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and arched segments

Foot Plate:
ASTM AZE min.

Joint Plate:
ASTM A3E min.

Lattice Girder Bar Material:
Tensile Strength 80ksi (530 MPa) min.
Yield Strength 70ksi (480 MPa) min.
Elongation 10% minimum

Connecting Bolts:
ASTM A 325N @34 minimum
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ROCK CLASSES
G F E D C B A
Exceptionally Extremely Very - Very | Ext. Exc.
e poor poor Poor | Fair Good good| good | good
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| Y
0.001  0.004 0.01 0.04 0.1 D4 1 4 10 40 100 400 1000
: _RQD _ Jr Jw
Rock mass quality Q = In X Ja X SRF
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Lithified Arenaceocus Rocks Polymineralic

Carbonate Rocks  Agrillaceous with Strong Fine-Grained Igneous and Meta-
with Well Devel- Rocks Crystals and Poorly Polymineralic marphic Crystalline
oped Crystal mudsione, siltstons, Developed Crystal Igneous Crystalline Rocks
Cleavage shals, and slate Cleavage Rocks amphibolits, gabbra,
dolomite, limestone, (normal to cleav- sandstone and andesite, dolerite, gneiss, granita,
and marble age) quartzite diabase, and rhyolite norite, quariz-diorite

Intact Rock Samples m = 7.00 10.00 15.00 17.00 25.00

Laboratory specimens s = 1.00 1.00 1.00 1.00 1.00

free from discontinuities

RMR = 100, Q = 100

Very Good Quality m = 4.10 585 878 9.95 14.63

Rock Mass s =0.189 0.189 0.189 0.189 0.189

Tightly interlocking

undisturbed rock with

unweatherd joints at 1

to 3m

BMR = 85, Q = 100

Good Quality Rock m = 2.006 2.865 4.298 4.871 7163

Mass 5 = 0.0205 0.0205 0.0205 0.0205 0.0205

Several sets of modar-

alely weatherad joinis

spaced at 0.3 t0 T m

RMR =65, Q@ = 10

Fair GQuality Rock m = 0.8947 1.353 2.030 2.301 3.383

Mass s =0.00128 0.00198 0.00198 0.00198 0.00198

Several sets of moder-

alely weathered joinis

spaced al 0.3 to 1 m

RAMR =44 Q=1

Poor Quality Rock m = 0.447 0.630 0.959 1.087 1.598

Mass s = 0.00019 0.00019 0.00019 0.00019 0.00019

Numerous weathered

joints at 30-500 mm,

some gouge; clean

compacted waste rock

RMR =23, Q=01

Very Poor Quality m =0.219 0.313 0.469 0.532 0.782

Rock Mass s = 0.00002 0.00002 0.00002 0.00002 0.00002

Numerous heawvily

weathered joinls

spaced < 50 mm with
gouge, waste rock with
fines

RMR = 3, Q = 0.01
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N = Number of bolts (dowels)

W = Weight of wedge

F = Safety factor (1.5 to 3.0)

¢ = Friction angle of sliding surface

¢ = Cohesion of sliding surface

A = Area of sliding surface

B = Load bearing capacity of bolt {dowel)

W (F sin P - cos p tan g) - cA

N= B (eos atan ¢ + F sin a)
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Box 6-6. Seismic Analysis of Circular Tunnel Linings (Continued)

1. Longitudinal Bending and Extension or Compression
Obtain seismic input parameter from seismologist:

Y, = maximum particle velocity from shear wave

A_ = maximum particle acceleration from shear wave

Obtain effective shear wave propagation velocity C, of rock medium from in situ seismic survey or from relationship with
effective shear modulus G (under earthquake shear strain level):

C = Gl'lp

5

where p = specific gravity of rock mass. Shear modulus is related to Young's modulus E_ by
G=E/2(1+v)
where v, is Poisson's ratio for the rock mass

With the assumption that the tunnel structure is flexible relative to the ground, then the tunnel structure will conform to the
free-field motion of the ground, and the maximum and minimum (compression, extension) strain of the tunnel structure is
E.oiin =FH(VJ/C.)sinB cos B + (AR/C?) cos® B,

where R = tunnel radius (strictly speaking, R = distance from extreme compression fiber to neutral axis) and 8 = angle of
incidence of seismic shear wave. The greatest/smallest strain is usually found for 8 = 45°;

E.=+05V/C.+035ARIC2 -

mizeimin
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2. Owaling or Racking

A seismic shear wave impinging on a circular tunnel structure at a right angle will cause the structure to rack or ovalize,
shortening one diameter D by A D and lengthening the orthogonal diameter by an equal amount. In the free field rock mass,
the shear strain can be approximated by

7"l"l max = 1|I"Ilrs'{[:sﬂ

and an unlined hole driven through the rock mass would suffer an ovalizing distortion of

AD/D=+y __ (1-v)

The maximum strain in the lining, then, is
E... = VJC [(3(1-v VR + 12 RAEJE_{(1-v)(1+v)}]
where t = lining thickness, R = tunnel radius, E_ = concrete modulus, v, = Poisson's ratio for concrete.

3 MNotes

Owvalizing strains are superimposed on strains pre-existing from static loads.

For a maximum earthquake design, usable compressive strain is about 0.003.

Tension cracks due to excessive extension dynamic strains usually cannot be avoided. They will, however, generally close
again after the seismic event. Tension cracks can be reduced in size and distributed by appropriate crack reinforcement.
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4 Example - Los Angeles Metro, Circular Tunnel in San Femando Formation
A, =086qg,V,=3.2ft/sec, C, = 1360 f/sec

R=101t t=80in, EJ(1-v2) = 662,400 ksf, E, = 7200 ksf, v, = 0.33

1. Longitudinal:

Eooomn =2 05x3.2/1360 £0.35x 0.6 x 32.2 x 10/1360°
=+ 0.00118 + 0.000037 =+ 0.00122 < 0.003 - ok

2. Ovalizing:

ADD=+2" 321360 (1-033)=0.0031
Eraomin = & 3211360 [3(1 - 0.33)(8/120) £ 1/2 *120/8 * 7200/ (1 + 0.33) x 1/662,400)]
=+ 3.2/1360 (0.134 + 0.122) = 0.0006 < 0.003 - ok

This example is for a concrete tunnel through a weak, soil-like material. Tunnels through stronger, rock-like matenals would
be subjected to lower seismic strains.

Reference: Wang (1985)
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