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Abstract — Cable cranes are complex equipment used for concrete transportation to construct high curved dams. To operate them 
efficiently, we apply queuing theory to establish a correlative model. In order to achieve the efficiency we analyze the data existing 
in some typical projects by using the queuing model of multiple-service window system (M/M/C). Based on this queuing model and 
safety range equations of cable-cranes moving trajectory, a model of cable-cranes configuration is proposed. Finally, a practical 
project is taken as an example and it illustrates that the method gives important guidance to the project administrators and 
decision makers and supplies the operators with a more scientific and more effective operational planning tools. 
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I. INTRODUCTION  
 
The process of concreting in high curved dam is a kind of 

discrete event systems (DES). It contains three subsystems 
[1-2], concrete production, transportation, concrete 
construction. The cable-cranes play a pivotal role in high 
curved concrete construction, while they are very expensive 
.They also cause a lot of electrical power consumption and 
other resources in construction. At the same time this type of 
high curved dam construction will generally be divided into 
several dam blocks, while those dam blocks are composed by 
a number of placements, which are 3m to 4.5m per lift [3-5]. 
Currently in the existing project activities, engineers have 
sum up the experience of improving the efficiency of 
concrete in placements through allocate the rational number 
of cable-cranes to improve the efficiency[6-8]. There will be 
an issue about the configuration and optimization 
management in process of concreting for high curved dam. 
The structure of curved dam is complex，and restricted by 
various conditions in the concreting process. The 
construction activities of high curved dam with the cable unit 
participation presented above those characteristics. 

Denghua Zhong and Junzhou Wang had studied the 
construction process real-time control of curved dam 
construction simulation through establishing the simulation 
model of transportation systems and construction concrete 
pouring process in concrete dam [9-10]. Fenglian Song had 
established a finite-source queuing system with stage-service 
and a model of parametric statistics of machinery operation 
during construction [11]. Meanwhile, some other scholars 
had established optimal simulation models for equipment 
matching of rock-fill dam and roller compacted concrete dam 
based on queuing theory [12-13]. And There are so many 

applications of simulation model have been suggested and 
executed to solve the problems of various kinds of systems 
and achieved certain results [14-17]. Although the 
application of simulation in equipment matching for 
hydropower engineering construction has been discussed by 
many authors [9–13, 17], only a very few attempts to 
establish an optimal simulation model by analyzing the 
cable-cranes’ service rate. Based on our best of knowledge, 
the cable-cranes’ service rate is very important in the 
concrete construction system of high curved dam. This study 
contributes to achieve the efficiency of the cable-cranes by 
data analyzing in some typical projects and distribution law 
checking of cable-cranes’ service rate. The results is 
provided for the similar hydraulic engineering. 

 
II. SYSTEM ANALYSIS 

 
Queuing theory is called random service system theory, 

the objects it studied are stochastic, the results produced by 
objects may generate congested. The basic compositions of 
queuing system are input procedure, the regulation of 
queuing and service agent. The processing sequence, 
methods and parameters of service agents are determined by 
input procedure and the regulation of queuing. Numbers of 
service counters and service time are determined by service 
agents according to customer demand [18-20]. The concrete 
construction system of the high arc dam contains some 
subsystems such as produce system, transportation system 
and paving system. It can be shown as Fig. (1). The service 
agents’ input and output flows are actually the capacity of 
the capacity of concrete produce, transportation and 
construction. The service objects contain each subsystem and 
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need that the transmission between the service agents should 
be well-organized and efficient.  

 

 
Figure 1.  A process modeling of concrete construction system for high 

curved dam. 
  
For ease of estimating the influence of cable-cranes’ 

quantities and optimization goal, this paper introduce the 
objective function of cable-cranes’ cost to analyze. Because 
of the maximum quantities of cable-cranes’ subsystem are 
relatively limited, so it has a direct influence on the capacity 
of construction inside storages, this paper assume the 
concrete’s productivity is satisfied with service agents of the 
cable-cranes’ transportation subsystem in an arbitrary 
number configuration’s maximum concrete transportation 
capacity, and at the same time concrete feeding system 
supply for concrete mixing system. Cable-cranes regard as 
subsystem service window, construction storages regard as 
systematic object of service; the system cable-cranes 
participated in according to the regulation of First Come 
First Service (FSFC); each cable-crane arrival time intervals 
distribution and service time (storages unload time) 
distribution restricted to the difference of spatial positions
（haul distance）,the operators and construction teams, and 
also one cable-crane in one position has a different concrete 
haul distance. So the paper regards cable-cranes arrival time 
and service time as random variable. Then the model of 
service agents has shown as Fig. 2. 

