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ABSTRACT: Engineering structures could be destroyed by various disaster loads, such as earthquake, fire, 
blast et al. In concrete structures, frames, shear walls and slabs are major structural elements, and therefore 
accurate simulation for the nonlinear behavior of them in various disasters is the key problem for the re-
searches on disaster resistance of concrete structures. The Department of Civil Engineering in Tsinghua Uni-
versity developed a micro-plane material model, a fiber beam model and a multi-layer-shell model for the ul-
timate analysis of concrete structures. These models could accurately simulate the nonlinear failure process of 
concrete structures in earthquake, fire, blast, progressive collapse and so on. And with the high efficiency of 
these models, they can be used in the whole process simulation of real large-scale complicated RC structures 
under various disasters. This paper presents the principles of the models and their typical applications in re-
searches and practices. 

1 INTRODUCTION  

Building structure may experience different kinds of 
disasters during its whole life period. Accurate pre-
diction of the response of structures subjected to 
various disasters, especially the collapse process and 
the collapse mechanism, is receiving more and more 
attentions for the safety of the people and properties 
in the buildings.  

Due to the difficulties of full-scale experimental 
research on collapse, numerical simulation becomes 
a major research tool to study the collapse problem, 
in which the numerical model will be critical for the 
simulated results. Therefore, the Department of Civil 
Engineering in Tsinghua University developed a se-
ries of material and structural models to provide a 
more efficient and accurate simulation for reinforced 
concrete (RC) structures subjected to dynamic or 
high-temperature loads, including a micro-plane ma-
terial model, a multi-layer-shell and a fiber-beam 
model. This paper briefly introduces these models 
and their applications in disaster simulation through 
several research or application examples, such as the 
progressive collapse of frame structures, blast dam-
age of frame structure and shear-wall structure, fire 
resistance of frame structures and seismic design of 
real building. 

2 MATERIAL AND STRUCTURAL MODELS 

Micro damage of material (movement of yield sur-
faces or opening of cracks) continuously accumu-
lates due to the action of disaster loads, which re-

sults in macro damage of structural elements and 
even the collapse of the whole building. In order to 
simulate such process, the macroscopic mechanical 
behavior of structural elements should be directly 
connected with the material constitutive law. Fol-
lowing this principle, a concrete constitutive model 
(micro-plane model) and two structural models 
(multi-layer-shell and fiber beam) are developed to 
simulate the ultimate behavior of concrete structures 
under complicated loading conditions. 

2.1 Concrete micro-plane model 

In the micro-plane model (Bazant & Prat 1988), a 
set of interfacial planes between the aggregate and 
cement-mortar in concrete are referred as the “mi-
cro-planes”. Nonlinear stress-strain relationships are 
developed based on these micro-planes. And the 
macroscopic stress and strain tensors are formulated 
via the integration of all micro-planes. Although the 
micro-plane model has more computational work-
load than common elasto-plastic constitutive model, 
it can model the complicated nonlinear triaxial be-
havior as well as the behavior subjected to cyclic 
load. Figure 1 shows the comparison between the 
test and the predictions for uniaxial cyclic behavior 
of concrete with micro-plane model and the material 
models in the commercial finite element (FE) soft-
ware (von Mises Plasticity, Drucker-Prager plastic-
ity and Buyukozturk Concrete in MSC. MARC 
(MSC 2005) and Concrete smeared cracking and 
Concrete damaged plasticity in ABAQUS (HKS 
2005)). More comparison and discussion can be 
found in Miao et al. (2008). 
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Figure 1. Simulations for uniaxial cyclic behavior of concrete. 

2.2 Multi-layer-shell model for reinforced concrete 
(RC) shear wall 

RC shear wall is the major lateral-resistant structural 
member in high-rise buildings. As the cross section 
of shear wall is bigger than that of the slender beam 
or column, its nonlinear behavior under the lateral 
load is more complicated. The proposed multi-layer-
shell model is based on the principles of composite 
material mechanics and it can simulate the coupled 
in-plane/out-plane flexural behavior and the coupled 
in-plane axial-flexural-shear behaviors of RC shear 
walls. The shell element is made up of many layers 
with different thickness. And different material 
properties (concrete or steel) are assigned to various 
layers (Fig. 2). During the finite element computa-
tion, with “plane section remains plane assumption”, 
the strains of concrete or steel in different layers can 
be obtained from the strains and curvatures of the 
shell mid-surface. Then the stresses of different lay-
ers can be obtained from the material constitutive 
law (for example, the micro-plane model of concrete 
mentioned above). By integrating the stresses in dif-
ferent layers, the internal force of the shell element 
can be obtained. Therefore, this element can directly 
connect the constitutive law of concrete or steel with 
the nonlinear behavior (forces or bending moments) 
of shear wall, so it has obvious advantages on the 
simulation of shear wall subjected to complicated 
load conditions. A typical computational result of 
the multi-layer-shell model is shown in Figure 3, 
which agrees well with the test results (Miao et al. 
2008). 

