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ABSTRACT 
 

With the continued development of nuclear power plants, more and more super-large cooling 
towers are to be built in China and around the world. However, the collapse of super-large cooling towers 
may damage the nearby structures and nuclear facilities, and the ground vibration due to the collapse of 
the cooling towers may threaten the safe operation of the relevant nuclear facilities. Local failure of the 
pile foundation is one of the reasons which can cause the collapse of a cooling tower, but it has not come 
to people’s attention. The emphasis in present paper was given to the collapse behavior, the collapse 
modes and mechanism of super-large cooling towers due to local failure of pile foundations. Firstly, a 3D 
finite element model for a super-large cooling tower was developed and nonlinear material models were 
incorporated. Secondly, the simulation methods were verified by comparing the collapse mode of a 
cooling tower demolished by controlled explosion with the collapse mode of corresponding collapse 
process yielded from the numerical simulation. Finally, the different local failure regions of pile 
foundation were simulated and the collapse modes and mechanisms were discussed. It was found that the 
local failure which only covers one column can change the stress stage of the ring footing, but cannot 
induce the collapse of the cooling tower. Nevertheless, if the local failure covers more than 3 columns, it 
will lead to the collapse of the cooling tower. The collapse modes in different cases are almost the same, 
but the durations of collapse processes are different. 

 
INTRODUCTION 
 

As a part of nuclear power plants, cooling towers play a significant role for the availability of 
reliable energy supplies, in a manner compatible with environmental requirements. They definitely belong 
to the largest and thinnest concrete structures at present. Along with the increase in the height of cooling 
towers, the safety of the super-large cooling towers is more concerned. Pile foundation is commonly used 
for a super-large cooling tower. Its quality directly affects the safety of cooling tower structures. Local 
failure of the pile foundation can change the stress state of the tower body, even lead to collapse of the 
cooling tower. Once these super-large cooling towers collapse, the safety of buildings and structures, 
especially, the relevant nuclear facilities around the cooling towers will be threatened. 

Studies on the collapse of the cooling towers can be traced to the research and investigation of the 
collapse of three natural draft cooling towers at the Ferry bridge power station in 1965. This accident 
spurred research into the wind dynamic responses and the theory of analysis about the cooling towers. 
Niemann (1979), Bender et al. (1996) and Zhao et al. (2010) analyzed static and dynamic effects of wind 
on cooling towers by theoretical derivation and the wind tunnel experiments. The ultimate strength of 
cooling towers subjected to wind load was investigated by Hara et al. (1994) and Noh (2005). Krätzig and 
Zhuang (1992) numerically simulated the collapse behavior of cooling towers induced by wind. They all 
considered the geometrical and material nonlinearities and investigated the influence of concrete tensile 
cracks on the structural behavior. However, the collapse modes and collapse processes of the cooling 
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towers were not be obtained because they used the yielding of reinforcement as the criterion to judge 
whether the ultimate load had been reached or not. On the other hand, it is vital to understand the 
responses of the cooling towers under earthquake excitations in the earthquake-prone areas. Wolf (1986) 
and Sabouri-Ghomi et al. (1996) analyzed the responses of a cooling tower under seismic forces by the 
linear and nonlinear analysis respectively, the results showed that the columns supporting a cooling tower 
were profound because the columns were heavily loaded elements that do not possess high ductility. The 
cooling tower would be rendered unstable state and would collapse under the earthquake actions. 
Nevertheless, study on the other cases, such as the collapse of the cooling tower due to pile foundation 
failure, are few in the open literature.  

For some reasons, local failures of pile foundation may occur and this may induce the collapse 
and/or severe damage of pile-supported structures. The failures are often accompanied by settlement and 
tilting of the superstructure, rendering it either useless or very expensive to rehabilitate. As an example, 
Fig.1 shows the collapse of a building supported on 38 piles due to the local failure of pile foundation 
after earthquake and the damage pattern of the pile (Adhikari and Bhattacharya, 2008). 

 

  
(a ) Failure pattern of a pile-supported building  (b) Damage pattern of the piles supporting the building 

Fig. 1. The collapse of a building supported on 38 piles in the Higashinada-Ku area of Kobe city 
(Adhikari and Bhattacharya, 2008) 

 
The cooling tower consists of shell structure, ring beam, columns, ring footing and pile foundation, 

as shown in Fig.2. The pile foundation is routinely used to support the cooling tower. No matter what 
causes the local failure of the pile foundation, once the local failure beyond a certain range, it can change 
the stress state of the tower body, even lead to collapse of the cooling tower.  

