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ABSTRACT 

Tunnel invert is a weak section of curved beam on tunnel foundation, and it is easy to break 

down. Based on the curved beam theory on elastic foundation, the curved beam model of tunnel 

invert was established, the displacement equation of tunnel invert under external load was deduced, 

and the formula of settlement of tunnel bottom and the pressure of rock mass was presented. By 

means of the calculating formula, the distribution law of settlement of tunnel bottom and pressure of 

rock mass were obtained when tunnel bottom was strengthened and not strengthened by high 

pressure jet grouting pile. The final formula in the paper is precise to predict the settlement of tunnel 

bottom and pressure of rock mass, so it is of great value for tunnel design and construction. 
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INTRODUCTION 

There are many problems in the construction of curved beams, such as embankment culvert, 

underground pipeline and tunnel lining, and the curved beam model can be used to solve them [1-3]. 

At present, the research of curved beams is mostly concentrated on the study of the basic theory 

[4-5]. Pagano et al. [6-7], Chien et al. [8], Shen et al. [9], and Tornabene et al. [10] used the linear 

elastic theory to study laminated composite plates under the condition of column bending and gave 

the exact solutions. Lekhnitskii et al. [11] gave the general solution of anisotropic bending beam 

under moment load. This method was also adopted to calculate the interlaminar tensile stress for 

four point bending experiment of curved beam (ASTMD6415/D6415M-06a) [12]. Shenoi et al. [13], 

Arici et al. [14] established the model for bending behaviour of elastically curved beams and 

obtained the elastic solution of the anisotropic beam. Higher-order shear deformation theory can 

accurately calculate in-plane deformation and stress for shell structure with span to thickness ratio 

than four, but cannot calculate the interlaminar stresses for composite plates and shells [15, 16]. 

Aköz et al. [17] used the finite element method to analyse circular beam with variable cross section 

mailto:hesiyue@chd.edu.cn


  Article no. 38 
 

THE CIVIL ENGINEERING JOURNAL 4-2018 
               

           DOI 10.14311/CEJ.2018.04.0038   472 

 

on elastic foundation under arbitrary load. Banan et al. [18] found the general finite element formula 

for spatial curved beams and arches on elastic foundation. Çalım et al. [19, 20] presented an 

effective method for analysing the dynamic performance of straight beams and curved beams on 

elastic foundation. Wang et al. [21], Öz et al. [22], Chen et al. [23], Malekzadeh et al. [24], and Wei 

et al. [25] studied the vibration problem of curved beam on elastic foundation. Based on Euler beam 

theory, Zhong et al. [26], Adineh et al. [27], Cong et al. [28], Duc et al. [29, 30], and Dung et al. [31] 

studied the nonlinear transient thermal response for FGM beam with unstable heat conduction and 

revealed the mechanical characteristics of FGM beams on the basis of tension free. The academic 

research on the curved beam on elastic foundation has made a wealth of research results, but there 

is little research in practical engineering applications.  

In tunnelling engineering, the tunnel lining is closely contacted with rock mass, the tunnel lining 

can be regarded as curved beam on elastic foundation. Dai et al. [32] put forward the calculation 

model of tunnel lining deformation and internal force on the basis of the Qingdao overlapping tunnel 

on the beam theory on elastic foundation. Based on principle of initial parameter method, Sun et al. 

[33] established the initial parameter matrix equation for solving the internal force and deformation 

of concrete lining on curved beam on elastic foundation. Through on-site monitoring of steel arch 

stress and pressure of rock mass, Wen et al. [34] deduced an analytical formula for internal force of 

the primary support of tunnel on curved beam on elastic foundation. Based on the beam model on 

double elastic foundation and influence of uneven settlement of soft soil, Li et al. [35] established a 

plane numerical model and analysed the arrange of settlement joint and the longitudinal stress and 

deformation of the tunnel. In summary, more emphasis focuses on the analysis of the internal force 

and the uneven settlement in the longitudinal range of the superstructure of the tunnel, while the 

analysis of the tunnel invert is relatively rare.  

In this paper, the curved beam model of the tunnel invert was established and the displacement 

equation of curved beam on elastic foundation under external load was deduced based on the 

differential equation of beam on elastic foundation. The displacement equation was used to 

calculate the settlement of tunnel bottom and the pressure of rock mass when the tunnel foundation 

of soft loess was strengthened and not strengthened by high pressure jet grouting pile.  

 

DIFFERENTIAL EQUATION OF CURVED BEAM ON ELASTIC FOUNDATION 

 

The Winkler Foundation assumes that the settlement at any point on the surface of the 

foundation is proportional to the pressure on the unit area of the point. This assumption is the 

foundation for series of independent spring simulation on rigid base. When a point on the foundation 

surface is subjected to pressure p, because the springs are independent of each other, only the 

local settlement y is generated at this point, and no settlement occurs in other places. The 

foundation model is also called the local elastic foundation model. The formula is expressed in 

Equation 1. 

p=Ky                                        (1) 

Where K is the coefficient of foundation reaction which represents the pressure intensity 

required to produce the unit deformation at a point on the foundation (kN/m3); p is the pressure 

intensity at any point on the foundation (kPa) and y is the deformation of the foundation at the point 

of pressure (m). 
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The local elastic foundation model is still applicable in the derivation of curved beam on elastic 

foundation. There is a constant cross-section beam on the Winkler Foundation (Figure 1(a)). The 

inner and outer radius of curved beam is r0 and r1 respectively, and the thickness of curved beam is 

h=r1-r0, the sectional area is A, the sectional inertia moment is I, and the centre radius is ri=（r1+r0）

/2. Assuming that there is no friction effect, the resistance of the foundation is proportional to the 

radial displacement of the curved beam. 

   

(a) Curved beam with constant cross section    (b) The force of element 

Fig. 1 -  Schematic diagram of curved beam on elastic foundation 

 

We selected an arbitrary element ridθ from the beam as the object of analysis, as shown in 

Figure 1(b).  y(θ) is the radial displacement; K is the coefficient of foundation reaction;  M(θ) is the 

bending moment of initial section;  Q(θ) is the shear force and N(θ) is the axial force. All the forces 

are positive in the direction of the Figure 1. 

According to the force state of the element, as shown in Figure 1(b), the radial, tangential and 

centre moment balance equations of the infinitesimal element are established, as shown in 

Equations 2 to 4. 

0)()()( 1   dQdrKydN                               (2) 

0)()(   dNdQ                                     (3) 

0)(   dQrdM i
                                     (4) 

The radial displacement y(θ) of the curved beam has following relationship with internal force 

[34]: 
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Where E is the elastic modulus of th curved beam. 

To derive θ in the Equation 5 once and three times, we can get the following equation: 
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Then we can obtain the Equation 8 by adding equation 6 and 7: 
2 3 3 25 3

5 3 3 3
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We can get a five order radial displacement y(θ) differential equation with constant coefficients 



  Article no. 38 
 

THE CIVIL ENGINEERING JOURNAL 4-2018 
               

           DOI 10.14311/CEJ.2018.04.0038   474 

 

based on simultaneous Equation 2, 4 and 8: 
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The characteristic equation of the general solution of Equation 9 is as follows: 
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So the general solution of the Equation 9 is: 

0 1 2 3 4( )y C C ch cos C sh cos C ch sin C sh sin                      (10) 

The Equation 11 can be obtained by simultaneous Equation 3, 4 and 6: 
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The Equation 12 can be got by simultaneous Equation 2 and 11: 
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And the Equation 13 can be obtained by simultaneous Equation 5 and 12: 
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Finally, we can get analytical equation of internal force of curved beam by simultaneous 

Equation 2 to 6 and Equation 10: 

1 1 2 2 1 2
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THE DIFFERENTIAL EQUATION OF CURVED BEAM ON ELASTIC FOUNDATION 

UNDER SYMMETRIC LOAD  

Section forms of the highway tunnel are generally symmetrical about the vertical axis, and no 

asymmetric loading tunnel, so it can be assumed that the load of tunnel rock mass is also 

symmetrical about vertical axis. The section where the tunnel centre is located is taken as the initial 
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section, the symmetry of structure and load can be used. 
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So we can get C2=C3=0. 

Then, Equations 10 and 14 to 16 can be simplified as follows: 

0 1 4( )y C C ch cos C sh sin                             (17) 

0 1 1 0 0 2 0 0 4 1 0 0 2 0 0[ ( ) ( )]Q T C A sh cos A ch sin C Ach sin A sh cos                     (18) 

0 1 1 0 0 2 0 0 4 1 0 0 2 0 0[ ( ) ( )]Q T C A sh cos A ch sin C Ach sin A sh cos                  (19) 

0 1 1 0 0 2 0 0 4 1 0 0 2 0 0[ ( ) ( )]Q T C A sh cos A ch sin C Ach sin A sh cos                    (20) 

In Equations 17 - 20, the internal force analytical equation of curved beam on elastic foundation 

can be obtained after the integral constants C0, C1 and C4 are calculated. And the integral constants 

C0, C1 and C4 can be obtained by the boundary conditions at both ends of the curved beam. 

 

ESTABLISHMENT OF CURVED BEAM MODEL ON ELASTIC FOUNDATION OF 

TUNNEL INVERT 

When the tunnel invert was completed, it would be affected by the weight of the lining and the 

load of the rock mass. The settlement of tunnel bottom would produce pressure on the foundation; 

similarly, the tunnel foundation would also produce the counterforce to the tunnel invert. Therefore, 

the tunnel invert could be regarded as a curved beam on the elastic foundation. The self-weight of 

tunnel lining and the pressure of rock mass could be equivalent to the load acting on both ends of 

tunnel invert, and the boundary conditions at the ends of the tunnel invert could be obtained by the 

equivalent load. Assuming that the tunnel invert was rigidly connected with the secondary lining of 

the tunnel, the equivalent load could be simplified as shear Q0, axial force N0 and bending moment 

M0, as shown in Figure 2. 

 

Fig. 2- Simplified calculation model of tunnel invert 
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Then the boundary condition of the beam end was: 
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So we could establish a three-variable linear equation by simultaneous Equations 18 - 20, 21, 

as shown in Equation 22 - 24: 

0 1 1 0 0 2 0 0 4 1 0 0 2 0 0[ ( ) ( )]Q T C A sh cos A ch sin C Ach sin A sh cos                    (22) 

0 1 0 1 0 0 4 0(2 ) (2 )0N KrC C Tsh sin C Tch cos                            (23) 

0 1 1 0 1 1 0 0 4 1 0 0 2[( 1) (2 )( 1) (2 )( 1) ] /M Kr B C C BT sh sin C BT ch cos B                    (24) 

The pressure of rock mass of tunnel invert could be calculated according to literature 

(JTGD70-2004). The internal force of the corner of tunnel invert could be obtained according to the 

elastic centre method in Structural Mechanics. Then the shear force Q0, axial force N0 and bending 

moment M0 acting on both ends of tunnel invert could be obtained. 

 

CALCULATION EXAMPLES OF THE SETTLEMENT OF TUNNEL BOTTOM AND 

PRESSURE OF ROCK MASS IN THE DAYOUSHAN TUNNEL  

The foundation reinforcement section of the Dayoushan tunnel was selected as the typical 

section, and the above theoretical formula was tested by the engineering case. Firstly, the 

settlement of the tunnel bottom and pressure of rock mass were calculated when the foundation 

was not strengthened, and the law of the force and settlement of the tunnel bottom was explored. 

Then the settlement and pressure of rock mass of foundation reinforcement by high pressure jet 

grouting pile were calculated. 

The composite lining was adopted in the Dayoushan tunnel, the excavation radius was 6.41m, 

and the excavation was constructed by bench method. The primary support of shallow section was 

sprayed with C25 concrete, and its thickness was 26cm; the secondary lining used C25 reinforced 

concrete, and its thickness was 50cm. The analysis of unit length of tunnel invert in shallow section 

was carried out. The geometric parameters and calculation parameters of tunnel invert were shown 

in Table 1 and Table 2 respectively. 

 

Tab.1 - Geometric parameters of tunnel invert  

Thickness h

（m） 

External radius r1

（m） 

Inner radius r0（m） Central angle θ0（°） 

Cross-sectional area A

（m2） 

50 12.561 12.061 26.9 5.87 
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Tab.2 - Calculation parameters of tunnel invert  

Parameters Value Material 

Elastic modulus of concrete Ec（GPa） 29.5 C25 concrete 

Elastic modulus of reinforcement Es（GPa） 200 Φ8 double layer steel mesh 

Sectional area of tunnel invert steel bar（m2） 5.03×10-5 Φ8 double layer steel mesh 

Coefficient of foundation reaction K1（kN/m3） 8000 Soft foundation 

Coefficient of foundation reaction K2（kN/m3） 60000 

Foundation reinforcement by high pressure 

jet grouting pile 

The composite elastic modulus of reinforced concrete could be calculated according to formula 

(25): 

EA=EcAc+EsAs                                        (25) 

Where Ec and Es is the elastic modulus of concrete and steel bars of curved beam on foundation 

reinforcement, respectively; Ac and As is the sectional area of concrete and steel bars. 

E=(EcAc+EsAs)/A=29.54 (GPa) 

The section ZK3+160 of Dayoushan tunnel was selected for the study. The depth of this section 

was 30m, and the rock mass was 13m collapsible loess and 17m non collapsible loess. The lateral 

pressure coefficient was calculated according to the lateral pressure and vertical pressure obtained 

from the previous monitoring, and λ=0.5. The pressure of rock mass of shallow tunnel was 

calculated according to the literature (JTGD70-2004), the vertical pressure q=348kN/m and 

horizontal lateral pressure e=174 kN/m were calculated, after the load was reduced by 60% (The 

pressure of rock mass acting on secondary lining accounted for about 60%), so q1=208kN/m and 

e1=104kN/m. The internal force at the corner of tunnel invert could be obtained according to the 

elastic centre method in Structural Mechanics. The shear force Q1=342kN, the axial force N1=1233kN 

and the bending moment M0=591 kN m were obtained. 

Considering the influence of the weight of secondary lining, the cross section area of secondary 

lining was 11.52m2, and the bulk density was 25kN/m3. So the weight of unit length of the secondary 

lining was 281.25kN. The force produced by the weight of secondary lining acting on the tunnel invert 

could be calculated by the following formula: 

Shear force: Q2=(281.25/2)×cosθ0=125 (kN) 

Axial force: N2=(281.25/2)×sinθ0=63 (kN) 

 

Therefore, the total force acting on both ends of the tunnel invert were: 

Shear force: Q0= Q1+ Q2=467 (kN) 

Axial force: N0= N1+ N2=1296 (kN) 

Bending moment: M0=591 (kN m) 
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Settlement of tunnel bottom and pressure of rock mass when tunnel foundation was 

not strengthened 

When the tunnel foundation was not reinforced, the tunnel foundation was soft soil, and the 

foundation stiffness was small, and the coefficient of foundation reaction was selected according to 

the empirical value [1], K1=8000 kN/m3
. The MATLAB program was compiled to solve the Equations 

22 - 24, and the integral constant C0, C1 and C4 in differential equations could be obtained. 

C0=12.39×10-3，C1=4.16×10-3，C4=7.95×10-3 

We could get the Equation 26 - 29 when we substitute C0, C1 and C4 into Equation 17 - 20: 

3
( ) [12.39 4.16 7.95 ] 10y ch cos sh sin     

                     (26) 

3

1 2 1 2
( ) [4.16( ) 7.95( )] 10Q T A sh cos A ch sin A ch sin A sh cos         

         (27) 

3

1
( ) [ 12.39 4.16(2 ) 7.95(2 )] 10N Kr Tsh sin Tch cos       

             (28) 

3

1 1 1 1 2
( ) [12.39( 1) 4.16(2 )( 1) 7.95(2 )( 1) ] 10 /M Kr B B T sh sin B T ch cos B       

         (29) 

From Equations 26 to 29, the deflection, shear force, axial force and bending moment of any 

section of the tunnel invert can be obtained. 

 

Internal force of tunnel invert  

We calculated the internal force of any section of tunnel invert by Equation 27 - 29. Considering 

the symmetry of tunnel invert, half of the tunnel structure was calculated. The internal force 

diagrams were shown in Figure 3 - 5. 

 

 

Fig.3 - The shear force of tunnel invert (kN) 
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Fig.4 - The axial force of tunnel invert (kN) 

 

Fig.5 - The bending moment of tunnel invert (kN m) 

 

As shown in Figure 3 - 5, the centre and the waist of tunnel invert bore the tension stress, and 

the lateral bore compressive stress. However, the outer sides bore tension stress and the inner 

sides bore compressive stress at the corner of tunnel invert. The internal force at the corner of 

tunnel invert was greater, and there was stress concentration phenomenon. 

The axial force of the tunnel invert was relatively large, and the maximum axial force was 

located at the corner of tunnel invert, which was -1282kN, and the direction was pointing to the 

inside of the tunnel. The shear force of the tunnel invert was relatively small, and the maximum 

shear force was located at the corner of tunnel invert, which was -410kN. The bending moment was 

relatively large, and the positive moment 425kN m was located at the centre of the tunnel invert. The 

force form was not conducive to the stability of the tunnel invert, and the inside of the tunnel invert 

was easy to be pulled to crack. 

 

Settlement of tunnel bottom 

   The radial displacement of any section of tunnel invert could be calculated by Equation 26, the 

vertical displacement of different sections of tunnel invert could be obtained by formula
cosi i iS y 

, 

the calculated results are shown in Table 3. 
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Tab.3 - Settlement of tunnel bottom (mm) 

The angle between the 

calculation section and central 

line θi(°) 

Horizontal distance between 

calculation section and tunnel invert 

center L（m） 

Radial 

displacement 

y（mm） 

Settlement of 

tunnel bottom 

S（mm） 

0 0 16.6 16.6 

5 1.1 17.3 17.2 

10 2.1 19.4 19.1 

15 3.2 22.5 21.8 

20 4.2 26.2 24.6 

25 5.2 29.4 26.7 

 

As shown in Table 3, the settlement of tunnel bottom was generally large when the tunnel 

foundation of soft loess was not reinforced. The settlement reached 26.7mm at the corner of the 

tunnel bottom, and the settlement at the centre of the tunnel bottom reached 16.6mm. The maximum 

differential settlement within the cross-section of tunnel bottom was as follow: 

maxS =26.7-16.6=10.1(mm) 

The horizontal distance between the centre and corner point of tunnel bottom was 5.2m, 

therefore, the differential settlement of unit length was as follows: 

'

max
S = maxS /L=1.94(mm/m) 

There is a big difference between the centre and corner point of tunnel bottom, so the tunnel 

invert was easy to crack. According to the distribution of the bending moment of the tunnel invert, 

the risk of cracking at the centre of tunnel invert was the biggest. 

 

Pressure of rock mass of tunnel bottom 

After calculating the radial displacement y of the tunnel invert, the elastic resistance of the 

tunnel foundation to the tunnel invert could be obtained by the formula (1). The normal elastic 

resistance was approximately equal to the pressure of rock mass of the tunnel bottom, assuming 

that the frictional force was not taken into account. The calculation results of pressure of rock mass 

were shown in Figure 6. 

 

Fig.6 - pressure of rock mass of tunnel bottom (kPa) 
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As shown in Figure 6, rock mass at the tunnel bottom was mainly subjected to compressive 

stress. The compressive stress at the centre of tunnel invert centre was the minimum, 132kPa. The 

pressure of rock mass increased uniformly from the centre to the corner of tunnel invert, and the 

maximum compressive stress was reached 235kPa at the corner of tunnel invert. The stress 

concentration was easy to occur due to the structural reasons at the corner of tunnel invert. The 

weight of secondary lining and the pressure of rock mass acted at the corner of tunnel invert, and 

the corner of tunnel invert bore the large load. There should be smooth transition between side wall 

and the corner of tunnel invert, and the section size at the corner of tunnel invert could be increased 

appropriately to improve the force situation in the process of tunnel construction. 

 

Settlement and pressure of rock mass of foundation reinforcement by high pressure 

jet grouting pile 

When the tunnel foundation was reinforced by high pressure jet grouting pile, the bearing capacity 

and the stiffness of the tunnel foundation was greatly improved. The coefficient of foundation 

reaction was determined by field loading test, K2=60000 kN/m3. The MATLAB program was compiled 

to solve the Equations 22 - 24, and the integral constant C0, C1 and C4 in differential equations could 

be obtained. 

C0=16.6×10-4，C1= -1.4×10-4，C4=6.8×10-4 

We can get the Equation 30 - 33 when substitute C0, C1 and C4 into Equation 17 - 20: 

4
( ) [16.6 1.4 6.8 ] 10y ch cos sh sin     

                  (30) 

4

1 2 1 2
( ) [ 1.4( ) 6.8( )] 10Q T A sh cos A ch sin A ch sin A sh cos         

          (31) 

4

1
( ) [ 16.6 1.4(2 ) 6.8(2 )] 10N Kr Tsh sin Tch cos       

         (32) 

4

1 1 1 1 2
( ) [16.6( 1) 1.4(2 )( 1) 6.8(2 )( 1) ] 10 /M Kr B B T sh sin B T ch cos B       

         (33) 

From Equations 30 - 33, the deflection, shear force, axial force and bending moment of any 

section of the tunnel invert could be obtained. 

 

Internal force of tunnel invert 

We calculated the internal force of any section of tunnel invert by Equation 31 - 33. Considering 

the symmetry of tunnel invert, half of the tunnel structure was calculated. The internal force diagram 

was shown in Figure 7 - 9. 
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Fig.7 - The shear force of tunnel invert (kN) 

 

Fig.8 - The axial force of tunnel invert (kN) 

 

Fig. 9 The bending moment of tunnel invert (kN.m) 

 

As shown in Figure 7 - 9, after the reinforcement of the tunnel foundation, the internal force of 

the tunnel invert was similar to that without reinforcement. The inside at the centre and the waist of 

tunnel bottom bore the tension stress, and the lateral bore compressive stress. The outer side at the 

corner of tunnel invert bore tension stress, and the inner side bore compressive stress. However, 

the stress condition of the tunnel invert had been improved. The axial force at the centre the tunnel 

invert increased slightly and the shear force and bending moment decreased. The maximum 

positive bending moment at the centre of the tunnel invert decreased to 98kN m, which greatly 

improved the stress state of the tunnel invert. 

 

Settlement of tunnel bottom 

The radial displacement of any section of tunnel invert could be calculated by Equation 30, the 
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vertical displacement of different sections of tunnel invert could be obtained by formula
cos

i i iS y 
, 

the calculation results were shown in Table 4. 

 

Tab.-  4 Settlement of tunnel bottom (mm) 

The angle between the 

calculation section and central 

line θi(°) 

Horizontal distance between 

calculation section and tunnel invert 

center L（m） 

Radial 

displacement 

y（mm） 

Settlement of 

tunnel invert 

S（mm） 

0 0 1.5 1.5 

5 1.1 1.7 1.7 

10 2.1 2.2 2.2 

15 3.2 3.1 3.0 

20 4.2 4.1 3.9 

25 5.2 4.7 4.3 

 

As shown in Table 3 and Table 4, the settlement of the tunnel bottom was greatly reduced when 

the tunnel foundation was reinforced by jet grouting pile. The settlement at the corner of the tunnel 

invert decreased to 4.3mm, and the differential settlement of unit length was as follows: 

'

maxS =
maxS /L=0.54(mm/m) 

The settlement of the tunnel invert was smaller and the overall settlement was more 

harmonious, which met the requirements of the standard. Thus, the bearing capacity and stiffness 

of tunnel foundation was greatly improved after the jet grouting pile was used to reinforce the tunnel 

foundation, and the reinforcement effect was good. 

 

Pressure of rock mass of tunnel bottom 

The calculation results of pressure of rock mass were shown in Figure 10. 

 

Fig.10 - pressure of rock mass of tunnel bottom (kPa) 

 

As shown in Figure 10, the pressure of rock mass at tunnel bottom was similar to that without 

reinforcement, the compressive stress at the centre of tunnel invert was the smallest, and the  
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maximum compressive stress at the corner of tunnel invert, after foundation reinforcement, the 

compressive stress at the corner of tunnel invert increased more obviously, and increased from 

235kPa to 282kPa. The stress concentration phenomenon at the corner of tunnel invert was more 

obvious, which was related to the substantial increase of the bearing capacity of the tunnel 

foundation after the foundation reinforcement. 

 

CONCLUSIONS 

(1)   When the tunnel foundation was not strengthened, the inside at the centre and the waist of 

tunnel invert bore the tension stress, and the lateral bore compressive stress; the outside at the foot 

of the tunnel invert bore tension stress and the inside bore compressive stress; the internal force at 

the foot of tunnel invert was greater, the axial force and bending moment of the tunnel invert were 

relatively large, and the greater positive moment was inside the centre of the tunnel invert. The 

maximum positive bending moment at the centre of the tunnel invert decreased greatly after the 

reinforcement of the tunnel foundation. 

(2)   When the tunnel foundation was not strengthened, the settlement of tunnel bottom was 

generally large; the settlement at the corner of tunnel invert reached 26.7mm, and the maximum 

differential settlement within the range of tunnel invert reached 10.1mm; the risk of tension crack at 

the centre of tunnel invert was larger. After tunnel foundation was strengthened, the settlement of 

tunnel bottom decreased greatly, and the overall settlement was more coordinated, and the 

reinforcement effect was good. 

(3)   When the tunnel foundation was not strengthened, theoretical calculation results showed 

that the rock mass at tunnel bottom was mainly subjected to compressive stress; the compressive 

stress at the centre of the tunnel invert was minimum, and it was large at the corner of tunnel invert. 

After the tunnel foundation was strengthened, the pressure of rock mass at tunnel bottom was 

similar to that without reinforcement; the compressive stress at the corner of tunnel invert increased 

obviously and the stress concentration phenomenon was more obvious. 
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ABSTRACT 

In this paper, the author used mine 3D software to establish the 3D geological model of 
Sujishan Graphite deposit, and applied geostatistics to estimate the resource, offered references for 
next exploration and mining. Surpac was used to set up geological database of Sujishan Graphite 
deposit, topographical DTM, ore body model and grade model, 3D of drilling database, also analysis 
the spatial grade distribution in reality. Based on geostatistics, drilling samples are composited and 
statistically analysed and eliminate the impact of outliers. Experimental variograms were constructed 
for the striking, dipping and vertical directions. Grade and resource are estimated by ordinary kriging. 
Comparing to the traditional estimation methods, this 3D software gives reliable estimation, which 
provides references for dynamic management of mine's resource. 

KEYWORDS 
 Surpac software, 3D model, Geostatistics, Ordinary kriging, Resource estimation  

 

INTRODUCTION 

Geostatistics is based on regionalized variables and uses variability as a tool for research. It 
is a science that studies natural phenomena that are both random and structural, or spatially related 
and dependent. Any research related to the structural and random nature of spatial data, or spatial 
correlation and dependence, and any optimal unbiased interpolation estimation of these data, or 
simulation of the discreteness and volatility of these data can be researched based on geostatistics. 
The famous French statistician Georges Matheron first proposed the concept of geostatistics in the 
article Traité de géostatistique appliquée [1]. Professor Matheron proposed the concept of 
regionalized variable based on his own research results, and finally created geostatistics subject. 
According to geostatistical theory, geological features can be represented by the spatial distribution 
characteristics of regionalized variables. In the process of studying the spatial distribution 
characteristics of regionalized variables, Variogram is often used as the main research tool for 
analysis. The similarity between geostatistics and classical statistics is that they all need enough 
samples first, and then determined by analysing the relationship between the frequency distribution 
of the sample attribute values or the mean, maximum and minimum, variance, standard deviation 
and their corresponding relationship, spatial distribution characteristics and correlation. The 
differences between geostatistics and classical statistics include: classical statistical research 
subjects are mainly pure random variables, while geostatistical research subjects are mainly 
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regionalized variables; classical statistical requirements can be used for repeated sampling and 
observation experiments, etc., and the variables studied by geostatistics are generally not capable 
of repeated sampling and observational experiments; the data of classical statistical studies is 
independent of each other and the data of geostatistical studies is spatially correlated; classical 
statistics are studied by frequency distribution maps. And geostatistics is based on spatial distribution 
characteristics [2, 3]. 

The three-dimensional geological modelling can reflect the results and characteristics of the 
ore body, which enables the geologists to have a more intuitive and clear understanding of the ore 
body.  Since the 1990s, a large number of 3D geological software based on geostatistical theory has 
been developed globally. The theory of geostatistics has been continuously supplemented and 
improved. At the same time, geostatistical analysis and commercial software have sprung up. IDRISI, 
GEO-EAS, GS+, Surfer, GeoDA, Surpac, Datamine, Vulcan, CGES, 3Dmine, DIMINE and other 
pieces of software are representative development software. [4, 5] With the continuous development 
of geostatistical theory, new geostatistical algorithms are gradually integrated into geostatistical 
software. Stanford University's GSLIB and SGEMS are the two most representative of the software, 
a large number of random simulation algorithms and other application modules are integrated into 
two pieces of software. 

In this study, the Surpac mining software was used to construct a three-dimensional model 
of the Sujishan graphite deposit in Mongolia, and the grade distribution of the Sujishan graphite 
deposit was statistically analysed. The Ordinary Kriging method based on geostatistical theory was 
adopted, and the grade original data was used. The ore body parameters were estimated and finally 
the distribution of mine resource quantity is obtained, which provides technical support for the 
optimization of mine resource quantity control and the establishment of “digital mine” [6-8]. 

 

Geological characteristics of the mining area 

1) Formation: The project area is located in the Xingmeng orogenic belt between the North 
China and Siberian land masses and forms the eastern part of the Ural-Mongolian metallogenic belt.  
The sedimentary strata in the mining area are mainly the Upper Proterozoic - Cretaceous strata.  
The Permian - Cretaceous strata are mainly distributed in the southeast of the mining area. Both 
strata are unconformity contact relationships which are controlled by the structure. Graphite - bearing 
shale is controlled by structural alteration zones. 

There is a small number of metamorphic rocks of the Upper Proterozoic and sedimentary 
rocks of the Lower Cretaceous in the mining area. The earliest metamorphic rocks are part of the 
green schist in the combination of Delong (NP2-3 do), and the overlying rock Sujishan (NP3-su) is a 
combination of natural graphite schist, Chaganwula (NP3 cu) combined limestone, etc. The youngest 
rock is the relatively loose sediment of the Lower Cretaceous Ulande (K1-ud) combination. 

2) Structure: The fractured structures in the mining area are developed in the NE - NEE and 
near SN faults, both of which are post-mineral faults. In the mining area, there is a monoclinic 
structure that is gently inclined to the southeast. The meridional structure is formed only at the 
northeast end of the mining area, so that the ore belt is divided into two parts with a fault contact in 
the middle. In the direction of the fold hub, the lithology of the core at 32° northeast is limestone.  
The obliquely turned end and the west wing are cut by F3 fracture, and the main ore belt on the west 
side is divided into two parts. 

