


 a a′ b b′ 

Basic form 

   
Mises 

   
Magnitude 

  

Max. Mises 6.292×10� Pa 2.430×10�  Pa 2.128×10�  Pa 1.755×10�  Pa 

Max. Magnitude 2.788×10�� m 1.302×10��  m 7.790×10��  m 6.326×10��  m 

Figure 10． Verification of ear plate function. 

��� Case 

The work named Yunjian Linglong, designed for Guangzhou International Lighting 

Festival in 2019 (figure11), is a shell structure of minimal surface generated by 

mathematical formulas and computer programs. On the one hand, it has a free form and 

is not confined to a simple orthogonal system, creating a special spatial experience. On 

the other hand, the aluminium plate with a thickness of only 1.5mm supports a 7.8m in 

diameter and height, with no redundant skeleton support and only a thin surface structure 

like paper. It is also a unique mechanical research work transformed from mathematical 

space to physical space. 

Figure 11． 'Yunjian Linglong' designed for Guangzhou International Light Festival  

 

Rhino and Millipede complete the basic shape design and optimization design of ' 

Yunjian Linglong '. The mechanical evaluation of mathematical models in different 

states is carried out by combining structural analysis with parametric design, so as to 

realize the transformation from mathematical model to mechanical model. Firstly, the 

dot-matrix randomly generates the control points. Secondly, the original minimal surface 

model is generated by the dot matrix parametric generation method. Finally, the 
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structural form-finding design of the mathematical model is carried out by adjusting the 

parameters, such as the location of control points, influence factors and so on, so that the 

model generates more tubular objects and gradually forms the spatial state of multiple 

tubular frames from the state of homogeneous foam. Each state of the above 

transformation process is input into the ABAQUS for preliminary static analysis to 

evaluate the influence of the overall structural performance and development trend of 

this transformation process (figure. 12) 

 

 Basic form Mises Magnitude 

Form A 

  
Form B 

 
 

Form C 

 
 

Figure 12．Design optimization process and structural performance verification. 
 

In terms of construction, irregular hyperboloid can create a smooth free-form surface 

form. This smoothness and freedom have brought significant challenges to actual 

construction. The following fitting principle is proposed for construction: Firstly, the 

irregular surface that cannot be expanded into a plane is meshed and divided into surfaces 

composed of multiple connected meshes. The more units, the smoother the surface; 

secondly, these finite elements are planarized, in order to be quickly cut by CNC 

technology. Finally, the plane element is bent and assembled to fit the target surface. 

The entire construction process involves the following four steps (figure 13): 

1.  Geometric subdivision optimization. The heterogeneous meshed model is discretely 

expanded. Under the programming of grasshopper, the expansion length is divided 

according to the size requirements of CNC machine, and form strips. 

2. Precise control of planarity. The model information, such as shape, size and so on, is 

presented on two-dimensional drawings through digital tools. The processed components 

are typewritten on the CAD for accurate cutting of CNC machine tools. 

3. Unit surface fitting. The plane with marked angles is bent to fit the unit surface, and 

the rivets are used to cross the reserved round hole of the ear plate to fix and combine 

the two units to restore the whole. 

4. Overall assembly. Firstly, the 37 groups of units are pre-assembled at low altitude. 

Then, the unit of tubular frame structure is assembled to produce a certain temporary 

spatial stiffness, and the outer secondary structure is assembled based on the tubular 

frame. Finally, the crane or gantry is used for the high-altitude part of the operation. 
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1. Geometric subdivision 

optimization. 

2. Precise control of the plane. 

3. Unit surface fitting. 4. Overall assembly 

Figure 13．Fabrication process.

5. Conclusions 

Digital construction of large minimal surfaces is a frontier research subject in 

architecture. With the aid of algorithm technology and digital design tools, this paper 

qualitatively analyzes the experimental method of transforming mathematical space of 

minimal surface to physical space of reality. By optimizing and adjusting the basic 

algorithm of the minimal surface, the model is in a schedulable state. Combined with the 

structural analysis, four directions of structural form-finding are proposed: transforming 

to tubular structures, transforming to tree-shaped frameworks, and transforming from 

homogeneous to clustered states, and connecting node design. At the same time, four 

groups of digital simulation mechanics experiments are designed. The preliminary static 

quantitative calculation is carried out with the structural calculation software ABAQUS 

to verify the feasibility of the experimental method in the exploration of the digital 

construction of the minimal surface. It shows that structure can be a precondition for 

complex spatial form, not just a constraint. The later structural design can be incorporated 

into the earlier architectural form-finding process to better promote the seamless 

connection of the construction process. The project of "Yunjian Linglong " combined the 

formation logic, structural performance optimization and digital construction to verify 

the experimental method proposed in this paper.  
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Application of Model Predictive Control  
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Abstract. Due to the nonlinear behaviour in hydraulic shake table system and 
control-structure-interaction (CSI) effect, the phase-lag between displacement 
command and response can be clearly discovered in time domain. This problem is 
very crucial since the phase-lag of the actuator control can diminish the testing 
fidelity and might cause numerical instability in real-time hybrid simulation 
(RTHS). In this paper, the optimal model-based control algorithm named model 
predictive control (MPC) is adopted to compensate the time delay of the hydraulic 
shake table control system. The performance of the newly developed MPC is 
compared to that of the state-of-the-art PID controller numerically. The results 
show that the proposed MPC algorithm can successfully improve the tracking 
performance and time delay issue of the hydraulic shake table control system. This 
fact makes MPC a great method to implement the hydraulic shake table control 
part for the RTHS application. 

Keywords. Model predictive control, real-time hybrid simulation, time delay 
compensation. 

1. Introduction 

For observing and validating the dynamic performance of high-performance structures 

under different levels of excitations, real-time hybrid simulation (RTHS) could be a 

promising alternatives or additives to the current shake-table test. In RTHS, it is crucial 

that the time delay introduced by the hydraulic control system and data acquisition 

system, is properly compensated to avoid instability and accuracy problems. Horiuchi 

et al. showed that the delayed response of an actuator adds negative damping to the test 

structure, resulting in the divergence of the structural response during the testing [1]. 

Moreover, the installed specimen will interfere the control performance of the shake 

table, which is so-called control-structure-interaction (CSI) effect [2]. 
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To compensate the time delay issue, researchers have been developing different 

kinds of compensation techniques. Horiuchi et al. [1] utilized a third order polynomial 

function to extrapolate and predict the reference displacement command for actuator 

control. Chae et al. [3] proposed the adaptive time series compensator by updating the 

coefficients of a second order compensator using a least-square algorithm to minimize 

the system delay. Recently, the adaptive model reference control strategy is proposed 

by Amirali and B.F. Spencer [4]. This method combines the adaptive law with the 

model-based control scheme, which improves the robustness while maintaining the 

good tracking performance. 

In this paper, a model predictive control (MPC) strategy is utilized to compensate 

the time delay in the real-time shake table control. The dynamic model that contains the 

hydraulic shake table control system and the installed specimen is modelled, and the 

parameters are identified by grey-box system identification method for the controller 

design. Numerical simulation results show that this approach successfully improves the 

tracking performance and phase response. The robustness against the specimen 

nonlinearity is also proved in both numerical simulation and real-time experiment. 

