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% School of Automotive and Transportation Engineering, Hefei University of Technology,
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ABSTRACT. The amount of tunnels excavated along stratified/sedimentary rock masses in
the Quangninh coal area is gradually increasing. Rock mass in Quangninh is characterized by
beddings between rock layers. The behavior of stratified rock masses surrounding tunnels
depends on both the intact rock and the bedding between rock layers. The main characteristics
of stratified rock masses which need to be considered are therefore their heterogeneity and
their anisotropy. Depending on the dip angle of rock layers, movements and failure zones
developed surrounding tunnels can be asymmetrical over the vertical axis of tunnel. This
asymmetry causes adverse behaviors of the tunnel structures.

The objective of this study is to highlight convergence displacements and yielded zones
developed in rock masses surrounding noncircular tunnels in Quangninh coal mine area using
a finite element method. The presence of bedding joints is explicitly simulated. The numerical
results indicated that with the bedding joints dip angle increase, the stress asymmetry over the
tunnel vertical axis increases. It gradually leads to an asymmetry of the failure zone
surrounding the tunnel. An increase of rock mass quality means a decrease of the rock mass
sensitivity to the discontinuities. In addition, a dip angle of the bedding joints of
approximately 45 degrees could be considered as the critical angle for which the rock mass
mechanism changes between sliding and bending.

Keywords: Tunnel; Bedding; Stratification; Anisotropic; Heterogeneity.

1. Introduction

In the Quangninh province (Vietnanijye number of open pit mines is decreasing and
are gradually replaced by underground mines. The amount of tunnels in coal mines is
therefore constantly increasing. Generally, rock masses in Quangninh are characterized by
joints/beddings between rock layers. Unlike for intact rock, the behavior of stratified rock
masses surrounding tunnels depends on both the intact rock and on the joints/beddings
between rock layers behaviors. Generally, dip angle of bedding varied flom ¢
corresponding to respectively a horizontal and a vertical stratification. The main
characteristics of the stratified rock masses in Quangninh coal mines are therefore their
heterogeneity and their anisotropy.

In the literature, the effect of beddings on the behavior of rock mass is usually
considered using explicit or implicit methods. With explicit methods, bedding joints are
explicitly simulated using joint elements (Jia and Tang 2008; Fortsakis et al. 2012; He at al.
2012; Matkowski 20%; Yang et al. 2013; Panthee et al. 2016). In Jia and Tang (2008), a finite
element code was used to numerically investigate the influence of the joints dip angles and of
the lateral earth pressures factor on the stability of tunnels. The results indicated that both the
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dip angle and the lateral earth pressure coeffidi@ane a considerable impact on the tunnel
behavior. They concluded that in the case of hateddayered joints, the failure mode is of
“rock beam” type; for joints with dip angle betwa 30 degrees and 45 degrees, the failure
mode is sliding of sidewall and detaching, flexargd breaking of the layered rock mass near
the tunnel shoulder; for joints with a larger dipge, the failure mode is sliding of the rock
mass along the joints interface. In their study gravity of rock mass was however not
considered. In addition, it is impossible to makgemeral recommendation of the effect of
joints on the tunnel behavior due to the limitedniver of performed calculations. He et al.
(2012) adopted the distinct element method (UDEfBamswe) to highlight the behavior of a
tunnel under the effect of bedding planes. The @stlecommended that an asymmetric
support structure should be used to reinforce g@agically inclined bedding asymmetric
load. Recently, relatively comprehensive studiethefanisotropic behavior of stratified rock
mass in tunnelling conducted by Fortsakis et #1123 and Wang et al. (2012) pointed out the
importance of the stratification planes and of tbek mass quality affecting the radial
displacements around the tunnel. Only circular @&lmrwere considered in these studies.
Matkowski (2015) numerically investigated the effef the constitutive model and of the
rock mass stratification on the rock mass deformagimund the tunnels. They demonstrated
the inaccuracies of modeling the rock mass by uaimglastic constitutive model. In other
words, it is necessary to use elasto-plastic mottelaccurately simulate the rock mass
behavior. In this study, a horizontal stratificatiwas only considered.

