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Abstract.  A forked tunnel, as a special complicated underground structure, is composed of big-arch tunnel, multi-

arch tunnel, neighborhood tunnels and separate tunnels according to the different distances between two separate 

tunnels. Due to the complicated process of design and construction, surrounding jointed rock mass stability of the 

big-arch tunnel which belongs to the forked tunnel during excavation is a hot issue that needs special attentions. In 

this paper, an elasto-plastic damage constitutive model for jointed rock mass is proposed based on the coupling 

method considering elasto-plastic and damage theories, and the irreversible thermodynamics theory. Based on this 

elasto-plastic damage constitutive model, a three dimensional elasto-plastic damage finite element code (D-FEM) is 

implemented using Visual Fortran language, which can numerically simulate the whole excavation process of 

underground project and perform the structural stability of the surrounding rock mass. Comparing with a popular 

commercial computer code, three dimensional fast Lagrangian analysis of continua (FLAC3D), this D-FEM has 

advantages in terms of rapid computing process, element grouping function and providing more material models. 

After that, FLAC3D and D-FEM are simultaneously used to perform the structural stability analysis of the 

surrounding rock mass in the forked tunnel considering three different computing schemes. The final numerical 

results behave almost consistent using both FLAC3D and D-FEM. But from the point of numerically obtained 

damage softening areas, the numerical results obtained by D-FEM more closely approach the practical behaviors of 

in-situ surrounding rock mass. 
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1. Introduction 
 

Until the end of 2014, the traffic mileage of national highways in China had exceeded 

4,463,900 kilometers (Ma et al. 2015). With the demand for “western development” (Shih 2004) 

and the implementation of “one belt and one road” strategy (Liu 2015), more and more 
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underground highway tunnels will be built in western areas in China. From the official statistical 

data, there had been 11,359 highway tunnels with a total mileage of 9,605.6 kilometers until the 

end of 2013 (Hong 2015). In the western regions with high mountains and gorges, it is inevitable 

to adopt a forked structure for the design of highway tunnels so that fewer bridges across the 

valleys would be invested. A forked tunnel, as a special complicated underground structure, is 

composed of big-arch tunnel, multi-arch tunnel, neighborhood tunnels and separate tunnels 

according to the different distances between two separate tunnels as shown in Fig. 1. A number of 

related research works on crossing tunnels and bifurcated tunnels have been investigated by 

previous researchers (Liu et al. 2009, Ng et al. 2013, Lin et al. 2013) As for this special 

complicated structure, the related investigations on the construction sequence, stress and 

deformation analysis, and surrounding rock mass stability analysis are still in a preliminary stage. 

Therefore, the authors will attempt to perform numerical investigations on the surrounding rock 

mass stability of the forked tunnel. 

The naturally existing rock mass is the basis of the actual underground infrastructure projects. 

Under the long-term geological functions, the natural rock mass has crucial property of being 

incised by all types of discontinuities such as faults, joints, fractures and so forth (Li et al. 2015). 

These structural planes, to some extent, can remarkably reduce the strengths of rock mass, 

absolutely including the physico-mechanical parameters of jointed rock mass (Li et al. 2014). 

Moreover, the in-situ stress in the underground projects cannot be neglected as it can result in the 

generations of numerous micro-and meso-cracks in the process of deep excavations (Zhu et al. 

2011, Lin et al. 2015). With the increasing of the external loads, these cracks would gradually 

extend and even propagate (Hoek and Bieniawski 1965, Bombolakis 1968, Lee and Jeon 2011, 

Haeri et al. 2014). This kind of crack extension and propagation can be regarded as the damage 

behavior in the surrounding rock mass. The initiation of damage behavior in the surrounding rock 

mass has also been investigated. Some field experiments were conducted to determine the 

excavation disturbed zone (EDZ) in Neogene sedimentary rock at Tono mine, central Japan (Sato 

et al. 2000). A mini-sonic borehole probe was performed to investigate the EDZ around an 

underground opening in the Opalinus Clay in the Mont Terri Rock Laboratory in Switzerland 

(Schuster et al. 2001). Sheng et al. (2002) utilized the displacement monitoring, plate loading and 

 

 

 

Fig. 1 Component parts of a forked tunnel 
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seismic tests, cross-hole acoustic and seismic wave penetration testing and drill-hole deformation 

testing to estimate the EDZ in the slopes of the Three Gorges Project, China. Kruschwitz and 

