such 

as contact stiffness and the coefficient of restitution.  

1.2 The aim and objectives of the work 

In investigating collision between two adjacent structures, researchers are faced with some 

challenges with the main one being the lack of large/small-scaled experiments on pounding of 

concrete buildings to compare and validate against numerical or analytical simulations. 

Experimental work can offer valuable and clear insight into the behaviour of concrete 

buildings during and after collision. However, these experiments are very expensive and time 

consuming particularly pounding tests on large concrete buildings. Therefore, numerical 

methods are preferred, however, they require reliable computational resources.  

The aim of this Ph.D. work is to develop a methodology that can reliably model pounding of 

buildings. In this methodology, the FEM is employed in LS-DYNA to investigate building 

impacts using a penalty-based method step by step with the aid of experimental work and 
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numerical validation against the experiments starting from material level to structural level. 

The penalty-based algorithm automatically calculates contact forces when it detects 

penetration and in this method the reliability of such a model is based on the choice of material 

model. The proposed FE method has laid a reliable foundation to provide accurate modelling 

of building pounding. This powerful method aids in better understanding of the fundamental 

principles of structural collision in details. Often, in structural pounding, the exact location of 

the first contact, how and where the first damage initiates and how it propagates in the structure 

remain unknown. However, it is essential to gain an understanding of the effect of pounding 

on buildings. 

To fulfil the aim of this research, the objectives of the work are to: 

 Investigate the impact/contact behaviour of concrete and steel materials using direct 

HPB tests and determine whether the chosen concrete models predict the experimental 

results well 

 Validate the direct HPB FE simulations against the direct HPB experiments 

 Develop and validate the numerical simulation of a two-storey building under 

earthquake motions physically tested on a shaking table test conducted by Garcia et 

al. (2010) including investigating the building’s dynamic behaviour/response under 

earthquake motions 

 Examine the capabilities of the two common robust concrete material models, 

Continuous Surface Cap Model (CSCM or MAT_159) and Karagozian and Case 

(K&C or MAT_72R3) available in LS-DYNA to model impact and to select the most 

suitable material model through their validation against both direct HPB and shaking 

table experiments 

 Examine the capability of the concrete material models in capturing plastic 

deformation in concrete by means of erosion   

 Incorporate all the findings of the simulations carried out into one final FE model of 

building pounding  

 Investigate the applicability of the incorporated FE model in simulating pounding 

between buildings using two case studies: (1) slab to slab pounding, (2) mid-column 

pounding particularly with flat contact surface geometries independent of pre-

determining/assuming contact parameters in advance, as well as concrete 

cracking/crushing. Also obtaining in-depth detail/output data such as 
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displacement/velocity/acceleration/force-time histories, time of contact, number of 

contact and their locations etc.  

1.3 Outline of thesis chapters 

The outline of the dissertation can be summarised as follows: 

 

 Chapter 2 presents a literature review on the theoretical background and previous 

research on structural pounding. Research on structural pounding have been reviewed, 

discussed and gaps have been identified.  

 

 Chapter 3 presents physical and numerical FE simulations of direct Hopkinson 

Pressure Bar (HPB) tests. A set of direct Hopkinson pressure bar tests on concrete and 

steel samples have been undertaken in laboratory. Specimens made of concrete and 

steel in different sizes were tested under variable impact velocities. FE simulations of 

direct HPB were validated against the experimental data in LS-DYNA (LS-DYNA, 

2018). The suitability of two most popular concrete material models, CSCM 

(MAT_159) and K&C (MAT_72R3) available in LS-DYNA were studied through 

parameter sensitivity analysis and data calibration. The results of both validations 

were discussed.   

 

 Chapter 4 presents the results of FE simulations of a full-scale building under shaking 

table tests. The FEM was employed to simulate a two-storey building subject to 

variable seismic motions. The FE analysis results were validated against shaking table 

tests conducted by Garcia et al. (2010) in France. The calibration process was carried 

out using two robust material concrete models called CSCM and K&C. Capabilities 

of these models in simulating shaking induced crushing/cracking of concrete have 

been assessed and recommendations have been made. 

 

 Chapter 5 presents the results of monotonic push-over analysis on a two-storey frame 

to evaluate capability and accuracy of the material models in modelling inelastic 

seismic response of the building. A static non-linear procedure called push-over 

analysis was used to determine the capability and reliability of the material models in 

capturing concrete crushing by means of erosion. This technique assisted in better 

understanding of crushing/crack modelling in numerical simulations.  
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 Chapter 6 presents the final FE pounding simulation of buildings which is the 

combined model of the previously validated FE simulations of direct HPB and the 

shaking table simulations. The methodology developed for numerical and 

experimental investigation of pounding behaviour at material level and structural level 

is incorporated into final models of building pounding. The information and 

knowledge obtained from the well calibrated models in chapters 3, 4 and 5 were 

gathered to construct these final simulations that involve pounding between two 

buildings’ slabs as well as pounding of a building’s slab onto another building’s 

column.  

 

 Chapter 7 presents conclusions of this study. This chapter summarises the key 

findings of the research carried out and draws statements as a conclusion based on the 

findings and it makes suggestions on how this research can be further developed and 

evolve into a comprehensive reference guide for future researchers of seismic building 

pounding. 
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Chapter 2 

 Literature review 

This chapter provides a background to what structural pounding is and what causes pounding 

to happen. It reviews cases where pounding was catastrophic for structures and how 

researchers took initiative to model pounding and understand this complex phenomenon 

better. The focus of this chapter is to provide a theory background on the previous and current 

methods of investigating structural pounding. These methods include analytical and numerical 

modelling of structural pounding as well as experimental work carried out to solve the 

uncertainties associated with understanding structural responses when subjected to 

impact/pounding. An overview of the disadvantages and advantages of the previous works is 

given, and the gap that this thesis work fulfils, is highlighted. By reviewing the background 

information pertinent to this thesis subject, it is apparent that the current research on structural 

pounding lacks not only a detailed method that combines Finite Element Modelling with 

experimental work to investigate pounding/impact, but also a reliable method that can be used 

to model pounding between any types of buildings with any geometry.   

2.1 What is pounding and why does it happen? 

Structural pounding or in another term structural collision is a phenomenon that happens to 

structures that are closely spaced to each other and have out of phase responses when subject 

to seismic motions. In many cities due to poor structural design and their lack of compliances 

with Earthquake Design Codes in providing enough gap between two structures, pounding of 

structures is inevitable and can lead to catastrophic events. Due to lack of knowledge, financial 

difficulties, and shortage of lands in populated areas, many buildings are built with small space 

or none at all. For example, according to (Dogan and Gunaydin, 2009) 64% of buildings in 
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Eskisehir city in Turkey are built with insufficient gaps in between. Figure 2.1 illustrates three 

tall buildings that have been built very closely and are susceptible to pounding. Also, in cities 

such as Thessaloniki in Greece (Anagnostopoulos, 1988), Taiwan (Jeng & Tzeng, 2000), 

Wellington (Bothara et al., 2008), and Gorkha in Nepal (Shrestha and Hao, 2018), buildings 

have been built with no separation gap in between. In the Author’s home country, Iran, there 

are so many structures built with almost no separation gap, some even share a brick wall or 

adjoining structural element. Even after introducing the compulsory requirement for having 

gaps between newly built structures in the building codes, frequently revising these codes can 

mean some of these buildings may not comply with the current codes anymore (Chouw 2002).    

 

 

 

As a result of the out of phase responses of structures in earthquake, collision happens between 

them. Once they collide, large impact forces are produced on both structures resulting in 

concrete crushing, spalling, and yielding of reinforcements leading to local or global failures. 

What happens to these structures during impact is dependent on so many factors such as the 

dynamic characteristics of the structures which causes their out of phase responses, ground 

condition as well as the characteristics of the earthquake such as its magnitude, and how 

closely the structures are built.  

Figure 2.1 Adjacent buildings in Eskisehir city with insufficient gap as shown with red circle (Dogan 

and Gunaydin, 2009) 
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2.1.1 Pounding observed in previous earthquakes  

Structural pounding has frequently been observed and reported during the past earthquakes. 

For example, the most recent structural pounding observed was during the Nepal earthquake 

also known as Gorkha earthquake in 2015 as shown in Figure 2.2. Based on a field 

investigation report, pounding was observed several times in different areas in Gorkha and 

was the main reason for these concrete and masonry buildings to catastrophically fail 

(Wijeyewickrema et al., 2015).  

 

 

 

 

De Carlo hotel is another example of structural failure due to pounding in Mexico City. In the 

1985 Mexico City earthquake, which resulted in some of the most extensive pounding damage 

seen to date, pounding was very evident in 15% of structural damages or failures. Overall, 

pounding somehow influenced 40% of the budilings’ failures/damages in the Mexico City 

earthquake (Brown and Elshaer, 2022). After the earthquake, it was estimated that around 

Figure 2.2 Collapse of buildings due to pounding in Bhaktapur during Gorkha earthquake in 2015 

(Wijeyewickrema et al., 2015) 
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10,000 people lost their lives, 50,000 were affected by injuries, and 250,000 lost their homes 

(Miari et al., 2019).  

Also in San Fernando earthquake of 1971, the Olive View hospital’s main building collided 

against it’s adjacent stairway tower which resulted in the stairway tilting away from the main 

building for sometime and then it gradually collapsed (see Figure 2.3). A survey on 1989 

Loma Prieta earthquake reported pounding occurrence in 236 cases of every 500 structures 

(Kasai and Maison, 1997).  

 

 

 

Pounding is not only limited to buildings; it has been frequently observed in bridges 

particularly at their expansion joints. Expansion joints are beneficial in mitigating shrinkage 

and thermal changes in bridges, however, they put bridges at great risk of seismic induced 

pounding between decks, or deck and abutment as shown in Figure 2.4 (Miari et al., 2019). 

Pounding damages in bridges were observed in USA Sen Fernando earthquake in 1971 

(Jennings PC 1971), USA Northridge earthquake in 1994 (Moehle et al., 1995), USA Loma 

Prieta in 1989 (Priestley et al., 1996) Japan’s Kobe earthquake in 1995 (Bruneau et al., 1996; 

Bruneau 1998), Taiwan’s Chi Chi earthquake in 1999 (Bruneau et al., 2000), the Yogyakarta 

earthquake in Indonesia in 2006 (Elnashai et al., 2007), and the New Zealand’s Christchurch 

earthquake in 2011 (Chouw and Hao, 2012).  

Also damage as a result of pounding between Shipshaw bridge deck and its abutments 

occurred during the 1988 Saguenay earthquake in Quebec Canada (Miari et al., 2019).  

Figure 2.3 Olive view hospital pounding- the stairway collapsed sometime after the earthquake (Mahin 

and Bertero, 1976) 
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2.1.2 Structural Design Codes Recommendations on minimum separation 

between buildings 

Nowadays, there is compulsory requirement for minimum separation gap to be placed between 

structures. Most of the world countries have specified these requirements in their structural 

seismic codes. In Eurocode 8: Design of structures for earthquake resistance, minimum gap 

between buildings is taken as SRSS (square root of the sum of the squares) expressed as 

follow:  

SRSS = √S1
2 + S2

2 

 

S1 is the maximum horizontal displacement of the first building and S2 is the maximum 

horizontal displacement of the second building (EC 8, 1988). The second method used to 

determine the minimum gap is the maximum plastic displacement of the taller building which 

compared to the SSRS rule is less conservative (Favvata, 2017). 

In Iran, the minimum distance is taken from Standard 2800 which states for buildings less than 

8 floors high, d = H × 0.005.  H is the height of the building, and d is the horizontal 

displacement response of the structure. The gap between the buildings is both buildings’ 

displacements responses added together as shown in Figure 2.5. For buildings taller than 8 

Figure 2.4 Earthquake induced pounding between bridge decks (Miari et al., 2019) 
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floors, d is the non-linear lateral displacement response of the taller building’s top floor 

multiply by 0.007 (Iranian 2800 Standard, 1988). 

 

 

Even after the introduction of mandatory earthquake code provisions in Iran, in 1990 Rudbar’s 

earthquake, many buildings collapsed and took the lives of many people (Ibrion et al., 2015). 

A lot of buildings were built before the mandatory requirements with no gap in between, some 

of them are even connected with a share structural part such as a wall. Still, even if buildings 

comply with codes, frequently revising these codes could mean that the existing buildings do 

not comply with their current version. Also, structures could still be prone to pounding if 

foundation conditions are not taken into account in the design stage (i.e buildings lateral 

displacement is more on soft soil) (Khatiwada, 2014).  

2.2 Modelling method of structural pounding 

As previously shown, pounding can lead to considerable damages to structures. It is very 

difficult to fully understand and justify the responses of the structures when they impact. 

Subsequently, the differences in the characteristics of structural dynamics, gorund condition 

as well as the earthquake characteristics make it very difficult to simulate real structural 

pounding behaviour. Over recent decades, many different methods have been used for 

modelling impact. A simple method is the stereomechanics approach (Goldsmith, 1960). This 

approach is based on the conservation of momentum law and is only able to determine the 

post impact velocities of the colliding objects. The approach was an incomplete attempt to 

model structural pounding. In the approach, contact/pounding forces could not be obtained, 

therefore the theoratical model was unable to detect the deformation of the colliding bodies. 

Contact duration was neglected as collision was assumed to be a sharp instant impact with no 

duration.  

 

Figure 2.5 Schematic drawing of structural minimum displacement required based on their height 



CHAPTER 2.                                                                    LITERATURE REVIEW 

13 | P a g e  

 

2.2.1 Contact element approach (simplified contact models) 

To estimate forces in models of structural pounding, it is necessary to explicitly model the 

contact mechanics, mapping the forces generated over the time of impact. This can be 

modelled using contact element models. It was from the 1980s that the application of contact 

models became very popular in simulating structural pounding.  

Research on contact elements started from simulating structures as single degree of freedom 

(SDOF) systems (Anagnostopoulos, 1988; Athanassiadou et al., 1994; Davis, 1992; Wolf and 

Skrikerud, 1980) and quickly progressed on to idealising these buildings as multi-degree-of-

freedom (MDOF) systems as shown in Figure 2.6  (Anagnostopoulos and Spiliopoulos 1992). 

In these models idealised as lumped masses, the mass of every floor is assumed as lumped 

mass concentrated at one point. When subject to seismic motions, these masses start to have 

out of phase movements and at some point, may come in to contact. In these models, it is 

assumed that the whole structural mass comes into contact with the other structure.  

In Figure 2.6, the contact element model, also called gap friction element or in another name 

the link elements are placed at every floor between the two structures consist of an elastic 

(tensionless) spring with certain stiffness noted as K as well as a gap in between the masses. 

These contact element models simulate the contact force-time histories of structures during 

single collision or in earthquake events. As soon as contact takes place, structures start to 

displace and at some point, they collide and depending on the structural material and the 

geometry of the contact area, these collisions have different contact stiffness and as a result 

contact/impact forces are generated (relationship is expressed in Equations 2.1-2.4). Once all 

these happen it is said that the contact element has become activated. Schematic drawing of 

collision in terms of displacement- time history between two concrete samples is shown in 

Figure 2.8. Also, some of the common contact/link elements are discussed in the following 

pages. 
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The most classical theory of contact is the elastic Hertzian model which is based on a linear 

spring-with stiffness- model. This model describes that the deformation in the colliding body 

is proportional to the contact force (see Equation 2.1- 2.4). The assumption of this theory is 

based on a perfect collision between either, two spherical surfaces, or a spherical and a flat 

surface (Goldsmith, 1960). This approach is more accurate compared to the stereomechanics 

approach as it considers the deformation of the colliding bodies as well as the duration of the 

impact.  

 

F = Ke × 𝛿𝑛 

 

 
2.1     

Ke = 
4

3π
 

1

h1+ h2
 √

R1R2

R1+ R2
 

 

(Impact of two spherical 

surfaces) 2.2 

Ke = 
4

3π
 √R

1

h1+ h2
 

 

(impact of a sphere surface 

against a planar surface) 2.3 

hi = 
1−vi

2

πEi
 

 
2.4 

 

Where F is contact force, Ke is the elastic stiffness and 𝛿 is the displacement and n is the power 

to the displacement which is either 1 for linear or 3/2 for non-linear, h1 and h2 are the material 

parameters. R1 and R2 are the radiuses of both spheres, m is the mass and v is Poisson’s ratio 

and E is the young modulus.  

The Hertz model can be used to simulate linear or non-linear behaviour of colliding objects; 

however, the greatest drawback of the model is the lack of energy dissipation consideration in 

Figure 2.6 Structures idealized as Lumped mass models with multi-degrees of freedom (Khatiwada and 

Chouw, 2014) 



CHAPTER 2.                                                                    LITERATURE REVIEW 

15 | P a g e  

 

the model which ultimately results in prediction of large contact forces compared to the 

experiments. 

Since, the Hertz contact model has been improved over time by adding a dashpot to the 

original linear spring model to account for plastic deformation (see section 2.2.2 to 2.2.5) by 

Hunt and Crossley (1975) and was modified again later by researchers such as Muthukumar 

and DesRoches (2006) and Jankowski (2007). The relationship between the damping ratio and 

coefficient of restitution (expressed in Equation 2.7), as well as the damping constant (C) 

formulas (Equations 2.6, 2.13, and 2.17) within the model have all been modified numerous 

times by different researchers such as Mahmoud (2008), Ye et al., (2009(b)), and Barros and 

Khatami (2012). The advantage of these models is that they can be implemented into the 

commercial structural analysis software without the need of great programming modifications 

effort (Khatiwada, 2014). Some of these primary contact models have been described in the 

following sections.    

2.2.2 Linear viscoelastic model (LVe) 

In the linear viscoelastic model or Kelvin-Voight model, a linear spring is placed parallel with 

a viscous damper as shown in Figure 2.7 and the contact element/model is expressed as follow: 

F = K𝛿 + Cδ̇ 

  2.5 

Where F is the contact force, K  is the contact/impact stiffness, 𝛿 is the relative displacement, 

δ̇ is the velocity, and C is the damping constant and 𝜁 is the damping ratio expressed as: 

 

C = 2𝜁√K 
m1m2

m1+m2
             

    

 
                                              

2.6     

 

𝜁= 
ln(e)

√π2+ln(e)2
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2.7  

 

Where 𝑣1
′  and 𝑣2

′  are the post impact veloities of the colliding structures 1 and 2, 𝑣1 and 𝑣1 

are the initial velocities of the structures, and 𝑒 is the coefficient of restitution. The ratio of the 

post-impact velocity to the initial velocity is called the coefficient of restitution. This 

coefficient is an indication of the loss in kinetic energy of the impacting bodies. The kinetic 

energy loss is the result of impact waves travelling in the bodies causing viscoelastic changes 
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or permanent deformation (Seifried, et al., 2010). If the value of 𝑒 is equal to 1, the impact is 

an elastic impact, and the closer it gets to 0, the more plastic the impact becomes. Apart from 

the impact velocities, this value is also dependent on the mass, and the material properties of 

the structures. The main disadvantage of the linear viscoelastic contact model is that it 

produces meaningless tensile forces near the end of the force-time histories. Some 

modifications to the damping formulas of the model have also been carried out to amend the 

false idea of constant uniform damping throughout the whole contact duration in the contact 

model. 

 

 

2.2.3 Modified linear viscoelastic model (MLVe) 

The relationship between the damping constant and the damping ratio of the linear viscoelastic 

model was first modified and improved by Mahmoud (2008) as expressed in Equations 2.9- 

2.10. 

 

F = K𝛿 + C 
 

 

 

δ > 0: δ̇ > 0 (Collision approach period)  2.9 

 

F = K𝛿 

 

δ > 0: δ̇ < 0 (Collision restitution period) 2.10 

 

In modified linear viscoelastic contact model as expressed in Equations 2.9 and 2.10, there are 

two phases during the contact: (1) approach phase (Equation 2.9), and (2) restitution phase 

(Equation 2.10). As shown in the Equations, the displacement is greater than zero meaning 

the relative displacement or the gap between colliding bodies is closed and contact has taken 

place as shown in Figure 2.8.  

Figure 2.7 schematic drawing of a contact element placed between two colliding bodies with a linear 

spring and a dashpot to account for energy dissipation (Zhao and Liu, 2016) 
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In this contact element model, the damping constant is calculated using the same formula 

expressed in Equation 2.6 but a few years later a new formulation was introduced by 

Mahmoud and Jankowski (2011) for the damping ratio part of the Equation 2.6. The modified 

damping ratio expression is illustrated in 2.11. 

 

𝜁 = 
1

π
⟮

1−e2

e
⟯ 

 2.11 

 

2.2.4 Hertz Damped Model (HD) 

Hertz damped model is an improved version of Hertz model which accounts for energy 

dissipation. It includes the displacement and its rate of change. The model’s linear damping 

constant was replaced with a non-linear damper and the model’s energy loss is accounted for 

by a damping that depends on the deformation of the bodies and its rate of change as expressed 

in Equations 2.12- 2.14 (Muthukumar and DesRoches, 2006).  

F = K δn + Cδ̇  2.12 

 

C= 𝜁 δn  
2.13 

 

Figure 2.8 Schematic drawing of the two “approach and restitution” phases of interpenetration during 

collision (Zhao and Liu, 2016) 
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𝜁 = 
3k (1−e2)

4(v1−v2)
 

 2.14 

 

The Hertz-damped model proposed by Muthukumar and DesRoches (2006) was found to be 

significantly inaccurate in simulating pounding by Ye et al. (2009(b)).  

2.2.5 Non-linear viscoelastic model (NLVe) 

To eliminate the shortcomings of the linear viscoelatic model which was the existence of the 

meaningless tensile forces in the time histories, and the non-linear elastic models with no 

damping or uniform damping throughout the whole duration of the contact, Jankowski (2005) 

proposed a new model similar to the modified linear viscoelastic model that includes a non-

uniform viscous damping that changes with the deformations of the impacting bodies 

(Khatiwada 2014). 

 

    

    F = K δ3/2 + Cδ̇ 

 

δ̇(t) ≥ 0 2.15 

    

    F = K δ3/2 

 

δ̇(t) < 0 2.16 

   C = 2𝜁√K √δ(
m1m2

m1+m2
)            2.17 

ζ =
9√5

2

1 − e2

e[e(9π − 16) + 16]
  2.18 

 

Damping ratio for this model can also be calculated using the Equation 2.11. Jankowski (2006) 

found the NLVe to perform slightly better in simulating the contact forces of a ball impacting 

a rigid surface than the MLVe. However, he has stated the fact that all these models give very 

rough estimate of the actual complex behaviour of structural pounding, particularly, for 

objects with more complex impact geometries. 

Khatiwada (2014) stated that the main advantage of the NLVe model compared to the other 

models is its ability in simulating force-time histories, providing reliable contact stiffness and 

damping values are inputted onto the contact model. However, the greatest disadvantage is 

that these values can not be determined in advance and can only be obtained iteratively if 
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reliable force-displacement data are available. Also, it is very difficult to determine the value 

of the contact stiffness for every pounding scenarios. In the absence of such data the accuracy 

of the model is compromised.  

Despite all the great effort to research structural pounding using the contact models and all the 

factors influencing structural pounding behaviour such as the contact surface geometry, 

structural stiffness and mass, structure-soil interaction, and the ground motions characteristics, 

etc., simulation of structural pounding still suffers from many uncertainties as in some of the 

existing research it is found that one model can reasonably simulate contact force-time 

response of a structure in one impact scenario while the same model did not work for a 

different impact case. It was observed that the performance of every model is very different 

to each other when applied to the same impact case (Khatiwada, 2014). Figure 2.9 shows the 

performance of three different contact models for one impact case where a concrete pendulum 

strokes a concrete pile (Jankowski, 2005). 

 

Even the models’ parameters found to have diverse influences; for instance, Muthukumar & 

DesRoches (2006) found the response to be sensitive to the coefficient of restitution value 

whereas the contrary was found by Anagnostopoulos (1988). On the other hand, contact 

stiffness has been found to always influence the simulation by a great amount. As incorrect 

estimation of the contact stiffness value leads to over-estimating or underestimating the 

contact forces. It has been mentioned previously that only Hertz model suggest contact 

stiffness formula for impact of two spherical objects, or one spherical and one planar. Some 

Figure 2.9 Comparison of the performance of LVe, NLe, and NLVe contact models with experimental 

results of a pendulum striking a concrete pile (Jankowski, 2005) 
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of the researchers such as Maison and Kasai (1990) and Muthukumar and DesRoches, (2006) 

take contact stiffness value equal to the axial stiffness of the structural element ( 
𝐸𝐴

𝐿
 ). Only 

limited number of studies such as VanMier et al. (1991) attempted to determine contact 

stiffness for concrete-to-concrete impacts using small concrete samples and suggested a range 

between 2 KN/mm3/2 to 80 KN/mm3/2 which are not applicable to large scale pounding cases.  

An experimental and numerical study by Guo (2012) on pounding of steel bridge decks found 

that the contact stiffness obtained from the analytical contact models significantly over-

estimates the contact forces due to the limitation with the assumptions of these models 

compared to reality. Khatiwada and Chouw (2014) findings also agree with the study by Guo 

(2012) confirming there are great discrepancies in the existing contact stiffness theoretical 

methods and the current identified values. As Khatiwada (2014) stated that these issues have 

made the identification of a correct model very difficult and as a result the practicality of these 

models has been rigorously impacted by such uncertainties. 

The limitation of the analytical contact element models and the uncertainties associated with 

their application has made them unsuitable to investigate pounding any further using their 

current versions. Apart from lumped mass models, in the existing pounding simulation 

methods, FEM has been combined with link element models (Jankowski, 2008) that were 

placed between two FE structures, however even in this method contact parameters must be 

defined in advance and the issue with pounding simulation persists.   

To overcome uncertainties associated with the methods of researching structural pounding, 

the Finite Element Modelling is suggested. However, in the suggested FEM, contact is 

modelled with penalty method rather than placing link element models between the colliding 

structures and assuming contact parameters or spring properties. In this method, the reliability 

of the FEM is depending on the chosen material model. FEM combined with experiments 

provides much more reliable method to model structural pounding without dealing with the 

limitations of the existing methods of structural pounding.  

Contrary to the existing lumped mass models that idealise buildings as lumped masses, it is 

capable of considering damping, induced-contact stress waves responsible for local concrete 

cracking and crushing as well as global structural damage. Also, any geometry with any 

complexity can be constructed and pounding can be monitored locally which is not possible 

in the existing lumped mass modelling methods. The effects of material parameters as well as 

reinforcement detailing can be modified based on the user needs, and any data such as stress, 

force, displacement, etc can be obtained anywhere in the model. 
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Without proper methods of pounding analysis, researchers remain with the choice of either 

investigating pounding/impact experimentally themselves or use the suggested contact 

parameters values existing in the literature. The pounding phenomena is complex by nature 

and there have always been problems with modelling approaches. For several decades, using 

the existing modelling methods of structural pounding (e.g contact element models) 

researchers have been unable to correctly identify structural pounding responses. Even those 

who went on to use numerical simulations instead of analytical models struggled to find 

suitable contact parameters to model impact effectively because in most numerical modelling 

software such as OpenSees and Sap2000, contact model parameters (e.g contact stiffness and 

damping) have to be defined and implemented onto the gap elements (an example of a gap 

element is shown in Figure 2.7) that are placed between the colliding structures.  