With implicit methods, bedding joints are impligittonsidered as transversely isotropic
material (Fortsakis et al. 2012; Tran et al. 2(R&feh et al., 2015; Wang et al., 2015; Bobet,
2016). By comparing the displacement developed tirasversely isotropic rock mass with
the one obtained in the corresponding anisotropick rmass, Fortsakis et al. (2012)
emphasized that simulating a rock mass as a tresedydasotropic material does not lead to
the same displacement field as in anisotropic roelss. This difference is due to the sliding
effect along the bedding joints. It is thereforedent that an explicit simulation of the joints
is necessary to introduce for stratified rock masse

Obviously, most of previous researches focused nwestigating the behaviour of
circular tunnels considering the influence of inelil stratification (Jia and Tang, 2008;
Fortsakis et al, 2012; He et al., 2012; Wang et28l12, etc.) or the behaviour of noncircular
tunnels excavated in horizontal stratification (katski, 2015). So far, the effect of inclined
beddings in rock mass has not been often menti@met has not been clarified in the
literature.

This paper aimstherefore to highlight the effect ofnclined beddings in rock masses
and support structures on the displacement fiel@ldped around noncircular tunnels using a
finite element method (FEM). The presence of begldaints is explicitly simulated. The
numerical results indicated that with the beddimints dip angle increase, the stress
asymmetry over the tunnel vertical axis increategradually leads to an asymmetry of the
failure zone surrounding the tunnel. An increaseook mass quality means a decrease of the
rock mass sensitivity to the discontinuities. Irdiéidn, a dip angle of the bedding joints of
approximately 45 degrees could be considered asritieal angle for which the rock mass
mechanism changes between sliding and bending.

2. Evaluation of rock mass properties

In the numerical calculations, a constitutive modsing the Hoek-Brown failure
criterion (Hoek et al2002) was adopted for the rock mass surroundingeis (Marinos
2014; Matkowski 2015). The joints strength was aagtd through the Barton and Bandis
failure criterion (Barton and Bandis 1990). Botloab constitutive models are widely applied
when tunnels are excavated in rock mass (Fortsgka 2012; Matkowski 2015). Typical
parameters of the Quangninh coal area (IMSAT 20&E considered in this study.
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A range of Geological Strength Index (GSI) valubarging from 10 to 80 has been
adopted which covers rock mass conditions varyirmgnf very poor to very good. The
uniaxial compressive strength of intact rdck;) was chosen in a range from 10 MPa to 100
MPa, the modulus ratio MR = 500 and the geomate&taistant m= 7. The deformation
modulus of intact rock; is determined as follows (Hoek al.20(2):

Ei= MR g 1)
Wherea; is the uniaxial compressive strength of intackroc

The deformation modulus of rock ma&s,(«) (Hoek et al. 200Pwas calculated on
the basis of the following relationship:

Ene =E ( 002+ 1_'3/‘2] (2)

1 + g (6015D-GS )1

WhereE; is the deformation modulus of intact rock, D istdrbance factor.

The shear modulus of intact rodg) and rock mas3y,«) are estimated as follows:

G=_"
201+ ) 3)
Emref
Gm ref = ,
’ 201+ p)

Wherep is the Poisson’s ratio of rock.

Assuming that the rock mass is a combination afdntock and discontinuities, the
deformability properties of these elements are wated through the following equations
(Barton 1972; Goodman 198Bortsakis et al. 20)2

1 1 1
= +
Em,ref Em,int Spkn (4)
1 1 1
= +
Gm,ref Gm,int spks

where Emrer and G are respectively the reference rock mass defoomatnd the
shear modulugnjns andGn,in; are the deformation and the shear modulus ofriteerial rock
mass,s, is the bedding width an#l, andks are the normal and the shear stiffness of the
discontinuities.