Yaramanci (2004) evaluated the specification and monitoring of the EDZ with application of the 

complex resistivity method in a tunnel project in Switzerland. Cai and Kaiser (2005) studied the 

quantification of damage degree and the extent of EDZ around underground opening using a 

micromechanics model based on the acoustic emission and microseismic events. Wu et al. (2009) 

proposed a new method to quantify the extent and damage degree of the EDZ based on the 

unloading strain energy. Wang et al. (2015) made an assessment of the EDZ around roadways 

under dynamic pressure. Obviously, the former investigators studied EDZ most from the in-situ 

test results which were high in cost and difficult to implement. During the prophase research work 

of a significant engineering project, establishing a numerical model and performing numerical 

simulation is quite an efficient method. Therefore, the authors would like to propose an elasto-

plastic damage constitutive model for jointed rock mass in this paper. 

As for the development of elasto-plastic damage constitutive model, it was firstly proposed by 

Kachanov (1958) and then it could be named as continuum damage mechanics (CDM). And the 

basic concepts and definitions of CDM were detailedly introduced by Krajcinovic (1985). 

Voyiadjis and Park (1999) presented an elasto-plastic damage model based on the principles of 

irreversible thermodynamics and finite element method. Zhu et al. (2003) put forward a brittle 

damage constitutive model for jointed rock mass and used it to perform the stability analysis of the 

high slopes of ship lock of Three Gorges Project being under construction. Chen et al. (2004) 

proposed a damage coupled time-dependent model for jointed rock mass and successfully used it 

in the stability analysis of a large-scale underground cavern group. Liu and Yuan (2014) also 

presented a damage constitutive model for jointed rock mass considering micro-cracks, joints and 

joint shear strength. It can be easily understood that the above-mentioned works are either 

insufficient in the engineering application or only valid in some rock specimens with special flaws. 

In this manuscript, an elasto-plastic damage constitutive model for jointed rock mass is proposed 

based on the coupling method considering elasto-plastic and damage theories, and the irreversible 

thermodynamics theory. And then, on a basis of this elasto-plastic damage constitutive model, a 

three dimensional elasto-plastic damage finite element code (D-FEM) is implemented using 

VISUAL FORTRAN language. Eventually, this D-FEM code would be applied to perform a 

stability analysis on a forked tunnel during excavation. 

 

 

2. Elasto-plastic damage constitutive model for jointed rock mass 
 

2.1 Elasto-plastic damage model 
 

Owing to the consideration of the damage behavior in jointed rock mass, here the total strain 

𝜀 is divided into three parts: elastic strain 𝜀𝑒 , plastic strain 𝜀𝑝  and damage strain 𝜀𝑑 . The 

damage strain is generated during the elasto-plastic stage of jointed rock mass. The total stress-

strain relationship for jointed rock mass under the uniaxial stress state is shown in Fig. 2. In Fig. 2, 

𝜀𝑓  denotes the threshold of damage strain. When the strain of the rock mass is smaller than this 

threshold, it can be considered that no damage occurs in the rock mass and the elasticity modulus 

would keep constant. The unloading stress route will return along the original stress route. When 

the strain of the rock mass is greater than the threshold of damage strain, it can be regarded that 

damage caused by internal micro-cracks has occurred, the corresponding elasticity modulus will be 
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Fig. 2 Elasto-plastic damage stress-strain curve for the uniaxial state of stress 

 

 

reduced, and only the elastic strain can be recovered during the unloading state. After the stress is 

up to the peak strength, the stress would decrease with the increasing of the strain until the 

ultimate strain (𝜀𝑢 ) is achieved. Therefore, according to the irreversible thermodynamics theory 

(Voyiadjis et al. 1999), the total strain rate of the jointed rock mass can be expressed as below 
 

𝜀 = 𝜀 𝑒 + 𝜀 𝑑 + 𝜀 𝑝 = 𝐶𝑒−𝑑 :𝜎 + 𝐶 𝑒−𝑑 :𝜎 + 𝜀 𝑝  (1) 
 

here, 𝜀  denotes the total strain rate of jointed rock mass; 𝜀 𝑒 = 𝐶𝑒−𝑑 :𝜎  denotes the elastic strain 

rate of jointed rock mass in a certain damaged state; 𝐶𝑒−𝑑  denotes the elastic damage flexibility 

tensor; 𝜀 𝑝 = 𝜆 
𝜕𝐹

𝜕𝜎
 denotes the plastic strain rate, 𝜆 is the plastic multiplier and 𝐹 denotes yield 

functions of different yield criteria; 𝜀 𝑑 = 𝐶 𝑒−𝑑 :𝜎 is additional coupling strain rate induced by the 

deterioration effect of the jointed rock mass (this is the so called damage evolution coupling strain 

rate). 