2. Description of the Control System and System Identification 

2.1. Model of Shake Table System with SDOF Specimen 

The control model for the shake table control system considered in this paper is created 

by physical modeling and parameters identification technique. The hydraulic shake 

table system including the PID controller, hydraulic actuator, shake table and the tested 

specimen. The basic schematic is presented in figure 1.  

Figure 1. Schematic of a SDOF specimen mounted on the shake table.

Considering the transfer functions of servo valve, actuator and the PID controller, 

the bare table control system can be represented by a third order system model, which 

takes displacement command as input and generate displacement feedback as output 

[5]. The governing equations of the bare table control system expressed in the state 

space form is given in equation (1), 
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where, 
t
x and

t
x� are the table displacement and velocity; 

t
m  is the mass of the shake 

table; 
a
k , 

a
  and 

a
  are the control gain, the natural frequency and equivalent 

damping ratio of the shake table system; 
a
f  is the actuator force applied to the shake 

table; 
d
x  is the target displacement. 

And the specimen model can be modelled analytically to consider the control-

structure interaction, the governing equations of the specimen can be written as 

equation (2) and (3). 
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where, 
s
x  is the relative displacement of the specimen relative to the shake table; 

s
m ,

s
k ,

s
c  are the mass, stiffness and damping of the specimen, respectively.  

Combining equation (1), (2) and (3), the state space form of the shake table system 

which contains the hydraulic dynamics, and the CSI effect can be given in equation (4), 
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 (4) 

2.2. Parameters Identification 

The control model for the shake table control system considered in this paper is created 

by physical modeling approach and parameters identification technique. Several ground 

motions are used to excite the shake table within the frequency of interest. Both the 

displacement command and the displacement feedback are recorded to conduct the 

parameter estimation by grey boxing system identification method. The identified 

parameters are listed in table 1. 

Table 1. Parameters of the shake table control system and SDOF specimen. 

Mass of the specimen, 
s

m [kg] 136.5752 

Damping coefficient of the specimen, 
s
c  1289.667 

Stiffness of the specimen, 
s
k [N/mm] 297800 
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Mass of the shake table, 
t

m  575(kg) 

Control gain of the shake table, 
a
k  60 

Damping ratio of the shake table system, 
a

  0.8 

Natural frequency of the shake table, 
a

  232.4779 

3. Model Predictive Control Design 

MPC strategy includes three key processes: prediction, optimization and receding 

horizon, the basic process is illustrated in figure 2. The general design objective of 

MPC is to compute a trajectory of a future command to optimize the future response of 

the shake table.  

 
(a) Prediction at time step k (b) Prediction at time step k+1 

Figure 2. Schematic of MPC control strategy.

First, the proposed model in section 2 which is discretized with the sampling 

frequency equals 1000 Hz, is used in MPC to predict the shake table’s response with 

the future control command as the adjustable variables. Second, MPC will find the 

optimal control sequence such that a cost function is minimized within the prediction 

horizon. Third, with the receding horizon control principle, only the first sample in the 

control sequence is implemented. This procedure is repeated in real time to improve the 

control performance.  

A steady state Kalman filter is designed to obtain the values for the unmeasurable 

states and predict the future plant output. The filter is designed by solving the discrete 

algebraic Ricatti equation to get the a priori estimate error covariance M in equation 

(5). The Kalman gain is designed as constant throughout the entire control process and 

be calculated in equation (6). With the known Kalman gain, the Kalman filter 

estimation can be applied, and the steps are presented in equation (7) and (7). By using 

the states obtained from the steady state Kalman filter in equation (8), the MPC can 

make predictions for the output variable and solve the optimization problem to generate 

the optimal control sequence. 
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4. Numerical Simulation 

4.1. Numerical Simulation with Linear Specimen 

To investigate the performance of the MPC design strategy, the linear model simulation 

is conducted by utilizing the parameters identified in table 1. The control performance 

of using just PID controller is presented as the benchmark result. The 1980 Irpinia Italy 

earthquake record is chosen to be the reference signal and the comparison result is 

presented in figure 3. It can be clearly shown that both the tracking performance and 

time delay are improved. 

Figure 3. Linear specimen simulation result.

4.2. Numerical Simulation with Nonlinear Specimen 

To further investigate the effectiveness and robustness of MPC, a nonlinear SDOF 

specimen is designed in simulation framework to by using the bouc-wen hysteric 

model [6] presented in equation 5 to represent the specimen nonlinearity and the same 

MPC controller designed in section 3 is used in the simulation.  
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  (5) 

The simulation result shown in figure 4 shows that even the nonlinear effect exists 

in the specimen, MPC is still robust enough to achieve good control performance and 

improve the time delay issue. 
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5. Conclusion 

In this study, MPC is introduced in time delay compensation indued by the nonlinear 

dynamics of the shake table and the CSI effect. A Kalman filter is used to provide MPC 

with future plant output, in order to derive the optimal control sequence. In this paper, 

the dynamic model including the shake table control system and a SDOF specimen was 

established, and its parameters were identified using grey-box identification method. 

Then, the MPC controller based on the control model was addressed, followed by two 

numerical cases, with linear and nonlinear specimens. Results from two cases illustrate 

that both the tracking performance and time delay are improved and validate that the 

proposed MPC has a receiving effectiveness and robustness. Further work will focus on 

conducting a real RTHS test using the proposed MPC strategy.  

onlinear specimen simulation result NFigure 4. 
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Properties of Defect Grouting Sleeve 
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Abstract. This paper proposes to use the cohesive bilinear contact model that comes 
with ABAQUS to simulate the bond-slip between steel grouting material; Establish 
a grouting sleeve connecting steel bar specimen model to simulate the mechanical 
performance of the end defect specimen and the middle defect specimen under 
different anchorage lengths, through the stress cloud diagram,Analyze the force 
transmission mechanism, reveal the influence mechanism of the end defect and the 
middle defect on the mechanical properties of the grouting sleeve. 

Keywords. Reinforced sleeve, grouting defect, mechanical performance, cohesive 
force element, ABAQUS. 

1. Introduction 

Prefabricated buildings are the top priority for the development of the civil engineering 

industry in the future. Compared with traditional construction, it has the advantages of 

short construction period, less energy consumption, and controllable quality. It conforms 

to the concept of green and sustainable development. It has been applied and promoted 

in China in recent years [1].Lead to void defects inside the sleeve, these problems greatly 

affect the mechanical properties of the grouting sleeve [2]. 