The values ok, andks can be calculated based on results of laborataitg.le this
study, becaussuch data are not available, these value calculatetbased on Equation (4)
as follows(Fortsakis et al. 2012):

k — EmLE;

n (Ei_Em,L)Sp (5)
k — Gm,LGi

S (Gi_Gm,L)Sp

whereE;, G; are the Young's modulus and the shear modululseoirttact rock anén,,
GmL are the Young's modulus and the shear modulusefrdck mass determined with the
GSap. Gty is theGS value of the first row of the joint surface conalits illustrated in the
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GSI chart (Hoek et al. 2002). This case corresptmdstact or massive rock with few widely
spaced discontinuities.

The joint wall compressive strength (JCS) and jooughness strength (JRC) were
determined using the rock joint classification dtind suggested by Fortsakis et al. (2012)
(seeTable 1).

Table 1L Parameters of rock discontinuity

Discontinuity

No . JRC JCS
surface quality

1 Very poor 2 0,4

2 Poor 6 0,3

3 Fair 10 0,6

4 Good 18 0,6¢i

Because the support structure has a great impatiednehavior of the tunnel excavated
in stratified rock mass, two cases of tunnels vaittd without support structure have been
investigated in this study.

3. Numerical model

FEM was used in this study to model the influenteook joint on the stability of tunnel
and subsequent estimation of parameters which enfle on the deformation and
development of yielded zone induced in rock magd has been used previously by many
researchers (Fortsakis 2012; Matkowski 2015; Pant#teal. 2016). Firstly, monitoring data
(displacements) induced in the surrounding rocksmthee to the Tunnel N-6-8 excavation in
the Duonghuy coal mine (Quangninh, Vietnam) waslusevalidate the numerical model.
The tunnel shape is presented-ig. 1. The tunnel dimensions are 4.03 m in width and} 3.2
m in height. This tunnel was excavated along a seam Fig. 2). This tunnel was used to
exploit the coal and transport it to outside. Thenel is located at the depth of 150 meters
from the ground surface. Properties of the rocksraasl of the discontinues surrounding the
Tunnel N-6-8 are described Trable 2 and Table 31t should be mentioned that parameters
JCS and JRC of joint are determined on the basgajerties of the weaker rock contact.
They were determined through both in-site and latooy tests. This tunnel was supported by
steel ribs, their properties are givenTiable 4. The steel ribs are installed right after each
excavation cycle and at the maximum distance ohGrém the tunnel face.

2.5
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1.5m 1.0 p=32
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Fig. 1. Location of monitoring extensometers installediumnel N6-8
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b) 3D numerical model using the RS3 software
Fig. 2. Adopted numerical models for the N6-8 Tunnel (Rarsce)

Three extensometers have been installed in rock fnas the tunnel wall to monitor the
displacements induced in rock mass after the exicavéseerig. 1). Each extensometer has 4
rods which have different lengths of 1m, 1.5m, 2mdm measured from the tunnel wall. The
displacements induced in rock mass were frequendwitored during six months until the
tunnel boundary reached a stable state.

Both 2D and 3D numerical models built using the R&®& the RS3 softwares
(Rocscience2016, respectively, were used to make a comparisoi wibnitored data
obtained from the tunnel sitérify. 2). In the 2D model, a relaxation process using the
softening method was applied to take into accodnthe pre-displacements in rock mass
surrounding the tunnel after excavation and betioeesteel rib installation (Do et al. 2014). A
reduced deformation modulus{g of 70% of the initial value (E) was adopted oe thasis
of a back analysis done on the pre-displacementevaionitored at the top of the tunnel
before the installation of the tunnel support e

Table 2 Parameters of rock layers in Tunnel N6-8

Uniaxial

.. compressive Cohesion . Ir_1terna| Young

Layers Density GSI friction angle modulus

strength C (MPa) (degrees) E (MPa)

ce (MPa) ¢ ldeg
Sandstone 2.65 86.62 60 1.33 40.59 11,585
Siltstone 2.65 46.48 50 0.69 31.95 4,772
Coal 1.4 20 20 0.19 14.23 556
Intercalary stone 2 25 45 0.392 27.34 2,624
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Measured displacements along three extensometgedléu at tunnel site are presented
in Table 5. Fig. 3 shows the yielded zone developed surroundinguiiee obtained from 2D
numerical model. It can be seen that the endstehsrometers are outside the yielded zone of
the rock mass. The comparison between the numer@hlexperimental results is presented
in Table 5