As the elastic damage flexibility tensor 𝐶𝑒−𝑑  can be written as 
 

𝐶𝑒−𝑑 = 𝐶𝑒 + 𝐶𝑑  (2) 
 

here the elastic flexibility 𝐶𝑒  is a constant, therefore Eq. (2) can be expressed as the incremental 

form 

 𝐶 𝑒−𝑑 = 𝐶 𝑑  (3) 
 

finally, the elasto-plastic damage constitutive model can be established as below 
 

 𝜀 𝑑 = 𝐶 𝑑 :𝜎 (4) 

 

2.2 Damage evolution equation 
 

As we know, the damage evolution equation is the criterion which can describe the relationship 

between damage variable, stress and strain. Once the geo-materials enter the damage state, the 
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damages elements would gradually evolve with the variations of stress and strain. The damage 

process is absolutely irreversible. 

Former researchers have established different damage evolution equations. The two typical 

damage evolution equations are described as below: 
 

 Qin (2001) presented that the damage variable of jointed rock mass is proportional to 

external force work, and the damage evolution equation of geo-material can be deduced as 

below 

𝐷 = 1 − exp(−
𝐸0

2𝑌
)𝜀2 (5) 

 

where 𝐸0 is the initial elasticity modulus, and 𝑌 represents the material constant which is 

equal to the ratio of external force work and damage variable. 

 Tang (1997) established a damage statistical constitutive model based on Weibull 

distribution (Weibull 1951, Keats and Lawrence 1997). It was assumed that the strength of 

mesoscopic elements followed the Weibull distribution function as following 
 

𝑃 𝜀 =  

𝑚

𝐹0
(
𝜀

𝐹0
)𝑚−1exp  −  

𝜀

𝐹0
 
𝑚

 ,   𝜀 > 0

0,   𝜀 ≤ 0

  (6) 

 

where 𝐹0 and 𝑚 represent distribution parameters; 𝑚 is a homogeneous index of geo-

material which can measure the concentration of 𝜀; and 𝑃 𝜀  is the percentage of damaged 

elements out of the total number of the mesoscopic elements in rock (Tang 1997). Finally, 

the damage evolution equation of mesoscopic for the rock mass can be expressed as below 
 

𝐷 = 1 − exp  −  
𝜀

𝐹0
 
𝑚

  (7) 

 

But in this paper, the authors consider that the controlling factor of damage evolution is strain 

which can be conveniently obtained from the laboratory experiment, the relationship between 

damage variable and strain can be expressed as following 
 

𝐷 = 𝜑 𝜀𝑖𝑗   (8) 
 

where 𝜑 denotes the function symbol. And the incremental form of Eq. (8) is 
 

𝑑𝐷 =
𝜕𝜑 𝜀𝑖𝑗  

𝜕𝜀𝑖𝑗
𝑑𝜀𝑖𝑗  (9) 

 

According to the definition of threshold of damage strain, the following equations would be 

satisfied 

𝐷 = 𝜑 𝜀𝑢 = 0, 𝐷 = 𝜑 𝜀𝑓 = 1 (10) 
 

In Eqs. (10), 𝜀𝑢  and 𝜀𝑓  can be both obtained from laboratory experiments. As for the geo-

materials, the damage threshold under the compressive stress state is always not equal to that 

under the tensile stress state. Based on the Eqs. (8)-(10), the damage evolution equation under 

uniaxial stress state can be expressed as below 
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𝐷 =  

0,    0 < 𝜀 ≤ 𝜀𝑓 

𝜀𝑢 𝜀 − 𝜀𝑓 

𝜀 𝜀𝑢 − 𝜀𝑓 
,     𝜀𝑓 < 𝜀 < 𝜀𝑢 

  (11) 

 