2.3 Numerical Modelling of structural impact/contact in LS-DYNA using 

different Concrete Material Models 

One of the early researches on 3D Finite Element Modelling of contact was conducted by 

Agardh and Laine (1999). Impact of a steel cylindrical shape projectile with velocity of 1500 

m/s onto a steel fibre-reinforced concrete slab was simulated in LS-DYNA software. 

MAT_SOIL_CONCRETE known as MAT_78 used for modelling concrete was applied to 

model the slab, and the reinforcing bars were modelled as solid steel. The numerical results 

were compared with the same impact test done by Bryntse (1997), and it was observed that 

the model was capable of capturing the damage occurred in the slab. A few years later, a 

similar study was published by Sadiq et al. (2014) who studied the impact response of nuclear 

power plants against aircraft attacks. Reinforced concrete panels as shown in Figure 2.10 to 

Figure 2.12 was simulated in LS-DYNA using Continuous Surface Cap Model (CSCM 

MAT_159) and Winfrith (MAT_84) (bi-linear elastic- plastic model) material models.  
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Figure 2.10 Experiments on the impact of aircraft to concrete panel (Sadiq et al., 2014) 

Figure 2.11 Simulation of concrete panel’s crushing/damage using Winfrith (MAT_84) and CSCM 

(mat_159) (Sadiq et al., 2014) 

Figure 2.12 LS-DYNA simulation of front and back faces of the concrete panels after impact; starting 

from first photo on the left (i) front face response using MAT_84 (ii) front face response using 

MAT_159 (iii) back face response using MAT_84 (iv) back face response using MAT_159 (Sadiq et 

al., 2014) 
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To model damage, Winfrith material model was used along with *MAT_ADD_EROSION, 

but CSCM was used on its own as the model has an in-built erosion feature. 

*MAT_ADD_EROSION is a command that is used along with material models to introduce 

erosion to the program. Erosion means element deletion and the main purpose of this 

command is to prevent mesh tangling by deleting elements that have lost strength and no 

longer contribute to the model. In the study, both material models exhibited reasonable 

responses, however, for large deformations due to very high strain rate dynamic impacts, 

Winfrith (MAT_84) was found to perform better. However, when Winfrith (MAT_84) is used 

with *MAT_ADD_EROSION, a parametric study should be conducted to find suitable 

erosion criteria. Erosion or element deletion in a model can be set to occur based on a particular 

criterion, for example based on maximum principal strain, maximum principal stress, or shear 

stress, etc. It is suggested that before simulating this type of impact using any of the concrete 

material models available, a proper methodology for validation of these impact analyses 

particularly for the type of material models used, should be compared against experimental 

work and reliable published data.  

Ranjan et al. (2014) also studied the effect of missile impact and aircraft attacks onto the 

concrete walls and slabs of nuclear power stations. The CSCM material model was chosen to 

model concrete in LS-DYNA (LS-DYNA, 2018). Reinforcement bars in the slabs and walls 

with steel yield strength of 428 MPa and ultimate failure strength of 581 MPa was modelled 

using the Symonds-Cowper model. Elastic response of the slabs and walls were modelled with 

missile velocity of 1 m/s, and the velocity was increased up to 215 m/s to obtain plastic 

deformations. In every case the missile rebounded with a lower velocity, e.g for impact 

velocity of 215 m/s, it rebounded with residual velocities of 55.20 m/s. In the model, erosion 

was set to occur when the maximum principal strain surpassed by 20%. Contrary to the study 

by Sadiq et al. (2014), it was observed that the FE model using the CSCM closely predicted 

the contact forces and the damage/crushing and spalling of the concrete compared to the 

experiments. Contrary to the findings of the study by Ranjan et al. (2014) that found CSCM 

to perform reasonably well; Kim et al. (2011) found that CSCM underestimated the force-

displacement response of the concrete plates subjected to missile impact. Such observation in 

Kim’s study has been said to be due to several possibilities such as strain rate over estimation, 

modelling method used in the study and its effect on the boundary conditions, and material 

model parameters. Chung et al. (2015) researched the effect of missile crush onto concrete 

slabs as part of a nuclear safety program of Korean institution. 

*MAT_PLASTIC_KINEMATIC material model was used to model the steel reinforcements 

and *MAT_PIECEWISE_LINEAR_PLASTICITY was used to model steel missile. Due to 

the symmetry in the specimen, only 1/4th of it was modelled in LS-DYNA. Three concrete 
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material models were used: CSCM (MAT_159), Winfrith (MAT_84), and Karagozian and 

Case (K&C or MAT_72R3). Winfrith model showed the most similar displacement pattern 

compared to the tests. But CSCM best resembled realistic damage patterns and reasonably 

predicted the maximum displacement responses. This was due to the fact that CSCM has an 

in-built erosion system, and no additional erosion is needed, however, the other two material 

models require *MAT_ADD_EROSION to show element erosion and reflect a similar 

damage observed in the experimental work. K&C found to under-perform when used with 

default values and as a result two of the parameters were calibrated. It was stated that element 

erosion was an incredibly important factor that influenced their simulation result. However, a 

study by Remennikov and Kong (2012) on steel-concrete-steel sandwich panels subject to 

hammer impact did not include the eroding parameter of the CSCM for the core concrete in 

the panel as they believed it led to under-estimating the maximum load-bearing capacity of 

the panel.  

Sangi and May (2009) modelled reinforced concrete slabs in LS-DYNA using K&C and the 

Winfrith material models and subjected the slabs to drop weight of 98 kg; the slabs were 

subjected to impacts in several locations as shown in Figure 2.13. 

*Constrained_lagrange_in_solid keyword in LS-DYNA is used to bond concrete to the 

reinforcements; such keyword assumes perfect bonding between the concrete and the 

reinforcement bars.  

  (a) 

 (b) 

Figure 2.13 Comparison of LS-DYNA simulation results using Karagozian & Case with experimental 

work, (a) the front face of the slab in the experiment as well as the numerical simulation, (b) the back 

face of the slab in the experiment and the numerical simulation (Sangi & May, 2009) 
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It was found that the K&C model was not able to properly capture the response of the peak 

impact force. On the other hand, Winfrith concrete model performed better in capturing the 

peak forces and was able to resemble the damage and concrete crushing observed in the tests. 

Apart from simulating missile impacts in LS-DYNA, modelling of vehicle crush onto concrete 

is also popular. Kang and Kim (2017) investigated the impact of eight-tonnes truck with 

velocity of 40-50 km/h onto a steel column held by a concrete plinth. Abu-Odeh (2015) 

conducted an experiment on a bogie crashing onto bridge concrete barriers with a velocity of 

24 km/h as shown in Figure 2.14. He simulated the crash in LS-DYNA using three different 

material models, CSCM, Karagozian & Case, and Winfrith known as Mat_084. The models 

were used with their short input initial basic parameters without any calibration. The purpose 

was to observe and assess the performances of the models using their basic parameters.    

 

 

CSCM and Winfrith models were able to model some of the crack patterns similar to the 

experiment. Also contact forces were predicted reasonably close to reality when using CSCM 

and Winfrith compared to the Karagozian and Case model. Similar test was repeated with 

higher velocity of 32 km/hr; CSCM was the only model correctly resembling the concrete 

crushing and spalling observed in the test.  

Their findings agree with Magallanes (2008) simulation of a blast impact on a concrete wall 

using four different concrete material models in LS-DYNA; Holmquist Johnson Cook (HJC), 

brittle damage concrete (BDC), CSCM, and K&C. In his single element simulation, it was 

observed that only CSCM and K&C were able to capture the real volumetric expansion 

behaviour of concrete meaning they simulated a more ductile behaviour compare to the other 

two, particularly compared to BDC that showed a linear behaviour followed by a brittle 

failure. Also, HJC was not accurate in simulating the tensile fracture of concrete. 

Figure 2.14 Experimental work on the impact of bogie against the concrete barrier (b) numerical 

simulation of bogie test in LS-DYNA (Abu-Odeh, 2015) 
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He also conducted a blast test on a concrete column and simulated it in LS-DYNA using the 

same concrete models. While HJC and BDC underestimated the behaviour substantially, K&C 

modelled the column deformation reasonably well. Despite some irregularity CSCM exhibited 

during compression softening, it produced sensible results in general. The only other downside 

to the performance of CSCM was the appearance of shear failure at about 1/4th of the height 

of the column that was not detected in the test.  

Based on the author’s experience with erosion formulation implemented in the CSC model in 

this PhD work, one of the reasons for such erroneous behaviour is the choice of a parameter 

value called ERODE within CSCM. As described previously, this parameter oversees deleting 

elements when their strength approaches zero and the numerical time steps becomes 

increasingly small. To avoid mesh tangling, the analysis needs to rid of the offended elements. 

As a result, it might delete elements when their maximum principal strain becomes greater 

than the specified value by the user (if the maximum principal strain is the chosen erosion 

criteria). Therefore, elements get deleted in unexpected locations. To overcome such an issue, 

the user should compare a range of reasonable values to simulate element erosion mainly 

based on trial and error. The simulation will have to be compared to an experiment that the 

simulation is based on and a suitable value should be selected upon the experimental damage 

observations.  

Jaime (2011) simulated rock drilling in LS-DYNA using CSCM and investigated erosion 

occurring when cutter interacted with rock. Reasonable range was selected for the ERODE 

parameter of CSCM, and the results of the simulations were compared to her experiment and 

a final ERODE value was chosen based on its capability in modelling the real damage 

behaviour i.e rock cracking and chipping observed in the experiment.  

Bi and Hao (2013) simulated 3D finite element modelling of a two span simply supported 

bridge in a Canyon site. They studied pounding between superstructure parts of concrete 

bridges using Karagozian and Case model as well as Pseudo Tensor (Mat 16) in LS-DYNA. 

To reduce computational time, mesh was only refined at impact locations. An advantage of 

simulating pounding of bridges over buildings is that pounding point is more obvious i.e 

between two decks where expansion joints are located. For the parts with refined mesh, 

Karagozian and Case model was employed and for the other parts with greater mesh, smear 

crack model (Mat_16) was used. The reason for using two models was the fact that Mat_16 

models softening behaviour of concrete based on fracture energy release in the analysis and 

for such model small elements can cause numerical instability therefore the model was used 

for greater size elements. The behaviour of smear crack models such as CSCM is described in 

detail in Chapter 3. 
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Most of LS-DYNA concrete models do not include in-built erosion algorithms including 

MAT_16 and K&C models. Therefore, *MAT_ADD_EROSION was used to delete elements. 

They applied 0.15 as the maximum principal strain criteria that was taken from a study by 

Tang and Hao (2010) on cable stayed bridge response to blast impact. Such value is an ad hoc 

value and cannot be used for other models. In general, all erosion values are ad hoc values. 

For other simulations, comparison must be done to select the most suitable erosion value for 

that particular simulation. For example, Jaime (2011) found 0.05 to be the most suitable value 

to model element erosion/damage when using Karagozian & Case model in rock cutting 

simulation. It is not clear whether any other erosion value could have been better suited for 

the analysis done by Bi and Hao (2013) as the authors did not run any comparison.  

He et al. (2017) conducted an experimental work on pounding of two prototype bridge decks 

with the same concrete strength as a real bridge. The pounding took place at the expansion 

joints between decks that were secured onto different foundation types. Same scenario was 

modelled in LS-DYNA using Karagozian & Case model for the superstructure of the bridge, 

and the elastic material model was used for the footings. Erosion was set to occur when the 

principal strain of concrete reached 0.15 in the model. This value was taken from a study by 

Tang and Hao (2010) which the value was also used in a study by Bi and Hao (2013) when 

simulating pounding of concrete bridges. Contrary to the previous findings on pounding 

response of buildings, stiffer deck’s acceleration was more responsive to pounding. It was 

found that when decks pounded, the piers were less affected by the earthquake motions. When 

a soft foundation was modelled, decks pounded severely, and the displacement of the bridge 

members were amplified. 

Wenchen earthquake happened in 2008 in the central mountains of Sichuan. Many bridges 

were severely affected by the earthquake, and Gaoyuan concrete bridge is an example of these 

bridges. As shown in Figure 2.15, Gaoyuan Bridge failed due to pounding between the 

expansion joints as well as the abutments. Hu et al. (2019) simulated the failure response of 

Gaoyuan concrete bridge using solid-beam coupling method in LS-DYNA. In this method, 

the nodes of beam elements are master nodes, and the nodes of the solid elements are slave 

nodes. Rotational and translational movements of the solid part (concrete) is controlled by the 

beam elements as shown in Figure 2.16 and it is used to save computational time. In the model, 

CSCM was used to model the piers of the bridge whereas 

JOHNSON_HOLMQUIST_CONCRETE (HJC) model known as MAT_111 was used to 

model the concrete girders.  
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The FE model in LS-DYNA successfully captured the local and global responses of the bridge 

particularly the damages observed in the expansion joints and was very time efficient. The 

damage simulated by the CSCM material model was very close to the damage observed in the 

bases of the piers during the earthquake as illustrated in Figure 2.16. 

 

 

Despite reasonable findings, it is not clear if the original CSCM short input parameters have 

been used or the full parameters. In the study, no investigation was made on the influence of 

the model’s key parameters on the response of the bridge. 

Figure 2.15 Gaoyuan Bridge pounding failure at expansion joints (Lin et al., 2010) as well as pounding 

of deck against abutments in Wenchen earthquake (Hu et al., 2019) 

Figure 2.16 Concrete cracks in the bases of the piers were captured reasonably by CSCM material 

model (Hu et al., 2019) 
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According to the existing research, concrete structures behaviour has been modelled using the 

CSCM mainly for progressive collapse (Pham et al., 2017; Yu et al., 2018), impact of a 

dropping weight (Adhikary et al., 2012; Adhikary et al., 2013), and vehicle crash/impact (Saini 

& Shafei, 2018; Sainin & Shafei, 2019; Auyeung et al., 2019). Yu et al., (2018) used CSCM 

to model the behaviour of concrete beam-slab substructure when a column was removed (e.g 

for refurbishment or replacement of structural elements) and concluded that the model 

successfully resembled the cracks and concrete failure observed in the experiments. Saini and 

Shafei (2019) looked into the low velocity impact of vehicles against concrete structures as 

well as impact of waterborne and windborne debris as well as rock fall. The CSCM, an elasto-

plastic damage cap model (EPDC), K&C, and Winfrith material models were compared. They 

subjected concrete beams and steel tubes filled with concrete to drop hammer test and 

simulated the same scenario in LS-DYNA. The CSCM and particularly K&C found to perform 

better than the other two models. CSCM was also found to perform reasonably well in research 

conducted by Fan et al. (2020) on the impact of barge (transport boat) on concrete bridge piers. 

Bentata et al. (2020) experimentally and numerically investigated the impact response of fibre 

reinforced retrofitted concrete beams impacted by a dropping steel ball of 0.70 kg. K&C model 

was used to predict the impact forces, maximum displacements, crack pattern, and stress 

distribution. Teng et al. (2008) also studied the behaviour of steel fibre reinforced concrete 

slabs under projectile impact with very high velocities. K&C model was used along with an 

Equation of State (EOS). EOS describes the hydrostatic/bulk behaviour of materials based on 

pressure and volumetric strain. Dynamic Increase Factor (DIF) was also included within the 

material model. It is a ratio of dynamic over static enhancement/strength proportional to the 

strain rate. Using the MAT_ADD_EROSION, a plastic strain criterion was set for the elements 

which commanded elements to fail as soon as they reached a strain value of 0.9. This value 

usually is achieved by trial and error. This value can be set differently for different parts of a 

model. It was observed that the numerical simulation was successful in capturing the correct 

damage pattern caused by the projectile.  

Levi-Hevroni et al. (2018) experimentally and numerically investigated the dynamic tensile 

loading of concrete (Figure 2.17) using split Hopkinson bar test. Numerical simulation of the 

Hopkinson bar test was carried out in LS-DYNA, and concrete with a strength of 50 MPa was 

modelled using MAT_72R3 (Karagozian & Case) and MAT_159 (CSCM) as shown in Figure 

2.17 .  
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Both material models were calibrated to optimize the results; CSCM has 49 parameters, five 

of these parameters have been calibrated to produce better results as shown in Table 2.1. In 

Table 2.1, Gfc, Gft, and Gfs are the compressive, tensile, and shear fracture energies; η0T and ηT 

are the rate effects for uniaxial tensile stresses. On the other hand, K&C has 50 parameters in 

total plus an Equation of state (EOS). In the numerical study, damage parameters (λ) were 

calibrated, as well as tensile damage factor (b2) and stretch factor (s). To avoid over-whelming 

with large number of tables and data, only a small version of the table is presented below in 

Table 2.2.  

 

 

Figure 2.17 (Top) Tensile fracture in concrete specimens after HPB tensile test, (bottom) Comparison 

of the performances of the modified Mat 72R3 and Mat 159 in simulating cracking/crushing in the 

tensile test 

Table 2.1 Calibrated CSCM parameters 
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In general, CSCM or the calibrated version of MAT_159 performed better than the K&C 

model or its modified version. As shown in Figure 2.17 several tensile plastic strains occurred 

when modelling with MAT_72R3. However, MAT159 showed the tensile plastic strain to 

occur at the bottom which was the case in the experiments (Levi-Hevroni et al., 2018). It was 

observed that after the calibration, tensile stress pulse agreed with the data measured from the 

concrete bar.  

Concrete material models have also been used in modelling concrete structural response 

against detonations/explosive materials. Ganel et al. (2016) modelled reinforced concrete 

slabs with two different concrete material models, CSCM (MAT 159), and K&C (MAT 

72R3), and subjected the specimens to blast load. They found that CSCM performed 

reasonably better compared to K&C model. Hong et al. (2017) used K&C model along with 

tensile DIF values calculated from the CEB- FIP model code to model concrete slabs’ 

behaviour against explosion in LS-DYNA. They found that the DIF values suggested by the 

code underestimates the real behaviour of the slab. CSCM was also used in modelling 

structural concrete subject to dynamic loadings in several research by Coughlin et al. (2010), 

Chen et al. (2015), Olmati et al. (2016), Gomathi et al. (2020). 

 

 

 

 

 

 

 

 

Table 2.2 Calibrated K&C parameters 
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2.4 Previous experimental and numerical research on structural 

impact/pounding 

One of the early generations of experimental studies on concrete-to-concrete impacts is 

conducted by VanMier et al. (1990). The motivation behind their study stemmed from 

investigating impact occurring between the concrete units of breakwater armour. Several 

factors such as the contact surface geometry of the colliding bodies, the mass of the colliding 

objects, the quality of concrete, and the impact velocities were studied.  

In these tests, a concrete striker with a specimen glued to its tip, impacts a concrete pile of 

20m length with diameter of 250 mm x 250 mm as shown in Figure 2.10. Two sets of 

specimens with sizes of 200mm and 400mm were impacted with velocities of 0.5 m/s and 2.5 

m/s. Two types of strikers with weight of 290 kg and 570 kg were used to impact specimens. 

Striker specimens with different geometries were used as shown in Figure 2.11. Impact was 

tested between specimens with following geometries (1) spherical-planar, (2) conical-planar, 

(3) truncated conical-planar, and (4) spherical-corrugated. Impact repeatedly took place until 

extensive plastic deformation was observed as shown in Figure 2.20 (a-c).  

Force-time histories were recorded using an accelerometer attached to the middle of the bar. 

Peak force-time histories were in similar range for the first few impacts until it decayed. It 

was found that the contact force-time histories were depending on the contact surface 

geometry of the specimen as well as the striker velocity and mass as shown in Figure 2.13. 

The contact stiffness of the spherical to planar contact was calculated to be 44 kN/mm3/2 which 

compared to the stiffness value of 201.73 kN/mm3/2 obtained by the Hertz theoretical formula 

is significantly small. (Khatiwada 2014, Muthukumar and DesRoches 2006). 

 

 

Figure 2.18 Impact test apparatus (VanMier, 1991) 
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Figure 2.19 Striker specimens with different geometries (VanMier, 1991) 

Figure 2.20 (a-c) Plastic deformation in the specimens attached to the striker, (d) assumption of 

mechanism of fracture and stress propagation in the concrete specimen with spherical shape (VanMier, 

1991) 

Figure 2.21 (a) Effect of contact surface geometry on the impact forces, (b) the influence of striker’s 

mass on the impact forces; impact between sphere and a flat surface with impact velocity of 2.5 m/s 

(VanMier, 1991) 
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It can be observed from Figure 2.13(a) that for impacts that involve larger contact areas, a 

higher stress pulse with longer duration is achieved. This is due to the fact that larger surfaces 

stay in contact for a longer period of time as there is great friction between them. Whereas for 

other cases such as the conical-planar impact case, as soon as contact takes place, the conical 

specimen’s peak breaks, therefore a low contact force is obtained, then the striker continues 

to crush the specimen with more or less similar magnitude of force and during the whole time 

the specimen remains in contact with the striker and that is the reason the contact duration is 

so lengthy.  

It can be observed from Figure 2.13(b) that the mass of the striker influenced the duration of 

the impact rather than its peak. A heavy striker takes more energy and as a result more time 

to bounce back and separate from the specimen after the impact. It crushes the specimen harder 

compared to a lighter striker and the damage is more severe. As a result, the post impact 

velocity is small because the heavy striker does not bounce back as much resulting in a lower 

coefficient of restitution value (towards value of 0 indicates plastic deformation) indicating 

greater damage. The effect of striker’s velocity is not presented here, however, the 

experimental results indicated that impacts with higher velocities induce substantial increase 

in the contact forces. For example, in spherical-flat impacts with velocities of 0.5m/s, 1m/s, 

and 1.5m/s, the contact forces were 290 kN, 500 kN, and 700 kN. Therefore, impact velocity 

was found to be directly influencing the magnitudes of the contact forces. Khatiwada et al. 

(2013) studied the pounding behaviour of two concrete slabs hanging as pendulums. He varied 

the geometry, velocity and the mass of the colliding bodies. For some of the trials the impact 

was tested between spherical and flat surfaces and for the rest between flat surfaces. His results 

also agree with VanMier et al. (1990) study confirming that the impact intensity was 

depending on the pendulum striker’s velocity. The difference between the pounding cases was 

that in VanMier et al. (1991) study one of the impacted bodies was stationary and the other 

one moving, whereas in Khatiwada’s research both were moving and coming into contact at 

some point and that made a difference in the severity of the impact and whether the lighter 

mass hit the heavier one first or vice versa. Damage was most observed when the heavier slab 

hit the lighter one. Peak acceleration was found to increase linearly with increase in the impact 

velocity but was independent of the striker mass. 

Liebovich et al. (2012) studied the pounding behaviour of two circular concrete bars 

experimentally (as shown in Figure 2.22) with lengths of 1000 mm and 500mm. 
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They observed that impact between the rods was not a perfect impact meaning there was 

misalignment between the colliding rods. This is a frequent event that happens in impacts of 

rods which disagrees with Hertz theory that is based on perfect alignment between surfaces. 

Goldsmith (1960) has stated that in real life experiments perfect alignment during collision is 

very hard to achieve. Irregularities on the surface of the materials contributes to this problem 

as well. As the contact velocity increased, the peak acceleration increased as well, but the 

duration of the impact was smaller in the shorter bar. It is stated in their study that impact 

duration is dependent on the bar length. This statement is true for elastic impacts only. Such 

statement could be wrong for high velocity impacts and can-not be generalised for all cases. 

Impact duration is also dependent on the intensity of the impact. 

If the impact is soft the objects slide over one another for a longer period of time and the stress 

pulse duration is longer. However, if the impact is stiff and there are a lot of plastic 

deformations then the time the two objects are in contact is minimised making the stress pulse 

duration small. In such experiment the conductor has to make sure the rod length is just about 

enough for stress pulses to travel freely to the end of the bar and return without coinciding. 

Otherwise, the results are inaccurate and misleading. Jankowski (2010) conducted two sets of 

experimental work; (1) dropping a ball onto a rigid surface made of different materials such 

as steel, ceramic, timber, and concrete, (2) two steel towers vibrating and pounding on a 

shaking table test. In his dropping ball experiment, he found that the coefficient of restitution 

value was not sensitive to the ball mass, but rather depending on the starting velocity; the 

coefficient of restitution decreased when the initial velocity increased. He introduced 

Equations (polynomial functions) by fitting experimentally determined restitution coefficients 

and initial velocities for different material impacts. His shaking table test showed that 

Figure 2.22 Concrete rods hanging by ropes of 5m height 
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pounding amplified the structural response. However, in some cases pounding was beneficial 

and helped to restrain the movement of the building and prevented severe damage particularly 

for more flexible buildings. 

Shrestha and Bi (2016) stated that shaking table tests were conducted in attempt to gain a 

better understanding of structural pounding/impact. However, due to being very expensive 

particularly large experiments, these tests are conducted mainly in a way that permanent 

plastic deformations were avoided, therefore, local damage was not very much explored. To 

observe the influence of pounding on the inter-storey-drifts of two buildings, one stiff and the 

other one flexible, Crozet, et al. (2019) conducted shaking table tests on two storey composite 

buildings (as shown in  Figure 2.23) with steel grades of S355 and S275. 

 

 

 

Numerical simulation of the shaking table test illustrated in Figure 2.23 was simulated in a FE 

code called Cast3m by Crozet et al. (2019). They found that the inter-storey drift did not 

increase very much if the earthquake severity was mild or if soft small multiple impacts 

occurred.  In their experiment, despite their best effort in constructing the buildings properly 

with only small discrepancies, still there was imperfect alignment between the buildings 

during impact. To mitigate such effects of pounding, a firm link was used to connect the 

buildings to enable them to move in phase. However, it was observed that the stiffer building’s 

inter-storey drift was increased for the duration of the earthquake. The link found to be very 

effective in reducing the response of the more flexible building. They concluded that despite 

the differences between their FE model and their experiment, the correlation between the two 

was satisfactory. 

Figure 2.23 Composite structural test set-up (Crozet et al. 2019) 



CHAPTER 2.                                                                    LITERATURE REVIEW 

37 | P a g e  

 

There are other shaking table experiments carried out over the past years, for example 

Filiatrault (1996) carried out shaking table tests on two, eight and three- stories buildings that 

either had no separation gap in between or a separation gap of 15mm. Chau et al. (2003) 

subjected two steel towers to El-Centro earthquake. These buildings had different masses and 

dissimilar natural frequencies due to the differences in their dynamic characteristics such as 

mass and stiffness. However, a common disadvantage of their work was that by using a load 

cell or pounding head they directed the impact to occur at a particular pre-defined location on 

the surface of the buildings. It is very obvious that such method is unrealistic when it comes 

to real structural pounding behaviour as in reality it is unclear at which location of the structure 

pounding occurs first. 

To verify whether this hypothesis of pre-defined pounding location introduced by those 

researchers is realistic, Zhu et al (2002) carried out tests on the pounding of concrete bridge 

decks, as well as deck to abutment. He then simulated 3D version of the bridge in his own 

computer code called Dynamic Analysis Bridge System (DABS) and used a linear link 

element with linear dashpot to investigate the ponding behaviour of a steel bridge that 

consisted three spans. However, the location of impact was not defined in advance and was 

arbitrary, therefore, nodes of any parts could have come into contact. Impact parameters such 

as the coefficient of restitution was obtained from his experiments and was included in the 

link element. His model proved satisfactory, and it was concluded that pounding can-not be 

pre-defined.  