3) The magmatic rocks: Magmatic rock are widely distributed, mainly intrusive rocks, which 
belong to the Caledonian and Early Hercynian, respectively. It is mainly composed of gabbro, diorite, 
quartz diorite, biotite granite and a small amount of alkaline white granite in the Devonian invasion. 
The eruptive rocks are mainly Yingan, Andesite, and Liu Rocks and tuffs. The formation of graphite 
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ore in the area is closely related to frequent magmatism and regional metamorphism.  The intrusive 
activity after mineralization is only limited quartz vein, which has little effect on the deposit. 

4) Characteristics of ore bodies: The graphite ore body in the mining area is located in the 
upper part of the Upper Proterozoic Sujishan combination metamorphic rock series. It is a set of 
graphite schist layer containing sericite schist. Through the surface geological and drilling verification 
work, the different sized graphite ore bodies are exposed in the mining area whose number is about 
20. The elevation of the ore body is in the range of 1271~1286m above sea level. The ore body is 
layered and undulated along the stratum. The clusters are arranged in parallel, the ore bodies are 
about 30~50m apart, and the ore body overall striking is 40~42°, dipping to the south, gently inclined, 
and the dip degree is 5~47°. 

5) Ore composition: The ore structure is a fine-grained Granitic metamorphic texture. The ore 
structure is a schistose structure, banded structure, dense massive structure. The ore mineral in the 
ore is graphite, and the gangue minerals main include quartz (5~49%), sericite, biotite, lithium mica 
(10~15%), goethite, limonite, chlorite, and pyroxene, copper ore, etc. 

          

 

Fig.1 - Geological map of the Sujishan graphite deposit in Mongolia 
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Model construction and resource esttionima 

Database construction 

The database establishment procedure mainly includes collecting all exploration data in the 
mining area. The geological data includes trenching, drilling and pit exploration results which can be 
used for recording the distribution of lithology and faults through geological logging, and then 
importing the data into Surpac to establish a 3D geological database with proper format. The use of 
geological databases to store geologically relevant information can establish a three-dimensional 
geological model of the mining area more accurately and completely and construct the foundation 
for subsequent resource estimation. In this paper, the relevant geological information of 85 boreholes 
and trenches in the mining area were collected, and four basic tables such as collar, survey, assay 
and lithology tables were established. Among them, the collar table mainly includes the collar 
coordinates of the borehole, drilling depth, drilling type, drilling time and hole path; the survey table 
mainly includes the azimuth and dip of the drilling and the depth of the inclination; the assay table 
mainly includes the sample assay results (mainly including grade information of total carbon, graphite 
carbon and other elements); the lithology table mainly includes information of rock types, strata, 
minerals, alterations and so on. Finally, the established geological database is verified in 3D 
software, and the digital terrain model (DTM) and the 3 digital model (3DM) are created by Surpac 
software as we can see in the  Figure 2 below. 

 

Fig. 2 - 3D view of the ore body and borehole 

Composite sample and variogram analysis 

Geostatistical analysis of the database data, and the estimation of the block model with using 
the sample grade or body weight value, both require that each sample has the same weight, the 
sample length of each sample is consistent. Thus, we can ensure that the analytical calculation 
results are in reasonable estimation process. Therefore, it is essential to perform a composition of 
samples before performing basic statistical analysis and variogram analysis of the samples. There 
are various methods for compositing samples, such as compositing along drilling direction, 
compositing by bench, compositing by geology domain, and internal compositing in the ore bodies.  
At this time, the combination of compositing along drilling direction and compositing by geology 
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domain method was applied. In the process of sample compositing, various factors that may affect 
the determination of the length of the compositing sample were considerred, such as the average 
length of the original samples, the exploration spacing, the minimum mining unit, the block model 
block size, and so on. 

A graphite mineralization wireframe ("domain") was used to encode the assay database to 
allow identification of resource intersections. The length of the sample is then checked to determine 
the optimal composite length. The most common sample length inside the mineralized wireframe is 
2 meters, so this length is chosen as the sample composite length and Surpac is used to extract the 
composite sample. After the sample compositing, the graphite carbon data was statistically analyzed 
by statistical software of Supervisors. The analysis results showed that the composite samples still 
follow the lognormal distribution (Figure 3a, Figure 3b), indicating that the grade of graphite carbon 
is still a continuous random variable after the sample compositing. This provides a prerequisite for 
experimental semivariogram analysis. Although simple statistical analysis can reflect the global 
characteristics of the geological body, it still cannot reflect the changes of the sample in the local 
range and specific direction (striking, dipping, and vertical). Compositing the samples, and then 
analyzing the semivariogram of the composited results is a good solution to the problem of analyzing 
local geological features. 

 
Fig. 3 - sample histogram and probability distribution 

 

Variogram analysis 

In order to describe the variability of the ore grade distribution in the deposit, we often use 
the mean, maximum value, variance, standard deviation and other parameters of the sample as 
analytical tools for common statistics, and these statistics can only summarize the characteristics of 
the samples. The global characteristics of the values do not simply reflect changes in the sample 
and in a particular direction. The introduction of experimental variograms into geostatistics can 
accurately reflect the correlation and randomness of regionalized variables, especially the 
stochasticity of grades to reflect the structurality of regionalized variables. As the spatial distribution 
of the ore body is often not exactly the same in different directions, the so-called spatial anisotropy, 
the regionalization variable can be used to characterize the mine that changes continuously 
according to different directions. In the analysis and calculation of the experimental semi-variogram, 
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the main mineralization extension direction, the secondary mineralization extension direction and 
the third mineralization extension direction will be analysed. Hypothetical regionalization variable

)(xZ satisfy the second-order stationary hypothesis and the eigen hypothesis, whose mathematical 

expectation is m, covariance function and variogram c(h) exists, according to the basic concept of 
geostatistics, the variogram formula is as follows: 
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In formula (1), )(hN Is the step size, h  is the number of pairs of data;
)( ixZ
with

)( hxZ i  is 
a two-point sample value that is separated by h. Because the variogram is a statistical method, the 
more samples are taken at a certain step size, the more reliable the variogram estimate is. 

When performing a simple Kriging estimate, we assume that the average of the entire region 
is known, but in fact the overall mean is difficult to be found directly, unless the mean of the known 
sample points is used to represent the overall sentence. The ordinary Kriging estimation method 

does not depend on the mathematical expectation that the random variable 
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is known for all x

. The ordinary Kriging interpolation formula is: 
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In formula (2) 
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 is the sample value, 
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In order to calculate the weight coefficient i  under the condition that the two conditions of 
unbiased estimation and optimal estimation are satisfied, the calculation is based on the Lagrangian 
principle, and the Kriging equation (3) is obtained: 
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In formula (3)
),( ji xxc
，

),( xxc i are the covariances,   is the Lagrange multiplier. 

Find the weight coefficient by solving the above linear equations i  and Lagrangian 
coefficient u , substituting to the following formula (4) we can obtain the Kriging estimated variance 
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In formula (4), 
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，

),( xxc i are the covariances,   is the Lagrange multiplier. 
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For the project we used a spherical model as a variogram model to analyse all data. The 
standard form of the spherical model is as below: 
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3

)(
3



                                                (5) 

In equation (5), a  is the range and h  is the distance between the two samples. 

In this analysis, the ore-dominated ore body 10 was selected as the main research object for 
variogram analysis and parameter extraction. According to the principle of geostatistics, the sample 
logarithm can be selected to find the maximum number of down hole directions within a certain 
search radius, and then the nugget value data is obtained (Figure 4a). The direction of the down 
hole is substantially perpendicular to the plane determined by the first and second mineralization 
directions (depending on the rationality of the initial exploration engineering design). Geostatistics 
uses the variogram as the most important research tool. Whether it is used for structural analysis of 
regionalized variables or for interpolation of other samples, the variogram obtained in the previous 
direction must be in several main directions. The fitting was performed (Figure 4b, Figure 4c, Figure 
4d). According to the theoretical variogram model, the variogram model which is actually used for 
valuation calculation in all directions of the ore body is determined, and its parameters (variable 
range, base value, nugget value, etc.) are obtained [9-10]. 

In this paper, according to the striking, dipping and vertical direction, the variogram of the 
graphite carbon grade is fitted and calculated. The calculation results are shown in Table 1. 
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Fig. 4 - Variation function distribution map 

 
Tab.1 - variogram analysis results table 
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Variogram validation 

The rationality verification procedure is used to test the rationality and correctness of the 
grade estimation results based on the parameters obtained by the variogram curve fitting. Firstly, 
the estimation results of each ore body are compared with the historical inverse distance method 
and the average grade of the composited samples. The comparison results are shown in the 
following Table 2. According to the statistical results, the estimation results are stable, for all primary 
and secondary ore bodies, the actual estimation errors of the ore bodies are within 5%. 

Tab.2 - Sujishan Resource Block Model Verification Table 

Area 

Wireframe Block model Composited sample   Data deviation 

Wireframe 

volume 

Resource 

model total 

volume 

Resource 

model 

estimation 

volume 

Graphit

e carbon 

_ IDW 

Graphite 

Carbon_

OK Number of 

composites 

Graphit

e carbon 
 

% % % 
Volum

e 

Invers

e ratio 

Ordinar

y krig 

1 5,283,216  5,270,703  5,202,734  4.18  4.26 152  4.28 -0.24 -2.33 -0.46 

2 2,310,000  2,298,828  2,230,469  3.52  3.50 78  3.37 -0.48 4.35 3.68 

3 2,905,220  2,889,844  2,889,844  4.68  4.60 66  4.56 -0.53 2.53 0.76 

4 529,299  532,813  514,063  2.50  2.65 16  2.31 0.66 8.41 14.85 

5 160,201  162,500  161,719  2.89  2.90 4  3.30 1.44 -12.41 -12.12 

6 156,857  158,984  136,328  2.53  2.44 4  2.46 1.36 2.75 -0.76 

7 306,096  304,297  304,297  2.86  2.81 7  2.83 -0.59 1.08 -0.71 

8 132,021  130,469  130,469  2.71  2.57 4  2.48 -1.18 9.21 3.64 

9 3,921,001  3,915,234  3,793,750  3.62  3.21 52  4.12 -0.15 -12.20 -22.09 

10 64,484,474  64,084,766  64,048,828  5.20  5.22 1249  4.63 -0.62 12.35 12.71 

11 738,644  730,469  730,469  4.55  5.10 11  4.38 -1.11 3.77 16.49 

12 274,754  268,750  268,750  3.24  3.60 4  3.22 -2.19 0.61 11.71 

13 378,390  372,266  372,266  2.13  2.15 6  2.26 -1.62 -5.54 -4.65 

14 317,343  320,313  320,313  1.08  1.12 5  1.11 0.94 -2.37 0.94 

15 677,822  679,297  679,297  1.46  1.36 8  1.50 0.22 -2.84 -9.08 

16 2,894,215  2,889,453  2,889,453  2.85  2.88 50  2.89 -0.16 -1.28 -0.42 

17 155,569  160,547  160,547  4.98  5.38 3  4.99 3.20 -0.29 7.90 

18 294,667  291,797  291,797  4.03  4.89 10  3.76 -0.97 7.09 29.96 

19 16,234  15,625  15,625  7.30  7.30 1  7.30 -3.75 0.00 0.00 

20 149,091  150,391  150,391  3.09  2.96 5  2.70 0.87 14.50 9.56 

21 23,439  23,828  23,828  10.38  10.38 1  10.38 1.66 0.00 0.00 

22 260,535  250,391  250,391  2.39  2.36 9  2.33 -3.89 2.76 1.43 

23 37,652  35,547  35,547  2.28  2.30 2  2.27 -5.59 0.52 1.21 

24 35,276  32,031  32,031  4.46  4.46 2  4.46 -9.20 0.00 0.00 

25 44,805  42,578  42,578  4.60  4.79 3  5.00 -4.97 -7.97 -4.25 

26 9,190,205  9,192,188  9,190,234  5.73  5.53 180  5.45 0.02 5.14 1.38 

28 364,902  360,938  360,938  5.26  5.12 13  5.69 -1.09 -7.51 -10.03 

29 109,361  109,766  109,766  5.03  5.11 6  5.20 0.37 -3.20 -1.74 

Total 96,151,289  95,988,285  95,336,722  4.90 4.88 1,951 4.49 -0.17 9.08 8.75 
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At the same time, after completing the macroscopic comparison of the estimation results of 
each ore body, the deviation between the graded values and the true values in each section of the 
ore body are plotted, and the difference and change are statistically analyzed as Figure 5 (X and Y 
directions). Through the analysis of the block model swats plots, we can see that the estimation 
result curve and the original data curve have a high degree of fitting in each ore body segment, which 
confirm the high correlation between the estimation results and the original composited results. 
Meanwhiles, some high-grade sections are processed by the Ordinary Kriging estimation method, 
the smoothing effect leads to a more reasonable grade distribution. Each segment-related block is 
combined with a reasonable number of original samples for estimation, and the reliable estimation 
results are obtained as well. 

 

 
Fig.5 - Resource quantity estimation result segmentation chart verification result (X, Y direction) 

 

 
Fig.5 - Resource quantity estimation result segmentation chart verification result (X, Y direction) 

 
Fig.5 - Resource quantity estimation result segmentation chart verification result (X, Y direction) 



 
  Article no. 39 

 
THE CIVIL ENGINEERING JOURNAL 4-2018 

 
--------------------------------------------------------------------------------------------------------------- 

 

 DOI 10.14311/CEJ.2018.04.0039 497 

 

Resource estimation 

In this study, a block model was created in the mining area, covering the mineralization range 
of the whole ore body, and constrained by the ore body solid model. The block size of the block 
model selected for this resource estimation is 50m×100m×5m. The sub block size is 12.5 m x 25 m 
x 1.25 m. The composited sample string files were obtained by sample compositing, and the string 
file data was extracted to perform the grade estimation of the remaining unknown blocks in the block 
model. The estimation method selected was the ordinary Kriging method, and the relevant 
parameters such as nugget and the sill and range obtained by fitting the variogram model were 
obtained and imported into the 3D geological software to estimate all relevant blocks in the block 
model (Figure 6). The calculation formula is as follows. 

𝑄𝑚 = 𝐶𝑖 × 𝑉𝑖 × ρ                                                      （6） 

In formula (6), 𝑄𝑚 is the amount of metal,  𝑉𝑖 is the bulk volume,𝐶𝑖 is the average grade of the 
block, ρ is the ore weight. 

 

Fig.6 - Ore body model (colored by grade distribution) 

Surpac software was used for resource estimation, the total amount of graphite ore was 
calculated to be 178 million tons and the total amount of graphite carbon was 10 million tons at the 
lowest industryl grade of 3.5%. At the same time, according to the calculation results of the resource, 
the Surpac software was used for statistics to obtain the tonnage and grade curves as below (Figure 
7). 
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Fig.7 - Sujishan graphite ore grade tonnage map 

It is noted that based on Figure 7 the total carbon ore and total graphite carbon ore are 
inversely related to the grades. According to the current market price and production operation cost, 
we can adjust the current indicators such as the ore grade and the selected grade in real time. Under 
different product market price conditions, the minimum mining industrial grade can be adjusted 
according to the tonnage-grade comparison chart to ensure the reasonability and orderly mining 
activity. 

Comparing with the procedures of traditional resource estimation method which is normally 
called polygon method and direct geological interpolation are applied for all areas between sections, 
the geostatistical estimation of the resource process is more intuitive and reliable. Because of more 
delicate consideration of extension rules and local geological variability, the geostatistical estimation 
method can reflect the actual occurrence status of the deposit, and can effectively guide the 
production and exploration of the mine as well. 

 

CONCLUSION 

With using the theory of geostatistics, the author established the three-dimensional 
geological model of the Sujishan graphite mine by using Surpac software, and estimated the grade 
distribution of the ore body. At the same time, the experimental semi-variogram of the ore body 
striking, dipping and vertical directions were studied. The theoretical curve was fitted and the relevant 
estimation parameters were extracted. Finally, the total ore volume of the deposit was calculated to 
be 178 million tons and the total amount of graphite minerals is 10 million tons. Comparing with the 
traditional polygon estimation method, it is noted that the mine resource estimation by using the 3D 
geological software on the basis of the Kriging estimation method is more reasonable for the 
distribution of different grades of samples, and are closer to the actual mining situation of the mine.  
Meanwhile, the volume grade comparison table and the block model swats plots are applied to the 
block model validation, which verifies the rationality of the estimation method and results.  
Furthermore, in this paper, we analysed the grade tonnage curve of the mine, which provides further 
theoretical guidance for the selection of different minimum industry grades in the future exploration 
and production of the mine. 
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ABSTRACT 

In this study, the usability of the quartz and basalt rocks as aggregate in Slurry Infiltrated 
Fiber Concrete (SIFCON) has been examined. In the study, quartz aggregate has been taken as 
reference and basalt aggregate has been used as a substitute and separately. The aggregates 
have been ground and classified in the dimensions of 0-0.1 mm (powder) and 0.1-0.6 mm (sand). 
The physical properties of the aggregates have been determined and SIFCON slurry has been 
prepared. The samples produced by this slurry have been conducted to Compressive Strength, 
Flexural Tensile Strength, Fracture Toughness, Ultrasonic Pulse Velocity, Schmidt Hammer tests. 
Moreover, unit cost has been examined with the different aggregate usages. Consequently; the 
highest compressive and flexural strength being respectively 99.75 MPa and 32.01 MPa have 
been reached with the use of quartz aggregate. The compressive strength of the basalt aggregate 
is 14% lower than that of the quartz aggregate where, its flexural strength almost remained in the 
same value. It has been observed that basalt aggregate is more economical in terms of unit 
strength cost. It is suggested that basalt aggregate could also be used in SIFCON as an alternative 
to the quartz aggregate. 

KEYWORDS 
 SIFCON, fiber, quartz, basalt 

 

INTRODUCTION 

Steel, polypropylene, and glass fibers are added into the concrete to develop its mechanical 
properties such as tensile strength, crack strength, abrasion, impact strength and toughness. The 
fibers used in the concretes decrease the shrinkage fractures and increase tensile and flexural 
strength [1]. As the fiber ratio increases, important workability problems occur in the concrete, 
therefore high ratios of fibers were not able to be incorporated into mixtures. Due to this problem, 
the idea of the addition of concrete to the fiber has occurred and SIFCON (Slurry Infiltrated Fiber 
Concrete) has been produced. SIFCON being in the fiber reinforced concrete class was firstly 
developed in 1983 by Lankard in New Mexico Engineering Research Institute (NMERI) [2, 3]. 

SIFCON is the new cement based composite material which is reinforced with 5-20% steel 
wire in high ratios in terms of volume in a matrix occurring from the hardening of a slurry consisting 
of cement, water, superplasticizer, silica fume, and very fine sand. Besides, its engineering 
properties are quite high [4]. 

SIFCON is a new material containing steel wire up to the ratios of 20% in volume with its 
characteristics of low permeability, high durability, strength, and ductility. One of the most important 
properties of SIFCON, different from the high strength concretes, is that it shows ductile behavior 
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during the fracture [1]. SIFCON provides an opportunity for using high ratios of fibers with the 
advantage of the production technique of filling the fiber into the mold and injecting the slurry in the 
fibers [5,6,7,8]. 

SIFCON is used in various applications such as industrial elastic ground and thin-walled 
elements where ductility is a problem. Thanks to superior performance against disintegration, it is 
also used in structures which are exposed to impact loads and built to store explosive materials 
[9,10]. 

The mixture ratios of the SIFCON slurry, the aspect ratio of steel fibers and embedding 
lengths were studied by Tuyana and Yazıcı. Improvement of sludge strength, fiber diameter and 
geometry has increased the adherence of the fiber [9]. 

Impact experiments were made in concrete plates by Rao et al. They compared SIFCON 
and reinforced concrete plates’ behaviors in terms of the impact load. The highest impact strength 
was obtained from SIFCON plate which has 12% steel fiber [11]. 

When the literature is reviewed, it could be seen that the studies conducted related to 
SIFCON are limited and no studies examining the impact of the aggregates generally in different 
types on SIFCON have been encountered. Therefore; this study examined the issue of using 
basalt as aggregate in SIFCON concrete. 

 

EXPERIMENT 

Material 

The largest one of the main components of SIFCON is cement in terms of amount. For this 
reason; cement type has a great importance. CEM I 42.5 R type cement produced by Bolu Cement 
Factory has been used in all of the conducted experimental studies. Chemical, physical and 
mechanical properties of the cement are given in Table 1. Silica fume with high pozzolanic 
properties and space filling performance has been used as pozzolana. Silica fume is a mineral 
consisting of shapeless, transparent silicium dioxide (SiO2) spheres occurring as waste during the 
production of silicone or iron silicium [12,13]. In the experiments, Polycar 300 being a new 
generation polycarboxylate based, highly water reducer and superplasticizer have been used.  

Quartz and basalt aggregates are the ones occurring as a result of the fracture of the rocks 
and they take their properties from the bedrock. The chemical and physical properties belonging to 
these aggregates are given in Table 1. Quartz rock is much harder and stronger than other rocks 
and because it is a very hard aggregate, its abrasion strength is known to be high. Generally, 
quartz aggregates are used in SIFCON concrete [6,14,15]. However; quartz aggregates are hard 
to attain and very valuable in terms of the reserve. Basalt is the rock which is equal to very dark 
colored gabbro and dolerite and consists of pyroxene and olivine crystals [16]. Basalt aggregates 
are the ones having great reserves in many places of the world and therefore, they are widely used 
in the concrete and asphalt production. The basalt aggregate to be used in the experiment has 
been ground via mill, sieved and brought to the dimensions of powder and sand. Because the 
quartz aggregate is widely used in the repair mortars, it has been supplied from the market in the 
desired dimensions and its gradation curve is as in Figure 1. The gradation curves of the granular 
materials used in the experiments are given in Figure 1. 

 

 

 

 



 
  Article no. 40 

 
THE CIVIL ENGINEERING JOURNAL 4-2018 

 
--------------------------------------------------------------------------------------------------------------- 

 

          DOI 10.14311/CEJ.2018.04.0040 502 

 

Tab. 1 - Properties of cement, silica fume, quartz and basalt 
 Chemical Composition (% by mass) 

Component Cement  Silica fume  Quartz powder Basalt powder 

CaO 64.47 0.5 - 11.75 

SiO2 20.09 96 99.50 50.40 

Al2O3 5.01 0.7 0.01 16.7 

Fe2O3 2.73 0.25 0.01 2.34 

MgO 1.95 0.60 - 7.56 

FeO - - - 5.8 

C - 1.5 - - 

Na2O+K2O 0.87 1.10 0.37 4.95 

SO3 2.65    

TiO2   0.07 - 

LOI     

A.Z.     

Loss on ignition 2.34 1.50 0.40 0.35 

Specific gravity  3.16 2.26 2.71  2.68  

 Physical Properties 

Blaine specify surface (cm²/gr) 3830  200000 2142  2101 

Moisture content (%) - - 0.08  0.16  

Initial setting time (minute) 156 

Final setting time (minute) 198 

Volume expansion (mm) 1.1 

Compressive Strength of Cement (MPa) 

2 days compressive strength (MPa) 27.3 

28 days compressive strength (MPa) 55.3 

 

 

Fig. 1 – The gradation curves of the granular materials 
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Experimental procedures 

Mixtures have been prepared by benefiting from the previous studies for SIFCON mixture 
and the one with the highest compressive strength has been selected and given in Table 3 
[3,4,7,8]. The mixture ratios have been kept constant and the aggregates have been changed. 
Firstly; the quartz sand has been kept constant and the powder of basalt aggregate has been used 
instead of the quartz powder. At the second stage, Quartz powder has been kept constant and the 
sands of basalt aggregate have been used instead of the quartz sand. The third and last stage, the 
powder and sands of basalt aggregate have been used instead of the powder and sand of Quartz. 
Codes of the samples are given in Table 2. 

 

Tab. 2 - Aggregate mixtures and sample codes 

Aggregate mixture Sample Code Steps 

Reference REF - 

Basalt Powder+Quartz Sand BPQS First                    

Quartz Powder+Basalt Sand  QPBS  Second 

Basalt Powder and Sand B Third       

 

Tab. 3 - The mix proportion of SIFCON (kg/m3) 

Materials REF BPQS QPBS B 

Cement 900 900 900 900 

Silica Fume 270 270 270 270 

Quartz Powder  278 - 278 - 

Basalt Powder - 282 - 282 

Quartz Sand  504 504 - - 

Basalt Sand - - 507 507 

Water                   270 270 270 270 

Super plasticizer 36 36 36 36 

 

The mixture process has been carried out by respectively filling the cement, silica fume, 
water additive, and aggregates in the mixer. Molds with the dimensions of 15 cubic centimeters 
have been used for the compressive strength and molds with the dimensions of 4x8x40 cm in 
rectangular prism shape have been used for the flexural strength. Fibers have been randomly filled 
in these molds and slurry has been injected on the vibratory table (Figure 2). Samples have been 
taken out of the molds after keeping for 24 hours in them and they have been subjected to the hot 
steam cure at 90 °C for 3 days. Following that, they have been kept in the curing pool at 20°C for 
28 days. 

Compressive strength tests have been conducted in the concrete tester with the capacity of 
3000 kN and whose loading speed could be adjusted in accordance with TSE standards (Turkish 
standard)  [17,18]. Test results have been assessed according to the standard and the mechanical 
properties belonging to the samples have been found. 

Flexural tests have been conducted in the computerized bending test device that could 
draw the load-deflection graphs automatically (Figure 3). As specified in TS 10515, the loading 
speed of the test device has been adjusted in a way that it will make a deflection of 0.05-0.10 
mm/min. in the middle point of the beam. 360 mm is the space between two supports has been 
divided into three equal parts and the beam sample has been loaded from two points [19,20]. As a 



 
  Article no. 40 

 
THE CIVIL ENGINEERING JOURNAL 4-2018 

 
--------------------------------------------------------------------------------------------------------------- 

 

          DOI 10.14311/CEJ.2018.04.0040 504 

 

result of the test, load-deflection graphs have been drawn and the values of fracture toughness 
have been calculated [21]. 

 

 

Fig. 2 - a) Filling the fibers into the mold, b) the fresh SIFCON 

 

Fig. 3 - Flexural test apparatus 

 

a) 

b) 
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Ultrasonic pulse velocity test is one of the non-destructive experiments conducted to attain 
information about the quality of the concrete according to the speed of the sound transmission by 
taking the space amount in the concrete as the basis. Schmidt hammer test is a method developed 
to estimate the compressive strength of the sample by benefiting from the surface hardness. 
Ultrasonic pulse velocities of the samples and Schmidt hammer test reaction number are detected 
and the changes in other mechanical and physical properties of the samples are tried to be 
explained. For the test, ASTM C597-09 has been conveniently conducted in the cubic samples 
with the dimension of 15x15x15 cm (Figure 4) [22]. Sound transition period (t, µs) has been read 
from the screen and the proportioning to the distance between the probes (ℓ, mm) and sound pulse 
velocity (V, mm/µs) have been attained [6]. Schmidt Hammer Test has been conducted by fixing 
the concrete samples with the help of the concrete apparatus (Figure 5). 

 

 

Fig. 4 - Sound pulse velocity experimental setup 

 

Fig. 5 - Schmidt Hammer test setup 
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RESULTS AND DISCUSSION 

The results attained from the test are given in Table 4 and Figure 6. The use of basalt 
aggregate instead of quartz powder has negatively affected the compressive strength and strength 
has decreased when compared to the REF sample. The compressive strength of the sample 
whose powder and sand aggregates consist of basalt is 14% lower than that of REF sample. This 
ratio has increased up to 30% on average with the use of basalt aggregate together with the quartz 
aggregate. Basalt aggregate has been ground from the rock and classification has been conducted 
only according to the minimum and maximum granular magnitude during the grinding. The 
distribution of the minimum and maximum grain interval has been checked and the gradation 
graphs in Figure 7 has been drawn. These graphs have been formed as a result of mixing the 
basalt aggregate in a certain ratio (35% powder+65% sand) as a result of its grinding as powder 
and sand. When Figure 7 is examined, quartz aggregate has been seen to be the closest one to 
the Fuller curve (assuming a Fuller exponential number of 0.50) accepted as the ideal curve 
[23,24]. Therefore, it is the aggregate with the highest composition. The highness of the 
composition has a positive impact on the increase in the compressive strength. The gradation 
curve of the basalt aggregate is different the gradation curve of Fuller and has an irregular curve. 
For this reason; the compressive strength of the basalt aggregate is lower. Schmidt hammer test 
results of the samples with high compressive strength are also high and show a little decrease in 
the REF sample. Because Schmidt hammer test conducts measurements depending on the 
surface hardness of the sample, it is possible for it to contain errors according to the real strength. 
No meaningful change has been observed in the ultrasonic pulse velocity values. 
 

Tab. 4 - Mechanical properties of the sample 

Sample 
Types 

Compressive 
Strength  
(MPa) 

Ultrasonic 
Velocity (km/sn) 

Schmidt 
Test 

Hammer 

Flexural 
Strength (MPa) 

Fracture 
Toughness (Nm) 

REF 98.89 3.42 61 32.44 70.61 

BPQS 70.13 3.45 53 28.33 55.3 

QPBS 71.87 3.47 52 29.21 59.62 

B 88.40 3.41 62 32.05 69.77 
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Fig. 6 - Compressive and Flexural Strength and Fracture Toughness graphics 

 

 

Fig. 7 – The gradation curves of the aggregate mixtures 
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It has been observed during the flexural test that the load has reached the peak point in a 
linear way and the fibers have started to debond after the maximum load. It has been seen that the 
sample has been broken by fracturing from almost the middle point (Fig. 8). It has also been 
observed that because the fibers are hooked, they break parts from the concrete during the 
debonding. Load-deflection graphs belonging to SIFCON samples as a result of the bending test is 
given in Figure 9-11. The strength and toughness results attained from the graphs are given in 
Table 4. While the flexural strength and fracture toughness values of the samples containing basalt 
aggregate have decreased when compared to REF sample, it has been seen that there has been a 
much higher decrease in the sample containing basalt powder (BPQS). A similarity is seen to be 
existent between the flexural strength and compressive strength. It is observed that the important 
factor decreasing the strength is basalt powder. When the aggregate gradation curves (Fig. 7) are 
examined, it is seen that basalt is 15% and quartz is 30% under 63 µm. The excessiveness of the 
fine material amount in quartz powder is very important in filling the spaces in micro dimensions 
and in cement paste. Filling the spaces in micro dimensions both affects the compressive and 
flexural strength. 