According to Mazars and Pijaudier-Cabot’ method (1989), the tensile strain 𝜀𝑡  and the 

compressive strain 𝜀𝑐  could be substituted by equivalent tensile strain 𝜀 𝑡  and equivalent 

compressive strain 𝜀 𝑐  in three dimensional conditions. The equivalent tensile and compressive 

strains are shown in the following equations 
 

𝜀 𝑡 =   𝜀1 
2 +  𝜀2 

2 +  𝜀3 
2 ,    𝜀 𝑐 =   −𝜀1 

2 +  −𝜀2 
2 +  −𝜀3 

2 (12) 
 

here 𝜀1, 𝜀2 and 𝜀3 denote the three principal strains; the symbol  𝑥  denotes a function which 

has a definition as  𝑥 =  
𝑥,   𝑥 ≥ 0
0,   𝑥 < 0

 . 

When the compressive and tensile principal stresses simultaneously exist in the element, the 

total damage variable would be the sum of the damage variable caused by uniaxial tension (𝐷𝑡) 
and the damage variable caused by uniaxial compression (𝐷𝑐) as expressed below 

 

𝐷 = 𝛼𝑡𝐷𝑡 + 𝛼𝑐𝐷𝑐  (13) 
 

where 𝛼𝑡  and 𝛼𝑐  are combination coefficients which can be determined as the following equation 
 

 
 
 

 
 𝛼𝑡 =  

𝜀𝑇𝑖 𝜀𝑇𝑖 + 𝜀𝐶𝑖 

𝜀 2
𝑖

𝛼𝑐 =  
𝜀𝐶𝑖 𝜀𝑇𝑖 + 𝜀𝐶𝑖 

𝜀 2
𝑖

  (14) 

 

where 𝜀𝑇𝑖  represents the strain caused by positive principal stress; 𝜀𝐶𝑖  represents the strain 

caused by negative principal stress; 𝜀  is the equivalent strain. Consequently, the damage 

evolution equations in the elasto-plastic damage constitutive model have been proposed in this part. 
 

2.3 Additional load caused by damage 
 

Here, we define 𝜎𝑖𝑗  as the stress of geo-material considering the damage behavior, and define 

𝜎𝑖𝑗
0  as that without considering the damage behavior. The relationship between 𝜎𝑖𝑗  and 𝜎𝑖𝑗

0  can 

be expressed as below 

𝜎𝑖𝑗 =  1 − 𝐷 𝜎𝑖𝑗
0 +

𝐷

3
𝛿𝑖𝑗𝜎𝑖𝑗

0  (15) 

 

Substituting 𝜎𝑖𝑗
0 = 𝐸𝑖𝑗𝑘𝑙 𝜀𝑘𝑙  into Eq. (15), we will obtain a following matrix form 

 

𝜎 = 𝐸 𝜀 =

 
 
 
 
 
 
𝐵 𝐴 𝐴
𝐴 𝐵 𝐴
𝐴 𝐴 𝐵

0 0 0
0 0 0
0 0 0

0 0 0
0 0 0
0 0 0

𝐶 0 0
0 𝐶 0
0 0 𝐶 

 
 
 
 
 

𝜀 (16) 
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where 𝐴 =
𝐸𝜇

(1+𝜇 )(1−2𝜇 )
+

𝐸

1+𝜇
∙
𝐷

3
; 𝐵 =

𝐸(1−𝜇)

(1+𝜇)(1−2𝜇 )
−

𝐸

1+𝜇
∙

2𝐷

3
; 𝐶 =

𝐸

2(1+𝜇 )
∙ (1 − 𝐷) ; 𝜇  denotes 

the Poisson’s ratio of geo-material. 

It can be obviously known from Eq. (1) that the additional load caused by damage is related to 

the increment of damage stiffness matrix. Therefore, to obtain the additional load caused by 

damage, we have to obtain the increment of damage stiffness matrix. Calculating the derivative of 

Eq. (16), the increment of the damage stiffness matrix can be obtained as below 
 

∆𝐸 =
𝜕𝐸 

𝜕𝐷
∙ ∆𝐷 =

 
 
 
 
 
 
𝐵′ 𝐴′ 𝐴′

𝐴′ 𝐵′ 𝐴′

𝐴′ 𝐴′ 𝐵′

0 0 0
0 0 0
0 0 0

0 0 0
0 0 0
0 0 0

𝐶 ′ 0 0
0 𝐶 ′ 0
0 0 𝐶 ′  

 
 
 
 
 

∙ ∆𝐷 (17) 

 

where 𝐴′ =
𝐸

3(1+𝜇 )
; 𝐵′ = −

2𝐸

3(1+𝜇)
; 𝐶 ′ = −

𝐸

2(1+𝜇 )
. 