The grouting sleeve was invented by Alfred.A.Yee [3]. in North America and 

applied for the first time in the frame structure concrete column. After more than half a 

century of development, it has been promoted to many countries and regions in the 

world.Zheng Qinglin [4] et al. conducted a uniaxial tensile test of 70 semi-grouting 

sleeves to analyze the influence of different grouting defects on the mechanical 

properties.Analyzing the test results, it is found that the end defect has little effect on the 

mechanical performance of the test piece compared with the horizontal defect and the 

middle defect;Li Xiangmin, Gao Rundong [5]conducted experiments on three grouting 

sleeves with different diameters and different anchoring lengths. The research results 

show that the middle defect has a greater impact on the mechanical properties of the 

grouting sleeve.In addition to the experiment, Zhao Jun [6] used ANSYS software to 

build a grouting sleeve model, and analyzed the stress distribution of the steel-grouting 

and grouting-sleeve contact surfaces. The results show that the shear key of the steel rib 
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and the sleeve is the key part of the sleeve bearing capacity;Wang Rui [7] et al. used 

ABAQUS finite element software to compare and verify with the experiment, and the 

results are more consistent.Wu Tao [8] et al. Conducted a uniaxial tensile test of a 

grouting sleeve, analyzed the influence of sleeve type, steel bar diameter and anchoring 

length on the strain of the sleeve wall, and performed simulation verification with 

ANSYS finite element software. 

2. Establishment of Finite Element Model 

A finite element model was established based on the specimen size and material 

parameters of the sleeve tested by Kuang Zhiping [9]. 

2.1. Model Parameters 

(1)Sleeve geometry 

The structure of GT420 type sleeve is shown in the figure 1, and the structure size of the 

grouting sleeve is shown in relevant specifications.  

 

Figure 1.Schematic diagram of                       Figure 2.Schematic diagram of modeling of  

longitudinal section of full grouting sleeve       grouting sleeve connecting steel bar specimens 

(2) Rebar size 

The length of the reinforcement on the grouting side is 300mm, and the length of the 

reinforcement on the overflow side is 310mm,The diameter of the steel bar is 20mm. The 

anchorage length of the grouting side steel bar is 160mm, which is 8d; the anchoring 

length of the overflow side steel bar is 170mm, which is 8.5d, and d is the diameter of 

the steel bar [10]. 

(3) ABAQUS modeling processing 

In view of the main analysis problems, in order to improve work efficiency, this chapter 

makes the following simplified treatments when establishing the numerical model of the 

grouting sleeve connecting steel bar specimens: 

1.Do not draw crescent ribs when modeling steel bars; 

2.The interior of the grouting sleeve is simplified as a smooth cylinder; 

3.The grouting sleeve connecting steel bar specimen is equivalent to an axisymmetric 

model. As shown in figure 2. 

2.2. Material Model 

(1)Grouting 

Grouting is a dry mixture, which uses cement as the basic material, mixed with a certain 

composition of fine aggregates, concrete admixtures and other materials. When in use, 

the grouting material is mixed with water to form a cement-like sticky body, which has 
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good fluidity, early strength, high strength, and micro-expansion properties, and has 

certain similarities with concrete.Therefore, the concrete CDP model is adopted. At the 

same time, this paper simulates the expansion of the grout by using the thermal 

simulation method.The thermal expansion coefficient characterizes the thermal 

expansion and contraction characteristics of the matrix. It is assumed to be isotropic 

expansion, and the expansion coefficient is the same in the three spatial directions. In 

this paper, the coefficient of thermal expansion is set to 0.0006. 

The following table 1 shows the strength of the grouting material used in the literature. 

It can be seen that the strength of the grouting material is 82.78MPa, so the C80 concrete 

CDP model is used in the model. 

Table 1. Statistical results of grouting compressive strength test 

Age/d Specimen number Average intensity fc/MPa 

1 C-01 39.29 

3 C-02 65.53 

28 C-03 82.88 

The grouting material uses a concrete plastic damage model, which is mainly used 

to simulate the mechanical performance of concrete structures under cyclic and dynamic 

loads. The expansion angle is 30°; the eccentricity is 0.1; 1.16; K is 0.66667; the viscosity 

parameter is 0.005. 

(2)Rebar 

The steel bar adopts the ideal elastoplastic three-fold line model, and its parameters 

are derived from the yield strength, ultimate strength, yield platform length and     

ultimate strain of the test control group. Since the test control group has three groups,  

the parameters are averaged. The Poisson's ratio is 0.3. The parameters are as follows 

table 2: 
Table 2. Performance test results of reinforcing steel materials 

Specimen  

number 

b-1 b-2 b-3 average value 

Yield Strength 

���/��� 

440.76 439.88 441.81 440.82 

Ultimate strength 

���/��� 

616.70 614.83 614.57 615.37 

Yield platform 

length∆���(×

10��)

17.7 18.3 17.9 17.97 

Ultimate strain��� 0.302 0.285 0.327 0.305 

(3)Sleeve 

The test results show that the sleeve is always in an elastic state, so the sleeve 

material adopts an ideal elastic model. The elastic modulus is 2×105MPa, and the 

Poisson's ratio is 0.3. 

2.3. Contact and Boundary Conditions 

When the grouting sleeve is subjected to unidirectional tensile load, two failure modes 

occur in the connecting steel bars of the grouting sleeve, namely, steel bar breakage 

failure and steel pull-out failure. Therefore, the model uses ABAQUS's own cohesive 
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bilinear contact model between the steel bar and the grouting material. The parameters 

are taken from the bond-slip constitutive between the steel bar and the grouting material 

previously studied, and the maximum nominal stress criterion is used for damage. In the 

contact properties, set the friction coefficient, the friction coefficient is set to 0.5, and set 

the "hard" contact in the normal behavior. 

3. Numerical Simulation Results and Analysis 

3.1. Influence of End Defects on the Mechanical Performance of Grouting Sleeve 

When the grouting sleeve connecting steel bar specimens with end defects are subjected 

to uniaxial tensile load, high stress repeated tension and compression, and large 

deformation repeated tension and compression, when the anchoring length of the 

reinforcement on the overflow side changes, 

 

(a)                                                   (b) 
Figure 3. Large deformation and repeated tension and compression contain end defects 

Under the action of large deformation and repeated tension and compression of the 

grouting sleeve connecting steel bar specimens, the anchorage lengths of the end defects 

of the steel bars on the overflow side are respectively 4d, 5d, 5.5d, 6d, 7d, and when fully 

filled,The load-displacement curve of the numerical simulation is shown in figure 3. It 

can be seen from figure 3(a) that for the end defect, when the anchorage length of the 

steel bar is 4d and 5d, the steel bar specimens connected by the grouting sleeve will fail 

after the steel bar yields. When the anchorage length of the steel bar on the overflow side 

is greater than 5.5d,the steel bar specimens connected by the grouting sleeve all suffered 

steel bar breakage. 