Jia et al. (2019) simulated pounding between decks of a railway bridge in SAP2000 using gap 

elements. The first two vibrational modes were found to be most critical making the bridge 

decks more susceptible to pounding. The inputted contact parameters found to be very 

important in the pounding response of the structures. In their simulation, they used an impact 

stiffness value of 9.9 ×109 (N/m) given in a study by Wang et al. (2004) which found the 

impact stiffness to be half of the axial stiffness of the shorter bridge deck. They examined 

several other close values such as 9.8 ×109 (N/m), and 1.0 ×1010 (N/m) in different case studies 

with different gap openings to find which value produces the worst pounding force and 

damage to the bridges. It was found that the input contact parameters’ value i.e contact 

stiffness plays a significant role in generated pounding forces. A range of contact stiffness 

values were implemented in SAP2000 to assess the change in the pounding forces. They also 

assessed the effect of initial separation gap between the decks ranging from 0.10-0.14m. 

Pounding forces severely changed with variable contact stiffness values. The most critical 

pounding force of 9.62 × 107 N was obtained when the gap between the joints was 0.14m with 

an impact stiffness of 9.9 × 109 N/m as shown in Figure 2.16. In Figure 2.24 (a) at times where 

the blue pick displacement response has passed the red dash line, the decks have come into 
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contact which means the deck displacement has exceeded the initial separation gap of 0.14m 

and as a result pounding forces were generated at those time shown in Figure 2.24 (b). 

 

 

 

 

This study also confirms the dependability of contact models on the correct choice of contact 

parameters which is very hard to find. Even those used in previous simulation and seemed to 

work might not be suitable for another problem. Contact stiffness depends on the geometry of 

the impacted bodies (surface of the contact) and how rough or smooth their surfaces are, the 

material type as well as the velocity of the impacted bodies. Therefore, the choice of the right 

contact parameters always remains a challenge in this type of pounding modelling. Kang et 

al. (2021) simulated the impact behaviour of concrete columns subject to hammering, as well 

as barge impacts onto concrete bridge piers in OpenSees (Mazzoni et al., 2007). A link element 

with elastic spring and viscous damper was used in the analysis. Force-displacement data were 

used to obtain the contact stiffness values of 2×109 N/m and 4×109 N/m for hemispherical and 

flat contact areas. As the contact stiffness is a function of contact area, the latter is higher value 

because the contact area was greater. Variable contact stiffness values were assumed for 

different geometries based on those values. The author has claimed the method to be reliable 

in investigating pounding and has stated the efficiency in the computational time in analysing 

such problems. However, explicit algorithms in OpenSees (Mazzoni et al., 2007) needs 

improvement and OpenSees exhibits convergence issues particularly in implicit analysis when 

dealing with strong dynamic nonlinearities (Lu et al., 2019). 

Abdel Raheem et al. (2018) employed 3D Finite Element analysis of structural pounding 

between three RC buildings in a row with different heights subjected to eight different 

earthquakes in ETABS. A simple concrete model with 30 MPa strength was used; ETABS has 

an internal library of basic standard section properties of different materials that users can use 

with minimal input parameters (Structural Software for Building Analysis and Design, 

Figure 2.24 longitudinal displacement response of bridge decks (Wang et al., 2004) 
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ETABS, 2021). A linear damped contact/gap element was defined between the adjacent 

structures. For such modelling with application of contact models, contact stiffness has to be 

pre-defined; a contact stiffness value equal to the axial stiffness of the impacting floors was 

taken from a similar study done by Watanabe and Kawashima (2004). Overall, three factors 

were identified as the major effective parameters in pounding: (1) structural period, (2) 

earthquake characteristics, and (3) position of the structure to the neighbouring structures. The 

analysis showed that pounding was beneficial to the middle building because the building 

benefited from being restricted by the other two buildings on each side and as a result was not 

damaged by the earthquake motions. The taller building had the maximum displacement 

response and showed a whiplash behaviour. Even though the author claimed that the findings 

of such a study can help in revising the recommendations made by building codes and 

mitigating pounding risks, it is unclear whether the contact forces that were generated during 

the pounding are over-estimated or under-estimated. Contact forces are responsible for 

damages observed in the analysis and these forces are the results of contact parameters such 

as contact stiffness. Other estimation of such value can actually lead to different conclusion. 

The second disadvantage with their method of modelling is that the location of the 

contact/impact elements are defined by the user. The user usually places them where the slabs 

come into contact. Such assumption could be wrong as during pounding any part of the 

building may come into contact that could be the start of pounding damage. Besides, during 

collision of two structures, two greater areas may come into contact and not just a single point 

on the body of the structure.  

A similar study by Lopez-Almansa and Kharazian (2018) on pounding of 2D three-storey and 

five-storey buildings, with different number of bays, as well as buildings with aligned slabs 

was carried out as shown in Figure 2.25. Kelvin-Voight contact element model (Linear 

Viscoelastic Model- LVe described in section 2.2.2) was selected in SeismoStruct software to 

measure pounding forces. Contact stiffness was taken equal to the axial stiffness of the floors 

for each pounding case ranging from 211.1 to 21109 kN/mm. They compared the results of 

pounding cases with varied separation gaps between the buildings.  
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They modified the damping parameter (C) of the Kelvin-Voight model while keeping the 

damping ratio either 0 or 0.05, the damping parameter was hand calculated using their new 

formulation. Contact stiffness values, coefficient of restitution, initial separation gap, 

percentage of energy dissipation, and the severity of the impact were identified as influential 

parameters on the pounding response of the buildings (Lopez-Almansa and Kharazian, 2018).  

A research on 3D structural pounding by Polycarpou and Komodromos (2012) considered 

impact between equal height buildings modelled as linear multi- degree freedom systems 

(MDOF) using their own coded program. In that study, floors were modelled as rigid plates, 

and contrary to the previous studies, contact was assumed between areas rather than points. 

Impact was considered as a small area on the centroid of the impacted polygon plates as shown 

in Figure 2.26.  

 

A penalty contact method in FEM was used to calculate impact forces along with a dashpot 

that accounts for energy dissipation. The advantage of their work over the previously 

mentioned research is that using a penalty method eliminates the possibility of wrong 

estimation of contact forces as a result of choosing incorrect contact parameters. However, in 

Figure 2.25. 2D simulation of pounding frames in SeismoStruct with gap elements placed in between 

the buildings (Lopez-Almansa and Kharazian, 2018) 

Figure 2.26 Simulation of pounding between floors including schematic drawings of central contact 

area between floors modelled as rigid plates (Polycarpou and Komodromos, 2012) 
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such a method, the reliability lies on the choice of concrete material model. The greatest 

advantage of this approach is its computational efficiency which makes parametric study 

(study to define reasonable contact stiffness, damping ratio, i.e) time saving. However, it is 

not mentioned in their investigation whether or not they have validated the performance of 

their simulation particularly the concrete behaviour against any experiments or any other 

software/codes. Also, the concrete material parameters were not stated. 

One of the disadvantages of their simulation was that their model was a linear elastic model 

incapable of simulating damages particularly at the contact point. Also, the floors were 

modelled as rigid plates which again is not a good representative of building pounding in real 

world. Also, the authors have claimed that they developed a new code for their own purpose 

because they did not find a suitable software that could include penalty method and take into 

account the influence of the impacted bodies’ geometries. To the best of this PhD author’s 

knowledge, LS-DYNA (developed by John Hallquist in 1976) is an excellent software to 

analyse structural dynamic behaviour.  

Jankowski (2008) simulated the pounding that occurred between olive view hospital’s main 

building and its stairway tower during the 1971 San Fernando earthquake (as shown 

previously in Figure 2.3). During the event, the lighter building (the stairway) was hammered 

a few times by the main building and tilted but completely failed after a few days. He 

conducted 3D FE modelling of the pounding. He used a plasticity concrete material model 

that assumes tensile and compressive stresses as the main failure mechanisms in concrete. A 

gap friction element was placed between aligned nodes of the buildings as shown in Figure 

2.27. 

 

 

 

 

Figure 2.27 FE simulation of Olive View hospital in MSC Marc software (Jankowski, 2008) 
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From the analysis, displacement histories were obtained, and pounding was spotted when the 

lines interacted. As an example, displacement-time history of node 1 is presented in Figure 

2.28. 

 

 

 

The first impact between the structures occurred within 1.5 seconds of the seismic motion. 

The following impacts were observed at 2.5 seconds, and 3.3 seconds where the buildings 

stayed in contact for a longer period of time (approx.100 milliseconds). The main building 

experienced a lot of plastic damage and Jankowski (2008) concluded that the main reason 

identified was the shear failure of the ground floor’s columns in the main building. However, 

due to the flexibility of the lighter building pounding amplified its response which seconds the 

findings of (Crozet, et al 2019). Such effect could have been prevented if the buildings were 

designed with similar periods or if sufficient separation distances was provided. On contrary, 

the stiffer building’s response was not influenced by pounding very much, however, the 

occurrence of plastic strains in the bases of the columns was the result of the earthquake shakes 

severity.  

Mahin et al. (1976) conducted an extensive research on Olive View hospital. He also re-

produced the same scenario using a simplified inelastic model and modelled the light building 

as a rigid structure. They found that torsion was not influential in the destruction of the 

hospital; however, Jankowski (2008) disagreed with that, and stated that torsional effects were 

significant. The findings of a study by Mavronicola et al. (2020) on the pounding of multiple 

storeys based-isolated buildings (BIBs) show that mass eccentricities in the buildings causes 

torsional effects that are very harmful to based isolated buildings. This accompanied with a 

misaligned impact between the buildings during earthquake result in severe increase in the 

displacement response and shear forces in the buildings.   

Figure 2.28 Displacement-time histories of the main building and the stairway (Jankowski, 2008) 
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The model in Mahin et al. (1976) study was very stiff and did not represent the real behaviour 

of the staircase, neither could it consider the plastic deformations in the bases of the columns. 

It is concluded by Mahin et al. (1976) in his extensive report on the Olive View hospital that 

the buildings were over-designed, however, the first two stories were built with insufficient 

detailing. Both studies agree that the main building was not affected much by pounding. It 

should be noted that one of the disadvantages of Jankowski’s work is that spalling and 

crushing of concrete was not considered in his model.  

Fatahi, et al. (2018) used 3-D finite element analysis in ABAQUS to investigate pounding 

between three adjacent 15-storey reinforced concrete buildings on pile foundation with 

variable separation gaps under Northbridge (1994) and Kobe (1995) earthquakes. As part of 

the research, interaction between pile foundation and soil was also studied. It was observed 

that pounding increased the shear force in the columns particularly for the middle building 

that was confined by the other adjacent structures and as a result this effect was transferred 

down to the pile group and exerted extra pressure onto the pile. This effect is usually 

detrimental and causes building failure. In such buildings with pile foundations, engineers 

must pay attention to the interaction between the piles and soil at the same time and not treat 

them separately as pounding is always damaging in these cases. It is concluded that the 

minimum gap must be increased for structures with shallow foundations. 

The focus of this chapter, so far, has been on what structural pounding is, and how researchers 

started to investigate pounding between bridges, buildings, etc using simplified models first, 

and then gradually research on pounding evolved into more advanced methods of modelling 

using variable computational tools that use force-based models. Still uncertainties persist in 

modelling of structural pounding and because of the incompetency of the previous methods, 

a lot of their findings can-not be applied onto other pounding cases.  

It is shown that researchers either used contact link elements (force-based models) with their 

own chosen contact parameters to simulate structural pounding in different software, or they 

looked at large FE models of buildings with several floors and looked into their global 

behaviour. None has taken a more robust method to model simpler structures with fewer 

stories and an in-depth approach to investigate structural pounding. Still remains a question 

whether pounding at all influences structures globally, or locally, or both.   

It is apparent that only a few researchers such as VanMier et al. (1990) have carried out 

experimental work on impact/contact of materials as a first step to understand concrete 

behaviour and impact mechanism and damage progression in structural materials. It is crucial 

to apply a more accurate approach in simulating structural pounding by understanding contact 

at material level first, and once a deeper knowledge of concrete behaviour at material level is 
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gained, then all that knowledge can be transferred onto understanding contact/pounding 

between more complex geometries such as actual structures that include members such as 

reinforcement bars.  

The topic of structural pounding is a very broad topic that involves interesting areas with wide 

range of influential factors that contribute to the complexity of pounding. It was not the 

purpose of this section of the literature study to review all the existing and current studies in 

this field of structural pounding. It has rather aimed for the readers to become up to date with 

the important narrative of the research, and it has highlighted the gap in the knowledge that 

requires further attention, or where existing assumptions are not accurate. The remainder of 

this chapter focuses on those research that have been conducted in LS-DYNA in particular, to 

model contact/impact using variable concrete material models and it highlights a gap in the 

literature showing the lack of a robust material model that can be used for simulating pounding 

of buildings. 
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2.5 Summary 

As described in the review of the previous research, to this date large number of numerical 

studies as well as experimental work have been carried out to investigate structural pounding. 

It started from analysing structures using simple analytical contact models that were 

numerously modified over several decades, and gradually research on structural impact was 

moved towards modelling simplified structures in engineering software tools by placing a gap 

element in between the contact location to obtain contact forces and displacements. However, 

all those methods, as described in the body of literature, have great uncertainties and 

limitations. In the newest studies, researchers have started analysing structural pounding using 

the Finite Element Method. Application of FEM using penalty method removes the 

uncertainties associated with pre-defined contact locations and the choice of contact 

parameters, however, introduces another challenge which is the choice of material model used 

for the modelling. 

To this date, research work on modelling and analysing building pounding is very limited and 

identifying a material model that is suitable to model pounding between buildings is required. 

The research on the seismic building pounding contrary to bridge structures is very much 

limited and the numerical simulations have not been validated against any experiments, and 

yet, the pounding mechanism is still not very well understood. Even in pounding of bridges 

where research on impact/pounding is more advanced, particularly pounding of decks where 

the location of impact is obvious, still understanding the pounding mechanism remains a 

challenge.  

To overcome the limitations and uncertainties associated with the existing methods of 

simulating pounding described in the body of literature, a new method is developed using 

detailed FE modelling that offers significant advantages over the existing approaches. 

Particularly, since the contact is modelled using penalty method and estimation of contact 

parameters and the uncertainties associated with choosing suitable parameters such as spring 

properties, or the damping ratio which is a function of coefficient of restitution are no longer 

of concern.  

In this method, the suitability of material models and their accuracy in predicting the real 

structural behaviour is examined through two most robust material models called Continuous 

Surface Cap Model (CSCM or MAT_159) and Karagozian and Case (K&C or MAT_72R3). 

In this thesis, the performances of both models are examined at material level using direct 

Hopkinson Pressure Bar (HPB) experimental tests and numerical simulations. Afterwards, the 

concrete models were examined at structural level using shaking table simulations and their 
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validation against shaking table experiment carried out by Garcia et al. (2010).  Lastly, the 

findings of both simulations were incorporated into an overall structural pounding FE model.  

The recommendation on the use of material models made herein helps researchers to select a 

suitable model for simulating building pounding/impact events that take place between any 

two concrete buildings made of different geometries. As mentioned by Shrestha and Bi (2016) 

simulation of arbitrary pounding/impact between closely spaced structures considering local 

damage as well as global damage is still a very challenging subject to explore. Also, despite 

the fact that there are available simulation tools that have the required capacity to simulate 

structural pounding, still the accuracy and reliability of such simulation greatly depends on 

the choice of the material models.  

The incorporated FE detail model of building pounding has made it possible to investigate the 

pounding mechanism further as the two buildings are free to come into contact at any point 

therefore impact location is not pre-defined. Number of contacts contact forces magnitudes, 

their duration, etc can be obtained from anywhere in the FE model. 

Determination of contact parameters (i.e contact stiffness and damping ratio) based on 

assumption/estimation is no longer required or as such that exists in the gap contact element 

formulation. Also, buildings with flat surface geometries can be modelled, and most 

importantly the FE model can consider variable range of low strain rate to high strain rate 

dynamic problems. 
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Chapter 3 

 Physical and numerical direct HPB 

tests on concrete and steel samples 

To establish a reliable methodology for simulating structural pounding, it is important to 

understand the contact behaviour of structural materials first before transferring that 

understanding onto something more geometrically complex such as the pounding of multi-

storey buildings. Lack of robust simulations that can consider a wide range of strain rates and 

that are based on experiments to reliably model pounding/impact behaviour at material level 

between flat surface geometries is the motivation behind this chapter of the PhD study which 

led to establishing a numerical method for the researchers and engineers to employ for 

modelling structural pounding in the future.  

A series of direct impact Hopkinson Pressure Bar (HPB) tests was conducted at the University 

of Sheffield Blast & Impact research laboratory at Harpur Hill, Buxton, Derbyshire to observe 

the behaviour of concrete and steel at plain material level during impacts. The impact 

arrangements differed for each test, for example in some cases impact took place between a 

concrete specimen and a steel striker, or between two steel bars, or a concrete specimen and a 

concrete striker. The intensity of impact for every case was different as the striker velocity 

changed for every test ranging from 0.58 m/s to 26.60 m/s. The key principle underlying the 

design of the test programme was that of deriving high quality experimental data from tests 

with carefully controlled boundary conditions, such that the resulting data could be used to 

validate numerical modelling approaches. Direct HPB impact tests rather than the more usual 

Split HPB tests were conducted because the aim was not to characterise the material strength 

at high rate, it was rather to extract quantitative data of what is effectively a structural impact 

problem. In direct impact tests, the key quantitative data obtained is visual imagery of the 
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deformation and failure of the specimen, obtained through high-speed video (HSV) footage, 

and measurement of the stress versus time passed into the HPB by the face of the specimen in 

contact with it. Numerical models of the experimental tests have been conducted using CSCM 

and K&C in order to identify the most promising approaches for capturing the elastic and 

inelastic response of the concrete observed in the tests. 

The finite element software LS-DYNA (LS-DYNA, 2018) is used for carrying out the entire 

numerical analyses in this PhD study. Livermore Software Technology Corporation (LSTC) 

has developed LS-DYNA for the purpose of simulation of non-linear finite element problems. 

It is capable of analysing a vast number of complex FE models from static problems to high 

strain rate dynamics with strong visual capabilities. The program has been optimised for FE 

modelling of non-linear transient dynamic analysis and it is suitable for capturing large 

deformations of FE models with wide ranges of strain rates during impact/blast analysis and 

it has wide range of material models available. For such advantages, LS-DYNA is chosen to 

simulate the direct HPB models. 

The reliability of the numerical simulation enormously depends on the choice of material 

models. Due to the extreme non-linearity in concrete behaviour, great effort is required to 

calibrate the chosen material models against the experiments. Continuous Surface Cap Model 

(CSCM or MAT_159), and Karagozian and Case (K&C or MAT_72R3) in LS-DYNA were 

used in the HPB simulations and calibrated to resemble the concrete behaviour observed in 

the tests. 

Inelastic deformations caused by the impact waves in the specimens were studied in more 

detail using both material models, and the performance of CSCM was compared against K&C. 

Both material models exhibited excellent correlation with the tests in general with less than 

10% difference (i.e peak stress), except that the model with CSCM exhibited a softer impact, 

whereas the model with K&C showed a stiffer response. Also visualising realistic concrete 

crushing was possible for both material models when element erosion or deletion of elements 

(based on the maximum principal strain) was set to 1.09 for CSCM and 0.07 for K&C. 

3.1 Direct HPB experiments 

For many years, direct Hopkinson Pressure Bar (HPB) tests or Kolsky bar have been used to 

determine the dynamic properties of materials. The direct HPB tests in this study consist of 

three cylinders; HPB, specimen, and striker as shown in Figure 3.1. The HPB used in this 

study is a long cylindrical bar made of steel and it is subjected to impact loading from one 
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end. There are two conditions for the other end: (1) the other end is fully fixed, or (2) the other 

end is completely free. The HPB in this study had a free end.  

Pressure pulses are generated by striking one side of the long bar by a steel or concrete striker 

bar. The concrete/steel striker bar is inserted onto a pressure gas gun. The gas gun itself is 

screwed onto a pressure reservoir with a thin brass disc in between them. During the test, the 

disc bursts and rapidly releases the pressure from the reservoir onto the back of the striker bar 

which accelerates the striker bar.  

As soon as impact occurs, a uniformly distributed pressure is exerted onto the face of the 

specimen. During the impact, the generated strain pulses propagate along the bar and are 

recorded at a reasonable distance away from the face of the impact to avoid interaction 

between the outgoing and incoming pulses (Tyas & Watson, 2000). In the experiment 

conducted for this thesis, once the impact occurs, axial strain is recorded by strain gauges 

placed at 1m away from the face of the HPB, and from the strain recorded axial stress is 

calculated. 

 

 

 

 

3.1.1 Test set-up and sample sizes 

Several impact tests were conducted at the Blast and Impact Laboratory of the University of 

Sheffield in Buxton. Impact was generated with four arrangements: (1) impact of steel striker 

to steel sample, (2) concrete striker against concrete sample, (3) steel striker against concrete 

sample, and (4) concrete sample against the steel HPB. The HPB used in this work was formed 

of a 0.0492m diameter cylinder on EN24 (T) steel, with Kyowa KSP semiconductor strain 

gauges used to measure the propagating strain pulses. Geometrical and material properties for 

the bar are given in Table 3.2. Concrete specimens were 0.05m in diameter, with lengths 

Figure 3.1 Hopkinson Pressure Bar set-up 
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varying between 0.025m and 0.05m. Concrete and steel strikers were 0.4m in length and had 

the same diameter as the specimens 0.05m with a difference of ±0.0001m. It should be 

mentioned that making the specimens’ sizes to 0.05m, particularly, the concrete specimens 

were very difficult and due to the nature of concrete there were slight differences in the 

diameter of the concrete specimens.  Concrete and steel samples and strikers are illustrated in 

Figure 3.2 and Figure 3.3. 

3.1.1.1 Preparing concrete and steel samples 

Concrete samples were casted in strong firm plastic cylindrical tubes made in different sizes. 

They were measured and cut into different sizes and were glued. A small base was also 

constructed and was attached to the bottom of the tubes to make them stand. Concrete cubes 

were also cast to measure the compressive strength of concrete over time as shown in Figure 

3.2. Compressive strengths of the cubes and the cylinder specimens were taken as 60 MPa 

and 48 MPa.  

 

 

 

 

 

    

 

 

Figure 3.2 photos show steel strikers and samples as well as casting process of concrete in laboratory 
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3.1.1.2 Hopkinson Pressure Bar tests 

The experimental detail such as the specimen size and impact velocity etc., are shown in Table 

3.1. As an example, the test apparatus arrangement for Test 1 is shown in Figure 3.4. The 

specimen is attached to the HPB shown on the left side of the photo and the steel striker is 

placed against it. The experimental results are shown in forthcoming sections and are further 

discussed along with comprehensive discussions on the numerical simulations validated with 

reference to these experiments. 

Test 

numbering 

Specimen 

size 

m 

Specimen 

material 

Impact type Striker 

velocity 

m/s 

T1 0.025 Concrete Steel striking concrete specimen 

attached to HPB 

 

18.88 

 

T2 0.025 Concrete Concrete striking steel HPB 

 

8.15 

T3 0.050 Concrete Concrete striking steel HPB 

 

8.75 

T4 0.025 Concrete Concrete striking steel HPB 

 

0.58 

T5 0.025 Steel Steel specimen striking steel 

HPB 

 

19.40 

T6 0.025 Concrete Concrete specimen striking 

another concrete specimen 

attached to HPB  

 

26.60 

T7 0.050 Concrete Concrete striking steel HPB 7.0 

Figure 3.3 Steel and concrete samples 

Table 3.1 HPB impact tests detail 
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3.2 Finite element modelling of the Hopkinson Pressure Bar 

3-D Finite Element modelling was conducted for the HPB experiments explained in section 

3.1 using LS-DYNA based on the tests’ arrangements conducted at the laboratory. Accurate 

construction of a FE numerical model is important, however, majority of that accuracy and 

reliability of such model purely depends on the choice of material models used. By assessing 

the model’s responses at plain material level first (testing plain specimens using experiments 

such as direct HPB) the capability and suitability of such material models are better assessed.  

In this study, two best suitable concrete material models were selected; Continuous Surface 

Cap Model (CSCM) known as MAT_159, and Karagozian & Case (K&C) known as 

MAT_72R3, as well as steel material models i.e elastic steel (MAT_001) and simplified 

Johnson-Cook models (MAT_098) in LS-DYNA. They are chosen based on advantages such 

as that both material models offer automatic generation of default input parameters. Both 

models are rate sensitive; CSCM has an inbuilt strain rate formulation and K&C offers 

tabulated form of the Dynamic Increase Factor (DIF) to be entered by the user. CSCM is 

capable of modelling strain softening in concrete through fracture energy based on CEB-FIP 

Model Code 1990 Design Code, and it has an in-built element erosion mechanism that 

resembles failure of material. K&C has Equation of States (EoS) that takes into account the 

compaction porosity effects in concrete. Both material models have well-established user-

manuals. By the end of this chapter, performances of these two material models have been 

examined and compared against the experiments using stress histories. 

Figure 3.4 Experimental apparatus set-up for test 1 
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3.2.1 Elastic steel 

Linear elastic material model (*MAT_ELASTIC in LS-DYNA) was used to model the HPB. 

During the actual test in the lab, the direct HPB tests were performed in a way to prevent any 

permanent damage on the HPB and it remained elastic at all time. Therefore, the same 

condition is modelled in LS-DYNA. The properties of the steel bar used in the experiment and 

in the FE model is shown in Table 3.2. 

MID 1 

ρ 7850 kg/m3 (+/-25 kg/m3) 

 

E 212E+09 (+/- 1.5E+09) (N/m2) 

Poisson’s Ratio (v) 0.29 

 

C- One dimensional wave velocity 5194 m/s (+/-13 m/s) 

Radius (a) 0.0246 (+/-0.00005m) 

 

 

3.2.2 Simplified Johnson-Cook material model (MAT_98) 

This simplified Johnson-Cook model known as MAT_98 in LS-DYNA was used to model the 

steel specimens which were grade S355. The input parameters for this model are shown in 

Table 3.3. The J-C model is a visco-plastic material model that is usually used for modelling 

metals that have high strain rate dependency (Johnson and Cook, 1983). In such model, the 

yield strength and the strain hardening are rapidly changing with strain rate while the modulus 

of elasticity is remaining constant. This material model has been used in different research 

areas such as FE modelling of steel connections by Rahbari et al. (2014), modelling of steel 

projectile impact by Borvik et al. (2001), and impact performance and progressive axial 

failure/collapse of high strength steel columns by Oscar and Eduardo (2008).  

The flow stress σy in Johnson Cook material is expressed as follows: 

σy = (A + 𝐵 ×  𝜀𝑛)(1 + C ln έ∗)  3.1 

 

Where σy is the effective stress, A, B, and C are constants, ε is the effective plastic strain.  

Table 3.2 Elastic steel HPB properties 
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n is the work hardening component. έ∗ is the normalised effective plastic strain rate. The 

parameters used in the numerical modelling is expressed in Table 3.3. Failure happens when 

the effective plastic strain exceeds PSFAIL. 