The additional load would be generated once an element is damaged, and the additional nodal 

force would be generated simultaneously. In order to satisfy the structural equilibrium principle, 

the additional nodal force should be integrated into the load vectors. Therefore, the additional 

force caused by damage evolution ({𝐹𝑑}) can be calculated according the following equation 
 

 𝐹𝑑 = −  𝐵 𝑇 ∆𝐷  𝜀 𝑑𝑉 (18) 

 

 

3. Implementation of three dimensional D-FEM code 
 

As the additional force caused by damage evolution must be taken into account, the virtual 

work of the additional force should be also considered in virtual work equation of the finite 

element method. According to the virtual work principle, the finite element equations of integral 

structure considering damage behavior can be expressed as below 
 

[𝐾]𝑖𝑗 {𝛿}𝑗 = {𝐹}𝑖 + {𝐹𝑑}𝑖  (19) 

 

where [𝐾]𝑖𝑗  denotes the stiffness matrix; {𝛿}𝑗  denotes the displacement matrix of the nodes; 

{𝐹}𝑖  denotes the equivalent node load vector. According to Eq. (19), the corresponding three 

dimensional D-FEM code can be written using Visual Fortran language. The program flow chart of 

D-FEM is show in the following Fig. 3. 

Meanwhile, the interface programs of pre-processing and post-processing are also compiled. 

The pre-processing interface program can read the nodal information of three dimensional 

isoparametric elements so as to generate any complex numerical models. The post-processing 

interface program can deal with the numerical results and make them visualization using the 

Tecplot software (Tecplot Inc. 2013). Therefore, the D-FEM code proposed above has the 

following advanced functions: 
 

 It can simulate elastic, elasto-plastic, elastic damage and even elasto-plastic damage 

problems in geo-materials. It can provide different plastic constitutive models including 
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Fig. 3 A program flow chart of D-FEM 

 

 

Tresca model (Taiebat et al. 2008), von Mises model (Leu 2005), Drucker-Prager model 

(Drucker and Prager 1953), Mohr-Coulomb model (Singh and Singh 2012) and 

Zienkiewicz-Pande model (Zienkiewicz et al. 1980), which are more than those FLAC3D 

and other commercial codes provide; 

 It can provide tetrahedron, pentahedron and hexahedron isoparametric elements and read 

information files of node, element and material property, so any complex geometry model 

can be generated; 

 It has an “element birth and death” module and can simulate excavation and support in 

engineering construction process by means of modifying elements’ mechanical parameters; 

 It has group function, namely that some elements can be partitioned as the same group, it 

can operate comfortably and effectively like FLAC3D; 

 Preconditions conjugate gradient method is adopted in the program iterative solution, which 
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can be applied to solve nonlinear problems more efficiently than FLAC3D; 

 The post-processing interface program can be used to make the numerical results 

visualization using Tecplot, which has better effects in generating all kinds of contours than 

FLAC3D. 
 

 

4. Verification of the D-FEM code and engineering application 
 

4.1 Project description 
 

A forked tunnel project is located in the city of Enshi, Hubei province, China. It belongs to a 

part of the highway from Shanghai to Chengdu. The rock mass at the forked tunnel site mainly 

consists of microcrystalline limestone (𝑇1𝑑
2 ) and shaly limestone (𝑃1𝑞 ). Field tests reveal that the 

in-situ stress field of the tunnel site is a combination of the self-stress field and the tectonic stress 

field with complex geological conditions. The natural gradient of the rock slope nearby is 40-60°. 

Due to the limitations of complex topographic conditions, a special forked tunnel is designed. Two 

separated tunnels are designed at the entrance and a big-arched tunnel is designed at the exit. The 

transitional section from the big-arch tunnel to two separated tunnels is named a multiple-arch 

tunnel. The different segmentations of tunnel sections are shown in Fig. 1. 

From the construction difficulties of the forked tunnel, the big-arch tunnel is considered to be 

the most difficult. Therefore, the whole construction process stability analysis of the big-arch 

tunnel is determined to be mainly investigated. 