Table 3. Stiffness of joints in numerical model for the €as Tunnel N6-8

Rocks in contact JCS (MPa) JRC
Sandstone - Siltstone 23.24 10
Siltstone - Intercalary stone 7,5 6
Intercalary stone - Coal 2.0 2
Coal - Siltstone 2.0 2

Table 4.Properties of the steel ribs

Properties Values
Height of section (m) 0.171
Cross section area ¢in 0.002173
Inertia moment () 2.43 10
Young's modulus (MPa) 210,000
Poisson ratioy) 0.25
Table 5 Comparison between monitoring data and numemcalels (2D and 3D)
Distance from Displacement in rock mass (m)
the tunnel wall Measured data 2D model 3D model
(m) P1 P2 P3 P1 P2 P3 P1 P2 P3
1 0.080 0.095 0.015 0.060 0.088 0.012 0.048 0.0940180
15 0.045 0.090 0.015 0.047 0.066 0.008 0.038 0.0€L011
2 - 0.040 0.015 0.033 0.045 0.008 0.030 0.050 0.008
2.5 0.0z 0.04C 0.01f 0.027 0.02¢8 0.00¢ 0.028 0.03¢ 0.00<
Maximum
displacement 0.080 0.095 0.015 0.060 0.088 0.012 0.048 0.094 180.0
(Dmay) (M)
D1 atic - - - 0.75 0.93 0.80 0.60 0.99 1.20

Note: Drato = Dmax-modefDmax-measured (Where: Dhaxmoder IS the maximum displacement obtained in
numerical models at each location (P1, P2 or PR)x.RasuredS the maximum displacement observed
in tunnel site at each location (P1, P2 or P3)).
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Fig. 3. Distribution of yielded zone surrounding the tun¢&d model)

It can be seen that the 2D numerical model giveplatements which are more or less
similar to those obtained in the 3D numerical madel both numerical models are relatively
consistent with the monitored dafa., values for both numerical models (2D and 3D) are
close to unity, especially at point P2. The higtiéierence between the results of numerical
models and monitored data is seen at point 3. ddmsbe related to the fact that this borehole
is parallel to the rock mass joint direction (ségsFl and 3). The measurements of the
extensometer can therefore be disturbed by the @ithis point.Without considering the
result at point 3it is reasonable to conclude that the 2D numenwuadel using the relaxation
process with joint elements between rock layersbeasfficiently used. 2D numerical models
will be therefore used in the following sections flee parametric analysis.

4. Tunnels without support

In this section, numerical analyses of tunnels aithsupport structure in plane strain
conditions have been conducted using the RS2 sat{i®ocscience). The aim is to highlight
the effect of joints parameters on the rock masswier surrounding the tunnel in terms of
induced displacements and stresses.

The section used is not the same as in the firstopahe work. A typical section which
is usually used in the Quangninh coal mines wagtedohere. The tunnel cross section was
assumed as an arch-profile crown and vertical sslewvith dimension of 4.5m wide and 3.5
m high. A depth of 300 meters from the ground stefhas been chosen because this depth is
now widely observed in the Quangninh coal mine .afBgical rock mass parameters
including the intact rock and the discontinuities the Quangninh coal mine area were
adopted in this study (sdeable 6) (IMSAT 2012).

