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ABSTRACT

This report summarizes some of the classical formulas used in the design
of concrete linings for vertical, circular bored shafts and applies them to a
generic shaft in tuff. The lining requirements are shown to be highly
dependent on the rock mass strength and in situ stress field. For a given
stress field, the required lining thickness is analyzed as a function of rock
mass strength, which is approximated by various fractions of the laboratory
strength. For the cases considered, if the rock mass strength is equal to the
laboratory compressive strength, then no lining would be required. If the
strength reduction factor is 2, a concrete lining (compressive strength 35
MPa) having a thickness of 0.3 m would provide a safety factor of at least
1.S. For larger strength reduction factors, the required lining thickness in
the different formations is quite variable. An analysis of measured lining
pressures for the conventionally sunk (excavated with explosives) Mt. Taylor
shaft (Grants, New Mexico) has been included. The results suggest that a
substantial damaged (relaxed) zone was created during the excavation process.
The lining pressures are much less than would be predicted under the assump-
tion of no damage. Therefore, the recommendations presented in this report
would have to be modified for application to conventionally sunk, rather than
bored, shafts. The approach described and the equations presented may, it is
believed, be used with care to analyze different generic shaft scenarios.
However, high priority should be placed on obtaining the best estimates
possible for rock mass strength and an in situ stress field.
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1.0 INTRODUCTION

The work described in this report was performed for Sandia National

Laboratories (SNL) as a part of the Nevada Nuclear Waste Storage Inves-

tigations (NNWSI) project. Sandia is one of the principal organizations

participating in the project, which is managed by the U.S. Department of

Energy's (DOE) Nevada Operations Office. The project is a part of the DOE's

Terminal Storage program to safely dispose of the radioactive waste from

nuclear power plants.

The DOE has determined that the safest and most feasible method cur-

rently known to dispose of such wastes is to emplace them in mined geologic

repositories. The NNWSI project is conducting detailed studies of an area on

and near the Nevada Test Site (NTS) in southern Nevada to determine the

feasibility of developing a repository.

This investigation summarizes some of the pertinent rock mechanics

theories dealing with the design of repository shafts and shaft linings.

Equations are presented for a shaft in the following materials:

* strictly elastic (strength greater than the stresses);

* elastic-plastic zone formed near the shaft wall with a transition

to elastic behavior at some radius, R; the values of cohesion and

angle of internal friction are the same in the elastic and plastic

zones (as in sands or soil but not typical of rock);

* elastic-plastic zone formed near the shaft wall with a transition

to elastic behavior at some radius, R; the values of cohesion and

angle of internal friction can be different in the plastic and

elastic zones.

The extent of the plastic (broken) zone as a function of an applied pressure

to the shaft wall has been characterized, and the amount of rock bulking as a

function of damage zone extent also has been considered.
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A number of investigators, including Westergaard (1907), Fenner (1938),
Labasse (1949), Terzaghi (1943), Talobre (1957, 1967), Jaeger and Cook
(1969), and Ladanyi (1974), have published equations regarding the behavior
of rock in the vicinity of a vertical, circular shaft both with and without a
lining. This report focuses on a review of the rock mechanics theory appro-
priate to application for shaft lining design, some initial calculations
using properties of a generic tuff, and the results of an actual shaft lining
project in soft rock.

2



2.0 PROBLEM DEFINITION

Complex analysis of the behavior of a vertical, circular shaft in

generic tuff requires consideration of whether failure of the rock around the

shaft is expected. The following conditions apply for all analyses:

* The shaft is drilled or bored (no excavation-induced damage zone).

* The shaft is circular and vertical.

* One of the principal stresses is vertical and is due to the weight

of the overlying rock.

* The principal stresses in the plane normal to the shaft axis are

equal. Horizontal field stress does not vary in magnitude with

direction.

* The rock material obeys linear Mohr-Coulomb failure criteria.

* The geometry and coordinate system is as shown in Figure 1.

Equations are applied to a generic site in tuff. Three particular

depths in the formations tested were chosen for evaluation as shown In

Table 1 (Langkopf, 1982).

TABLE 1

ROCK MASS CHARACTERISTICS AT
DEPTHS SELECTED FOR EVALUATION

Stress Ratios (a /a )
Formation Depth () V

Tuffaceous Beds 495 0.87

Bullfrog 810 0.72

Tram 955 0.70

The

and

was

vertical stress,

is used often in
assumed to follow:

which comes from the assumption of 25 kPa/m of depth,

rock mechanics to estimate the effects of overburden,

a= a 0.025 MPa/m x H (1)

3.



Surface (Z-O

H depth below surface

Section of interest

z

Section A-Al (Enlarged)

r

' Figure 1. Geometry and Coordinate System
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where

aV a overburden stress (MP) and

H - depth (im).

The horizontal (H) to vertical () stress ratios presented in Table 1 were

selected based upon the work of Langkopf (1982).