 

4.2 Numerical model of the big-arch tunnel 
 

The upper-lower bench method is adopted in the excavations of the big-arch tunnel as shown in 

Fig. 4. The upper bench is firstly excavated, and then the lower bench is excavated. The entire 

excavation process is divided into 4 steps for the big-arch tunnel. Specifically, the first step 

includes excavation of I1, followed by the second excavation II1, and so forth at 2 m increments in 

the big-arch tunnel. The three dimensional numerical model of the big-arch tunnel is established as 

shown in Fig. 5. The whole numerical model is divided into 6,255 nodes and 4,084 elements. The 

eight-node hexahedron isoparametric elements are adopted in the numerical model. The upper 

surface is an unconstrained surface and sliding constraints are applied on other planes. As the in-

situ stress in the surrounding rock mass is not big, the self-weight stress is only taken into account 

in the numerical simulation. 

 

4.3 Calculating schemes 
 

To verify the effectiveness of the D-FEM code, FLAC3D is also adopted in the numerical 

simulation. The following three calculating schemes are performed: 
 

 Scheme I is an elasto-plastic calculation without considering the damage evolution. In order 

to verify the effectiveness of D-FEM code, Mohr-Coulomb criterion is adopted in the D-

FEM code and then a comparative analysis can be performed with the numerical results 

obtained by FLAC3D; 

 Scheme II adopts the D-FEM code to perform the elasto-plastic damage calculation. The 

compressive strain threshold takes the value of 0.0005, and the tensile strain threshold takes 
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the value of 0.0004; 

 Scheme III also adopts the D-FEM code to perform the elasto-plastic damage calculation. 

The compressive strain threshold takes the value of 0.0007, and the tensile strain threshold 

takes the value of 0.0005; 
 

When FLAC3D is used to make the elasto-plastic calculation, the excavation sequence the 

physico-mechanical parameters are the same as those adopted in the D-FEM code calculations. 

The physico-mechanical parameters of surrounding rock mass are shown in Table 1, which are 

obtained from a report provided by the Second Highway Investigation and Design Institute (SHIDI) 

of Ministry Of Communication of China (SHIDI 2004). 
 

 

 

Fig. 4 Excavating sequences for the big-arch tunnel 
 

 

 

Fig. 5 Three dimensional numerical model of the big-arch tunnel 
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Table 1 Physico-mechanical parameters of surrounding rock mass 

Calculating 

schemes 

Considering 

damage 

evolution? 

Density 

(kN/𝑚3) 

Elastic 

modulus 

(MPa) 

Poisson’s 

ratio 

(𝜇) 

Cohesion 

(MPa) 

Friction 

angle 

(°) 

Tensile 

strength 

(MPa) 

Uniaxial 

compression 

Uniaxial 

tension 

𝜀𝑓  𝜀𝑢  𝜀𝑓  𝜀𝑢  

Ⅰ NO 27.8 8000 0.22 1.3 40 1.0 0.0005 0.005 0.0004 0.004 

Ⅱ YES 27.8 8000 0.22 1.3 40 1.0 0.0005 0.005 0.0004 0.004 

Ⅲ YES 27.8 8000 0.22 1.3 40 1.0 0.0007 0.007 0.0005 0.005 

 

 

 

Fig. 6 Selected 10 key points in the surrounding rock mass 

 

 

4.4 Comparative analysis on the calculating results 
 
4.4.1 Displacement of key points 
To make a comparative analysis on the displacement of the surrounding rock mass when the 

excavation steps are all completed, ten key points are selected as shown in Fig. 6. 

The displacements of ten key points have been obtained by performing the three calculating 

schemes and FLAC3D. Fig. 7 shows the horizontal and vertical displacements of ten key points. 

From the displacement comparative curves above, the following conclusions can be drawn: 
 

 The numerical displacements obtained by scheme I is almost in good agreement with those 

obtained by FLAC3D. The only difference is that the vertical displacement of arch crown 

obtained by scheme I is a little smaller and the floor shifting is a little larger; 

 As the damage evolution is considered in scheme II and III, the vertical displacements of 

some key points obtained by them are obviously larger than those obtained by scheme I. The 

vertical displacement of the arch crown increases by 7.1%. Among of them, the 

displacement variation of key point No. 5 is the most obvious, and the vertical displacement 

in scheme II is almost twice of that in scheme I; 

 As for the horizontal displacement, the horizontal displacements of key points No. 4, No. 5 

and No. 7 have obvious variations. The displacement of key point No. 7 decreases by 40%, 

and even the displacements of key points No. 4 and No. 5 have changed original directions. 

