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ABStrACt

When a building is hit by a missile, the most important parts are usually destroyed first to achieve maximum 
damage to the functions of the building. To accurately quantify the damage to a building, a function distribution 
density is constructed to describe the importance of different parts, and is applied to the probability damage calculation 
of a building under a missile strike. Based on the objective characteristics, the building is divided into several 
modules. The importance of the different modules is calculated using the damage tree. The distribution densities 
of the physical and system functions are constructed separately and combined into the function distribution density 
of the building. Meanwhile, the landing points of the missile are simulated using the Monte Carlo method, and 
depending on whether the function distribution density is considered, a probability damage calculation is performed. 
In comparison, the calculation results considering the function distribution density have a larger irregular shape, 
which can describe the damage to the building more accurately. This study can provide support for improving the 
physical protection of buildings and ensuring the operational reliability of their functions.

Keywords: Modular quantization; Function distribution density; Probability damage calculation; Reliability 
analysis

1.  INtrODUCtION
Conventional missiles are among the main weapons used 

on modern battlefields. Its damage to targets has always been 
an important issue in damage evaluation. Shock waves, which 
are the main damage element in conventional missiles, are 
seriously destructive to buildings that occupy a large proportion 
of military facilities. A building is an entity that carries certain 
expected functions, which can be divided into physical and 
system functions. The physical function is the objective function 
derived from material properties, and the system function is 
the function attached to the physical basis. Therefore, studying 
the damage caused by shock waves to buildings is of great 
significance. Our group has conducted studies on damage to 
buildings, in which the functional setting of the buildings is 
uniform1-2. However, in reality, most buildings have various 
functional layouts. Therefore, we address this problem in the 
present study.

Different parts of a building carry different functions, 
which result in different levels of importance in different 
areas. The building damage caused by a missile is not only 
affected by the landing point of the missile, but also by the 
area importance within the building. Therefore, describing the 
importance of these areas and combining it with probability 
damage calculation has become urgent problems. Several 
studies have investigated this issue.

In terms of damage to buildings, simulations and 
experiments are primarily used to evaluate the degree of damage 
to buildings. In relevant studies, some scholars evaluated the 
damage to buildings by comparing the data obtained from 
monitoring or experimental testing with real situations3-4. Only 
a few studies involved the impact of function areas, in which 
only the core part or facility is considered5-6. Although the 
damage assessment considering the core improved the accuracy 
of predicting physical damage, there is still a large deviation 
from the actual situation. This occurs because the description 
of the function distribution is insufficient. Moreover, large-
scale simulations and experiments can accurately determine the 
damage to buildings, but the use of simulations or experiments 
inevitably has problems, such as low efficiency and high 
cost. These problems make it difficult to widely apply these 
methods. Previous studies have often employed data analysis or 
empirical formulas to judge the damage to a large target system 
or discuss the failure mechanism of buildings7-8, but they are 
insufficient for small target damage and data collection.

In terms of area importance, only the importance of 
different areas or systems has been investigated for ships and 
aircraft9-10, there is a lack of functional analysis of buildings. At 
the same time, most studies stop at the importance calculation 
of different areas or systems, which makes it impossible to 
obtain the damage to the buildings. In importance calculation 
studies, some scholars have quantitatively analyzed various 
factors based on internal relations to obtain the corresponding 
importance11-13. Importance calculation is the basis for 
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an accurate description of system characteristics and the 
improvement of system reliability.

In this study, aiming at the probability damage calculation 
of a building that considers different function areas, function 
distribution densities are constructed to characterize the 
importance of the functions of the building. Their effects on 
the probability damage are analysed. In the analysis process, 
we first build a damage calculation model for the building 
based on the damage element parameters. Subsequently, 
by combining the probabilities of landing points simulated 
by the Monte Carlo method, a damage probability model is 
constructed. Finally, to determine the effect of considering or 
not the function distribution density, the damage caused by the 
missile to the building is calculated separately. Quantitative 
results can indirectly reflect the importance distribution in a 
building. The importance distribution can guide the functional 
layout and structural protection, which are important references 
for ensuring the operational reliability of functions.