Figure 3(b) shows the load-displacement curve of the large deformation repeated 

tension-compression cyclic loading under different anchorage lengths of the end defect 

of the overflow side steel bar. It can be seen from the figure that the curve of the rising 

section of the first forward load is the same as that of the uniaxial tensile load. When the 

load reaches the first-level control displacement level, the curve has entered the yield 

section and even strengthened;The first positive unloading is also due to the elastic 

shrinkage of the steel bars, and the deformation is partially restored. However, due to the 

friction resistance between the steel bars and the grouting material, the amount of 

deformation recovery is not large, and the steel bars have undergone obvious plastic 

deformation. 
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3.2. Influence of Defects in the Middle on the Mechanical Performance of Grouting 

Sleeve 

The analysis results are as follows when the anchorage length of the reinforcement on 

the overflow side changes under the action of three different loads on the grouting sleeve 

connecting steel bar specimen containing the middle defect: 

                     

Figure 4. Uniaxial stretching           Figure 5. High-stress repeated tension and  central defect force                             
compression containing central defect force-displacement curve 

It can be seen from figure 4 that for the middle defect, when the anchoring length of 

the reinforcement on the overflow side is 1d~3d, the grouting sleeve connected steel bar 

specimens will be pulled out before the steel bar yields.When the anchoring length of the 

steel bar on the overflow side is 4d, 5d, 5.5d, the steel bar specimens connected by the 

grouting sleeve will be pulled out after yielding.When the anchorage length of the 

reinforcement on the overflow side is greater than 6 d, the reinforcement specimens 

connected by the grouting sleeve all have the reinforcement failure. 

It can be seen from figure 5 that for the middle defect, when the anchoring length of 

the reinforcement on the overflow side is 4d, 5d, 5.5d, the grouting sleeve connected 

steel bar specimens will fail after the steel bar yields.When the anchorage length of the 

reinforcement on the overflow side is greater than 6 d, the reinforcement specimens 

connected by the grouting sleeve all have the reinforcement failure. 

4. Analysis of Stress Field of Steel Bar Specimens Connected By Grouting sleeve 

4.1. End Grouting Defect 

For the grouting-sleeve-connected steel bar specimens containing grouting end defects, 

the stress transfer mechanism and change law of the steel bar, grouting and grouting 

sleeves are almost the same as the situation when they are full. The differences are: 

(1)The stress at the defective end of the grouting material is greater than the stress at the 

full end, as shown in figure 6(a). This is due to the reduction of the anchorage length of 

the steel bars, which leads to a reduction in the contact area between the steel bars on the 

overflow side and the grouting material, so that under the same force, the stress at the 

defective end of the grouting material is greater than the stress at the full end. 

(2)For the sleeve that does not bond with the grout, this part is almost free of force, as 

shown in figure 6(b). This is because this part is not in contact with the grouting material, 

so it cannot withstand the tensile force of the steel bars transmitted through the grouting 

material. 
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(a)                                 (b) 
Figure 6. Stress cloud diagram of grouting and grouting sleeve before V-MT-4d steel bar is pulled out 

From the above stress cloud diagram, it can be seen that due to the end defect, under 

the same load, the force of the grouting material at the defect end is more concentrated, 

which will increase the deformation of the grouting material.This affects the bonding 

performance between the steel bar grouting material, and then weakens the bonding 

strength of the steel bar grouting material. Therefore, when the end defect increases to a 

certain extent, the bond strength between the steel bar and the grouting material is less 

than the tensile strength of the steel bar, and the steel bar pull-out failure occurs. 

4.2. Contains a Central Defect 

For the grouting sleeve connecting steel bar specimens containing grouting central 

defects, the stress transfer mechanism and change law of the steel bar, grout and grouting 

sleeve are basically the same as the situation when it is full. The differences are: 

(1)When there is a hollow defect in the middle and the steel bar breaks, the stress of the 

grouting defect end is greater than the stress of the non-defect end, and for the stress of 

the defect end, the stress of the grouting inside the sleeve is greater than the stress of the 

grouting near the overflow port. , As shown in figure 7(a). 

(2)When the test piece is pulled out and damaged, the stress at the end of the grouting 

containing the defect in the middle will be transferred from the inner end of the sleeve to 

the end close to the overflow port, as shown in figure 7(b)~(c).  

 

  (a)                                (b)                                   (c) 
Figure 7. H-MT-5d (pulling out failure) stress cloud diagram of grouting material and grouting sleeve at 
different moments 

It can be seen from the above stress cloud diagram that when the size of the defect 

is the same, the middle defect is located in the middle of the grouting material, so that 

under the same force, there will be grouting material on both sides of the middle defect 

of the grouting material.Therefore, the central defect has a greater adverse effect on the 

grouting sleeve connecting steel bar specimens. 
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5. In Conclusion 

The stress cloud diagram in the grouting sleeve connecting steel bar specimen is 

explained, and the force transmission mechanism of the contact surface, the stress 

distribution law and the force condition of each part are analyzed.The influence 

mechanism of the end defect and the middle defect on the mechanical properties of the 

grouting sleeve is revealed. The research results show that: 

(1)To ensure that the steel bars connected by the full grouting sleeve will break and 

fail, the anchorage length of the rebar at the middle defect shall not be less than 6d, and 

the anchorage length of the rebar at the end defect shall not be less than 5.5d. 

(2)In the grouting sleeve connecting steel bar test piece, the main stress parts of the 

steel bar are located at the two ends of the outer side of the sleeve mouth;The force of 

the grouting material is relatively uniform, the stress on the contact surface of the steel 

bar and the grouting material is greater than the stress in other areas, there is no contact 

with the steel bar, and the grouting material in the middle part has the least stress and is 

basically free of force;The main force-bearing part of the sleeve is located in the middle 

part of the sleeve, that is, the middle part is large and the two ends are small. In this 

regard, the author proposes an optimization scheme for the grouting sleeve, which can 

be partially strengthened in the middle part of the grouting sleeve, and the thickness of 

the two ends of the sleeve can be reduced. 

(3)Due to the grouting defect, under the same load, the force of the grouting at the 

defect end is more concentrated.This will increase the deformation of the grouting 

material, thereby affecting the bonding performance between the steel bar grouting 

material, and thereby weakening the bonding strength of the steel bar grouting material. 

Therefore, when the end defect increases to a certain extent, the bond strength between 

the steel bar and the grouting material is less than the tensile strength of the steel bar, and 

the steel bar pull-out failure occurs. The defects in the middle part make the grouting 

material inconsistent and the force of the grouting material is more concentrated. 

Therefore, the middle part defects have a greater adverse effect on the grouting sleeve 

connecting steel bar specimens.  
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Abstract. Ship maneuvering simulation is an important tool to predict the kinetic 
and kinematic properties of a vessel. It can estimate the manoeuvrability of  
a vessel in advance to optimize the ship design and avoid possible problems. 
Environmental effects including wind, wave, current are very important 
disturbances from the nature, which can have great influence on the vessel. 
However, it is rather difficult to evaluate their influence currently. In this work, the 
wind, wave and current effects are implemented into the ship maneuvering model. 
Some typical results are demonstrated for verification. This tool is promising for 
engineering applications in ship design. 

Keywords. Ship maneuvering, environmental effects, turning circle, 
hydrodynamic coefficient. 

1. Introduction 

With the increase of maritime transportation, the prediction of ships maneuverability 

especially under the environmental influences, such as wind, wave, current, etc., 

becomes a vital concern for maritime and coastal navigation control systems. Since the 

maneuverability ensures the ability of ship performance for safe navigation. The 

prediction of ship maneuvering becomes an important factor in ship engineering 

problems. It is important to evaluate the ship maneuverability in the design stage. 

Sarioz [1] presented the results of a real-time ship maneuvering simulation study 

examining the maneuvering performance of large tankers in the Bosphorus Strait. 