These local obvious displacement changes are caused by the damage evolution in the 

surrounding rock mass; 

 As for scheme III, the displacement variations are not more obvious than those in scheme II 

as scheme III adopts a larger damage strain threshold value which results in smaller 

damages zones. 
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(a) Horizontal displacement curves (b) Vertical displacement curves 

Fig. 7 Comparative curves on the displacements of ten key points in the surrounding rock mass 

 

 

4.4.2 Stress field 
Figs. 8 and 9 show the minimal and maximum principal stress contours obtained by scheme I 

and FLAC3D. The numerical results show that the principle of stress distribution is almost the 

same. 

 

  

(a) Numerical results obtained by D-FEM code (b) Numerical results obtained by FLAC3D 

Fig. 8 Minimum principal stress contours obtained by both D-FEM code and FLAC3D 

 

 

  

(a) Numerical results obtained by D-FEM code (b) Numerical results obtained by FLAC3D 

Fig. 9 Maximum principal stress contours obtained by both D-FEM code and FLAC3D 

FLAC3D 2.00

Itasca Consulting Group, Inc.
Minneapolis, Minnesota USA

Step 17980  Model Perspective
19:04:22 Sat Jan 27 2007

Center:
 X: 8.000e+001
 Y: 5.760e+001
 Z: 6.700e+001

Rotation:
 X:  90.000
 Y:   0.000
 Z:   0.000

Dist: 4.723e+002 Mag.:     3.81
Ang.:  22.500

Contour of SMax
  Gradient Calculation

-1.0602e+006 to -7.5000e+005
-7.5000e+005 to -5.0000e+005
-5.0000e+005 to -2.5000e+005
-2.5000e+005 to  0.0000e+000
 0.0000e+000 to  2.5000e+005
 2.5000e+005 to  5.0000e+005
 5.0000e+005 to  7.5000e+005
 7.5000e+005 to  9.4827e+005

   Interval =  2.5e+005

FLAC3D 2.00

Itasca Consulting Group, Inc.
Minneapolis, Minnesota USA

Step 17980  Model Perspective
19:01:57 Sat Jan 27 2007

Center:
 X: 8.000e+001
 Y: 5.760e+001
 Z: 6.700e+001

Rotation:
 X:  90.000
 Y:   0.000
 Z:   0.000

Dist: 4.723e+002 Mag.:     3.81
Ang.:  22.500

Contour of SMin
  Gradient Calculation

-6.3748e+006 to -5.5000e+006
-5.5000e+006 to -5.0000e+006
-5.0000e+006 to -4.5000e+006
-4.5000e+006 to -4.0000e+006
-4.0000e+006 to -3.5000e+006
-3.5000e+006 to -3.0000e+006
-3.0000e+006 to -2.5000e+006
-2.5000e+006 to -2.0000e+006
-2.0000e+006 to -1.5000e+006
-1.5000e+006 to -1.0000e+006
-1.0000e+006 to -5.0000e+005
-5.0000e+005 to  0.0000e+000
 0.0000e+000 to  4.9017e+004

   Interval =  5.0e+005
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4.4.3 Distribution of damaged zones 
When the D-FEM code is used to perform the numerical simulation, the damaged zones would 

appear in the surrounding rock mass gradually with the excavation steps. The following figures 

show the damaged zones in schemes I, II and III. 

It can be concluded from the above figures on the distribution of damaged zones as below: 

 

 As for schemes I and II, although they adopt the same damage strain threshold and upper-

limit strain, the damaged zones in scheme II is obviously larger than those in scheme I as 

scheme I does not consider the damage evolution process. During the damage evolution 

process, the damaged elements would release the stress and transfer it to the deeper 

elements in the surrounding rock mass, which can result in larger damaged zones; 

 Comparing scheme III with scheme II, when the damage strain threshold and upper-limit 

strain are increased, the corresponding damaged zones would become smaller. Therefore, it 

can be concluded that the physico-mechanical parameters have significant influences on the 

stability and damage behavior of the surrounding rock mass. 