5-6



. . ! I

3.0 TECHNICAL APPROACH

3.1 Strictly Elastic Zone

For the purely elastic situation, two particular cases are considered:

Case 1: If (a) the ground is elastic, (b) the stresses are less than

the strength of the rock, and (c) elastic displacement occurs before

lining installation, the rock-induced stress on the lining would be zero

and the thickness of the lining would be controlled by lining type and

installation procedures.

Case 2: If conditions (a) and (b) of Case 1 apply but the lining is

emplaced before the realization of full elastic wall displacement, then

two possibilities exist:

The shaft lining is installed with a gap of sufficient width

between the rock wall and the outer shaft liner wall to preclude

loading the shaft liner. The rock-induced stress on the lining

would be zero and the thickness of the lining would be controlled

by the lining type and installation procedures.

No gap exists when the lining is installed. In this case, the

lining is stressed to a degree, depending upon the rock and lining

stiffness and the amount of elastic relaxation. (This case is

addressed in Subsection 4.1.)

Case 1 is assumed to apply for the purposes of the following analysis.

The stresses in the rock surrounding the circular shaft (Figure 2) are

given by

az = V,

,l am ( 2 an (2)
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Figure 2. Stresses at Shaft Wall--Horizontal (r - ) Plane
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( 0 r)

where

aV = vertical field stress = yH,

aH = horizontal field stress = yH, (4)

H = depth below surface,

Y = overburden stress/unit depth,

K = factor relating the horizontal and vertical field stresses,

a = shaft radius,

r = distance measured from the center of the shaft,

oz = principal stress in the vertical direction,

oy = principal stress in the tangential direction, and

o = principal stress in the radial direction.

If the horizontal field stress is due to gravity alone,

where v = Poisson's ratio.

For typical values for rock of v 0.1 to 0.5, 1 varies between 0.11 and

1.0. The potential for failure in the r - (vertical) plane would be

examined when

< 5 (a°2 > a > ar and

the potential for failure in the r - 8 (horizontal) plane would be examined
when

> 0 5 (a > az > r)

When the horizontal field stress is due to other forces besides gravity,

appropriate values of cr will be taken from measurements instead of calcu-

lating a1 using Equation 4.

9



a -

The equation for the envelope representing the Mohr-Coulomb failure
criterion (Figure 3) is

T C + a tan (

where

t shear strength,

c = cohesion,

a = normal stress, and

= angle of internal friction.

An alternative form of Equation 5 expressed in terms of the principal stres-
ses, the unconfined compressive strength, and the passive pressure coeffi-
cient (Figure 4) is

1 =0 + 3 tan , (6)

where

01 c maximum principal stress,

aO unconfined compressive strength,

03' minimum principal stress, and

tan F = passive pressure coefficient.

Using the fact that

CY 2c cos and
0 21-sinA

tan = 1+ sin (7)1 - I; in

one can derive a third common form of the ohr-Coulomb failure criterion:

UI+ c cot + sin ¢

03 c cot = sin*

Analysis of the rock strength under the stresses at the shaft wal
r a) may predict whether failures will occur.

10



r- c + tan

1*

0 03 CI

Figure 3. ohr-Coulomb Failure Criterion Expressed
Normal Stresses

I~~~~~~~~~~

a I

in Terms of Shear and

a + 3 tan 6

Figure 4. Hohr-Coulomb Failure Criterion Expressed in Terms of Principal
Stresses
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Initial field stress measurements (Langkopf, 1982) suggest that K > 0.5

(K 0.75), and as a result, primary attention is focused on the behavior of -

the rock in the r - plane (Figure 2). From Equations 2 and 3, the maximum

stress difference ( - Or) occurs at the shaft wall ('r =0). Therefore,

the potential for failure is evaluated at that point.

If the average overburden stress, aVO is calculated using Equation 1,

and the appropriate values (depths from Table 1) and X values are consi-

dered, the stresses at the shaft wall are as shown in Table 2.

TABLE 2

X VALUES ASSUMED FOR ANALYSIS AND
RESULTING STRESSES AT THE SHAFT WALL

Principal Stresses (a)

Formation K a 0 r 3 z= 2 la a,

Tuffaceous Beds 0.87 0 12.38 21.54
Bullfrog 0.72 0 20.25 29.16
Tram 0.70 0 23.88 33.43

The matrix strength properties for the relevant formations are given in

Table 3.

TABLE 3

MATRIX STRENGTH PROPERTIES ROH
LABORATORY EASUREMENTS

Matrix Cohesion (c) Angle of Internal
Formation (HPa)' Friction (4)

Wet Dry

Tuffaceous Beds 10 11° 250
Bullfrog 12 25' 350
Tram 12 250 350

a Data are from Lappin, 1982.

From the values in Table 3 the unconfined compressive strength, cr, and

tan can be calculated as shown in Table 4.

12



TABLE 4

UNCONFINED COMPRESSIVE STRENGTH AND TAN a VALUES

Wet Properties Dry Properties

Formation -- io0 (KIM) tan vo(HPa) tan 

Tuffaceous Beds 24.11 1.47 31.34 2.47
Bullfrog 41.90 2.47 49.10 3.70
Tram 41.90 2.47 49.10 3.70

The corresponding strength curves for the three formations are given in Fig-

ures 5 through 7. The stresses at the shaft wall have been superimposed on

the appropriate figures; the stresses lie below the strength curves, and if

the laboratory properties are representative of the rock mass properties, no

failure would result.