MID 98 

ρ 7850 (kg/m3) 

E 2.07E+11 (N/m2 or Pascal) 

PR 0.3 (Poisson’s ratio) 

VP 1 

A 1.6642E+8 (N/m2 or Pascal) 

B 4.8578E+8 (N/m2 or Pascal) 

N 0.16981 

C 0.022 

PSFAIL 0.5962 

SIGMAX SIGSAT 

SIGSAT 1.0E+28 

EPSO 1.0 

 

3.2.3 Continuous Surface Cap Model (CSCM) MAT_159 

CSCM (MAT_159) was originally developed with the aim of simulating the failure and 

crushing/deformation of the roads/motorways’ concrete barriers and safety structures as a 

result of vehicle crash as part of a research funded by the Federal Highway Administration 

(FHWA). This material model is commonly referred to as smooth continuous surface cap 

model. Based on damage formulation, this model anticipates strain softening of the material 

and it considers the ductile and brittle damages separately (Jaimie, 2011). A comprehensive 

description of the developing process of this model was given by Murray (2007b), and the 

main equations and key parameters are described herein. 

In this material model, concrete is assumed isotropic, and for the elastic part Hooke’s law is 

used to describe the relationship between the elastic stress and elastic strain. This law depends 

on the shear modulus (G) and the bulk modulus (K). As soon as the material experiences 

permanent deformation, following the elastic phase, concrete starts to yield and if the stress 

continuous to increase, it reaches the failure point. The yield stresses state is defined by a 3-

dimensional yield surfaces (Murray 2007b). In the analysis, at every time step, as the strain 

rate increases, the stress is updated for every step using the Hooke’s Law, the updated stress 

is called the trial elastic stress. If this falls in or on the yield surface, then the plasticity 

formulation is ignored and the behaviour is elastic, however, if it lies outside the yield surface 

Table 3.3 Simplified-Johnson Cook input parameters (Rahbari et al., 2014) 
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then the behaviour is elastic-plastic that possibly includes rate effects, plastic damage, and 

hardening then the algorithm of plasticity returns the stress state to the yield surface (Murray 

2007b). The plasticity algorithm will predict concrete dilation once the stress state has returned 

to the yield surface. For modelling dilation, a plasticity algorithm is required which is included 

in the model. 

3.2.3.1 Yield surface   

CSCM model is a viscoelastic-plastic cap model that includes a smooth continuous curved 

surface/intersection between the shear failure surfaces, with the hardening compaction surface 

known as cap. A general figure of the yield surface is illustrated in Figure 3.5 (Jiang and Zhao, 

2015). It is for this smooth intersection between the failure surface and the cap that the model 

is called continuous surface cap model (CSCM). The cap surface can be unity or ellipse. 

Concrete is typically assumed to be isotropic, and isotropic materials have three stress 

invariants. For this material model the yield surface is expressed using three stress invariants. 

They are denoted J1 (this is the first invariant of the stress tensor), Jʹ2 (this is the second 

invariant of the deviatoric stress tensor), Jʹ3 (this is the third invariant of the deviatoric stress 

tensor).  

 

  

Shear surface is employed to model the concrete strength in the tensile and low confining 

pressures. The shear surface formulation along the compression meridian is as follow: 

Ff (I1) = α – λexp-BI1 + θI1 3.2 

 

Where the values of α, β, λ, and θ are used to fit the surface of the model to strength 

measurements from the triaxial compression tests (Figure 3.6) that were carried out on plain 

Figure 3.5 General 3-D graphic shape of the yield surfaces of concrete (on the left), on the right is the 

general 2-D shape of the concrete yield surface 
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concrete cylinders when developing the material model (LS-DYNA, 2018). The triaxial 

compression data is shown as principal stress difference versus pressure. 

 

 

 

3.2.3.2 Cap hardening surface 

The combination of shear surface and the cap are employed to model the concrete strength in 

the low-to-high confining pressures. The cap is applied for modelling the changes in the plastic 

volume that is related to pore collapse. Plastic volume changes are modelled by the cap which 

when it expands, it simulates volume compaction, and when it contracts, it simulates plastic 

expansion in the volume which is known as dilation. The cap motion forms the hardening 

shape of the pressure versus volumetric strain curves, and it moves to demonstrate the change 

in plastic volume and without the motion, the pressure versus volumetric strain curve is 

perfectly plastic (Murrey, 2007b). The expansion and the contraction of the cap is established 

on the rule of hardening which is expressed as: 

εp
v = W (1- exp-D1 (x-x0) - D2 (X-X0)2) 3.3 

 

Plastic volume strain is 𝜀𝑣
𝑝

 , W is the max plastic volume strain compaction specified by the 

user, and D1 and D2 and X0 are the initial location of the cap. These five parameters are 

obtained from pressure versus volumetric strain curves. X0 demonstrates the pressure at the 

start of compaction in isotropic compression. Combination of R and X0 denotes the pressure 

at the initiation of compaction in uniaxial strain. D1 and D2 simulate the pressure versus 

volumetric strain shape (Murrey, 2007b).   

Figure 3.6 Shear failure and cap surface; cap can be unity (in red) or ellipse (in black) 
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3.2.3.3 Damage in CSCM 

Concrete shows softening behaviour in the tensile and low-moderate compressive pressures 

(reduction in strength). Softening in concrete is demonstrated by a damage formulation which 

without the damage formulation the cap will be perfectly plastic for tests simulations such as 

direct pull tests or triaxial compression or tension tests. Such a behaviour is not realistic and 

despite that concrete behaves perfectly plastic in high confining pressures, this behaviour does 

not represent concrete behaviour in tension or in lower confinement. Strain softening which 

is a decrease in strength during progressive straining is modelled via the damage formulation 

and once the strain-based energy terms (Gf) exceed the threshold damage, damage initiates.   

A damage parameter which is scalar and shown as d, transforms 𝜎𝑖𝑗
𝑉𝑃 known as visco-plastic 

stress tensor with no damage to stress tensor with damage shown as 𝜎d. Damage accumulation 

is based on two formulations: brittle damage and ductile damage. 

  

𝜎𝑖𝑗
𝑑 = (1 – d) 𝜎𝑖𝑗

𝑉𝑃 3.4 

 

If the pressure is tensile, brittle damage accumulates and if the pressure is compressive, the 

ductile damage accumulates. As the damage starts to accumulate, d starts to increase from 0 

to 1 using the equations expressed in 3.5 and 3.6.  

 

Ductile damage    d(τt) = 
0.999

𝐷
 [

1+𝐷

1+𝐷𝑒−𝐶(𝜏1−𝜏0𝑡) − 1] 

 

3.5 

 

Brittle damage     d(τc) = 
𝑑𝑚𝑎𝑥

𝐵
 [

1+𝐵

1+𝐵𝑒−𝐴(𝜏𝐶−𝜏0𝐶) − 1] 

 

3.6 

The parameters A, B, C, and D are calculated internally in LS-DYNA, and they determine the 

softening curve shape plotted as stress-strain, or stress-displacement. dmax is the maximum 

damage that can be reached, and the brittle damage is internally set as 0.99. 

The softening curve shape plotted as stress-strain or stress-displacement is internally 

formulated by A and C (softening parameters) and D and B which are the softening shape 

parameters, as well as the fracture energies denoted by Gf. 
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3.2.3.4 Fracture energy in CSCM 

Fracture energies in CSCM are important properties that form the strain softening part of the 

concrete response. GFc is the fracture energy in compression, GFt is the fracture energy in 

tension, and GFs is the fracture energy in shear. The other important parameters are the rate 

effect (repow) as presented in Table 3.5, and the erosion (ERODE) which occurs when the 

maximum principal strain is reached. GFt values are given in Comite Euro-International du 

Beton (CEB-FIP Model Code 1990), however, there are not any formulations that shear or 

compressive fracture energies can be calculated from, and instead they are approximated based 

on tensile fracture energy value. Usually GFt and GFs are equal, and GFc = 100 GFt with a 

repow value ranging from 0 to 1.  

When shear-based damage or compression-based damage is required, tensile fracture energy 

can be reduced based on Gfs = ½ GFt, or compressive fracture energy GFc = 50 GFt. If even 

more damage is required, repow could be reduced to 0.5. Table 3.4 obtained from CEB code 

shows variable tensile fracture energies for concrete with different compressive strength and 

aggregate sizes. 

Unconfined 

compressive 

strength MPa (psi) 

 

8-mm (0.31-inch) 

aggregate KPa-cm 

(psi-inches)  

16-mm (0.62-

inch) aggregate 

KPa-cm (psi-

inches) 

32-mm (1.2-inch) 

aggregate KPa-cm 

(psi-inches) 

20 (2.901) 4.0 5.0 6.5 

28 (4.061) 5.0 6.0 8.0 

38 (5.511) 6.5 7.5 9.5 

48 (6.962) 7.0 9.0 1.15 

58 (8.412) 8.5 1.05 1.30 

1 KPa-cm = 0.05710 Psi-inch 

 

3.2.3.5 Element erosion in CSCM 

In a FE model, when an element is severely crushed and has lost almost all strength and no 

longer contributes to the stability/strength of the model, the time step for that element becomes 

smaller and smaller. For the analysis to continue, the offended element must be removed and 

as a result the program deletes that element, therefore, the analysis can continue to run and 

that is known as erosion (Murray, 2007b). As mentioned dmax is the maximum damage that 

Table 3.4 Tensile fracture energies GFt given in CEB-FIP code (Murray, 2007b) 
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can be reached and the brittle damage is internally set as 0.99, therefore when the element 

loses strength, d approaches unity and the element erodes when damage exceeds 0.99. ERODE 

value can be set by the user for a value from 1.01 to 1.10. For example, if an ERODE value 

of 1.05 is chosen by the user, element erosion occurs at 5% maximum principal strain or in 

another term the maximum principal strain is 0.05.  

 

3.2.3.6 Rate effects in CSCM 

In CSCM, the user can increase the fracture energy and influence damage formulation as a 

function of rate effects. The formulation of rate effect in a material model is applied in such a 

way that the increase in strength is proportional to the increase in strain rate. In CSCM, the 

rate effect algorithm has a power known as repow that can enhance the fracture energy or 

reduce it by a certain amount. Therefore, when repow is chosen as 0, fracture energy remains 

constant, and it is maintained independent of rate effects and the response is brittle. However, 

a repow equal to 1 means fracture energy is increasing (with rate effects) and it is in proportion 

to the rise in strength (with rate effects) (Murray, 2007b). Therefore, a repow of 1 produces a 

response with maximum strength.  

 

3.2.3.7 CSCM input data 

In Continuous Surface Cap Model (CSCM) named as *MAT_CSCM_CONCRETE, in LS-

DYNA, 45 parameters are included, five of which are the salient parameters as expressed in 

Table 3.5. Extensive parametric study was conducted in this work to observe the influence of 

some of the CSCM parameters on the response of concrete, however these seven parameters 

of CSCM are the most influential. Some of these parameters such as REPOW and ERODE 

were calibrated by fitting the direct HPB test data. CSCM full parameters for concrete 

cylindrical strength of 48 MPa are expressed in Table 3.6 (sections 1-7) (Murray, 2007b). 
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PARAMETERS 

 

DESCRIPTION 

ERODE 

 

Elements erode when damage goes beyond 

0.99 and the maximum principal strain 

exceed ERODE-1 

 

DAGG 

 

Maximum aggregate size 

GFC 

 

Fracture energy in uniaxial compression 

GFT 

 

Fracture energy in uniaxial tension 

GFS 

 

Fracture energy in uniaxial shear 

FʹC 

 

Unconfined compression strength 

REPOW Power increasing fracture energy with rate 

effects 

 

 

 

 

Section 1: Control parameters 

 

MID 159 

ρ 2340 

NPLOT 1 

INCRE 0 

IRATE 1 

ERODE 1.09 

RECOV 10 

IRETRC 1 

PreD 0 

 
(* Units are Newton, meter, kilogram, and seconds, and 
Pascal) 

 

 

Section 2: Stiffness parameters 

 

G0 Shear Modulus 1.340E+10 (Pascal) 

K0 Bulk Modulus 1.468E+10 (Pascal) 

 

 

 

 

Section 3: Shear surface hardening 

parameters 

 

NH 1 

CH 0 
 

Table 3.5 Key parameters of CSCM 

Table 3.6 Long input parameters for CSCM 
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Section 4: Yield surface parameters 

 

α 1.5980E+07 (Pascal) 

θ 0.3575 

λ 1.0510E+07 (Pascal) 

β 1.9290E-08 (Pascal-1 or 

1 m s2/kg) 

 

α1 0.7473 

ɵ1 5.5660E-10 (Pascal-1 or 

1 m s2/kg) 

λ1 0.1700 

β1 4.6610E-08 (Pascal-1 or 

1 m s2/kg) 

α2 0.6600 

ɵ2 6.6960E-10 (Pascal-1 or 

1 m s2/kg) 

λ2 0.1600 

β2 4.6610E-08 (Pascal-1 or 

1 m s2/kg) 

 

Section 5: Cap parameters 

 

R 5.0 

X0 1.0150E+08 (Pascal) 

W 0.05 

D1 2.5000E-10 (Pascal-1) 

D2                                   3.4920E-19 (Pascal-2 

or 1 m2 s4/kg2) 
 

Section 6: Damage parameters 

 

b 100 

d 0.1 

Gfc 7.8860E+03 

Pascal-meter 

Gft 7.8860E+01 

Pascal-meter 

Gfs 7.8860E+01 

Pascal-meter 

pwrc 5 

pwrt 1 

pmod 0 

 

 

Section 7: Rate effects parameters 

 

ղco 2.0050E-04 

Nc 0.78 

ηto 8.3020E-05 

Nt 0.480 

overc 3.2770E+07 

(Pascal) 

overt 3.2770E+07 

(Pascal) 

Srate 1.0 

repow 1.0 
 

 

3.3 Karagozian and Case Model (K&C) - MAT_72R3 

In civil engineering applications, analyses are performed frequently that involve concrete with 

no to little information regarding the concrete characterisation. More complex issue involved 

is the lack of knowledge and formal training on how to obtain the material characterisation 

parameters and the material responses (Schwer, 2005).  

As a result, it is extremely helpful in concrete analyses to have a material model that requires 

a few basic input parameters to run but projects a reliable representation of concrete response 

with failure and damage. It is one of the aims of this PhD to make it easy for the users of LS-

DYNA dealing with concrete modelling to know in advance which one of the material models 

is the most suitable for pounding simulation of buildings without having access to concrete 

material characterisation data or even requiring to carry out tests to find these parameters. As 

most of the times apart from the required knowledge and training, researchers may not have 

access to equipped laboratories or the necessary budget to carry out tests. 
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The Karagozian and Case model (K&C) or the Material type 72R3- Release III is an improved 

version of the Pseudo-TENSOR Model (MAT_16). The most notable improvement of the 

original material model is its new capability in generating full default concrete parameters. 

This model is a three invariant model that includes strain rates, damage, and shear failure 

surface. Karagozian and Case model, similar to CSCM is a robust material model that has the 

required capabilities to model concrete structures. However, at this stage it is still uncertain 

whether it is suitable to be used in modelling building pounding. In this PhD work, the material 

model has been put to the test using different numerical simulations and its robustness has 

been examined against experimental data and the findings are presented here in this chapter. 

3.4 Compressive shear strength in K&C 

As part of the development of concrete and defining the shear surface parameters, the model’s 

shear strength is compared and fitted with data obtained from compressive triaxial tests and 

α0, α1, α2 are obtained by regression fit against test data.  Triaxial test is carried out where a 

specimen is put in hydrostatic compression loading and the lateral and axial pressures are held 

equal until the desired confining pressure, σ2, for example 30 MPa is obtained. Gradually, the 

axial pressure rises while the two principal stresses on two sides (lateral pressure) are kept 

constant while the stress on one side goes up to the point of failure (Schwer and Malvar, 2005).  

Against this behaviour is exhibited by metal where the pressure against volume response (bulk 

modulus) is constant. The main difference between these two materials i.e concrete and steel 

is that the shear strength of concrete increases with confinement but metal is not affected, for 

example in areas prone to earthquakes, shear reinforcements are provided for columns to 

increase the shear strength and concrete confinement which also will increase ductility of the 

structural column. 

3.5 Compaction in K&C 

Concrete is a brittle material with a lot of porosity that causes the non-linear response of 

compaction to rise. Karagozian and Case model includes formulation that describes such 

relationship as pressure against volume strain.  

Isotropic compression part of the K&C model comprises an Equation of State (EOS) or as 

named in LS-DYNA *EOS_Tabulated_Compaction which represents the relationship 

between pressure and volume strain. Similar to CSCM, the model generates an input file with 

full parameters based on the initial given compressive strength (fc) which the parameters can 
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be altered/modified by the user and place back onto the LS-DYNA input file for a second run 

if such data is available for a particular concrete. 

For K&C model, similar to CSCM, when there is not a proper way of measuring the concrete’s 

tensile strength, the tensile strength (ft) of concrete can be obtained from one of many codes 

available for concrete such as the CEB-FIP model code 1990 standard. ft is expressed as 

follow: 

 

Unconfined tensile strength ft = 1.58[
(𝑓𝑐

2)

𝑎0
]1/3 

 

 

3.7 

a0 is conversion of unit factor. Conversion unit factor is necessary as the material model was 

originally developed using formulas derived from Standard English units and in order to 

specify the strength of concrete, it will need to be converted to the standard metric system of 

units (Schwer and Malvar, 2005). 

 

3.5.1 Karagozian & Case input data and Dynamic Increase Factor (DIF) 

Karagozian and Case has 50 parameters along with a tabulated Equation of State (EOS) that 

describes the relationship between pressure and volume strain as mentioned in the previous 

sections. Long input parameters for concrete strength of 48 MPa is illustrated in Table 3.7. 
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MID 72 

 

A0 1.419E+07 

(Pascal) 

A1 4.463E-01 

 

A2 1.683E-09 

(Pascal-1 or 

1 m s2/kg) 

A1F 4.417E-01 

 

A2F 2.465E-09 

(Pascal-1 or  

1 m s2/kg) 

A0Y 1.071E+07 

(Pascal) 

A1Y 6.250E-01 

 

A2Y 5.365E-09 

(Pascal-1 or  

1 m s2/kg) 

LOCWIDTH 

(localisation 

width) 

0.0254 

(m) 

 

RSIZE 

(conversion 

factor) 

39.37 

(in-m) 

UCF 

(conversion 

factor) 

0.000145 

(psi-Pascal) 

 

 

ρ 2340 

(kg/m3) 

PR (Poisson’s 

ratio) 

 

0.2 

Ft 3.972E+06 

(Pascal) 

b1 1.6 

b2 1.35 

b3 1.15 

 

ꞷ 0.5 

Sλ 

(stretch factor) 

 

 

100 

NOUT 

(output selector 

for plastic strain) 

2.0 

 

EDROP 1.0 

 

NPTS (Npoints) 13 

 

 

 

 

Apart from those input parameters, dynamic increase factor (DIF) curves can be defined for 

modelling high strain rate dynamic simulations. Curve in LS-DYNA is the name for any 

tabulated table with two columns, which the values in the first column are directly proportional 

to the values of the second column and it is manually inputted in the program as part of the 

concrete material model. In Karagozian and Case DIF curve, the first column is the strain rate 

ranging from compressive to tensile, versus a second column that includes the shear strength 

enhancement. In the LS-DYNA manual, in defining the DIF curve, the compressive values 

are positive, and the tensile values are negative. The definition of the DIF values for variable 

strain rate ranges come from formulations expressed in the CEB code model (formulas 3.8 – 

3.11) for the DIF values to be calculated manually. However, the most recent versions of LS-

DYNA require the user to only input a K&C parameter called LCID as 723 for all DIF values 

Table 3.7 Long input parameters for Karagozian & Case (MAT_72R3) for concrete strength of 48 MPa- 

(* Units are Newton, meter, kilogram, and seconds, and Pascal) 
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to be calculated automatically by the program. The program calculates these values based on 

a study by Malvar and Crawford (1998) on characterising the effect of strain rate in concrete 

using the expressions given below for compressive DIF values: 

 

DIFc =  (
𝜀̇ 

𝜀𝑠̇
)  1.026𝛼𝑠  

 

For 𝜀̇ ≤ 106 s-1 3.8 

DIFc = 𝛾s (
𝜀̇ 

𝜀𝑠̇
)1/3 

 

For 𝜀̇ > 106 s-1 3.9 

 

 

Where 𝜀𝑠̇ is the static strain rate of 3 × 10-5 s-1. 

γ is 106.156α-2, 

αs is calculated using 1/ (5+9 fc/fco), 

fco is 10 MPa, 

fc is the dynamic compressive strength  

 

It is suggested by Magallanes et al. (2010) that the second division of strain rate effects that 

are expressed in CEB code should be disregarded and according to Crawford and Malvar 

(1997 & 2011) & Wu et al. (2014) the following branch can be substituted instead of the 

original CEB formulas to calculate tensile DIF values: 

 

DIFt = (
𝜀̇ 

𝜀𝑠̇
)𝛿  

 

For 𝜀̇ ≤ 1 s-1 3.10 

DIFt = Β (
𝜀̇ 

𝜀𝑠̇
)1/3 

 

For 𝜀̇ > 1 s-1 3.11 

 

Where 𝜀𝑠̇ is the reference strain rate in the range of 10-6 s-1 

Where B is 10
6δ-2 

δ = 1/ (1+8fc / fco) 

 

For the direct HPB numerical validations, the strain rate enhancement curve was activated, 

and it was found that the influence of the enhancement in increasing concrete strength using 

K&C was not very significant in analysing and capturing the concrete impact responses in the 

direct HPB simulations. An investigation by Schwer (2009) on split Hopkinson Pressure Bar 
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agrees with disregarding DIF curves when using concrete models such as K&C that does not 

automatically consider the strain rate effect. The results of his simulation analysis depicted 

that at low strain rates for example below 10 s-1 inertial confinement increase the axial stress 

by less than 20% in both unconfined and confined compression tests. For higher strain rate 

ranges for example 100 s-1, the specimens showed non-homogeneous lateral deformations. 

Shear failure surfaces (stress difference versus mean stress) for low and high strain rate 

compression tests were compared by Schwer (2009) and it was observed that the specimen 

exhibited non-uniform deformation under impact. The inertial confinement caused by the 

outer region made the specimen core to maintain a great stress ~ 30 MPa while the outer 

surfaces were under lower pressures. Schwer (2009) study confirms the finding of Li and 

Meng (2003) who conducted numerical and experimental Split Hopkinson Pressure Bar 

(SHPB) tests using K&C, and their results showed that in high strain rate dynamic impact 

tests, inertial confinement alone boosted concrete strength instead of the material’s strain rate 

sensitivity. At such a great strain rate particularly above ~ 100/s, the deformation of the 

specimen is no longer uniform as shown in Figure 3.7. Researchers such as Ma et al. (2006), 

and Cotsovos and Pavlovic (2008) have stated that the application of DIF to model strain rate 

effect on structural impact response is not a material property and it leads to over-estimating 

the strength of concrete material.  Hao and Hao (2010) carried out Split HPB tests and 

numerical analysis to study the compressive behaviour of concrete at different strain rates and 

they found the increase in concrete strength is the result of inertial effect as well as the effect 

of material. They have found that the lateral inertial effect is influenced by the increase in 

strain rate particularly over 200 1/s. They concluded that for lower strain rates the strength of 

concrete is more defined by the mortar in concrete as the aggregate does not come into surface 

contact much in the lower velocity impacts. However, for higher strain rate impacts, the 

crushing extends in the body of the specimen including its aggregate which then contributes 

to an increase in the strength of concrete. 
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Controversial findings and observations have made the application of DIF in concrete 

modelling a grey area. It is difficult to distinguish if it is the influence of DIF or the inertial 

confinement effect that results in increase in concrete strength. Investigating such a matter 

requires specific experimental work to observe the influence of inertial effect on the concrete 

dynamic behaviour which is out of scoop of this study. In this study it was found that K&C 

model can capture the direct HPB impact response without the application of DIF. Therefore, 

it was found that the automatic parameter generation works just fine without DIF data to 

produce meaningful results in the direct HPB simulations. 

3.6 Mesh convergence study of HPB numerical simulation using CSCM and 

K&C 

An important part of FE modelling is mesh size as it can significantly affect the final outcome 

of the analysis. The adequacy of numerical models relies on identifying the right element size. 

The two material models, K&C and CSCM, have different in-built formulation and are of 

different type, therefore, separate mesh analysis for each one of them have been carried out 

for each model. Mesh convergence analysis for both material models are described in further 

sections using Lagrangian mesh algorithm.  

3.6.1 The Lagrangian Algorithm 

Lagrange mesh method has been used for all the FE simulations within this research. In this 

method, mesh grids are attached to the materials and they move with the movement of 

materials and if the material is crushed and distorted, the grids will be distorted as well. 

Lagrangian algorithm is a good method to be used for multi-material models because even 

though the mesh is distorted, the volume and density of material may change but the mass 

Figure 3.7 Unconfined compression test shows non-homogeneous pressure and deformation (Schwer, 

2009) 
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stays the same therefore the mass is conserved at all times. This is contrary to Eulerian 

Algorithm in which the mesh is fixed, and the material moves through the mesh. Also, element 

and material boundaries should be carefully treated in the other meshing methods, such 

problem does not exist in Lagrangian algorithm. However, in Lagrangian method large 

deformations can sometimes become problematic if the material is highly crushed, which then 

element erosion such as *MAT_ADD_EROSION can be used to overcome such a difficulty.  

3.6.2 Mesh size regularisation 

Mesh regularisation has been explained in more detail in sections 3.6.3 to 3.6.5 which are on 

determination of suitable mesh size to validate the direct HPB numerical simulations against 

the experiments. CSCM similar to the other concrete models have to maintain constant 

fracture energy despite the change in the length of the elements. The energy that causes 

fracture in concrete is the area under the stress-displacement curve from the peak strength to 

zero (when concrete fails) with units of force-length/area such as N-m/m2, MPa-m, or N/m. In 

most concrete material models, treatment of damages leading to failure is formulated 

internally and when it is subjected to compression stresses, due to the damages caused, 

softening occurs. In almost all these models, results are sensitive to element refinement, i.e. 

variable element sizes produce different stress-displacement responses. Mesh regularisation 

is a method that is included in the modern material models to overcome this dependency that 

occurs because of strain softening (Schwer, 2020). This is done to prevent strain localisation 

in the smallest irregular element in the FE model. However, the material model is developed 

in a way that the strain at failure is adjusted depending on the element size, measured by the 

so called “characteristic element length”. The strain at failure and the element characteristic 

length are related and it is controlled by the fracture energy adjustment internally in every 

individual element.  

Cracks are modelled through fracture energies in CSCM. Basically, as concrete loses strength, 

it softens and as a result cracks are formed, and energy is released. Therefore, in CSCM, the 

softening behaviour is represented as fracture energies denoted by symbol Gft, Gfc, and Gfs for 

tensile, compressive and shear fracture energies. With this type of material models, the 

analysis becomes mesh sensitive and despite the model’s developer statement (Murrey, 2007a) 

on mesh independency of such concrete models, the model response still has to be checked 

against mesh size sensitivity.     

In the mesh convergence analysis process, if the size of the element is too small, fracture 

energy accumulates within that element which is a numerical artefact. The element reaches 
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the critical failure stress too fast and as a result fails too quickly. On the other hand, if the 

element is too large there is more fracture energy needed to be dissipated before failure and 

sometimes the element might never actually fail because so much fracture energy has to be 

released to cause element failure and, in that condition, it will never reach the critical stress to 

do so.  

Numerical techniques such as mesh regularisation is usually included internally within the 

models themselves. The idea behind such a technique is to keep the internal energy constant 

and independent of the element size. In models such as CSCM, fracture energy regularisation 

is implemented within the concrete material model internally, but the main difficulty is that 

for such a technique the element size must be just about large enough to accommodate 

sufficient energy as very small elements cause instability and introduce errors in the model 

(Khoe & Weerheijm, 2019). 

