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ABSTRACT 

Progressive collapse is a relatively rare event, as it requires both an abnormal loading to initiate the local damage and a 
structure that lacks adequate continuity, ductility and redundancy to resist the spread of damage. However, significant 
casualties can result when collapse occurs. Heavy impact loads due to tsunami against building can be one of the sce-
narios of progressive collapse during tsunami disaster. Since progressive collapse includes material and geometry 
nonlinearity during collapse propagation, in the present research capability of 2 models for the material nonlinearity in 
simulating actual behavior of structures during collapse is compared with recent experimental results of a Reinforced 
Concrete (RC) frame. The results demonstrate that a material nonlinearity model, that is based on the idealized compo-
nent load-deformation behavior, is not a proper representation for the real behavior of structures during progressive 
collapse and is so conservative. 
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1. Introduction 

While earthquakes and tsunamis are inevitable forces of 
nature, it is possible to be better prepared for them so that 
the damage to infrastructure can be minimized. To save 
lives, efficient tsunami-warning systems need to be put in 
place for the evacuation of people from coastal areas. 
The physical, economic and financial loss to the coastal 
community can also be reduced by having tsunami resis- 
tant designs for houses and other infrastructure in the 
region. 

The potential catastrophic effects of tsunami-induced 
loading on the infrastructure in the vicinity of shorelines 
have been brought to the fore by recent global events. 
However, state of-the-art building codes remain silent or 
provide conflicting guidance on designing near shoreline 
structures in tsunami-prone areas. This paper focuses on 
tsunami-induced impact loading and its effect on pro- 
gressive collapse of structures. The Asian tsunami of 26 
December 2004 showed the catastrophic devastation that 
could be caused by a tsunami to human lives, infrastruc- 
ture and economy [1,2]. The tsunami claimed more than 
220,000 lives and made almost 800,000 people homeless. 
The total economic cost of the catastrophe is estimated to 

be more than £7.5 billion.  
Heavy impact loads due to tsunami against building 

can be one of the scenarios of progressive collapse dur-
ing tsunami disaster. Progressive collapse as one of the 
important threats against the safety and stability of struc-
tures has attracted attention of researchers and structural 
designers in recent decades. Progressive collapse is de-
fined as the spread of an initial local failure from element 
to element eventually resulting in collapse of an entire 
structure or a disproportionately large part of it. The ini-
tial cause of the local failure can be man-made such as 
explosions or natural such as earthquake [3]. 

Progressive collapse is a relatively rare event, as it re-
quires both an abnormal loading to initiate the local da- 
mage and a structure that lacks adequate continuity, duc-
tility, and redundancy to resist the spread of damage [4]. 
However, significant casualties can result when collapse 
occurs.  

Up until then, standards had no emphasis on system- 
level behavior of structures. The British Standards re-
quired consideration of progressive collapse in buildings 
taller than five stories and provisions for structural ties. 
In the 1970s, the US Department of Housing and Urban 
Development’s Operation Breakthrough examined the 
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problem of progressive collapse in the US, focusing on 
concrete panel structures [5]. According to 1970s resear- 
ches Alternate Load Path Method (ALP) is recommended 
as a direct design method for analyzing progressive col-
lapse potential, in which the behavior of structures were 
assessed after removing one and/or some of primary 
members from building [6]. Starting in the 1980s, design 
standards in the US, such as the ACI code, began to im- 
plement structural integrity provisions [5]. Additionally, 
ASCE [7] implemented some provisions for general 
structural integrity. However, these standards did not in- 
clude specific provisions for resistance against progres- 
sive collapse [5].  

Most of the researchers have evaluated the progressive 
collapse in a partial-level rather than system-level either 
analytically or experimentally. However, due to the sys- 
tem-level behavior of collapse, the entire members of a 
structure deal with the stress transition and/or collapse. 
Therefore, this research particularly deals with the pro- 
gressive collapse of an RC frame as system-level col- 
lapse due to heavy impact loads of tsunami.  

The accuracy of any modeling effort to assess the risk 
of progressive collapse of a structure depends heavily on 
how well the material behavior is captured [5]. That is 
why this research is to investigate the reliability and ac- 
curacy of representative models in simulating material 
nonlinearity for progressive collapse of an RC frame. 
Frame model is based on a recent experimental research 
on system-level progressive collapse. The analytical re-
sults of material nonlinearity models in simulating col-
lapse of the RC frame are compared with the experimen-
tal results. In addition, capability of one of the common 
FE software (SAP NL) in modeling and verifying the 
experimental results is assessed. 