However, it is not exactly clear that how large the local failure region of the pile foundation for a 
cooling tower can lead to the collapse of the cooling tower. Meanwhile, the collapse modes and collapse 
mechanic behavior of the cooling towers caused by local failure of the pile foundation are not fully 
understood. So it is very significant to study the collapse modes and the collapse mechanisms of a super-
large cooling tower caused by local failure of the pile foundation. The results can be used to accurately 
predict the ground vibration due to collapse of the cooling tower and to evaluate the safe operation of 
nuclear-related facilities adjacent to the cooling towers. 
 
DESCRIPTION OF THE STUDIED CASES 

 
The total height of the cooling tower analyzed in this study was 215 m, its bottom diameter was 

170 m, and the top opening was 103 m. The thickness of shell structure of the cooling tower changed 
gradually from 1.8 m ( at the bottom of the shell structure ) to 0.27m ( at the throat ), and the shell 
structure was support by 46 columns, which were 19.5 m high. The section dimensions of the ring footing 
were 7.8 m (width) by 2.5 m (height). Each column was support by four piles. The concrete compressive 
strength was designed to be 29.6 MPa, and the yield strength of reinforcement was 400 MPa. 
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The coordinate origin of the finite model was located at bottom plane. Z of the coordinate axis 
paralleled the central axis and its positive direction was upward. Fig. 3 shows the half model which used 
the X-Z plane as the symmetric plane and the location of key points for the structure. These key nodes can 
represent the movement behavior of the cooling tower in the process of collapse. 
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Fig. 2. The structure of a cooling tower Fig. 3. Location of key nodes for structural modeling 

 
Three cases were investigated in this paper. Their differences were the local failure regions of pile 

foundation. The local failure regions of case 1, 2 and 3 were limited in the zone of pile foundation near 
the key point A where there were 1, 3and 5 columns respectively (Fig. 4). 
 

   
（a） （b） （c） 

Fig. 4. The local failure regions of pile foundation (Bird view) 
 
FINITE ELEMENT MODEL 
 

A three-dimensional finite element model was constructed using LS-DYNA software, as shown in 
in Fig. 5. In this model, the shell structure of the tower was modeled by 4-node shell element with both 
bending and membrane capabilities. By changing the values of the shell thickness at each of the 4 nodes, 
the continuously variable shell structure could be reasonably simulated. Since a large number of 
reinforcement bars were used in the shell structure, the concrete and reinforcement bars were modeled 
using an integral model. Every shell element was divided into 15 layers along the direction of thickness. 
Each layer could be assigned with certain materials separately (e.g., concrete, meridional reinforcement or 
circumferential reinforcement). The thickness and location of each layer were determined according to the 
design drawings of the cooling tower (Fig. 6). The concrete and reinforcement bars of columns and ring 
footing were modeled separately, as shown in Fig. 7 and Fig. 8. The concrete was modeled by hexahedral 
elements, and the reinforcement bars were modeled by beam elements. The elements of the concrete and 
reinforcement bars had common nodes at the interface between the concrete and the steel bars, and the 
slip between the two materials was ignored. 

Due to the focus of this paper is the damage and collapse mode of the cooling tower, so, to reduce 
the number of elements, the models of pile foundation and soil body were not built. By constraining the 
nodal degrees of freedom (DOF) of nodes which were located in the bottom surface of the ring footing, 
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the effect of pile foundation in un-failed area of the ring footing was simulated. The local failure of the 
pile foundation was simulated by releasing the DOF of nodes which were located in corresponding failure 
area. 

 

  
Fig. 5. The finite element model for the cooling 

tower 
Fig. 6. Element of multilayer, multidirectional shell 

continuum in its actual state 

  
Fig. 7. Hexahedral elements for concrete in the 

columns and the ring plate foundation  
 Fig. 8. Beam elements for reinforcement bars in the 

columns and the ring plate foundation 
 

In the columns, the material model of the concrete was developed based on the Karagozian & 
Case (K&C) concrete model (Malvar, L. J., 1997), which could be used for the complex behavior of 
concrete subjected to large strains and high pressures. 