In the fire disaster, the mechanism of RC slabs in 
high temperature tends to be the membrane tension 
mechanism rather than the flexural mechanism in 
normal temperature, which greatly influences the 
fire resistance of structural system. Therefore, base 
on the normal multi-layer-shell model, a coupled 
thermal-mechanical multi-layer-shell model is also 
developed to accurately simulate the behavior of RC 
structural system in fire (Chen et al. 2008). In order 
to consider the non-uniform temperature distribution 
across the shell section, an additional temperature 
degree of freedom is assigned to element nodes and 
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Figure 2. Multi-layer-shell model. 
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Figure 3. A shear wall under reversed cyclic loading: multi-
layer-shell model vs. test. 
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(a) Concrete 

Strain (×10-3) 

Stress ratio

1.0

0.8

0.6

0.4

0.2

1 2 3 4 5 6 7 8

800ºC
1000ºC

σ
st
/f

y(20ºC)

600ºC

400ºC

200ºC

20ºC

Strain (×10-3) 

Stress ratio

1.0

0.8

0.6

0.4

0.2

1 2 3 4 5 6 7 8

800ºC
1000ºC

σ
st
/f

y(20ºC)

600ºC

400ºC

200ºC

20ºC

 
(b) Steel 

Figure 4. Material constitutive laws under high-temperature. 
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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The water content w can be expressed as the sum 

of the evaporable water we (capillary water, water 
vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
by substituting Equation 1 into Equation 2 one 
obtains 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



the heat conduction equilibrium equation is set up. 
The heat transfer boundary conditions such as ther-
mal convection and radiation are simplified to im-
prove the efficiency of the model according to the 
characters of temperature field in the RC slabs. The 
constitutive laws of materials under different tem-
perature are introduced (Fig. 4). And the explicit 
tangential stiffness matrix is deduced with Total La-
grangian Formulation, so the model can be used for 
large deformation analysis of concrete slabs in fire 
disaster simulation. The model proposed in this pa-
per is validated by comparing with the experimental 
results

 

(Linus 2004) as shown in Figure 5 and Figure 
6. 

 

 
Figure 5. Temperature distribution along the cross-section of a 
RC slab in fire: multi-layer-shell model vs. test. 

 

 
Figure 6. Deflection of a RC slab in fire: multi-layer-shell 
model vs. test. 

2.3 Fiber-beam model for RC frames 

Columns and beams are also major elements in 
structures. A fiber-beam model referred as THUFI-
BER is developed to simulate the RC columns and 
beams under disaster loadings (Ye et al. 2006). In 
the THUFIBER program, the cross section of each 
RC member is divided into a number of concrete and 
steel fibers. Users can define the position, area and 
constitutive model of each fiber. The program calcu-
lates the strain of each fiber by plane-section-

assumption. The concrete constitutive law in 
THUFIBER can consider the confinement of stirrups 
and the cyclic behavior including degradation of 
stiffness and strength (Fig. 7). The steel constitutive 
law can consider the Bauschinger, the hardening and 
the softening effect (Fig. 8). For the elements with 
large slenderness ratio, the fiber model can accu-
rately consider the interaction between the bending 
moment and the axial force. Figure 9 shows the 
simulated results by THUFIBER for the collapse test 
of a planar RC frame (Yi et al. 2008). Figure 10 
shows the simulated results by THUFIBER for a RC 
column under cyclic loading. Both of them are in 
good agreement with the test results. 
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Figure 7. Stress-strain constitutive law of concrete in fiber-
beam model. 
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Figure 8. Stress-strain constitutive law of steel in fiber-beam 
model. 

 

 

Figure 9. Collapse process of a RC frame: THUFIBER vs. test. 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 

 

( ) s
s

s

vg
kc

c

c

vg
k

sc
G αααα +=,
1

                 (5) 

 
where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
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The material parameters k

c
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s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



The fiber model can also be applied for coupled 
thermal-mechanical analysis with the same method 
used in multi-layer-shell model mentioned above. So 
it can also be applied in fire disaster simulation. Fig-
ure 11 and Figure 12 (Chen et al. 2009) show the 
heat transfer and coupled thermal-mechanical simu-
lation of the fiber-beam model 

[6]
. The predicted re-

sults agree well with the test results (Lie & Irwin 
1993). 

 

 
Figure 10. RC column under reversed cyclic loading: THUFI-
BER vs. test. 
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Figure 11. Temperature distribution along the cross-section of 
a RC column in fire: fiber-beam model vs. test. 

 

 
Figure 12. Axial displacement of a RC column in fire: fiber-
beam model vs. test. 

3 APPLICATIONS 

3.1 Progressive collapse of RC frames  

Progressive collapse is a kind of situation that a local 
damage to the building caused by an incident leads 
to a disproportional collapse of the whole building. 