Vantorre [2]has provided a literature review on the ship-bank interaction with emphasis 

on experimental data and empirical formulas. Debaillon et al.[3] ont proposé un 

système de modélisation de squat d’un navire qui couple un modèle hydrodynamique et 

un modèle structurel. Sutulo[4]presented a frontier integral equation method applied for 

the calculation of inertia and damping characteristics of ship sections for multi-stage 

cases and inclined depths. 

In this work, the wind, wave and current effects are implemented into the ship 

maneuvering model. Some typical results are demonstrated for verification. This tool is 

promising for engineering applications in ship design. 
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2. Mathematical Formulations 

2.1. Mathematical Formulations 

By applying the rigid body assumptions, the motion equations of ship can be written as 

[5-8] 

RB RB RB
 �M v C v τ                                                   (1) 

where MRB is the mass matrix. v is the velocity vector. CRB is the Coriolis and 

centripetal matrix. 
RB

τ  is the vector induced by external forces and moments. As seen 

in figure 1, V and Venv denote the direction of ship and environmental effect (wind, 

current, wave, etc.), ψ the ship yaw angle and βenv the angle of environmental forces in 

the global system. In the body-fixed coordinate, 

 

Figure 1. Coordinate frame. 

The matrices of a 3DOF (degrees of freedom) model can be written as: 

0
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   

C    (2) 

 
T

u v rv        
T

RB
X Y Nτ                                               (3) 

where m is the mass of ship. xG and yG are the position of the center of gravity. Iz is the 

moment of inertia around z axis. u, v and r are the linear and angular velocities. X, Y, 

and N are the forces and moment on the vessel. The dimensionless forms of X, Y, and N 

are written as 

                           

X Y N
X Y N

mg mg mgL
                                                            (4) 

Therefore, the reduced maneuvering equations are  

u vr gX  �  v ur gY  �    
2

z G
Lk r Lx ur gLN

 

  �                         (5) 

where
1

z

z

I
k

L m



 is the non-dimensional form of the radius of the turning. 
1

G G
x L x
 

 . 

The force and moment components on the ship X", Y", N" include the hydrodynamic 

forces in calm water as well as various environmental ones due to wind, waves, 

currents, etc. There are two kinds of manner to express them, one is introduced by Prof. 

Y. Wang et al. / Efficient Ship Maneuvering Prediction with Wind, Wave and Current Effects 1109



Abkowitz from MIT and the other one by the Mathematical Modeling Group (MMG) 

from Japan. The MMG model considers the ship system based on hull, rudder and 

propeller respectively. In this study, rather than the detailed interactions between the 

three parts, we focus on the whole ship. So here the Abkowitz model is a better choice. 

The hydrodynamic forces and moment can be written as [9-11] 

 

( , , , , , , , , , )

( , , , , , , , , , )

( , , , , , , , , , )

hyd hyd

hyd hyd

hyd hyd

X X u v r u v r T c

Y Y u v r u v r T c

N N u v r u v r T c
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 

 

 

 

 







� � �

� � �

� � �

  (6) 

where T is the thrust of the propeller. c is the flow velocity near the rudder. ξ is the 

term caused by shallow water.   is the rudder angle. 

In this study, the Esso Bernicia 190,000dwt tanker is used, whose expanded 

hydrodynamic forces and moment can be shown as: 

                     (7) 

                      (8) 

where the first two lines are deep water effect and the last two lines the confinement 

effect.
¨ | | | | | | ||
, , , , , , , , ,

u u v uv r uv c c

u

X X Y Y N N N
      

  
  

� � ∣
 are the hydrodynamic derivatives 

in [5], td the thrust deduction coefficient.  / . /
d d

v u T h T     , where h is the 

water depth. Td is the draught of the ship. 

2.2. Environmental Effects  

According to Eq.l, environmental forces and moments can be incorporated into the 

term 
RB

  as follows [12-16]: 

                            
ewind current wavhRB syd                                            (9) 

where Thyd is the hydrodynamic term, ts the term of ship-to-ship interaction, 
wind

 , 

current
  and 

wave
  are the environmental terms, including wind, current and wave effect 

in this study. 

2.2.1. Wind Effect 

To correspond with the real situation, an experimental and statistical algorithm of 

the Oil Companies International Marine Forum (OCIMF) is utilized during the 

simulation. The OCIMF model is considered to be one of the better suitable methods 

for very large crude carriers (VLCC, vessels in the 150,000-500,000 dwt range). So, it 

is appropriate to be utilized for the Esso Bernicia 190,000dwt tanker of this work.       
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The wind forces and moment of this model can be expressed as: 

2

wind , wind
7.6

a

X wind T
X C V A


  

2

wind , wind
7.6

a

Y wind L
Y C V A


   

2

wind , wind
7.6

a

N wind L
N C V A L


     

(10) 

where the curves of coefficients CX,wind, CY,wind, CN,wind are presented in [5]. pa is the 

local air density, AL and At the lateral and transverse projected area, L the overall ship 

length. As in figure1, the angle of attack of the wind 
wind wind

      , where   is 

the ship yaw angle. 
wind

  is the angle of the wind in the global coordinate. The relative 

velocities can be written 

 
, wind wind

cos
r wind

u u V         
, wind wind

sin
r wind
v v V                     (11) 

2.2.2. Current Effect 

Ocean currents can be formed by gravity, wind friction, heat exchange at sea surface, 

variation of water density, etc., both horizontally and vertically. For a 3DOF system, 

only the horizontal component is considered. In some areas, the current speed can reach 

2-3m/s or more. The velocity field of ocean current is very close to homogeneous. 

Thereby uniform current is assumed for simplicity in this work. Like the wind effect 

(figure 1), the relative velocities of current can be expressed as: 

 
, current current

cos
r current

u u V        
, current current

sin
r current
v v V               (12) 

2.2.3. Wave Effect 

Waves on the ocean surface can be generated by many kinds of disturbances, such as 

wind, gravity, etc. They have a certain amount of randomness differing in height, 

duration and shape. Many approximations, including linear, 2nd-order and higher-order 

models, have been proposed by researchers [7]. When coming to the maneuvering 

problem, 2nd-order theory is usually sufficient to describe the response of most marine 

vehicles in the sea. The 'order' is expressed in the wave elevation ξ(x, t) by applying 

Stoke's expansion to second order. 

     2 3

1 1

1
( , ) cos cos2

2

N N

i ei i i i ei i i i
i i

x t A t k x A t k x O A    
 

                   (13) 

Then the wave slopes for wave component i can be calculated 

      2 2 3
( , )

( , ) sin sin 2i

i i i ei i i i i ei i i i

d x t
s x t A k w t k x A k w t k x O A

dx


         (14) 

 

Figure 2. Wave spectrum with one peak. 
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where the wave number ki=wi
2/g. Φi is a random phase angle, which is uniformly 

distributed (figure 2). It is constant with time [0,2π]. The encounter frequency 
2

wave
cos /

ei i i
gw w U w   with U the total speed of ship, g the gravity acceleration 

and 
wave

  the angle between ship heading and wave direction. 
i

w  is a random 

frequency of the spectral density function S(s). As in figure 3, we only consider the 

wave spectra with one peak frequency. S(w) is divided into N intervals with length As. 