Another important factor influencing the mesh size is the crack width in concrete. Figure 3.8 

shows schematic illustration of a crack zone in concrete. It includes crack area with aggregates 

and some very small micro-cracks in concrete. This area is called fracture process zone (FPZ). 

It is very important that the element size is large enough to include the crack zone as shown 

in Figure 3.8(b). Once such requirement is met, enough fracture energy can be released. 

Otherwise, if the fracture zone spans over several elements such as Figure 3.8(a), each element 

releases energy separately (Khoe & Weerheijm, 2019).  

 

 

Figure 3.8 Fracture Process Zone (FPZ) in concrete; (a) the length of element is smaller than the length 

of the FPZ, (b) the length of the element is large enough to include the FPZ (Khoe & Weerheijm, 2019) 



CHAPTER 3.                 PHYSICAL AND NUMERICAL DIRECT HPB TESTS 

69 | P a g e  

 

3.6.3 HPB cylinder mesh refinement for CSCM and K&C 

HPB, striker and the specimen cylinders were meshed with variable number of row elements 

in the circumferential direction as shown in Figure 3.9. The way the circular cross section is 

meshed is commonly referred to as butterfly mesh. The mesh element sizes start from 

approximately 0.725 mm to about 10 mm. There is a range of element sizes for each cylinder. 

For example, in the bar with 2mm mesh, the smallest element is 1.02 mm (on the inside core 

of the bar) and then gradually the size goes up to nearly 2mm on the outer surface of the bar. 

Best effort was made to divide the bars into square meshes, however for simplicity, the 

element sizes mentioned in the figures have been rounded to the nearest exact value.   

 

 

 

Figure 3.9 Butterfly mesh with different circumferential row elements: (left top) 68 row elements with 

mesh size of 2mm, (right top) 40 row elements with mesh size of 4mm, and (centre below) 20 row 

elements with mesh size of 8mm 
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3.6.4 Mesh study on CSCM  

The model used for the mesh convergence analysis of HPB simulations was consisting of a 

HPB and a concrete specimen attached to it and the specimen was subjected to an impact 

velocity of 18 m/s as shown in Figure 3.10. Stress- time histories for different mesh sizes 

obtained from the location of strain gauge have been compared and are illustrated in Figure 

3.11. 

 

 

 

 

Another performed comparison brought to light one other observation, which confirms the 

accuracy of the mesh analysis and that is most visible in the internal energy evaluation shown 

in Figure 3.12. The total internal energy is the energy that is taken up by the system and in the 

compared simulation cases herein everything is the same except for the mesh size that varies 

in each model. Ideally all the histories should end up with the same internal energy, however 

that is not completely the case. 

 

 

 

 

Figure 3.10 Impact arrangement for conducting mesh convergence analysis 

Figure 3.11 Stress histories comparison for CSCM 
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The observations received in mesh sensitivity analysis using CSCM agrees well with the 

findings of Alanon et al. (2018) and Khoe and Weerhejim (2019) who also found that the 

internal energy is mesh dependent. It is important to ensure that the mesh element size fracture 

energy is fully dissipated in a sufficient area that corresponds to the fracture energy zone 

Alanon et al. (2018). In the mesh study of CSCM, when large elements were used, larger 

fracture energy was taken up by the element to reach the failure state whereas for smaller 

elements it took small amount of energy to fracture. In this study it was found that if at least 

the size of the element is minimum a similar size to the aggregate size in the concrete mix, 

there is enough area for the element to dissipate energy and should be able to accommodate 

damage in the fracture zone. Following the comparison of stress-time curves obtained from 

different mesh sizes, it can be observed that the analysis converges when mesh is 

approximately 8-10mm. The aggregate size used in the concrete mix as well as the CSCM 

model used in the simulation is about 10mm. This verifies the statement that for those concrete 

models that simulate crack through energy dissipation, the element size should be large 

enough to accommodate the fracture process zone as well as the maximum aggregate size used 

in the concrete. The requirement for such large element size in direct HPB simulations is 

because of larger fracture zones (Bazant, 1998). 

3.6.5  Mesh study on K&C including erosion 

Mesh convergence analysis for the same direct HPB model arrangement is also conducted 

with K&C (MAT_72R3) model. The model shows slightly better consistency in terms of mesh 

Figure 3.12 Comparison of internal energies for different mesh sizes in CSCM  
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regularisation compared to CSCM (MAT_159). Contrary to CSCM, the analysis converged at 

a smaller mesh size for K&C as shown in Figure 3.13.  

Karagozian and Case model does not include an in-built erosion formulation, therefore an 

extra command known as *MAT_ADD_EROSION in LS-DYNA (LA-DYNA, 2018) is 

required to artificially rid of distorted elements in the numerical model as shown in Figure 

3.14. As mentioned previously, when an element is crushed or distorted, the time step for that 

element becomes increasingly small. In order for the solution analysis to continue running, 

the analysis removes that offended element and that is known as erosion. The erosion 

parameter is an “ad hoc” value that is determined based on error and trial particularly for this 

material model that uses *MAT_ADD_EROSION. There is no test to be done to determine 

this value and in order for the simulation to represent real behaviour (real concrete 

fracture/crushing or cracking) in terms of erosion, experiments must be at hand. The inability 

of the K&C model to have an in-built erosion system, disadvantages its powerful capability 

in modelling concrete, otherwise the material model is a robust useful model capable of 

modelling concrete behaviour. In erosion studies, principal strain, stress or shear stress can be 

used as a reference base point for erosion to occur (erosion criterion) and the program must 

be instructed to remove elements when for example strain in that element reaches a certain 

value. All erosion studies in this PhD work are based on maximum principal strain and once 

the specified value of failure strain is reached within the model, elements start to eliminate.  

 

 

 

Similar to CSCM, K&C also has an in-built regularisation formulation that should technically 

make element sizes independent of the fracture energy, however, mesh dependency of fracture 

energy still exists. In general, mesh regularisation is found to be working better in K&C model 

particularly for mesh sizes larger than 25.4mm. In direct HPB simulations, even though the 

Figure 3.13 Stress histories comparison for K&C 
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mesh elements were smaller than 25.4m (from 1mm to 10mm), still the implemented mesh 

regularisation functioned well. 

As part of the mesh convergence analysis, along with stress histories comparison, to have the 

confidence that the model of direct HPB correctly simulates impact, internal energies have 

also been compared to show that both stress and internal energy histories converge at the same 

mesh size as shown in Figure 3.15.  

 

 

 

 

 

It should be noted that the purpose of the mesh convergence analyses conducted for both 

concrete material models is not to get the material models to converge at the same values or 

Figure 3.14 Concrete crushing by means of erosion (element deletion) in K&C model 

Figure 3.15 Internal energy comparison in K&C model 
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to compare their convergence performances but rather it is just to show how the models each 

converge separately.    

3.7 Validation of FE simulations of direct HPB tests 

The arrangement of direct HPB impact tests is illustrated in Figure 3.16. In the photo provided, 

concrete specimens and strikers are shown in solid grey. The radius of the HPB was 24.6mm 

(+/-0.05mm) for all tests. The specimens were either 25 or 50 mm and the length of the strikers 

regardless of the type of material was 400 mm.  

Direct HPB impact tests were recorded using a high speed camera at Buxton laboratory 

(Photos provided on the right side of Figure 3.17 is from the camera recordings) and the model 

constructed in LS-DYNA is shown on the left side of the Figure 3.17. The whole process of 

impact and the duration of contact, and the damage it caused to either side was monitored and 

compared to the FE simulations. As examples, numerical simulations of tests 1 (steel to 

concrete impact) for CSCM and test 6 (concrete to concrete impact) for K&C and their 

comparison against the tests are shown in Figure 3.17 and Figure 3.18. 

Figure 3.17 (a-f) illustrates the direct HPB and a concrete specimen attached to it in three 

stages, one photo is taken just microseconds before the impact, and the other two are during 

impact and towards the end of the impact when concrete was being fully crushed. Both were 

impacted with a steel striker with impact velocity of 19 m/s.  

Photos (c-d) are taken at 0.00011 seconds (0.11 milliseconds, 110 microseconds) when the 

striker had impacted the specimen and cracks were being developed in the specimen (some of 

the concrete specimen’s FE elements shown in Figure 3.17(c) have red colour which is an 

indication of plastic strain/cracking in the concrete). At this point of contact, stress pulses were 

generated within the specimen, however the stress pulses did not yet reach the strain gauge 

which was located a meter away from the bar face at this time.  

Photo (e-f) is taken at 0.00021 seconds into the impact when the specimen was being crushed. 

The duration of impact recorded at the strain gauge for this experiment was 0.00022 seconds 

or 220 microseconds. The impact strain rate for test 1 using CSCM was 986 S-1. The impact 

strain rate for K&C model for test 1 was 1340 S-1.  

Figure 3.18 illustrates the impact of a concrete striker against a concrete specimen attached to 

the HPB as well as its FE simulation illustrating concrete cracking and crushing. The 

difference in this test compared to the other tests was that the striker was also made of concrete 

and as soon as they came into contact both faces started to fracture which led to severe 
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crushing of both. The strain rate for K&C in test 6 was 767 S-1. For the same test the strain 

rate of CSCM was 422 S-1. The duration of impact for test 6 was 0.000276 seconds (276 

microseconds). The contact duration in this test was greater than test 1 because of the plastic 

work being done on the contact surfaces of the concrete striker and the specimen while they 

were in contact. As they both were being crushed, they stayed in contact for a longer period 

of time compared to the test 1 when one of the impact sides was the steel HPB that remained 

elastic at all times and had a smooth contact surface (HPB was protected at all times to avoid 

damage).  

Great effort was made in validating both K&C and CSC models against the behaviour 

observed in the experiment including correctly capturing the position of the striker and the 

specimen attached to it milliseconds before the impact. Once the striker was thrown by the 

gas gun, even though it travelled through a few bearings that helped in controlling the striker 

movement, it still did not manage to travel in a straight line and by the time it arrived to the 

specimen it was misaligned, therefore the impact was never perfect. Imperfect contact is a 

common event that occurs in impact of structures. When two bodies have a perfect impact 

meaning the two surfaces come into full contact, the stress magnitudes are higher. However, 

if the impact is misaligned, a part of a specimen’s edge comes into contact with the other 

surface and this speed up the crushing process and as a result the specimen breaks quicker and 

the stress magnitudes decrease. 

The other important factor that influenced the shape of the stress pulses travelling through the 

bar was the microscopic irregularities on the concrete surface. Apart from the irregularities, 

even the slightest spalling of concrete on the surface or the existence of one or two small 

aggregates in the surface can influence the results.  
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Figure 3.16 direct HPB test arrangements of bar, specimen and the striker for all 7 tests 
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Figure 3.17 Comparison of FE simulation versus direct HPB experiment 1 using CSCM 
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3.8 Impact generated pulse 

Before moving onto the discussion of direct HPB impacts results using K&C and CSC models, 

it is important to provide a brief introduction on how impact stress pulses are generated.   

As soon as two bodies come into contact, as a result of the external applied stress, every 

microscopic particle inside the object starts to move with a certain velocity. As it moves, it 

collides with its neighbouring particles and transfers its momentum onto them and that is how 

stress waves are generated and start to propagate through the body of the colliding objects. 

Contact/impact stresses are obtained using the below equation: 

σ = 0.5ρAC (𝑣1-𝑣2) 3.12 

  

Figure 3.18 Comparison of FE simulation versus direct HPB experiment 6 using K&C model 
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These elastic stress waves move at a certain speed in different materials, and it is shown by:  

C = √
𝐸

𝜌
 

 

3.13 

 

Where C is the wave velocity, ρ is the density, A is the cross-sectional area. 𝑣1 and 𝑣2 are the 

colliding masses’ velocities, and E is the young modulus. 

The ideal stress wave is a perfect rectangular shape expressed in Figure 3.19. However, in 

reality, the stress waves generating from impacts of objects have many oscillations with an 

initial long rise time and long down fall and variable impact time duration. The rise time and 

the impact duration depend on the axial alignment between the projectile and the impacted bar 

as well as their initial velocities and their material type.  

 

 

As shown in previous section, stress waves are responsible for the damages caused to the 

specimen. In the next sections, stress-time histories obtained from the FE simulation of direct 

HPB are compared against the recorded stress-time histories of direct HPB tests.  

3.8.1 Results comparison of direct HPB simulations against the experiments 

Stress-time histories obtained from the numerical simulations using both K&C and the CSC 

models is compared against the experimental data as shown in Figure 3.20 and it is observed 

that the FE simulation results agree quite well with the experimental data. Some of the 

differences between the FE simulations’ results and the experiments are attributed to the 

unevenness of the concrete samples’ surfaces that occurred during casting and drying process 

as well as surface roughness, and the presence of small aggregates very close to the surfaces 

Figure 3.19 Stress pulses; (1) ideal pulse on the left, (2) real pulse with oscillations on the right (Meyers, 

1994) 
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of the striker and the specimens that was not possible to capture using the FE model. Usually, 

the smoother the surfaces, the easier it is to capture stress pulses using the numerical 

simulations, however smooth surface is hard to achieve when casting cylindrical concrete 

samples using firm plastic tubes as shown in Figure 3.2. Another challenging task in validating 

the numerical simulations against the direct HPB tests particularly for higher impact velocities 

was replicating the misalignment between the colliding bars. Measurements of the 

misalignment between the contacting specimens were obtained from movies recorded by a 

high speed camera.  

 

3.8.1.1 Discussion on impact stress pulses in direct HPB tests 

In impacts of flat surfaces with higher velocities, the stress pulse magnitudes are higher 

compared to the lower impact velocity cases. Sometimes in high velocity impact cases, the 

stress pulses duration is longer, and this is due to the crushing of the samples which extends 

the loading duration. Great difficulty in validating direct HPB simulations arises when a lot of 

plastic deformation/damage occurs such as tests 1, 7 and particularly test 6 that has the highest 

impact velocity of 26.6 m/s out of all. Once impact with high velocity occurs, stress waves 

travel fast through the striker and the specimen that is attached to it; this is for the cases where 

the specimen is attached to the striker such as tests 2,3,4,5 and 7. The stress waves in the 

specimen quickly travel to the striker, hit the back of the striker and return to the front. At the 

same time, stress pulses are generated in the HPB and they are travelling from the front of the 

bar to its end. At this moment, the specimen and the bar are still in contact and the waves in 

the striker are now skipping from the striker and are transferring onto the bar. It continues to 

travel through the bar, and they are measured at about 1m away from the face of the bar. 

Passing that recording data point (strain gauges), it continues to travel through the 5.85m 

length of the HPB, hits the free end and comes back as a tensile stress wave. If the end of the 

HPB is restrained, it comes back as a compressive wave. However, in this work the end of 

HPB is free therefore the reflected stress waves are tensile. 

The generated stress pulses are travelling from the point of contact (face of the bar) towards 

the end of the bar; these are the first generation of the stress pulses. However, while there are 

still in contact, more stress pulses are being generated. The first generation of pulses reach the 

end of the bar and return. At the same time as these pulses are returning, there are more stress 

pulses travelling opposite to them towards the end of the bar. In the design of the test set-up 

one has to make sure to use a bar that is long enough for the ongoing and outgoing stress 

pulses to be captured correctly in the tests, so they don’t interact while moving opposite to 

each other. If they interact, the stress pulses moving in the opposite directions merge and 
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become a large stress pulse with an extensive time duration and inaccurate peak stress. In most 

high velocity impacts, particularly the ones that occur between two different types of 

materials, once the impact is completed the striker does not fully stop, therefore, there is still 

small amount of velocity stuck in the striker which results in residual velocity that is observed 

as a tail in the stress pulses (can be seen clearly in tests 1, 3 and 7). 

From tests 1, 2, and 6, it is observed that stress is higher in shorter specimens. This is due to 

the plastic work being extended over the whole length of the shorter specimen resulting in a 

stiffer impact which strains the specimen more and as a result drives the stress pulses further 

up. Opposite to the impact of shorter specimens, for longer specimens the plastic work is 

mostly being extended over the front side of the specimen which results in slowing down the 

transfer of the energy waves through the specimen, therefore it takes longer for the full event 

to be over. 

In this Chapter, comparison of the concrete simulations gave an insight into the concrete 

models’ performances. In terms of displaying damage and crushing shown as element erosion 

in the models, both material models performed well providing the ERODE value (based on 

maximum principal strain) for K&C is set to 0.07 and for CSCM is 1.09.  

It was observed that impact was stiffer in the simulation that included K&C material model, 

whereas the model with CSCM experienced a softer impact due to the existence of larger mesh 

elements in the model as well as CSCM formulation which is based on fracture energies. 
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Figure 3.20 Comparison of stress-time histories obtained from the numerical simulations using CSCM 

and K&C against direct HPB tests 
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3.9 Summary 

To simulate structural pounding with confidence in the accuracy of the results, a methodology 

has been adopted to first validate direct HPB simulations against impact tests, thereafter, 

developing the methodology to validate shaking table simulations against the tests, and finally 

combining both methodologies into a reliable simulation to be used for modelling of structural 

pounding. Chapter 3 presented the results of the direct HPB impact experiments at material 

level and the validation process of direct HPB simulations against the tests. Experimental 

stress-time histories were used to demonstrate the accuracy of the FE numerical simulations. 

The direct HPB tests conducted assisted in understanding the contact behaviour of concrete 

and the importance of factors influencing the contact response of materials. However, the main 

purpose of conducting such an experiment was to validate the numerical simulation of the 

direct HPB. The main goal was to lay a foundation for investigating concrete pounding/impact 

response at material level and to find a set of concrete parameters to accurately resemble 

impact response of concrete. It is concluded that the original parameters of both concrete 

models projected a realistic behaviour of concrete under different impact velocities in direct 

HPB simulations. As part of this study, it is confirmed that both concrete material models 

parameters in their automated original forms can simulate realistic concrete behaviour in wide 

ranges of strain rates.  

Both material models, particularly CSCM were outstandingly in great agreement with the test 

data, with peak stresses differing no more than 10%. Element erosion replicating concrete 

crushing observed in the tests was depicted by both material models based on the maximum 

principal strain values; CSCM with erode value of 1.09, and K&C with the aid of 

*MAT_ADD_EROSION with erosion of 0.07. The established set of parameters will be used 

in the validation of shaking table simulation in the next chapter.  

With this background established, the resulting question is: “which one of the material models 

perform better at structural level and will the established parameters work for the shaking table 

simulation too?” 
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Chapter 4 

 FE Simulations for Building Shaking 

Table Tests 

As described in the previous chapters, there is the lack of controlled large scale experimental 

work on structural pounding in the current literature. Therefore, in this work, a reliable strategy 

is developed by combining, (1) the knowledge obtained from the results of direct HPB 

simulations on the impact of building materials, with (2) the knowledge obtained from the 

simulation of dynamic behaviour of buildings subject to variable seismic motions against 

shaking table tests.  

This chapter depicts the process of constructing Finite Element simulation of a two-storey 

building and its validation against shaking table tests conducted by Garcia et al. (2010) under 

variable seismic motion intensities. The knowledge attained from this chapter on the seismic 

response of the building along with the findings of the previous chapter on the impact response 

of materials is then combined into one methodology that can simulate structural pounding.  

In Chapter 3, the results of direct HPB tests and numerical validations were presented and the 

material models’ capabilities in simulating impact was investigated and the performances of 

K&C and CSC material models for concrete have been compared. The next step is to 

investigate the capability of the Finite Element Method together with these material models 

in portraying the dynamic behaviour of an actual building that includes reinforcements and to 

observe the capability of these models in capturing erosion/damage caused in the building by 

the earthquake.  

The FE models of the two-storey concrete building is validated (1) once with Continuous 

Surface Cap Model (CSCM or MAT_159) (Murray, 2007a), and (2) with Karagozian and Case 
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(K&C or MAT_72R3) Model (Crawford and Malver, 1997) under earthquake motions with 

variable PGAs from 0.05g to 0.4g. The influence of erosion values in both CSCM and K&C 

performances have been investigated. For the K&C model, the application of the dynamic 

increase factor (DIF) was also studied in the validation process. The performances of the 

material models are then compared and the capability of these models in simulating the 

dynamic behaviour of buildings in earthquake events is established. 

The previous Chapter was focused on impacts and high strain rate dynamic behaviour of 

materials; in this chapter we are dealing with structural dynamic problems subject to 

earthquake motions. One of the intentions of this thesis work is to find a robust material model 

that work for broad ranges of strain rates, i.e from high strain rate to low strain rate. 

Whilst it appears that modification of K&C parameters by several researchers (e.g Xu and Lu, 

2016; Hong et al., 2017; Kong et al., 2018) is successful in offering good calibration between 

simulations and experiments, in this thesis it is found that pounding simulation of buildings 

does not actually require major modifications of the material models. It is found that the 

automated generated parameters of the models provide equally accurate results without the 

associated modifications as long as the parameters are within the ranges suggested by the 

material models developers. Malvar et al. (1997) is the developer of Karagozian and Case 

Model, and Murray et al. (2007a, b) is the developer of Continuous Surface Cap Model.  

4.1 Experimental study of shaking table simulation 

An under-designed reinforced concrete building with one bay and two stories, regular in plan 

and elevation, was tested on a shaking table as part the European research project called 

ECOLEADER by Garcia et al. (2010). The building was designed based on an old earthquake 

resistance provision that was practiced in the 1960s. The frame tested was a square of 4.26 x 

4.26 m2 in plan with storey height of 3.3m. Figure 4.1 depicts a general view of the building 

along with the sizes of the sections and the reinforcement bars. 

The concrete strength was fc = 20 MPa with maximum aggregate size of 19 mm and modulus 

of elasticity of Ec = 25.545 GPa along with steel reinforcement bars with yield strength of 551 

MPa and ultimate strength of 656 MPa. Masses of 9 tonnes were added as steel plates to each 

slab as an additional load to simulate real building loading conditions. Displacement and 

acceleration transducers were used to monitor the building responses during the seismic tests. 

However, only the displacement response of the building was studied as the acceleration 

readings were unreliable and noisy.   
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4.2 FE Modelling of ECOLEADER building 

FE simulations of the concrete building were developed in LS-DYNA and due to its 

symmetrical shape in plan, half of the model was constructed in 2D plan with 3D solid 

elements. The building total weight was 40 tonnes. In the simulation, half of that mass (20 

tonnes) was modelled, and the masses of the steel plates were distributed equally as nodal 

masses between the floors. Beam and truss elements were both tested to model the 

reinforcement bars of the building, both produced similar behaviour during seismic motion, 

however, beam elements were chosen to model reinforcement bars. Reinforcement detailing 

at the connections from Garcia et al. (2010) is shown in Figure 4.2. The model in LS-DYNA 

was constructed based on the detailing given by Garcia et al. (2010). 

 

 

Figure 4.1 Sketch drawing of the building along with section sizes and reinforcement arrangements 

(Garcia et al., 2010) 
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4.2.1 Constrained beam in solid 

Bonding between steel reinforcement and concrete is defined using the keyword 

*CONSTRAINED_BEAM_IN_SOLID in LS-DYNA. The concrete serves as the master 

component and the embedded reinforcement bars move with the Lagrangian mesh of the solid 

elements and are serving as slave components in the algorithm. Bond-slip behaviour for the 

shaking table simulations have not been considered. If included, it greatly increases the 

computational time of the analysis. It can be considered through setting the variable AXFOR 

to -10 in the *CONSTRAINED_BEAM_IN_SOLID_PENALTY card in LS-DYNA.  

Global hourglass control was also added to the model to control mesh tangling and unrealistic 

deformation of the crushed/impacted parts. It should be noted that hourglass energy should be 

less than 10% of the internal energy at all time. 

 

Figure 4.2 Reinforcement detail in first floor joints in LS-DYNA (on the left), and reinforcement 

detailing in ECOLEADER experiment by Garcia et al. (2010) is given on the right side of the illustration 
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4.2.2 Frame boundary condition and earthquake motion 

As mentioned, the model of the building was a 2D model with 3D elements and the mass of 

the building was applied at nodal masses onto the first floor and second floor beams 

representing the extra mass of the steel plates in the test. *BOUNDARY_SPC_SET was set 

to let the building move in X, Y and Z-rotation and 

*BOUNDARY_PRESCRIBED_MOTION_SET was used to apply earthquake histories to the 

base of the building in X-direction. 

4.2.3 Material models 

An elastic-plastic material model available in LS-DYNA called 

*MAT_PLASTIC_KINEMATIC is used to model steel reinforcements with the parameters 

expressed in Table 4.1 based on the reinforcement’s properties used in the experiments. Due 

to the simulation low strain rate, strain rate effects is ignored.  

The numerical model of the shaking table was validated against the experiments using CSCM 

(MAT_159) and K&C (MAT_72R3) model for concrete strength of 20 MPa with the input 

parameters shown in Table 4.2 and Table 4.3. These are the same parameters used to validate 

direct HPB numerical models in Chapter 3, except they are generated for a concrete of 20 MPa 

in this set of validation. The same parameters were used for the shaking table simulations cross 

referenced with the input data of direct HPB simulations meaning that all the parameters were 

consistent for both FE models and the specific parameters were changed for both of them (e.g 

erosion is set to 1.09 for CSCM and 0.07 for K&C). 

Density (kg/m3) Young Modulus 

(GPa) 

Poisson’s ratio Yield strength 

(MPa) 

7850 212 0.29 551 

 

 

 

 

 

 

 

Table 4.1 Plastic kinematic material model parameters for steel 
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Section 1: Control parameters 

 

MID 159 

NPLOT 1 

INCRE 1.1638E-05 

IRATE 1 

ERODE 1.09 

RECOV 10 

IRETRC 1 
 

 

Section 2: Stiffness parameters 

 

G0 1.0010E+10 (Pascal) 

K0 1.0960E+10 (Pascal) 

 

Section 3: Shear surface hardening 

parameters 

 

NH 1 

CH 0 
 

Section 4: Yield surface parameters 

 

α 1.2840E+07 (Pascal) 

θ 0.26640 

 

λ 1.0510E+07 

(Pascal) 

β 1.9290E-08 (Pascal-1 

or 1 m s2/kg) 

α1 0.7473 

ɵ1 1.3720E-09 (Pascal-1 

or 1 m s2/kg) 

λ1 0.17 

β1 7.8290E-08 (Pascal-1 

or 1 m s2/kg) 

α2 0.66 

ɵ2 1.6500E-09 (Pascal-1 

or 1 m s2/kg) 

λ2 0.16 

β2 7.8290E-08 (Pascal-1 

or 1 m s2/kg) 

 

Section 5: Cap parameters 

 

R 5.0 

X0 8.6890E+07 (Pascal) 

W 0.05 

D1 2.5000E-10 (Pascal-1) 

D2 3.492E-19 (Pascal-2) 
 

 

 

Section 6: Damage parameters 

 

b 100 

d 0.1 

Gfc 5148 Pascal-meter 

Gft 51.48 Pascal-meter 

Gfs 51.48 Pascal-meter 

pwrc 5 

pwrt 1 

pmod 0 

 

 

Section 7: Rate effects parameters 

 

ղco 1.1990E-04 

Nc 0.78 

ηto 5.4700E-05 

Nt 0.480 

overc 1.8830E+07 (Pascal) 

overt 1.8830E+07 (Pascal) 

Srate 1.0 

repow 1.0 

 

 

 

 

 

 

 

 

 

Table 4.2 CSCM long input parameters for concrete of 20 MPa 

(* Units are Newton, metre, kilograms, and seconds) 
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Table 4.3 K&C long input parameters for concrete 20 MPa 

(* Units are Newton, meter, kilogram, and seconds, and Pascal) 

 

 

4.3 Eigenvalue analysis- structural period 

To validate the FE model of the two-storey building natural frequencies as well as mode 

shapes of the building were determined in the absence of damping using eigenvalue analysis. 