 

 

Fig. 8 - Fracture sample as a result of the flexural test 

 

 

Fig. 9 - Load-deflection graphics of REF and BPQS sample 
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Fig. 10 - Load-deflection graphics of REF and QPBS sample 

 

Fig. 11 - Load-deflection graphics of REF and basalt sample 

 

Unit cost graphs of compressive and flexural strength are given in Fig. 11. The unit price of 
basalt aggregate in Turkey is approximately 75% cheaper than the unit price of quartz aggregate. 
Unit strength costs have been calculated by dividing the unit cost of SIFCON into strength. When 
Fig. 12 is examined, it is observed that the combined usage of quartz aggregate and basalt 
aggregate has increased the unit costs of compressive and flexural strength. However; there has 
not been any clear change in the compressive unit strength costs of the samples in which only 
basalt or quartz aggregates have been used and the unit cost of the flexural strength of the sample 
in which basalt aggregate has been used is approximately 7% lower. 
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Fig. 12 - Unit cost graphics of the compressive and flexural strength of the samples 

 

CONCLUSIONS  

In the conducted study, the usability of the different rock types instead of the quartz powder 
used in SIFCON production and being in powder dimension has been examined. 

The use of basalt aggregate instead of quartz powder has negatively affected the 
compressive strength and the strength has decreased when compared to that of REF sample. The 
decrease ratio in the compressive strength has increased by 30% together with the combined 
usage of the quartz and basalt aggregates. The gradation curve of the basalt aggregate is different 
from Fuller curve and it is irregular. Therefore; this may be the reason for the low compressive 
strength of the basalt aggregate. Schmidt hammer test results of the samples with high 
compressive strength are also high. However; no meaningful change has been observed in the 
values of ultrasonic pulse velocity. 

According to the flexural test results, the flexural strength and fracture toughness values of 
the samples containing basalt aggregate have decreased slightly when compared to the values of 
the REF sample. The flexural strength and fracture toughness values of the sample in which quartz 
and basalt aggregates have been used in combination (BPQS) have decreased significantly. It has 
been observed that there is a similarity between the flexural strength and compressive strength 
results. 

When the aggregate The gradation curves (Fig. 7) have been examined, it has been seen 
that the important factor decreasing the strength is basalt powder due to the fact that basalt is 15% 
and quartz is 30% under 63 µm. 

The unit cost of SIFCON has been more economical because of the fact that the unit price 
of basalt aggregate in Turkey is as much as ¼ of the price of the quartz aggregate. Flexural 
strength unit cost has decreased by %8. However; no clear change has occurred in the unit 
compressive strength costs. It is suggested that the basalt aggregate could also be used as an 
alternative to the quartz aggregate in SIFCON. 
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ABSTRACT 

Machine vision was first applied in industrial manufacturing field, and now it is also used in 
road detection, with the rapid development and continuous innovation of computer technology and 
digital image processing technology. This study provides a detailed description of the application of 
machine vision technology in detection of pavement crack, such as crack image acquisition, 
preprocessing (image de-noising and enhancement), segmentation, and recognition technology. 
Further the application of machine vision technology in pavement compactness and evenness was 
introduced. Finally, based on the application of machine vision in other aspects of road detection, 
hopefully, this study can provide a reference for method of road detection.  

KEYWORDS 
 Machine vision, Road detection, Crack, Compactness, Evenness 
 

INTRODUCTION 
Since the end of 20th century, with the rapid development and continuous innovation of 

computer technology and digital image processing technology, machine vision technology has 
been progressively applied to highway pavement detection. In this period, the United States, 
Japan, France and other developed countries have devoted extensive research efforts and 
development work on the main contents of the road automatic testing equipment and pavement 
management system, and published a number of related research results [1]. Although the 
application of machine vision technology in the automatic detection of pavement in China has 
started later, it is developing rapidly, and gradually narrowing the gap with the world’s advanced 
level [2]. This study reviews the application of machine vision technology in detection of pavement 
cracks, pavement compaction, and pavement roughness, with primary focus on the application of 
machine vision in pavement crack detection. Finally, based on the application of machine vision in 
other aspects of road detection, hopefully, this study can provide a reference for method of road 
detection.  

THE DEVELOPMENT HISTORY OF MACHINE VISION TECHNOLOGY 

A machine vision system refers to the capturing of images through a machine vision device 
(i.e. image capture device). Then the image is transferred to the processing unit through digital 
processing. Based on the pixel distribution and brightness, colour, and other information, it can 
discriminate the size, shape, colour, and other parameters, and then according to the results it 
controls the operation of the field equipment. The study of machine vision began with the pattern 
recognition in two-dimensional images in 1950s. In 1960s American scholar Roberts put forward 
the concept of building blocks of polyhedron [3], preprocessing, edge detection, and object 
modelling which are still used in the field of machine vision. In 70s the visual computing theory 
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proposed by David Marr provided an unified theoretical framework for machine vision research [4]. 
At the same time, machine vision was incorporated in several important research branches such 
as target guided image processing, parallel algorithms for image processing and analysis, 
knowledge base of vision system, and so on. In 80s with the rapid development of machine vision 
technology, new technology and new knowledge were continuing without end, for example, the 
theoretical framework of object recognition based on perceptual feature group, the framework of 
active vision theory, and the framework of visual integration theory, etc. By the middle of the 90s, 
machine vision has entered a period of deep development and wide range of application and by 
now, machine vision has become a very active research field. This section should describe in detail 
the study material, procedures and methods used. 

APPLICATION OF MACHINE VISION IN DETECTION OF PAVEMENT CRACK The 
composition of machine vision system for detection of pavement crack 

The machine vision system for detection of pavement crack is mainly composed of two 
parts: hardware system and software system. The hardware system mainly includes power supply 
system, image acquisition system, and image lighting system. The software system mainly 
includes image preprocessing system, image segmentation and recognition system, and so on, as 
shown in Figure 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1 - The system composition diagram 

 

Pavement image acquisition 

Pavement image acquisition system is the foundation and key of the entire machine vision 
system, which determines the accuracy and precision of image analysis. The pavement image 
acquisition system is mainly composed of industrial camera, lens, lighting device, speed sensor, 
and digital image capture card. At present, the pavement image acquisition is mainly acquired 
using the industrial camera. Based on the type of sensor, the industrial camera can be divided into 
charge-coupled device (CCD) camera and complementary metal oxide semiconductor (CMOS) 
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image sensor camera, as shown in Figure 2. Owing to the high imaging quality of CCD camera, it 
is usually used in pavement detection. The linear array CCD camera can only obtain one line of 
information at a time. It has fast speed and high resolution, which can realize continuous detection 
of moving objects; therefore, the linear array CCD camera is especially suitable for image 
acquisition for pavement detection. 

                         

(a) CCD camera                                    (b) CMOS camera 

Fig.2 - Industrial cameras 

At the same time, the change of the ambient light plays a very important role in the image 
acquisition; therefore, the selection of light source in the image acquisition system is also 
important. The light emitting diode is widely used as a lighting device in pavement acquisition 
system because of its small size, low power, fast response, high reliability, and long service life. 

 

Pavement image preprocessing 

Uneven traffic signs, road line spilled materials, oil, shadow, and other interference, as 
shown in Figure 3, leads to strong noise in the pavement image, which increases the difficulty of 
identification of pavement crack. Therefore, it is necessary to eliminate or weaken these 
interferences and preprocess the pavement image. Although there are various methods of image 
preprocessing, they can be divided into two categories according to different emphasis: image de-
noising and image enhancement. 

                          

(a) traffic signs line                              (b) greasy dirt and inclusion 

Fig.3 - Pavement image 

Image de-noising 

The noise in pavement image mainly comes from two aspects: one is the interference from 
the external environment, such as uneven illumination, shadow, etc. The other is road itself, due to 
the heterogeneity of the road surface, in particular, the size of the road material, particles, and the 
different roughness of the road. According to the actual situation of road noise, the noise can be 
divided into two types: random noise and interference noise. Random noise is commonly referred 
to as image noise; however, the interference noise is referred to the source information of the 
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images that interfere with the detection of cracks, such as the line of traffic signs in the road 
surface image. 

At present, the representative methods of image de-noising include mean filtering, median 
filtering, Wiener filtering, low-pass filtering, high-pass filtering, and morphological filtering. The 
pavement image mainly contains salt-and-pepper noise and particle noise, and median filtering 
and mean filtering methods are simple; therefore, they are widely used in pavement image de-
noising.  

Median filtering is a nonlinear signal processing technology based on the sequencing 
theory, which can effectively suppress noise. In 1D situation, 1D median filter contains odd number 
of slide template, the template data is in the order from small to large, and the data in the middle 
position is considered as the final result. The core of the median filter aids in sorting the data in the 
template; thus, if a bright spot (dark spot) is noise, it is ranked in the sequencing process in the 
right (left) side of the data sequence. Therefore, the final value of the data sequence in the middle 
position is generally not the value of the noise point, which can achieve the purpose of noise 
suppression, as shown in Figure 4. 

                            

(a) the original image                                  (b) the filtered image  

Fig. 4 - Median filtering of pavement image 

Mean filtering uses the average pixel value to replace each pixel value of the original image. 

Assuming that the signal contaminated by noise is )(th , the original signal is )(t , and the noise is

)(t , then )()()( ttth   . The mean filter formula is as follows: 

                        
)](...)([

1
)( mthnth

n
th 

                     

(1)
 

Taking mathematical expectations on both sides of the equation, ( ) ( ) ( )h t t t   is obtained. We 

considered the noise to be the salt-and-pepper noise, thus )(t ≠0. According to the above 

mentioned definition, for the salt-and-pepper noise, amplitude basically remains the same. 
However, there are some points in the data without noise, so that the output noise can be equated 

to the point that the noise is 0, so )(t ＜ )(t . As a result of average filtering, the noise intensity 

value of )(t  is lower than )(t , as shown in Figure 5. 
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(a) the original image                     (b) the filtered image 

Fig.5 - Mean filtering of pavement image 

The median filter and mean filter also have common defects, they cannot effectively filter 
various noises superimposed on the pavement image. Thus, in order to overcome this 
shortcoming, the scholars continue to improve. Combined with the advantages of the existing de-
noising algorithms and characteristics of the noise and crack information of pavement image, a 
novel multilevel de-noising model based on the detection of pavement crack was presented by 
Wang et al [5]. In order to remove the isolated noises in pavement crack images and protect the 
fine features of cracking edges, a de-noising algorithm based on the connectivity checking of pixel 
level and cracking subimage level was designed by Peng et al [6]. The traditional image de-noising 
algorithm suffers from difficulty in maintaining the edge and texture features, which seriously 
interrupts the reliability of the detection system. To overcome this issue, an algorithm for image de-
noising with line-type texture based on gradient enhanced diffusion was proposed by Zhang 
Yongqiang [7]. The noise spectrum often superposes with the signal spectrum, and the threshold 
de-noising losses part of the information while de-noising image; therefore, a novel image de-
noising algorithm based on the statistical model in contourlet transform domain was proposed by 
Wang et al [8]. A novel pavement image de-noising method based on shearlet transform was 
proposed by Wu et al [9], which could smooth most of the noisy spot, but well maintain the cracks 
details. Owing to without regard of the noise statistical distribution, and only using Fast Fourier 
Transform and wavelet transform to image noise reduction bringing an image distortion, Han et al. 
[10] offered a method of image de-noising based on the transform domain and noise estimation. 
This method could completely consider the advantages of wavelet transform and Fourier 
Transform. Considering the image characteristics on different scales, a new image de-noising 
method based on ContourBougie elements morphology was proposed by Huang et al [11]. Based 
on the non-local means filter, an improved de-noising algorithm for synthetic aperture radar images 
was proposed by Zheng et al [12]. 

Image enhancement 

At present, the enhancement technology of pavement crack image includes the histogram 
equalization, the image subtraction method, and the image enhancement method based on prior 
knowledge. In order to make the pavement crack image feature better protection and more obvious 
crack, Cui Hua [13] adopted the Partial Differential Equation (PDE) method for preprocessing the 
pavement images, and improved the P-M diffusion coefficient and fused it with coherence 
enhancing diffusion, thus forming the new PDE model. Aiming at overcoming the shortcoming of 
Retinex algorithm, an improved image enhancement algorithm based on improved Retinex 
algorithm combined with fuzzy algorithm was proposed by Luo Rui [14], as shown in Figure 6. With 
the objective of improving the traditional fuzzy enhancement algorithm, a fuzzy enhancement 
algorithm for pavement image based on gray relational order threshold judgment was proposed by 
Li Ziqiang [15]. To improve the uneven illumination of the background in the pavement image, Liu 
Yuchen [16] used a fuzzy relation method to eliminate the non-uniform background illumination. An 
adaptive multiplicative factor removal method of non-uniform background was proposed by Wang 
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Xiaoming [17]. Liu Yiling [18] proposed an algorithm based on gray level correction algorithm of 
multiplicative models with some modifications. Chen Xianqiao [19] introduced an algorithm based 
on difference threshold to remove the shadow from the pavement images. In order to overcome 
the shortcomings of the traditional image fuzzy enhancement algorithm such as small enhanced 
intensity and poor gray level changes in the rich image processing effect, difficult to set control 
parameters and other problems, a new image enhancement algorithm was proposed by Tang Lei 
[20]. Changxia Ma [21] offered a new approach for the detection of pavement cracks based on 
fractional differential and wavelet transform, and experimental results proved that the proposed 
detection was a valid method for the different road crack image even if any noise existed. 

 

                                   

         (a) the original image               (b) Retinex algorithm            (c) the proposed algorithm 

Fig.6 - Retinex algorithm combined with fuzzy algorithm 

 

Segmentation and recognition of pavement crack image 

Pavement crack image segmentation algorithm mainly includes three methods: threshold 
segmentation, region segmentation, and edge detection. 

Threshold segmentation is one of the earliest research and application method. The basic 

principle is as follows: a gray level image size is set as M N , the gray level is L, and ( , )f x y

represents the gray level of the pixel in coordinates of ( , )x y , where [1, ]x M , [1, ]y N . The 

purpose of single threshold segmentation is to determine a threshold value, and the gray level of 
all pixels is mapped as follows: 
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The segmented image contains only two types of pixel: 0 and 1L , also known as 

“binaryzation”, which is suitable for the situation that the distribution of target and background 
pixels in the two different gray level ranges, for example, the global threshold method. 

For the multi-threshold segmentation, it is assumed that the threshold number is n , then the 

gray level of pixels is mapped as follows: 
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where nlll ,...,, 10 are n +1 gray levels of the segmented image. Multi-threshold segmentation 

method is suitable for the situation when many targets are needed to be extracted, and distributed 
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in different gray level intervals, for example, local threshold method. For the classic example, in 
1979, OTSU proposed a threshold segmentation algorithm based on gray histogram that was used 
widely, which divided the image into the target area and background area. A maximum entropy 
image segmentation method was proposed by Liu Na [22], and the adaptive threshold 
segmentation was proposed by Zhang Lei [23]. In order to overcome the deficiency of OSTU 
threshold method and maximum entropy method, a threshold segmentation method based on 
histogram estimation and shape analysis was proposed by Xu Zhigang [24]. Moreover, the 
experimental results showed that the performance was better than the minimum error method, the 
OSTU threshold method, and the maximum entropy method. 

The 1986 Canny algorithm is the classic algorithm based on edge detection. Based on 
these classical segmentation algorithms, the later researchers constructed their own segmentation 
algorithms, such as Sobel, Prewitt, Kirsch, Roberts, LOG, gradient operator, and Laplasse operator 
were studied based on edge detection, as shown in Figure 7. According to the crack edge, a 
gradient may exist at various angles. Li Jinhui [25] proposed the detection of image by Sobel edge 
detection on templates in eight directions, combined with the noise filtering algorithm of 
neighbourhood weighted averaging and OSTU segmentation algorithm to segment the crack 
images. 

                     

(a) Threshold segmentation                       (b) Canny operator 

                     

(c) Sobel operator                         (d) LOG operator 

Fig.7 - Segmentation algorithms for pavement cracks image 

In recent years, some new algorithms have been developed in the field of pavement crack 
image recognition, which do not belong to the above mentioned three types of crack identification 
algorithms. For example, an asphalt pavement cracks extraction method using Fuzzy C-Means 
clustering (FCM) segmentation and morphology was proposed by Song Beibei [26]. Xiao Xiaoming 
[27] presented an improved method based on cluster analysis and region growing for road 
detection. An automatic detection method based on binocular vision and digital image processing 
was proposed by Li Zhun [28]. Xu Wei [29] presented a novel pavement crack detection method 
through integrating multi-features fusion and Gestalt principles. According to the data 
characteristics of 3D pavement cracks combined with the digital image processing technology, 
Yuan Mengxia [30] presented a new method for 3D pavement crack identification based on the 
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background subtraction method. The existing algorithms exhibit lack of stability, reliability, and 
timeliness in large-scale applications, in particular, in wide geographical areas and varying road 
conditions. Therefore, in order to overcome these drawbacks, Zhang Dejin [31] proposed a new 
algorithm for pavement crack detection based on spatial clustering characteristics. Moreover, Li 
Wei [32] proposed a pavement crack detection algorithm based on 3D data and double scale 
clustering algorithm. Inspired by recent success on applying deep learning to computer vision and 
medical problems, a deep-learning based method for crack detection was proposed by Lei Zhang 
[33]. Wang Xiaoming [34] presented a pavement crack detection method based on multi-image 
and multi-resolution treatment. The application of 3D imaging technique for the detection of 
pavement cracks was proposed by Hu Kebo [35] and Senthan Mathavan [36]. Roberto Medina [37] 
presented a pavement crack detection method combining 2D/3D image processing techniques. 

THE APPLICATION OF MACHINE VISION TECHNOLOGY IN PAVEMENT EVENNESS 

At the end of last century, measuring equipment for road surface roughness in China mainly 
included the spirit level, the 3m ruler, continuum flatness instrument, and so on. These equipment 
sets have many disadvantages, such as low efficiency and slow speed. At present, road surface 
roughness measuring equipment used in China mainly consists of direct contact type mechanical 
device and intelligent road inspection vehicle. The direct contact mechanical device has the 
disadvantages of low detection accuracy, low detection efficiency, and bulky instrument. Intelligent 
road inspection vehicle has complex structure and high price, thus it is difficult to popularize it in 
practice. In recent years, with the development of machine vision technology, some researchers 
began to apply machine vision technology to road surface evenness detection, and achieved good 
results. For example, a method of pavement surface evenness detection based on image moire 
method was proposed by Ou Yangaiguo [38], as shown in Figure 8. Jiang Xin [39] presented a 
method of pavement surface evenness detection based on photogrammetry. For the cement 
concrete pavement, Ma Yukun [40] presented a laser vision measuring system for pavement 
evenness. Xie Jian [41] presented the method of pavement evenness detection based on machine 
vision, as shown in Figure 9. Zhang Xuelian [42] reported an on-line measurement method of road 
evenness based on weak calibration laser structured light. 

 

Fig.8 - The principle of shadow moire method 
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    (a) Laser irradiation on even pavement              (b) Laser irradiation on uneven pavement 

Fig.9 - The image of laser irradiation on even pavement and uneven pavement 

THE APPLICATION OF MACHINE VISION TECHNOLOGY IN PAVEMENT 
COMPACTNESS  

With the rapid development of China’s transportation industry, the construction standards for 
the construction of the traffic line are getting higher and higher. The compaction quality of highway 
pavement is related to the quality of entire project, thus it is very important to detect the 
compactness of pavement. At present, the methods for detection of pavement compaction are 
divided into destructive and non-destructive testing methods. The destructive testing method 
includes cutting ring method, wax sealing method, sand replacement method, and water-filling 
method, etc. Non-destructive testing methods include vibration acceleration method, Rayleigh 
wave, the nuclear density instrument, and the vehicular compactness method, etc. However, 
research on application of machine vision technology on pavement compaction has rarely been 
reported yet. According to the Monte Carlo model, Li Xirong [43] offered a method of laser image 
processing of compacted soil based on Matlab Gui, as shown in Figure 10. 

 

Fig.10 - Machine vision detecting system for compactness 

OUTLOOK 

With the emergence of new machine vision theory and new measurement theory, digital 
image acquisition equipment with higher resolution, faster acquisition, better image quality, and 
lower cost has become more popular. In this case, machine vision technology will be more widely 
used in other aspects of road pavement detection, such as road marking damage of intelligent 
detection and detection of road congestion. Some scholars have reported the use of the machine 
vision technology in highway construction machinery. Moreover, based on machine vision 
technology, some application systems, such as road construction machinery navigation and 
automatic levelling, construction machinery condition monitoring, and fault diagnosis, etc. have 
been designed. Undeniably, the application of machine vision technology in road detection will 
become a signature technology. 
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ABSTRACT 

To further examine the effect of the strain rate on the behaviour of hoop-confined reinforced 
concrete (RC) columns, the dynamic behaviour of overlapping hoop-confined RC columns 
subjected to lateral rapid loadings is investigated by applying finite element analysis. Based on the 
verified finite element model, the effect of the following five parameters on the dynamic behaviour 
of RC columns were discussed considering both strain rate effect and confinement effect: the 
loading rate, axial load ratio, volume ratio of stirrups, shear span ratio and configuration of hoops. 
The following conclusions were made. The lateral-load-carrying capacity increases and the ductility 
decreases because of the rapid loadings, but the increase in volume ratio of the stirrups weakens 
the effect of the loading rate on the ductility. The axial load ratio and volumetric ratio of the stirrups 
affect the dynamic increasing factor (DIF) of the lateral-load-carrying capacity, but the effect of the 
shear span ratio on the DIF can be neglected. The increase in flexural-load-carrying capacity due 
to the increase in volume ratio of the stirrups under static loadings is higher than that under rapid 
loadings. The difference in effect of the two configurations of overlapping hoops on the dynamic 
behaviour of RC columns is notably small. 

KEYWORDS 
RC columns, Dynamic behaviour, Lateral rapid loadings, Confinement effect of overlapping 

hoops, Strain rate effect, Finite element analysis 

INTRODUCTION 

Many studies have demonstrated that the strain rate sensitivity of concrete and reinforcing 
steel significantly affect the RC members and structures [1-19]. The strain rate sensitivity indicates 
the change in properties of these materials with the increase in strain rate of concrete and 
reinforcing steel. Commonly, RC members can acquire the strength gain with increasing strain rate. 
The increase in strength is not necessarily beneficial to the dynamic response of the structure 
because it may result in a critical redistribution of forces in the structures or brittle types of failure 
with less hysteretic energy absorption capacities in some elements [19]. Bad abnormal phenomena 
have been found in the rapid loading tests. Some tests on RC beams show that the final failure 
mode shifts from the flexural failure mode at the quasi-static strain rate to the shear failure mode at 
the high strain rate [12-13], or the opposite transition occurs [14]. Under cyclic loadings, the 
damage level, stiffness degradation and strength degradation are significantly higher in the RC 
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columns subjected to rapid loadings compared to quasi-static loadings [5-6]. It is believed that 
code provisions may be non-conservative for long-duration seismic loadings with significant cyclic 
damage [6]. To appreciate the effect of the strain rate sensitivity of concrete and reinforcing steel 
on the global seismic response of RC frame structures, Asprone et al. conducted an earthquake 
evaluation analysis, and the result shows that considering the updated material properties, to 
account for the earthquake-induced strain rate, a strength reserve of the structural system is 
experienced when only ductile failure mechanisms are considered; however, the structural capacity 
decreases when the brittle failure mechanisms are included [7]. Generally, the strain rate of 
materials in RC structures under earthquake loadings is approximately 10-4-10-1/sec. Thus, it may 
be more rational to consider the strain rate effect of concrete and steel when one evaluates the 
dynamic behaviour of RC structures under earthquake action.  

For the dynamic behaviour of RC column considering the strain rate effect, until now, many 
experimental studies focus on the lightly confined RC columns [2,5-6,15-16]. Fewer experimental 
studies [17-18] have been conducted on confined RC columns under concentric compressive rapid 
loadings. To make up for the lack of experimental studies, the finite element analysis method was 
used to analyse the dynamic compressive behaviour of confined RC columns [1,3,8], but there is 
no study on the confined RC columns subjected to lateral rapid loadings. Because of the high 
requirement on loading instrument for the rapid loading test, the FEA modelling becomes a good 
choice for parametric studies.  

In this paper, the objective is to investigate the strain rate effect on the dynamic behaviour 
of reinforced concrete columns confined by overlapping hoops under lateral rapid loadings using 
finite element analysis. The finite element model developed by the author [1] is used, which 
considers the confining effect of the overlapping hoops and strain rate effect of concrete and steel. 
The effect of the parameters, including the lateral loading rate, axial load ratio, volumetric ratios of 
transverse reinforcement, shear span ratio and configuration of hoops (type A and type B in Figure 
1), on the dynamic behaviour of confined RC columns were investigated. 

COLUMN MODEL FOR PARAMETRIC ANALYSIS 

The designed column model for the parametric analysis is presented in Figure 1. The 
center region in the column is 950 mm or 1680 mm, which corresponds to the shear span ratio of 
2.7 or 4.5. The columns have a fixed boundary condition at the bottom with 300 mm in length and 
loading end at the top with 300 mm in length. The spacing of transverse hoops was reduced by 
one-half at each end of the columns to provide extra confinement and ensure that failure occurred 
in the central region. All columns have identical cross sections of 450 mm × 450 mm, and the core 
size measured from the center of the perimeter hoop was maintained constant at 400 mm × 400 
mm. Two configurations of hoops (type A and type B in Figure 1) were used. These arrangements 
are typical for 8-bar and 12-bar columns. The center-to-center spacing of longitudinal bars across 
the section for type-A and type-B arrangements was 183 mm and 123 mm, respectively. More 
details of the cross sections in the test regions of different columns are shown in Table 1. All 
specimens with identical longitudinal reinforcement ratios of 2.65% had identical yielding strength 
(400 MPa) of longitudinal steel and strength (300 MPa) of the transverse hoops. The concrete 
compressive cylinder strength fc was 30 MPa.  

Various key parameters in Table 1 were considered, including the lateral loading rate (0.1 
mm/s (quasi-static loadings) and 100 mm/s), axial load ratio n (0, 0.2, 0.4, 0.6, 0.8), volumetric 

ratios of transverse reinforcement sv (1.5% and 3.0%), shear span ratio (2.7, 4.5) and 
configuration of hoops (type A and type B). Table 1 summarizes the specimen characteristics of 
the simulation matrix. The titles of the specimens in Table 3 describe the varying parameters and 
have the following meaning. The first letter (A or B) in the titles represents the reinforcement 

arrangement of type A or type B. The numbers after the first letter indicates the shear span ratio  

(=2.7 or =4.5). The numbers behind the middle hyphen represent the volumetric ratio sv of the 

http://www.so.com/link?url=http%3A%2F%2Fdict.youdao.com%2Fsearch%3Fq%3Dhyphen%26keyfrom%3Dhao360&q=hyphen&ts=1493892625&t=d83ce0648906b0be8ae1b299aeaba60
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transverse reinforcement. Numbers 3.0 and 1.5 indicate sv=3% and sv=1.5%, respectively. The 
last character n represents the axial load ratio of 0-0.8.  

 

Axial load

Lateral loading

Fixed boundary 
condition

Eight 26 mm dia.

10 or 9.7 mm dia.

Twelve 21 mm dia. 

9.7 mm dia.

S teel pad

 

Type A                                Type B 

Fig. 1 - Details of the column model for the parameter analysis 

Tab. 1 - Columns for the parameter analysis 

Specimen 
Longitudinal 

reinforcement 
diameter (mm) 

Transverse reinforcement 
Axial load 

ratio n 
Lateral loading rate Diameter 

(mm) 
Spacing 

(mm) 
Volumetric ratiosv 

A2.7-1.5-n 26 10 86 1.5% 

0,0.2,0.4, 

0.6,0.8 

0.1 mm/s (Quasi-

static)、100 mm/s 

A2.7-3.0-n 26 10 43 3.0% 

A4.5-3.0-n 26 9.7 43 3.0% 

B2.7-3.0-n 21.2 9.7 43 3.0% 

EXPLICIT DYNAMIC FEA MODELLING 

The finite element model was developed by the author [1], which has been verified by the 
experiment on axial compression RC column confined by type-A and type-B overlapping hoops at 
low and high strain rates, was used to investigate the strain rate effect on the behaviour of the RC 
column under lateral rapid loadings. As shown in Figure 2, a half model with symmetric boundaries 
on the Y-Z plane was used based on the symmetry, which reduced the computation cost. A fixed 
boundary condition was applied at the bottom of the columns with 300 mm in length. The steel 
plates in Figure 1 were modelled with analytical rigid plates, which is reasonable to save the 
computing cost. The motion of the rigid plate was constrained to the motion of the reference point, 
which implies that the translational and rotary motions of the rigid plate are consistent with the 
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corresponding reference point. Thus, the axial load was applied to the top reference point RP with 
an allowable translational motion in direction Z and an allowable rotational motion around the X-
axis, and the lateral load was applied to the side reference point RP-1 with an allowable 
translational motion in direction Y and an allowable rotational motion around the X-axis. 

  
 

 

 
Fig. 2 - Illustration of the finite element model 

INFLUENCE ANALYSIS OF INVESTIGATED PARAMETERS 

Effect of loading rate 

At the loading rate of 100 mm/s, the strain rates reach to the order of magnitude of 10-1/s 
and 10-2/s for columns with shear span ratio 2.7 and 4.5, respectively, which is in the range of 
strain rate of RC structures under earthquake action. As shown in Figure 3, the loading rate has an 

obvious effect on the lateral load F versus displacement  curves. The lateral bearing capacity 
increases with the increase in loading rate. The dynamic increasing factor (DIF) of the lateral 
bearing capacity, namely, the ratio of dynamic bearing capacity to quasi-static bearing capacity at 
a loading rate of 0.1 mm/sec, is commonly used to describe the effect of the loading rate on the 
bearing capacity. In these cases, the maximum DIF is 1.2 when the loading rate reaches to 100 

mm/s. Figure 3(a) shows the descending branches of F- curves become obviously steeper with 
the loading rate increasing when the axial load ratio is 0.8. However, increasing the volumetric ratio 

of stirrups the effect of loading rate on the slope of the descending branches of F- curves 
becomes weaker, which is shown in Figure 3(b). 

 

Influence of axial load ratio and volumetric ratio of stirrups 

(1) Lateral load F versus displacement  curves 

Figure 4 shows the similar influence of the axial load ratio n and volumetric ratio of stirrups 

sv on F-curves for quasi-static and rapid loadings. When the axial load ratio n is between 0.0 
and 0.6, the lateral bearing capacity of columns increases as the axial load ratio increases, but the 
ductility decreases. When the axial load ratio is in the low range of 0.0 to 0.2, the columns behave 
with good ductility and increasing the volumetric ratio of stirrups from 1.5% to 3.0% has little 

influence on the F-curves. As the axial load ratio increases to 0.6, the ductility decreases 
obviously. However, increasing the volumetric ratio of stirrups is able to enhance the lateral 
bearing capacity and obviously improve the ductility in the range of axial load ratio from 0.4 to 0.6. 
The reason is that the compressive area of the core concrete confined by the overlapping hoops 
increases as the axial load ratio increases, and then the confining effect of overlapping hoops on 

Symmetry boundary 
on the Y-Z plane 

Axial load at the 
reference point 
RP  

Lateral loadings at the 
reference point RP-1  Fixed boundary condition 

with 300 mm in length at 
the bottom end 
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the core concrete becomes stronger, which enhances the strength and ductility of the core 
concrete.   