Table 6.Rock mass and joint parameters

Descriptions Values
Rock mass material
Modulus ratio MR 500
Unit weight y (kN/m®) 24
Poisson’s ratio of rocky 0.25
Uniaxial compressive strength of intact 10; 30; 50; 70; 100

rock o (MPa)
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GSkap 35:; 50; 75; 85

GSI(GSkap) 20 (35,50); 40 (50,75); 60 (75,85); 80 (85)
Discontinuities/Joints

Dip angle of rock layerg (degrees) 0% 3¢; 45°; 60°; 90

JCS (GShy) 0.1 (35); 0.375 (50); 0.504 (75); 0.605 (85)
JRC (GShn) 2 (35); 6 (50); 10 (75); 18 (85)

Other parameters

Lateral earth pressure coefficidty 0.25;0.5;1;1.5;2

Tunnel deptiH (m) 100, 300

The first calculation step of the numerical excaraprocess consists in setting up the
initial stress state taking into consideration teetical stress under the effect of the gravity
field. The ratio between lateral and vertical stessis assumed to Bg=0.5 for the reference
case. For comparison, there are no joints in tist fnodel. In the other models, there are
bedding joints at a dip angle @=0° 3, 48, 6, 9¢ with @ and 98 indicating the
horizontal and vertical layers, respectively. Thatis were modelled as parallel surfaces in
the internal rock mass. The distance between jognexjual to 1.0 meter. On the basis of a
parametric analysis, numerical models with dimemsiof 32m x 32m were adopted to avoid
the effect of boundary conditiofi@y. 4).

The other discontinuities strength parameters vefr@sen depending on the rock
surface condition. The values of the joint rouglsnesefficient (JRC) changed from 2 (very
poor) to 18 (very good). The joint compressiversjth (JCS) varied from 0cl; (very poor)
to 0.60. (very good) Fortsakis et al. 20)2The GSI value is assumed to change from 10
(very poor) to 80 (very good). All rock masses distontinuities parameters are presented in
Table 6. In total,800 calculations were done, thus covering most ofpibesible situation that
could be encountered in practice of tunnel excavatestratified rock mass in Quangninh
coal mine area.

This section deals with the variations of the cageace displacements of the tunnel
wall after excavation considering the influencetlté bedding angle, of the joint parameters
and of the rock mass quality. These variations vaEermined at the final state when the
unsupported tunnels have reached a steady statevé@stigate the effect of joints/beddings
on the displacement of the tunnel boundary, 5 efasen points were chosen as seelfim
5.

Fig. 4. Layout of numerical model
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Fig. 5. Location of observation points on the tunnel bargd

Fig. 6 presents the yielded zones distribution after exttam in the case of GSI = 40,
GSkha = 50,0, = 30 MPa, K = 0.5. These parameters are the ones of the neferease in
this study. For intact rock masses without jointg yielded zone is smaller than the one
observed in the case of stratified rock masseadtition, the stress distribution around the
tunnel excavated in an isotropic rock mass anaaise of horizontal and vertical stratification
is symmetric. However, for the case of inclinecsfied rock mass, with the increase of the
dip angle, the asymmetry of the yielded zone deetancreases gradually. It is reasonable
to conclude that the influence of the stratificatan the rock mass behavior surrounding the
tunnel after excavation is significant and mustden into consideration.

a) isotropic rock mass = Odegrees

|

c) B = 30degrees

PN
. ~! ,

N
d) B = 45 degrees e) 3 = 60degrees f) B = 90degrees

Fig. 6.Yielded zones around tunnefsq = 40,GS = 50 ands; = 30 MPa) for the case of
unsupported tunnel

In order to investigate the effect of the dip angierock mass behavior, the ratiguo
has been adopted. The valuesuptindu, are the convergence displacements determined at
points 1, 4 and 5 when the dip angles are largar #ero and equal to zero, respectively. The
distribution of the ratiaig/up as a function of the dip anghefor points 1, 4 and 5 is illustrated
in Fig. 7. It should be noted that the results presenteign 7 includes all considered GSI
values.Generally, the higher the dip angle, the largerdbatter of the ratioi/up. In other
words, the convergence displacements developedoasities of tunnel (points 4 and 5) are
highly affected by the dip angle of rock layersslalso interesting to note that the ratjfuy
is usually larger than the unity which means that tconvergence displacements induced in
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the inclined layered rock masses are usually latigen the ones obtained for horizontally
layered rock masses.
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Fig. 7. Distribution of the ratiais/up as a function of dip angl@) for the case of an
unsupported tunnelithout differentiation of GSI values