1
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Figure 2.  FCFS multi-servers queuing model. 

 
As Fig. 2 shows that not only depict cable-cranes for 

construction in multiple storages, but also suit for 
construction in single storage, for example, at the initial stage 
of concrete construction, when a single storage has a large 

dimension and need amount of concrete, according to 
operating requirement, multiple cable-cranes work in the 
storage at the same time (similar project had 2 hanging cages 
at the same time). As shown in Fig. 1, if we regard the dam 
concrete construction as a subsystem, according to queuing 
theory, service counter C=1 means service agent has only 
one service facility, every time can only provide service for a 
customer, C>1(select integer)means service agent can serve 
C customers at the same time. So this paper's model adapts 
multiple service counters' finite element system bases on 
Poisson arrival and negative exponential service, pertain to 
M/M/C queuing model. 

 

A. The Boundary Condition 

 
In order to provide reliable model calculating outcome 

and to satisfy the security needs of cable-cranes, the number 
of available cable-cranes in the concrete construction of any 
storage for high curved dam NA must subject to follow 
conditions. This paper to satisfy the secure distance between 
the adjacent cable-cranes is the priority target [21]. 

The claim of cable-cranes' numbers which can be 
assumed that the number of cable-cranes which can be 
arranged is NA, for each storage maximum amount of cable-
cranes is N’A. 


A AN N   

The claim of workload. The general volume of concrete 
V which transport by cable-cranes during the construction 
needs to be larger than the demand of storages [V]. 

 [ ]V V  

Then, the concreting range of cable-cranes equations to: 


max( ) ( ) / 2 ( )D IA L IA R i   


min( ) ( ) / 2 ( )D IA L IA R i   

D(IA) is the horizontal distance between central point of 
storage and cable-cranes initial point, L(IA) is the width of IA 
storage along the flow direction, Rmax(i) and Rmin(i) are the 
operating range of the No. i Cable-Crane. 

To avoid interference with each cable-cranes which work 
at the same time, we must keep a secure distance between 
them, namely: 

 [ ( ) ( ) / 2] [ ( ) ( ) / 2]D IA L IA D IB L IB SL     

 [ ( ) ( ) / 2] [ ( ) ( ) / 2]D IA L IA D IB L IB SL     
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If we design the number of cable-cranes is Nmax, then 
the secure distance when they are moving at the same time 
must be satisfied with: 


max( ) /L IA N SL  

( )D IA  and ( )D IB  are the horizontal distance between 
central point of storage and cable-cranes initial point, ( )L IA  
and ( )L IB  are the width of IA and IB storage along the flow 
direction, SL is the minimum secure distance between the 
adjacent cable-cranes, according to construction experience, 
select SL=12m. 

 

B. Distribution Law Checking 

 
How to determine the cable-cranes' stay time in the 

system and the service time of unloading concrete in the 
surface is an important problem on the cable-cranes' queuing 
in construction of high curved dam. Because of the 
singularity of high curved dam, the asymmetry between 
cable-cranes and spatial space of dam layout, the difference 
of operators and construction teams, the cable-cranes' service 
time is stochastic. At present, 300m high curved dam that has 
been built or prepare to be built usually adapts the form of 
hyperbolic curved dam, and they are similar in body type and 
configuration of outlets. So we obtain the distribution law 
and related parameter of cable-cranes and dam construction 
surface in different elevation by filtering and analyzing the 
data of similar project has been built. 

In order to solve cable-cranes' configuration parameters 
in one elevation, we need to inspect whether service rate of 
cable-cranes (namely μ) accord with negative exponential 
distribution, specifically we can inspect it by using 2  text 
method[22]. Complete the follow steps: 

 (1)Extract sample points
1 2, , ......, nx x x of 

construction data in different elevation in 
corresponding casus, the interval between the sample 
point can be 0.5h. 