However, there is no detailed design specification in 
China to resist progressive collapse. Typical Chinese 
RC frames are built up with THUFIBER to study 
their progressive collapse resistances, and corre-
sponding collapse prevention design methods are 
proposed (Lu et al. 2008a). Figure 13 and Figure 14 
show the nonlinear dynamic responses of a typical 
RC frame with and without proposed collapse pre-
vention design method, respectively.  

 

 
Figure 13. Progressive collapse of original frame.  

 

 
Figure 14. Frame avoids progressive collapse after designed 
with proposed progressive collapse prevention method. 

3.2 Building structure subjected to strong blast 
shock waves 

The basement of high-rise building in China should 
follow the civil air defense requirement. The hori-
zontal load and the overturning moment that are 
transferred from the superstructure subjected to blast 
shock wave may damage the basement. When the 
blast loading exceed the limitation of the design 
code, the computer simulation should be introduced 
to predict the damage of structures. The fiber-beam 
model and the multi-layer-shell model mentioned 
above are used to study the collapse of the super-
structure and the overturning of the basement. The 
collapse modes of frame building and shear wall 
building are obtained, as shown in Figure 15 and 
Figure 16. And the failure of basement due to the 
overturning moment from superstructure is show in 
Figure 17.    
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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fill all pores (both capillary pores and gel pores), one 
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



 

Figure 15. Collapse mode of frame subjected to blast shock 
wave. 

 

 

Figure 16. Collapse mode of shear wall structure subjected to 
blast shock wave. 

 

 

Figure 17. Failure of basement due to the overturning moment 
from superstructure. 

 

 

Figure 18. Fire response of RC frame with floor slabs. 

3.3 Fire resistance of whole building 

Numerical simulation is the most convenient way on 
the fire researches of whole building. Based on the 
fiber-beam model and multi-layer-shell model men-
tioned above that can consider the coupled thermal-
mechanical interaction, a RC frame model with floor 
slabs is built up (Fig. 18). And the effect of slabs on 
fire resistance is studied as shown in Figure 19 and 
Figure 20. 

 

 
Figure 19. Comparison for lateral displacement of column in 
models with and without slabs. 

 

 
Figure 20. Comparison for deflection of slab exposed to fire in 
different locations. 

3.4 Seismic design of real structures 

The models proposed in this paper can also be ap-
plied for engineering design. For example, a mu-
seum (as shown in Fig. 21) with a frame-shear wall 
structure has an unsymmetrical plane layout, and 
contains various structural elements including steel 
trusses, normal rebar reinforced concrete 
beams/columns/shear wall and shaped steel rein-
forced concrete beam/columns. The pushover analy-
sis and dynamic elastic-plastic time history analysis 
for the structure is implemented to check its seismic 
resistance, as shown in Figure 22. The complicated 
joint of the building is specially evaluated by using a 
microscope model (Fig. 23), and the safety of the 
joint is check by comparing the strength of the joint 
from the microscope model and the load from the 
global model, as shown and Figure 24. 
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k
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maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



 

 

Figure 21. Computing model of the whole structure of the mu-
seum. 
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Figure 22. Comparison of roof displacement: pushover analysis 
and the time-history analyses (El-Centro, Taft and Tangshan 
ground motion records). 

 

 

Figure 23. Finite element model of the complicated joint. 

 

 

 

Figure 24. Safety check for the complicated joint. 

Another example is the collapse simulation of a 
high-rise frame-core tube building due to extremely 
strong earthquake with proposed model (Lu et al. 

2008b). The deformation and plastic hinges in dif-
ferent stages of the collapse process are shown in 
Figure 25. At the first stage, the building vibrates 
slightly around its original place and no damage oc-
curs, shown as Figure 25a. At the second stage (Fig. 
25b), shear walls in the weak story fail due to large 
compressive-shear internal force. And frame begins 
to yield and many plastic hinges appear around the 
weak story (Fig. 25b). At the third stage (Fig. 25c) 
and forth stage (Fig. 25d), the weak story is de-
stroyed and the whole structure comes into a com-
plete collapse. The structure above the failed weak 
story falls down and impact on the lower stories, 
which results in a progressive collapse. Hence, the  

 

   
(a) t=2.0s                (b) t=4.5s 

 

   
(c) t=5.1s               (d) t=7.5s 

 
Figure 25. Collapse process simulation of high-rise structure 
(PGA=4000gal). 
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Figure 26. Collapse fragility curve of the high-rise building. 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k
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maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



model gives a good simulation on the failure mode 
and the whole collapse process of frame-core tube 
structure. If the ground motion database proposed by 
ATC-63 reports (ATC 2008) is inputted into this 
high-rise building model with various ground mo-
tion intensities, the collapse fragility curve can be 
obtained as shown in Figure 26, which is very im-
portant to predict the seismic loss. 

4 CONCLUSION 

The proposed fiber-beam model and multi-layer-
shell model with suitable material constitutive laws 
can accurately simulate the deformations and failure 
modes of the structures under various disaster loads 
including earthquake, fire, blast and progressive col-
lapse. Their precision and efficiency satisfy the de-
mand of researches and applications. 
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
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degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 
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