2.  MODULArItY OF FUNCtION ArEAS OF 
BUILDINGS
Because a building is a physical entity with some system 

functions, its degree of damage after being attacked cannot be 
accurately described solely at the physical level or functional 
level. In addition, the system functions depend on the physical 
foundation, and they are non-uniformly coupled to each other. 
To quantify the damage more accurately, this study introduces 
a modularized processing method for function areas to 
characterize the physical and system functions of building.

2.1  Modular Analysis of Function Areas
A modular analysis is performed on a building, and 

the importance of the function areas is characterized by the 
function distribution density. The specific steps are as follows:

The characteristics of the physical foundation and system • 
functions are determined
The relationship between the common and reinforced • 
areas of physical foundation are determined
The importance of each system function area is • 
calculated

Function distribution densities are constructed for the • 
physical foundation and system functions
The target probability damage is calculated in combination • 
with the function distribution density
The effect of the function distribution density on the target • 
probability damage is contrastively analysed.
The steps for constructing the distribution density of the 

physical function are (1), (2), (4), (5), and (6). The importance 
is not zero as long as there is a physical foundation. The steps 
for constructing the distribution density of the system function 
are (1), (3), (4), (5), and (6). The number, type, and location of 
the system function areas are not fixed.

2.2  Modular Diagram of Function Areas
The division of function areas should be based on the 

distribution of specific functions. Physical function areas 
are classified into reinforced and common areas, and they 
have multiple strength relationships. The system function 
areas are divided into multiple function areas, and no direct 
correspondence is observed between the function areas. To 
simplify the calculations, the physical and system function 
areas are represented as regular geometries, and the functions 
in each area are uniform. A modular diagram is shown in  
Fig. 1.

Figure 1 shows a simple illustration. The function areas 
can be flexibly divided according to the needs of the actual 
situation.

3.  DEtErMINAtION OF tHE FUNCtION ArEAS 
OF BUILDINGS
The premise for dividing the function areas is to determine 

the system functions, reinforced parts, and corresponding 
distribution information. After the function areas are identified, 
the importance of each function area is determined.

3.1  Function Areas
The buildings in this study are targets whose heights have 

little effect on the probability damage calculation. This type of 
target usually has a larger area and lower height, and is widely 
distributed in military facilities.

(b)(a)
                 Figure 1. Modular diagram of function areas: (a) Physical function areas, and (b) System function areas.
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The physical function area corresponds to the physical 
foundation, which is divided into reinforced and common 
areas based on strength. Strength is defined as the resistance of 
various modules within buildings to overpressure and impulses. 
The system function area must be determined according to 
the specific system functions. They can be classified as fixed, 
movable, and non-functional areas.

The fixed function area corresponds to the immovable • 
system within the building
The movable function area is the area occupied by the • 
equipment in the building, which changes with the 
availability and location of the equipment.
The non-functional area is the area other than (1) and (2) • 
within the building without any system function.

The division of physical and system function areas in a 
modular manner is independent of each other.

3.2  Importance Calculation of Function Areas
The importance of the physical and system function 

areas must be calculated separately. Because the distribution 
rules and relationships between function areas are different, 
importance calculations are performed in different ways.

3.2.1  Importance Calculation of Physical Function 
Areas

The common area can be determined based on the building 
area. If the physical strength of some areas is significantly 
greater than that of the surrounding areas, the reinforced 
area can be determined. Because physical strength is used 
as a criterion of numerical quantity, the relationship between 
reinforced areas and common areas can be characterized each 
other by integers or decimals. The importance can be obtained 
from the strength relationships among the various areas.

3.2.2  Calculation of Importance of the System Function 
Areas

Although a building may include multiple system function 

areas and the importance of each function area is different, the 
system functions are interrelated. Owing to this feature, the 
damage tree14, which is the most appropriate method, is selected 
to calculate the importance of the system function areas.