Unfortunately, rock mass strengths generally are considerably less than

the strength of small core samples. (The laboratory tests were performed on

cores 2.5 cm in diameter and 5.1 cm long.) The strength of soft materials

can also deteriorate with time and in the presence of fluids. If the

strength of the rock mass (SRm) is related to the laboratory strength (Slab)

by

SR H Lab IS A PJ\fix 8

the maximum values that can assume without shaft wall failure can be calcu-

lated . The calculation of for the Tuffaceous Beds is provided below as an

example. The calculations are based on Equations 6 and 8.

Wet Strength

al c + 3 tan S b 2411 Pa

where

Ot S = 21.54 Pa (Table 2) and

03 0 (Table 2)

13
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Therefore,

= 24.1 1-1
wet 21.54 1

Dry Strength

SLab = 31.34 Pa

so,

Mdr 334=1.54Mdry 21.54

The M factors for the three formations are presented in Table 5. M can-

not be less than one. The SRH must be less than SLab presuming damage was

not done to the lab samples during collection and preparation. If M is

actually larger than the values presented in Table 5, then the rock mass

strength at the boundary of the hole is less than the stress. This will

produce rock failure. The strength reductions are expected to be of this

order of magnitude or greater, and the development of a zone of failed rock

around the shaft should be expected for Case 1.

TABLE 

MAXIMUM VALUES OF M WITHOUT
SLAFT WALL FAILURE

H Factors
Formation Wet Dry

Tuffaceous Beds 1.12 1.45
Bullfrog 1.44 1.68
Tram 1.25 1.47

3.2 Elastic Zone Material Properties Equal Plastic Zone Material Properties

If the material properties in the plastic (p subscript) and elastic

(e subscript) zones are the same, for the angle of internal friction,

fe ' p , and for cohesion,'

e c c
e p

17



It is assumed that failure occurs in the r - plane for x > 0.5 and

that the plastic-elastic boundary occurs at radius R R = extent of the

relaxed zone) (Figure 8). This assumption is based on Langkopf's (1982)

work, which shows that K ranges from 0.7 to 0.8. If failure occurs around

the shaft, then as the distance away from the wall is increased there will be

some radius R)

applied to the

unlined, P = 0.

equation (Jaeger

where the material is elastic again. The radial pressure

rockwall is Pi. In the special case where the shaft is

In the plastic region, a r < R, the stress equilibrium

and Cook, 1969) is applied:

du u -
r + r B

UT r

The Mohr-Coulomb failure criterion (Equation 6) can be written as

aO aO + r tan 

where

0 2 a , and

03 =r*

Substitution of Equation 10 into Equation 9 yields

(9)

(10)

dor a 0+
dr

(tan - ) r

r

Integrating and evaluating for boundary condition,

ar = i for r = a,

yields

= 1'-iO +
r 1-_tan i

IO A)r)(tan A - 1)
1 - tan /

(11)

18



Elastic

Figure 8. Diagrammatic Representain of the Flastic Zone Around a Shaft

Figure . Diagramatic Representation of the Plastic-Zone Around a Shaft

19



Substitution of Equation 11 into Equation 10 yields

'IO 'IO~ a ¶(tan -1
le ta tan (i I-tan p/ a) (12)

In the elastic region r > R the solution has the following form:

ar = 0 H - Br 2, and (13)

=as + Br2 (14)

where B is an unknown constant (Jaeger and Cook, 1969).

At the boundary r = R two conditions must be satisfied:

* continuity of radial stress requires that Equations 11 and 13 must

be equal and

- the stresses given by Equations 13 and 14 must satisfy the Failure

Criterion (Equation 10).

Therefore,

0 'IO- tan a1 - I) -2
1 - tan P +i I -tan J=ca/ -E B (15)9

and

H+ BR-2 = CO +( - B 2 ) tan .

Equations 15 and 16 can now be solved for the unknowns B and R.

(16)

1

2[aE(tan - 1) + O) ltan - 1

a = [P(tan - 1) + ao](tan + 1) j

R2 [a[(tan - 1) + ao0
B= ~tan + 

(17)

(18)

20



Equations 15, 17, and 18 are those originally derived by Westergaard (1907)

and discussed by Terzaghi (1943). ITalobre (1957, 1967) has included incor-

rect versions of these equations n his books.)