The wave amplitude  2 Δ
i i

A S w  . The wave spectra normally used are Neumann 

spectrum, Bretschneider spectrum, Pierson-Moskowitz (PM) spectrum, Torsethaugen 

spectrum, JONSWAP spectrum, etc. Among them, the JONSWAP spectrum is under 

the assumption of finite water depth and limited fetch, which make it suitable for the 

confinement problem. The modified PM spectrum is adopted here to consider a fully 

developed sea with large depth, no swell and unlimited fetch. 

The wave forces and moment can be written 

wave wave
1
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Table 1. Hydrodynamic coefficients of the Esso Bernicia 190, 000dwt tanker 

No. Coefficient Value No. Coefficient Value 
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3. Results and Discussions 

The maneuvering equations are first tested to validate the feasibility and their accuracy. 

For the hydrodynamic coefficients, instead of the original ones, here we adopt the 

optimized ones from [5] to reduce the error of simulation. 

3.1. Turning Circle Test 

Normally the turning circle maneuver, zigzag maneuver, spiral maneuver, etc. are 

always conducted to evaluate the controllability and maneuverability of the vessel. In 

this study, the turning circle maneuver is first carried out for validation. The 

hydrodynamic coefficients can be found in table 1. Figure 3 is the comparison of 

calculated and experimental trajectories. The simulation results are close to that of 

experiments. The difference between the two is smaller than 10m. The surge velocity 

and yaw angle (figure 3) also agree with the experimental results. 

    

Figure 3. (a) Comparison of simulation and experimental trajectories in turning circle tests.  

(b) Comparison of the surge velocity and yaw angle in turning circle maneuver. 

3.2. Turning Circle Tests With Environmental Effect 

The environmental terms above are validated using turning circle tests before applying 

to the ship overtaking simulation. As shown in figure 4, wind, current and wave with β 

= 0°, 90°, 180°, 270° are imposed during the simulation. The wind and current speeds 

are 60knots and 5knots, respectively. The wave height and peak period of wave 

spectrum are 10m and 5.0s. The trajectories indicate correct behaviors under the 

influences of wind, current and wave from all the directions. For the cases of wave 

effect, there exists a random phase angle 0 in the equations of wave elevation and wave 

slope. The results might change each time running the simulation. Overall, the 

maneuvering models can predict the ship trajectory and can be adopted in the formal 

applications. 
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4. Conclusions 

In this work the wind, wave and current effects are successfully implemented into the 

ship maneuvering model. The Esso Bernicia 190,000dwt tanker is adopted for the 

maneuvering simulations. The trajectories, surge velocity and yaw angle are validated 

with experimental results. Some typical results with wind, wave and current effects are 

    

 

 

Figure 4. Comparison of turning circle tests with and without wind, current and wave effect. (a) β= 0◦;  

(b) β= 90◦; (c) β= 180◦; (d) β= 270◦. 
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demonstrated for verification. This tool is promising for engineering applications in 

ship design. 
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Abstract. Small and medium-sized enterprises have promoted the development of 
the national economy, but they often ask for loaning from banks due to the shortage 
of funds and mortgage assets. Therefore, it is very important for banks to formulate 
reasonable credit strategies. This paper introduces TOPSIS and hierarchical cluster 
analysis algorithm, establishes a credit decision-making model based on the strength, 
stability of supply and demand, reputation and anti-risk ability of enterprises, 
quantitatively scores the risk of each enterprise, then obtains the lending rates, and 
establishes an objective function through RAROC theory to obtain the loan amount 
when the bank's profit is the maximum. In addition, the missing indicators of 
enterprises without credit records can be predicted by BP neural network prediction 
model. This paper studies and solves the credit decision-making problems of small 
and medium-sized enterprises, and provides a reference for banks to put forward 
more accurate credit strategies. 

Keywords. TOPSIS, Hierarchical cluster analysis, BP neural network, Credit 
decisions, RAROC theory 

1. Introduction 

As an important part of the national economy, small and medium-sized enterprises play 

an indispensable role in the vigorous development of Chinese economy. Since the reform 

and open, Chinese economy has developed rapidly. During this period, a large number 

of small and medium-sized enterprises have emerged, including those with good 

operation and those on the verge of bankruptcy. They have to loan from banks for various 

reasons. For banks, their funds are limited. Therefore, how to formulate appropriate 

credit strategies and allocate resources reasonably is the key to the healthy development 

of Chinese economy. In the direction of quantitative credit scoring and determining 

credit strategies for small and medium-sized enterprises, a large number of theoretical 

and practical research have been carried out and rich research results have been 

accumulated. 
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Xiong Yudi [1] made a quantitative analysis of the scale of the enterprise based on 

data analysis and analytic hierarchy process, which provided a certain reference for the 

bank loan strategy. Xing Xudong [2]adopted the decision tree model based on logistic 

analysis method to quantitatively analyze the enterprise from many aspects such as 

default probability and invoice information. Compared with the traditional method, the 

error rate is reduced by 60.2% - 70.1%. Nan Jinxiang, Li Wenzhe [3] and others used 

TOPSIS method to obtain the comprehensive score of each enterprise by using seven 

indicators, and considered the customer churn rate to solve the optimal credit decision. 

Liu Xinying [4] carried out objective optimization on the basis of logistic model, 

considered the loan amount, lending rates and customer churn rate, and found the optimal 

interest rate to enable the bank to obtain the maximum investment return. Zhang 

Bingqing [5] used TOPSIS comprehensive evaluation model to obtain the credit score of 

each enterprise. Finally, he defined and gave a specific linear strategy model to formulate 

the credit strategy for small and medium-sized enterprises. 

Although the above research uses different credit decision-making models, this 

paper uses systematic cluster analysis to effectively determine whether to grant loans to 

enterprises. At the same time, neural network is used to predict the missing indicators of 

enterprises without credit records. According to RAROC theory, factors such as bank 

risk cost, capital cost and customer churn rate are considered at the same time. It further 

optimizes the credit decision-making model and improves the accuracy and effectiveness 

of the model. 

2. Model Construction And Solution 

In order to quantitatively analyze the credit risk of several companies, the strength of 

each enterprise, the stability of supply and demand, the sensitivity of lending rates and 

credit situation are taken as evaluation indicators. Based on the credit data of these 

companies, a credit decision-making model is established to formulate accurate loan 

strategies for small and medium-sized enterprises. 

2.1. Data Selection 

The data in this paper comes from the relevant data of several enterprises with credit 

records (credit records contain two indicators of credit grade and whether to default) and 

no credit records of a bank in China, such as input and output invoice information, 

including enterprise code, invoice number, invoicing date, input and output unit code, 

amount, tax amount, total amount and tax, invoice status information, and the 

relationship between the annual interest rate of bank loans and customer churn rate. The 

loan amount is required to be between 100000 yuan and 1 million yuan, and the annual 

interest rate of the loan is required to be between 4% and 15%. 