 (2)Hypothesizing
0H , population distribution 

0( ) ( )F x F x  (
0 ( )F x is a known distribution 

function). 
 (3)The sample divided into m disjoint intervals (-

∞,t1], (t1,t2],......,(tm-1, +∞), then the number of 

sample points in the (ti-1,ti] will be if . 

 (4) Calculate Pearson statistics 
2

1

( )m
i i

i i

f np
V

np


  , and 

0 0 1( ) ( )i i ip F t F t   . 

 (5) Check 2  figure to figure out 2( 1)a m r   ，r 

is the number of unknown parameters in 
0( )F x . 

 If 2 ( 1)aV m r   , affirm 
0H , if not, deny 

0H . 

 

III. MODELING AND SOLVING 

 
If we put NA of cable-cranes in the concrete construction 

for high curved dam, and the coverage of dam placement 
which is serviced is , corresponding the service of C cable-
cranes service windows. In this model we assume that the 
number of cable-cranes we put correspond to the number of 
service window, NA=C. Cable-cranes unit are put into used  
with the circulation way that one return to wait after the 
completion of the last transport, and queue shows the form 
side by side. To get the best number N*

A of transport 
configuration of cable-cranes in the  model system, we 
assume that Ks is the average concrete transport amount 0.5h, 
while Kw is the average concrete transport amount wait for 
the next 0.5h, E is the concrete transport efficiency of the 
equipment in unit time. 

Assume that in the multi-serve M/M/C queuing model, 
cable-cranes correspond C storage service windows, and 
because the run time of concrete bucket sling to storage limit 
to the difference of operators, so I appoint this time obey 
exponential distribution with parameter μ. When the array of 
cable-cranes' captain is k, the probability of cable-cranes 
arrive serve window and receive service is 

1 / ( 1)k rk   (r=1,2,3…) cable-cranes' (concrete bucket) 
time from feeding platform to storage obey exponential 
distribution with parameter λ. This system transition status as 
shown in Fig. 3. 

 

1k k 1c  c

 2 )1( k k c( 1)c 

 1r


12 r


1)1(  rk


1kr


( 1) 1c r


  1cr




 

Figure 3.  State flow of M/M/C queuing model. 
 
 
For the state of ‘0’: 


0 1 1 0p p p p

 


    

For the state of ‘1’: 

1 22
1

p p
r

 




2

2 1 0

1

2 ( 1) 2!
p p p

r

 
 

 
      



For the state of ‘2’: 



JIANWEN HUANG et al: A NOVEL APPLICATION OF M/M/C QUEUING MODEL TO CABLE-CRANES MOVING ... 
 

DOI 10.5013/ IJSSST.a.17.46.25                           25.4   ISSN: 1473-804x online, 1473-8031 print 

2 33
2 1

p p
r

 




3

3 2 0

1 1 1

2 1) 3 3! ( 1)(2 1)
p p p

r r r

 
 

 
        



…… 
For the state of ‘c-1’: 

1( 1) 1 c cp c p
c r

  
 



1

!( 1)(2 1)...[( 1) 1]np
c r r c r




 
        



If the stationary distribution exists: 


0

0

,(0 )
!( 1)(2 1)...[( 1) 1]

,( )
!( 1)(2 1)...[( 1) 1]

k

k k

k c

p k c
k r r k r

p

p k c
c c r r k r







      

     



 1   

 



 
   

1

0
0

[
!( 1)(2 1). . . [( 1) 1]

kn

k
p

k r r k r






     1]

!( 1)(2 1). . . [( 1) 1]

k

k n
k n n n r r k r



And the objective function can be written as: 

 *
min s A w sE K N K L     

According to the M/M/C queuing model equilibrium 
equations, obtain the system operation indicators as follows:

 


1 0

1 1

1 1

, 0

( 1) ( ) , 1
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We define that 


  , the system state probability 

equation is: 


1
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The average waiting time qL : 


02

( )

!(1 )

C

q

C
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The average time 
sL defined as: 

 s qL L    

The objective function E=E(NA) is a discrete function 
about the number of cable machines NA. Assuming that N*