When the axial load ratio n reaches to 0.8, the descending branches of F- curves drop 
more remarkable for the columns with volumetric ratio of stirrups 1.5%. In addition, the lateral 
bearing capacity drops obviously for the columns under quasi-static loading. However, the lateral 
bearing capacity for the columns under rapid loading drops a little. That is because the strain rate 
effects increase the strength of concrete and steel. As the axial load ratio increases, that the lateral 
bearing capacity falls down means the failure model of the RC sections changes from a tension 
failure to a compression failure. When raising the volumetric ratio of stirrups to 3.0% at n=0.8, the 
lateral bearing capacity drops slightly under quasi-static loading or increases slightly under rapid 
loading. 

     

            
                (a) A2.7-1.5                                                             (b) A2.7-3.0  

Fig. 3 - Effect of the loading rate on the F- curves 

 

  

                            (a) Loading rate: 0.1 mm/s                                      (b) Loading rate: 100 mm/s 

Fig. 4 - Influence of axial load ratio and volumetric ratio of stirrups on F- curves 

(2) Dynamic increasing factor (DIF) of the lateral bearing capacity 

As shown in Figure 5, the DIF decreases with the axial load ratio n increasing at first, and 
then inversely ascends with n increasing. Figure 6 depicts the influence of volumetric ratio of 
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stirrups sv on DIF. In Figure 6, RDIF,sv means the ratio of the DFI with sv of 3.0% to the DFI with 

sv of 1.5% for the columns with shear span ratio of 2.7 at the same axial load ratio. It can be seen 

that increasing the volumetric ratio of stirrupsreduces the DIF, and RDIF,sv becomes smaller with 
the axial load ratio increasing. Raising the volumetric ratio of stirrups from 1.5% to 3.0% makes the 
DIF reduce 7% at an axial load ratio of 0.8. After the axial load ratio increasing, the compression 
area of the section broadens, which is beneficial to the confining effect. The phenomenon of DIF 
reducing has been explained by the researches [20-21] that as the confining effect of stirrups on 
concrete strengthens, the increase in strength of concrete due to strain rate effect reduces. 

       

Fig 5 - Influence of axial load ratio n on DIF      Fig. 6 - Influence of volumetric ratio of stirrups on    
                DIF 

(3) Moment (M)-Axial load (N) interaction diagram for RC column section 

Figure 7 shows the similar influence of volumetric ratio of stirrups sv on M-N interaction 

diagrams of RC columns section for quasi-static and rapid loading. Increasing the sv makes the 

axial load at balance failure increase. The sv has little influence on the interaction diagrams when 

the axial load ratio n is in low range. As the n rises, the increase in sv enhances the flexural 

capacity. It seems that Figure 8 shows the influence of sv on flexural capacity at a certain n for 

different loading rate. There M3.0/M1.5 means the ratio of flexural capacity with sv=3.0% to flexural 

capacity with sv=1.5% at the same loading rate and axial load ratio. It is seen that increasing the 

sv makes the percentage of increase in flexural capacity larger with the axial load ratio increases 
and the effect is stronger under quasi-static loading than under rapid loading.  

 

 

Fig. 7 - Influence of volumetric ratio of stirrups and loading rate on M-N interaction diagrams 
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Fig. 8 - Influence of volumetric ratio of stirrups on flexural capacity for column with shear span ratio 
of 2.7 

Influence of shear span ratio 

Figure 9 shows the similar influence of shear span ratio  on F- curves for quasi-static and 
rapid loading. As the shear span ratio increases, the lateral stiffness and lateral bearing capacity 

fall obviously, but the ductility becomes better. Figure 10 shows the influence of shear span ratio  

on the DIF of lateral bearing capacity. In the figure, RDIF, means the ratio of the DFI with  of 4.5 to 

the DFI with of 2.7 for the columns with the same axial ratio and volumetric ratio of stirrups. It 
seems that the influence of shear span ratio on the DIF, which is less than 3%, can be negligible. 

Influence of configuration of stirrups 

When investigating the influence of configuration of stirrups, the longitudinal reinforcement 
ratio, the volumetric ratio of stirrups and the spacing of overlapping hoops keep the same for the 
contrast columns, only the configuration of stirrups is different from each other. From Figure 11, it 
is seen that the type A and type B reinforcement arrangements have little different influence on the 

F- curves for different loading rate.  

     

                           (a) Loading rate: 0.1mm/s                                          (b) Loading rate: 100mm/s 

Fig. 9 - Influence of shear span ratio on F- curves 
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Fig. 10 - Influence of shear span ratio on DIF 

 

         

                           (a) Loading rate: 0.1mm/s                                          (b) Loading rate: 100mm/s 

Fig. 11 - Influence of configuration of stirrups on F- curves 

CONCLUSION 

Based on the three-dimensional nonlinear finite element analysis model, a parametric 
analysis of dynamic behaviour of RC columns with confinement effect of overlapping hoops 
subjected to lateral rapid loading in this paper. The following conclusions were drawn.  
(1) Increasing the lateral loading rate increases the lateral bearing capacity, but decreases the 

ductility and makes the descending branches of F-curves become steeper. However, 
increasing the volumetric ratio of stirrups is able to weaken the effect of loading rate on the 

slope of the descending branches of F- curves. Raising the axial load ratio makes the 

descending branches of F-curves become steeper for different loading rate. 
(2) The influence of axial load ratio, volumetric ratio of stirrups and shear span ratio on the 

behaviour of RC columns is similar for different lateral loading rate. 
(3) The dynamic increasing factor (DIF) of lateral loading carrying capacity decreases with the 

axial load ratio increasing and then inversely develops. Increasing the volumetric ratio of 
stirrups reduces the DIF and the larger the axial load ratio is, the more the DIF reduces. The 
influence of shear span ratio and configuration of hoops on the DIF can be negligible. 

(4) The volumetric ratio of stirrups has similar influence on the interaction diagram of RC column 
section for different lateral loading rate. However, the increase in volumetric ratio of stirrups 
enhances flexural capacity larger under quasi-static loading than under rapid loading and that 

is influenced by the axial load ratio. 
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(5) With the identical longitudinal reinforcement ratio, volumetric ratio of stirrups and spacing of 
overlapping hoops, the change of configuration of hoops between type A and type B slightly 
affects the behaviour of RC columns for different lateral loading rate. 
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ABSTRACT 
Most of existing concrete structures do not have suitable seismic performance due to 

various reasons, therefore they need seismic rehabilitation. One of the seismic rehabilitation 
method in structural level is using of steel bracing. New investigation of steel bracing can be 
referred to eccentrically bracing with single vertical link. This method of rehabilitation provides 
many advantages such as increasing in ductility, stiffness, lateral resistance, architectural 
compatibility, low weight, and the fewest changes in primary structural system. In this paper, two 
existing 3- and 9-story RC frames are assessed on the basis of FEMA356. Eccentrically bracing 
with single vertical link is used for seismic rehabilitation of these frames. The results of nonlinear 
time history analysis based on the maximum inter-story drift, maximum roof displacement and 
plastic rotation in critical elements of original and rehabilitated frames for two performance levels of 
Life safety (LS) and Collapse Prevention (CP) are presented. The results indicate that single 
vertical link can lead structures to the desired performance level with minimum cost and braced 
span number.  

KEYWORDS 
 Seismic rehabilitation, RC frames, eccentrically bracing, Time history, Shear link 

 

INTRODUCTION 

The possibilities of severe earthquakes due to natural geology conditions of structure site 
on one hand and the design and construction of many RC (Reinforced Concrete) buildings that 
seismic loading criteria are not observed or due to changes of these criteria, their seismic loading 
are underestimated on the other hand, make the seismic evaluation and rehabilitation essential for 
these buildings. Recent earthquakes around the world have shown that non-ductile (gravity load-
designed) RC structures are so vulnerable to the earthquake that it causes severe damage or 
complete collapse. Various methods have been proposed for the seismic rehabilitation of RC 
structures, that each of them has their own advantages and disadvantages. One of the common 
methods among researchers is applying of new structural members as steel braces to RC 
structures [1-8]. Steel bracing are often used for seismic retrofitting of RC buildings, in contrast, 
while they are subjected to strong ground motions, the buckling of the braces leads to loss of 
lateral stiffness and strength of the structural system [9]. Thus, seismic retrofitting of RC buildings 
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with steel bracing that may lead buckling cannot be a reliable retrofitting solution. Using of 
eccentrically bracing with vertical link, not only eliminates the probable buckling, but also leads to 
reduction of large inelastic deformations of RC members. Accordingly, this study is motivated to a 
seismic rehabilitation system that is capable of dissipating the earthquake input energy without 
buckling of braces. In recent years, seismic rehabilitation method of using the eccentrically bracing 
with vertical link as an additional energy dissipation element has been widely used. Ghobarah and 
Abou Elfath (2001) examined the distribution effect of eccentrically bracing along the height of the 
RC frames in cases of stories drift and damage indexes [10]. Seismic assessment of RC structures 
that were rehabilitated by eccentrically bracing with single vertical link was studied by Durucan and 
Dicleli (2010) [11]. Results show that plastic deformations of structural components were less, 
compared to conventional approaches. According to the research carried out by Sahoo and Rai 
(2010), the effect of changing the vertical link material from steel to aluminium is discussed and the 
results showed a significant increase in the energy absorption capability of seismic rehabilitated 
non-ductile RC frames using eccentrically bracing with single vertical link [12]. The failure modes of 
the connections between vertical link with slab, and the braces with RC columns and the beams by 
a series of full-scale experiments on RC building rehabilitated by eccentrically braces with vertical 
link were assessed by Mazzolani (2008) [13].  This method also provides many advantages such 
as increasing in ductility, stiffness, lateral resistance, architectural compatibility, low weight, and the 
fewest change in primary structural system. Since, the approach of seismic rehabilitation by usage 
of eccentrically bracing with vertical link has not been done before, more studies about this system 
are required. The Proposed Seismic Rehabilitation System (PSRM), as it is shown in Figure 1, can 
be applied in various configurations which including: (a) link and braces are directly connected to 
the RC members through steel plates by bolts and epoxy grouting, (b) the link is connected to steel 
beam collector, which is attached to the concrete beam, and the rest of the members are 
connected to the RC members via steel plates or (c) link and braces are housed in a rectangular 
steel frame (housing frame) where the steel frame is connected to the RC members by bolts and 
epoxy grouting. 

 

Research Outline 

In this paper, the basis of seismic rehabilitation method by usage of eccentrically bracing 
with single vertical link is studied. In order to evaluate the seismic performance of PSRM, two 
existing non-ductile RC frames, 3 and 9 stories are selected according to Ref. [14] and they will be 
seismically evaluated according to FEMA 356 [15] after numerical modelling in OpenSees software 
[16]. The PSRM is determined after the seismic evaluation of frames and then the frames are 
designed based on the desired performance level. A performance based approach that includes 
nonlinear static analysis and response spectrum analysis is used for the seismic rehabilitation 
design of the frames which is considered in this study. Then, numerical modelling of single vertical 
link is done in OpenSees according to the respective experimental results. After that, Nonlinear 
Time History (NLTH) analysis are conducted to assess the maximum inter-story drifts, maximum 
roof displacement, plastic rotations  of critical members and deformed shapes of frame at the 
instant of maximum stories drifts in two different seismic performance levels (Life Safety and 
Collapse Prevention PLs). Then, the results are compared with restrictions of FEMA 356. 
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Fig. 1 – The configurations details of proposed seismic rehabilitation method: (a) PSRM-1; (b) 

PSRM-2; (c) PSRM-3 

 

Details of the Considered Frames  

Analytical models to evaluate PSRM are two 2D frames of non-ductile RC office buildings, 3 
and 9 stories that are designed according to the ACI code [17] by considering only the gravity 
loads. The design concrete strength is 21 MPa and the design steel strength is 300 MPa and the 
modulus of elasticity is 200000 MPa. The design dead load and live load for the frames are taken 
as 35 kN/m and 12 kN/m respectively. The building mass due to the weight of all structural and 
nonstructural elements is equal to 945kN/floor. The frame elevations are shown in Figure 2 and the 
structural details of frames are given in Table 1. 

 

 

Fig. 2 – The RC seismic rehabilitated frames with the PSRM 
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Design of Proposed Seismic Rehabilitation System 

Seismic rehabilitation objectives which are used in this paper consist of basic and optimal 
objectives. In basic and optimal objectives, the frames should achieve the Performance Levels 
(PLs) of Life Safety (LS) and Collapse Prevention (CP). In LS PL, low or repairable structural and 
non-structural damage is expected for moderate earthquake excitations (10% possibility of 
exceedance in 50-year). In CP PL, irreparable or hardly repairable structural and nonstructural 
damage will be happened but collapse is not expected for major earthquake excitations (2% 
possibility of exceedance in 50-year). In FEMA 356, the allowable criteria of PLs are mainly 
defined by plastic rotation limits for the RC members.  

In order to design the rehabilitation details of the frames; a performance based approach is 
used, that is mainly based on the equal energy dissipation principle. In this method, the monotonic 
energy dissipation capacities of the frames based on the roof displacement are calculated and 
compared in two regions of linear elastic region which is obtained from Response Spectrum (RS) 
analyses and nonlinear inelastic region which is obtained from Nonlinear Static Pushover (NLSP) 
analyses. The difference in area between the two regions of elastic and inelastic of base shear 
force versus roof displacement curve is equal to the required additional energy that should be 
absorbed by the PSRM [11]. 

The steel characteristics which are used for the design process of PSRM have yield 
strength of 250 MPa and the modulus of elasticity of 200000 MPa. Braces and shear links details 
of PSRM for frames are available in Table 2. 

 

Tab. 2 -   Details of PSRM for 3 and 9 story RC frames 

 

 

 

 

 

 

 

 

 

 

Tab. 1 -  Structural details of 3 and 9 story RC frames 
interior beam interior column exterior column 

Story Bottom 
Steel 

Top 

Steel  
Size Steel Size Steel Size 

2Φ19 5Φ19 250x600 8Φ19 400x500 4Φ19 300x300 1-3 3 Story 

2Φ19 5Φ19 250x600 8Φ25 600x600 8Φ22 500x500 1-3 
9 Story 

 
2Φ19 5Φ19 250x600 8Φ22 500x500 8Φ19 400x400 4-6 

2Φ19 5Φ19 250x600 8Φ19 400x500 4Φ19 300x300 7-9 

Single -VL Frame Braces 

Story 1e 

(mm) 
Section Section Section 

820 IPE400 IPE240 2UNP140 1 3 

Story 

 

760 IPE360 IPE220 2UNP120 2 

700 IPE330 IPE220 2UNP120 3 

860 IPE450 IPE270 2UNP140 1-3 9 

Story 

 

760 IPE400 IPE240 2UNP140 4-6 

700 IPE360 IPE220 2UNP120 7-9 
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PSRM Details Design 

At first, the number of brace-link system and the shear strength that is required at each 
floor, QLi, is calculated based on seismic rehabilitation design procedure. In order to prevent lateral 
strength and stiffness degradation that is associated with braces buckling, the shear link is 
designed in such a way that yields before brace buckling. Shear yielding provides more effective 
energy dissipation than flexural yielding [18] and hence, it is appropriate for the design of vertical 
link in the PSRM. The shear yield strength, Vy, of I section according to AISC 2010 [19] is given 
by: 

 

(1) Vy = 0.6FyAw 

Where Fy is the yield strength of steel, and Aw is the cross-section area of the web of the link. 

Setting 𝑉𝑦 = 𝑄𝐿𝑖, the cross-section area of the web at i story is obtained by 𝐴𝑤𝑖 =
𝑄𝐿𝑖

0.6𝐹𝑦
. Then an I 

section with the calculated web area, Aw, is chosen. The middle stiffeners for the link web are 
designed based on AISC 2010. For vertical shear link that its moment diagram is shown in Figure 
3, in order to obtain the conditions of shear plastic hinge formation before flexural plastic hinge 
formation due to the unequal moments at both ends of the link, the Equation 2 for determining the 
length of shear link, (hs ) is proposed by Eurocode 8 [20].  

 

 
Fig. 3 – Moment diagram of frame with single vertical link 

 

(2) hs ≤
 0.8 × (1 + k)MP

QLi
       ;         k =

M2

M1
   ;    M2 ≤ M1 

Where, M1 and M2 are the unequal moments at both ends of the shear link and Mp is the 
plastic moment of shear link. According to proposed details in the region of the compression 
bracing buckling, the axial tensile and compressive forces of the both tension and compression 
braces are equal to the buckling load, Pb. Consequently, in order to prevent the buckling of the 
compression braces, the sum of the horizontal components of the buckling loads of the two braces 
must be larger than the yielding strength of the link multiplied by the over-strength factor ( 𝜑𝑠). 
Thus: 

 

(3) 2Pb cosα ≥  φs QLi 

In Equation 3, α is the angle that the braces make with horizontal line. By solving 𝑃𝑏 from 
the above equation, the required buckling strength of the brace can be obtained as: 

(4) Pb =
 φs QLi

2 cosα
 

The braces are selected in order to have a minimum buckling capacity (Pb).  
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Verification of Single Vertical Link 

According to Ref. [21], the shear link was modelled as a linear element with six nonlinear 
rotational and translational springs at each end. So that, 3 rotational bilinear springs and 3 
translational bilinear springs were used to represent the inelastic flexural bahavior of plastic hinge 
and inelastic shear behaviour of the link web located at the end of the link that is represented by 
the multilinear functions shown in Figure 4. For numerical modeling of vertical link in this paper, the 
model of Ref. [22] is chosen; this model is same as the model of Ref. [20], but with different 
stiffness values for shear springs. The values of My and Vy are considered equal to MP and 0.9VP, 
respectively. The relations between the moment-rotation and the shear-displacement of shear link 
with the stiffness values are shown in Figure 4. The values of K1M and K1V are respectively equal 

to 
3EI

e
  and  

GAweb

e
. In which, E is Young’s modulus of steel, I is the moment of inertia of the link 

cross section, G is the modulus of rigidity of steel, and Aweb is the area of the web of the link 
section. 

 

 
Fig. 4 – Moment–rotation and shear force–shear deformation relationships of the steel link 

For comparing the results of numerical modelling of single vertical link with experimental 
results, the experimental model of Ref. [23] is chosen. The experimental model is a single story, 
single span frame with eccentrically braces with single vertical link. The design steel is ST37 with 
yield strength of 240 MPa, ultimate strength of 420 MPa and the modulus of elasticity of 200000 
MPa as it is shown in Figure 5. The connections of beam to column, the braces to column and the 
columns to the floor is simple. The connection of single vertical link to beam and braces is welded 
on the basis of fix connection type. After the numerical analysis of considered frame under the 
loading according to the Figure 6, the hysteretic curve is formed as it is shown in Figure 7. By 
comparing this curve with hysteretic curve of experimental study, appropriate compatibility is 
observed that result in accuracy of modelling approach of single vertical link with behavioural 
model of Ref. [22]. 
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Fig. 5 - Details and configuration of eccentrically braced frame with single vertical link in the 

laboratory 

 
Fig. 6 - Loading protocol of eccentrically braced frame with single vertical link in the laboratory 

 

 
Fig. 7 - Hysteresis curves: (a) obtained from experimental work (b) obtained from modelling in 

OpenSees 

 

Nonlinear Dynamic Analysis (Time History) 

In this section, the seismic behaviour of the original frames and seismic rehabilitated frames 
(configuration of PSRM-3) under the ground motions is discussed. The main objectives of this 
study are the assessment of the maximum drifts, the changes of ductility and the energy 
dissipation. Behaviour of all beams and columns of frames are controlled by bending and shear 
forces, respectively. The allowable value of beam’s plastic rotation to form nonlinear hinge at LS 
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and CP PLs are equal to 0.02 and 0.025, and these amounts for column are equal to 0.005 and 
0.01, respectively, also the allowable amount of shear link’s plastic rotation are 0.11 and 0.14 
radian for LS and CP PLs. The gravity load combination for combining with the seismic load is 
equal to 𝑄𝐺 = 1.1(𝑄𝐷 + 𝑄𝐿), where 𝑄𝐷 is the dead load and 𝑄𝐿 is equal to 25% of the non-reduced 
design live load. 

In order to calculate the plastic rotation of nonlinear hinges of RC members, firstly, the 
amount of ultimate curvature of each fiber section of the elements must be determined by results of 
moment-curvature, which are obtained via NLSP analysis and then the Equation 5 is used: 

(5) θP = (∅U − ∅y) × LP 

Where 𝜃𝑃 is the plastic rotation, ∅U is the ultimate curvature, ∅y is the yield curvature that is 

defined according to Ref. [24]: 

(6) ∅y =
My

ECIcr
 

(7) for  Beams ∶   My = 0.5fC B kd (
kd

3
− d′) + fy Bd (d − d′)ρ 

(8) for  Columns ∶   My =
fy B kd

2nSC
 (

D

2
−

kd

3
) 

k2

1 − k
 

(9) k = √(ρ + ρ′)2 nSC
2 + (ρ + ρ′

d′

d
) nSC  −  (ρ + ρ′)nSC 

Where 𝑀𝑦 is the yield moment, 𝐸𝐶 is the modulus of elasticity of concrete, 𝐼𝑐𝑟 is the critical 

moment of inertia, that is equal to 0.5𝐼𝑔 where 𝐼𝑔 is the moment of inertia of RC section without  

crack,  𝜌  is the tensile steel ratio,  𝜌′  is the compression steel ratio and also 𝑛𝑆𝐶 =
𝐸𝑆

𝐸𝐶
 is the 

proportion of the modulus of elasticity of steel to the modulus of elasticity of concrete. fy is the yield 
strength of the tension steel and d is the effective depth, which is equal to the distance from the 
extreme compression fiber to the centroid of the tension steel, d’ is equal to the distance from the 
extreme compression fiber to the centroid of the compression steel, B is section width. k is the 
neutral axis depth factor at the first yield and nsc = Es/Ec where Ec and Es are the moduli of elasticity 
of the concrete and the steel, respectively. 

The assumption length of plastic hinge (𝐿𝑃) is defined according to Ref. [25]: 
 

(10) LP = 0.08L + 0.022 fya dbl 

Where, 𝐿  is the considered element length in mm, 𝑓𝑦𝑎  is the yield strength of bars in 

MPa, 𝑑𝑏𝑙 is the diameter of bar in mm. 

The selected earthquakes have similar characteristics such as: magnitudes from 4.5 to 8 
Richter scale, and the shear wave velocity according to the site soil type is classified as type D and 
this velocity is equal to 182.88 to 365.76 m/s and the selected range of the maximum acceleration 

Tab. 3 -    Details of selected earthquakes 
EQ. Scale Factor 

Vp 
(m/s) 

PGA 
(g) 

Recording Station Earthquake Year 
EQ. 
NO 

9St. 
BSE-2 

9St. 
BSE-1 

3St. 
BSE-2 

3St. 
BSE-1 

2.18 1.48 1.89 1.34 0.378 0.299 90079 Doweney-Birchdale/180 Whittier Narrows 1987 1 
3.07 2.09 2.84 2.02 0.625 0.332 CDMG 58235 Saratoga-W Valley Coll. Loma Prieta WVC 1989 2 
1.54 1.04 1.42 1.01 0.4378 0.496 BHRC 99999 Abhar Manjil, Iran 1990 3 
3.2 2.18 2.36 1.68 0.2107 0.293 99999 Matahina Dam New Zealand A-MAT 1987 4 
2.69 1.83 2.21 1.57 0.344 0.496 5169Westmorland Fire Sta/90 Westmorland 1981 5 
3.84 2.61 3.15 2.24 0.215 0.357 CDMG 1438 Temblor pre-1969 Park FieldTMB 1966 6 
2.94 2.00 2.36 1.68 0.265 0.406 9102 Dayhook Tabas DAY 1987 7 
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is between 0.2g-2g. The elastic acceleration response spectrum with the damping of 5% for each 
ground motion and the average of 7 ground motions are shown in Figure 8. 

Design Spectrum (DS) for two earthquake hazard levels, BSE-1 and BSE-2 (Basic Safety 
Earthquake), is calculated according to ASCE 2010 [26]. At first, each of these ground motions are 
scaled for the two earthquake hazard levels (BSE-1 and BSE-2). Following ASCE 2010, the 
maximum difference in the range of 0.2T-1.5T between the average value of the seven ground 
motions with the 1.4 times of the DS should be equal to 10%. Details of 7 earthquakes and their 
scale factors for earthquake hazard levels are shown in Table 3. Also, the calculated DS for the 
two earthquake hazard levels including: BSE-1 and BSE-2 and the acceleration response spectra 
for the 7 ground motions for both frames of 3 and 9 story are shown in Figure 9. 

 

 
Fig. 8 - The acceleration spectrum for the selected earthquakes 

 

Fig. 9 - The site special acceleration spectrum and the selected earthquakes acceleration 
spectrum scaled to the site special acceleration spectrum 
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The maximum drifts of the original and seismic rehabilitated frames which are obtained 
from NLTH analysis for each performance levels, are shown in Figure 10. The frames rehabilitated 
with PSRM indicate more appropriate response than the original frames at the both performance 
levels. Moreover, regardless of the earthquakes characteristic (Such as frequency content) that is 
used in the analysis, the PSRM indicates more stable response. It means that the PSRM presents 
more uniform or similar response for all selected earthquakes. 

 

 
Fig. 10 - The maximum story drift for the original and seismic rehabilitated frames under NLTH 

analysis; (a) 3 story frame at LS PL. (b) 3 story frame at CP PL. (c) 9 story frame at LS PL. (d) 9 
story frame at CP PL. 

 

In order to evaluate the performance of the seismic rehabilitated frames with PSRM in 
comparison with the original frames, the maximum inter-story displacement in the frame’s height is 
shown in Figure 11. The deformations of frames are obtained at the time of the maximum stories 
drift. The reduction amount of the average maximum stories drift under seven selected 
earthquakes for the seismic rehabilitated frames of 3 and 9 story in comparison with the original 
frames, in case of the LS PL are equal to 77% and 86%, in case of the CP PL are equal to 72% 
and 81%  respectively. This indicates the relatively uniform behaviour of the PSRM in decreasing 
the story drift in various performance levels. Consequently, damages which are created by 
probable earthquake are severely reduced. Moreover, the frames equipped with the PSRM have 
the uniform lateral deformation pattern. So, the amount of energy dissipation will have a better 
distribution at the height of frames. 

In order to assess the ductility improvement of RC members in the frames with PSRM, the 
critical beam and column of the first story (the critical beam and column at both frames) are 
selected and analysed under nonlinear time history method by the earthquake number 5, to 
compare the formed plastic hinge rotation to the elastic one(𝜃/𝜃𝑦) in the original case with the 



 
  Article no. 43 

 
THE CIVIL ENGINEERING JOURNAL 4-2018 

 
--------------------------------------------------------------------------------------------------------------- 

 

            DOI 10.14311/CEJ.2018.04.0043 545 

 

rehabilitation case. As it is shown in Figure 12, the reduction of the maximum ratio of (𝜃/𝜃𝑦) for 3 

and 9 story rehabilitated frames in comparison with the original frames for beam are equal to 6.47, 
9.25 and for column are equal to 5.17, 7.03 respectively, that indicates the significant improvement 
in ductility behaviour. 

 
Fig. 11 - (a) The maximum inter-story drifts along the height of the 3 story frame, (b) the average 
inter-story drift for the 3 story frame, (c) The maximum inter-story drifts along the height of the 9 

story frame, (d) the average of inter-story drift for the 9 story frame 

 

 
Fig. 12 - The ratio comparison of the ultimate rotation to the yield rotation for the critical 

elements of original and seismic rehabilitated frames under NLTH analysis for CP PL, (a) critical 
beam for 3 story frame, (b) critical column for 3 story frame, (c) critical beam for 9 story frame, 

(d) critical column for 9 story frame 
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RESULTS 

In this paper, a new seismic rehabilitation method based on the performance is used for the 
seismic rehabilitation design of frames to ensure the satisfactory performance of the rehabilitated 
structures with the PSRM. The efficiency of this method was evaluated by performing the nonlinear 
time history analysis on two 3 and 9 story RC frames according to FEMA356. The results of NLTH 
have shown that the distribution of inter-story drift in the height of frames have more non-uniform 
behaviour by increasing the story level and it is because of the gravity loads that is governed in  
design of low rise frames in comparison with high rise frames. So the application of PSRM in low 
rise frames not only have no significant effect in the uniform distribution of inter-story drift but also 
decrease the inter-story drift. It is observed that in case of using the PSRM, a significant increase 
in ductility of RC components is achieved during the earthquakes. In the frames rehabilitated by 
PSRM, due to increasing in ductility, stiffness and lateral load strength capacity of frames, the 
damage indices have small values that unlike the original cases of frames which experience the 
significant structural damages. 
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ABSTRACT 

Considering the fact that wind turbines operate at the bottom of the atmospheric boundary 
layer (ABL) where the turbulence is at a high level, and the difficulty of mesh generation in the fully 
modelled numerical simulation. It is necessary to carry out researches to study the wake flow of 
wind turbines with consideration of the inflow turbulence. Therefore, a numerical method 
generating turbulence was proposed and the results show good agreement with those in 
experiment, based on which the flow fields in the wake of a wind turbine at two tip speed ratios 
were examined in detail through three actuator methods, namely, ADM, ADM-R and ALM. The 
performances of these methods were studied and the error sources for each method are clarified. 
Moreover, the computational efficiency was revealed and the influencing factor for the efficiency is 
concluded. Besides, the equilibrium relation of the N-S equation in the wake is revealed, which 
provides a theoretical basis for the optimal arrangement of the wind turbine. It shows that the mean 
velocity and fluctuating velocity vary greatly near the wind turbine, and become stable gradually 
away from the wind turbine. The results of ALM method show the best agreement with the 
experiment. At near wake region, the turbulent stress term, pressure gradient term and convection 
term mainly contribute to the equation equilibrium, and convection term is in equilibrium with the 
turbulent stress term at far wake. The results of ALM method are the most accurate and the most 
time consuming. 

KEYWORDS 
 Actuator disk, Actuating line, Wind turbines wake, CFD, Numerical simulation 

 

INTRODUCTION 
With the increasing demand for clean, safe and cheap energy, wind power has been 

expanding globally in recent years and it has become a dominant renewable energy source, with 
over 280 GW installed worldwide by the end of 2012. In general, wind turbines are installed in wind 
farms along several rows and columns. Because wind turbines generate wakes that propagate 
downwind, the wakes from turbines in upwind rows can negatively impact the performance of 
downwind rows. Understanding wake losses is therefore an increasingly important topic as wind 
farms grow in size and in number of turbine rows. The energy loss caused by wake has a great 
effect on the economic benefit of a wind farm. Therefore, the study of wind turbine wakes plays an 
important role in improving the efficiency of wind turbine power generation. 