2. Tsunami Impact Loadings  

Understanding tsunami wave-loading on coastal houses 
is important to improve the design of coastal structures. 
There is a significant body of research work on the wave 
impact on vertical walls and therefore columns [8-13]. 
While these can give some guidance on the magnitude of 
tsunami wave loading on coastal houses, the three di-
mensional nature of house structures and the propagation 
of a tsunami wave around and through houses make 
wave impact very different to that on a vertical wall and 
columns. The Asian tsunami has shown the severe dam-
age that tsunami loading can inflict on various structures 
[14]. 

The first loading combination (initial impact) consid-
ers surge and debris impact forces as the main lateral 
load components. This represents the first impact of the 
tsunami bore. The second scenario (post impact) includes 
debris impact, hydrodynamic, and hydrostatic forces as 
the lateral loads. Note that the net hydrostatic forces 

typically provide an insignificant lateral load to the struc- 
ture as a whole. However, the hydrostatic force may be 
more important in the evaluation of loads on an individ-
ual element. In addition to the lateral loads, a buoyant 
force component is included in the post impact event. 
This force can cause stability problems, including a re-
duction in the sliding and overturning resistance of a 
structure. Furthermore, consideration should be given to 
the rapid rising water level within a structure that has 
been flooded. This phenomenon can result in significant 
uplift forces on flooring elements [15]. 

A Japanese design method for tsunami wave loading 
considers both the static and dynamic loads together [16]. 
The force per unit length of the wall is taken as an 
equivalent hydrostatic load with three times the inunda-
tion depth, H, for a tsunami wave with no break-up 
(Figure 1(a)).  

This leads to a resultant force equal to nine times the 
hydrostatic force of inundation depth H. In the case of 
wave break-up, an additional triangular pressure distribu-
tion to a height of 0.8 H with base pressure of 2.4 ρgH 
(where ρ is density of the water and g is the gravity con-
stant) is superimposed (Figure 1(b)). This leads to an 
equivalent force of around 11 times the hydrostatic force 
of inundation depth H. If the height of the building is less 
than 3 H, then the pressure distribution is truncated at the 
height of the building. 

The US Army’s coastal engineering research centre’s 
technical note also provides guidance on wave force on a 
shoreward vertical wall [17]. This guidance is based on 
the work of two researchers [18,19]. The tsunami wave 
force per unit length of the wall is given as a sum of hy-
drostatic force and dynamic force. It was shown that, for 
most cases, the tsunami wave force is 4.5 ρgH2. This is in 
line with the Japanese design method as it is nine times 
the hydrostatic force of inundation depth H. 

The US Federal Emergency Management Agency’s 
[20] coastal construction manual provides the total wave 

 

 

Figure 1. Tsunami wave pressure based on the Japanese 
design method. (a) An unbroken wave is equivalent 3 times 
of hydrostatic pressure; (b) About 11 times if the wave 
breaks. 
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load (hydrodynamic and hydrostatic) on a vertical wall 
(height ≥ 2.2 H) of a coastal residential building to be 
about 11 times the hydrostatic force with inundation 
depth H. 

Another way to consider the tsunami wave loading is 
to consider it as consisting of three components [21]: 

1) Hydrostatic, 
2) Hydrodynamic and, 
3) Impact loading. 
An important part of the hydrodynamic loading de-

pends on the drag coefficient CD, which varies between 
1.25 and 2 [22]. FEMA recommends a drag coefficient of 
1.25 for width-to-inundation-depth ratios of 1 to 12. If 
the wave is taken to be normal to the house wall, hydro-
dynamic loading per unit length of the wall can be shown 
to be five times that of the hydrostatic force. Impact 
loading can be shown to be a function of the impact co-
efficient Ct. 

It can be deduced from a research in Japan and New 
Zealand [23] that Ct depends on the angle of wave front 
at impact, and its value is typically between 1.7 and 3 as 
bore angles vary from 22.5˚ to 45˚. The impact force 
based on the above values of Ct can be shown to be 12 
times that of the hydrostatic force. In conclusion, the 
literature review suggests that the overall loading per unit 
width can be as high as 18 times the hydrostatic force. 
However, this is an upper limit and the actual value may 
be lower. More research is needed to understand the im-
pact loading on houses as the past research has concen-
trated on vertical walls without openings such as doors or 
windows. 