Using the same data froifig. 7, Fig. 8 presents the differentiation of the GSI cases
influencing on theus/u ratio at points 1, 4 and 5. It can be seen ttesthaller the GSI value,
the more dependence wfuo ratio on the dip angle of rock layers. With GSlues of 60 and
80, the scatter ofis/up ratio depending on the dip angle of rock layente or less similar.
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Fig. 8. Distribution of the ratials/up as a function of dip angl@) for the case of an
unsupported tunnel with differentiation of GSI vedu

The values ofis/ug significantly depend also on the rock mass qualstypresented ifig.
9. At tunnel crown (point 1), it can be seen that scatter of the ratiay/up tends to decrease
as the GSI values increases. Indeed, an increabe @GSl value also means an improvement
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of the rock mass quality and a decrease of the mua$s sensitivity to the discontinuities. The
same results are also observed for points 4 and 5.

As for points 2 and 3, the dependence of the tgfip on GSI value is not the same as
at point 1. The ratiai/up reaches the maximum value and its maximum scédtea GS
value of 40 corresponding to a medium rock masséitgyuén other cases, for &3 value of
20 (poor rock mass), dBS values higher than 60 (good rock masses), a dezrefithe
scatter of the ratiais/Uup is observed. It is therefore reasonable to stadé the ratious/uo
strongly depends of the discontinuity in the caSenedium rock masses. This dependency
decreases in the case of (1) highly jointed rocksea and/or poor joints condition; (2) rarely
jointed rock mass and/or good joints condition.

In order to highlight the asymmetry of convergendbs deviationd defined as the
difference between the convergences at points 23asdoresented ifig. 9d. A significant
dependency of thé value on theé5S can be seen. The higher {68 value, the smaller the
deviationd. The deviation of convergences at two sides ofttheel is larger when the rock
mass quality decreases. Nevertheless, wheGghe/alues is over 60, the scatter rangedof
value is more or less similar.

Fig. 10 presents the convergence displacement of poingsahd 3 considering dip
angle B) and uniaxial compressive strength;) variation while other parameters are fixed
(GS =40,GSa = 50). The influence of the dip ang® on the convergence displacement at
point 2 is significant in the case of weak rock sessé. < 35 MPa). When the uniaxial
compressive strengtle{) increases, its influence decreases. The samksrase however not
observed for points 1 and 3. It can also be seam ffig. 10 a considerable effect of the
compressive strength of the rock mass on the cgewee displacements of points 1, 2 and 3
whengg value is smaller than 35 MPa. The results obtafpedther rock masses qualities in
terms of GS values are more or less similar to the case mestdi@bove. For the sake of
simplicity, these results are therefore not presgnt
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Fig. 9. Distribution of the ratiais/up as a function of rock mass quality in terms of @lthe
case of an unsupported tunnel
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c) Convergence of point 3

Fig. 11 presents the effect of the lateral earth pressoe#ficientK, on the convergence
displacement induced on the tunnel wall. Considetime change of joints condition, two
values of GS)p of 50 and 75 have been investigated which cormdpdo k = 11,085
MPa/m, k= 4,435 MPa/m and.k= 111,128 MPa/m, &= 44,450 MPa/m. Other parameters
are GSI = 40¢¢ = 30 MPa.