 

 

  

(a) Distribution of damaged zones after the 

upper bench is excavated 

(b) Distribution of damaged zones after the 

whole excavations are completed 

Fig. 10 Distribution of damaged zones in scheme I 

 

 

  

(a) Distribution of damaged zones after the 

upper bench is excavated 

(b) Distribution of damaged zones after the 

whole excavations are completed 

Fig. 11 Distribution of damaged zones in scheme II 
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(a) Distribution of damaged zones after the 

upper bench is excavated 

(b) Distribution of damaged zones after the 

whole excavations are completed 

Fig. 12 Distribution of damaged zones in scheme III 
 

 

 

  

(a) Distribution of plastic zones after the 

upper bench is excavated 

(b) Distribution of plastic zones after the 

whole excavations are completed 

Fig. 13 Distribution of plastic zones obtained by FLAC3D 
 

 

 

  

(a) Distribution of plastic zones after the 

upper bench is excavated 

(b) Distribution of plastic zones after the 

whole excavations are completed 

Fig. 14 Distribution of plastic zones in scheme I 
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(a) Distribution of plastic zones after the 

upper bench is excavated 

(b) Distribution of plastic zones after the 

whole excavations are completed 

Fig. 15 Distribution of plastic zones in scheme II 
 

 

  

(a) Distribution of plastic zones after the 

upper bench is excavated 

(b) Distribution of plastic zones after the 

whole excavations are completed 

Fig. 16 Distribution of plastic zones in scheme III 
 

 

4.4.4 Distribution of plastic zones 
The distributions of plastic zones obtained by FLAC3D, schemes I, II and III are shown in Figs. 

13-16, respectively. 

It can be concluded from the above figures on the distribution of plastic zones as below: 
 

 The plastic zones obtained by FLAC3D have similar distribution principle with those in 

scheme I, and the only difference is that small plastic zones appear in the shoulder area of 

the arch; 

 After considering the damage evolution of the surrounding rock mass, the plastic zones in 

scheme II is obviously larger than those in scheme III, which demonstrates that the 

surrounding rock mass is more easily to yield when a smaller damage strain threshold value 

is adopted; 

 All of the plastic zones belong to the shear failure, and the most possible failure positions 

are located at the shoulder areas of the arch and the floor edge areas. 
 

From the comparative analysis between FLAC3D and the D-FEM code, the numerical results 

obtained by the D-FEM code can reflect the damage and failure characteristics of the surrounding 

91



 

 

 

 

 

 

Hanpeng Wang, Yong Li, Shucai Li, Qingsong Zhang and Jian Liu 

rock mass better, especially the distribution of EDZ. The accurate distribution of EDZ would help 

to provide detailed supporting schemes for the surrounding rock mass. The D-FEM code can 

consider the damage strain threshold which can be obtained from the in-situ rock mass, therefore 

the numerical results obtained by the D-FEM code will be in good agreement with the in-situ 

monitoring results. Additionally, the D-FEM code can provide more constitutive models to adapt 

to different geo-materials. 
 

 

5. Conclusions 
 

After analyzing the constitutive models of jointed rock mass proposed by former investigators, 

an elasto-plastic damage constitutive model for jointed rock mass is newly proposed based on the 

coupling method considering elasto-plastic and damage theories, and the irreversible 

thermodynamics theory in this paper. The damage evolution equations expressed with strain are 

proposed, and the additional nodal force of the damaged element is also presented in this paper. 

Then, the elasto-plastic damage finite element codes (D-FEM) is programmed, which can 

numerically simulate the whole excavation process of underground project and perform the 

structural stability of the surrounding rock mass. 

Afterwards, the D-FEM code is used to investigate the surrounding rock mass stability of a big-

arch tunnel which belongs to a complex forked tunnel under three different calculating schemes. 

Meanwhile, FLAC3D is also used in the numerical simulation. The numerical results obtained by 

FLAC3D are in good agreement with those in scheme I, which verifies the effectiveness of the D-

FEM code. From the numerical results in the three schemes, the displacement and plastic zones 

obviously increase as the damage evolution process is taken into account. The smaller the damage 

strain threshold value is, the larger the deformation and damaged zones will be. Finally, the most 

possible failure areas can be determined by analyzing the distributions of plastic and damaged 

zones in the surrounding rock mass. The D-FEM code proposed in this paper has provided a new 

approach to study the whole stability in large-scale underground projects. 
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