The frequencies that the building naturally vibrates at, when disturbed, are called natural 

frequencies. Mode of vibration of the building is the deformed shape of that building at one 

particular natural frequency of vibration, therefore, each mode shape is linked to an exact 

natural frequency. The mode shapes and the natural frequencies are the results of the properties 

and boundary conditions of the building.    

 

MID 72 

 

A0 5.912E+06 

(Pascal) 

A1 4.463E-01 

 

A2 4.040E-09 

(Pascal-1 or  

1 m s2/kg) 

A1F 4.417E-01 

 

A2F 5.91500E-9 

(Pascal-1 or  

1 m s2/kg) 

A0Y 4.464E+06 

(Pascal) 

A1Y 6.250E-01 

 

A2Y 1.288E-8 

(Pascal-1 or  

1 m s2/kg) 

 

LOCWIDTH 

 

0.0254 (m) 

 

RSIZE 39.37 

(in/m) 

UCF 0.000145 

(psi/Pascal) 
 

 

 

 

ρ 2400 

(kg/m3) 

PR (Poisson’s ratio)  

0.2 

Ft 2.216E+06 

(Pascal) 

 

b1 1.6 

 

b2 1.35 

 

b3 1.15 

 

ꞷ 0.5 

 

Sλ 

(stretch factor) 

 

 

100 

NOUT 

(output selector for 

plastic strain) 

2.0 

 

EDROP 1.0 

 

NPTS (Npoints) 

 

13 
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The fundamental periods of the building for the first two vibration modes which were 

determined by running an implicit eigenvalue analysis in LS-DYNA are depicted in Table 4.4. 

The difference between the periods of the actual building and the simulation is mainly due to 

the stiffness of concrete. In the shaking table tests, the frame was subjected to many pre-

experiment vibrations for setting up process that caused cracking in the frame and reduced 

concrete stiffness to begin with.  

Structural period Experiment  LS-DYNA analysis 

First mode 0.53 0.433 

Second mode 0.18 0.164 

 

4.3.1 Dynamic Relaxation (DR) 

Dynamic Relaxation (DR) is used to preload the FE model of the structure with gravity before 

the start of the analysis. If the gravity load is suddenly applied without dynamic relaxation in 

advance, dynamic oscillation will be excited in the structure. During the DR phase, the model 

reaches a steady state pre-loaded condition nearly free from dynamic oscillation. During the 

DR phase, the load is ramped and then held constant until the solution converges, and along 

with that, 5% damping was applied to the building.  

4.4 Validation of the FE building model 

Dynamic analysis of the FE model of the building was performed under earthquake motions 

at variable PGA levels of 0.05g, 0.1g, 0.2g, 0.3g and 0.4g. The performances of the same two 

material models, CSCM, and K&C for modelling concrete were compared together with the 

shaking table test results of Garcia et al. (2010) along with their capabilities in capturing cracks 

and spalling of concrete. Displacement-time histories of the experiment were compared to the 

simulation’s displacement-time histories for both CSCM (MAT_159) and K&C (MAT_72R3) 

material models. It was observed that both material models were capable of simulating the 

displacement response of the building, in particular CSCM performance was very good in 

capturing the peak displacements. CSCM was also more reasonable in capturing concrete 

cracks, spalling and crushing. 

 

Table 4.4 Comparison of structural period obtained from experiments against the numerical analysis of 

LS-DYNA 
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4.4.1 Mesh size effect 

From the previously conducted mesh convergence analysis on the FE simulations with CSCM 

and K&C, it is known that the size of the mesh element should be at least, at minimum a 

similar size to the aggregate in the concrete mix. So, when concrete fractures, the fracture zone 

(FPZ) must be large enough to at least include the size of the largest aggregate in the mix, 

otherwise incorrect results are obtained. Bazant and Oh (1983), and Denarie et al. (2001) 

determined the optimum size of the fracture zone to be three times of the maximum aggregate 

size used in the concrete mixture. Experiment performed by Kang et al. (2018) on the response 

of concrete to dynamic loading also showed the fracture zone to be about three times larger 

than the size of the aggregate in the concrete mixture. Dai et al. (2019) carried out three-point 

bending test to investigate the characteristics of fracture process zone in concrete including 

digital imaging. Their investigation confirmed that the fracture zone is about three times larger 

than the maximum aggregate size used in the concrete mixture.  

As discussed in Chapter 3, mesh elements in a FE model using smear crack material models 

such as CSCM must be large enough to include fracture process zone (FPZ). The element also 

has to be large enough to include the reinforcement bar diameter. For the FE simulation to 

properly model concrete behaviour, the element must be large enough to include the fracture 

zone (also dependent on the aggregate size) and to be able to dissipate the right amount of 

fracture energy. It is learnt in the previous chapter that small mesh elements trap fracture 

energy within them and it only take small amount of energy for that element to quickly fail. 

As a result, fracture energies are dissipated from every small element, and it results in 

excessive erosion of elements in the numerical FE simulation.  

Mesh analyses were carried out with four variable mesh sizes of 40, 50, 60, and 80 mm for 

the FE model of the concrete building. From the comparison shown in Figure 4.3 for the 

CSCM model and Figure 4.4 for the K&C model, the 50mm mesh size was found to be the 

most suitable mesh size to continue with the analyses as it best predicts the experimental 

results. Based on the explanation above, for a concrete mix with aggregate size of 19mm, a 

mesh size of 50mm provides enough area for the fracture energy to dissipate for both FE 

simulations using CSCM and K&C material models. The mesh area is larger than the 

maximum aggregate size and it provides a fracture zone about nearly 3 times of the aggregate 

size. At the same time, it is time effective and keeps computational effort at minimum. Also, 

as the models are mesh dependent, the 50mm mesh best resembled concrete cracking and 

spalling.  
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4.4.2 CSCM Performance in Modelling Concrete 

Experimental displacement-time histories of ECOLEADER building obtained for variable 

PGA levels of 0.05g-0.4g have been compared against the performances of CSCM and K&C 

models for all earthquake motions in LS-DYNA. To avoid repetitive figures, the results of 

0.05g, 0.2g and 0.4g are illustrated for CSCM and K&C models. The erosion values for CSCM 

is kept as 1.09 and for K&C model is 0.07 throughout this thesis. Figure 4.5 to Figure 4.10 

depict comparison of experimental and numerical displacement-time histories of CSCM 

against the experiments. Cracking and spalling of concrete observed in the tests for 0.4g and 

the capability of the numerical simulation with CSCM in capturing these cracks have been 

compared and illustrated in Figure 4.11 to Figure 4.14. The element deletion is representative 

of cracks and spalling of concrete. Results show CSCM is more capable of capturing these 
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Figure 4.3 Comparison of variable mesh sizes for CSC Model 

Figure 4.4 Comparison of variable mesh sizes for K&C Model 
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spalling/cracking of concrete compared to the K&C model. CSCM performance was very 

good as it was able to capture the peak displacements observed in the experiments by a 

difference of approximately 5- 10%.  

 

 

 

 

 

Figure 4.5 First floor displacement-time history using CSCM (MAT_159) at PGA level of 0.05g 

Figure 4.6 Second floor displacement-time history using CSCM (MAT_159) at PGA level of 0.05g 
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Figure 4.7 First floor displacement-time history using CSCM (MAT_159) at PGA level of 0.2g 

Figure 4.8 Second floor displacement-time history using CSCM (MAT_159) at PGA level of 0.2g 
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It should be noted that the transducer on the second floor broke in the middle of the experiment 

and did not record the rest of the experiment and that is the reason it shows as a constant 

straight line after about 28 seconds in Figure 4.10.  

 

 

 

 

 

Figure 4.9 First floor displacement-time history using CSCM (MAT_159) at PGA level of 0.4g 

Figure 4.10 Second floor displacement-time history using CSCM (MAT_159) at PGA level of 0.4g 
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Figure 4.11 (photo on the left) cracks and spalling of concrete in the first floor’s right-side beam-column 

connection at PGA level of 0.4g observed in the experiment, (photo on the right) resembling concrete 

spalling and cracking observed in the experiment using CSCM in LS-DYNA 

Figure 4.12 (photo on the left) cracks and spalling of concrete in the first-floor left side beam-column 

connection at PGA level of 0.4g observed in the experiment (photo on the right) resembling similar 

concrete spalling and cracking in LS-DYNA using CSCM 
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4.4.3 Performance of the K&C (MAT_72R3) model for concrete including 

dynamic increase factor and erosion  

The performance of the Karagozian and Case model by means of displacement-time histories 

have been compared against the shaking table tests performed at PGA levels of 0.05g-0.4g. 

Comparative Figure 4.15 to Figure 4.20 showing first floor and second floor displacement 

histories for earthquakes with PGA levels of 0.05g, 0.2g and 0.4g. Strain rate sensitivity in the 

building’s response has been investigated as well as the capability of K&C in capturing 

cracking and spalling of concrete by means of erosion. Finally, ERODE value of 0.07 (the 

Figure 4.13 (On the left) concrete cracking and spalling in the base of the column observed in the 

experiment, (on the right) concrete erosion resembling cracking/spalling in LS-DYNA simulation 

Figure 4.14 (On the left) top floor left connection cracks and spalling of concrete observed in the 

experiment, (on the right) cracking/spalling of concrete by means of erosion in LS-DYNA simulation 
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same value used for K&C in the direct HPB simulations) is used in the validation of K&C 

shaking table simulation against the experiments. 

 

 

 

 

Figure 4.15 First floor displacement history using K&C model in LS-DYNA at PGA level of 0.05g 

Figure 4.16 Second floor displacement history using K&C at PGA level of 0.05g 

Figure 4.17 First floor displacement history using K&C at PGA level of 0.2g 
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K&C has shown a good level of performance at this stage as it is capable of capturing the peak 

displacement of the building during seismic motions by about 10-15% difference compared 

Figure 4.18 Second floor displacement history using K&C at PGA level of 0.2g 

Figure 4.19 First floor displacement history using K&C at PGA level of 0.4g 

Figure 4.20 Second floor displacement history using K&C at PGA level of 0.4g- breakage of transducer 

at second 28 
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to the experiment. Reasons for the differences are for example before the shaking table test 

commences, the frame was transported onto the shaking table which caused small cracks in 

the frame. Also, after transporting the frame and before commencing the test, seismic signals 

were tested several times to make sure they were being sent from a device/laptop onto the 

shaking table clearly and as a result it caused more cracks in the building.  

However, erosion study of K&C in the next section has shown that the lack of this feature can 

disadvantage its powerful capability in some ways as by adding an extra erosion formulation, 

K&C representation of concrete behaviour (e.g crushing) can get far from reality. The 

discussion is covered in more detail in the section 4.5 called “the numerical erosion”.   

4.4.4 Performance of Karagozian and Case Model including Dynamic Increase 

Factor (DIF) 

Displacement responses of two buildings, one building with strain rate sensitivity (including 

dynamic increase factor- DIF), and the other one with no strain rate (denoted as LCRATE in 

LS-DYNA manual) included, have been compared. As examples, comparative figures for 0.1g 

and 0.3g have been expressed in Figure 4.21 and Figure 4.22. The results of analyses for 

earthquakes with PGA levels up to 0.3g have shown almost no concrete strain rate sensitivity, 

however for earthquakes with higher PGA levels than 0.3g the application of DIF was 

beneficial as it increased the concrete strength to comply with the experimental results. This 

finding does not fully agree with the conclusion drawn in Chapter 3 (validation of direct HPB 

simulation) dismissing the application of DIF in simulation of concrete impact.  

In the direct HPB simulations due to impacts (some with higher velocities), inertial 

confinement contributed to the enhancement of concrete strength. However, in the case of 

shaking table simulations with low velocities, the application of DIF was influential 

particularly when concrete was in tension due to its low tensile strength. If users require to 

include this feature (only available in the more recent versions of LS-DYNA- version R10.1.0) 

LCRATE parameter in K&C model can be set to -1 and the program automatically includes 

strain rate as per discussion given in Chapter 3. DIF has been included in the validation of 

shaking table simulations using K&C model in this chapter.  

In CSCM simulations, the strain rates for earthquakes with PGA levels of 0.05g, 0.1g and 0.2g 

range from 0.00038 (for the lowest PGA level of 0.05g) to 0.2 s-1 (for PGA level of 0.2g), and 

for earthquakes with PGA levels of 0.3g and 0.4g the range is within 0.356- 0.48 s-1. In K&C 

simulations with DIF included, up to PGA level of 0.3g, the strain rate range is similar to the 

strain rates obtained in CSCM simulations, however, for earthquakes with PGA levels of 0.3g 



CHAPTER 4.  FE SIMULATIONS OF BUILDING SHAKING TABLE TESTS 

100 | P a g e  

 

and 0.4g, the strain rate increases to 0.114-0.135 s-1. This also confirms that DIF is not 

influential in seismic motions with lower PGA levels, but it is effective for earthquakes at 

PGA levels of 0.3g and 0.4g.  

 

 

4.4.5 Comparison of the performances of the K&C and CSC Models 

The performances of CSC and K&C models have been compared with the experimental data 

and they are depicted in Figure 4.23 and Figure 4.24 for earthquakes at PGA level of 0.3g and 

0.4g. The performances of both material models have also been compared and shown in Figure 

4.25 and Figure 4.26. The comparison shows that the displacement-time histories simulated 

by both material models are very close. Their element deletion capability is what sets them 

apart and make them suitable/or unsuitable for pounding simulation of buildings.  

Figure 4.21 The effect of strain rate enhancement in the case of K&C has been compared to when strain 

rate is not included for earthquake at PGA level of 0.1g 

Figure 4.22 The effect of strain rate enhancement in the case of K&C has been compared to the same 

case only when strain rate was not included for earthquake at PGA level of 0.3g 
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Figure 4.23 Performances of shaking table experiment with CSCM versus K&C model at PGA level of 

0.3g 

Figure 4.24 Performances of shaking table experiment with CSCM versus K&C model at PGA level of 

0.4g 

Figure 4.25 comparison of CSCM performance against K&C at PGA level of 0.3g 
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4.5 The numerical erosion 

The function of element deletion (separation of eroded elements and their elimination from 

the rest of the simulation) despite having material’s physical appearances, is not a material 

property neither a physical phenomenon. It is rather mimicking material’s behaviour and is 

purely a numerical trick which provides a graphical representation of concrete spalling and 

crushing for the users (Wu et al., 2011). Apart from making it possible for the users to visual 

concrete crushing, it has an important purpose and that is in fact preventing mesh tangling. 

Without this technique, in Lagrangian mesh, the time step for those elements that have been 

crushed and have lost strength become very small resulting in numerous computational cycles 

with almost no improvement in computational time (Luccioni and Araoz, 2011). Besides, 

Lagrangian elements have the tendency to tangle up leading to severe distortion in the mesh.  

Erosion enables the simulation to continue by removing the Lagrangian cells if a criterion is 

pre-defined, then the mass of the deleted element is distributed to the adjacent nodes. 

However, the internal energy as well as the compressive strength of the element material is 

lost. Loss of energy occurs when elements are eroded therefore the erosion criteria/limit 

should be determined in a way that elements are not omitted/deleted until these elements are 

heavily deformed, and the overall results are not influenced by the elements mass and 

compressive strength (ANSYS, 2009). It is recommended that the effect of erosion is 

evaluated by comparing simulations with variable erosion values and to set the criteria for 

erosion values in a way that are high and practicable (Luccioni and Araoz, 2011). 

It has been one of the intentions of this thesis to understand the influence of erosion values on 

the numerical simulations of concrete using K&C and CSCM. A set of erosion values based 

on previous research on concrete simulation under blast/impact load have been chosen and the 

patterns of eroding elements (using different erosion criteria) in the models are observed to 

understand the influence of erosion in the simulations’ final results.  

Figure 4.26 comparison of CSCM performance against K&C at PGA level of 0.4g 
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Concrete models are two types: (1) with an in-built erosion formulation, and (2) without the 

formulation. It has been described previously that *MAT_ADD_EROSION is used along with 

K&C model to delete elements and prevent excessive distortion of the mesh. A desirable 

erosion value for a numerical model that includes *MAT_ADD_EROSION is an ad hoc 

number based on trial and error and there is not a value that can be used for every simulation. 

For example, a study by Chung et al. (2015) on missile impact on concrete plates found the 

criteria for element deletion based on maximum principal strain to be 0.10 using 

*MAT_ADD_EROSION for K&C model as well as Winfrith model (MAT_84) which also 

does not include an in-built erosion algorithm. Tang and Hao, (2010) also found 0.10 to be a 

reasonable value for erosion in their simulation of cable-stayed bridge against blast load using 

K&C model. However, Shi et al. (2010) found principal strain of 0.15 to be a reasonable limit 

for eroding elements in RC frames modelled with K&C under blast loading. They found that 

by increasing this value, larger distortion occurs in the model and reducing it resulted in 

premature deletion of elements in the simulation. Suitable erosion value used in the simulation 

of reinforced concrete plates under blast loading by Xu K and Lu Y (2006) was found to be 

0.01. All the erosion values for different studies mentioned in this section are based on 

maximum principal strain. Maximum principal strain is also used as a criterion in this thesis. 

Several research (Weng et al. (2020), Yu et al. (2018), Pham et al. (2017a), Yu et al. (2019), 

Pham et al. (2017b)) also found that maximum principal strain provides reasonable failure in 

concrete particularly in structural dynamic simulations. 

Apart from its suitability, as mentioned previously, CSCM in-built failure system is based on 

maximum principal strain meaning as soon as the maximum principal strain exceeds the 

limiting strain, erosion occurs by means of deleting elements. For this reason, in the K&C 

models, *MAT_ADD_EROSION, is also set based on maximum principal strain to make the 

concrete crushing/failure pattern comparison between the two material models more 

reasonable.  

4.5.1 Erosion study of CSCM for concrete 

In CSCM, elements are deleted when the maximum principal strain surpasses (ERODE-1.0). 

If ERODE is set to any value less than 1.0, erosion does not happen at all.  If erosion is required 

and the value is set larger than 1, for example if an erosion value of 1.09 is chosen for a 

particular simulation, considering the relationship (ERODE-1.0), the erosion value becomes 

0.09 and it is said that erosion is 9% maximum principal strain.  
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Chung et al. (2015) found an erode parameter of 1.4 to be suitable for CSC Model of concrete 

plates against missile impact. Pham et al. (2017a) found an erode value of 1.1 to be suitable 

for modelling concrete beam under progressive collapse. In a numerical study of flat concrete 

slab subject to progressive loading by Weng et al. (2020), erosion value of 1.10 was found to 

be the most suitable to represent concrete crushing. Bermejo et al. (2017) found 1.05 best 

resemble crushing of concrete structures under blast loading. Jaime (2011) used an erode value 

of 1.05 which provided very good correlation with the rock fragmentation process observed 

in the laboratory. Murray et al. (2007), the developer of CSCM, have suggested the erosion 

coefficient to be 5 to 10% maximum principal strain (ERODE = 1.05-1.10). 

The result of erosion study in this thesis shows that erode parameter is not causing much 

problem in impact cases of direct HPB with high strain rate in the previous chapter, however 

it became significant when dealing with low strain rate cases. In the direct HPB simulations, 

erosion values ranging from 1.0 to 1.10 did not influence the deletion pattern of the elements 

as much as it did for the dynamic simulations of buildings, because in the impact cases, 

concrete crushed immediately. Basically, it took much smaller amount of energy to cause the 

element to reach a critical state and fail in the direct HPB simulations. However, this does not 

apply to the shaking table simulations as shown in Figure 4.27 to Figure 4.33, particularly that 

in this case the elements are much larger. When ERODE is set to a number larger than 1.1, 

concrete is exposed to a greater deformation before it cracks/spalls and eliminates from the 

analysis, meaning it takes more energy for that element to reach a critical state to fail/ or get 

deleted. Any other value between 1.01-1.10 can be examined to observe its suitability. Figure 

4.27 illustrates erosion occurrence replicating concrete failure in the shaking table simulation 

using erode values of 1.05, 1.07 and 1.09 in CSCM, followed by Figure 4.28 illustrating a 

comparison between their associating displacement- time histories.  
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In simulations with CSC Model, premature failure did not occur for values from 1.05 to 1.10. 

However, for values of 1.05-1.08 too many elements were eroded (compared to the concrete 

cracking/spalling in the experiment) that could have caused instability in the building. In 

general, erosion pattern in CSCM is much more sensible compared to the damage pattern seen 

in K&C models. The model that included erosion of 1.09 best predicted the damage pattern 

observed in the experiments (it is shown in section 4.4.2, Figure 4.11 to Figure 4.14). The 

Figure 4.27 Examples of element removal in CSC Model with (a) erode 1.05, (b) erode 1.07, and (c) 

erode 1.09 

Figure 4.28 Comparison of displacement- time histories of the building with erosion values of 1.05, 

1.07, and 1.09 using CSCM 
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erode value of 1.09 is used in all the FE simulations that include CSC model throughout this 

thesis. 

4.5.2 Erosion in K&C model 

Erosion study of K&C model is conducted using variable erosion values from 0.01 to 1 based 

on maximum principal strain for earthquake motions at all PGA levels, however the result of 

earthquake at PGA level of 0.4g is presented in this section as the most concrete damage was 

observed at this PGA level. For impact cases with principal strain values of 0.03 and below, 

erosion occurred too early and the erosion pattern and the location where erosion initiated was 

different in each case. The cracking/spalling behaviour of concrete for erosion values of 0.01, 

0.02 and 0.03 are shown in Figure 4.29 to Figure 4.31. Jaime (2011) numerical simulation of 

rock cutting using K&C model also showed that erosion values at 0.03 and below produced 

very quick failure of the mesh elements. Any value below 0.03 was found to cause irrational 

erosion patterns with large deformations. This is also true for the shaking table simulation 

herein.  

A desirable erosion value for a numerical simulation that includes *MAT_ADD_EROSION 

to replicate true concrete failure is best to be compared against experimental work. However, 

as mentioned previously there are researchers who use erosion values reported by the other 

researchers as reference values in similar simulations. For example, in simulation of pounding 

of bridge segments, He et al. (2017) used an erode value of 0.15 based on maximum principal 

strain value that was reported by Bi and Hao (2013).  

Figure 4.29 depicts the behaviour of the concrete building when an erosion value of 0.01 is 

used. In this model with such a low erode value, concrete elements had an early pre-mature 

failure before the analysis termination time. This was also the case for the other two erode 

values of 0.02 and 0.03. Figure 4.32 illustrates the associating displacement- time histories of 

the frame with erosion values of 0.01, 0.02, 0.03, and 0.07 (erosion values between 0.05 to 

0.07 resulted in similar behaviour).  
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In the case of strain-based erosion value of 0.02 compared to erosion value of 0.01, erosion 

did not initiate until at 11:66 seconds and the frame lost stability at 16 seconds into the 

analysis. 

 

Figure 4.29 Erosion occurring in the concrete building during seismic motions at 7.15 and 7.30 and 

7.45 seconds- erosion value is 0.01 based on maximum principal strain 

Figure 4.30 Erosion occurring in the concrete building during seismic motions- erosion value is 0.02 

based on maximum principal strain; start of erosion in the first frame at 11:66 seconds, second frame 

shows continuous erosion occurring at 12:18 seconds, and at last the building fails at 16 seconds 
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It has been found that at maximum principal strain value of 0.04 and above, cracking and 

crushing are not captured by K&C except in the bases of the columns as shown in Figure 4.33. 

None of the erosion values in the range of 0.01-0.04 were suitable to correctly capture the 

experiment crushing pattern. The erode value based on maximum principal strain should be 

high enough to prevent pre-mature failure of concrete. However, on the other hand, erosion 

Figure 4.31 Erosion occurring in the building during seismic motions- erosion value is 0.03 based on 

maximum principal strain; start of erosion in the first frame at 12:18 seconds, second frame shows 

building's total collapse at 14:98 seconds 

Figure 4.32 Comparison of displacement- time histories of the building with erosion values of 0.01, 

0.02, 0.03, and 0.07 using K&C 
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might not occur all together if a very high value is used. Similar to the pattern observed with 

erode value of 0.04, erosion values in the range of 0.04- 0.07 reproduced a similar pattern to 

0.04. Erosion was not captured for values larger than this range. 

The removal of too many elements in the bases of the columns can lead to instability and 

building failure without the building reaching its full capacity. The columns of such a building 

in a pounding scenario fail after a few mild impacts/contacts with the other structures. 

Therefore, an erode value of 0.07 is recognised as suitably high enough to not cause early 

failure and also does not remove many elements (as shown in Figure 4.33) in the columns’ 

bases, consequently, it is chosen to carry out K&C simulations. Erode value of 0.07 at least 

shows a small erosion of elements in the building (similar to the experiment) but it is not 

overly high to cause pre-mature or excessive failure in the building.  

As shown in the previous comparative figures of K&C performance against the experiments, 

K&C is also perfectly capable of capturing the displacement-time history of the shaking table 

test as it is a powerful concrete model. However, the application of *MAT_ADD_EROSION 

somewhat disadvantages the K&C model as it is unable to capture spalling of concrete 

correctly were expected without failing the building compared to the capability of CSCM 

model in capturing these cracks/spalling.  

In general, *MAT_ADD_EROSION should be used carefully by examining the performance 

of a particular simulation against experiments. For as long as it does not cause problem or lead 

to the total collapse of the building, in low-strain rate dynamic cases, either a higher value of 

erosion should be used, or erosion should be omitted altogether meaning no observation of 

concrete spalling as long as it does not influence the final results. This makes the application 

of K&C in the pounding simulation of buildings unsuitable as in this type of simulations, 

element erosion is necessary to prevent large deformations and mesh tangling. On the other 

hand, if mesh erosion occurs in wrong places, it can lead to a false collapse of the buildings 

which no longer represent real pounding effect. The erosion behaviour of K&C and CSCM 

have been put into another test in Chapter 5 using push-over analysis. Even though, this feature 

effectively does not have a physical meaning, it still plays a significant role in the destiny of 

numerical simulations of concrete buildings.  
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4.6 Summary 

So far, studies on impact behaviour of building materials and dynamic response of reinforced 

concrete buildings under earthquake motions have been combined into a set of simulations 

that is ready to be applied onto the pounding simulations of buildings. As part of these 

calibrations, shaking table simulations under variable seismic intensities (at PGA levels of 

0.05g-0.4g) using K&C model (MAT_72R3) as well as CSCM (MAT_159) have been 

compared and validated against shaking table tests. It is shown that the two-storey building 

simulation particularly using CSCM is in very good agreement with the experimental data and 

that the results match the periods of the experimental traces. This is an indication of the 

numerical simulations having a similar evolution of damage to that experienced by the frame. 

The small differences between the numerical simulation and experimental data are attributed 

to the fact that the structure experienced cracking prior to commencing the tests. Causes of 

these cracks are shrinkage of concrete, transporting the structure onto the shaking table, 

conducting white noise tests, and many pre-experiments testing of earthquake signals from a 

device/laptop onto the shaking table. 