The wind tunnel test and CFD numerical simulation are the main research methods of wind 
turbine wakes. It is controllable and predictable for the experimental environment, which is the 
unique advantage of a wind tunnel test. The disadvantage of wind tunnel test is that there is a 
certain difference between the experimental flow field conditions and the actual flow field. In 
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addition, it is difficult to collect experimental data. Because of the limited number of sensors, the 
data can only be collected in the part of the flow field of the wind turbine, and the whole flow field 
information cannot be obtained better. Due to the limitation of the wind tunnel laboratory site, the 
wind turbine wind tunnel test is based on the actual wind turbine scale model machine, so the 
obtained data cannot represent the actual wind field information. When scaling model wind turbine 
test is carried out, the similarity between the actual wind turbine and the model should be 
considered, the influence of the wind tunnel size on the experiment should be considered as well. 
Of course, the most valuable wind tunnel test should be the measurement of the full scale 
prototype wind turbine at all times, which requires that wind tunnel test site is large enough. At the 
same time, the test technology is difficult and costly. So at the moment, there is only one full scale 
wind turbine test record. In 2001, the experimental research of wind turbine was carried out by the 
Renewable Energy Laboratory of the United States [1-2]. However, this experiment focused on the 
aerodynamic performance of the blade of the wind turbine, such as the pressure distribution on the 
blade element, and there was no experimental observation of the tail flow field of the wind turbine. 
In 1979, by using a hot wire anemometer to study the wind speed distribution in the wind turbine 
tail, Alfredsson calculated the ratio of wind turbine output [3], and the influence of wake on wind 
turbine output was revealed. Around 1997, Ebert et al. also used this technique to carry out a large 
number of wind turbine tail flow characteristics research experiments [4], which include tip vortex 
and velocity flow field. However, the experimental results show that the anemometer is unable to 
obtain the global instantaneous flow field information. J. Wha et al. used Particle Image 
Velocimetry (PIV) technology to measure the wake flow of the three-blade wind turbine model in 
the water tank [5], and compared the results with the data obtained from the real wind turbine. A 
new method for the study of wind turbine wake was provided, but the experimental data and the 
actual data were quite different, and the research was mainly focused on the near wake flow field.  

With the development of computer technology, computational fluid dynamics (CFD) is also 
widely used in numerical simulation of wind turbine wake [6-15]. Based on the RNG turbulence 
model, Yan Haijin had carried out a simple full model numerical simulation of a single wind turbine 
[6]. In his study, the results of wind velocity distribution, pressure distribution and flow separation in 
the whole flow field were obtained. However, the effects of blade rotation, surface and wind speed 
gradient on the convection field were not taken into account. And it was also difficult to divide the 
mesh of blade body fitting when the full model numerical simulation was carried out. Combining 
CFD numerical simulation method with a wind turbine wake model, Li Shaohua studied the wind 
turbine power and the wake distribution of two wind turbines under the condition of seriation [7], 
juxtaposition and misalignment. He qualitatively analysed that under the condition of serial 
arrangement, the wake from turbines in upwind rows can negatively impact the performance of 
downwind rows. However, the full model body-fitted grid was also used, the number of grids was 
large. Yang Rui used actuating disk instead of wind wheel to carry out the numerical simulation of 
wind turbine tail flow [8]. This method can simplify the mesh, and does not need to mesh the 
complicated fan blades. The aerodynamic drag of the wind turbines can be simulated by applying 
the pressure step on the actuating plate, and the power loss between the upwind direction and 
downwind direction wind turbine can be well simulated. However, the method only considered the 
axial induced force and the tangential induced force was ignored, so the information of near wake 
field could not be captured. Ren Huilai used ADM-R to simulate the wind turbine tail flow [9], and 
qualitatively analysed the characteristics of the wake flow field and its development process. But 
Ren did not compare the calculated results with the experimental data and was unable to analyse 
the accuracy of the method. Li Pengfei used the ALM method to carry out the numerical simulation 
of the wind turbines wake [10], and analysed the wake field information under different tip velocity 
ratio conditions. But the actual situation of turbulence flow was not taken into account. There were 
many other scholars who did similar research, such as Han Xingxing, ZHAO Feng, Zhu Chong, 
Tian Linlin, Hou Yali and so on [11~15]. 



 
  Article no. 44 

 
THE CIVIL ENGINEERING JOURNAL 4-2018 

 
----------------------------------------------------------------------------------------------------------------- 

 

                  DOI 10.14311/CEJ.2018.04.0044 550 

 

Although a modern wind turbine can be very large in size, e.g. >100 m in both diameter and 
hub height, it still operates in the lower part of the atmospheric boundary layer (ABL), where the 
wind is highly turbulent. In this paper, three actuating methods are developed to study wind turbine 
wakes. Besides, the author will analyse the flow field information under the conditions of turbulent 
flow, tip wind speed ratio = 5.52, 9.69, and compare the numerical simulation results with the 
experimental results [16] to study the respective calculation characteristics. It provides the 
theoretical basis for the optimal arrangement of the wind turbine.  

 

GOVERNING EQUATIONS 

Based on large eddy simulation (LES), the horizontal axis wind turbine tail flow is simulated 
by three kinds of actuation methods in this paper. Subgrid-scale model is adopted to simulate the 
effects of small-scale turbulence on large-scale turbulence. The N-S equation is averaged in a 
small space domain so that small-scale vortex flows are removed from the flow field and the 
equations satisfied by the large eddy are derived. The filtered incompressible Navier–Stokes 
equations are as follows: 

 
 

(1) 

 

 

(2) 

In the upper formula:  

 
 

(3) 

The standard Smagorinsky–Lilly model is used to calculate the subgrid-scale (SGS) stresses. 
Based on the isotropic turbulence, it is considered that the subgrid-scale turbulence has a mixed 
length vortex viscosity coefficient. The specific expression is as follows: 

 

 

(4) 

where  is a part of the subgrid scale isotropy,μt denotes the SGS turbulent viscosity force 
defined as follows: 

 
 

(5) 

where Cs is the Smagorinsky constant and chosen as 0.032 to reduce the diffusion of subgrid 
stress. 

 

Actuating disk model (ADM) 

The method only calculates the axial induced force and assumes that the axial induced 
force is uniformly distributed in the plane of wind wheel. According to thrust coefficient expression. 
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Then if the thrust coefficient CT is known, the axial induced force T can be obtained. The dynamic 
source term of volume force can be solved as: 

 

 

(6) 

Actuator disk model with rotation (ADM-R) 

Based on the theory of blade element momentum (BEM), this method divides the blade into 
several blade elements along the radial direction, as shown in Figure 1, then, the lift and drag on 
each blade element can be calculated as: 

 
 

(7) 

 
 

(8) 

where Cl and Cd are lift coefficient and drag coefficient, respectively. They can be interpolated from 
the local wind attack angle according to the characteristic curve of air foil coefficient changing with 
the wind attack angle. The Vrel is the air velocity relative to the blade and can be solved by the local 
velocity vector triangle shown in Figure 1(b), and calculated as follows: 

 
 

(9) 

where a is the axial induced factor, and a’ is the tangential induction factor. Then, the thrust and 
moment acting on the blade element can be calculated as: 

 
 

(10) 

 
 

(11) 

According to the momentum theorem and angular momentum theorem, the reaction force and 
moment of the airflow acting on the blade element can be obtained as follows: 

  (12) 

  (13) 

After simultaneous solving of formula (10), (11), (12), (13), the a and a’ can be obtained iteratively. 
Since the BEM theory assumes that the wingspan direction is infinitely large and the momentum 
theory is only applicable to the case where the axial induction factor is relatively small, the Prandtl 
loss factor and the Grawert loss factor [17] are introduced to modify the induction factor in this 
paper. 
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(a)                                                          (b)  

Fig. 1 -  BEM theoretical analysis diagram: (a) Blade appearance (b) Blade element force diagram 

Decomposing lift and drag into axial forces dFx and tangential forces dFθ, as shown in Figure 1. 
Then the axial and tangential inductive forces on the three blades are averaged along the radial 
micro ring, and the dynamic source term of the volume force is calculated as: 

 
 

(14) 

 
 

(15) 

Actuator line model (ALM) 

The ADM-R method assumes that induced force is uniformly distributed in the radial micro 
ring of the wind turbine. ALM method gives up such assumption. For a given tip velocity ratio, ALM 
method can be used to calculate the rotating angular velocity of the wind wheel. Thus, ALM 
method can determine the grid swept by each blade at any time, and then the volume force term is 
applied to the corresponding grid. The solution of induced force is the same as ADM-R method, 
which is based on BEM theory. Dynamic source term of the volume force is calculated as: 

 ，  (16) 

where V represents the volume of the blade sweeping through the grid. 

NUMERICAL MODEL 

Object of study and boundary conditions 

The 1 / 100 scaled model wind turbine of MWt-1000[10] is used in this study. The radius of 

the model is 0.285m and the hub height is 0.7m. The size of model is shown in Figure 2(a). The 
longitudinal length of the computational domain is 13.5m, the height is 1.8m and the transverse 
length is 1.5m. The wind turbine is located 8.5m downstream from the inlet. The downstream area 
of the wind turbine extends to 5m in the longitudinal direction. At a distance of 6m away from the 
wind turbine, three wedges are arranged to simulate the atmospheric boundary layer conditions 
with turbulence, as shown in Figure 2(b). At the inlet, a uniform wind speed, 10m/s, is provided, i.e. 
u=10m/s, ∂p/ ∂n=0. The pressure-outlet condition is specified at the outlet, i.e. p=0, ∂u/ ∂n=∂v/ 
∂n=∂w/ ∂n=0. The symmetry conditions are used at the top and side of the computational domain, 
i.e. ∂u/ ∂n=∂v/ ∂n=∂w/ ∂n=∂p/ ∂n=0. And at other boundaries, the wall boundary conditions are 
used, i.e. u=v=w=0, ∂p/ ∂n=0. 
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(a)                                                                    (b) 

Fig. 2 - Numerical model: (a) The wind turbine model (b) Schematic of the computational domain 

Grid system and conditions 

In this study, total mesh number of the global calculation domain is 2.5×106, the minimum 
grid size is 3mm and the maximum grid size is 25mm, the grid system is shown in Figure 3. 
Considering the large change gradient of velocity, smaller mesh is needed near the bottom of the 
calculation domain, the wind turbine and the wedges, in order to capture the characteristics of the 
flow field, so local refinement is done. The vertical size of grids in the bottom of the calculation 
domain is 5mm, and the vertical grid growing ratio is 1.2. In longitudinal direction, the size of the 
grids near the wind turbine is 5mm, and the grid growing ratio is 1.1. On the wedges surface, the 
minimum grid size is 3mm and the maximum grid size is 15mm. 

 

Fig. 3 - Lateral view of the mesh system of the numerical model 

In this study, two conditions are carried out. The first one is that the blade tip velocity ratio λ 
is valued 5.52 when the wind turbines work with rated power, and the other is λ=9.69 when the 
maximum generating efficiency of the wind turbine is reached. The wind velocity of inlet is 10m/s, 
as shown in Table 1. 

Tab. 1 - Calculation cases 
 

Case name λ wind velocity (m/s) 

Case1 5.52 10 

Case2 9.69 10 
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NUMERICAL RESULTS 

Accuracy verification of grid system 

To ensure that the turbulent wind farm was in accordance with the experimental conditions, 
numerical simulation was firstly done with the absence of the wind turbine to verify the accuracy of 
the grid system. The distribution of velocity simulated by LES was used to show the characteristics 
of the flow field. The computation time step was set to 0.0001s, the maximum number of iterations 
was 20 times in each time step, and the statistical time was about 7s. At the centre of the wind 
turbine, the mean velocity of numerical result was 10.55m/s, which matches well with it (10.58m/s) 
in the experiment. The axial mean velocity and fluctuating velocity were extracted from the section 
of y=0, and dimensionless processing was done by dividing the mean velocity at centre of the wind 
turbine. The mean velocity contour and the non-dimensional mean velocity profile as well as the 
fluctuating velocity contour and the non-dimensional fluctuating velocity profile are shown in the 
Figure 4. The location of mean velocity profile and the fluctuating velocity profile are x = 0, 2D, 4D, 
6D. 

 

(a)                                                                         (b) 

Fig. 4 -  The wind field distribution: (a) Axial mean velocity contour (b) Fluctuating velocity contour 

 

 

Fig. 5 - The axial wind profile 

Flow field analysis of three actuation methods 
The results of three actuation methods are compared in this part. The axial mean wind 

velocity and fluctuating wind velocity are extracted at profile(y=0). The non-dimensional mean wind 
velocity profile is shown in Figure 5, and the non-dimensional fluctuating velocity is in Figure 6. The 
sections of profile are at x=2D, 4D, 6D, 8D, respectively. According to Figure 5, the wind speed 
decreases rapidly after the wind passes through the plane of the wind turbine. And the farther 
away from the wind turbine, the weaker the disturbance effect of the wind turbine to the wind field 
will be. At the centre of the wind turbine, the wind speed is the smallest and gradually increases 
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upward and downward, which is consistent with the experimental trend. The numerical result of 
ADM and experimental values vary greatly in near wake area. In the meanwhile, ADM-R results 
match better with experimental data than ADM, and ALM matches the best. In the far wake region, 
the results of three methods are similar and are in good agreement with the experimental data. 
That is because that ADM assumes uniform distribution of axial induced force on wind turbine 
plane and ignore tangential induction force, which means the rotation effect is neglected. 
Therefore, the near wake flow field error is large, and it cannot capture near wake flow information.  
Although tangential induction is considered in ADM-R method, it assumes that induction force is 
uniformly distributed in the radial micro ring of the wind turbine, which is not consistent with the 
actual situation. So the results of ADM-R have large error near the wake. Different from the former 
two assumptions, ALM method directly exerts axial and tangential inductive forces on the grid 
swept by the blade of the wind turbine, so the calculated results are closer to the experimental 
values. 

 Figure 6 shows that after the wind passed through the plane of the wind turbine, the 
fluctuating velocity increases. At the place farther away from the fan, the disturbance effect of fans 
on wind field is weakened and the fluctuating velocity decreases. The maximum of the fluctuating 
velocity occurs at blade tip, and the fluctuating velocity gradually decreases upward and 
downward, which shows good agreement with experiment. The larger the blade tip velocity ratio is, 
the more obvious the disturbance effect of wind turbine on flow field can be, and the higher 
fluctuating velocity will be. In general, ADM method has the biggest error compared with 
experiment and the error of ADM-R method is between the other two methods, ALM shows the 
best agreement with experiment. 

Under the two conditions, the axial mean velocity contours calculated by three methods in 
several sections (x=D, 2D, 4D, 6D) are plotted in Figure 7. As shown in Figure 7, the influence 
region of the wind turbine in the original flow field is similar to the cylindrical flow tube with the 
same diameter as the wind turbine. After flow passing through the wind turbine, the velocity of the 
airflow decreases rapidly and then recovers gradually. The wind speed is basically stable at x = 
6D. Because of the different assumptions of the three methods, the axial mean velocity calculated 
by ADM method shows circular uniform distribution, which is in sake of that ADM does not take the 
effect of the wind wheel rotation into account. Unlike the results of ADM, the axial velocity obtained 
by ADM-R and ALM is basically circular distribution. Due to the influence of wind shear, the axial 
velocity is not completely symmetrical distribution. The axial velocity calculated by ADM is smallest 
among the three methods. And it has great difference with that of the other two methods. However, 
the calculated values of the three methods show little difference in the region of the far wake 
(about x> = 6D). 

 

 

Fig. 6 - The fluctuating velocity profile 
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Case1：                                                           Case2： 

 

(a) 

 

(b) 

 

(c) 

Fig. 7 - The contour of mean velocity in several sections:(a)ADM (b)ADM-R (c)ALM 

 

N-S equation equilibrium analysis of ALM 

By time averaged data process of N-S equation, the time-averaged momentum equation in 
the downwind direction is shown in formula (17): 

 

 

(17) 

where  is the convection term, is the 
turbulent stress term, Du is the diffusion term. 

At the center of wind turbine, the distribution along the downwind direction of each terms of 
N-S equation are plotted in Figure 8 and the distribution curves of each sub item are shown in 
Figure 9. According to the curves in Figure 8, the turbulent stress term, pressure gradient term and 
convection term mainly contribute to the equation equilibrium at near wake, and the diffusion term 
is very small. As the distance away from the wind turbine increases, the pressure gradient term 
decreases gradually, and the pressure become stable at about 3D. In the far wake region, the 
convection term is in equilibrium with the turbulent stress term. It shows that the larger the wind 
speed ratio of blade tip is, the larger each item of turbulence stress is in the region of near wake 
flow field (x < 6D). But the values of each term are almost identical in the far wake region. In Figure 
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10, the main action of the convection term is in the x direction, and the other two are basically zero. 
In the range of x < 2D for turbulent stress term, the turbulence stress in all three directions is 
relatively large, and the turbulent stress in the x direction is basically zero in the range of x > 2D. 

In profile of z=0, N-S equation equilibrium relation in several sections are plotted in Figure 
11, i.e. x=2D,4D,6D,8D. In Figure 10(a), with the wind turbine not placed, in the area x>0, the 
pressure gradient term is basically zero, the convection term and the turbulent stress term remain 
basically unchanged, and both are very small. The convection term and the turbulent stress term 
mainly contribute to the equation equilibrium. However, when the wind turbine is placed, the values 
of the three terms increase sharply. At low blade tip velocity ratio (λ=5.52), the pressure gradient 
term is very small, and the equilibrium is mainly provided by the turbulent stress term and 
convection term. For the high blade tip velocity ratio(λ=9.69), the pressure gradient only works in 
the near wake, and is very small in the far wake. With the blade tip wind speed ratio increases, the 
value of three terms increase in the near wake region(x < 4D), but in the region of the far wake, i.e. 
x > 4D, the difference of each terms is not significant. 

 

Fig. 8: N-S equation equilibrium curves 

  

Fig. 9 - Distribution curves of each term: (a) Distribution curve of convection terms   
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(b) 

Fig. 9 - Distribution curves of each term: (b) Turbulence curve of convection terms 

 

 

(a) Low blade tip velocity ratio 

 

(b) High blade tip velocity ratio  

Fig. 10 - Equilibrium curves of N-S equation in several sections 

 

Computing resources 

The large eddy simulation (LES) method takes a lot of computing resources. It will take 
about 120 hours to accomplish the numerical simulation of entire flow field without effects of wind 
turbine under the parallel computing condition of 16-core I7-5960X CPU. The computing time will 
increase when considering the effects of wind turbine on flow field. Table 2 lists the computing time 
of iterating 100 time steps with the same grid system and same computer configuration, in which 
the time step is set to 0.0001s. It is obvious that ADM method takes the shortest time, which is 
3.86% higher than that without the wind turbine, ADM-R method is the second, increasing by 
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10.45%, and ALM method takes the longest time, increasing by 25.70%. ADM method assumes 
that the axial inductive force is uniformly distributed, and ADM-R method assumes that inductive 
force is uniformly distributed in a micro radial ring. In the process of computation, dynamic source 
term of volumetric force applied by these two methods remains constant. But volume force applied 
by ALM method varies with time, and the obtained fluctuating velocity is larger, the flow field is 
more disordered, so the calculation speed is slower. 

 
Tab. 2 - Computing conditions 

 

Case name 
Without wind 

turbine 
ADM ADM-R ALM 

Time-consuming 1934 2018 2146 2431 

Increasing ratio - 4.34% 10.96% 25.70% 

 

CONCLUSION 

In this paper, three methods combined with LES model are used to simulate the wind turbine 
wakes flow field in the presence of turbulent inflow. The results of numerical simulation and 
experiment are compared, and the computing characteristics of these methods are researched. 
The following conclusions were drawn: 

 
(1) Sharp wedges are placed in front of wind turbine to simulate flow turbulence conditions and to 

reproduce the distribution of average velocity and fluctuating velocity of the boundary layer in 
low turbulence intensity. The results of numerical simulation are in good agreement with the 
experimental results, which verifies the accuracy of the numerical model adopted in this study. 

(2) The distribution characteristics of wind turbine wakes flow field in the presence of turbulent 
inflow are investigated. After the flow encounters the wind turbine, the mean wind velocity 
decreases rapidly while the fluctuating wind velocity increases. With the increase of the 
distance away from wind turbine, the initial state is restored, the mean wind speed increases 
and the fluctuating wind speed decreases. Besides, the wind speed is basically stable at about 
x=6D. It is found that the larger the blade tip wind speed ratio is, the stronger the disturbance of 
the wind turbine to the original flow field will be, so the average wind speed become smaller 
and the fluctuating wind speed become larger at the wake. 

(3) The simulation accuracy of three actuation methods under different blade tip wind speed ratios 
is proved. In the region of near wake flow field, both ADM-R and ADM methods have great 
error with the experimental data, and cannot capture the information of near wake flow field. 
However, ALM method is in good agreement with the experimental data. The three methods 
are all in good agreement with the experimental results in the region of far wake field. Because 
the influence of cabin on the wind field is not considered, the wind speed calculated by the 
three methods is slightly larger than the experimental value near the center of the wind turbine. 
Under the condition of high blade tip velocity ratio, the disturbance effect of fan on flow field is 
more obvious and the calculation result is more accurate. 

(4) The equilibrium relations of each terms in N-S equation of wind turbine wake are revealed. The 
turbulent stress term, pressure gradient term and convection term mainly contribute to the 
equation equilibrium at near wake area. In the far wake region, the convection term is in 
equilibrium with the turbulent stress term. 

(5) The computational efficiency of the wake simulation method and the factors affecting the 
computational efficiency are analysed. Because in the ALM method, the volume source term 
changes with time, the flow field is more disorder and the ALM method takes the longest time, 
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but the calculation results are the most accurate. In the optimal arrangement of wind turbines, 
different calculation methods should be comprehensively chosen according to the calculation 
conditions. 
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ABSTRACT 

The influence of prefabricated vertical drain (PVD)-enhancing soft soil on the adjacent 
bridge pile foundation is not sufficiently clear. The related studies are scarce and far behind the 
requirement of engineering practice. Three-dimensional finite element model (3D FEM) is 
established to investigate this important issue. Plastic drainage boards in the PVD are modelled by 
a user-defined element, which considers the axial force and permeability of the plastic drainage 
board, whereas its weight, shear, and torsion are not considered. The elastoplastic-consolidation 
coupled model is used for the soils. Field measured results of pore water pressure, ground 
settlement, and pile cap displacement are used to validate the 3D FEM with good accuracy. A 
number of useful conclusions can provide guidelines for similar projects and inform designers of 
the adverse effects of PVD-enhancing soft soil ground on the adjacent bridge pile foundation. 

KEYWORDS 
 PVD, Soft soil, Bridge pile foundation, FEM 

INTRODUCTION 

In the past three decades, with the rapid development of China, land resources for 
municipal and civil projects became increasingly scarce, especially in the developed coastal areas 
of China. However, because of the widespread distribution of soft soil in these areas, ground 
treatment techniques are widely used for soft soil foundation to provide a foundation that satisfies 
requirements of bearing capacity and strength. These techniques include the use of lightweight 
materials [1], stone columns [2], deep mixed (DM) columns [3], vertical drains [4], and 
prefabricated vertical drains (PVDs) [5-7], the latter being one of the most cost-efficient method 
and has been widely used in practice [8]. PVDs can greatly accelerate the consolidation and 
drainage process of soft soil ground and effectively increase the bearing capacity of soft soil 
foundation [9-13]. Recently, this technique has been widely used in the construction of urbanization 
in the world. Lam et al. [14] studied the performance of improved soft clay with PVDs combined 
with embankment preloading and vacuum preloading for the 2D FEM and field tests. Indraratna et 
al. [15] proposed an equivalent 2D numerical modelling to analyse PVD-assisted soft ground 
consolidation, and the performance of the model provided a good agreement between the 
numerical and analytical predictions, as well as the field measurements. Ya et al. [16] proposed a 
method to calculate the ground settlement and the lateral displacement induced by vacuum 
preloading and analysed two well-documented field cases in China. Ye et al. [8] used the field test 
and numerical analysis method to study the performance of PVD-reinforced soft soil with surcharge 
preloading and vacuum preloading.  
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Most of the consolidation deformation of soft soil ground can be completed in a short time 
owing to the PVD [17] and rapidly break the pile–soil interaction balance of the adjacent pile 
foundation, which result in excessive post-construction deformation of the adjacent pile foundation. 
This excessive post-construction deformation may lead to the collapse of the superstructure. A 
PVD-enhancing soft soil ground is unfavourable to an adjacent bridge pile foundation. However, if 
inappropriately implemented, would seriously endanger the safety of the superstructure. However, 
at present, the influence of the PVD-enhancing soft soil on the pile foundation of adjacent bridge is 
not evident. The related studies are scarce and far behind the requirement of engineering practice.  

The PVD-enhancing soft soil ground is located in Guangzhou City, Guangdong Province, 
China. The settlement of the adjacent bridge pile foundation and the pore water pressure in soft 
soil ground are monitored in the site to validate the three-dimensional finite element model (3D 
FEM). The influence of the PVD-enhancing soft soil on the adjacent bridge pile foundation is 
studied systematically by using the verified 3D FEM.  

 

PROJECT DESCRIPTION 

The site of the PVD-enhancing soft soil ground is located in Guangzhou City, Guangdong 
Province, China. In terms of thickness, the subsoil of this site is composed of 2.4 m miscellaneous 
fill, 13.1 m very soft soil (also called mucky clay in China), 2.2 m medium sand, 5.7 m fine sand, 
4.3 m soft silt clay, and medium sand. The groundwater level is 0.5 m below the ground surface. 
The typical properties along with the soil parameters are depicted in Figure 1. 

 
Fig. 1 – Soil profile and properties at the site 

The site of PVD-enhancing soft soil ground is an irregular quadrangle, 106.59-m long, 
91.62-m wide, and an area of 8555 m2. A highway bridge pile foundation exists at approximately 
43 m away from the site. The plane view of the site is shown in Figure 2. The settlement, pore 
water pressure of the PVD-enhancing soft soil ground, and the deformation of the adjacent pile 
foundation are monitored synchronously in the process of construction. The location of the 
monitoring components is also shown in Figure 2. The pore water pressure monitoring point is 
located in the very soft soil layer at 8 m below the T1 and T2 monitoring points; XS-186 pore water 
pressure gauge is used to measure the pore water pressure. The settlement and deformation 
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monitoring points are designated at the T1–T2 and T3–T4 monitoring points (i.e., two corners of 
the bridge pile cap) by using a high-precision monitoring station. The plastic drainage boards with 
an area of 0.007 m2 and a length of 16 m are punched through the very soft soil layer and 
embedded in the middle sand layer at a spacing of 1 m. Gravelly soils with the height of 2 m are 
used as surcharge fill material for 56 d.  

 
Fig. 2 – Plane view of the test site and location of the monitoring components 

 

NUMERICAL MODELLING 

At present, the conventional numerical modelling for PVD-enhancing soft soil ground are 
simplified to axisymmetric single well or plane strain [18-20]. Axisymmetric single well can 
effectively model one type of sand, but they cannot analyse ground lateral deformation and load 
distribution. In the plane strain method, the equivalent transformation is required to convert the 
three-dimensional PVD-enhancing soft soil ground into the two-dimensional drainage plate wall for 
plane strain modelling. However, after the equivalent transformation, the geometric position of 
each point of the ground cannot correspond to the prototype one by one. Thus, the method is 
evidently unsuitable for complex engineering problems, such as those similar to this study. The 
ideal method is to use 3D FEM. However, if the plastic drainage plate is divided as a solid element, 
then the computing scale of the numerical model becomes extremely large.  

Increasing the permeability of the soil is the main function of the plastic drainage board, 
while improving the corresponding mechanical properties is only secondary. We used a user-
defined element (called UEL subroutine in ABAQUS), a one-dimensional two-node linear element 
proposed by Fei [21], to model the plastic drainage board. If the drain plate is considered a solid 
element, then its mesh is rough (Figure 3a). If the drain plate element is a line element and shares 
nodes A and B (Figure 3b) with the soil element, then the number of elements and nodes are 
reduced to avoid inaccurate simulation results caused by the difference between the size of the 
drainage plate element and the surrounding soil element. The weight, shear, and torsion properties 
of the plastic drain board are not considered in the simulation, only the axial force and its influence 
on overall permeability. 
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(a) Mesh of drainage plate with solid element      (b) Mesh of drainage plate with linear element 

Fig. 3 – Schematic of the drainage plate element 

Then, we used the ABAQUS software to establish a 3D FEM of the PVD-enhancing soft soil 
ground, as shown in Figure 4. The transverse, longitudinal and vertical directions of the model are 
400, 200, and 96 m. The pile foundation of the adjacent bridge is composed of 3×2 concrete cast-
in-place piles with 1.0 m diameter. The thicknesses of the pile length, longitudinal pile spacing, 
transverse pile spacing, and pile cap are 32, 4, 5.3, and 1.5 m, respectively. The elastoplastic-
consolidation coupled model is used for the soils, and the model parameters of each soil layer are 
shown in Table 1. The elastic model is applied to the bridge pile foundation. The density, elastic 
modulus, and Poisson's ratio of the pile foundation are 2500 kg/m3, 32 GPa, and 0.17, 
respectively. The plastic drainage boards are modelled by the UEL element with the elastic 
modulus of 1.5 GPa and the permeability coefficient of 1×10-2 m/s. The contact element is 
arranged on the pile–soil interface and the pile cap-soil interface, in which the Coulomb friction 
model is used for the pile-side interface. The non-friction hard contact model is used for the pile-

bottom soil and the pile cap-soil interface. The friction coefficient of the pile-side interface μ can be 
calculated by the internal friction angle φ, written as 𝜇 = tan0.75𝜑. The eight-node hexahedron 
pore pressure element (called C3D8P in ABAQUS) is used for the soils, and the eight-node 
hexahedron element (C3D8) is used for the piles. In the 3D FEM, the horizontal direction of the 
side surface and the vertical displacement of the bottom surface are fixed, and the top surface is 
set to drainage boundary. The PVD surcharge load is equal to 40 kPa that lasts for 56 d. The total 
load on the bridge pile foundation is 13287 kN. 