In the case of poor joints condition (GHE 50), the convergence displacement at point 2
considerably depends on the dip angle of rock kayérenK, value is larger than unityF(g.
11a). This dependency decreases with good joints itond(GSky, = 75) Fig. 11b).
Generally, the higher the lateral earth pressuefficient Ko, the larger the convergence
displacement at point 2. The same dependency atdheergence displacement of the other
points on the tunnel boundary is also observed.
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Fig. 11.Convergence displacements at points 2 considenmgltange in the lateral earth
pressure coefficient ( and dip angleff) (GSI = 40,6, = 30 MPa) for the case of
unsupported tunnel

5. Tunnels with support
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Support structure of steel ribs type is widely usedupport the tunnel excavated through
inclined stratified rock mass in the Quangninh cwodthe area. Parameters of the reference
case has been adopted to analysis the influencenté on the behavior of supported tunnels.
Tunnels are located at the depth of 300 m fromgtioeind surface. Joint spacing is equal to
1.0 m. The lateral earth pressure coefficiery) (K 0.5. Other parameters of rock mass and
discontinuities are presentedTiable 6. Properties of steel ribs are showrTeble 4.

Fig. 12 presents the distribution of yielded zones developéhout and with support
structure. It can be seen that the support streidtas a great effect on the yielded zone range.
As predicted, a smaller area of yielded zones senked in the case of support.

i

oes
A

b)
Fig. 12.Yielded zones around tunnel8Y = 40,GS b = 50,0¢ = 30 MPa = 45):
(a) tunnel without support; (b) tunnel with support

Obviously, the support structure plays a role iduang the deformation and/or the
displacements of the rock mass. The developmentetded zones is therefore reduced. In
addition, support structure causes reaction fondgsh helps to increase the radial stresses in
the rock mass, i.e. the minor stress (Fig. 13. Consequently, a triaxial stress state
surrounding the tunnel is maintained and helps ¢bihze the self-support capacity or the
stability of the rock mass.
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Fig. 13.Minor principal stressas) in the rock mass: (a) tunnel without support;t(innel
with support p = 0)

The influence of the support structure on the tumad radial displacement is presented
in Fig. 14 The displacements induced in the case of tunitél support are smaller than the
ones observed in the case of tunnel without supplarivever, when the uniaxial compressive
rock mass strengthy; is greater than 35 MPa, the radial displacemaeiffereince in these two
cases is negligible and is generally smaller thaiml(seeFig. 14). The support structures
play an insignificant role in controlling the disgpement of strong rock mass;(> 35 MPa
in this study).

nvergence displacement
nvergence displacement |
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Fig. 14. Convergence displacem: of tunnel without support (a) and tunnel with suggb)

(GS = 40,GSap = 50,p = 45)

Fig. 15 presents the dependency of the ragio,p with the dip angle of rock layer# is
necessary to note that the results presentéayiril5includes all considered GSI valudssis
similar to the investigated results obtained in ¢ase of unsupported tunnels, the scatter of
the ratious/up tends to increase for larger dip angles of rogkis. The larger the dip angle of
rock layers, the greater the influence of jointsdok masses on the radial displacements. It is
evident that the support structure does not sicguifily change the distribution of the ratio
Ug/Uo.

Using the same numerical data fréig. 15 Fig. 16 presents the range offug ratio with
different GSI values. It can be seen fréig. 16 that the smaller the GSI value, the more
dependence af/ug ratio on the dip angle of rock layers. The samechusion is obtained by
the case of unsupported tunnel mentioned in sedtion
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Fig. 15. Distribution of the ratiai/up as a function of the dip ang(@) for the case of a
supported tunnel without differentiation of GSI wes
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Fig. 16.Distribution of the ratials/up as a function of dip anglg¢)for the case of a supported
tunnel with differentiation of GSI values

In order to highlight the mechanism of deformatibsplacement of the rock layers
considering the effect of the lateral earth presamefficient Kg) and of the dip angle of the
rock layers f§) (Fig. 5), the deviationd is presented ifrig. 17. Five different values oKg
have been considered. Other parameters of themadses of the reference case have been
adopted.