3. Analytical Models  

In the present research it is assumed that due to the im-
pact loads of tsunami one column of an RC frame col-
lapses, then the stability of the frames needs to be evalu-
ated. A four-bay and 3-story RC frame structure was 
selected as a analytical model for considering the phe-
nomenon of impact loads of tsunami disaster. To verify 
the results and reliability of the research, the specifica-
tions of the frame was based on an experimental model 
from the research of Yi et al. [24]. Experimental model 
of Yi is one of rare and the most recent experimental 
researches in assessment of system-level progressive 
collapse therefore verification of analysis can be con-
firmed in comparative method. 

The experimental model is a four-bay and eight-story 
RC frame structure which was designed in accordance 
with the concrete design code of China. A third-scale 
model of the lower three stories of the original frame was 
constructed for the collapse experiment. 

In the analytical model (Figure 2), the frame is in 
equilibrium position with applied forces. In Push-down 
analysis method of this research, the reaction of middle  

F 

F: Simulated gravity load from upper stories 
N: Resisting force of failing column 

N 

 

Figure 2. Loading configuration of analytical model. 
 
column was applied in opposite direction of force N sta- 
tically in displacement-controlled manner to simulate the 
column removal statically. This approach of member re- 
moving for simulating progressive collapse is suggested 
in literatures [26,27]. 

According to the experimental results, at a displace-
ment of 456 mm or a beam end distortion angle of 10.3 
degrees, the steel bars near the end of the first floor beam 
adjacent to the middle column ruptured. In the experi-
mental analysis, failure resulting from progressive col-
lapse of the RC frame was ultimately controlled by the 
rupture of the reinforcing steel bars in the floor beams 
[24]. Clearly, this is different from the normal limit state 
for beam bending, which is controlled either by crushing 
of concrete in compression or shear failure, i.e. for a bet-
ter understanding of the progressive collapse behavior, 
experimental results of Yi [24] and the analytical results 
of this research are not continued beyond the concrete 
crush. 

Progressive collapse consists of both material and geo- 
metrical nonlinearity [28]. In order to simulate the mate-
rial nonlinearity during collapse, two methods were used. 
The results were compared with the experimental results, 
and the advantages and disadvantages of both models 
were discussed. The models are: 

1) Assigning plastic hinge for members based on the 
Idealized Component Load-Deformation curve of FEMA 
356 [25]. This method is suggested as one of the com-
mon methods in DoD [6]. Moment-curvature (M3-) 
curve was assigned for plastic hinge of beams and axial- 
moment interaction (P-M) for columns (Figure 3). 

2) Assigning Fiber Element Hinges in accordance with 
designing details of member sections and stress-strain 
relationship of materials. According to Figure 4, in this  
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Figure 3. Idealized component of load-deformation rela-
tionship [25]. 
 

 +

 

Figure 4. Fiber element hinge method. 
 
method an RC section of a member was modeled as 
number of fiber elements. Each fiber follows stress-strain 
relation of its own material to the rupture point. After this 
stage, its capacity suddenly dropped to zero. This method 
continued until one of the tensile bars ruptured according 
to the experimental results. In this approach, the length of 
plastic hinges is assigned equal to the depth of members. 
The most prominent capability of this method is the con-
sideration of axial-moment interaction for all members. 

Theoretically, hinges can occur anywhere along the 
members. However, hinges are allowed to occur at the 
ends of each member. This simplifies the model by plac-
ing hinges in the most probable locations [6]. 

Regarding large displacements occur during progres-
sive collapse, equilibrium equations for each step of 
analysis should be written for deformed configuration of 
structure. Thus, large displacements were considered by 
option of (P-Δ) plus large displacement in software. For 
this, members were divided in small lengths to consider 
the fundamental of small strains along a member. In this 
research, members were divided into maximum length of 
10 cm.  

Tables 1 and 2 summarize the details of the prototype 
and the model frame configuration. 

4. Results and Discussion  

Some of the most important experimental and analytical 
results were compared. Four effective criteria were as-
sumed for the comparison purpose: 

1) Horizontal displacement of frame column, 
2) Reinforcing bar strain response at beam ends on 

first floor, 
3) Rupture of reinforcing bar in beam, 
4) Stages of the collapse. 