 
Fig. 4 – 3D FEM of preloading 
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Tab. 1 - Parameters of soil physical mechanics  

Soil Layer 

Thick
ness 
/m 

Density 
/(g/cm3) 

Young 
modulus 

/MPa 

Permeability 
coefficient 

/(cm/s) 

Cohesion 
/kPa 

Internal 
friction 
angle 

/° 

Void 
ratio 

Miscellaneous fill 2.4 1.8 6.2 6e-5 14.2 15.8 0.82 

Mucky clay 13.1 1.68 3.7 1.54e-6 8.4 6 1.03 

Medium sand 2.2 1.95 36.2 6e-4 0.1 21.4 0.72 

Fine sand 5.7 1.8 22.1 3.4e-4 0.1 12.9 0.68 

Soft silt clay 4.3 1.75 7.8 1.3e-5 12.4 7.8 0.92 

Medium sand 5.4 1.9 61.8 7.8e-4 0.1 23.7 0.66 

 

DISCUSSION OF RESULTS 

Figure 5 presents the field measured pore water pressure along with the calculated results 
from the numerical analysis in the mucky clay layer of 8 m below monitoring points T1 and T2. The 
calculated results of pore water pressure in soft soil ground are close to the measured results. The 
pore water pressure increased rapidly in the early stage (0–0.5 d) of PVD-enhancing soft soil 
ground, and then decreased slowly with time. The process of pore water pressure dissipation is 
completed on the 56th day. 

 
Fig. 5 – Calculated and measured pore water pressure in the mucky clay layer of 8 m below T1 

and T2 

Figure 6 shows the field measured ground settlement along with the calculated results from 
numerical analyses at monitoring points T1 and T2. The calculated ground settlement is close to 
the measured result. Most of the ground consolidation settlement is completed in a short time 
given that the plastic drainage plate accelerated the dissipation of pore water pressure in the soil. 
The ground settlement has gradually become stable after 56 d, which indicates that the soft soil 
ground has been strengthened. 
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Fig. 6 – Calculated and measured ground settlement at T1 and T2 

Figure 7 presents the measured vertical displacement and horizontal displacement along 
with the FEM results at monitoring points T3 and T4 on the pile cap corner of the adjacent bridge. 
The calculated vertical displacement and horizontal displacement are close to the measured 
results. Figure 7(a) shows that in the early stage (0–3 d), the lateral displacement occurs in the 
upper soil under the PVD-enhancing soft soil ground, which squeezed the adjacent pile foundation 
and caused the pile cap to appear slightly uplifted. The pile cap is restored to its initial position and 
gradually subsided with the dissipation of pore water pressure. Figure 7(b) shows that under the 
influence of PVD-enhancing soft soil ground, a large horizontal displacement appears in the pile 
cap, and the maximum is up to 18.5 mm at the initial stage. The horizontal displacement of the pile 
cap gradually decreased with the dissipation of pore water pressure and is approximately 9.3 mm. 

 
(a) Vertical displacement 

 
Fig. 7 – Calculated and measured vertical displacement and horizontal displacement at T3 

and T4 
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(b) Horizontal displacement 

Fig. 7 – Calculated and measured vertical displacement and horizontal displacement at T3 and T4 

Figure 8 presents the horizontal displacement of the pile shaft at different PVD preloading 
times calculated by numerical simulation. The horizontal displacement of the pile shaft decreased 
with the dissipation of pore water pressure. The pile horizontal displacement decreased along the 
pile depth at the early stage and increased at the later stage because the pore water in the deep 
soil has gradually discharged along the plastic drainage board. Moreover, the effective stress of 
the deep soil increased gradually, which resulted in the increase in passive earth pressure on the 
pile side. As a result, the horizontal displacement of the bottom section of the pile widened 
increasingly.  

 
Fig. 8 – Calculated horizontal displacement of the pile shaft at different PVD preloading times 

Figure 9 shows the calculated passive earth pressure on the pile side at different PVD 
preloading times, where the negative value indicates that the passive earth pressure comes from 
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the opposite side of the surcharge and the positive value comes from the same side of the 
surcharge. The passive earth pressure gradually decreased with time, and the distribution of the 
passive earth pressure along the pile shaft tends to be increasingly uniform with the dissipation of 
pore water pressure. Thus, the adverse effect of PVD-enhancing soft soil ground on the adjacent 
pile foundation mainly occurs in the early stage, when the passive earth pressure on the pile side is 
the largest.  

 
Fig. 9 – Calculated passive earth pressure on the pile side at different PVD preloading times 

Figure 10 presents the calculated bending moment of the pile shaft at different PVD 
preloading times. All the maximum bending moments of the pile shaft at different times are located 
at the interface between the pile top and the pile cap, where the maximum is 247.3 kN.m at the 
beginning. After PVD preloading for 56 d, the maximum bending moment of the pile shaft 
decreased to 190.9 kN.m. 

35

30

25

20

15

10

5

0

-60 -50 -40 -30 -20 -10 0 10 20 30

Passive earth pressure on the pile side/kPa

P
ile

 d
e

p
th

/m
 0d

 0.042d

 0.6d

 1d

 8d

 20d

 56d

0d

0.042d

0.6d

1d

8d

20d

56d



 
  Article no. 45 

 
THE CIVIL ENGINEERING JOURNAL 4-2018 

 
--------------------------------------------------------------------------------------------------------------- 

 

         DOI 10.14311/CEJ.2018.04.0045 569 

 

 

 
Fig. 10 – Calculated bending moment of the pile shaft at different preloading times 

We studied the influence of the PVD fill surcharge distance on the adjacent bridge pile 
foundation by using 3D FEM. The PVD fill surcharge distance of 2B, 3B, 4.3B, 6B, and 10B are 
used in the 3D FEM, where B is the width of the pile cap of the adjacent pile foundation (B = 10.1 
m) and 4.3B is the actual distance. Figure 11 presents the relationship between the maximum 
horizontal displacement of the pile shaft and the PVD fill surcharge distance at 56 d. Figure 12 
depicts the relationship between the maximum bending moment of the pile shaft and the PVD fill 
surcharge distance at 56 d. The maximum horizontal displacement and bending moment of the pile 
shaft decreased sharply with the increase in the PVD fill surcharge distance. When the PVD fill 
surcharge distance is 2B, the maximum horizontal displacement and bending moment are 29.28 
mm and 592 kN.m, respectively. This PVD fill surcharge distance greatly harms the adjacent pile 
foundation. When the PVD fill surcharge distance reached 10B, the maximum horizontal 
displacement and bending moment are 0.58 mm and 13.8 kN.m, respectively. The influence of this 
PVD fill surcharge distance on the adjacent pile foundation can be neglected. 
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Fig. 11 – Relation between the maximum pile horizontal displacement and the fill surcharge 

distance at 56 d 

 
Fig. 12 – Relation between the maximum pile bending moment and the fill surcharge distance at 56 

d 

CONCLUSION 

Field tests and numerical analyses are conducted to evaluate the influence of PVD-
enhancing soft soil on the adjacent bridge pile foundation. The following conclusions can be drawn: 

(1) The 3D FEM established in this study can accurately simulate the influence of PVD-
enhancing soft soil ground on the adjacent bridge pile foundation. A good match exists between 
the calculated and measured pore water pressure, ground settlement, and pile cap displacement.  
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(2) The pore water pressure increased sharply in the early stage of PVD fill surcharge, then 
decreased with time, and the pore water pressure dissipated rapidly in the early stage and 
decreased gradually in the later stage.  

(3) Under the influence of the PVD fill surcharge, the deformation of the adjacent pile 
foundation is mainly horizontal, and the vertical displacement is small. The pile horizontal 
displacement decreased gradually with time with the dissipation of pore water pressure. 

(4) The adverse effects of PVD-enhancing soft soil ground on the adjacent pile foundation 
mainly occur in the early stage of PVD fill surcharge when the passive earth pressure on the pile 
side and pile bending moment, which are located at the top of the pile, are the largest. With the 
dissipation of pore water pressure, the passive earth pressure and bending moment gradually 
decreased with time. 

(5) The maximum horizontal displacement and bending moment of the pile decreased 
sharply with the increase in the PVD fill surcharge distance. Therefore, the appropriate PVD fill 
surcharge distance should be maintained to ensure the safety of the adjacent bridge pile 
foundation. The safe PVD fill surcharge distance should also be comprehensively assessed on the 
basis of the actual situation of the site, and the relevant assessment methods should be further 
studied. 
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ABSTRACT 

Fiber reinforced polymers (FRP) have been widely used in retrofitting and strengthening of 
deteriorated or deficient reinforced concrete (RC) elements. A major concern about those systems 
is their performance under elevated temperature which limits the application of FRP for 
strengthening requirements. Fire protection of the strengthening FRP system can be made by 
applying an external coating layer of a thermal resisting material. In order to predict the fire 
performance of such insulated FRP-strengthened members and their efficiency, experimental 
investigations are required to be carried out for such elements under realistic fire conditions, which 
requires time and cost. 

This paper presents numerical modelling of RC beams strengthened with externally bonded 
FRP and insulated by a fire protection layer under elevated temperature specified by standard fire 
tests. The nonlinear time domain transient thermal-stress finite element analysis is performed 
using the general purpose software ANSYS 12.1 in order to study the heat transfer mechanism 
and deformation within the beam for fire conditions initiating at the bottom side of the beam. The 
finite element model accounts for the variation in thermal and mechanical parameters of the 
constituent materials such as concrete, steel reinforcement bars, FRP and insulation material with 
temperature. Application is made on an FRP-strengthened and insulated RC T-beam which has 
been experimentally tested in the published literature in order to verify the adopted modelling 
procedure. The obtained numerical results are in good agreement with the experimental results 
regarding the temperature distribution across the beam and mid-span deflection. The presented 
procedure thus provides an economical and effective tool to investigate the effectiveness of fire 
insulation layers when subjected to high temperatures and to design thermal protection layers for 
FRP strengthening systems that satisfy fire resistance requirements specified in building codes 
and standards. 

KEYWORDS 
Fiber reinforced polymers, Flexural strengthening, Elevated temperature, Fire, Thermal 
insulation, Finite element, Nonlinear analysis 
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INTRODUCTION 

Fiber reinforced polymers (FRP) have been used for retrofitting and strengthening of 
deteriorated concrete structures due to their advantageous properties such as light weight, 
corrosion resistance and high strength. Externally bonded FRP sheets or laminates have been 
demonstrated to successfully enhance the flexural and shear capacity of reinforced concrete (RC) 
beams [1]. However, there are increasing concerns about their performance in the case of fire. 
Polymer materials undergo change in mechanical properties and loss of stiffness and bond 
strength when exposed to temperatures higher than the glass transition temperature (Tg) which is 
about 60 – 82 oC for the common polymers and adhesives [2]. When the temperature rises to this 
level, such as likely to happen in the case of fire, damage will occur to the bond between the FRP 
and the concrete surface and consequently the effectiveness of the FRP strengthening is severely 
threatened and may be totally lost [2, 3]. Fire performance is pointed out as a critical factor that 
requires more research before FRP can be used with confidence in strengthening applications [2]. 
Specifications and design guidelines limit the use, increase the load factor or limit the desired 
strength enhancement in order to meet fire hazard [4, 5]. Higher values of strengthening limits are 
allowed only if it can be proved through testing and technical assessments that such fire protection 
systems can increase fire endurance of FRP systems to exceed the fire resistance rating of 
building codes [4, 5]. There are still no design guidelines available for FRP-reinforced or 
strengthened concrete structures under fire conditions regarded as one of the major threats to 
buildings and other structures. 

Experimental studies were carried out for FPR-strengthened RC members under elevated 
temperatures or fire by several researchers [6- 10]. To provide protection of carbon fiber reinforced 
polymer (CFRP) from direct fire exposure, a coating layer of a thermal insulating material, typically 
gypsum products, was placed around the beam cross-section [11, 12]. A fire test program was 
conducted by Blontrock et al. [6] in which ten CFRP-strengthened RC beams protected with 
calcium silicate boards were subjected to the design service loads of Eurocode [13]. The best fire 
resistance was provided by fire insulation layer applied as U-shape over the bottom and sides of 
the beams [6]. Using a 50 mm thick layer of Perlite mortar has protected CFRP strengthening 
system against 500 oC for three hours with only 4 - 12% loss in its capacity [11]. Different coating 
layers of Perlite, Vermiculite and Portland Cement mortars in addition to clay and ceramic fiber 
were studied and experimentally demonstrated to give protection and maintain 90% of the residual 
flexural capacity of FRP-strengthened beams compared to control beams after a two-hour 
exposure to 600 oC [12]. 

Beam-slab assemblies strengthened with FRP laminates and protected with vermiculite-
gypsum (VG) cementitious layer were tested by Williams et al. [14] by exposure to standard fire 
load of ASTM E119 [15]. Efficient thermal protection and three hours fire endurance ratings were 
achieved by a 25 mm and 38 mm thick layer of the VG insulation [14]. 

Some studies in the published literature addressed numerical modelling to predict the 
performance of FRP-strengthened RC members subjected to fire [16 - 18] and the heat transfer 
through the different insulation layers during fire exposure [19]. However, more research work is 
needed that addresses modelling the performance of FRP-strengthened structures under elevated 
temperatures, in order to enable analysts and designers to accurately predict the fire endurance 
and economically design thermal insulation layers for such structures. 

OBJECTIVE 

The present research aims at studying numerically the behaviour of RC beams 
strengthened by externally bonded FRP laminates and thermally protected, under standard fire test 
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loading, thereby providing an economic tool for design of fire protection for FRP-strengthened RC 
beams. 

To achieve this aim, numerical modelling by finite elements is performed to represent the 
beam components and account for the variation in thermal and mechanical parameters of the 
different materials with temperature. Nonlinear time analysis is performed using ANSYS 12.1 [20] 
in order to study the heat transfer mechanism and deformations within the beam. The numerical 
results are presented and compared to the previously published experimental and numerical 
results [14, 19] in order to verify the efficiency of the adopted numerical procedure. 

NUMERICAL MODELING AND ANALYSIS 

Finite Element Modelling 

Modelling is made by finite elements using ANSYS 12.1 [20] for a thermally protected 
CFRP-strengthened RC beam that has been subjected to fire test in the published literature [14]. 
The T-beam is simply supported with total length 4000 mm and clear span 3900 mm, has the 
cross-sectional dimensions of 400 mm depth, 1220 mm flange width, 150 mm flange thickness and 
300 mm web thickness, as shown in Figure 1. The T-beam reinforcement details were as follows; 
the main steel reinforcement was two 20 mm diameter bars. Shear stirrups were 10 mm diameter 
bars spaced at 150 mm centre to centre. Concrete cover to the web stirrups was 40 mm and 
concrete cover for flange reinforcement was 25 mm. A CFRP laminate of 1.3 mm thick and 100 
mm wide is adhered to the bottom of the beam along the span and stopped at 100 mm from the 
support. A layer of VG plaster having a thickness of 25 mm is applied on the beam soffit and web 
and extends for a distance of 125 mm underneath the flange, as shown in Figure 1, along the 
entire length of the beam. 

The element types used for transient thermal and structural finite element analysis are 
listed in Table 1. Full bond is assumed between concrete and reinforcement bars, CFRP and 
insulation layer. The details of finite element model are shown in Figure 2. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 - Experimentally tested T-beam cross-section [14] 
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Tab. 1 - Element types used for thermal and structural analyses 
Material Elements for thermal analysis Elements for structural analysis 

Concrete SOLID70 SOLID65 

Steel bars LINK33 LINK8 

CFRP layer SHELL 57 SHELL 41 

VG insulation SOLID70 SOLID45 

 

 

 

 
Fig. 2 - Finite Element Mesh of the Studied T-Beam 

 

Material Mechanical and Thermal Properties 

The concrete characteristic compressive strength is 41 MPa. The main steel reinforcement 
has yield and ultimate strengths of 500 and 650 MPa, respectively. The 10mm diameter 
reinforcement bars of stirrups and slab reinforcement have yield and ultimate strengths of 429 and 
611 MPa, respectively. The 1.3 mm-thick CFRP laminate possesses a design tensile strength of 
460 MPa in the direction of the fibres and ultimate elongation of 2.2% at failure [14]. Table 2 gives 
the values for the mechanical and thermal properties for concrete, steel reinforcement, CFRP and 
insulation materials at room temperature [19, 21]. 

Tab. 2 - Mechanical and thermal material properties at room temperature [19, 21] 

Material 
Eo 

MPa 
Ko 

W/mm.K 
Co 

J/kg.K 
μ α 

ρo 
Kg/m3 

Concrete 30200 2.7×10-3 722.8 0.20 6.08×10-6 2400 

Steel bars 210000 5.2×10-2 452.2 0.30 6.00×10-6 7860 

CFRP 228000 1.3×10-3 1310 0.28 -0.90×10-6 1600 

VG Insulation 2100 2.5×10-4 1654 0.30 1.70×10-5 269 

 
Note: Eo : stiffness modulus, Ko : thermal conductivity, Co : specific heat, ρo : material density, 

α : coefficient of thermal expansion, and μ : Poisson’s ratio. 
 
The thermal and mechanical properties at elevated temperature for concrete and steel are 

available in the literature and the main equations are mentioned herein [13, 21, 22]. The steel 
reinforcement density is considered by Eurocode [22] to remain constant under elevated 
temperature. Density of concrete changes due to elevated temperature according to Equation. (1): 

   
𝜌(𝑇) = 𝜌 (20𝑜𝐶)                                                                     for      20𝑜𝐶 ≤ 𝑇 ≤ 115𝑜𝐶         (1. 𝑎) 

𝜌(𝑇) = 𝜌 (20𝑜𝐶) (1 −
0.02(𝑇 − 115)

85
)                           for    115𝑜𝐶 < 𝑇 ≤ 200𝑜𝐶          (1. 𝑏)  
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𝜌(𝑇) = 𝜌 (20𝑜𝐶) (0.98 −
0.03(𝑇 − 200)

200
)                     for      200𝑜𝐶 < 𝑇 ≤ 400𝑜𝐶       (1. 𝑐)  

𝜌(𝑇) = 𝜌 (20𝑜𝐶) (0.95 −
0.07(𝑇 − 400)

800
)                     for     400𝑜𝐶 < 𝑇 ≤ 1200𝑜𝐶     (1. 𝑑)  

Thermal conductivity of concrete changes with temperature according to Equation (2) and 
the variation in thermal conductivity of steel reinforcement with temperature is given in Equations. 
(3). 

 

𝐾(𝑇) = 2 − 0.2451 (
𝑇

100
) + 0.0107 (

𝑇

100
)

2
                𝑖𝑛 (

𝑊

𝑚
. 𝐾 )    for         20𝑜𝐶 ≤ 𝑇 ≤ 1200𝑜𝐶            (2)  

𝐾(𝑇) = 54 − 3.33𝑥10−2                              𝑖𝑛 (
𝑊

𝑚
. 𝐾 )              for          20𝑜𝐶 ≤ 𝑇 ≤ 800𝑜𝐶       (3. 𝑎) 

𝐾(𝑇) = 27.30                                𝑖𝑛 (
𝑊

𝑚
. 𝐾 )                 for      800𝑜𝐶 < 𝑇 ≤ 1200𝑜𝐶                             (3. 𝑏) 

The specific heat of concrete changes with temperature according to Equations. (4). The 
peak specific heat of concrete depends mainly on the moisture content and occurs between 100°C 
and 115°C with linear decrease between 115°C and 200°C. For zero moisture content the peak 
specific heat is 900 J/kg K, while for moisture content 1.5 % and 3% of concrete weight the peak 
specific heat is 1470 J/kg K and 2020 J/kg K, respectively. For the beam of the present study, 
moisture content equal to 3 % of concrete weight is adopted throughout the modelling. 

𝐶(𝑇) = 900                                                                       𝑖𝑛 (
𝐽

𝐾𝑔
. 𝐾 )              for      20𝑜𝐶 ≤ 𝑇 ≤ 100𝑜𝐶                 (4. 𝑎) 

𝐶(𝑇) = 900 + (𝑇 − 100)                                            𝑖𝑛 (
𝐽

𝐾𝑔
. 𝐾 )              for     100𝑜𝐶 < 𝑇 ≤ 200𝑜𝐶                 (4. 𝑏) 

𝐶(𝑇) = 1000 +
(𝑇 − 200)

2
                                                𝑖𝑛 (

𝐽

𝐾𝑔
. 𝐾 )              for     200𝑜𝐶 < 𝑇 ≤ 400𝑜𝐶            (4. 𝑐) 

𝐶(𝑇) = 1100                                                                    𝑖𝑛 (
𝐽

𝐾𝑔
. 𝐾 )              for      400𝑜𝐶 < 𝑇 ≤ 1200𝑜𝐶            (4. 𝑑) 

Equations (5) show the change in specific heat for steel reinforcement with temperature as 
given by Eurocode [22], for temperature range between 20 oC to 1200 oC. 

 

𝐶(𝑇) = 425 + 7.73𝑥10−1 𝑇 − 1.69𝑥10−3 𝑇2 + 2.22𝑥10−6 𝑇3  𝑖𝑛 (
𝐽

𝐾𝑔
. 𝐾 )      for    20𝑜𝐶 ≤ 𝑇 ≤ 600𝑜𝐶   (5. 𝑎) 

𝐶(𝑇) = 666 + (
13002

738 − 𝑇
)                                                      𝑖𝑛 (

𝐽

𝐾𝑔
. 𝐾 )      for     600𝑜𝐶 < 𝑇 ≤ 735𝑜𝐶               (5. 𝑏) 

𝐶(𝑇) = 545 + (
17820

𝑇 − 731
)                                                      𝑖𝑛 (

𝐽

𝐾𝑔
. 𝐾 )       for    735𝑜𝐶 ≤ 𝑇 < 900𝑜𝐶               (5. 𝑐) 

𝐶(𝑇) = 650                                                                             𝑖𝑛 (
𝐽

𝐾𝑔
. 𝐾 )      for     900𝑜𝐶 ≤ 𝑇 ≤ 1200𝑜𝐶               (5. 𝑑) 
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The stress-strain curves for concrete in compression under elevated temperature adopted 
in the present study are shown in Figure 3 (a), and the variation of concrete tensile strength with 
temperature is shown in Figure 3 (b) [14, 21]. The variation of the mechanical and the thermal 
properties of FRP and the materials used for thermal insulation is addressed in researches and not 
quite established. In this study, the thermal and mechanical properties of CFRP and VG insulation 
and their variation with temperature are based on the findings of other researchers [23 - 25]. 

 
(a) Stress-strain curves in compression under elevated temperature 

 
(b) Variation of concrete tensile strength with temperature 

Fig. 3 - Concrete mechanical behaviour under elevated temperature 
 

Nonlinear Analysis Parameters, Loading and Boundary Conditions 

Concrete is modelled using the standard nonlinear constitutive concrete material model 
implemented within ANSYS [20]. Based on the formulation by Williams and Warnke [26], a multi-
nonlinear compressive stress-strain curve is pointed. When a crack occurs, elastic modulus of the 
concrete element is set to zero in the direction parallel to the principal tensile stress direction. 
Crushing occurs when all principal stresses are compressive and are outside the failure surface; 
then the elastic modulus is set to zero in all directions and the element local stiffness becomes 
zero causing large displacement and divergence in the solution. 
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The analysis is carried out as two consecutive load cases. First, in the transient thermal 
analysis load case, standard temperature-time conditions described by ASTM E119 [15] and 
shown in Figure 4 are applied as nodal temperature-versus-time to the bottom surface of the T-
beam. Equation 6 gives the ASTM E119 time temperature loading applied to the studied beam. 

 

𝑇 = 20 + 750 (1 − 𝑒−0.49√𝑡) + 22√𝑡                                                 (6) 

 
Fig. 4 - Applied temperature conforming to standard fire test curve of ASTM E119 

 

The thermal gradient distribution in the T-beam obtained from the thermal analysis is next 
applied to the beam as nodal temperatures at several time load steps and sub-steps and structural 
stress analysis is performed. The experimentally applied sustained uniformly distributed load of 34 
KN/m [14] is simulated by applying a pressure of 0.0278 MPa to the top surface of the T-beam 
flange. 

NUMERICAL RESULTS AND DISCUSSION 

In order to validate the accuracy of the model developed in this study, the obtained finite 
elements results are compared to the published experimental and numerical results. The thermal 
analyses results are evaluated by checking the temperatures at key locations with temperature 
gradients between the key locations of the beam model. The nodal temperature distribution within 
the T-beam cross section after one, three and four hours of fire exposure are shown in Figure 5. 

The variation with time of the numerically calculated temperatures in VG, CFRP, and 
concrete at the same points that were measured in the experiment work [14] are plotted in Figure 
6. It can be observed from Figure 6 that, there is a good agreement between the presented 
numerically predicted temperatures and the published experimental and numerical results [14,  19]. 
The average temperature of the steel reinforcement is less than 270 oC after four hours of fire 
exposure, which is below the ASTM E119 temperature limit of 593 oC. 

Figure 7 shows the numerically predicted and the experimentally measured mid-span 
deflection at the centreline of the cross section throughout the fire exposure time. It is obvious that 
the mid-span deflection increases steadily during the fire exposure. The increase in deflection is 
associated with increase in the total strain on the beam tension side. This behaviour occurred as a 
result of rise of temperature of the CFRP and reinforcing steel on the tension side of the beam, 
thus reducing their stiffnesses, which caused further beam deflection. It is observed from Figure 7 
that, the predicted mid-span deflection matches very closely the measured experimental one [14]. 
The deflection continues to increase nonlinearly in the numerical model under the sustained load. 
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The time until failure in both the finite element model and experiment is more than the fire 
endurance ratings required by North American standards in typical building applications. 
Furthermore, the accuracy of the adopted model herein is due to modelling the FRP system using 
shell elements rather than the solid elements used in the published model [19], in addition to 
proper description of the constituent materials properties and the refined meshing used in the 
present model. 

 

Temperatures (oC) after one hour 

 

 
(a) Temperatures (oC) after three hours 

 

 
(b) Temperatures (oC) after four hours 

 

Fig. 5 - Numerically predicted temperature distribution in the beam cross-section 
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Fig. 6 - Numerical results of temperature versus time compared to experimental results 

 
Fig. 7 - Variation of mid-span deflection with exposure time 

 

Figure 8 shows the numerically predicated vertical deflection of the studied beam under 
elevated temperature after one, three and four hours of exposure to standard fire temperature. The 
mid-span deflection increases with time due to heating the bottom surface of the beam resulting in 
additional tensile strains which increase the mid-span deflection of the studied beam. Also, Figure 
9 shows the numerically predicted cracks in the studied beam cross-section after one, three and 
four hours of exposure to elevated temperature. The number and width of cracks increases with 
exposure time due to the increase in the total strain in concrete resulting from both structural and 
thermal loading conditions Figure 10 shows the 3-D developed crack patterns after four hours. 
Again. the comparison of crack patterns held between the model results with the experimental 
work results presented in this paper, shows a good correlation achievement between the numerical 
and experimental results. 
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(a) Deflection (mm) after one hour 

 

(b) Deflection (mm) after three hours 

 

(c) Deflection (mm) after four hours 

 
Fig. 8 - Numerically evaluated deflections after exposure to elevated temperature  
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(a) Cracking after one hour 

 

(b) Cracking after three hours 

 

(c) Cracking after four hours 

 

Fig. 9 - Numerical results of the cracks in the beam cross-section 
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Fig. 10 - Numerical cracking pattern after four hours 

CONCLUSION 

The paper presents numerical modelling procedure by finite elements that accurately 
simulate the behaviour of thermally insulated RC beam strengthened in flexure with externally 
bonded FRP when exposed to standard fire test. Numerical modelling and nonlinear analysis are 
performed using ANSYS 12.1 [20]. The proposed procedure is verified by comparing the numerical 
results with experimental results in the published literature. Based on the obtained numerical 
results, the following conclusions can be drawn: 

1. The numerical results of the adopted approach are in good agreement with the published 
experimental results regarding mid-span deflection and temperature distribution within the 
cross-section throughout the elevated temperature time history. 

2. The proposed model gives more accurate representation for mid-span deflection compared 
with published numerical results due to using shell elements for FRP, proper representation 
of the constituent materials used and the refined meshing used in the present model. 

3. The presented model managed to predict accurately the full fields of temperatures and 
deflection in CFRP-strengthened insulated T-beams exposed to underside fire scenario. 

4. Numerical results indicate that the mid-span deflection increases nonlinearly throughout the 
fire exposure time. This is due to the increase in the total strain on the tension side of the 
beams and due to concrete cracking. 

5. The developed finite element model provides reliable coupled thermal-structural results and 
provides useful information on the fire resistance of insulated strengthened structural 
member. 

6. The developed numerical procedure thereby provides an economic tool to check and 
design fire protection layers for FRP-strengthened RC beams. 
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ABSTRACT 

In this study, the vibration mixing technology is researched, and the effect of the vibration on 

the performance of recycled concrete is investigated. Through the analysis of the strengthened 

mechanism on the recycled concrete adopting vibration mixing, the vibration could increase of 

collision numbers between aggregates so as to purify the surface of recycled aggregates, and improve 

the interface between the recycled aggregates and cement pastes, and realize the macroscopic and 

microscopic uniformity of recycled concrete to improve the performance of recycled concrete. The 

performance of recycled concrete mixed by ordinary forced mixing and vibration mixing respectively, 

was compared experimentally. And the results indicate that the vibration could increase the air 

contents of recycled concrete, improve the mechanical performance of the recycled concrete, provide 

a favorable environment in order to enhance the microscopic structure and strengthen the recycled 

concrete.  

 

KEYWORDS 

Forced mixing, Vibratory, Concrete performance, Recycled concrete 

INTRODUCTION 

The utilization of recycled concrete is one of the idealized ways to recycle the waste cement 

concrete. After the waste concrete is subjected to crushing, cleaning, and sieving, the substitute of 

the resulting recycled aggregates for new sandstone aggregates can realize the concrete 

preparation and thus realize recycling of such primary materials as sand, stone, etc. Since the 

recycled aggregate and natural aggregate possess different structures and properties, primarily the 

residual mortar is attached to the surface of recycled aggregates, and micro-cracks are present in 

the surface [1]; compared to the ordinary concrete, all these defects will lead to a lower apparent 

density, a higher porosity, a worse mobility, which results in the inferior mechanical behaviour of 

recycled concrete and inferior durability including chloride ion permeability, impermeability and 

freeze-thaw resistance [2].  
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So far domestic and international researchers launched a lot of investigations on improving 

the performance of recycled concrete, which were primarily focused on the improvement of material 

property and material preparation. Aiming at the characteristics of recycled aggregates, some 

researchers performed plastic processing on the recycled aggregate particles and immersed the 

aggregates into acid liquor to remove the attached mortar; then they immersed the aggregates into 

the sodium silicate solution and cement pastes to fill the pores and micro-cracks so as to improve 

the behaviour of recycled concrete [3]. Some researchers added some additives and mineral during 

the recycled concrete preparation in order to improve the behaviour; the additives were water 

reducing agent, which could compensate the quantity of free water absorbed by the residual mortar 

attached to the recycled aggregate so as to reduce the effect of free water on the behaviour of 

concrete [4]. The mineral additives are commonly fly ash and silica fume. Researchers found that 

the beads in the fly ash could fill pores and micro-cracks, and replace the water in the pores and 

micro-cracks to improve the strength and mobility of recycled concrete; the unique fineness and 

activity of silica fume could react with Ca(OH)2 during the early hydration of cement to produce 

C-S-H gel filling the pore micro-cracks, which could then increase the strength of recycled concrete 

[5]. Several scholars suggested that according to the characteristics of recycled aggregate, the 

adjustment of the mix proportion could improve the behaviour recycled concrete [6]. The researches 

on preparation technologies were centred around the adjustment of the aggregates feeding order, 

mixing time, mixing velocity, and their combination of various technology parameters in order to 

improve the properties of recycled concrete. The most common preparation technology is the 

remixing technology of recycled concrete [7]. The different aggregate feeding orders and phased 

mixing could realize the full uniform mixture of each constituent; the hydrate covered the aggregates 

like a protection layer, which could effectively avoid the further contact between water and 

aggregate, and restrain the thickness of water film; the transitional layer with a low water cement 

ratio could allow the improvement of strength and behaviour of recycled concrete.  