2.2. Data Preprocessing 

Refine the indicators according to the data information, that is, extracting the following 

indicators from the original data information, namely, the total input tax t1, the total 

output tax t2, the total number of input and output invoices t3, the total effective amount 

of input invoice t4, the total effective amount of output invoice t5, the effective rate of 

input invoice t6, the effective rate of output invoice t7, the ratio of total input and output 
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price tax t8, the ratio t9 of the total number of effective invoices of input and output, the 

ratio t10 of the total amount of effective invoices of input and output, the credit rating t11, 

whether to default t12, and the enterprise scale t13. 

 Quantification of credit rating 

The credit ratings of the above companies are divided into four categories: A, B, C 

and D. if the credit rating is A, t11 = 4; If the reputation level is B, t11 = 3; If the credit 

rating is C, t11 = 2;Credit rating is 1; Then t11 = 1. 

 

 Quantification of whether to default 

Encode the default indicator. If default, t12= 0; If there is no breach, t12= 1. 

 

 Convert all indicators to very large indicators 

It is found that only the ratio t8 of the total price and tax of input and output, the 

ratio t9 of the total effective invoices of input and output, and the ratio t10 of the total 

effective amount which involves input and output invoices are intermediate indicators, 

and the rest are very large indicators. Therefore, these three indicators are transformed 

into very large indicators: 

 

Set the intermediate index sequence as
1 2

( , ,..., )
n

x x x  

Then the transformed very large index sequence is
1 2

( , ,..., )
n

y y y
 

i best

i

x -x
y 1- ( 1,2,3,..., )

max{| |}
i best

i n
x x

 
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2.3. Solving Process of Credit Decision Model for Enterprises with Credit Records 

Step 1: Construct TOPSIS evaluation function TOPSIS (x). X is the incoming forward 

matrix. The following is the specific algorithm of TOPSIS evaluation function: 

Standardize the forward matrix, M enterprises and N evaluation indicators, so there 

is M×N matrix. Due to different dimensions, the matrix must be standardized to 

eliminate the influence of dimensions. 

Set forward matrix: 
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Then the element in the standardized matrix Y is: 
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Z. Wang and B. Lin / Research on Credit Decision Issues1118



Calculate and normalize the score, abstract two ideal vectors, and abstract an 

evaluation object with the lowest evaluation index and an evaluation object with the 

highest evaluation index from all evaluation index data. The following is the 

normalization process of the standardization matrix: 

Standardized matrix and row vector form of its evaluation object: 

111 12 1

21 22 2 2

1 2

. . .

. . .

. . . . .

. . . . .

. . . . .

. . .

n

n

m m mn m
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y y y

Y

y y y
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  
  
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Define maximum and minimum: 

11 21 1 1 2
(max{ , ,..., },...,max{ , ,..., })best

m n n mn
y y y y y y y

 (5) 

11 21 1 1 2
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 (6) 

Get the score of the i-th (i=1,2, ... ,n) evaluation object without normalization: 
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The scores were normalized: 
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That is, the column vector composed of the last score is used as the return value of 

TOPSIS function: 

~ ~ ~

1 2
( , ,..., )

m
S s s s  (9) 

Step 2: Select characteristic variables and build a credit risk quantitative model. 

Then decide whether to grant loans to enterprises according to enterprise strength and 

the stability of enterprise supply-demand relationship. 

 Enterprise strength 

The measurement of enterprise-strength depends on a variety of indicators. Here, 

the total input tax t1, the total output tax t2, the total number of input and output invoices 

t3, the total effective amount of input invoice t4, the total effective amount of output 

invoice t5 of each enterprise are selected as the measurement standards of enterprise-

strength, and the TOPSIS calculation method is used for scoring. 

For enterprise j, the enterprise-strength score is: 
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1 2 3 4 5
TOPSIS(t ,t ,t ,t ,t )

j
ES 

                               

(10) 

 Stability of enterprise supply-demand relationship 

The stability of the enterprise supply-demand relationship also depends on a variety 

of indicators. Here, the ratio t8 of the total price and tax of input and output, the ratio t9 

of the total effective amount of input and output invoices, and the ratio t10 of the total 

effective amount of input and output invoices are selected as the measurement standards 

of the stability of enterprise supply-demand relationship. TOPSIS algorithm is also used 

to score the stability of the enterprise supply-demand relationship. 

For enterprise j, the stability score of the enterprise supply-demand relationship is: 

8 9 10
TOPSIS(t ,t ,t )

j
ESD 

                                   

(11) 

 Enterprise anti-risk ability  

The anti-risk ability of enterprises of different sizes is different. Therefore, 

enterprise size t13 is selected as the measurement standard of enterprise anti-risk ability, 

and the TOPSIS algorithm is also used to score the enterprise anti-risk ability. 

For enterprise j, the enterprise anti-risk ability is: 

13
TOPSIS(t )

j
EAR 

                                      

(12) 

The risk is quantified according to the four aspects of enterprise-strength, stability 

of enterprise supply-demand relationship, enterprise reputation, and anti-risk ability. It 

is known that the score of enterprise credit risk is a very small index, so the score of 

enterprise-strength, stability of enterprise supply-demand relationship, enterprise 

reputation, and anti-risk ability should be transformed into a very small index first. Then 

the enterprise credit risk score obtained according to TOPSIS algorithm is: 

TOPSIS(ES ,ESD ,ER ,EAR )
j j j j j

ECR 

                       

(13) 

Step 3: Firstly, according to the enterprise strength and the stability of the enterprise 

supply-demand relationship, the TOPSIS algorithm is used to obtain the score of loan or 

not. Then, according to the obtained loan or not, we make a hierarchical cluster analysis 

with a classification number of 2, and we decide to make loans to the classes with high 

scores. 

Calculate the score of loan or not: 

TOPSIS(ES ,ESD )
j j j

LE 

                                 

(14) 

Now, the 123 groups of indicators are subject to variable clustering, that is R-type 

clustering analysis. The individual distance adopts square Euclidean Distance, the system 

clustering method adopts inter-group connection, and the cluster number is set to 2. 

According to the solution of SPSS software, 95 enterprises are clustered into one 

category, and the score of loan or not is high, and the other 28 enterprises are clustered 

into one category, and the score of loan or not is low. Therefore, loans were granted to 

the 95 enterprises. Because the total clustering pedigree is too large, we intercepted the 
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cluster dendrogram of 28 enterprises that do not issue loans. The figure 1 is the Cluster 

Dendrogram of non lending enterprises. 

 

Figure 1. the Cluster Dendrogram of non lending enterprises 

For enterprise j, the enterprise lending rates is: 

min

max min

4% (15% 4%)
j j

j

j j

ECR ECR
Eloan

ECR ECR



  



i

                     

(15)  

Then we calculate the Lending rates of 95 enterprises according to formula 15. The 

result is shown in table 1. 

Table 1. Lending rates 

Enterprise Lending rates Enterprise        Lending rates 

E1 0.04000 E86 0.14123 
E2 0.11432 E87 0.14047 
E3 0.12440 E88 0.14015 
E4 0.11367 E89 0.14055 
E5 
E6 
E7 
E8 
E9 

E10 

0.13508 
0.13105 
0.12709 
0.12198 
0.13374 
0.13528

E90 
E91 
E92 
E93 
E94 
E95

0.14002 
0.14954 
0.14065 
0.15000 
0.13986 
0.14062 

 

Step 5: Determination of loan amount. According to RAROC [6] theory, we 

establish a function to maximize the bank's profit. 