The damage tree is developed from the fault tree15, 
which determines the importance of each event according 
to logical relationships. The coefficients that characterize 
the importance of basic events include structure importance, 
probability importance, and critical importance16. Based on 
the meanings of the coefficients and the characteristics of the 
object, the structure importance is adopted to characterize the 
importance of each area. Methods for solving the structure 
importance include the minimum cut set method, structure 
importance coefficient method, and probability importance 
property method17. Considering that the number of basic events 
examined in this study is not excessive and the principle of 
accuracy first, the structure importance coefficient method is 
used to solve the structure importance.

This method is based on the changes in the state of basic 
events. When a basic event Xi changes from the normal state 
(0) to the damage state (1), and the states of other basic events 
remain unchanged, the state of result event changes from  
ϕ(0i, X) to ϕ(1i, X) = 1. This implies that the state change of the 
basic event plays a role in the occurrence of the result event. 
The total number of incompatible combinations of the two 
states of n basic events is 2n. When the basic event Xi is taken 
as the change object, the remaining n-1 basic events remain 
unchanged in the control group with a total of 2n-1. The ratio 
of the number of basic events that cause a change of the result 
event to 2n-1 is the structure importance of Xi. The formula is 
as follows:
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(1)

where, Iϕ(i) is the structure importance of basic event Xi. The 
construction of a damage tree is a rigorous analysis process, 
in which logical relationships are generally established by 
deduction. The symbols for events and logic gates are shown 
in Fig. 2.

Intermediate eventResult eventunknown eventBasic event

AND gate OR gate NOT gate VOTE gate
Figure 2. Symbols of the damage tree.
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Symbols representing various areas (systems) are 
combined through logical relationships, which results in the 
damage tree of the building.

Because the types and layouts of functions in different 
buildings differ, the division of function areas should be based 
on the specific functions of the buildings. In addition, for 
convenience of analysis and calculation, each function area is 
represented by regular geometry. The functions carried by each 
function area are unique and there are no overlapping areas. 
This relationship is expressed as follows:
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where, A is the area of a building; Ak and Al are the kth and 
lth function areas, respectively; m is the number of function 
areas.

4.  CONStrUCtION OF FUNCtION DIStrIBUtION 
DENSItY

4.1  Construction of Distribution Density of Physical 
Functions
The physical function of a building refers to a series 

of physics-based functions such as support, occlusion, and 
storage, which belong to the nature of the physical foundation. 
Once the physical foundation is destroyed, its physical 
functions disappear accordingly. The ratio of disappearance is 
proportional to the damaged area of the building.

The internal structures of different buildings are different. 
However, owing to the small differences in physical strength, 
except for the reinforced areas, a uniform distribution is 
used to characterize the common area. The reinforced area 
is still characterized by a uniform distribution and multiple 
relationship with the common area. The specific form of the 
distribution density of the physical functions is:
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where, fw is the distribution density of the physical functions, 
x and y are the coordinates in the horizontal plane, f(x, y) is 
the density function of the common areas, Q1 and Q2 represent 
the common and reinforced areas, respectively, and a is a 
multiple.

4.2 Construction of Distribution Density of System 
Functions
The system function refers to the additional functions 

included in a building, such as communication, control, and 
protection. The distribution density of the system functions 
must be constructed based on these system functions. A system 
is composed of different function areas. The importance within 
each function area is equal, and the sum of the importance  
is 1.

Because the importance of each function area is set to be 
continuous within the area, a piecewise function is used for 
the partitional processing of the distribution density of system 
functions, and the corresponding expression form is:

 ( ) 1

1 (1 , ) (0 , )
2i i inI X X   

 1 

1
, ( )

m

j k l
j

A A A A k l


  
  2 

1

2

1

2

( , )d d ( , )
( , )( , )d d

Q
w

Q

f x y x y x y Q
f

x y Qa f x y x y

   


   3 

1
1 1( , )d d ( , )

( , )d d ( , )

( , )d d ( , )

i

c

Z

i ig Z

c cZ

f x y x y x y Z

f x y x y x y Zf

f x y x y x y Z

 


  


 





   4                  
(4)

                
where, fg is the distribution density of the system functions; c 
is the number of system function areas; fi (x, y) is the density 
function of the ith system function area; Z1, Z2, ..., and Zc are 
different system function areas.

The distribution density of the system functions is 
simplified. Each part of the piecewise function is set to a 
constant value. However, this can be set according to specific 
requirements.