Figure 4.33 Erosion occurred in the bases of the columns; (left frame) too many elements eroded in the 

bases when erode value of 0.04 is used, (Right frame) slight erosion occurred in the columns’ bases 

when erosion is 0.07 
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Both material models with their original parameters, the same as the parameter applied in the 

direct HPB simulations, were used and demonstrated that both material models are capable of 

simulating the displacement-time histories of the concrete building under all motion 

intensities.  However, an important part of concrete simulation is element deletion pattern in 

the simulations. If such solution is not used, it can lead to very large deformation and abnormal 

concrete behaviour and mesh tangling particularly in CSCM due to its development based on 

fracture energy. Consequently, it must be used with care, so it does not cause pre-mature 

concrete failure.  

CSCM has its own in-built erosion formulation where users have the choice of implementing 

values between 1.01-1.10 based on maximum principal strain. K&C does not have such an 

advantage and therefore is used along with a command called *MAT_ADD_EROSION. This 

extra command has the capability of eroding elements once they reach a certain value based 

on a defined criterion. The criteria chosen for K&C is also based on the maximum principal 

strain. This is to enable comparison between the two material models’ erosion behaviour as 

CSC Model erosion formulation is also strain based.    

In the K&C model, when erosion value of 0.03 or less is used, as soon as any element reaches 

this value, the model experiences total collapse because of excessive erosion of elements. 

Values at 0.04 provide element removals in the bases of the columns which often lead to 

building failure. The column’s erosion pattern re-occurs for models with values of 0.05 and 

above. It was observed that 0.07 provided more reasonable erosion in the bases of the columns 

so it did not make the building vulnerable to pre-mature failure and at least was able to capture 

crushing of concrete in columns’ bases which was seen in the experiments. That is the only 

erosion pattern that K&C was able to capture that represented the crushing seen in the 

experiments.   

Erosion pattern observed in simulations with CSC Model was more consistent for different 

values. Consistency by means of erosion occurrences in the same locations in all FE 

simulations, only elements removal was decreased for higher values of erosion. This model 

was able to demonstrate cracking and crushing of concrete in the joints, column bases as well 

as the top floor joint which is also seen in the experiments.   

On the other hand, for K&C model, erosion is an ad hoc solution to elements removal, and it 

is best to be compared against experiments. The disadvantage of such an external erosion 

formulation is that erosion solution to a problem might work for that particular case but not 

for a similar problem. Therefore, it is not advisable for the same value to be used in even 

similar simulations.  
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Despite all complexity associated with erosion and its behaviour, the application of erosion is 

necessary in numerical simulations as it prevents excessive mesh distortion as a result of large 

deformations. In the validation of shaking table simulations, best erosion patterns were 

observed with the material model that has an implemented in-built algorithm (CSCM). It 

should be noted that no comparison should be made between the erosion values of 0.07 and 

1.09 as both values are ad hoc values and it was found that there is no correlation between 

them.  

Erosion in CSCM has a different mechanism to the K&C model. The formulation of CSCM 

model is developed based on fracture energy that represents strain softening. Fracture energy 

in such a model is mesh element dependent. On the other hand, erosion is also mesh size 

dependent. Therefore, if a very large erosion value is used in the CSCM simulation, a lot of 

deformation is allowed before an element fails. However, in K&C simulation, a large erosion 

value simply does not let erosion to occur.   

In calibrating of shaking table simulations, K&C might be still applicable and acceptable to 

be used in the validation process when for example capturing the displacement-time histories 

is of matter and not concrete crushing. However, this material model is not suitable for 

pounding simulations of buildings describe in Chapter 6 due to its inconsistency in capturing 

erosion. To confirm such findings even further, ability of both material models in resembling 

cracking and crushing of concrete is put into further examination using push-over analysis in 

Chapter 5.  
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Chapter 5 

 Push-over analysis on a two-storey 

building 

A monotonic push-over analysis is carried out on the same two-storey ECOLEADER building 

from Chapter 4 using the K&C model, and CSC Model. The purpose of this chapter is to 

examine the seismic performances of both material models in capturing crushing and ultimate 

failure of the concrete building to find out if both/or any one of the material models can be 

used for pounding simulation of buildings. The push-over analysis is carried out to find out if 

the erosion behaviour in the concrete building using the two concrete material models make 

sense when subject to earthquake loading, and if the concrete models can capture a sensible 

behaviour. This chapter gives an insight into the concrete models’ suitability to be used in the 

next chapter on pounding simulation of buildings.  

So far, a promising approach is made towards the buildings pounding simulation by extracting 

reliable data on the failure of specimens starting from direct HPB tests and transferring the 

findings onto the shaking table simulations. With this promising approach established to get 

the model ready for simulating pounding between two buildings, the question is: “are both 

material models capable of representing sensible failure mechanism, if not which one is?”. 

This chapter will answer this question.  
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5.1 Erosion in CSCM (MAT_159) and K&C (MAT_72R3) during push-over 

analysis 

It has been described previously that erosion is an artificial numerical trick to prevent mesh 

tangling in finite element analysis. However, it is an important part of concrete modelling 

when resembling damage such as crushing/spalling of concrete. The ability of the material 

models to represent damage sets them apart.  

In K&C (MAT_72R3) material model, there is no erosion feature included in the original form 

of the model which in impact simulations, in the absence of erosion, when concrete specimen 

was crushed, it expanded and behaved like a soft dough until mesh tangling happened and the 

analysis could-not converge to a solution. Even in the simulation of shaking tables, despite 

sensibly apprehending the peak displacement responses of the buildings, K&C (MAT_72R3) 

was technically unable to capture concrete spalling, until erosion was included in the 

simulation. The application of such a command apart from serving its main purpose which is 

to stop mesh tangling is also to resemble the real behaviour of concrete. 

On the other hand, the added erosion may dilute the accuracy of a material model by causing 

too many element failures or too few. The observed erosion patterns using variable values 

were not very much consistent for the models compared to the tests. Substantial element 

erosion occurred in the middle of the columns and in their bases for K&C model, which made 

the building instable and vulnerable to pre-mature failure. Erosion feature can-not be 

disregarded, and it is necessary to be included as part of pounding/impact simulations.  

CSCM has shown more capability in resembling concrete crushing in the previous chapters. 

Before moving onto the pounding simulation of actual buildings, to make sure the material 

model is resembling real concrete cracking and spalling behaviour, its performance is put onto 

a test once more by carrying out push-over analysis.   

5.1.1 Monotonic push-over analysis using incremental load 

Fully fixed boundary conditions were considered for the bases of the building. An increasing 

triangular lateral load starting from 0 to 1000 kN was applied onto one side of the building 

(2F at the top slab and 1F at the bottom slab) using *LOAD_NODE_SET as well as 

*BOUNDARY_PRESCRIBED_MOTION_SET and pushed the building until ultimate 

failure was achieved. As part of *LOAD_NODE_SET, two sets of tabulated curves were 

defined for the first floor and the second floor separately. Two simulations were carried out 

with CSC, and K&C models with the exact same parameters used in the validations of direct 
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HPB and the shaking table simulations provided in the previous chapters. Similar to the 

simulations in previous chapters, erosion parameters used for the CSCM and K&C in the push-

over analysis were also 1.09 and 0.07. The push-over analysis in this chapter confirmed the 

findings of the previous simulations, direct HPB and the shaking table simulations. In the 

previous chapters, particularly in the shaking table simulations, it was observed that K&C 

performed very brittle and was unable to capture the building’s deformations correctly as 

erosion occurred at the mid-height of the column which was not expected neither was 

representative of real concrete structural behaviour.  

5.1.2 Performance of K&C model in push-over analysis 

Building with K&C model was subjected to monotonic lateral loads. Figure 5.1 and Figure 

5.2 depict the stages that the concrete building was being pushed to one side i.e started to tilt 

until it was brought to a critical deformed condition. As soon as the analysis started, erosion 

occured in the bases followed by unnecessary elements deletion in the middle of the columns.  

 

 

Figure 5.1 Frame (a) is captured at about 4 seconds, and frame (b) at 5 seconds 
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The behaviour of K&C model reflected similar erosion behaviour seen in the shaking table 

simulations. Push-over analysis is another method to prove that K&C with the “added” extra 

erosion is not very much suitable to simulate pounding.  

5.1.3 Performance of CSC Model in push-over analysis 

The same simulation was carried out using CSCM. Frame behaviour was very reasonable and 

close to the behaviour observed in the shaking table experiment. Figure 5.3 (a) and (b) 

demonstrate that the elements in the bases and in the connections are strained. Compared to 

the K&C model, at about the same time that frame (b) using CSCM (~ 6.7 seconds) was 

experiencing mild plastic deformation in the joints, the K&C frame had already experienced 

concentration of plasticity at the middle of the columns followed by excessive removal of 

elements. Damage distribution in the building with CSCM was much more reasonable. Base 

shear force against top floor displacement curves for both concrete models have been plotted 

and compared against the result of Garcia et al. (2010) simulation in DRAIN-3DX software 

(Campbell et al., 1994) and is illustrated in Figure 5.7. It is shown that the building with K&C 

model failed much quicker than the CSC building.  

Figure 5.2 Failure of the building as a result of excessive element erosion in the columns; frame (c) at 

5.9 seconds and frame (d) at 6.22 seconds 
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Figure 5.3 Frame (a) starts to experience plastic deformations in the connections and in the 

column bases at about 5.9 seconds but no element erosion at this point; frame (b) shows 

element erosion in the bases of the column at about 6.7 seconds and gradualy element erosion 

is observed in frame (c) in the connections; Frame (d) showing building collapse at 7.9 

seconds, and frame (e) is captured at 8.1 seconds    

 

The behaviour of the frame with CSC model is considered realistic because as soon as the 

push-over analysis started, the bases of the columns started to erode where there was 

maximum bending occuring. Also erosion occurred from the side of the column that was being 

pushed and was in tension as shown in Figure 5.4. The is the behaviour that is expected to 

occur in real concrete building when subject to lateral load.  
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As the analysis progressed, erosion started to occur from the inner angle of the left connection 

and the opposite outer angle of the right connection where there was great bending moment 

occuring in both locations as depicted in Figure 5.5. This behaviour is reasonable and it is 

expected to occur in reality. Elements started to erode from the inside of the top left connection 

and the outside of the right connection of the second floor which is reasonable to occur in such 

a situation as shown in Figure 5.6.  

 

  

Figure 5.4 Erosion in the bases of the left and right columns 

Figure 5.5 Erosion occurring inside of the left connection and outside of the right connection 
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Push-over results obtained from Garcia et al. (2010) experiment on the ECOLEADER 

building has been compared against the performances of both material models using shear 

force against top floor displacement as illustrated in Figure 5.7. The model with K&C behaved 

brittle and failed much quicker than expected compared to Garcia et al. (2010) push-over 

analysis results, as well as the CSC model. The shear force-displacement presented by CSCM 

is the behaviour expected to obtain from the push-over analysis. There is a very good 

correlation between CSCM results and the results of the DRAIN-3DX analysis by Garcia et 

al. (2010). This is another confirmation that CSCM is much more suitable to be applied in the 

pounding simulations of buildings. 

 

Figure 5.6 Erosion occurred in the top floor connections 

Figure 5.7 Base shear force against top floor displacement for K&C and CSC models 
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5.2 Summary 

It has been demonstrated that erosion can overrule the capability of a concrete material model 

in simulating dynamic problems. In the shaking table simulation, by a large difference, K&C 

was unable to capture concrete spalling and crushing compared to the CSC model. Unusual 

erosion/excessive element removal was observed in the concrete, particularly, in the bases of 

the columns. Erosion pattern was not consitent and in some cases it caused the removal of too 

many elements. Therefore, its suitability had to be checked before including it in the pounding 

simulation of buildings.  

Monotonic push-over analysis was conducted to specifically observe if the concrete models 

were capable of modeling concrete crushing/spalling by means of element erosion and if it 

was behaving reasonable at all. Resembling a logical concrete failure by the material models 

is very important in the application of pounding simulation and in general in simulating any 

concrete structure.  

Erosion occurance in K&C model was excessive and unreasonable and led to pre-mature 

failure in the budiling with K&C model compared to the CSCM simulation. Performances of 

both material models were compared against Garcia et al. (2010) push-over analysis results 

that was conducted in DRAIN-3DX software (Campbell et al. 1994). It was established that 

CSCM demonstrated a reasonable concrete failure when subjected to lateral load. Therefore, 

due to the erosion uncertainties associated with K&C model and its unreasonbale 

performance, it is deemed unsuitable for carrying out pounding simulation of buildings in the 

Chapter 6 of this thesis, and it is no longer included in any further pounding analysis 

conducted. The numerical simulations carried out on the pounding of buildings in the next 

chapter are performed using only CSCM. 
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Chapter 6 

 

 

 FE pounding simulation of buildings 

In this chapter, the outcome of the conducted experiments as well as the numerical simulations 

validated against these experiments in the previous chapters are incorporated into a final 

pounding model of buildings against each other. Two pounding scenarios are studied, (1) 

pounding of two equal height buildings, and (2) pounding of a shorter building’s roof against 

the column of the same two-storey building (ECOLEADER) that was studied in Chapter 4.  

Contrasting the existing contact models which idealise buildings as lumped masses, a wide 

range of data with small details can be extracted from anywhere on the incorporated FE model 

such as force-time histories, displacement/velocity/acceleration histories, measurement of 

contact areas on the buildings, the location of the first and subsequent contacts/impacts, the 

time of the contacts and their durations, as well as concrete crushing/spalling, etc. Effectively 

there is the lack of experimental data available on the pounding of concrete buildings, neither 

there is a reliable existing contact model. The existing contact models whether implemented 

as a link/gap element in a software or performed analytically require contact parameters such 

as impact stiffness, coefficient of restitution, and damping ratio to be inputted onto the model. 

It has been described earlier that these are subjective values with no proper reliable existing 

formulas to calculate them for impact of flat surfaces. The performance of the existing contact 

models is greatly influenced by these parameters, they can be tuned for a specific problem to 

match an experimental test or so, however a lot of times fail to accurately model pounding 

(Khatiwada and Chouw, 2014).  
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The incorporated FE model is intended to simulate pounding with more accuracy and it 

proposes the outcome of the chosen pounding scenarios to be as illustrated in the following 

sections. It should be noted that the purpose of this chapter is not only to observe what happens 

to the buildings in these scenarios but also to show that the approach developed here allows 

better insights into the mechanisms of structural and material responses during pounding 

events.  

The two pounding scenarios including their geometries and reinforcement detailing studied 

are slab to slab pounding (see section 6.1.1) and mid-column pounding presented in section 

6.1.2. In these scenarios, two heavy and light one-storey buildings were placed next to each 

other and the pounding responses of them were investigated. In the second scenario, the same 

one-storey light building was placed against a two-storey building and their impact responses 

were studied. The buildings in the pounding scenarios were then compared to when they are 

not in a pounding state and it was observed whether pounding is beneficial to these structures 

or more detrimental. As part of the investigation, how the frames came into contact, concrete 

cracking, spalling and crushing, the magnitude of their contact forces, and their contact 

duration along with displacement, velocity, and acceleration responses were studied and are 

presented in the further sections.  

6.1 Pounding of buildings case studies 

Two building pounding scenarios have been studied; (1) pounding of the same one-storey 

building against another one-storey building of the same height, (2) mid-column pounding 

which is the pounding of a shorter building’s roof against the column of the two-storey 

concrete building under an earthquake at PGA level of 0.4g. 

6.1.1 Slab to slab pounding case  

In the slab to slab pounding case, a one-storey building was placed next to another building of 

the same height with a separation distance of 25 mm as shown in Figure 6.1. The height of 

both buildings was 3.8m to make their floors aligned and pound during seismic motion.  

The reinforcement detailing of both buildings were the same as illustrated in Figure 6.1. In 

order for the buildings to have out of phase responses, buildings were modelled with different 

masses. The total weight of the building (frame 1) is 15.2 tonnes which includes an additional 

mass of a steel plate which weighs 6.4 tonnes added to its floor. Half of the building was 

modelled making the frame 7.7 tonnes in total including the mass of the plates.  
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The second one-storey building had a mass of 21.4 tonnes including an additional mass of 6.2 

tonnes added to its floor. Half of its weight which is 10.7 tonnes in total including the weight 

of the steel plate is modelled in LS-DYNA. From this point onwards the lighter building (7.7 

tonnes) is referred to frame 1, and the heavier building (10.7 tonnes) is referred to frame 2. 

 

 

 

6.1.2 Mid-column pounding case 

The model of the two-storey concrete building with the exact same dimensions described in 

Chapter 4 was placed next to the lighter one-storey concrete frame (frame 1) with a separation 

distance of 25mm. The one-storey concrete frame consisted of one bay and had a symmetrical 

shape with square area of 4.26 × 4.26 m2 in plan with a storey height of 3.8m with a beam size 

of 0.26 × 0.50 m2. Reinforcement detailing of the building is illustrated in Figure 6.2.  

The model was constructed in 2D with 3D solid elements. The compressive strength of both 

buildings was  fc = 20 MPa with maximum aggregate size of 19mm and Young modulus Ec of 

25.545 GPa as well as steel reinforcement bars with yield and ultimate strengths of 551 MPa 

and 656 MPa. The total mass of the two-storey building was 20 tonnes including two 9 tonnes 

Figure 6.1 (a) geometry of two adjacent one-storey buildings with 25mm gap in between, (b) frame 

reinforcement constructed in LS-DYNA, (c) drawings of the reinforcement detailing (Garcia et al. 

2010) 
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of steel plates that was added to each floor (mentioned previously in Chapter 4) and the mass 

of the one-storey building was 7.7 tonnes (frame 1).  

 

 

 

 

6.2 Material models and boundary condition 

CSCM has been used to model concrete in both pounding cases studied. CSCM parameters 

were defined previously. Erosion value used in the pounding cases is 1.09.  

6.3 Fundamental periods of the buildings  

The fundamental periods of all three buildings for their first vibration modes were obtained 

by eigenvalue analysis in LS-DYNA and are given in Table 6.1.  

Building type Mass (Tonnes) Structural period (s) 

Weight of One-storey building (frame 1) in 

both pounding cases 

7.7 0.26 

Weight of one-storey building (frame 2) in slab 

to slab pounding case 

10.7 0.32 

Two-storey ECOLEADER building in mid-

column pounding case 

20 0.43 

 

Figure 6.2 General view of the mid-column pounding case with 25mm gap in between 

Table 6.1 Periods of buildings used in the pounding case studies 
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6.4 Slab to slab pounding results and discussion 

The effect of pounding on the same storey height buildings was investigated and the results 

showed that the pounding effect for the buildings with the same height is severely damaging 

for both heavy and the lighter building as described further in more detail. Contact/impact 

between the two buildings was investigated at the location where it is marked in red circle as 

shown in Figure 6.3. 

 

  

 

 

The movements of the frames were tracked through the indicated location. Data histories 

provided further correspond to the face of impact at the location marked in red circle. By 

looking at X-coordinates of both buildings during pounding, it was observed that a total of 4 

impacts occurred during 10 seconds of seismic motion between frame 1 and 2 as shown in 

Figure 6.4. Where two lines have crossed is an indication of impact between the slabs which 

is shown in black circles with pointing arrows. In Figure 6.4, the difference between the two 

lines on the X-axis is the initial gap between the frames which was 25 mm.  

It was observed that at times the slabs came very close and barely touched the other slab but 

did not cause any damage in the frames, however subsequent impacts were the reason that led 

to progression of plastic deformation in concrete further in the frames. Concrete spalling 

occurred in the bases of the columns as well as the point of contact and at the far end of the 

slabs. Reinforcement yielding also occurred close to the point of impact. Contact force-time 

histories obtained are provided in Figure 6.5. The duration of the impacts on average were 

about 20 milliseconds. 

Figure 6.3 Contact/impact at slab level where it is indicated in red circle 
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The first time the frames came together occurred at 5.08 seconds which was a soft impact 

where the two frames only touched. At 5.60 second, an impact occurred over a contact surface 

area of 650mm between the buildings which led to concrete cracking in the base of the column 

of the second frame. Impacts occurred at 6.8, 7.22 and 7.42 seconds resulted in developing 

more plastic deformations in the frames and the slabs of both frames experienced severe 

damage as shown in Figure 6.6. The largest contact force at that location had a magnitude of 

23 kN and occurred at 7.22 seconds as shown in Figure 6.5. 

A great advantage of the detailed FE modelling developed in this thesis compared to the 

existing pounding simulation methods is that number of impacts and their intensities anywhere 

on the model can be identified and there is no need to pre-locate gap contact elements and 

Figure 6.4 Multiple impacts between frames 1 and 2 shown on the X-coordinate-time history between 

the two frames 

 

Figure 6.5 Pounding force-time history of slab-to-slab impact 
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study the building behaviour only through those contact elements. These advantages over the 

existing pounding models provide researchers with greater insight onto modelling impact 

between different types of buildings in different scenarios. It also assists in investigating 

pounding mechanism and understanding the phenomena better including where concrete 

spalling/crushing and reinforcement yielding initiate in the buildings and how it propagates 

through the buildings and cause more damage elsewhere.   

  

6.4.1 No-pounding state of frame 1 and frame 2 

Each one of the frames 1 and 2 were subjected to earthquake individually in a no-pounding 

situation to observe where damage occurs when they shake alone and to find out if the 

pounding was detrimental to the frames or in fact the building benefited from pounding by 

restricting its movement. Frame 1 in no-pounding case experienced cracking in the bases and 

Figure 6.6 (a) Impact of buildings at 7.22 seconds, (b) progressive plastic deformation as a result of 

second impact at 7.42 seconds and the subsequent impact 
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upper parts of its columns as shown in Figure 6.7 at 7.22 seconds. The time at 7.22 seconds is 

the time where both frames experienced concrete crushing during pounding which was also 

shown in Figure 6.5 and Figure 6.6. Individual frames did not experience concrete crushing 

during the 10 seconds of earthquake. However, when the frames were put against each other 

to pound, none of them experienced concrete cracking that is shown in Figure 6.7 until the 

first impact at 5.60 seconds where minor cracked appeared in the right column of the heavier 

building (frame 2). Pounding of frame 1 against frame 2 restricted both of their movements 

and stopped concrete cracking for a few seconds, however after the second impact (6.8 

seconds), concrete spalling started to develop in the frames. Red mesh elements in Figure 6.7 

are indicators of plastic changes in concrete (cracking mainly). 

 

 

6.4.2 The effect of pounding on the displacement response of the buildings  

Displacement-time histories of both heavy and the lighter frames are illustrated in Figure 6.8 

and Figure 6.9. The peak displacement history of the heavier frame (frame 2) in the pounding 

case was 0.132 m. However, it is 0.140m for the no-pounding case indicating pounding 

restricted the movement of the frame 2 and benefited the frame by stopping the development 

of concrete cracking that occurred in the frame in the no-pounding case.  

 

Figure 6.7 (a) Frame 1 (lighter frame) concrete cracking in the columns at 7.22 seconds shown in red 

colour, (b) frame 2 (heavier frame) concrete cracking in the corners and the bases of the frame at 7.22 

seconds in a no-pounding case 
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On the other hand, for the lighter frame, pounding amplified the displacement response of the 

frame. Comparing the pounding case with the no-pounding case, the displacement response 

was increased by 0.044m (4.4cm).   

 

 

 

6.4.3 Impact velocity 

The impact velocities for the times of contacts between the frames are provided in Table 6.2 

(for a short period of time every time the frames came into contact, their velocities became 

very similar as they were stuck together moving in the same direction). The table shows that 

the impact velocities are small. In a no-pounding situation, the maximum velocity of the frame 

1 (lighter frame) is about 0.66 m/s and the frame 2 velocity is about 0.75 m/s. In the pounding 

case (not necessarily while the buildings came into contact as the impact velocities were 

Figure 6.8 Displacement-time response of frame 2 (heavy frame) with and without pounding 

Figure 6.9 Displacement-time response of frame 1 (lighter frame) with and without pounding 
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variant throughout the earthquake), the maximum velocity of frame 1 was about 0.93 m/s and 

frame 2 was 0.84 m/s which are still very low.  

Number of impacts Time of impact (s) Impact velocity (m/s) 

First impact 5.60 0.23 

Second impact 6.80 0.22 

Third impact 7.22 0.33 

Fourth impact 7.42 0.38 

 

6.4.4 The effect of pounding on the acceleration response of the buildings  

Longitudinal acceleration-time histories of frames 1 and 2 in pounding and no pounding 

conditions have been compared and illustrated in Figure 6.10 and Figure 6.11. Peak 

acceleration in the pounding case for frame 1 which is the lighter frame is 2440 m/s2 and frame 

2 is 2150 m/s2. Acceleration of frame 1 is significantly amplified as a result of pounding 

compared to the no-pounding situation. In a no-pounding state, the maximum acceleration is 

747 m/s2 as seen in Figure 6.10. 

 

In frame 2, the maximum acceleration is 337 m/s2 in a no-pounding state, however it goes up 

to 2150 m/s2 during pounding. From the comparison of frames’ responses, it is anticipated that 

Table 6.2 Impact velocities of pounding frames 

Figure 6.10 Comparison of acceleration-time histories of frame 1 in pounding and no pounding 

conditions 
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pounding has induced the acceleration response of the lighter building (frame 1) as shown in 

Figure 6.11. Figure 6.12 illustrates a comparison between accelerations of both buildings 

during pounding indicating frame 1 to be more influenced for a longer period of time by 

pounding. 

 

 

 

 

 

Figure 6.11 Comparison of acceleration-time histories of frame 2 in pounding and no pounding 

conditions 

Figure 6.12 Comparison of acceleration-time histories of frame 1 and 2 
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6.5 Mid-column pounding results and discussion 

The influence of pounding on two buildings with different heights was studied and the results 

demonstrated that pounding was catastrophic for the taller building. In this situation, the slab 

of the one-storey building (frame 1 from the slab to slab pounding case) collided against the 

column of the two-storey building (ECOLEADER building from Chapter 4) which is 

commonly referred to as mid-column pounding as shown in Figure 6.13.  

Impact occurs at 4.77 seconds, between the two-storey building’s second floor column and –

column-beam connection, and the beam-column connection of the one-storey building as 

shown in Figure 6.13. Contact area is measured as 1.3m between the buildings. In the case of 

slab-to-slab pounding, the contact area was smaller (0.65m) because the slabs were at the same 

height and were aligned. However, in mid-column pounding, more area on the adjacent parts 

of the buildings can come in to contact.  

 

   

Contrary to slab-to-slab pounding case where the impact duration between the two buildings 

was short because after the impact they quickly bounced back, in the mid-column pounding 

case, the buildings stay in contact for a longer period and continue to push each other. Mainly 

the one-storey building continued to push the two-storey building and caused crushing in the 

connections. The duration of the first contact that caused plastic deformation between the 

buildings was 1.28 seconds. It is observed that the more the buildings stay in contact the more 

plastic deformation develops locally within the contact area. However, in the slab-to-slab 

pounding, plastic deformation rather occurred elsewhere in the buildings particularly initially 

Figure 6.13 The first contact occurred at 4.46 seconds covering a large area between the connections of 

both buildings 
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in the bases of the columns. Failure in the mid-column pounding is more local whereas in the 

slab to slab pounding it was more global. 

A critical location on both buildings have been chosen to investigate pounding further and 

compare the behaviour with the no-pounding case as illustrated in Figure 6.14. Data presented 

further are obtained through this location.  