According to RAROC loan pricing theory, this paper considers capital cost and risk 

cost as the evaluation basis of loan pricing, and also considers the ratio that banks lose 

potential customers due to factors such as lending rates, that is, customer churn rate Li. 

Based on the above aspects, this paper constructs the function of Bank net profit. 
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f L A r A FTP EL


   i i i

                     

(16) 

Ai represents the loan amount granted by the bank to the enterprise code i. Ri is the 

bank's lending rates to the enterprise code i. FTP is the benchmark interest rate, where 

the benchmark interest rate takes the Shibor to mean value of Bank of Shanghai on 

November 19, 2021, i.e. 2.756%, ELi represents the risk cost of the enterprise with 

enterprise code i. 

Here, risk cost (ELi), also known as anticipated loss, is an expected loss of loan 

default in advance. It consists of risk exposure A, anticipated default rate EDF, and 

default loss rate LGD: 

i i i i
EL A LGD EDF  

                                        (17) 

According to relevant economic literature [6], the default loss rate is: 

i i i
LGD A r  

                                           (18) 

Among them, β is the default loss coefficient. According to the default pyramid 

principle [7], the default loss coefficient is a piecewise function of rating, in which the 

value of class an enterprise can be 0.09, class B enterprise can be 0.18, and class C 

enterprise can be 0.27. 

We represent the average default rate of 123 enterprises as the general default rate, 

i.e: 

123

12

1

1

123 i

cl t



 
                                                (19) 

Then the default rate of 95 enterprises can be obtained according to the credit risk 

score and general default rate of the selected 95 enterprises, that is, for enterprise j: 

123
i i

EDF cl ECR  

                                         (20) 

Generally, the amount of loans granted to small and medium-sized enterprises is 

between 100000-1 million: 

10 100
i

A 
                                                (21) 

Using lingo to solve, the specific loan amounts of 95 enterprises are shown in the 

table 2. 
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Table 2. Loan Amounts 

Enterprise Loan amount Enterprise Loan amount 

E1 95.26715 E86 55.40541 

E2 87.20867 E87 16.63750 

E3 69.09409 E88 53.60359 

E4 

E5 

E6 

E7 

E8 

E9 

E10 

67.18400 

79.11071 

87.35255 

86.40460 

86.86789 

85.72270 

51.70463 

E89 

E90 

E91 

E92 

E93 

E94 

E95 

18.69118 

54.34436 

51.30493 

51.30493 

18.96898 

52.45277 

10.05894 

 

2.4. Solving Process of Credit Decision Model for Enterprises without Credit Records 

Compared with enterprises with credit records, enterprises without credit records only 

lack two indicators: reputation level and default. Neural network algorithm can be used 

to predict the reputation level and default of enterprises without credit records. 

Step1: set the input layer to the data of non predicted variables of 123 groups of 

enterprises with credit records: total input tax and output tax, total number of input and 

output invoices, total effective amount of input invoice, total effective amount of output 

invoice, total input price tax, total output price tax, input invoice efficiency and output 

invoice efficiency. The output layer is 123 groups of credit rating and loan data to be 

predicted, so as to train the model. 

The figure 2 shows the neural network diagram of the BP neural network used. 

 

Figure 2. Graph of BP neural networkhort caption 

 

Step 2: MSE diagram is obtained after neural network training with MATLAB.  

Generally speaking, the more training times, the smaller the error. However, due to the 

phenomenon of over fitting, the mean square error of the validation data set may increase. 

Therefore, the minimum value of MSE after a training should be found. The figure 3 

shows the MSE diagram in the neural network training process of credit rating and loan. 
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Figure 3. MSE of reputation level and loan or not indicator 

The training of neural network is to continuously adjust the weight matrix. When 

the left and right images are trained 17 and 22 times respectively, they all correspond to 

the minimum MSE. The MSE of the two figures are 0.48725 and 0.043533 respectively, 

which are relatively small errors for the original data, which can better reflect the 

accuracy of the credit model. 

Step 3: Error analysis after MATLAB input neural network training 

Regression between the fitting value and the real value shows that the R values of 

both are more than 0.7, that is, the goodness of neural network fitting is better. The figure 

4 shows the R values of two indicators. 

 

Figure 4. R values of reputation level and loan or not indicator 

 

Save the trained neural network model and results, and then use the SIM function of 

MATLAB for prediction. After the preliminary results are obtained, all values are 

rounded, that is, the data of the final missing reputation level and whether to default are 

obtained. 

Step4: after obtaining the two indicators of missing credit rating and default, it is 

transformed into the solution process of credit decision model of enterprises with credit 

records. 

2.5. The Reasonableness Test of Model 

At the heart of the credit decision model established in this paper is the creation of a 

credit risk quantification model, i.e. the solution to the risk score. To examine the 

plausibility of the risk score, we make a scatter plot of the relationship of credit risk score 

and credibility level. The scatter plot is shown in figure 5. 
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Figure 5. Scatter plot of the relationship of credit risk score and credibility level. 

Where the abscissa is the credibility level and the ordinate is the credit risk score. 

We used the Spearman coefficient rs to measure the correlation between two variables, 

i.e., to test whether it was significantly different from 0. Setting the null hypothesis H0: 

rs = 0 and the alternative hypothesis H1: rs≠0, hypothesis testing was performed using 

SPSS software. The results of hypothesis test are shown in figure 6. 

 

Figure 6. Hypothesis test resultes 

At the 99% confidence level, we can reject the original assumption that H0: rs = 0, 

that is, rs is significantly not zero. 

Therefore, the credit risk score and credit rating have a significant positive 

correlation, so the establishment of our credit risk quantitative model is effective and 

accurate, which further proves the accuracy of the credit decision-making model. 

3. Conclusion 

3.1. Advantages and promotion of the model 

Based on the related data of small and medium-sized enterprises in a bank database, this 

paper establishes a credit risk assessment model by using TOPSIS and system clustering 

model, solves the problem of setting lending rates, and effectively establishes an optimal 

loan decision model by using RAROC theory and default pyramid theory. Then the loan 

amount allocated to enterprises when the bank profit is the largest is solved. In addition, 

when small and medium-sized enterprises have no credit records, they can also use BP 

neural network to predict the credit records according to various indicators in the input 

and output invoice information, so as to better formulate the credit strategy for small and 

medium-sized enterprises. The model can be applied not only to the credit decision-
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making of banks, but also to more scenarios, such as comprehensive evaluation of 

hospitals in a city, talent recruitment of an enterprise and so on.  

3.2. The Future of the Model 

In the credit decision model, we can take into account the possible impact of some small 

and medium-sized businesses, and introduce contingencies to improve the credit decision 

making model, such as national policies and COVID-19 emergencies. More machine 

learning algorithms can also be used to improve the model, such as expanding the model 

from the perspective of game theory. In addition, we can consider more costs of banks, 

establish a more scientific and more based profit function, and build a more accurate 

credit decision-making model. 
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