4.3  Function Distribution Density of the Building
The combination of distribution densities forms the 

function distribution density of the building; however, the 
respective weights must be defined. Different weights directly 
affect the value of the function distribution density of the 
building, and the sum formula is as follows:
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where, f is the function distribution density of the building; Ww 
and Wg are the weight coefficients, and Ww + Wg =1.

5.  tArGEt PrOBABILItY DAMAGE 
CALCULAtION

5.1  Calculation of Building Damage
Physical and system functions are based on the physical 

foundation. Once the physical foundation is damaged, both 
physical and system functions disappear. Therefore, the 
basis of damage calculation is to quantify the damage to the 
physical foundation. Because the height of the buildings is not 
considered, the percentage of damaged area is an index that 
intuitively measures the damage to the physical foundation. 

5.1.1 Characterization of Damage Relationship
The damage caused by missiles to buildings is mainly 

due to shock waves, and overpressure and impulse are the 
main parameters for measuring the damage. Premising the 
percentage of damaged area is used to measure the damage, 
we derive how the percentage of damaged area is related to the 
overpressure and impulse.

The PROBIT equation18 is used to comprehensively 
describe serious damage to buildings considering overpressure 
and impulse. By combining the explosion data and TNO (The 
Netherlands Organization) data provided by lee19-20, a specific 
relationship is obtained2.
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where, Pd is the percentage of damaged area; Ps is the 
overpressure, Pa; I is the impulse, Pa·s.

Once the composition and mass of the explosives in a 
missile are identified, the overpressure and impulse at any 
location on the plane can be determined. Therefore, Eqn. (6) 
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can be converted into a relationship between the percentage of 
damaged area and the distance from the explosion center.

Based on the relationship curves between the overpressure-
scaled distance and scaled impulse-scaled distance of TNT 
(Trinitrotoluene) under a hemispherical explosion given 
by I.Chem.E., the overpressure and scaled impulse are 
characterized21-22. By substituting the corresponding relationship 
into Eqn. (6), it can be used to obtain the relationship of how 
the percentage of damaged area is related to the distance from 
the explosion center and the mass of the explosive.
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where, mw is the mass of the explosive, kg; Qvi is the explosive 
heat of explosive, kJ/kg; QvTNT is the explosive heat of TNT, kJ/
kg, which is 4187 kJ/kg; l is the distance from the explosion 
center, m; α is the correction factor, the value of infinite space 
explosion is 1, the value of rigid ground explosion is 2, and the 
value of ordinary ground explosion is 1.8.

5.1.2 Characterisation of Damage Degree
Based on the classification of building functions and 

the definition of damage modes in this study, the damage to 
physical and system functions is characterised.

5.1.2.1 Damage to Physical Functions
The damage to physical functions is proportional to 

the total damaged area of the building. Therefore, when 
characterizing the reduction of physical functions, a univariate 
function of the total damaged area is adopted.
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where, Sw is the total damaged area; Sz is the total area of the 
building; D is the integral area; Fw is the percentage of total 
damaged area for physical functions.

5.1.2.2 Damage to System Functions
Because a system function is a whole, its destruction mode 

differs from that of physical functions. The reduction of system 
function is that the corresponding system function disappears 
once the physical foundation of the function area is partially 
damaged. Therefore, when measuring the damage to system 
functions, the actual damaged area of the physical foundation 
should be obtained using an accurate equivalent method2.
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where, Sg is the damaged part of the system functions; St is the 

overall system functions; Fg is the percentage of damage to the 
system functions.

5.2  Calculation of the Landing Point Probability
In the process of striking targets, the missile is inevitably 

affected by self-factors and external factors, which produce 
corresponding errors and cause it to deviate from the ideal 
landing point. The Monte Carlo method23 is employed to 
simulate the distribution of landing points, and the distribution 
model adopts the two-dimensional normal distribution that 
is commonly used24. It is assumed that the transverse and 
longitudinal distributions are independent of each other. When 
(x0, y0)  is considered as the ideal landing point, the distribution 
density function of the landing points is:
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where, σx  and σy are the standard deviations in the x and y 
direction, respectively.