4.1. Horizontal Displacement of Frame Column 

The relationship between the horizontal displacement of 
the first-floor frame column, as a representative for other 
columns, and unloading displacement of the middle col- 
umn are shown in Figure 5 for experimental results of Yi 
[24] and analytical models of this research. 

In accordance with Figure 5, which is scaled in mm, it 
can be inferred that model based on FEH has almost an 
acceptable compatibility with experimental results. Re-
sults showed 80% verification for FEH. On the other 
hand, model based on FEMA 356 demonstrated consid-
erable differences with respect to the experimental data. 
In fact, obtained horizontal displacements for FEMA 356 
plastic hinges are at least twice the experimental results. 
Moreover, the compatibility of the shape of curves with 
experimental data should be considered carefully. 

As shown in the curve of experimental results, in small 
vertical unloading displacements (5 - 150 mm) the adja- 
cent columns of the removed (middle) column moved 
 
Table 1. Basic configuration of prototype and model frame 
[24]. 

Items Prototype frame Model frame 

First floor 4700 mm 1567 mm 
Floor height 

Other floors 3300 mm 1100 mm 

Bay span 8000 mm 2667 mm 

Depth 600 mm 200 mm Beam size 
 Width 300 mm 100 mm 

Depth 600 mm 200 mm 
Column size 

Width 600 mm 200 mm 

Axial force on top 
of third floor middle column

981 kN 109 kN 

 
Table 2. Beam and column reinforcement [24]. 

Longitudinal reinforcement 

Beam, mm 
Column, mm 

Top bars Bottom bars 

4 Ø12 2 Ø12 2 Ø12 

Lateral reinforcement 

Column, mm Beam, mm 

Diameter Space Diameter Space 

6 mm 150 mm 6 mm 150 mm 
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away from each other. At the unloading displacement of 
150 mm, due to the formation of catenary action, col-
umns moved toward the middle column. This important 
behavior, which is the specific behavior of progressive 
collapse resulting from the large displacements, was ob-
vious in the curve of FEH. Thus, the model of FEH had 
an acceptable compatibility with experimental and actual 
behavior of the structures during collapse. In contrast, 
not only was not FEMA 356 hinge model for material 
nonlinearity able to capture the onset of behaviors such 
as catenary action, and negative horizontal displacements 
at the beginning of the analysis, but also, demonstrated 
large data for horizontal displacements. 

4.2. Reinforcing Bar Strain Response at Beam 
Ends on First Floor 

Figure 6 shows the relationship between the reinforcing 
bar strains at the beam ends and the displacement of the 
middle column for experimental and FEH model. Model 
of based on FEMA 356 lacked such capability, since its 
nonlinear behavior is idealized by Figure 3. As illus-
trated in Figure 6, compatibility of 100% for FEH model 
in tensile bar (1-1) with the experimental results is clear 
for the range of 0 - 25 mm. According the experimental 
results, tensile reinforcing bar (1-1) yields in 25 mm  
 

 

Figure 5. Effect of downward displacement of middle col-
umn on horizontal displacement of columns at first floor 
level for experimental and analytical models. 
 

 

Figure 6. Reinforcing bar strain response at beam ends on 
first floor for experimental data of Yi [24] and analytical 
model of the same frame with FEH. 

[24]. This fact is obvious in FEH model by sudden in-
crease of strain. However, the experimental results do not 
obey this fact and there is no mentioned reason for a 
constant strain in the range of 25 - 50 mm for tensile bar 
by the Yi [24]. 

The comparison results of compressive bar (1-2) de- 
monstrated 100% compatibility between analytical and 
experimental results until the unloading displacement of 
150 mm. The catenary action causes compressive strain 
to convert to tensile strain. This phenomenon is apparent 
for FEH in Figure 6. In fact, FEH model is correctly 
following the same process as the experimental results 
do.  

The observed differences between the experimental 
and analytical results are unavoidable, since the simpli-
fied assumptions such as isotropic material, and stress- 
strain idealizations are common in modeling. 

4.3. Rupture of Reinforcing Bar in Beam 

The step by step relationship of tensile-bar strain and 
unloading displacement of first floor beam adjacent to 
the middle column was plotted in Figure 7 for the FEH 
model. The picture of bar rupture at the end of experi-
mental analysis is shown as well. 