Aiming at the restraints of the recycled aggregate defects on the performance of recycled 

concrete, in this study, the feasibility to improve the behaviours of recycled concrete by the use of 

vibration mixing is investigated. The vibration mixing technology to prepare ordinary concrete is an 

efficient strengthened preparation method. The effect of this technology on the behaviours of 

recycled concrete is scarcely researched. In combination with the feature of recycled aggregates, 

the vibration mechanism on recycled concrete is researched; the comparative experiments are 

performed on the recycled concrete mixed by vibration and on ordinary concrete mixed by forced 

mixing; from the differences of marco-behaviours and microstrcutres of recycled concrete, the 

influence of vibration mixing on behaviours of recycled concrete are analysed. 
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STRENGTHENED MECHANISM TO IMPROVE THE BEHAVIOURS OF RECYCLED 

CONCRETE WITH VIBRATION MIXING 

After the waste concrete subjected to crushing and sieving, the surfaces of recycled 

aggregates are present of residual mortar, and the mortar is unevenly distributed along the surface 

of aggregates. Pores and micro-cracks unavoidably exist in crushed recycled aggregates, as shown 

in Figure 1. 

 

 

Fig.1 - Schematic diagram of recycled aggregate structure 

During the preparation of recycled concrete, recycled aggregates, new aggregates, cement 

and water are proportionally placed into the vibration mixer, as shown in Figure 2. Under the action 

of mixing blades, in the 3-D mixing space comprising the axial and radial directions, a strong axial 

cyclic movement and a counter current movement between shafts will accrue to each constituent in 

the mixing pan. Each constituent can attain a macroscopic uniform mixing in a short time [8]. At the 

time of conventional mixing, the mixing shaft and blades exert vibration of a certain frequency to 

aggregates to force the aggregates in chattering states; the aggregates move in a large cycle and 

vibrate within a small range; the movements result in the increase of collision numbers between 

aggregates and contribute to purify the surface of recycled aggregates; during the early mixing, the 

vibration can immediately break the structures of cement agglomeration and water cluster to form 

smaller cement particles and water cluster particles, followed by the activation for the activity of 

cement particles and water, thus accelerating formation of the hydrate. During the later mixing, the 

vibration pressure wave due to the vibration accelerates the diffusion velocity of liquid-phase 

hydrate towards the surface of aggregates; meanwhile, the vibration breaks the bond between 

particles caused by microtubule pressures, and the cement pastes quickly cover the surface of 

aggregates, subsequently filling the micro-cracks of aggregates, improving the interface between 

the recycled aggregates and cement pastes and realizing the macroscopic and microscopic 

uniformity of recycled concrete so as to comprehensively enhance the behaviours of recycled 

concrete.  
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Fig. 2 - Strengthening mechanism of vibratory mixing of recycled concrete 

EXPERIMENTAL PRIMARY MATERIALS AND MIX PROPORTION OF RECYCLED 

CONCRETE 

The experimental cement is P.O32.5R Portland cement. The fine aggregate is common 

medium sand, whose apparent density is 2620kg/m3, and fineness modulus 2.89. The new coarse 

aggregate is continuously graded limestone with particle sizes of 5-25mm. The recycled aggregates 

come from waste C20, C30, C40 concrete; the recycled aggregates with particle sizes of 5-25mm 

are obtained by crushing and sieving the waste concrete as shown in Figure 3. The behaviours of 

recycled aggregates and new aggregates are given in Table 1. The mixing water is common tap 

water. No additives are used.  

 

 

Fig.3 - Recycled aggregates 
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Tab. 1 - Behaviours comparison between recycled aggregates and new aggregates 

 

Aggregate 
type 

Apparent 
density/ 
(kg/m3) 

Packing 
density/ 
(kg/m3) 

Porosity/ 
% 

Crushing 
index/ 

% 

Water 
absorption/ 

% 

Recycled 
aggregate 

2470.6 1354.6 45.2 17.0 7.1 

New 
aggregate 

2800.1 1611.7 42.4 6.1 2.4 

The design strength of recycled concrete for tests is C30. Based on the frequently used 

aggregate contents, the percentages of recycled aggregates are selected as 0%, 25%, 50%, and 

the design slump is 10-30mm. The new mix proportion is obtained by adopting the actual water gel 

ratio of recycled concrete, as shown in Table 2.  

 

Tab. 2 - Mix proportion of recycled concrete 

 

Concrete 
strength 

Amount of each constituent/(kg/m3) Percentage 
of recycled 
aggregates/

% 
Cement Water 

Fine 
aggregate 

New 
aggregate 

Recycled 
aggregate 

C30 391 180 657 1172 0 0 

C30 388 198 651 872 291 25 

C30 385 212 647 578 578 50 

EXPERIMENTAL SETUP AND EXPERIMENTAL METHODS 

Experimental setup 

The double horizontal shaft vibration mixer was designed and manufactured by our research 

team. The mixer utilizes the independent mixing actuation and vibration actuation shown in Figure 4. 

The mixing actuating device can only drive the mixing shaft and blades to realize common mixing of  

the concrete; the vibration actuating device can force the mixing shaft and blades to vibrate; the 

simultaneous utilization of the mixing actuating and vibration actuating devices can realize a 

vibration mixing. The main parameters of the mixer are shown in Table 3. 

 

 

Fig. 4 - Test mixer of vibratory mixing 
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Tab. 3: Main parameters of the mixer 

 

Volume/L 

Number of mixing 

blades（single mixing 

shaft） 

Design 

amplitude/mm 

Vibration angular 

frequency/(rad/s) 

Rotational 

speed of 

mixing 

blades/(r/min) 

Linear 

speed/(m/s) 

100 

2+5(Return 

blade+propulsion 

blade) 

1.2 185 50 1.47 

Experimental methods 

At the same testing conditions, the behaviours of recycled concrete with varying percentage 

of recycled aggregates are measured respectively by the use of ordinary forced mixing and 

vibration mixing. When tests prepared, the aggregate feeding order is recycled aggregate, new 

aggregate, cement, fine aggregate and water; the mixing time is 60s; the behaviour of the newly 

mixed concrete is obtained; after being cured in the same conditions, the mechanical behaviour of 

the concrete and micro-structures are also obtained. In accordance with standard for test method of 

performance on ordinary fresh concrete (GB/T 50080-2011), the apparent density, mobility, 

cohesiveness, water retention and air content are measured for fresh concrete to study the 

influence of vibration on the behaviours of fresh concrete. On the basis of standard for test method 

of mechanical properties on ordinary concrete (GB/T 50081-2011), the compressive strengths of 7d, 

14d and 28d of recycled concrete test blocks, are measured to study the effect of vibration on the 

behaviours of recycled concrete. After the blocks are cut, scoured, polished, and dried, the 

processed blocks are then scanned by JSM-6390A, and the SEM diagrams of 500 and 6000 times 

are obtained to investigate the effect of vibration on the micro-structures of recycled concrete.  

EXPERIMENTAL RESULTS 

Influence of vibration on the behaviours of fresh recycled concrete 

For different percentages of recycled aggregates, through ordinary forced mixing and 

vibration mixing, the average apparent densities of fresh concrete are shown in Figure 5, the 

average slumps shown in Figure 6, and air contents shown in Figure 7. From Figure 5, the apparent 

densities of recycled concrete mixed by the above mixing methods tend to a little decrease with the 

varying recycled aggregate contents. The apparent density of recycled concrete mixed by forced 

mixing drops by 3.75% for 0 aggregates and 50% aggregates, and the apparent density mixed by 

vibration mixing drops by 2.92%; for the same percentage of recycled aggregates, the apparent 

density mixed by vibration mixing is higher than that by forced mixing; when the percentage of 

recycled aggregates is 50%, the apparent density is 1.07% higher than that mixed by forced mixing, 

which indicates that the vibration mixing will bring about an obvious purification of aggregates 

surface; the vibration can reduce the internal frictions between aggregate particles; the cement  

pastes can fill the pores, micro-cracks in recycled aggregates and restrain the decrease of the 
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apparent density for recycled concrete. From Figure 6, the recycled aggregates significantly 

influence the slump of recycled concrete. By the use of ordinary forced mixing, the slump loss is 

very fast with the increase of recycled aggregate contents, and the slump loss is 90% when the 

percentage of recycled aggregates is 50%; the vibration mixing can evidently improve the slump 

loss of recycled concrete, although the slump of newly mixed recycled concrete is 30% lower than 

that of ordinary concrete; however the slump of recycled concrete mixed by vibration mixing is the 

same as that of ordinary concrete mixed by forced mixing; the slump has no visible change when 

the percentage is 50%; this is because the vibration mixing destroys the structures of cement 

agglomeration and water cluster thus to form smaller cement particle and water cluster particle and 

increase the activity the cement particles and water, then leading to a sufficient hydration; the 

vibration mixing purifies the recycled aggregates surface, peels off some residual mortar, reduces 

the water absorbing capacities of recycled aggregates, increases the free water, reduces the slump 

loss of recycled concrete and improves the mobility. From Figure 7, compared to the recycled 

concrete mixed by ordinary forced mixing, the air contents of recycled concrete mixed by vibration 

mixing is obviously increased; for different percentages of recycled aggregates, the air contents are 

respectively increased by 66.7%,18.2% and 42.9%; the mixing of blades can wrap the big bubble 

into the aggregates, the vibration can decompose the big bubble into small bubble kept in the 

recycled concrete, further improving the air contents of recycled concrete, which can easily satisfy 

the engineering requirements for air contents. The increase of air contents in recycle concrete is a 

commonly adopted method to improve the durability of concrete [9]. Therefore, the vibration mixing 

can increase the air contents of fresh recycled concrete and can contribute to the improvement of 

concrete durability.  
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Fig. 7 - Air content with different mixing methods 

Influence of vibration on the compressive strength of recycled concrete 

For different percentages of recycled aggregates, the compressive strengths of 7d, 14d and 

28d for hardened concrete with different mixing methods are shown in Table 4. From Table 4, in 

contrast to ordinary concrete without recycled aggregates, whether the recycled concrete is mixed 

by ordinary forced mixing or vibration mixing, the compressive strengths of recycled concrete blocks 

equally tend to fall; the compressive strength decreases with increasing the percentage of recycled 

aggregates. For 50% recycled aggregate content, the compressive strength of 28d for recycled 

concrete mixed by ordinary forced mixing is reduced by 23.4% and the compressive strength by 

vibration mixing is reduced by 24.2%. The compressive strength depends on the strength of 

aggregates, the strength of cement stone, and the bond strength of interface between them. Since 

the aggregate and cement stone have a higher strength, undoubtedly the failures frequently occur 

at the interface, which is the weakest location [10,11]. For recycled concrete, the interfaces of 

recycled concrete not only include the interfaces between the old aggregates and old cement paste, 

but also include the new interface between the new cement paste and old cement paste. With the 

increase of recycled concrete contents, the weak interfaces are more and more, and thus the 

recycled concrete is more susceptible to fail, which just illustrates the lower compressive strength of 

recycled concrete. For the same percentage of recycled aggregates, the compressive strength 

mixed by vibration mixing is higher than that by forced mixing. At 25% recycled aggregate content, 

the compressive strength of recycled concrete mixed by vibration mixing is 17.5% higher than that 

by ordinary forced mixing. At 50% recycled aggregate content, the compressive strength of recycled 

concrete mixed by vibration mixing is 12.1% higher than that by ordinary forced mixing. The 

vibration mixing can exert forced mixing and vibration energy to aggregates, the movement velocity 

of aggregate particles will increase and attain a macroscopic uniformity; in the meanwhile, the 

aggregates will be in a chattering state so that the collision of aggregate particles will purify the 

recycled aggregates surface, and spall some residual cement pastes; the vibration energy will 

destroy the cohesive structures of cement, the area of hydration will increase, the hydration 

products will increase, the movement velocity of hydration products attached to recycled 

aggregates surface will accelerate, and fill the pores and micro-cracks, to repair the recycled 

concrete, the bond strength and the compressive strength will be enhanced. 
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Tab. 4 -  Compressive strength with different mixing methods 

 

Percentage 

of recycled 

aggregate 

content/% 

Ordinary forced mixing Vibration mixing 

7d 

Compressive 

strength/MPa 

14d 

Compressive 

strength 

/MPa 

28d 

Compressive 

strength 

/MPa 

7d 

Compressive 

strength 

/MPa 

14d 

Compressive 

strength 

/MPa 

28d 

Compressive 

strength 

/MPa 

0 20.77 23.34 28.56 21.85 26.76 32.36 

25 18.65 20.35 22.23 19.25 23.98 26.94 

50 17.10 19.89 21.88 17.86 21.79 24.53 

 

Influence of vibration on the microstructures of recycled concrete 

Through different mixing method, the recycled concrete with different recycled aggregate 

contents is cured for 28d. The SEM specimens of 8 mm×8 mm×5 mm are prepared by cutting 

apparatus; the specimens are subjected to scouring, polishing, and drying, and the specimens are 

sprayed with metal to ensure the conductivity. The SEM diagrams of 500 times and 6000 times for 

specimens are obtained as shown in Figure 8 and Figure 9. 

The inherent pore cracks of recycled aggregates and the water absorbability of the residual 

mortar will give rise to difficult realization of microscopic uniformity of recycled concrete with the 

water cement ratio used in ordinary forced mixing. From Figure 8(a), in the identical curing 

conditions the microscopic hydration of recycled concrete specimens is not uniform by ordinary 

forced mixing method; the pores and cracks of concrete are densely distributed, composing series 

of big, medium and small cracks which are connected each other like a net, which will affect the 

strength of recycled concrete. It is indicated that the uniformity of microscopic water cement ratio is 

bad; under the action of ordinary forced mixing, the cement paste is present of cement 

agglomeration and water cluster; the water absorbing capacity of recycled concrete is a bit higher, 

and the water is transferred from cement pastes to recycled aggregates, which further leads to that 

the hydration reaction around recycled aggregates has a larger water cement ratio, and the region 

far from recycled aggregates has a smaller water cement ratio; thus the hydration velocities at each 

region is not uniform when the strength of concrete is initiated, and the inconsistent velocities will 

induce dense cracks. From Figure 8(b), the phenomenon of densely distributed pore cracks does 

not occur in the recycled concrete mixed by vibration mixing; the hydration of concrete surface is 

uniform and compact, which indicates that the vibration can break cement agglomeration and water 

cluster; the hydration of cement paste is sufficient and the microscopic water cement ratio is of 

recycled concrete is uniform; during the curing process, the consistent hydration velocity can thus 

improve the strength of recycled concrete, which can avoid the phenomenon of dense cracks. From 

Figure 9, the microscopic interface of recycled concrete mixed by vibration mixing is more tight than 

that by ordinary forced mixing; the granular and cluster C-S-H gels contributing to bond strength are 

more, the flake and plank crystals with smaller contribution are less, which indicates that the 

destruction of cement agglomeration and water cluster provides a favourable environment for the 
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formation of the C-S-H gels, it is favourable for needle-like, stick-like ettringite, and the granular and 

cluster C-S-H gels to generate, which can improve the microscopic structures and strength of 

recycled concrete.  

 

                

(a) Ordinary forced mixing                       (b) Vibration mixing 

Fig. 8 - 500 times SEM diagrams of recycled concrete aggregates 

 

                 

(a) Ordinary forced mixing                       (b) Vibration mixing 

Fig. 9 - 6000 times SEM diagrams of recycled concrete aggregates 

CONCLUSIONS 

(1)   The influence of vibration mixing on the behaviours of fresh recycled concrete is of great 

significance; the apparent densities of newly mixed recycled concrete tends to decrease with 

increasing the recycled aggregate contents; for the same percentage of recycled aggregates, the 

vibration mixing can improve the reduction phenomenon of apparent density; the vibration mixing 

can considerably reduce the slump loss of recycled concrete, and improve the mobility of recycled 

concrete; the vibration mixing can remarkably increase the air contents of recycled concrete and 

thus improve the durability of recycled concrete.  
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(2)   Whether mixed by ordinary forced mixing or by vibration mixing, with the increase of the 

recycled aggregate contents, the compressive strengths tend to descend; for the same percentage 

of recycled aggregates, the compressive strength of recycled concrete mixed by vibration mixing is 

higher than that by ordinary forced mixing, which indicates that the vibration mixing can improve the 

mechanical behaviour of recycled concrete.  

(3)   By the utilization of ordinary forced mixing, the microscopic hydration reaction of recycled 

concrete specimens is not uniform, and the pore cracks are densely distributed; however, by the 

utilization of vibration mixing, the hydration of specimens surface is uniform without densely 

distributed pore cracks, and the structure of the microscopic interface is tight, followed by the 

formation of needle-like, stick-like ettringite, and the granular and cluster C-S-H gels, which shows 

that the hydration reaction by vibration mixing is more uniform and provide a favourable condition 

for C-S-H gels to form and can furthermore improve the microscopic structure and strength of 

recycled concrete.  
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ABSTRACT 

The grouting method has been widely adopted to improve the soft and broken ground 
properties in tunnelling engineering. This paper carries out numerical and experimental 
investigation to study the diffusion characteristics of grout in layered fault, considering the influence 
of flowing water and multiple injections. The fault is simplified to consist of (1) fault gouge, (2) fault 
breccia and (3) mixed area. It can be concluded that the grout shows significantly different diffusion 
characteristics in fault breccia and mixed area, moreover, due to the scouring effect of flowing 
water, grout has greater diffusion tendency in the direction of the water. In the case of single 
injection, the grout diffusion distance in mixed area was between 75.86 % and 88.10 % of that in 
fault breccia, while it was 59.8 % when multiple injections were carried out. It appeared that, the 
higher the injection pressure, the grout diffusion priority in fault breccia is greater. It can be also 
concluded that the pressure dissipated gradually from the injection hole to periphery, and the 
pressure dissipation in mixed area is faster than that in fault breccia. The results of experiment 
match reasonably well with numerical simulation, furthermore, the grouting reinforcement mode for 
layered fault medium are proposed. These conclusions can be used to better understand grouting 
theory. 

KEYWORDS 
 Grouting, Layered fault medium, Grout diffusion characteristics, Reinforcement mode 

 

INTRODUCTION 
With the rapid development of tunnelling and underground engineering in China, weak rock 

masses such as fault which tends to have complex lithology, rich groundwater and low strength, 
are commonly encountered by excavation, resulting in susceptibility to groundwater and mud 
inrush [1,2]. 

For safety purposes, the grouting method [3,4] has been one of the most popular methods 
that used to improve the permeability and strength resistance of fault, and to avoid associated 
negative effects. However, due to its high complexity, our current understanding of grout diffusion 
theory [5] especially for fault is still limited and therefore, there is a lack of an effective theoretical 
framework for grouting scheme design. 

To our knowledge, by using theoretical, numerical and experimental approaches, current 
studies on grout diffusion theory have focused on the interaction between grout and medium, 
description of diffusion mode as well as calculation of diffusion radius, and also the influence of key 
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factors including injection pressure, injection rate and grout properties on them. For example, 
Houlsby [6] presented a model to describe the propagation of grout in a single fracture. Gothäll and 
Stille [7], Eisa [8], and Tirupati [9] investigated the grout diffusion characteristics in porous media 
by adopting model experiment. Silas and Deborah [10], Adam [11,12] proposed theoretical models 
for compensation grouting in sand, which can be used to calculate the width-to-length ratio of the 
fracture induced in the grout injection. 

Various researchers and engineers have contributed to further increase our understanding 
of grout diffusion theory. However, little is known about grout diffusion characteristics in layered 
fault medium, especially taking into consideration the influence of flowing water and interaction 
between multiple injections.  

This study aims to obtain knowledge on the propagation of grout in layered fault medium, 
under the influence of flowing water and multiple injections. With the purpose of simplifying 
complicated geological conditions in engineering, a simplified model for layered fault medium is 
proposed and adopted in this investigation. 

 

SIMPLIFIED GROUTING MODEL 

Engineering situation 

Yonglian tunnel [13, 14] with a length of more than 2500 m is located at Lian’hua City, in 
Jiangxi Province, China, with a lot of faults and secondary faults such as fault-2. With rich 
groundwater, strong weathered sandstone and shale, the fault-2 tends to have low strength and 
has induced a large number of groundwater and mud inrush during excavation, seriously threating 
the safety of tunnel construction. Therefore, it is very necessary to reinforce weak rock masses by 
grouting method to meet the requirements of tunnel excavation. 

After carrying out geological prospecting by boreholes, it was found that the fault medium 
was mainly composed of fault breccia and fault gouge, with significant stratification phenomenon. 
To simplify the complicated geological conditions of fault-2, a simplified model consisting of fault 
gouge, fault breccia and mixed area, named as the grouting model for layered fault medium, is 
proposed, as shown in Figure 1. In addition, the conditions including flowing water, single grouting 
as well as multiple grouting (three holes), are taken into consideration. 

 
Fig.  1 – Schematic diagram of the grouting model for layered fault medium (unit: cm)  
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By performing in-situ sampling and laboratory tests, the properties of layered fault medium 
were measured and are therefore summarized in Table 1. 

 

Tab.1 – Properties of layered fault medium 

Medium type Porosity Permeability (m2) Density (kg/m3) 

Fault breccia 0.5 1e-10 2.2e3 

Fault gouge 0.3 2.89e-13 1.85e3 

Mixed area 0.4 1e-11 1.95e3 

 

Software selection and control equation 

On the basis of finite element method, the COMSOL Multiphysics [15], has been one of the 
most popular software that used to better calculate, describe and simulate various physical 
phenomena, by solving partial differential equations under the conditions of multi-physics coupling. 
This paper selected the porous media and groundwater flow Darcy's law, which belongs to the fluid 
flow module, to carry out related numerical analysis.  

The basic assumptions of two-phase seepage Darcy's law are as follows.  

(1) The injected medium is homogeneous and isotropic, which cannot be compressed. 

(2) The groundwater flow and grout, which are taken as incompressible Newtonian fluid, 
are assumed to follow the Darcy's law in the seepage process. 

(3) The influence of gravity and capillary water pressure are not taken into consideration. 

Equation 1 and Equation 2 [16] show the control equations of two-phase seepage Darcy's 
law under two-dimensional conditions. 
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Where K0 = permeability coefficient of grout; Kw= permeability coefficient of water; 
0 = viscosity 

coefficient of grout; 
w = viscosity coefficient of water; p = pressure tensor; S0 = saturation of grout; 

Sw = saturation of water, and S0+Sw=1;  = porosity of injected medium. 

Calculation model and boundary conditions 

Generally, the fault in actual engineering tends to have a large size. However, in order to 
verify the rationality and correctness of numerical simulation results, model experiment should be 
performed and therefore, the sizes of models that adopted in numerical simulation and model 
experiment should be consistent. 

Taking into account the feasibility of the model experiment, the two-dimensional square 
calculation model with the dimensions of 60 cm × 60 cm was adopted, as shown in Figure 1 and 
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Figure 2. The calculation model was equally divided into five parts: (1) fault gouge; (2) mixed area; 
(3) fault breccia; (4) mixed area and (5) fault gouge. 

 

  
(a) Single grouting          (b) Multiple grouting 

Fig.  2 – Calculation model 

In the case of single grouting, the grouting hole with a radius of 1 cm was located at a depth 
of 30 cm from the upper boundary, and when multiple grouting was performed, the other two 
grouting holes were located at a depth of 18 cm and 24 cm from the upper boundary, respectively. 

The freedom triangular grid was applied, moreover, the grid around the grouting holes was 
densified to improve calculation accuracy. 

Based on the actual conditions of both engineering and experiment, the upper boundary 
was set for a stable water head with a height of 2 m, and the lower boundary was the exit 
boundary. In addition, the left and right boundary were impermeable. 

 

Grouting parameters selection 

The cement and sodium silicate grout (abbreviated as C-S grout), which is one of the most 
common grout in engineering, was selected for both numerical simulation and experiment, ignoring 
the influence of the time-varying characteristics of viscosity. Table 2 shows the properties of water 
and C-S grout. 

 

Tab.2 – Properties of water and C-S grout 

Materials Density (kg/m3) Viscosity (Pa·s) 

C-S grout 1500 0.06 

Water 1000 0.001 

 

According to the actual engineering conditions and equipment performance, the simulation 
of grout diffusion characteristics in layered fault medium was carried out at a total of four injection 
pressure levels (p = 0.6 MPa, 0.8 MPa, 1 MPa and 1.2 MPa). 
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Numerical simulation results and analyses 

Results of single grouting 

Diffusion mode of grout 

By using the volume fraction method to describe the distribution of grout, when t = 10 s, 30 
s, 50 s, 90 s, 130 s and 200 s, respectively, the diffusion mode of grout is shown in Figure 3. 

 

   

(a) t=10 s                            (b) t=30 s                             (c) t=50 s 

   

(d) t=90 s                            (e) t=130 s                          (f) t=200 s 

Fig.  3 – Diffusion mode of grout at different times 

The grout diffusion characteristics in fault breccia and mixed area is summarized as follows. 
In the initial stage, the grout propagates in fault breccia with an approximately circular shape and a 
high velocity (Figure 3a). The boundaries between the fault breccia and mixed area start to play a 
controlling role for the propagation of grout from 30 s (Figure 3b), resulting in a lower propagation 
velocity in mixed area. Therefore, due to different propagation tendency and velocity, the grout 
shows significantly different diffusion characteristics in fault breccia and mixed area from 30 s to 
200 s. 

 

The influence of injection pressure on final diffusion mode of grout 

Figure 4 shows the final diffusion mode of grout under the conditions of four injection 
pressure levels (p = 0.6 MPa, 0.8 MPa, 1 MPa and 1.2 MPa). 
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(a) p=0.6 MPa                                    (b) p=0.8 MPa 

 

(c) p=1 MPa                                    (d) p=1.2 MPa 

Fig.  4 – Final diffusion mode of grout under four injection pressure levels 

 

It can be concluded from Figure 4 that the grout preferentially propagate in fault breccia, 
followed by the mixed area. In addition, due to low porosity and injection pressure, as well as far 
from the grouting hole, the propagation tendency of grout in fault gouge is not obvious. Therefore, 
in order to characterize this kind of difference of grout propagation, the concepts of (1) diffusion 
distance in fault breccia (Sb), (2) diffusion distance in mixed area in the reverse direction of the 
water (Sm1), (3) diffusion distance in mixed area in the direction of the water (Sm2) and (4) diffusion 
distance difference (Sd) are proposed, respectively, whose schematic diagram are shown in Figure 
5. Moreover, it is noted that Sd refers to the difference between diffusion distance in fault breccia 
and diffusion distance in mixed area.  

The values of Sb, Sm1, Sm2 and Sd versus injection pressure are also shown in Figure 5. 
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Fig.  5 – The values of Sb, Sm1, Sm2 and Sd with injection pressure varying 

 

It can be found that the values of Sb, Sm1 and Sm2 increase gradually with injection pressure 
increasing. For example, as the injection pressure increases from 0.6 MPa to 1.2 MPa, the values 
of Sb, Sm1 and Sm2 increased by 109.82 %, 76.22 % and 60.98 %, respectively, which is because 
increasing injection pressure provides greater driving force for grout propagation.  

The values of Sb and Sd vary between 11.63 and 18.71 cm, 1.38 and 4.52 cm, respectively, 
indicating that the higher the injection pressure, the grout diffusion priority in fault breccia is 
greater. In general, the grout diffusion distance in mixed area is between 75.86 % and 88.10 % of 
that in fault breccia, and this is because the fault breccia tends to have better inject ability, with 
higher porosity and permeability. 

Besides, under same injection pressure conditions, the value of Sm1 is less than that of Sm2, 
for example, they are 6.62 cm and 7.75 cm respectively when the injection pressure is taken as 1 
MPa, i.e. grout has greater diffusion tendency in the direction of the water, which is caused by the 
scouring effect of flowing water.  

 

Pressure dissipation in layered fault medium 

Figure 6 shows the pressure contours in layered fault medium under the conditions of four 
injection pressure levels. It is found that the pressure dissipates gradually from the injection hole to 
periphery, and this is because the grout need to overcome the influence of pore water pressure, 
viscous resistance, frictional resistance and other factors in the process of propagation. Moreover, 
in comparison with fault breccia, the pressure contours in mixed area are denser, indicating that 
the pressure dissipation velocity in mixed area is higher, which is caused by greater resistance. 
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(a) p=0.6 MPa                                              (b) p=0.8 MPa 

 

(c) p=1 MPa                                                (d) p=1.2 MPa 

Fig.  6 – The pressure contours in layered fault medium 

 

Results of multiple grouting 

In actual engineering, multiple grouting is commonly carried out to get greater 
reinforcement range and better reinforcement effect. Due to different locations of grouting holes 
and geological conditions, the grout tends to show different diffusion characteristics. Therefore, 
simulation is performed to investigate the diffusion characteristics of grout in multiple grouting.  

Multiple grouting is carried out synchronously, with the injection pressure set as 1 MPa, 
also taking into the consideration the effect of flowing water. Figure 7 shows the diffusion mode of 
grout at different times. It can be found that the grout still showed significantly different diffusion 
characteristics in fault breccia and mixed area, which is summarized as follows.  