Simplifying Eqn. (11), when the standard deviations in 
the x and y directions are equivalent, the probability of landing 
points in a circle of radius C is:
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The CEP (circular error probable)25 is the most commonly 
used index for measuring the strike accuracy of a missile. This 
is defined as the value of C during P = 0.5. The smaller the 
CEP, the higher is the strike accuracy. Substituting P = 0.5 into 
Eqn. (12) gives:
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    (13)
By applying Eqn. (13) into the simulation of the landing 

points, the probability of landing points under any degree of 
damage can be obtained.

6.  IMPACt ANALYSIS OF PrOBABILItY DAMAGE 
CALCULAtION

6.1  Information of a Missile and a Building
To analyse the impact of the probability damage, the 

parameters of a missile are first presented, as listed in Table 1.
A hypothetical command center is attacked by the missile. 

The specific distributions of the physical and system function 
areas are shown in Fig. 3. There are no reinforced areas, and 
the red areas represent important system function areas.

6.2  Importance Calculation of Function Areas
Only the importance of the system function areas must be 

addressed because there are no reinforced areas. A damage tree 
is constructed according to the logical relationship between the 
various systems of the command center, as shown in Fig. 4.

The basic events of the damage tree are X1–X26, and 

table 1. Parameters of a missile

Mass Explosive heat CEP

1000 kg 5673 kJ/kg 85 m
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Figure 3. Distribution of function areas of the command center.

Figure 4. Damage tree of the command center.
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the corresponding structure importance is calculated using the 
methods described in Section 3.2.2. The results are summarized 
in Table 2.

Basic events represent the components within the system 
function areas. While quantifying the importance of the system 
function areas, the structure importance of the components 
(basic events) contained in each area is accumulated to obtain 
the importance of the corresponding system function area. Based 
on the damage tree of the command center and the structure 
importance of the basic events, the importance of each system 
function area can be obtained. The importance of the function 
areas is listed in Table 2, and that of the non-functional areas 
is 0. Because the firefighting system includes two sub-regions, 
the corresponding importance is divided equally.

6.3  Function Distribution Density of the Command 
Center

6.3.1 Distribution Density of Physical Functions
Because there are no reinforced areas within the command 

center, the physical function is uniform throughout the area. To 
be consistent with the quantification of the distribution density 
of the system functions, the integration sum of the distribution 
density of the physical function is set to 1.

6.3.2 Distribution Density of System Functions
According to the definition of the distribution density of 

system functions and the destruction mode of system function 
areas, the importance of each system function area solved in 

Section 6.2 is the overall importance, which does not have to 
be expressed in an integral form. The distribution density of 
the system functions is:
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where, Z1 is the communication ground station area; Z2 is the 
integrated wiring system area; Z3 is the power supply and 
distribution system area; Z4 is the command and dispatch 
system area; Z5 is the air conditioning system area; Z6 is the 
lightning protection system area; Z7 is the firefighting system 
area; Z8 is the non-functional area of the command center.

6.3.3  Function Distribution Density of the Command 
Center

The function distribution density of the command center 
is obtained by combining the distribution densities of the 
physical and system functions. The Delphi method26 is used 
to determine the weight coefficients, and the values of the 
physical and system functions are 0.3 and 0.7, respectively.

The system function areas of the command center are 

table 2. Structure importance and normalised values of X1–X26

System Basic 
event

Structure 
importance

Normalised 
value System Basic 

event
Structure 
importance

Normalised 
value

Communication 
ground station

X1 1 0.0512

Command 
and dispatch 
system

X14 1 0.0513

X2 1 0.0513 X15 1 0.0513

X3 1 0.0513 X16 0.25 0.0128

X4 1 0.0513 X17 0.25 0.0128

Integrated wiring 
system

X5 0.25 0.0128 X18 0.25 0.0128

X6 0.25 0.0128
Air 
conditioning 
system

X19 1 0.0513

X7 0.25 0.0128 X20 1 0.0513

X8 1 0.0513 X21 1 0.0513

X9 1 0.0513 lightning 
protection 
system

X22 0.5 0.0256

Power supply and 
distribution system

X10 0.5 0.0256 X23 0.5 0.0256

X11 0.5 0.0256

Firefighting 
system

X24 1 0.0513

X12 1 0.0513 X25 1 0.0513

X13 1 0.0513 X26 1 0.0513
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divided into eight categories. To ensure a uniform expression of 
the distribution densities of the physical and system functions, 
the combined expression is as follows:

2CEP 2 ln 2 1.177maxC      13 
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As the destruction modes of the physical and system 
function areas are different, the distribution density of the 
physical function is expressed in an integral form, and the 
distribution density of the system function is expressed in an 
overall importance form in Eqn. (15). In addition, for clarity, 
Eqn. (15) is not simplified.

6.4  Damage Calculation of the Command Center
The TNT equivalent method is used to calculate the 

damaged area of the command center. Based on the parameters 
listed in Table 1, the corresponding radii in Eqn. (7) and (8) are 
13.94 to 139.42m and 139.41 to 2788.32m in the case of the 

rigid ground explosion.
The minimum distance corresponding to a 1% difference 

is used as the side length of the damage grid. According to 
the calculation results using Eqn. (7) and (8), the closer to the 
explosion center, the smaller is the distance. The minimum 
distance is 0.4695 m.

From the corresponding applicable ranges of Eqn. (7) and 
(8), the missile is applicable only to Eqn. (7). By substituting 
the parameters of the missile and explosion type into Eqn. (7), 
the percentage of damaged area of any grid can be obtained.

6.5  Comparative Analysis of Probability Damage 
Calculation
The essence of probability damage is to solve the 

probability of landing points. under the same strike conditions, 
the landing point at which the same missile causes the same 
damage to the same building is not sole. landing points with 
the same degree of damage are extracted to form the damage 
contour lines. By combining the damage contour lines of the 
building and Monte Carlo simulation of the landing points, the 
probability of any landing point can be obtained.

Based on the distribution information shown in Fig. 3 
and the damage relationship, the damage contour lines of the 
command center with and without consideration of the function 
areas are obtained, as shown in Fig.5.

By substituting the CEP of the missile into Eqn. (13), the 
standard deviation of the two-dimensional normal distribution 
is 72.19. The coordinate system is established centering on the 
ideal landing point, and the expectation of the two-dimensional 
normal distribution is 0m. The ideal landing point where the 
missile causes the largest percentage of damaged area to the 
command center is taken as the center of the Monte Carlo 

Figure 5.  Damage contour lines of the command center, (a) Without consideration of the function areas, and (b) Considering the 
function areas.

(a) (b)
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simulation, and 10,000 landing simulations are performed to 
obtain the distribution of landing points. By combining the 
damage contour lines, the damage probability of the command 
center at any degree of damage can be obtained, as shown in 
Fig. 6.

Taking the command center as an example, the probabilistic 
damage in the two cases, whether the function areas are 
considered or not, is calculated. The following differences can 
be found by analysing Fig. 5 and Fig. 6:

The damage contour lines considering the function • 
distribution density are not only affected by the shape 
of the command center but also by the distribution and 
importance of its function areas, which make the damage 
contour lines more irregular
under the same degree of damage to the command center, • 
the result obtained by considering the function distribution 
density has a greater damage probability than that obtained 
without considering it. under the same degree of physical 
damage, a greater damage effect is produced when the 
importance of the function areas is considered.

7.  CONCLUSIONS
To accurately describe a building, the method of dividing 

areas is adopted to model typical functions. The importance 
of the physical and system function areas is measured by 
the strength-relationship and damage tree, respectively. 
Subsequently, a function distribution density composed of the 
physical and system components is established.

Based on the damage characteristics, the damage modes 
of the physical and system functions are classified, and the 
corresponding equations representing the damage degree of a 
building are constructed.

Through Monte Carlo simulation of the landing points, 

Figure 6.  Probability damage of the command center: (a) Without consideration of the function areas, and (b) Considering of the 
function areas.

(a) (b)

the damage probability of a building is accurately determined 
based on the damage relationship and function distribution 
density. The calculation results considering the function 
distribution density exhibited greater irregularities, that are 
closer to the actual situation. 