The K&C concrete model decouples the volumetric and deviatoric responses. The model also uses 
an Equation of State (EOS). The Equation of State prescribes a user-defined set of pressures, unloading 
bulk moduli, and volumetric strains. Once the pressure has been determined from the EOS, a movable 
surface, or failure surface, will limit the second invariant of the deviatoric stress tensor (i.e. σ ). In 
addition, the model is strain rate dependent, which is extremely important for accurately simulating the 
case of the high strain rates. 

The model uses a simple function to characterize three-invariant failure surfaces that define the 
yield, maximum, and residual strength of the material. Three parameters 0ia , 1ia and 2ia  (9 parameters 
total for the three surfaces) define each of the failure surface: 

 

 0
1 2

( )i i
i i

pF p a
a a p

= +
+ ⋅

 (1) 

 
Where, p  is the pressure (i.e., mean normal stress) and iF  is the thi  of three failure surfaces. For 
hardening, the plasticity surface used in the model is interpolated between the yield and maximum 
surfaces based on the value of the damage parameter, λ . For softening, a similar interpolation is 
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performed between the maximum and residual surfaces. The damage parameter λ  is defined using the 
following relationships: 
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Where 1b  and 2b  are the user-defined parameters, which change the rate at which damage occurs, and the 

fr  value is a dynamic increase factor that accounts for strain rate effects. The effective plastic strain 
increment is given by: 
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 (4) 

 
The material model of steel bars in the columns was the plastic kinematic model. It is suited to 

model kinematic hardening plasticity with rate effects.  
In the shell elements, the aforementioned material models could not be used, due to the limitation 

of the LS-DYNA code. Another material model, named CONCRETE-EC2 (Hallquist, 2012), was selected. 
This model is a multipurpose model, it can represent plain concrete only, reinforcing steel only, or a 
smeared combination of concrete and reinforcement. The model includes concrete cracking in tension, 
crushing in compression, and reinforcement yielding, hardening and failure, which are widely used in 
shell elements. In the model, the parameters and equations of the concrete and reinforcement bars in the 
shell structure of the tower that govern the behavior of materials were determined according to Euro-code 
2. 

To simulate the contact and collision action during the collapse process of the tower, a contact 
model, CONTACT_AUTOMATIC_SINGLE_SURFACE, was incorporated into the calculation. The 
interface could be searched, and the contact could be judged automatically with this model, which was 
very important in addressing the complex situation. 

Since LS-DYNA is a dynamic finite element analysis software, the modeled structure could 
continuously vibrate for a long time when the gravity load was directly applied in the calculation. To 
solve this problem, the simulation process was divided into two stages. First, the gravity load and a larger 
damping were imposed on the cooling tower, and the calculation was terminated after the cooling tower 
reached equilibrium. In the second stage, the large damping was removed, and full restart analysis 
technology was used. The stress state of the cooling tower under the gravity load at the end of the first 
stage was utilized, and the DOFs of nodes which were in the local failure area of the pile foundation were 
released, then the rest of the calculation was continued. 

  
VERIFICATION OF NUMERICAL MODEL 

 
In order to validate the numerical methods, the collapse modes were compared between a cooling 

tower demolished through a controlled explosion and the simulation results of corresponding collapse 
process. 

The finite element model of the object cooling tower was constructed according to the prototype, 
and the blasting scheme was implemented. The numerical modeling method was as same as the foregoing 
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one in present paper. It was found that, in the process of falling, the shell structure buckled and some 
cracks appeared in the mid-lower part of the shell structure along the hoop. Due to the tension, the top 
part of the cooling tower deformed into an oval. There were three main cracks along the direction of the 
meridian. The simulated collapse mode of the tower was very similar to that of the actual tower 
demolished by a controlled explosion, both of which are showed in Fig. 9. The results of verification also 
indicated that this numerical modeling method could be used to realistically simulate the collapse modes 
and the collapse process of the cooling tower. 
 

  
(a) A cooling tower demolished by a controlled 

explosion  
(b) Simulation result of the demolished cooling 

tower 
Fig. 9.  Comparison of collapse modes of a cooling tower demolished by control explosion 

 
NUMERICAL RESULTS AND ANALYSIS 
 
Case 1: The Local Failure Scenario of Pile Foundation below One Column   

 
The length of the local failure region of pile foundation along the circumferential was 11.6 m. 