If aO = 0 (cohesionless material), Equations 11, 12, and 17 reduce to

0r =~(~(tan - 1)ar Pi(E) I ). -a

G = tan Pi (^ a and

. - I -

R r 2aH tan -
a LPI(tan P + IT , respectively. -

These equations were obtained by Fenner (1938), Terzaghi (1943), and

LIbasse (1949). Jaeger and Cook (1969) have shown that, in the region

a < r < R the slip line directions are inclined to that of the least

compressive stress (the radial tress) by angle K. As a result,

1 dr = cot .r e

The extent of the relaxed

solving Equation 17 for P :

zone as a function of P can be determined by
i

P.i (tan P 14
Pi 4 0= tan P 41

aO l I(ta 0 - l) a

A - tan f PRJ 1 - tan 

Simplifying,

Pi [tan + 1 -

or

2aO (a (tan - 1)

(tan P + 1) 1 - tan - K R
AT

a0

- tan T

tn2 1 aO (a(tan I-) - 0
i tan +1 H t I - 1 /R tan -

This is the form used by Terzaghi (1943). -

21



3.3 Elastic Zone Material Properties Do Not Equal Plastic Zone Material
Properties

The previous representation in which the cohesion and angle of internal

friction are the same in both the elastic and plastic zones is not very
realistic when considering a shaft in rock. The cohesion in particular would

be expected to be quite different in the plastic and elastic zones. This
problem has been discussed by Jaeger and Cook (1969) and Ladanyi (1974). The

failure criterion of the rock in the elastic zone (r > R) becomes

a = ao + rtanA'

where

a' = unconfined compressive strength of rock mass,

tan I l sin and

= angle of internal friction for the rock mass.

The preceding analysis applies except that Equation 16 is replaced by

H + 3R 2 = ao + (o - BR72) tan I' . (19)

Radial stress continuity at the elastic-plastic boundary means that on

the plastic side

-2 CIO CIO(G0 \)(tan~ ) (20)
OR BR =I - tan a (Pi - tan_ )a)20

Solving Equations 19 and 20 for R and B yields

R [ (2o - ao') (1 - tan C -O (l + tan )] tan 1and
a = (1 + tan i') IPi( - tan ) - an

R2 (c.(tan ' - 1) + DO']
B 1+ tan '

These reduce to Equations 17 and 18 when

CIO a S and A 

22



From laboratory triaxial tests performed on broken and intact coal mea-

sures (strata containing coal beds, particularly those of the carboniferous)

(Figure 9), obbs (1966) suggests that

tan (broken) tan ' (intact) .

If this is true, the major difference between the Terzaghi (1943) and Jaeger

and Cook (969) equations lies in the cohesion terms.

23
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4.0 SHAFT LINING ANALYSIS

4.1 Introduction

Labasse (1949) has considered the design of shaft linings through hori-

zons that are assumed to have zero cohesion. His approach is used here to

illustrate the principles involved. His discussion of the failure process is

quoted below.

When at the shaft wall, the rock does not resist adequately
but fails, the shaft becomes. surrounded with a ring of "relaxed
ground"; i.e., separated from the mass, dislocated, fractured into
large and small pieces which can slide upon and interlock with each
other.

These pieces, by being dislodged, remove the constraint from a
second ring of rock situated further into the rock mass. The
latter (ring) is thus subjected to a greater principal stress
difference (than before constraint removed) and in like manner
fails also, when the extreme principal stresses become such that
they give a Mohr's circle tangent to the intrinsic curve for the
material. In relaxing, this second ring releases a third ring
which likewise fractures, releases a fourth ring which in turn
breaks, and so on.

Thus, slowly--since it proceeds by sliding where frictional
forces are high--progressively, and in concentric zones, the shaft
becomes surrounded by a region of relaxed ground. But upon
releasing the pieces develop an apparent increase in rock volume
which causes them to flow towards the opening, decreasing its cross
section and exerting a thrust on the shaft lining. This thrust is
developed as soon as the rock touches the lining and increases as
the contact becomes more intimate.

If the support is sufficiently resistant, it develops an
increasing "counterthrust" which ends by bringing the ground
stresses into equilibrium and arresting the relaxation phenomena; a
"state of equilibrium" is established.

When it (the support) cannot resist, it will deform if it is
elastic, otherwise it will break and there will be a fall of
ground.

The decrease in the intensity of the equilibrium thrust with
the extension of relaxation into the rock mass may be explained by
"arching" of the rocks: the broken pieces grip each other due to
roughness and interlocking of surfaces in contact forming the two
"lips" of the same fracture. As relaxation progresses, the new
zones compress the regions closer to the shaft wall, increasing the
arching effect in these regions creating a protective ring which
reduces the pressure exerted on the support.

25



The stress equations in the broken zone (a C r R) are

ar = (r r and (21)

r I p+ sincre P a I sin4

where

a = 2 sin tan I and

1 I sin 

1 sc tan (Equation 7)

In the elastic region (r R), the stresses are given by

2

a= (I -R si )a an

r06= (1 + R rhn0 

On the elastic-side of the elastic-plastic boundary, these become

or (1 - sin ) aR and (22)r

le ( s I) C si '-

Stress continuity at the boundary can be calculated by combining Equations 21
and 22 as follows

Pi (R) =(1- sin ) a

As a result,

Pr q(Ion sin e (23)

From Equation 23 the following conclusions can be drawn:

26



* If the lining were installed before initiation of relaxation

(R = a), the support required of the lining if rock failure is to

be prevented would be a maximum. The lining must be capable of

resisting

P (max) (1 - sin ) OR

* With the development of a relaxed zone (R > a) before installation

of the lining, the required lining support to achieve equilibrium
is reduced.