For simplicity and efficiency, regular geometries are 
adopted to represent the function areas, and a uniform 
distribution is adopted for the probability damage calculation. 
However, both the shape and distribution can be adjusted 
according to the requirements, which ensures the applicability 
of the function distribution density proposed in this study.

This study can describe the damage distribution of 
buildings more accurately, which not only provides a reference 
for protective improvement measures but also optimizes the 
layout of functions. Additionally, this model can help to conduct 
quantitative evaluations of functionally related building groups 
and provide strategic support for their reliable operation.

rEFErENCES 
1. Zhai, C.l. & Chen, X.W. Damage assessment of the target 

area of the island/reef under the attack of missile warhead. 
Def. Technol., 2020, 16(1), 18-28.

 doi: 10.1016/j.dt.2019.06.022
2. Zhai, C.l. & Chen, X.W. Probability damage calculation 

of building targets under the missile warhead strike. 
Reliab. Eng. Syst. Saf., 2020, 202,107030.

 doi: 10.1016/j.ress.2020.107030
3. Sun, J.; Nagashima, F.; Kawase, H.; Mastsushima S. & 

Baoyintu. Simulation of building damage distribution 
in downtown Mashiki, Kumamoto, Japan caused by 
the 2016 Kumamoto earthquake based on site-specific 
ground motions and nonlinear structural analyses. Bull. 
Earthquake Eng., 2021, 19, 3491-3521.

 doi: 10.1007/s10518-021-01119-8



DEF. SCI. J., VOl. 73, NO. 5, SEPTEMBER 2023

550

4. Eskew, E.l. & Jang, S. Damage Assessment of a Building 
Subjected to a Terrorist Attack. Adv. Struct. Eng., 2014, 
17(11), 1693-1704.

 doi:10.1260/1369-4332.17.11.1693
5. Kelliher, D. & Sutton-Swaby, K. Stochastic representation 

of blast load damage in a reinforced concrete building. 
Struct. Saf., 2012, 34(1), 407-417.

 doi: 10.1016/j.strusafe.2011.08.001
6. Atkinson, g. Blast damage to storage tanks and steel clad 

buildings. Process Saf. Environ. Prot., 2011, 89(6), 382-
390.

 doi: 10.1016/j.psep.2011.06.020
7. yang, Q.; gao, R.; Bai, F.; li, T. & Tamura, y. Damage 

to buildings and structures due to recent devastating wind 
hazards in East Asia. Nat Hazards, 2018, 92(3), 1321-
1353. doi:10.1007/s11069-018-3253-8

8. ghajari, y.E.; Alesheikh, A.A.; Modiri, M.; Hosnavi, 
R.; Abbasi, M. & Sharifi, A. Urban vulnerability under 
various blast loading scenarios: Analysis using gIS-based 
multi-criteria decision analysis techniques. Cities, 2018, 
72, 102-114.

 doi: 10.1016/j.cities.2017.08.006
9. Aksu, S. Assessing compartment-wide damage 

consequences in ships and offshore vessels using Fault 
trees with system location attribution. Ocean Eng., 2019, 
192,106510.

 doi: 10.1016/j.oceaneng.2019.106510
10. Konokman, H.E.; Kayran, A. & Kaya, M. Aircraft 

vulnerability assessment against fragmentation warhead. 
Aerosp. Sci. Technol., 2017, 67,215-227.

 doi: 10.1016/j.ast.2017.04.005
11. loganathan, M.K. & gandhi, O.P. Reliability evaluation 

and analysis of CNC cam shaft grinding machine. J. Eng. 
Des. Technol., 2015, 13(1), 37-73.

 doi: 10.1108/jedt-10-2012-0042
12. Bhardwaj, U.; Teixeira, A.P. & Soares, C.G. Bayesian 

framework for reliability prediction of subsea processing 
systems accounting for influencing factors uncertainty. 
Reliab. Eng. Syst. Safe., 2022, 218,108143.

 doi: 10.1016/j.ress.2021.108143
13. loganathan, M.K. & gandhi, O.P. Reliability enhancement 

of manufacturing systems through functions. Proc. Inst. 
Mech. Eng., Part B, 2017, 231(10), 1850-1868.

 doi: 10.1177/0954405415612324
14. Sihombing, F. & Torbol, M. Parallel fault tree analysis 

for accurate reliability of complex systems. Struct. Saf., 
2018, 72, 41-53.

 doi: 10.1016/j.strusafe.2017.12.003
15. loganathan, M.K.; gandhi, M.S. & gandhi, O.P. 