When the K value is smaller than unity (i.e.,ok 0.25, 0.5) and the dip angIB) (is
approximately smaller than 45 degrees, bendingatisments are induced at point 2, which
makes a perpendicular direction with the joint sce&f is more predominant compared to the
sliding displacements induced at point 3. On thieeothand, when the dip anglg) (is
approximately greater than 45 degrees, the largsplatements are observed at point 3
instead of point 2, which indicates the greatedpmeinance of the sliding mechanism along
the joint surface.
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Fig. 17.Deviation of the convergence displacements attggband point 3 considering
differentKg values (GSI = 405 = 30 MPa, GSl, = 50) for the case of supported tunnel

For other cases dfp which are higher than unity (i.eko = 1,5 and 2), an opposite
influence ofKg on the deformation/displacement behavior of p@iaind point 3, is observed
(Fig. 17). However, it should be noted that the predomireemding mechanism at point 2 or
sliding mechanism at point 3 change at the critiiplangle of 45 degrees. It is reasonable to
conclude that the smaller the angig ljetween the joint surface and the direction efrtiajor
principal stress, the more the sliding mechanismpréglominant along the joint surface. On
the other hand, bending displacements developedepdicularly with the joint surface
observed at point 2 will be greater than the stjdiirsplacements at point 3 when the angle
increases.

Fig. 18 shows the yielded zone distribution for the refieeerock with a dip angle of 45
degrees. It can be seen that, the failure areangplex and strongly dependent on the lateral
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earth pressure coefficieniyKIn general, the smaller this coefficient is, greater the yielded
area is. Indeed, when the Malues are equal to 0.25 or 2, the yielded ardarger than the
ones observed ford¥alues (i.e., K= 0.5,1.0 and 1.5Hg. 18. It should also be noted that,
the higher the Kvalue, the greater the yielded area, except f@rctdse of Kvalue of 0.25.
The main yielded area is located on the top lefbepof the tunnel, while the small yielded
area is observed on the top right corner.

7
/4

Fig. 18. Distribution of
yielded area in different K
values (GSI = 405 = 30
MPa, GSky = 50,p = 45)
for the case of a supported
tunnel

5. Conclusions

In this study, numerical calculation has been cotellito investigate the effect of the dip
angle, of the lateral earth pressure coefficiedt@fithe rock mass quality on the convergence
displacements of the surrounding rock mass. Somelesions can be derived as follows:

- For intact rock masses without joints, the yieldede is smaller than the one observed
in the case of stratified rock masses. In addititwe, stress distribution around the tunnel
excavated in an isotropic rock mass and the casezontal and vertical stratification is
symmetric. However, for the case of inclined stiedi rock mass, the asymmetry of the
yielded zone developed surrounding the tunnel asme gradually when the dip angle is
greater.

- The convergence displacements induced in incliagdred rock masses are usually
larger than the ones obtained in horizontally lagerock massepresenting by the ratig/ug
which is usually larger than the unity. In additiche smaller the GSI value, the more
dependence afs/uo ratio on the dip angle of rock layers

- An increase of the GSI value means an improveroénte rock mass quality and a
decrease ofhe dependence of rock mass behawowrthe discontinuities. Consequently, the
scatter of the ratias/up tends to decrease as the GSI values increases;

- The deviation of convergences at two sides ofttimmel is larger when the stratified
rock mass quality decreases. It means that thehigeGS value, the smaller the deviation.

- For investigated cases in this study, when thexiel compressive rock mass strength
o IS greater than 35 MPa, the radial displacemeiffisreince in the two tunnel cases with
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and without support structure is negligible. It meathe support structures play an
insignificant role in controlling the displacemesftstrong rock masss{ = 35 MPa in this
study);

- The dip angle of the joinB] of approximately 45 degrees could be considestha
critical angle at which displacement mechanismamkrmass changes between sliding and
bending.When the K value is smaller than unity (i.e.ok 0.25, 0.5), bending mechanism is
greatly developed at small dip anglg$ (hile sliding mechanism along the joint surfase i
more important at large dip anglgy.(A sliding mechanism at small dip angle and begdi
mechanism at large dip angle, is observed for athses oKy which are higher than unity.
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Highlights

- Effect of the lateral earth pressure coefficierd ahthe rock mass quality
- The stratification influence on the rock mass bérag significant