A 
is the minimal point of E(NA).Then N*

A should be met: 


* *

* *

( ) ( 1)

( ) ( 1)
A A

A A

E N E N

E N E N

  


 
 

Simplifying the objective function: 

 * * * *( ) ( 1) ( 1) ( )     w
s A s A s A s A

s

K
L N L N L N L N

K


Because of solving the objective function 
E(NA)=KSNA+KwLs and simultaneous Eq. (15) to (20) 
directly is difficult, so in order to get the integer solution we 
could calculate that E(NA=1), E(NA=2), E(NA=3)….And then 
determining the best number N*

A of cable configuration by 
observing the interval of the value /w sK K . 

 

IV. EXAMPLE ANALYSIS 

 
A hyperbolic curved dam are constructing with the 

methods of in-situ construction. The design that six 30t 
parallel moving cableway which could transport 9.6m³ 
concrete ever time participate in dam construction. Cable-
cranes specific form of arrangement as Fig. 4 shows. 

    

 
Figure 4.  Arrangement plan of cable-cranes. 
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According to the boundary of safety ranges ,the number 
of cable-cranes could be sure that NA=4, there are 1# ~ 4# 
cable-cranes, during the 16# dam construction, which 
elevation is 1793m and relative height is 185m(Specific 
construction parameters in Table I. To obtain the rational and 
efficient number of cable-cranes, calculations as follows is 
needed. We assume that the arrival rate of dam placement is 
served by cable-cranes reach Poisson distribution. Average 
arrival rate 4  /0.5h.Meanwhile, under the system 
situation of waiting, the amount of concrete transport 
Kw=4.3m³/0.5h , while under normal working conditions, the 
amount of concrete transport 3

s 134.4 / 0.5K m h . 

TABLE I.  CONSTRUCTION PARAMETERS 

Sub-item 
Dam 

Placement 
Elevation/m

Size/m 
Quantity/m³ NA 

L H 
Concrete 

Construction 
16 1793 48.7 3.0 5280.5 4 

 
To obtain parameters of cable-cranes unit service rate in 

this construction parameters, the paper will analysis and 
calculate the case of this type of high curved dam 
construction project based on construction data. Extracting a 
group of construction data which last 45.6h in the placement 
of relative elevation 185m away from the crest, and screen 
the data 0.5h per interval .Working conditions and statistical 
results are shown in Table II. Firstly we define H0 and 
overall -distribution

0( ) ( )F x F x . 

Then verifying the distribution of cable-cranes reach time 

in the system through 
2  test and determining the relevant 

parameters. 

TABLE II.  STATISTIC OF ARRIVAL RATE PER HALF HOUR 

Time/h Arrival Quantity 

0-5 4 5 6 8 9 8 7 7 5 0 

5-10 3 4 7 6 8 9 8 5 4 2 

10-15 3 5 6 5 9 10 6 7 6 2 

15-20 0 7 8 10 9 8 7 5 7 7 

20-25 4 5 9 9 10 12 8 7 6 1 

25-30 3 6 8 10 14 14 7 8 7 4 

30-35 3 6 5 11 5 9 7 6 6 4 

35-40 4 6 8 9 12 10 6 6 7 3 

40-45 7 7 8 8 13 10 8 7 4 4 

45-45.6 6 2               

Sub-item Elevation 
Starting 

Time 
Duration 

/h 
Quantity 

/m³ 
Concrete 

Construction 
EL1700~EL1704.5 

2011/5/14 
15:35 

45.6 5895.5 

 
According to the arrival situation of the cable-cranes, the 

recorded value of the range is divided into eight groups: one 
group is 0~1, then 2、3、4、5、6、7、8、9、10, each as 
a group, more than 11 as a group. Calculating the mean of 92 
samples value x=7. Detecting each group's probability value 
Pi and calculating that Fi=nPi=92Pi, fi-Fi , (fi-Fi)2/Fi. through 

=7 negative exponential distribution . Result of calculation 
as Table III shows. 