* The lining pressure decreases with increasing coefficient of inter-

nal friction.

Labasse (1949) indicates

The required dimensions of a shaft lining depend naturally on
the forces to which it is subjected. If the ground withstands the
elastic stresses developed as a result of sinking then support is
unnecessary since the ground will stand alone.

If the ground is relaxed, a lining becomes essential in order
to prevent the fall of dislodged rock, to arrest dilatation of the
latter, and finally to prevent any deformation of the shaft that
cannot be tolerated because of hoisting installations.

'The problem, therefore, is one of finding the value of the
equilibrium thrust 'P " and consequently the radius "a" as a func-
tion of time. a -

This function can only be determined from experience. The
rate of development of relaxation varies not only with the nature
of the ground and the intensity of the pressures but also on the
type of support (and the method of excavationa).

Labasse (1949) indicates the following relaxation rates at medium depths

are appropriate:

* several millimeters/day for hard rock, and,

* several centimeters/day for weak rock.,

a Added by the present author.
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Accompanying the development of the relaxed zone is a "bulking" of the

rock between r = a and r R. Bulking occurs in the process of fracturing

when new surfaces are developed and the resulting particles do not fit as

tightly together (there are voids between some previously mating surfaces),

hence, the broken rock occupies a greater volume than the nonbroken rock.

There is also a volume expansion of the elastic rock as the applied stresses

are reduced (calculated using bulk modulus). The inelastic portion resulting

from the development of new surfaces is larger in soft rocks and is

investigated here.

Before relaxation, the area contained in the annulus, a r R, is

A = R2 a2

After relaxation the area is

A = X 71 R2 - a2)a 0

where

K0 = expansion coefficient.

The value of to is suggested by Labasse to be of the order of 1.1.

(K0 = 1.1 is probably conservatively large. However, there are no available

data to predict K0 accurately, therefore, Labasse's estimate of K0 is ade-

quate for this analysis). The shaft radius (X) after the development of the

relaxed zone can be found using

R2 X2 = (R2 2

or

X = R |1 - o (1 2 )]XR~~~0 R

The inward radial plastic displacement MO ) of the excavated shaft wall

would be

U W = a - X
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A rock stiffness (R) curve can be constructed using the pressure Pi and

the corresponding U This curve is then compared to the corresponding curve

for the lining selected.

4.2 Example of Rock Stiffness Calculation

The development of the plastic zone can be obtained using

Pi i aR(1 - sill a

assuming

a = 15 MPa,

= 30°, and

a = 1.5 a

The results are given in Table 6 and Figure 10.

TABLE 6

RADIAL DISPLACEMENT (U.) OF THE SHAFT WALL
AS A FUNCTION OF APPLIED INNER PRESSURE (Pi)

a/R Pi(Ma) X (=

1.50 1.00 7.54 0.0
1.52 0.99 7.30 2.0
1.54 0.97 7.12 4.1
1.56 0.96 6.93 6.1
1.60 0.94 6.59 10.4
1.70 0.88 5.84 21.5
1.80 0.83 5.21 33.4
1.90 0.79 4.67 46.0
2.00 0.75 4.22 59.5
2.50 0.60 2.71 139.9
3.00 0.50 1.88 245.0
3.50 0.43 - 1.39 - 382.0
4.00 0.38 1.05 565.0

It will be assumed that the lining can be represented by a thick-walled pipe

as shown in Figure 11, where
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Figure 10. Lining Pressure--Radial Wall Displacement (for Equilibrium) for
the Example Problem
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p.I

Figure 11. Diagrammatic Representation of the Shaft Lining
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R= inner radius of the lining,
R1 = outer radius of the lining,
t R1 - R0 = lining thickness,
r. = radius to an intermediate point, and
Pi = pressure applied to the lining.

The stresses arising in the lining due to the weight of the concrete are

a2' = y'H

P R2 R (R 0o 1
Car il Ii and

2 0 )2

P. R 0

where

ar' = radial stress in the lining,

r7' = tangential stress in the lining,

a = axial stress in the lining, and

y' = stress/unit depth due to weight of the lining material.

The maximum stress difference (and therefore the most dangerous stress

condition) occurs at the inner shaft wall, r= Ro0 At this point

a '0 Cr 

2 P R2

i I2 , and (24)

o ' y'H azI H

It is assumed that any lining failure is the result of stresses r and

a. If the lining is constructed of concrete having a designed compressive

strength of f ', the safety factor becomes
C
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FS Strength (25)
Stress 0' 25

Substituting Equation 24 into 25 yields

fi~~ 
FS 2 ( 1

2= j ( _

Since R1 R0 +t ,

f R2 c 1 _1 

2P (R + t) 2P 

The relationship between the nress n the outsie of the lining (P

and he radial displacement (Ur of the outer wall is given approximately by

E , -

1. 2 1. 0

where s n o c

3 = modulus of elasticity of the lining, and

, ~R1 c outer radius of the support o installation.

