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1. Introduction

The prediction of tunnel convergence at great depth is the important factor in tunneling design. A large
number of analytical solutions have been presented for circular tunnels. However; it is not an easy task to use
them in practice due to their either complexity or difficulty of stepwise computations, particularly when the
stress-strain behavior of rock mass is the strain softening.

Therefore; in this study, a simple analytical approach is presented to estimate circular tunnel convergence
using the stress- strain curve of rock mass located on tunnel wall. This curve is obtained based on values of the
principle stresses as well as their variation on tunnel wall due to tunnel face advancement.

2. Methodology
2.1. Assumptions

Tunnel cross section is circular and excavated in homogeneous rock mass subjected to hydrostatic stress
field i.e. po. Due to the excavation, the stress field is redistributed to the radial and tangential stresses with
respect to the opening. Advancement of tunnel face leads the value of radial stress (as the minor principle
stress) to become lower, and vice versa; the value of tangential stress (as the major principle stress) to increase
until the difference between two principle stresses become so greater that the rock mass is broken i.e. (Brown
etal. 1983)

013 =Po * Mo, 1)
0, — 03 = 2Ma, (2)
where
1
1 mp 2 Po 2 mp 3
—3 |G B[ - ®

where o, is the uniaxial strength of intact rock, m, and s, are rock mass constants before failure, and can be
obtained by initial quality of rock mass introduced by proper Geological Strength Index (GSI).
After rock mass failure, the relation between the principle stresses obeys Hoek-Brown failure criterion
(Hoek and Diederichs, 2006).
01 — 03 = (moc03 + 50:%)°° 4)

where m and s depends on the extent which the rock mass has been broken.
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2.2. The analytical approach

Further advancement of tunnel face leads in further reduction of radial stress on tunnel wall, and at the same time;
tunnel convergence increases meaning the quality of rock mass deteriorate (and so forth the values of m and s). Hence;
the value of o; — o5 reduces. This process is continued till to full diminishing of radial stress. In this condition

01 — 03 = ,/s0, ()

Using associated flow rule, the stresses- strain curve of tunnel wall is such as shown in Fig. 1.

0, =05

Fig. 1. The stress- strain curve of rock mass on tunnel wall

The trend of stress-strain curve in the plastic regime is related to both the quality of rock mass (directly)
and the tunnel depth defined by confinement stress (indirectly) (Alejano et al.,, 2010). Considering that GSI has
more influence than the minor stress (Alejano et al., 2010), the slope of stress-strain curve is continuously
reducing (Ranjbarnia et al., 2014).

In this study, for the simplicity, the non-linear post peak curve (the solid one) is approximated by two linear
curves (the dashed lines) so called “the first strain softening” and “the second strain softening” stages (Fig. 2).

0, —0;

~

Fig. 2. Approximation of nonlinear curve by two linear (dashed or dotted lines) curves

The slope of first stage can be calculated by Equation (6) (Alejano et al., 2010)

Ng, = —wsl.E" (6)
Where
-1
O- O-

s, = 0004600768651 <—3 ) or ——

51 Sp Oc 4 [Sp Oc (7a)

> 0.1
-1
0- O-
ws, = 0.0046¢0-07686S17 (—3 + 0.05) for ——<0.1 (7b)
Sp O¢ Sp O¢

. 2E
E —

1+v ®
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where E and v are the elasticity Modulus and Poisson’s ratio of rock mass before failure, respectively; GSI?
refers to the value of GSI before failure, and o3 is the confinement stress. After failure, as the magnitude of
confinement stress in tunneling excavation (corresponding to solid curve and dashed line) varies from p, —
Mo, to zero, the average value is considered in above equations. This assumption leads the dashed lines to
move to dotted line location in Fig. 2.

The insignificant slope of the second stage can be obtained by equations (6)-(8), but using GSI", E,. and s,..
GSI" is associated to completely broken rock mass, and can be estimated according to GSI? (Cai et al,, 2007).
The value of E,. and s, are calculated by GSI" (Hoek and Diederichs, 2006).

Total tunnel wall strain is calculated from both the “elastic” and “plastic” parts of stress-strain curve. The
major elastic strain is (Brown et al., 1983)

Mo,

gle = °C (9)

where G is the shear Modulus of rock mass. From Figure (2), the major strain of the softening parts are
(01 — 03)s. — Aoy — 03) A—1)(o; —03)
8131+€152= 1 3 SIN 1 3 52+( )Nl 3/s, (10)
S1 S2

Thus, the total major strain after manipulation is

. total _ Ma, N Jm,0.05(, — Mo,) + s,0.2 — Aym,6,0.5(p, — M0,) + 5,0, N (4 — 1)y/m,.3,0.5(py — Ma,) + s,0.2

TG N, N, (11)

Where A is a key parameter found from the graphs prepared in terms of different tunnel depths and
qualities of rock masses. These graphs are obtained by matching the total major strain by equation (11) and
that of the authentic analytical approach for different cases. These graphs are available in original paper.

3. Results and discussion

Table (1) compares the calculated major total strains by proposed approach with those obtained by Alejano et
al. (2010). The circular tunnel with 6 meters diameter is excavated at depth of 600 meters in three different
qualities of rock mass. The other rock mass data are v = 0.25 and g, = 75 MPa.

Table 1. Calculation the total major strain by proposed method to compare with those obtained by Alejano etal. (2010)

GSIP — GSI” Parameter A g%t by proposed approach ggtote! by Alejano et al. (2010)
75-40 1.09 4.55E-04 4.94E-04
50-30 1.025 4.82E-04 4.32E-04
25-25 1.18 4.95E-02 5.00E-02

4. Conclusions

The convergence of circular tunnel excavated at great depths (i.e. from 200 meters to 1000 meters) in
different quality of rock mass can be calculated using the simple equations along with graphs. Comparing the
results of proposed approach with those of the other analytical approaches shows the effectiveness of the
proposed method.
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