 
TABLE III.  DISTRIBUTION PROBABILITY OF EACH GROUP 

i  x if  
ip  

iF  
i if F  2( ) /i i if F F  

1 0~1 3 0.007 0.671 2.328  8.081 

2 2 3 0.022 2.055 0.944  0.434 

3 3 5 0.052 4.795 0.204  0.008 

4 4 9 0.091 8.392 0.607  0.043 

5 5 9 0.127 11.750 -2.750  0.643 

6 6 14 0.149 13.708 0.291  0.006 

7 7 16 0.149 13.708 2.291  0.383 

8 8 13 0.130 11.994 1.005  0.084 

9 9 8 0.101 9.329 -1.329  0.189 

10 10 6 0.071 6.530 -0.530  0.043 

11 10~ 6 0.092 8.537 -2.537  0.754 

Sum 92 0.994 91.473 0.526  10.672 

 
Because of an unknown parameter   in F0(x), so 

r=1.Taking the level test 0.05  .Then we will get 
threshold 2

0.05 (8 1 1) 12.592    . 

For 10.6720 12.592V   , so H0 will be confirmed. 
Service rate of cable-cranes unit is considered negative 
exponential distribution. Parameter estimates u  7/0.5h. 

Then E(NA), NA=1,2,3,…, 6 will be sure by the 
calculation from the Eq. (15) to (21), and the result as Table 
IV shows. 

TABLE IV.  CALCULATION RESULTS 

AN  
sL  * *( ) ( 1)s A s AL N L N  ~ * *( 1) ( )s A s AL N L N 

1 1.333 (0.710, ) 

2 0.622 (0.045,0.710] 

3 0.577 (0.005,0.045] 

4 0.571 (0,0.005) 

 
The above results of the calculation table can be drawn 

that Kw/Ks=0.0318 belongs to (0.0053，0.0450). The max 
number of available cable-cranes is that NA=3 and N*

A≤NA 
under this construction condition. Therefore, the number of 
cable configuration is that N*

A=3. Taking needs of lifting in 
the other work placements on the dam into account, 1# ,2# 
,3# cable-cranes in upstream direction involved in No. 16 
dam construction ,4#、 5#、6# cable-cranes involved in 
material lifting in right bank dam section 1 to 10. So that the 
idle of 1# cable-crane’ running safety distance insufficient 
will be avoided. 

The optimal calculation results by the configuration 
model as above and based on cable service rate for negative 
exponential distribution intensity of pouring concrete dam 
construction, has carried on the unit interval time was 0.5h，
duration for 42h of 16# dam section of the storehouse of 
concrete intensity calculation, the calculation results are 
shown in Fig. 5. Periodically in the casting process to reach a 
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peak strength of casting, the period T = 4 ~ 5h. The factors 
that contribute to this phenomenon include that other 
positions of construction disturbance, cooling water pipe and 
temperature detection device of embedment, construction 
efficiency in the placements, etc. The highest intensity of 
entire construction activities was in the middle and later 
period. 

 

 
Figure 5.  Concrete pouring intensity per half-hour. 

 
By 16# dam section of the warehouse face concrete 

pouring the accumulative curve can get the construction time 
is about 42h as shown in Fig. 6. The entire construction 
activities smoothly, not one of them a big construction 
intermittent time, compound of dam concrete construction 
technical requirements. 

 

 
Figure 6.  Cumulative concreting flow diagram and estimated time of 

completion. 
 
 

V. CONCLUSIONS 
 
In the concrete construction of high arc dam, the method 

of transporting concrete to placing area lifted by cable-cranes 
is usually adopted, and this construction is a complex 
system. This paper establish and acquire parameters and 
objective model of cable-cranes’ configuration in concrete 
construction for high arc dam by using M/M/C queuing 
model and construction data and related operating cost of the 
project in this type. Example analysis shows establish the 
configuration model of cable-cranes in this construction 
system can find an optimum solution. If we want to find 
optimum solution of cable-cranes’ configuration in different 
elevation of concrete storehouse surface, we can further mine 
and analyze construction data of similar project, thereby we 
can get related parameters. By using this model we can find a 

rational result and computational process is simple. It 
provides a feasible method of cable-cranes’ configuration for 
high arc dam and a potent evidence to improve the operating 
efficiency of cable-cranes. 
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