- 4.3 Example of tining Stiffness Calculation

It is assumed that the lning is constructed oftconcrete. Therefore,

R1 1.5 ,-

Ro = .2 m 

t 2 .5 -1.2 0.3 ,

f'= compressive strength of concrete (HPa)

35 M and
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X = 4,730 J/ = Young's modulus of concrete (Pa)

= 28,000 Pa.

Thus, the radial pressure that would produce lining failure is (Equations 24

and 25, with FS = 1.5)

f ' (1.52 _ 1.22)
P (max) = C 1.52 = 12.60 Pa

The stiffness for the lining would be

=Pi =28,000(0.30)
r i~~s2 = 3,733 llPa/m.

Values of the stress (Pi) and displacement (U ) are given in Table 7.

The maximum radial displacement that the shaft can undergo before failure is

3.38 ma. This stiffness curve has been superimposed on Figure 10. The

equilibrium pressure is about 7.3 Pa.

TABLE 7

RADIAL DISPLACEMENT (Ur) OF TE OUTER
LINING WALL AS A FUNCTION OF PRESSURE (Pi)

Pressure (P.)
(IPa)

3.73

5.60

7.47

9.33

11.20

12.6a

14.93

18.67

Radial Displacement (U )
(ma) r

1.0

1.5

2.0

2.5

3.0

3.4

4.0

5.0

a Pressure at which lining failure occurs.
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4.4 Lining Selection for the Generic Tuff Shaft

The basic equations required for a conservative lining design are given

above. Here they are applied to the generic tuff formations. The following

assumptions are made: -

* Shaft bored, diameter 3 m

* Shaft lining:,

Ro = 1.2 m

I 1.5 m

f'' = 35 HPa

Eb 28,000 HPa

t = 0.3 m

-FS = 1.5

Rock:

Cohesionless, c 0

Angle of internil friction lab value; and

Shaft lining installed after elastic relief but before development

of a plastic zone.

The maximum tangential stress (e'), which can safely be taken by the

lining, is (assuming a safety factor of 1.5)

fe
a9'= Tc5 23.33 Pa

The required pressure to prevent relaxation around the shaft is calcu-

lated using

P (required) c OR(I - sin $)
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The values used for the calculations and the resulting required pres-

sures are given in Table 8.

TABLE 8

PRESSURE REQUIRED TO PREVENT THE FORMATION
OF A RELAXED ZONE AROUND THE SHAFT

Horizontal Laboratory Friction
Field Compressive Angle P. (required)

Stress (H) Strength (HPa) (Degrees) 1 (iPa)
Formation (MPa) Wet Dry Wet Dy Wet Dry

Tuffaceous Beds 10.77 24.1 31.3 11 25 8.71 6.22

Bullfrog 14.58 41.9 41.9 25 35 8.42 6.22

Tram 16.71 41.9 41.9 25 35 9.65 7.13

The allowable external pressure on the shaft (P. allowable) would be
1

P (allowable)
i a.

4.20 Pa .

This suggests that, for the no-cohesion case and a safety factor of 1.5, a

0.3-m-thick shaft wall would not be able to support the rock. Such a lining

would have to be installed leaving a gap between the lining and the wall to

allow for relaxation.

If the lining had a thickness of 0.60 m,

RI = .5 m

and

R0 = 0.9 m.

For this case,

Pi (allowable) = 7.46 MPa.
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This value (compared with those in Table ) yields a safety factor
greater than 1.5 uder dry conditions. For wet conditions, the safety factor
would vary from 1.16 to 1.33.

If the cohesion is included, the thickness of the required
reduced considerably. It assumed that

laboratory-

lining is

and 

oS, 0 laboratory
00 03 CI 

Here, K is the strength reduction factor,

applied. - --

and values of 1, 2, 3, 4, and 5 are

The equation to be used is

Pi (required) = a n + (a + tang - p I) _
II~~ ~~ ~ .. r (R

a0
tan - I

For R = a, it becomes

i (required) P (no cohesion) - AP

where

aO (1 - sin 4)
AP 2

Use of the appropriate unconfined compressive strengths and angles of
internal friction for the three formations yields the values for AP in
Table 9 and P (required) in Table 10.
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TABLE 9

CONTRIBUTION OF COHESION () IN PREVENTING
DEVELOPMENT OF A RELAXED ZONE AROUND THE SHAFT

AP (MPa) ,

Formation

Tuffaceous

Condition

Wet

Dry

Bullfrog Wet

H-- 1

9.75

9.04

12.10

10.46

12.10

10.46

Laboratory
M=2

4.88

4.52

6.05

5.23

6.05

5.23

Dry

3.01

4.03

3.49

4.03

3.49

Strength Reduction Factors
H1=3 1=4

3.25 2.44

2.26

3.02

2.62

3.02

2.62

11=5

1.95

1.81

2.42

2.09

2.42

2.09

Tram Wet

Dry

TABLE 10

SHAFT LINING PRESSURES DEVELOPED IN
COHESIVE FORMATIONS

PI (required) (P&)

Strength Reduction Factors
Formation Condition f--1 11Z2 X=3 H=4 M-S

Tuffaceous Wet 0 3.83 E7 E6 E

Dry 0 1.70 3.21 3.96

Bullfrog Wet 0 2.37 E E.39 EE

Dry 0 0.99 2.73 3.60 4.13

Tram wet 0 3.60 .62 6.63 443

Dry 0 1.90 3.64 5.4.