  

 

Frequent impacts occurred between the buildings at the location shown in red circle, some 

over 10 milliseconds and some as long as 880 milliseconds. The highest impact force 

magnitude obtained was 50 kN at 6.82 seconds with a time duration of 140 millisecond as 

shown in Figure 6.15. The intensity of the contact forces are as double greater compared to 

the slab to slab pounding case. Figure 6.16 illustrates concrete cracking and spalling and 

ultimately connection failure at 6.82 seconds when pounding force was at its maximum ~ 50 

kN. The strain rate for both buildings was within the range of 0.06-0.1 S-1. 

Figure 6.14 Contact between the buildings is investigated at the location marked in red circle at 4.29 

seconds 
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6.5.1 No-pounding condition of the buildings 

As mentioned before, the one-storey building in the mid-column pounding simulation is the 

same as frame 1 investigated in the slab to slab pounding case. One-storey building’s 

behaviour in no-pounding condition was described in section 6.4.1. As shown in Figure 6.17, 

frame 1 experienced cracking and plastic deformation when subjected to seismic motion 

Figure 6.15 Contact force-time histories of the two-storey and one-storey buildings during collision 

Figure 6.16 Beam-column connection failure of the two-storey building as a result of pounding force 

of 50 kN at 6.82 seconds  
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alone, however, pounding restricted the frame’s movement that led to minimising concrete 

cracking greatly, therefore pounding was favourable to the one-storey building.  

On the other hand, the two-storey building experienced concrete cracking/spalling in the 

connections as well as in the columns’ bases when it was shaking alone as depicted in Figure 

6.18. Pounding aggravated the response of the building and it led to connection failure and 

building instability indicating mid-column pounding to be very catasrophic for the taller 

building. 

 

 

 
Figure 6.17 One-storey building in no-pounding state 

Figure 6.18 Dynamic response of the two-storey building in no-pounding state 
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6.5.2 The influence of pounding on the displacement response of the buildings 

Displacement-time histories of the two-storey building obtained from the location of impact 

on the connection is depicted in Figure 6.19. As shown in the figure, the peak displacement of 

the building in a no-pounding position is 0.087m. However, pounding exacerbates the 

displacement response of the building and amplified it to 0.14m. 

The displacement response of the one-storey building (frame 1) in pounding compared to no-

pounding state is illustrated in Figure 6.20. Maximum displacement of the building is 0.099m 

in no pounding state, whereas during pounding it is 0.138m.  

 

 

Figure 6.19 Comparison of pounding with no-pounding displacement-time histories of the two-storey 

building  

Figure 6.20 Comparison of pounding with no-pounding displacement histories of the one-storey 

building 



CHAPTER 6.                           FE POUNDING SIMULATION OF BUILDINGS 

142 | P a g e  

 

Despite pounding amplifying the response of the one-storey building, it did not cause concrete 

crushing; albeit minor cracking was detected in the frame however it was not detrimental for 

the lighter building. This shows that the displacement response of the buildings is not always 

necessarly an indication of detrimental plastic deformations in the buildings.  

Comparing Figure 6.20 with Figure 6.9 demonstrates that the one storey building was 

displaced similarly during both pounding case scenarios. However, in the case of slab to slab 

pounding, frame experienced plastic changes including concrete cracking and some crushing 

particulary at the beam-column connection as depicted in Figure 6.21(a), but it did not undego 

any major cracking in the mid-column pounding event as shown in Figure 6.21(b).  

 

 

6.5.3 Pounding velocity 

Comparison of the impact velocity for both buildings is depicted in Figure 6.22. The maximum 

velocity of the two-storey building is 0.51 m/s during pounding and 1.11 m/s for the one-

storey building during earthquakes at PGA level of 0.4g.  

Figure 6.21 (a) one-storey building response to slab to slab pounding, compared to, (b) its response in 

mid-column pounding 
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The impact velocity of the one-storey building in the slab to slab pounding was 0.93 m/s which 

is not much different compared to the mid-column pounding.  

The velocity of the one-storey building under seismic motion in a no pounding condition is 

0.66 m/s while in pounding it increased by 41% as shown in Figure 6.23. The two-storey 

building before pounding had a velocity of 0.58 m/s, however velocity reduced to 0.48 m/s as 

a result of pounding as illustrated in Figure 6.24.  

 

 

Figure 6.22 Comparison of one-storey and two-storey buildings velocities during pounding 

Figure 6.23 One-storey pounding velocity versus no pounding  
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It is apparent that impact velocity range is quite low in the pounding of actual buildings under 

earthquake motion and one building impact velocity is not greatly influenced by the shape and 

type of the opposite colliding building. In pounding of buildings, impact velocity is not a 

representative of how much plastic deformation the building experiences; many factors are 

involved such as buildings masses, geometries, structural materials, etc. Building response is 

more dominated by the location of impact between two buildings. If it is impacted at a 

vulnerable or weak location, the consequences can be disastrous.  

6.5.4 Acceleration responses of the buildings in the presence and in the absence 

of pounding 

Longitudinal acceleration-time history of the one-storey building in pounding is compared 

against the response of the building in the absence of pounding. Acceleration of the one-storey 

building is 12700 m/s2 and during pounding it increased to 129000 m/s2 at the contact location 

as illustrated in Figure 6.25. In the slab to slab pounding, the acceleration of the one-storey 

building is 2440 m/s2 which is much smaller than the accelertaion of 129000 m/s2 which the 

building achieved in mid-column pounding event. 

 

 

 

Figure 6.24 Two-storey building velocity versus no pounding 
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The two-storey building acceleration in no pounding scenario was 541 m/s2 and during 

pounding it nearly doubled to 1100 m/s2 as shown in Figure 6.26. Whilst pounding increased 

the one-storey building’s acceleration by 10 times in mid-column pounding case, it only 

amplified its response by 3.3 times in the slab to slab pounding. Overall, comparing the 

acceleration-time history of the one-storey building at mid-column pounding against its 

response in the slab to slab pounding shows that the one-storey building’s acceleration is 

greatly amplified in both cases. It is also significantly more influenced by pounding compared 

to the two-storey building’s acceleration in mid-column pounding scenario as shown in Figure 

6.27. 

Figure 6.25 comparison of one-storey pounding against no pounding condition in mid-column pounding 

event 
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Figure 6.26 acceleration-time histories of the two-storey building in pounding against no pounding 

Figure 6.27 comparison of the acceleration-time responses of the one-storey and two-storey buildings 

in pounding 
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6.6 Summary  

A method was developed to simulate pounding between buildings using FEM in this thesis 

that combined experimental work with numerical simulations that were validated against the 

experiments. All findings were incorporated into a final FE model that is the outcome of the 

new approach taken to simulate pounding with more accuracy and to overcome the 

uncertainties associated with the existing pounding modelling methods and their choice of 

contact parameters. In this method the concrete material model used has proven satisfactory 

in resembling reasonable concrete behaviour in pounding simulation. The new approach is 

capable of resembling concrete spalling and crushing and it is a tool that can be used to 

investigate pounding between buildings with flat surface geometries.     

Contrary to lumped mass contact models, the FE model is very detail and can provide more 

insights onto pounding mechanisms. To demonstrate the capability of the incorporated FE 

model in producing small details to study pounding, two models, (1) slab to slab pounding, 

(2) mid-column pounding were studied. The main purpose was to show how the incorporated 

FE model simulates pounding. In these scenarios studied, the capability of the incorporated 

FE model to produce detail data is well demonstrated.  

The most prominent capability is the model independency to assume contact parameters in 

advance. The incorporated FE model provides a way to investigate the complex phenomenon 

of pounding despite the geometry of the colliding buildings as it can be applied to model any 

type of building.   

The incorporated FE model can assist in determining contact parameters such as contact 

stiffness and the coefficient of restitution that were the dominant reasons for diverse results 

obtained from the existing contact models. It can also potentially help in the development of 

new simplified contact models which could represent pounding between buildings without the 

need of using computationally expensive methods.   
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Chapter 7 

 Summary and conclusions 

7.1 Summary 

The principal aim of this work is to develop a methodology suitable for pounding simulation 

of buildings. The method has to simulate building pounding with more accuracy by 

overcoming the uncertainties associated with the existing contact models. 

Chapter 2 provided a review of the current research, as well as background information on 

available methods of structural pounding, uncertainties and disadvantages of the current 

methods available in building pounding. It reported conducted experimental works as well as 

the application of analytical and numerical methods in modelling pounding including the 

available material models used in several commercial software to model building materials. It 

has been shown that there is currently lack of an acceptable formula to determine contact 

parameters and the only formula to calculate contact stiffness (K) is derived by Hertz 

(Goldsmith, 1960) for impact of two spherical surfaces, or a spherical and a flat surface. This 

is the main reason for limiting the accuracy of the analytical models making them unsuitable 

for the application of modelling pounding. Hence, a new method is developed and verified 

with experiments for application in pounding simulation of buildings that no longer suffers 

the uncertainties and disadvantages of the current methods.  

After identifying a gap in the current literature, a methodology using the FEM is developed 

step by step to simulate impact between buildings starting from Chapter 3 by conducting a set 

of direct HPB experimental tests on the impacts of concrete to concrete, concrete to steel, and 

steel to steel specimens. The investigation started at basic material level and it progressed to 

a more complex situation at structural level. As part of chapter 3, numerical simulations 
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replicating the direct HPB tests were carried out in LS-DYNA and were validated against the 

experiments using two concrete material models of CSCM (MAT_159) and K&C 

(MAT_72R3). A wide range of velocities were considered in the direct HPB tests and its 

numerical simulations. The validated simulations at material level with variable impact 

velocities were then used in Chapter 4 to investigate shaking table simulations to study the 

dynamic response of a two-storey building in seismic motions. The FE shaking table 

simulations were validated against shaking table experiments conducted by Garcia et al. 

(2010) to observe the material models’ performances at structural level. At this stage, four sets 

of numerical simulations had been validated against the experiments: (1) direct HPB with 

CSCM, (2) direct HPB with K&C, (3) shaking table with CSCM, (4) shaking table with K&C. 

The competency of each material model was reviewed and their capabilities in resembling 

concrete cracking/crushing was examined. CSCM has an implemented erosion algorithm and 

K&C requires an external erosion command to replicate concrete failure. K&C erosion 

algorithm disadvantages its powerful capability as erosion occurred at unexpected locations 

or in an unpredicted patterns e.g in the centre axis of a column. As a last resort to find out if 

both/or either of the material models is capable of resembling concrete failure in pounding 

simulations, push-over analysis was carried out on the same two-storey building. Similarly, 

K&C either did not behave reasonable at this stage because of (1) excessive erosion occurred 

in the mid-height of the columns which was far from reality and unexpected, and (2) pre-

mature failure happened before the building reached its full capacity because of the excessive 

element erosion. Therefore, pounding simulations were carried out using the CSC model.  

All findings in the previous chapters were gathered and incorporated into a final FE model of 

pounding. Simulation of pounding was carried out between (1) two buildings of the same 

height (one storey, one bay), as well as pounding of a one-storey building against the two-

storey building validated in Chapters 4 and 5. The incorporated FE model has many 

advantages which the most notable one is that it no longer requires the assumption of contact 

parameters. The incorporated FE model developed in this thesis should be used to study the 

complex nature of building pounding, as well as impact between flat surfaces of buildings 

made of any geometry, as one of the limitations of the existing contact models is the lack of 

robust formula for impact of flat surfaces. The numerical simulation developed within this 

PhD has the potential to assist in determining contact parameters rather than assuming them. 

For example, it could be used as a source to calculate the contact stiffness and the coefficient 

of restitution. The contact parameters can then be used in the existing commercial software 

e.g OpenSees, Sap2000 that still use gap friction elements to model structural pounding, or it 

can be implemented in the existing analytical models to re-assess their performances or help 

in developing a new simplified contact model.  
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7.2 Conclusions 

To this date large number of studies were conducted on the analytical force-based contact 

models, starting from stereomechanics model to the application of gap friction elements in 

commercial software. Khatiwada and Chouw (2014) published a critical review of current 

literature in the field of pounding and stated that the results were enormously depending on 

the coefficient of restitution and attempts to identify suitable contact parameters such as 

contact stiffness; damping and the coefficient of restitution have resulted in conflicting 

outcome.  

The limitation of the existing models led to developing a method to model impact/pounding 

between buildings using FEM that employs a penalty-based method. The model no longer 

requires the assumption of contact parameters; however, the workability of such model lies 

within a choice of good material model for pounding simulation. To examine the performance 

of the chosen material model, understanding concrete behaviour at material level is very 

important in the pounding of buildings as local concrete crushing is very common in pounding 

events. Consequently, understanding the dynamic response of buildings at structural level is 

another important component of this investigation. As it is the dynamic response of the 

buildings that make them to have out of phase responses and collide.  

Ultimately, the combination of these two have led to the development of the incorporated FE 

model that can simulate building pounding with more accuracy/advantages over the existing 

methods. The following conclusions are drawn from this research: 

 Direct HPB tests was used to investigate the concrete behaviour for the validation of 

the concrete material model and the modelling approach, and it showed that the 

concrete material models are capable of resembling the behaviour seen in the tests 

including concrete damage 

 During direct HPB tests, perfect alignment between colliding specimens was 

impossible to achieve. The shape of the stress pulses was also influenced by the 

presence of aggregates in the surfaces of the specimens. 

 Stress is found to be higher in shorter specimens due to the plastic work being 

extended over the length of the shorter specimen resulting in a stiff impact which 

strained the specimen and drove the stress pulses up. Contrary to the shorter 

specimens’ impacts, for longer specimens the plastic work was mostly being extended 

over the front side of the specimen which resulted in slowing down the transfer of the 

energy waves through the specimen, therefore it took longer for the full event to be 

over. 
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 Mesh regularisation algorithm implemented in the concrete material models for the 

purpose of keeping internal energies constant and independent of mesh size is not 

fully working in concrete models. Fracture energies found to be mesh dependent and 

for CSCM, the analysis converged at a larger element that had sufficient area to 

dissipate energy. Mesh regularisation was found to be functioning better in K&C 

model particularly for mesh elements larger than 25.4mm. In the direct HPB 

simulation, mesh elements were smaller than 25.4mm (from 1mm to 10mm), even 

though the implemented regularisation is for mesh elements above 25.4mm, it is still 

found to be working better for K&C compared to the CSCM.  

   

 Both material models simulate crack through energy dissipation, therefore mesh 

element had to be large enough to accommodate fracture process zone (FPZ). 

Particularly the FPZ area is much larger in the shaking table simulations. Bazant and 

Oh (1983); Denarie et al. (2001); Dai et al. (2019) determined the optimum size of the 

fracture zone to be three times of the maximum aggregate size used in the concrete 

mixture. The model with such element size works well for the shaking table 

simulations. 

 

 Erosion is a numerical trick to prevent mesh tangling in the impacting specimens. It 

is represented by element deletion known as “erosion”. It is a very important part of 

concrete modelling as choosing an unsuitable value can cause instability in the 

simulation. The failure pattern produced by erosion in a simulation is best to be 

compared against experiments. CSCM with implemented erosion algorithm is much 

better in resembling real concrete crushing compared to K&C that uses an external 

erosion algorithm.     

 

 K&C is disadvantaged by the lack of erosion algorithm, therefore 

*MAT_ADD_EROSION is necessary to be used along with the material model to 

resemble concrete crushing. In higher impact velocity cases, concrete crushing is less 

challenging to replicate the failure seen in the experiments compared to the lower 

impact velocity cases or in the case of shaking table simulation.   

 

 The application of DIF was found unnecessary in the validation of direct HPB 

simulations due to inertial effect increasing the concrete strength. However, DIF was 
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found to be influential in the shaking table simulations particularly for earthquakes 

with higher PGA levels 

 

 In the shaking table simulation, CSCM performed much better than K&C model. The 

difference between the peak displacements for K&C and the experiments were about 

10-15%, and for CSCM was about 5-10%. The difference was due to pre-test cracking 

in the frame. Concrete shrunk when drying and that caused some initial cracking. The 

building was then moved onto the shaking table and were examined many times to 

get the seismic motion input right, and these caused small cracking in the frame. This 

is also the reason for the differences between structural periods obtained from the tests 

compared to the numerical simulations. 

 

  Erosion pattern in K&C was unreasonable overall. Values below 0.04 based on 

maximum principal strain caused excessive removal of elements that led to building 

failure. Values at 0.04 and above only captured minimal concrete spalling in the bases 

of the columns. K&C overall was unable to capture concrete failure properly even 

with the chosen erosion value of 0.07. On the other hand, CSCM was able to capture 

concrete cracking/crushing and spalling of concrete reasonably well when an erosion 

value of 1.09 based on maximum principal strain was used. 

 

 In the push-over analysis that was carried out to observe the capability of the material 

models in resembling the failure response of the two-storey building, it was perceived 

that CSCM is better suited to demonstrate the real concrete behaviour for simulation 

of pounding. Erosion in K&C was excessive and damage pattern was unreasonable 

and led to pre-mature failure of the columns in the building. The failure was expected 

to occur in the column then in the connections, however it rather occurred excessively 

in the middle of the columns particularly in the longitudinal direction.  

 

 Erosion must be used with care. Lack of erosion algorithm in the material model 

causes mesh tangling, on the other hand when used incorrectly it can cause 

unreasonable responses. If unreasonable value is used or its effect is not examined 

properly, it can cause instability and make the structure collapse.   
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 This FE model has laid a foundation for further research on pounding simulation by 

overcoming the limitations associated with the existing contact models. The explicit 

FE modelling method proposed here offers significant advantages over the other 

approaches since the contact can be modelled explicitly with penalty method rather 

than assuming contact element parameters or spring properties as unrealistic contact 

parameters are the main issue with obtaining diverse results from the existing lumped 

mass models.  

 

 It has been highlighted that there is the lack of experimental work on pounding of 

concrete buildings. The proposed FE method have to be compared against 

experimental work on pounding of concrete buildings. Once tests are carried out, the 

numerical simulation output can be compared against the experimental work and the 

reliability of this method can be determined. If it is reliable enough to produce realistic 

results, which is expected to be in the case of the incorporated FE model as in the 

process of developing the method all the numerical simulations were validated against 

the experiments and excellent correlation was achieved, the FE model can be used as 

a foundation model to study the complex behaviour of building pounding. As a result, 

there is no need to carry out further expensive experiments and the FE model can be 

used as a reference base model to assess the pounding behaviour of buildings made 

of different geometries. Researchers do not have to go through all the steps carried 

out in this thesis to investigate pounding and instead they can directly implement the 

method in their own model and investigate pounding in detail. The FE model can be 

either used as it is, or it can be a tool to define more reliable contact parameters such 

as coefficient of restitution (post impact velocity over initial impact velocity) and 

contact stiffness (from force-displacement curves obtained from the FE models) and 

be implemented onto the existing contact models for possibly further 

assessment/improvements of the existing pounding models.



CHAPTER 8.                               RECOMMENDATION FOR FUTURE WORK 

146 | P a g e  

 

 

7.3 Recommendation for future developments 

The method proposed in this PhD for simulation of pounding is a proper method that is based 

on experimental work as well as numerical simulations that have been validated against these 

tests. Therefore, it is expected that the incorporated FE model that is fundamentally based on 

real experiments provides results with better accuracy compared to the existing methods for 

simulating pounding between buildings. This PhD work has shown that FEM can be used for 

simulation of building pounding and the incorporated FE model is a tool that is available for 

researchers to study pounding simulation of buildings further. However, the areas that can be 

further explored are as follow: 

 In the current field of pounding/impact simulation, the lack of experimental work on 

pounding/impact of buildings is very much evident. Many concrete impact studies 

have been based on very high impact velocity penetration of missiles for defence 

purposes that involve a different mechanism. Experimental work is required on (1) 

concrete with low impact velocity, (2) pounding of concrete buildings even small-

scale experiment will be very beneficial. Experimental work particularly on pounding 

of concrete buildings will be very useful as the results of the FE simulations can be 

compared against the tests.  

 Contact parameters such as contact stiffness for a particular pounding case can be 

calculated from contact force-displacement curve obtained from the incorporated FE 

simulation and can be implemented onto gap friction elements in FE software such as 

OpenSees, Sap2000, etc. Comparison can be made between the results of the 

incorporated FE model with the outcome of the other commercial software. 

 Either experimental work or using the incorporated FE model in this PhD, contact 

between concrete and steel buildings can be studied. Impact of buildings with two 

different building materials is not explored in the current field of pounding. 

 The incorporated FE model in this PhD can be used to study impact of buildings with 

different geometries. If irregular buildings are of interest, 3D model of that building 

can be modelled, and torsional effects can also be taken into account.  

 Structure-soil interaction can be considered in LS-DYNA. The incorporated FE model 

of pounding can be used considering foundation/soil effect on pounding of buildings 
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during earthquake. It can further be compared against experimental tests in the field 

of soil-structure interaction.  

 Finally, the development of a validated FEA model which includes both impact and 

seismic vibration would offer insights into the mechanisms affecting structural 

response in pounding scenarios. This would potentially lead to the development of a 

new generation of fast-running simplified models which could capture the important 

mechanisms without the need for computationally expensive FEA models. To 

facilitate that development, while the modelling of concrete-to-concrete impact and 

seismic vibration have been separately validated here against high quality 

experimental data, there is a need for such supporting experimental studies of entire 

structural pounding events.   
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A. Validation of FE simulations against drop 

weight impact test on concrete beam 

 

To make the validation process of the FE model more complete, the behaviour of the concrete 

model (CSCM) has also been examined at element level through a set of drop weight impact 

tests on reinforced concrete series S1616 carried out by Fujikake et al. (2009) under four 

different impact velocities of 1.72, 2.425, 3.429, and 4.85 m/s. In these impact tests, a striker 

with a mass of 400 kg and a hemispherical tip of 180mm in diameter struck a simply supported 

concrete beam in the centre from different heights of 0.3, 0.6, 1.2, and 2.4m. Test set-up is 

shown in Figure. A.1. 

 

 

 

 

 

The concrete beam’s length, width, and depth dimensions were 1700 × 150 × 250 mm3 with 

concrete compressive strength of 42 MPa with a maximum aggregate size of 10mm. The 

concrete beam had four longitudinal bars of 16mm, two bars on top and two bars at the bottom, 

with a yield strength of 426 Mpa and was supported over a span of 1400mm as shown in 

Figure A. 2. Transversal bars were 10mm in diameter with interval of 75mm with a yield 

strength of 295 MPa. Concrete properties are illustrated in Table A. 1. The FE model of the 

drop-weight test is given in Figure A. 3. 

A. 1 Schematic drawing of drop weight impact test (Fujikake et al. 2009) 
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A. 2 Reinforcement detail of the concrete beam (Fujikake et al. 2009) 

 

A. 3 FE model of drop-weight impact in LS-DYNA 
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Table A. 1 CSCM long input for concrete strength of 42 MPa 

 

Section 1: Control parameters 

 

MID 159 

ρ 2340 

NPLOT 1 

INCRE 0 

IRATE 1 

ERODE 1.09 

RECOV 10 

IRETRC 1 

PreD 0 
(* Units are Newton, meter, kilogram, and seconds, and 

Pascal) 

 

 

 

 

Section 2: Stiffness parameters 

 

G0 Shear Modulus 1.282E+10 (Pascal) 

K0 Bulk Modulus 1.404E+10 (Pascal) 

 

 

 

 

Section 3: Shear surface hardening 

parameters 

 

NH 1 

CH 0 
 

Section 4: Yield surface parameters 

 

α 1.5700E+07 (Pascal) 

θ 0.3362 

λ 1.0510E+07 (Pascal) 

β 1.9290E-08 (Pascal-1 or 

1 m s2/kg) 

 

α1 0.7473 

ɵ1 7.8270E-10 (Pascal-1 or 

1 m s2/kg) 

λ1 0.1700 

β1 5.603E-08 (Pascal-1 or 

1 m s2/kg) 

α2 0.6600 

ɵ2 9.439E-10 (Pascal-1 or 

1 m s2/kg) 

λ2 0.1600 

β2 5.603E-08 (Pascal-1 or 

1 m s2/kg) 

 

 

Section 5: Cap parameters 

 

R 5.0 

X0 9.724E+07 (Pascal) 

W 0.05 

D1 2.5000E-10 (Pascal-1) 

D2                                   3.4920E-19 (Pascal-2 

or 1 m2 s4/kg2) 
 

Section 6: Damage parameters 

 

b 100 

d 0.1 

Gfc 7.1820E+03 

Pascal-meter 

Gft 7.1820E+01 

Pascal-meter 

Gfs 7.1820E+01 

Pascal-meter 

pwrc 5 

pwrt 1 

pmod 0 

 

 

 

 

 

Section 7: Rate effects parameters 

 

ղco 6.754E-04 

Nc 0.78 

ηto 2.713E-05 

Nt 0.480 

overc 2.805E+07 

(Pascal) 

overt 2.805E+07 

(Pascal) 

Srate 1.0 

repow 1.0 
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A.1  Mesh study 

The FE model of the concrete beam for test 1 has been meshed in variable element sizes of 4, 

6, 8, 10, and 12mm and the mid-span deflection- time histories have been compared and 

illustrated in Figure A. 4. Mesh size of 12 mm has been chosen to carry out the rest of the 

validation with.  

 

 

 

 

 

A.2   FE validation results against drop weight experimental tests 

Figure A. 5 to Figure A. 8 illustrate comparison between the experimental and FE simulations’ 

deflection and impact force- time histories for 4 different drop heights of 0.15, 0.3, 0.6, and 

1.2m under impact velocities of 1.72, 2.43, 3.43, 4.85 m/s. The results show that CSCM is 

capable of capturing the peak impact forces, the duration of the impact, and the post-peak 

vibration as well as the deflection of the concrete beam. Once the concrete beam has been 

impacted by the drop hammer, the mid-span deflection tends to increase with the concrete 

beam being moved downward and then gradually decreasing after reaching a peak value to 

form the main curve. After that, the mid span-deflection continue to decay and then increase 

again after attaining a minimum value forming a small curve as a result of the hammer 

rebound. This is the result of the concrete beam pushing back the drop weight slightly and 

then getting pushed back again by the weight until the deflection becomes horizontal. This is 

more pronounced in higher impact velocities as the higher the velocity the greater the degree 

of rebounds.  

 

 

A. 4 Mesh convergence analysis for the FE model 
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A. 5 Impact response of concrete under drop weight height of 0.15m 

A. 6 Impact response of concrete under drop weight height of 0.3m 

 A. 7 Impact response of concrete under drop weight height of 0.6m 

A. 8 Impact response of concrete under drop weight of 1.2m 

(a) 

(c) 

(d) 

(b) 
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Figure A. 9 depicts plastic deformation occurring in the concrete beam as a result of impact. 

Comparison of the numerical simulations with the experiments show that CSCM is capable of 

capturing the impact response of the concrete beams observed in the experiments.  

 

 

 

 

 

 

 

 

 

 

 

A.3  Summary  

A new validation was carried out to complement the methodology used within this thesis to 

step by step validate the FE numerical models at material level, element level to structural 

level. Within this validation, four FE models of a dropping hammer on a concrete beam was 

simulated and were validated against experimental test carried out by Fujikake et al. (2009) 

under different impact heights. Force-time and deflection-time histories obtained from the FE 

model show to be in good agreement with the experiments using CSCM. Within this validation 

process, it has been observed that the CSCM model is capable of resembling the impact 

responses of structures/elements including cracking, spalling, and crushing of concrete.  

A. 9 Impact response of concrete beam versus FE simulation of the impact response for all drop heights 