Functional cause analysis of complex manufacturing 
systems using structure. Proc. Inst. Mech. Eng., Part B, 
2015, 229(3), 533-545.

 doi: 10.1177/0954405414528310
16. Contini, S.; Fabbri, l. & Matuzas, V. A novel method 

to apply importance and sensitivity analysis to multiple 
fault-trees. J. Loss Prev. Process Ind., 2010, 23(5), 574-
584. doi: 10.1016/j.jlp.2010.05.004

17. Halloul, y.; Chiban, S. & Awad, A. Adapted fuzzy fault 

tree analysis for oil storage tank fire. Energy Sources, Part 
A, 2019, 41(8), 848-958.

 doi: 10.1080/15567036.2018.1522393
18. Alonso, F.D.; Ferradás, E.g.; Miñarro, M.D.; Aznar, 

A.M.; gimeno, J.R. & Pérez, J.F.S. Consequence analysis 
by means of characteristic curves to determine the damage 
to buildings from the detonation of explosive substances 
as a function of TNT equivalence. J. Loss Prev. Process 
Ind., 2008, 21(1), 74-81.

 doi: 10.1016/j.jlp.2007.08.002
19. lees, F. lees’ loss prevention in the process industries: 

Hazard identification, assessment and control. Ed. 4. 
london: Butterworth-Heinemann, 2012.

20. TNO. Methods for the determination of possible damage-
CPR 16E. Ed. 1. Hague: CIP-data of the Royal library, 
1992.

21. Duperón, E.g.; gil, M.M.; Francés, B.g. & Ferradás, E.g. 
Analysis of effects of detonation of explosive substances 
on humans from characteristic curves explosive mass–
distance from the origin of the explosion. Process. Saf. 
Prog., 2015, 35(3), 233-240. doi: 10.1002/prs.11794

22. Stewart, M.g. Reliability-based load factor design model 
for explosive blast loading. Struct. Saf., 2018, 71, 13-23.

 doi: 10.1016/j.strusafe.2017.10.010
23. Hammersley, J.M. & Handscomb, D.C. Monte Carlo 

methods. london: Chapman and Hall, 2013.
24. Kim, W.; yoon, H.; lee, g.; Kim, T. & youn, B.D. A new 

calibration metric that considers statistical correlation: 
marginal probability and correlation residuals. Reliab. 
Eng. Syst. Saf., 2020, 195, 106677.

 doi: 10.1016/j.ress.2019.106677
25. Morio, J.; Pastel, R. & gland, F.l. Missile target accuracy 

estimation with importance splitting. Aerosp. Sci. Technol., 
2013, 25(1), 40-44.

 doi: 10.1016/j.ast.2011.12.006
26. Ameyaw, E.E.; Hu, y.; Shan, M.; Chan, A.P.C. & le, y. 

Application of Delphi method in construction engineering 
and management research: A quantitative perspective. J. 
Civ. Eng. Manage., 2014, 22(8), 991-1000.

 doi: 10.3846/13923730.2014.945953

ACKNOWLEDGEMENt
This work was supported by the National Natural Science 

Foundation of China (11627901, 11872118).

CONtrIBUtOrS

Dr Chenglin Zhai obtained his PhD from Beijing Institute of 
Technology. His research interests include: Damage assessment 
and probability calculation.
In the current study, he conducted the approach design, overall 
calculations, and manuscript preparation.

Prof Xiaowei Chen obtained his PhD from Nanyang Technological 
university. He is a professor and doctoral supervisor at Beijing 
Institute of Technology, China. His research interests include: 
Hypervelocity impact, armor piercing and penetration, and 
damage assessment.
In the current study, he provided guidance and reviewed the 
manuscript.