The shaded values in Table 10 correspond to values of Pi (required)

greater than Pi (allowable) for a 0.3-a-thick lining. The in situ strength

is extremely important to lining design, particularly if the material is wet;

Under dry conditions, the safety factor would range from 6.67 to 1.31 for the
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entire range of M values. In all probability, a 0.3-m-thick concrete lining

would suffice. The same is not true for wet rock conditions with values

of 4 to 5. Here a thicker shaft would be required. It would be useful (and

not difficult) to generate a set of liner thicknesses as a function of shaft

diameter that are required to prevent failure under conditions described in

Table 10.

The required lining thickness (assuming a safety factor of 1.5) to

prevent the development of a broken zone in cohesive formations is summarized

in Table 11. As can be seen, a lining thickness of 0.3 would be sufficient

for strength reduction factors of about 3 assuming dry rock properties apply.

For wet rock properties, a lining thickness of 0.4 would be sufficient for

a strength reduction factor up to 2. For higher strength reduction factors,

much greater lining thicknesses would be required. In practice, some

relaxation of the rock around the shaft would occur before lining and the

required pressure would be less than that presented in Table 10.

TABLE 11

REQUIRED SHAFT LINING THICKNESS
IN COHESIVE FORMATIONS
(Safety Factor of 1.5)

Lining Thickness (m)
Strength Reduction Factors

Formation Condition &1 M=2 M=3 ff=4 N=5

Tuffaceous Wet 0 0.41 1.40 2.10 2.63

Dry 0 0.00 0.12 0.47 0.72-

Bullfrog Wet 0 =0.00 0.70 1.35 1.84

Dry 0 0.00 0.00 0.30 0.56

Tram Wet 0 0.30 1.52 2.48 3.24

Dry 0 0.00 0.32 0.77 1.10
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5.0 ANALYSIS OF TE DATA FROM TE MT. TAYLOR SHAFT

Abel et al. (1979) recently published a paper dealing with an evaluation

of the concrete lining design for the, Mt. Taylor shaft (Gulf Minerals,

Grants, New Mexico). The shaft was sunk to a depth of about 1,006 m through

Hancos Shale and Westwater Sandstones using conventional drill and blasting

shaft-sinking techniques. The inside diameter of the concrete lining was

4.3 with a nominal wall thickness of 0.6 . The results of laboratory

strength tests conducted on samples of the rock are given in Figures 2 and

13. The laboratory strengths were reduced to take into account rock mass

properties. The values used in the analysis are given in Table 12.

TABLE 12

VALUES USED FOR TE MT. TAYLOR SHAFT ANALYSIS a

Horizontal Rock Mass
Field Angle of Internal Compressive

Depth () Rock Type Stress (PA) Friction * Strength (Pa)

286.5 Mancos 4.6 32 1 6.9
Shale

618.7 Hancos 9.9. 32.10 6.9
Shale

924.2 Vestwater 14.8 29.20 3.5
Sandstone

a Data from Abel et al., 1979.
b Reduced by factor of 7 from laboratory value.
¢ Reduced by factor of 5 from laboratory value.

The expected lining pressures can be calculated using the theory pres-

ented in earlier sections. For the case of no cohesion and no relaxation

zone development,

Pi ( sin )

. . -~~~~~~~~I
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With cohesion the formula is -

P =o (I si- n ) in s )

For these two conditions, the macimum expected lining pressures are given in

Table 13.

TABLE 13

MIASURED AD EXPECTED LINING PRESSURES (Pi)

Expected
Lining Pressures a) Measured Lining Pressures

Depth (m) No Cohesion Cohesion (a)

286.5 2.16 0.54 0.65

618.7 4.65 3.03 1.54

924.2 7.59 671 2.89-

To monitor the lining pressure, Carlson strain cells were -placed in the

concrete lining at depths of 286.5, 618.7, and 924.2 m. The strain readings

were converted into stresses and then into lining pressures, P The average

Carlson-based lining pressures are also given in Table 13. The measured

pressures are considerably less than the predicted (based upon no relaxed

zone).

With no broken zone development before shaft lining installation, the

maximum shaft lining stresses would be predicted as given in Table 14.

TABLE 14 -

MAXIMUM SHAFT LINING STRESSES

Maximum Lining Stress (MPa)
Depth (m) No Cohesion 'Cohesion

286.5 10.93 2.72

618.7 23.56 15.36

924.2 38.43 30.26
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At a depth of 924.2 m the shaft lining stresses, assuming no broken zone and

no cohesion, exceed the assumed strength of the concrete (34.47 MPa).

If theory does hold, there must be a relaxed zone surrounding the shaft.

The thickness of the relaxed zone is calculated assuming that the measured

lining pressures reflect the equilibrium pressures according to equations

derived by Terzaghi (1943).

No Cohesion

P i a (1 - sin *)R

Cohesion

Pi = a1 l- sin
a (a0( - sin 4) - sain

04@) (2 sin / 1-0-sin ) 0

The results are given in Table 15.