Both in fault breccia and mixed area, the grout propagates with an approximately circular 
shape, whereas the former has a larger diffusion range, e.g. when t=10 s, their diffusion ranges are 
311 cm and 2.29 cm, respectively. The grout from three grouting holes begins to intersect and 
interact with each other from 50 s, and the grout from boundary hole reaches the range that other 
two holes cannot cover. Finally, the effective diffusion distance of grout in fault breccia is 13.89 cm, 
whereas it is 8.31 cm in mixed area. 
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(a) t=10 s                         (b) t=30 s                              (c) t=50 s 

 

(d) t=70 s                         (e) t=90 s                              (f) t=110 s 

 

(g) t=130 s                        (h) t=150 s                          (i) t=200 s 

Fig.  7 – Diffusion mode of grout at different times in multiple grouting 

 

EXPERIMENTAL INVESTIGATION 

Experimental set-up 

Figure 8 shows a picture of the experimental set-up, which is composed by (1) grouting 
equipment, (2) data acquisition system, (3) layered medium simulation device and (4) water supply 
device. A manual pump was used to carry out grouting with small velocity and high pressure. Data 
acquisition system consists of soil pressure transducers, pore pressure transducers and matched 
data acquisition equipment. 
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Fig.  8 – Picture of the experimental set-up 

For the sake of convenience for assembling, filling medium and excavation after grouting, 
the layered medium simulation device is composed of three cells (inside dimensions: 60 cm × 60 
cm × 20 cm), which is made up of steel plate with a thickness of 1 cm. In addition, to meet the 
requirements of bearing high pressure, the cells were fixed by high strength bolts and sealed by 
sealant.  

Two reservoirs with a volume of 15 L were positioned above the layered medium simulation 
device at a height of 2 m, providing stable flowing water conditions. 

 

Experimental design and materials  

Materials including fault breccia and fault gouge used to simulate the layered fault medium 
were obtained from Yonglian tunnel, whose grain composition and properties are shown in Table 3 
and Table 4, respectively. The mixed area was made up of fault breccia and fault gouge with a 
ratio of 1:1. 

Tab.3 – Properties of fault gouge [17,18] 

Optimum moisture 
content (%) 

Maximum dry density 

(g · cm
－3) 

Liquid limit 

(%) 

Plastic limit 

(%) 
Plasticity index 

23.1 1.7 48.3 25.6 22.7 

Tab.4 –  Grain composition of fault breccia 

Grain size 

(mm) 
2.5 ~ 5 1.25 ~ 2.5 0.63 ~ 1.25 0.315 ~ 0.63 0.16 ~ 0.315 0.08 ~ 0.16 < 0.08 

Content 
(%) 

74.03 69.41 54.70 33.36 13.18 9.03 1.43 

The fault gouge, mixed area and fault breccia were filled into the layered medium 
simulation device in sequence, ranging from (1) 0 ~12 cm, (2) 48~60 cm and 24 ~ 36 cm, (3) 
12~24 cm and 36~48 cm. 
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Consistent with the numerical simulation, C-S grout (1:1) was selected for experimental 
investigation, which was injected into the container through single grouting hole, with an injection 
pressure of 1 MPa, as shown in Figure 9. 

 

 

Fig.  9 – Picture of grouting process 

Experimental results 

Diffusion mode of grout 

Excavation was carried out after curing of 24 hours and therefore, the diffusion mode of 
grout is shown in Figure 10. 

 

Fig.  10 –  Picture of grout diffusion mode 

With an injection pressure of 1 MPa, the values of Sb, Sm1 and Sm2 are shown in Table 5. 

 

Tab.5 –  Comparison of numerical and experimental results 

Type Sb (cm) Sm1 (cm) Sm2 (cm) 

Numerical results 16.89 6.62 7.75 

Experimental results 30 7.85 8.38 
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It can be concluded from Table 5 and Figure 10 as follows. In the longitudinal direction, the 
experimental and numerical results are approximate, with the former 15.7 % and 7.6 % larger than 
the latter. However, there was an obvious boundary effect in the transverse direction (Sb), with the 
experimental results significantly larger than the numerical results. This is because it is difficult to 
ensure the uniformity of materials when filling into the container, resulting in possible weak 
interface in which grout will preferentially propagate. However, as a whole, the experimental results 
agree with the numerical results well, i.e. the grout preferentially propagate in fault breccia, 
followed by the mixed area. 

Reinforcement mode of grout  

By excavation, it can be also found that grout has different reinforcement mode for fault 
breccia and mixed area, which has been classified into two types as follows. Due to large porosity, 
grout penetrates into the fault breccia to cement particles (Figure 11a), whereas the mixed area 
has small porosity, therefore, in addition to permeation effect, grout tends to fracture the medium 
and form veins to play a supporting role (Figure 11b). 

 

 
(a) Permeation effect 

 
(b) Permeation and fracturing effect Fig.  11 –  Picture of grout reinforcement mode 

 

Permeation  

Fault breccia  

Fracturing  

Mixed area  

Permeation  
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CONCLUSION 

On basis of the current investigation, conclusions can be drawn as follows. 

A simplified grouting model for layered fault medium is proposed, composed of (1) fault 
gouge, (2) fault breccia and (3) mixed area. 

In the case of single grouting, the grout diffusion distance in mixed area was between 75.86 
% and 88.10 % of that in fault breccia, while it was 59.8 % for multiple grouting. The concepts of 
Sb, Sm1, Sm2 and Sd are proposed to characterize propagation difference of grout in layered fault 
medium, whose relationship with injection pressure is also analysed. 

The pressure dissipated gradually from the injection hole to periphery, and the pressure 
dissipation in mixed area is faster than that in fault breccia. 

Experimental investigation was performed, whose results correspond well with what was 
found in numerical simulation. 
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ABSTRACT 

Through the years, the seismic resistance of underground structures has attracted more and 

more attention, and dynamic characteristics of metro station is one of the most important issues. In 

this article, the 3D numerical model of Zhang Wangqu metro station along Metro Line 5 in Xi'an is 

established to study on seismic dynamic response of roof, floor, columns and beams in the 

island platform metro station. Compared with the earthquake damage of Dakai metro station in the 

Kobe M7.2 Earthquake and the shaking table test of metro station in loess area, results reveal that 

horizontal acceleration can reflect seismic wave characteristics under the horizontal seismic wave; 

the maximum relative displacement of roof and floor, the maximum axle force and shear force at 

transfer node are bigger than the standard section and reduce with the increase of buried depth; the 

maximum axle force and shear force of columns increases from top to bottom. The 

island platform metro station should focus on the structural settings of transfer node, and the 

columns and beams here must select materials with greater strength. 

KEYWORDS 

Dynamic characteristics, Xi’an Metro, 3D numerical model, Island platform metro station, 

Transfer node, Dynamic seismic analysis 

INTRODUCTION 

With the rapid development of China’s economy, the ground transportation system can no 

longer meet the demand of passenger transportation in urban traffic, and the development of Urban 

Rail Transit System with underground railway as the backbone is the main way to solve the traffic 

problems in big cities. Due to restrained effect of soil layer, compared with the ground structures, 

seismic performance of the underground structures is stronger, and its seismic capacity strengthens 

with the increase of buried depth. Due to the short history of underground constructions, the 

dynamic response and seismic research of underground structures is not enough. While the Kobe  

mailto:hesiyue@chd.edu.cn
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M7.2 Earthquake of Japan in 1995, the Chi Chi M7.6 Earthquake of Taiwan in 1999, the 

Wenchuan M8 Earthquake of Wenchuan in 2008, the metro stations were seriously damaged, the 

ground sank, the columns and beams cracked and collapsed; the study of seismic response and 

seismic resistance of underground structures is gradually improving. In recent decades, the 

research on metro station seismic resistance has focused on theoretical research, shaking table 

test and numerical simulation. For theoretical research, Zhuang [1], Liu [2], and Wang et al. [3] 

utilized the seismic response displacement method of soil-structure interaction and nonlinear 

analysis of equivalent inertial force method to correct the calculation theory of FEM and improve the 

seismic response system of metro station. For shaking table test, Yang [4], Bian [5], Jing [6], Chen 

[7], Zhuang [8], Chen [9], and Quan et al. [10, 11] carried out shaking table test of metro station on 

liquefiable foundation and studied the seismic response of three-arch and multi-storey metro station 

in loess region. For numerical simulation, Parra-Montesinos [12], Du [13], and Liu et al. [14] 

combined the destruction of Dakai metro station by Kobe M7.2 Earthquake of Japan in 1995 and 

used FEM to establish numerical model, analysed the mechanism of earthquake damage at 

different location of the metro station. Liu [15], and Bao et al. [16] used FEM to establish numerical 

model for metro station in the liquefiable soil layer, and studied the seismic response of metro 

station under horizontal and vertical seismic waves. Wang [17], Zhuang [18], and Li et al. [19] used 

FEM to establish numerical model for metro station in soft soil, and analysed the seismic response 

and failure mechanism of metro station with different depths, layers and structures. For 

comprehensive analysis, Chen [20, 21] and Moghadam et al. [22] carried out shaking table test and 

used FEM to establish numerical model for test, compared the results of shaking table test and 

numerical simulation, and studied the seismic response of metro station deeply. These studies are 

based on structural dynamics, mainly study the seismic responses of the columns and some 

structures of metro station, and do not analyse the difference between the seismic response of 

metro station with different structures, so there is no systematic and comprehensive analysis of the 

earthquake response of the island platform metro station. 

China is between the Eurasian seismic belt and the Pacific seismic belt, the earthquake is 

frequent, and loess is widely distributed. Loess has the special structure of columnar joints, large 

pores, weak cementation and special sensitivity to water, which makes the earthquake damage in 

loess area very serious. Xi’an Metro is the first subway project to build in the loess area, and there 

have been three earthquakes above magnitude 7 and eleven earthquakes above magnitude 6; the 

island platform metro station has the advantages of economical use, large capacity, etc., and has 

been widely adopted, so the seismic response analysis of island platform metro station in Xi’an is of 

great significance.  

BACKGROUND 

Zhang Wangqu metro station is the ninth station of the Metro Line 5 in Xi’an and located on the 

east intersection of the Kunming Road and the Feng Jing Avenue [23, 24]. The metro station is two 

layers excavated island platform station and total floorage is 17,386 m², the main building area is 

12,414 m², and the ancillary floor area is 4,972 m². The metro station is provided with four entrances, 
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two groups of wind pavilions, and a safe entrance. The total length is 245.25m, overall width of 

standard section is 22.7 m, the depth of metro station is 14.34～16.121 m, and thickness of 

covering soil is 2～4 m, the main design parameters are shown in Table 1. The reinforced concrete 

frame structure with double columns and three-span is used in the metro station, the standard 

section is divided into two layers, as shown in Figure 1(a), and the transfer joint is divided into three 

layers, as shown in Figure 1(b). 

According to geological investigation, landforms along the metro station are divided into the 

Weihe bench land, the Feng He River bed, and the primary alluvial terrace and residual two stage 

alluvial terrace. The geological exploration depth is within 50.0 m, and the stratum is mainly 

quaternary accumulation, new artificial fill (Q4ml), loess, medium sand and silty clay (Q4al+pl), and silty 

clay (Q3pl). The floor of the metro station is located in the medium sand layer. The thickness of the 

surface filling layer is about 0.40～1.50 m, the main ingredients are crushed brick and concrete, 

mainly for the construction waste. The thickness of plain filling layer 0.40～12.80 m, the main 

components is the silty clay, containing a small amount of ash and slag brick, sand, uneven soil, 

mainly for road backfill of the Keyuan Road and site backfill of the Qili town in Xi’an. 

Tab. 1 - Design parameters of the Zhang Wangqu station 

Item Zhang Wangqu station 

Metro station structure Island platform metro station (Two layers and L type transfer) 

Construction method Open Cut Method 

Total length 245.25 m 

Total width 22.7 m 

Thickness of soil 2～4 m 

Depth of metro station Depth of floor 1 5m（Local depth 22 m） 

Main column distance 9.75 m 
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(a) Cross section of standard structure 

 

(b) Cross section of transfer joint 

Fig. 1 - Section of subway station 

NUMERICAL MODEL 

Based on the Midas-GTS software, numerical analysis is carried out, the rock mass in the 

numerical model is simulated with solid element, and the constitutive model uses the 

Mohr-Coulomb to consider nonlinear deformation; the columns and beams are simulated by beam 

element, the exterior wall and floor are simulated with plate elements, and the constitutive model 

uses the linear elastic model. The concrete strength grade of roof, floor, the exterior wall is C30; the 

concrete strength grade of columns and beams is C45; the grade of steel is HRB400. In the  
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horizontal direction, the distance between the artificial boundary and the underground structure of 

the numerical model is 3 times the effective width of the metro station; in the vertical direction, the 

distance between artificial boundary and the numerical model is 3 times the effective height of the 

metro station. The length of the numerical model is 586 m, width is 253 m, height is 47 m, the soil 

layers are divided into six layers, from the top to bottom are filling soil, loess soil, silty clay 1, 

medium sand 1, silty clay 2, and medium sand 2. The unit size is between 1/10 and 1/8 of the 

maximum wavelength of the input wave [25], the whole numerical model is divided into 133,655 

nodes and 123,405 units. The material parameters of the soil layers are shown in Table 2, and the 

material parameters of the metro station structure are shown in Table 3, the finite element network 

of the whole system is shown in Figure 2, the detail structure of metro station and measuring points 

layout are shown in Figure 3(a), the beams, columns and measuring points layout of the metro 

station are shown in Figure 3(b). 

Tab.2 - The material parameters of the soil layers [26] 

Soil type 
Depth 

/m 

Density/

g•cm-3 

Shear wave 

velocity/m•s-1 

Longitudinal wave 

velocity/m•s-1 

Dynamic modulus 

of elasticity/MPa 

Dynamic shear 

modulus/MPa 

Poisson's 

ratio 

Filling soil 3.5 1.9 210.3 378.1 293.8 101.3 0.33 

Loess soil 4 2 107.5 187.9 162.4 56 0.26 

Silty clay 1 4.3 1.9 405.8 763.2 568.1 195.9 0.4 

Medium sand 1 8.9 1.9 210.4 374.8 290.9 100.3 0.32 

Silty clay 2 6.3 1.9 619.6 1176.3 870.7 290.3 0.3 

Medium sand 2 20 1.9 312.5 580.4 416.1 148.6 0.32 
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Tab. 3 - Material parameters of metro station 

Component Unit weitht/kN•m-3 Modulus of elasticity/GPa Poisson’s ratio Size/m 

Exterior wall 24 31 0.2 a 

Roof 24 31 0.2 b 

Beams 24 31 0.2 0.6*0.6 

Columns 24 2.4 0.2 0.7*1.2 

First floor 24 31 0.2 c 

Second floor 24 31 0.2 d 

Third floor 24 31 0.2 e 

 

Fig. 2 - The finite element network of the whole system 

 

(a) Measuring points layout of metro station 

Fig.3 - Detail structure and measuring points layout and beams and columns of metro 

station 
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(b) Beams and columns of metro station 

Fig.3 - Detail structure and measuring points layout and beams and columns of metro station 

BOUNDARY CONDITIONS AND DAMPING SETTINGS 

For the limited range of computing areas, the wave energy will be reflected on the artificially 

boundary under the action of seismic waves, causing the wave to oscillate, resulting in simulated 

distortion [27-30]. To solve the problem of wave reflection on the boundary of numerical model, the 

boundary conditions adopt the viscoelastic absorbing boundary proposed by Deeks et al. [25]. The 

viscoelastic boundary can not only simulate the radiation damping of the foundation, but also 

simulate the elastic recovery performance of the earth medium, and it has good low frequency 

stability, the vertical ground response coefficient and horizontal ground reaction coefficient are as 

Formula 1 and Formula 2, the reaction coefficient of foundation is 1 [31-32]. In eigenvalue analysis, 

the first ten order values are taken, among them, the first and second order of mass participation 

coefficient is highest, the characteristic cycles are 1.059 s and 0.999 s; Rayleigh damping is used in 

the time-history analysis of the numerical model, the fixed bottom condition is selected, and its 

damping are calculated as Formula 3 and Formula 4. 
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Av and Ah are the cross sectional area of vertical and horizontal element, respectively. E0 is the 

modulus of elasticity of the soil, α is 1.0. 
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E is the modulus of elasticity of the soil, v is the Poisson’s ratio, A is the boundary area. That is 

the area of the boundary on both sides of the model. 

SEISMIC WAVE 

Xi’an is located at the southwest end of the Fen Wei fault depression, belonging to the middle 

and strong seismic belt. Since the second century BC, there have been 128 earthquakes with 

magnitude greater than 4, including 25 earthquakes over 5. Zhang Wangqu metro station belongs 

to the general area of earthquake fortification, the site category is class II field, for non collapsibility 

ground, collapsibility grade is I, the maximum thickness of the collapsibility of 4.2vm; there is no 

seismic liquefaction, and there is no bad geological phenomenon like ground fissure, landslide, 

collapse, etc. In view of seismic safety evaluation report of the Xi’an metro line 5, we simulate the 

seismic fortification intensity of 8 degree, the peak ground acceleration (PGA) Ag is 0.20 g, the 

characteristic period is partitioned into II areas, spectrum cycle partition value Tg is 0.40 s, and 

time-history seismic waveform in the numerical model is shown in Figure 4. The attenuation 

coefficient of seismic wave is 0.85 at the X boundary, the damping ratio of all vibration modes is 

0.05, the loading time is 20 s, the analysis time step is 0.4 s, the output time step is 1, and the 

output is 50 steps. 
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Fig. 4 - Seismic waveform 

RESULTS ANALYSIS 

Displacement analysis 

Absolute displacement analysis 

The displacement measuring points A-E along the Y axis are arranged, and the displacement 

measuring points G-L along the X axis are arranged, and the displacement measuring points M-P 

along the Z axis are arranged shown in Figure 3. The vertical displacement of the metro station is 

positive value, the metro station floats; along the X and Y directions, the maximum vertical 

displacement shows a depression, the maximum vertical displacement of measuring points C and J 

is the minimum; along the Z direction, the maximum vertical displacement of the middle is basically 

unchanged; the maximum vertical displacement in each direction shows that the middle is smaller. 

The horizontal direction of seismic wave has no effect on the Z axis direction of the maximum 

vertical displacement. The displacement measuring points M, Q, R and S of roof and floor are 

shown in Figure 5(a), the vertical displacement time-history curve is shown in Figure 5(b). The 

vertical displacement of the roof is measuring point M and Q, and the vertical displacement of the 

first floor is measuring point R, and the vertical displacement of the second floor is the measuring 

point S. Before 14s, the vertical displacement curve of different plates is similar, and reaches the 

peak at the same time, with the increase of buried depth, the vertical displacement decreases, but 

after 14s, the seismic wave unloads, the metro station moves slightly under the action of inertia 

force, but it is basically in stable state. 
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(a) Maximum vertical displacement  

 

(b) Time-history of maximum vertical displacement 

Fig. 5 - Maximum vertical displacement and time-history of maximum vertical displacement 

Relative displacement analysis 

The relative displacement measuring points M, R, S, P of the roof and floor are shown in Figure 

3, the measuring point M is located in the roof, R is located in the first floor, measuring point S is 

located in the second floor, and measuring point S is located in the third floor. The horizontal relative 

displacement time-history curve is shown in Figure 6, the relative horizontal displacement curve of 

measuring points M, R, S, P is similar to seismic wave fluctuation. Before 14 s, the relative 

horizontal displacement of the second floor is the maximum, the relative horizontal displacement of 

the third floor is the minimum. The maximum horizontal relative displacement of crest is smaller, the 

maximum horizontal relative displacement of trough is larger. After 14 s, the maximum horizontal  
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relative displacement is almost constant, and the maximum relative displacement between of 

different floor is a fixed value. 

 

Fig. 6 - Maximum relative horizontal displacement of measuring points 

Acceleration analysis 

Acceleration analysis of sidewall 

The acceleration measuring points M and S of sidewall are shown in Figure 3. The maximum 

horizontal acceleration in the standard section is the maximum, the maximum horizontal 

acceleration in the transfer node is the minimum. The maximum vertical acceleration at the transfer 

node is large, especially in the corner, the vertical acceleration reaches the maximum value; the 

maximum vertical acceleration in the standard section is small. The horizontal acceleration 

time-history of the measured points M and S are shown in Figure 7(a), and the vertical acceleration 

time-history of the measured points M and S are shown in Figure 7(b). Under the action of 

horizontal seismic wave, the horizontal acceleration time-history curves of the measuring points M 

and S are almost identical and can reflect the seismic waveform, the role of the stratum is 

equivalent to the spring, and the seismic wave is reduced after loading on the metro station; the 

vertical acceleration of measuring points M and S is distorted and cannot reflect the seismic 

waveform. With the increasing buried depth of metro station, the horizontal and vertical acceleration 

decreases. 
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(a) Maximum horizontal acceleration 

 

(b) Maximum vertical acceleration 

Fig. 7 - Time-history of maximum horizontal and vertical acceleration of measuring points 

Acceleration analysis of roof and floor 

The acceleration measuring points M, R, S and P of roof and floor are shown in Figure 3. The 

horizontal acceleration of standard section is large, the horizontal acceleration of transfer node is 

small. The vertical acceleration of transfer node is big, the vertical acceleration of standard section 

is small. The horizontal acceleration time-history curve of M, R, S and P are shown in Figure 8(a), 

and the vertical acceleration time-history curve is shown in Figure 8(b). Before 14s, the horizontal 

acceleration curve of floor and roof is similar and both can reflect seismic waveform, wherein the 

horizontal acceleration peak value of the first floor is the maximum, the horizontal acceleration peak 

value of the fourth floor is the minimum, but the difference between the two plates is small. With the 

increase of the buried depth, the horizontal acceleration at the floor and roof decreases. The vertical 

acceleration time-history curves of the floor and roof are quite different and cannot reflect the  
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seismic waveform. After 14s, the vertical acceleration time-history still fluctuates greatly, which 

indicates that the inertia force has a great influence on the vertical direction of the metro station. 

 

(a) Maximum horizontal acceleration 

 

(b) Maximum vertical acceleration 

Fig. 8 - Time-history of maximum horizontal and vertical acceleration of measuring points 

Internal force analysis 

Internal force analysis of columns 

There are 123 columns in the metro station. The measuring points T, U, V, W at the top and the 

bottom of the columns are shown in Figure 3, and the axial force time-history of measuring points is 

in Figure 9(a). Before 14 s, the axle force at the top and the bottom of the columns in transfer node 

is large, the fluctuation range is large, and the maximum tension is 198 kN, the maximum pressure  

of 387kN, while the axle force at the top and the bottom of the columns in transfer node is small, the 

maximum tensile force is 8kN, the maximum pressure of 42 kN. After 14 s, the seismic wave 
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unloads, the axle force of the columns decreases and gradually tends to a steady state. The shear 

force time-history of measuring points is in Figure 9(b). Before 14s, the shear force at the top and 

the bottom of the columns in transfer node is large, and the fluctuation range is large, while the axle 

force at the top and the bottom of the columns in transfer node is small, and the volatility is not 

obvious. The top and bottom of the columns is under the interaction of axial force and shear force in 

different direction, the "shear compression effect" is more obvious than "shear pull effect", and the 

two effects exist simultaneously, resulting in the destruction of columns. 

 

(a) Axle force 

 

(b) Shear force 

Fig. 9 - Time-history of axle force and shear force of measuring points 
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Internal force analysis of beams 

The metro station is divided into four layers of beams. The measuring points T, U, W, X of 

different beams is shown in Figure 3, the axial force time-history of beams is as shown in Figure 

10(a). The axial force of measuring point T is the maximum, the maximum tensile force is 1679kN, 

the maximum pressure is 605kN; the axial force of measuring point X is the minimum, the maximum 

tensile force is 236kN, the maximum pressure is 498 kN, the axial force of measuring points U and 

W is between the measuring point X and T. With the increase of buried depth, the axial force of 

beams reduces, and axial force difference between different layers of the beams increases. Before 

14s, the axial force fluctuation of beams is large, the range between crest and trough is also large, 

on the same floor, the beam may be partly pulled and partly compressed. After 14s, the seismic 

wave unloads, under the action of inertia, the axial force of beams decreases and gradually tends to 

be stable. The shear force time-history of measuring points T, U, W, X is shown in Figure 10(b), the 

shear force of measuring point X is the maximum, the maximum shear force is 78 kN, the minimum 

shear force is 32 kN; the shear force of measuring points U and W is the minimum, the maximum 

shear force is 11 kN, the minimum shear force is 4 kN; so shear force at the transfer node beam is 

small, while the shear force of standard section is small. Before 14 s, the shear force fluctuation of 

beams is large, the range between crest and trough is also large. The shear force of beams is less 

than 100 kN, therefore, the beam shear has little effect on the beam strength; the maximum axial 

force of beams is 1679kN, therefore, the damage of the beams may be caused by the excessive 

tension. 

 

(a) Axle force 

Fig. 10 - Time-history of axle force and shear force of measuring points 
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(b) Shear force 

Fig. 10 - Time-history of axle force and shear force of measuring points 

DISCUSSION 

Earthquake damage of metro station 

The Mexico earthquake in 1985, the subway tunnel was dislocated. The Loma Prieta 

earthquake in 1989, the Alameda immersed tube tunnel cracked in the Gulf of San Francisco, 

where water seepage and floating phenomena occurred. The Wenchuan earthquake in 2008, many 

tunnels in the Dujiangyan-Wenchuan Expressway near the epicenter were seriously damaged, 

there are lining cracking, floor heave, steel exposed, lining seepage and so on. The Kobe M7.2 

Earthquake of Japan in 1995, the destruction of subway structure is the most serious. In the 

earthquake, a total of 5 metro stations and 3km tunnel were destroyed to varying degrees, the 

Dakai metro station suffered the most serious damage [13], as shown in Figure 11(a). The columns 

broke, the roofs collapsed, and the ground subsidence appeared. The destruction of the metro 

station is almost impossible to repair, which directly aroused the attention of Japan to the 

earthquake science and the earthquake resistance of underground structures. 
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(a) Earthquake Damage of Dakai metro station [13] 

 

(b) Destruction of metro station in shaking table test [10, 11] 

Fig. 11 - Earthquake damage of Dakai metro station and destruction of metro station in shaking 

table test [10, 11, 13] 

Shaking table test of metro station 

Matsui Jun et al. [33] carried out the earliest shaking table test of underground structures. In 

recent years, the shaking table test has been widely used in the study of soil-pile-superstructure 

interaction. Some scholars have gradually applied the shaking table test to the seismic research of 

metro station, as shown in Table 4. Based on the analysis of the stratum of Shanghai Metro, Yang et  
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al. [4] established the shaking table test of double-deck and three-span metro station, and obtained 

the time-history of acceleration, structural stress, and soil surface deformation of the model; Chen et 

al. [7, 20, 21] conducted a large shaking table test on liquefiable sand foundation in Nanjing, the 

reaction law of pore water pressure and acceleration response of the model were analysed; Bian et 

al. [5] carried out shaking table test of geological conditions in Beijing area, analyzed the 

time-history of dynamic stress, and studied the acceleration and stress distribution in different 

positions of the metro station; Cheng et al. [34] conducted the shaking table test of three-layer 

metro station, obtained the conclusion that failure of multi-layer metro station was controlled by 

displacement and improving the ductility of the structure was an effective method to improve the 

seismic performance of the underground structure.  

For earthquake resistance of metro station in loess area, Quan et al. [10, 11] took the metro 

station of Xi'an Metro Line 4 as the prototype structure, and used the loess, granular concrete and 

galvanized steel wire to carry out shaking table test of the rectangular double-deck and two-span 

metro station. He found there was serious structural damage in metro station model. The upper 

columns occurred typical "shear compression failure" and appeared serious vertical cracks. The 

concrete in the columns peeled off, the longitudinal steel bar exposed, and destruction of the joint 

between the upper columns and the roof and the connection between the columns and the roof was 

the most serious. Cracks occurred at the joint between the side wall and the floor, in addition to the 

connection between the components, the roof, floor and other parts of the side wall had not obvious 

damage. Under the action of horizontal seismic wave, columns in frame-type metro station bear the 

vertical pressure and horizontal shear force; and compared with the side wall, floor, the section and 

integral stiffness of the columns are smaller, thus serious damage. The typical earthquake damage 

of metro station in loess area is as shown in Figure 11(b). The Zhang Wangqu metro station along 

Xi’an Metro Line 5 is similar to it.  
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Tab. - 4 Material parameters of metro station 

 

CONCLUDING REMARKS 

Through the dynamic time-history response analysis of the Zhang Wangqu metro station in the 

Xi'an Metro Line 5, compared the numerical simulation results with seismic damage of Dakai metro 

station in Japan and shaking table test of large metro station in loess area, the following conclusions 

are obtained: 

(1)  The relative displacement of roof and floor reaches the maximum at transfer node and 

reduces with the increase of buried depth. If the earthquake intensity is large enough, it is very 

possible to dislocate at the transfer node in island platform metro station. 

(2)  Under the horizontal seismic wave, the horizontal acceleration time-history of metro station 

can reflect seismic wave characteristics, but the vertical acceleration is distorted and cannot reflect 

the seismic waveform.  

(3)  The maximum axial force of columns emerges in the corner transfer node, and the axle 

force of the other columns is small and uniform; the maximum shear force of beams occurs at both 

Scholar Examination Contents Model box 
Soil and similar 

materials 

Performance of shaking 

table 

Yang Linde 

[4] 

Shaking table test of metro station in 

soft soil in Shanghai (Double-deck and 

double-span structure) 

Rigid model box 

Raw soil, silty clay, 

particulate concrete, 

galvanized steel wire 

Platform size: 4m*4m 

Maximum load: 15t 

Chen Guoxing 

[7, 20, 21] 

Shaking table test of metro station in 

liquefied fine sand in Nanjing 

(Double-deck and double-span 

structure) 

Rigid model box 

Raw soil, fine sand, 

undisturbed soil, 

galvanized steel wire 

Platform size: 6m*6m 

Maximum load: 80t 

Bian Jin 

[5] 

Shaking table test of metro station in 

sandy silt in Beijing (Double-deck and 

double-span structure) 

Rigid model box 

Raw soil, sandy silt, fine 

grained concrete, 

barbed wire 

Platform size: 

12.3m*18.7m Maximum 

load: 10t 

Cheng Xinjun 

[34] 

Shaking table test of metro station in 

Harbin (Three-deck and three-span 

structure) 

Cascade shear box 
Raw soil, fine particle 

concrete, fine steel wire 
Model proportion: 1:30 

Quan 

Dengzhou 

[10, 11] 

Shaking table test of metro station in 

loess in Xi'an (Double-deck and 

double-span structure) 

Cascade shear box 

Raw soil, loess, particle 

concrete, galvanized 

steel wire 

Platform size: 

3.36m*4.86m Maximum 

load: 25t 
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ends of the metro station, and shear force of columns gradually increases from top to bottom, which 

may be manifested as shear cracking. 

(4)  With the increase of buried depth, the maximum axial force of different layer beams 

reduces and becomes more uneven, so the fatigue failure is easy to occur; the maximum shear 

force is generated at the end of the beams and is larger at the transfer joint than the standard 

section of the metro station, which may cause cracks.  

(5)   For island platform metro station, the columns and at the transfer node have bigger internal 

force than other positions, so the strength of the columns here needs to be increased; the internal 

force of beams increases with the increase of buried depth, so the beams in the depth requires 

greater intensity.  
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