Although the ring footing lost the support by the pile foundation in this zone, the ring footing could still 
bear the loads from the upper columns. So, only the small deformation was found in the shell structure 
which above the local failure region. The displacement distributions of the cooling tower reached steady 
state are showed in Fig. 9 and Fig. 10. The maximum value of displacement in X, Y direction was about 5, 
15 mm respectively. It was found that there was no failure of construction members of the cooling tower 
and the central axis of the cooling tower did not tilt by calculating the relative locations of the key points.   

 

  
Fig. 10. The displacement distribution of the 

cooling tower in X-direction in case 1 (t = 4.7 s) 
Fig. 11. The displacement distribution of the 

cooling tower in Z-direction in case 1 (t = 4.7 s) 
 
Case 2: The Local Failure Scenario of Pile Foundation below Three Columns 

 
In this case, the length of the local failure region of pile foundation along the circular direction 

was 35 m. It was larger than case 1 and led to the collapse of the cooling tower. The progressive collapse 
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process is showed in Fig. 12. ~ Fig. 15. Because the ring footing of the failure zone lost support of the 
piles, the large vertical load from the upper columns led to the localized shear failure in the two sides of 
the ring footing of the failure zone. Meanwhile, the ring footing which located in this failure zone started 
to more downward obviously. The columns above this zone amounted to lose their load carrying capacity. 
This caused stress redistribution which significantly increased the load of adjacent columns. Under the 
action of gravity, the plastic strains mainly concentrated in the upper-middle parts of the columns. The 
progressive collapse of the cooling tower was triggered by the failure of the columns adjacent to this 
failure zone. The concrete of the columns crushed and the reinforcement could not bear the pressure 
accordingly, the columns failed successively along the circular direction and the collapse occurred like a 
row of dominoes falling down. The tilt angle of the shell structure gradually increased and the angel was 
about 3.0°when the edge of the structure slammed into the ground. 

 

  
Fig. 12. The displacement distribution of the 

cooling tower in Z-direction in case 2 (t = 2.5 s) 
Fig. 13. The plastic strain distribution of the 

cooling tower in case 2 (t = 3.5 s) 

  
Fig. 14. The failure location and sequence of the 

columns in case 2 (t = 4.5 s) 
Fig. 15. The collapse mode of the cooling tower in 

case 2 (t = 6.5 s, lateral view) 
 

Case 3: The Local Failure Scenario of Pile Foundation below Five Columns 
 

In case 3, the length of the local failure region of pile foundation along the circular direction was 
58.4 m. This local failure region could cause severe damage in the ring footing. The collapse process, 
mode and mechanism were as the same as that in case 2. However, due to the larger length of local failure 
region, the collapse duration in this case was shorter than that in case 2 (Fig. 16～Fig. 22). 

 
Summary and Analysis 
 

The local failure of pile foundation in these cases caused the collapse of the cooling tower, except 
the case 1 due to the smaller length of the local failure region. Meanwhile, the collapse modes and 
mechanisms were identical in both of case 2 and case3. Table 1 listed the maximum angel between the 
central axis of the tower and the coordinate axis of three cases. These angels were obtained by calculating 
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the spatial locations of key nodes (in Fig.3) in the process of collapse. It is believed that the dynamic 
collapse behavior was symmetrized to X-Z plane according to the maximum angle in Tab. 1. So the 
whole collapse process can be simplified into a two-dimensional problem for analysis. The sketches of 
collapse process were displayed in Fig. 20. This collapse mode was a typical progressive collapse mode. 
That was the initial failure of pile foundation caused local shear failure of the ring footing, consequently, 
the adjacent columns lost their load carrying capacity in turn, it led to the development of a chain reaction 
mechanism and progressive and catastrophic failure, eventually, the shell structure collapsed with a small 
angle of inclination (about 3°). 