The results of FEH model showed the rupture at the 
unloading displacement of 450.2 mm for the tensile bar 
at the end of analysis. The comparison demonstrated the 
compatible results of rupture for analytical model with 
experimental results (the rupture strain of 0.12 for rein-
forcing bar) at the corresponding unloading displacement. 
Same as the Figure 6, there is no measurable data for 
strain of model based on the FEMA 356. 

According to the experimental results, there are some 
important stages during progressive collapse. Some of 
them such as catenary action, formation of tensile forces 
in beams, and interaction of axial forces with bending 

 

 

Figure 7. Rupture of reinforcing bar in beam for the ana-
lytical results of FEH model. 
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moment in beams are special characteristics of progres-
sive collapse. The final stage of model frame based on 
the FEMA 356 hinges, which is shown in Figure 8, 
reached as the bending capability of the concentrated 
plastic hinges dropped to Zero. Red spots illustrate the 
final capacity of plastic hinges formed in beams. After 
this point any additional displacement made the entire 
model unstable and analysis process stopped without de- 
picting the formation of catenary action, i.e., this method 
showed an untimely collapse for the frame that did not 
satisfy the research objectives simulating actual stages of 
collapse.  

The other capability of FEH, as discussed before, is 
the consideration of axial-moment interaction for all 
members. This method is a proper method specially for 
beams during Catenary action. Catenary action is consi- 
dered as the resistant action of beams to avoid large dis-
placements. During catenary action, tensile forces form 
in beams according to the experimental results [3,24]. 
Figure 9 provides a schematic formation of tensile forces 
during catenary action. Analytical results of FEH model, 
which is plotted in Figure 10, proved the formation of 
tensile force in beams with the onset of catenary action in 
the unloading displacement of 140 mm as well. 

So, the presence of tensile forces in beams caused an 
unavoidable interaction between the bending-moment 
stress and tensile-force stress which affected the RC sec-
tion of beams. This is obvious in Figure 6, by conversion 
of compressive strain to the tensile strain. However, 
model based on the FEMA 356 hinges did not have the 
capability of considering such interaction in beam ele-
ments to provide more accurate consequences. FEH 
model considered such interaction not only for the col- 

 

 

Figure 8. Final stage of analytical model based on the FE- 
MA356 hinges (Plastic mechanism) [24]. 

 

Δ > h/2

 

Figure 9. Formation of tensile forces in beams due to cate-
nary action. 
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Figure 10. Formation of tensile forces in the first floor beam, 
removed-column span, by the increase of unloading dis-
placement of FEH model. 
 
umns but also, for the beams encountering catenary ac-
tion. 

5. Conclusion  

Heavy impact loads due to tsunami against building can 
be one of the scenarios of progressive collapse during 
tsunami disaster. Since progressive collapse includes ma- 
terial and geometry nonlinearity during collapse propa-
gation. This research investigated the proper model for 
material nonlinearity of members during progressive 
collapse due to the impact loads of tsunami disaster. This 
claim was investigated in this paper. For this purpose, 
one of the recent experimental results on system-level 
progressive collapse of an RC frame was used as a ref-
erence and verification of analytical data. The results of 
two analytical models were compared with the experi-
mental results. One of them was common and simplified 
Idealized Component Load-Deformation curve based on 
the FEMA 356, and the other was FEH method. Material 
nonlinearity models, which were able to demonstrate the 
specifics of progressive collapse such as catenary action, 
axial-moment (P-M) interaction of beams during cate-
nary action, and reflecting the stages of progressive col-
lapse, considered as proper model for progressive col-
lapse analysis. Regarding the experimental data the rup-
ture of the reinforcing steel bars in the floor beams ulti-
mately controlled the analytical results. Comparison curves 
demonstrated the predominating capability of FEH me- 
thod in verifying the experimental results. In addition, 
FEH method was able to consider the P-M interaction in 
beam elements due to the catenary action and tensile 
forces in beams. In contrast, FEMA 356 hinges were so 
conservative in comparison with the experimental data, 
and were not able to provide some comparable results 
such as strain response details. Moreover, this method 
caused a precocious collapse that cannot simulate the 
resistant capabilities of structure during catenary action. 
Indeed, FEMA 356 method for material nonlinearity can 
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offer a preliminary evaluation for a structure but the re-
sults are not so reliable for research or practical purposes. 
However, FEH method was neither sophisticated for re-
search and/or practical purposes, nor unreliable. This 
method can be used as one of the proper equivalents for 
material nonlinearities especially for progressive collapse 
analysis. 
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