TABLE 15

PREDICTED RADIUS AND THICKNESS OF TE RELAXED
ZONE (R) SURROUNDING TE SHAFT

Relaxed Zone Radius () Relaxed Zone Thickness (m)
Depth (m) No Cohesion Cohesion No Cohesion- Cohesion

286.5 4.66 2.74 1.92 0.00

618.7 4.46 3.10 1.72 0.36

924.2 4.56 3.75 1.81 1.00

a These values seem to be independent of depth.

This degree of relaxation could not occur after emplacement of the

lining due to the bulking requirements. For example, the development of the

relaxed zone for the case with cohesion is given in Table 16.

To accommodate these radial displacements after lining emplacement, the

lining stresses would be those given in Table 17.
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ROCK WALL
OBSERVED

TABLE 16

MOVEMENT REQUIRED TO ACHIEVE THE
LINING PRESSURE THROUGH SULKING

Shaft Radius (m)
Depth (m) Initial Final Movement (m)

286.5 2.74 2.74 0.00

618.7 2.74 2.70 0.04

924.2 2.74 2.62 0.12

TABLE 17

MAXIMUM LINING STRESSES AS A RESULT
OF FULL BULKING OF THE RELAXED ZONE

Depth () Maximum Lining Stress (MPa)

618.7 4.52 x o2

924.2 1.39 103

These values obviously are far in excess of the compressive strength of

the concrete ( 34.47 Pa). The amount of additional radial displacement of

the rock surrounding the shaft required to produce the measured lining

pressures (through bulking) is given in Table 18. These small displacements

could easily occur after shaft lining installation.

From the Mt. Taylor Shaft data, it is surmised that a blast-damage zone

exists around the shaft and that the lining holds the pieces in place. Any

further deterioriation of the rock surrounding the shaft produces a slight

compaction of the broken (relaxed) zone and some additional bulking. This is

responsible for the lining pressures noted.
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Depth (m

286.5

618.7

924.2

TABLE 18

RADIAL DISPLACEMENT(Ur)
OF THE OUTER SHAFT WALL NEEDED TO PRODUCE

THE OBSERVED PRESSURES

a) Pressure OPa) Radial Displacement (cm)

0.65 0.028

1.54 0.068

2.89 0.130

I b
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6.0 CONCLUSIONS

The following conclusions areydrawn based upon the specific assumptions

considered in this report.

The development of a stress-induced failure zone around a drilled,

vertical, circular shaft depends upon the rock mass strength and

the in situ stress field. For the ohr-Coulomb yield criteria

used, the rock mass strength can be expressed in terms of cohesion

(c) and angle of internal friction (), or unconfined compressive

strength () and the passive pressure coefficient (tan 0).

If the horizontal field stress is greater than one-half of the

vertical field stress, failure (if it would occur) would be in the

horizontal plane (radial and tangential stresses involved).

Failure initiation is at the shaft wall.

* If the horizontal field stress is less than one-half of the

vertical field stress, failure (if it would occur) would be in the

vertical plane (radial and vertical stresses involved) at the shaft

wall.

The extent of any stress-induced failure zone around the shaft

depends upon the magnitude of the field stresses, the rock mass

strength, and the restraint provided by the lining.

* Since rock mass strength generally is inversely proportional to the

volume of rock involved raised to some power, the extent of the

broken zone would be expected to increase with shaft diameter '

(assuming the same stress field).

* The thickness of lining required depends upon the strength of the

lining material, the safety factor used, the relative stiffness of

the rock and support systems, the rock mass strength, the field

stresses, the extent of the broken zone at the time of lining

installation, and the shaft diameter.
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* For the particular stress field and laboratory rock properties used

in this report to illustrate the application of formulas,

- No stress-induced failure zone would be expected to develop if

the rock mass strength is equal to the laboratory-determined

strength ( = 1).

- A failure zone would occur if M is greater than the values

given in Table 1.

* If the generic shaft were conventionally (drill and blast) sunk, as

opposed to being drilled, a broken zone would be created during the

excavation process. The relaxed zone development and resulting

lining pressures could be considerably different and potentially

much lower from a bored (drilled) shaft of the same basic diameter.

* The shape and extent of the failure zone, as well as lining

requirements, would be different from those discussed in the report

if the principal horizontal stresses were quite different. (In the

analysis they have been assumed to be equal.)

* Considerable differences exist between theoretical analysis and

actual field measurements. In the comparison summarized in this

report, the theoretical analyses appear exceptionally conservative.
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7.0 RECOMMENDATIONS

* It is quite likely that the actual M values are higher than those

given in Table S. and the presence of a failed zone should be

considered in any shaft design calculation.

* Because both the type [vertical r - z) or horizontal r - e plane}

and extent of the potential failure zone around a shaft are so
dependent upon the field stresses and the rock mass strength, high
priority should be placed upon obtaining the best possible
estimates of these values.

* Little information exists regarding the rate of development of a
relaxed (failed) zone. Such information would be important when
evaluating lining installation alternatives.
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