 

  
Fig. 16. The displacement distribution of the 

cooling tower in Z-direction in case 3 (t = 2.5 s) 
Fig. 17. The plastic strain distribution of the 

cooling tower in case 3 (t = 2.5 s) 

  
Fig. 18. The failure location and sequence of the 

columns in case 3 (t = 3.0 s) 
Fig. 19. The collapse mode of the cooling tower in 

case 3 (t = 5.5 s) 
 

The destruction of the columns were the combined results of the following two kinds of actions. 
On the one hand, the stress redistribution induced overstress inside the adjacent columns, once the loads 
beyond the capacity of the adjacent columns, the columns would be destructed. On the other hand, to 
balance the distributed inertia forces of the shell structure, a horizontal reaction force F at the base of 
tower body needed, as shown in Fig. 21(b). In fact, this horizontal reaction force F was beared by the 
columns. However, even though the tilt angel of shell structure was very small, the horizontal reaction 
force F would exceed the shear resistance of the columns. Bažant and Zhou (2002) analyzed the collapse 
progress of the South Tower of the World Trade Center, they concluded that the reaction at the base of the 
upper part must have begun shearing the columns with titling angle about 2.8°. Even worse, the shear 
force would further reduce the vertical bearing capacity of the columns. So the combination of two 
actions would lead to the rapid failure of the columns in a short time. As shown in Fig. 22, the whole 
columns were destructed while the inclination of the shell structure was not exceeding 1° and the 
collapse durations were about 2 seconds in case 2 and case 3. 

The collapse behavior of shell structure dropped with a small tilt angel rather than overturned 
pivoting at the center. The reasons mainly included three aspects: Firstly, due to the failure of columns 
occurred in a short time, the shell structure would lost vertical reaction force N (Fig. 21). So the motion of 
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shell structure became predominantly vertical. Secondly, Because of the great size of the cooling tower, 
the center of gravity was not easily shifted out of the tower body. As a result, the angular velocity of the 
shell structure was very small. Thirdly, when the edge of shell slammed into the ground, the shell would 
stop tilt because the ground provided the support. So the cooling tower did not overturn in the whole 
collapse process. Since the shell structure would have large deformation after the edge of shell slammed 
into the ground, the angel of calculated value would no longer be accurate after this moment. So the 
curves in Fig. 22 were cut off in this time. But the graphical output of the collapse progress after this 
moment showed that the tilting angle was nearly unchanged for the three cases. 

 
Table 1: The maximum angle between the central axis and the coordinate axis 

CASE 
The maximum angle 

between the central axis 
and Z-axis in X-Z plane  

The maximum angle 
between the central axis 
and Z-axis in Y-Z plane  

The maximum angle 
between the central axis 
and X-axis in X-Y plane  

Case-1 0.0004° 0.0000° 0.0000° 
Case-2 3.0199° 0.3000° 0.3000° 
Case-3 2.6607° 0.0330° 0.0300° 

 

     
(a) (b) (c) (d) (e) 

Fig. 20. Scenario of tilting of shell structure of the cooling tower (columns deformation exaggerated, the 
circle denote the local failure region of pile foundation, the arrows denote the direction of motion) 
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Fig. 21. Pivoting of the shell structure of 

tower about its base, (a) Model for simplified 
analysis; (b) Free-body diagram with inertia 

forces 

Fig. 22. The angle between the central axis and the Z-axis 
(in X-Z plane) vs. time 

 
CONCLUSIONS 

 
This study presents a numerical approach for the study on the collapse of a super-large cooling 

tower caused by local failure of the pile foundation. The process of collapse was described and the 
collapse mode and mechanism were discussed. The following conclusions can be drawn from the study: 



 
22nd Conference on Structural Mechanics in Reactor Technology 

San Francisco, California, USA - August 18-23, 2013 
Division Ⅲ  

(1) The numerical modeling method in this paper could be used to realistically simulate the collapse 
modes and the collapse process of the cooling tower. 

(2) Whether the cooling tower collapses depends on the length of the local failure region of pile 
foundation. If the local failure region covers more than 3 columns, it can lead to the collapse of the 
cooling tower. 

(3) The collapse modes in these cases are the same, which unrelated to the local failure region of pile 
foundation. But the larger the local failure zone is. the shorter the collapse duration will be.  

(4) The collapse mechanisms are identical. The local failure of pile foundation led to the shear failure of 
the ring footing, the support columns were gradually crushed due to the action of gravity and 
horizontal shear force, and finally the shell body moved downward with small tilting angle.  
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