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‘..f,“_g_ct of Excavation on Rock Mass

o f > The second is that ' mistakes in excavation design can be a
““¢  major problem'.










Effecf of Excavation on Rock Mass
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In order to under's'rcmd the displacements and avoid problems, we
imust consider the three primary effects of excavation and then

;dec:de on the ramifications for stabilizing excavations of all kinds.

The 'rhr'ee pr'lmar'y effects of excavations are:

‘3 M e Effect 1: Displacements and rock failure
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Block slides Discontinuities
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STPCSSZS on an unsuppor"red Effect 2: Stress rotation
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’3) A‘r The boundar'y of an

| _excavation open to the
atmosphere, any previous

®  fluid pressure existing in the
rock mass will be reduced to
zero (or more strictly, to
ric pressure). This
excavation to act
nk, and any fluid

i within the rock mass will tend
W into the excavation.

Effect 3: Water flow
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mass“;s de‘?or';mrig as a whole, or whether failure is
oc’cur'rmg in the rock.

end -to push rock blocks into the
‘“Fﬁtw‘the attendant possibility of increased
| time dependent deterioration.
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Effect of Excavation on Rock Mass
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a’T?@se ‘l'hr-ee primary effects, and the
pﬁ'hmaj ‘way in which the rock engineering
strategy is developed to account for them,
have one thing in common: we should not
blmdly attempt to maintain the original

ions (e.g. by installing massive




agh philosophies can be considered for stabilization:

'I'he biock displacements are occurring because the rock
gmass is a discontinuum, and hence the rock is

port elements are introduced into the
n in order to maintain block displacements at

rﬁﬁ §ﬁppor1 (or retainment).

'-l.

nd is due to blocks of rock moving into the excavation,
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«The Stabilization Strategy

xIn the case of reinforcement, steel cables or bolts gr'oufed within

"*sur'face cmd mh|b|1' minor block movements.

boreholes are used to minimize displacements occurring along the
discontinuities - so that the rock supports itself. In conjunction
with bolting, sprayed concrete (shotcrete) is used to protect the

e.g. a bolted
rock face

Reinforcement induces
stabilizing forces
within the rock mass

Rock bolts
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. The Stabilization Strategy
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iIm the case of support/retainment, structural elements - such as
\steel,arches or concrete rings - are introduced to inhibit rock
displacements at the boundary of the excavation. These elements,
!which are external to the rock mass, pr'ovide load bearing
'capablll‘l'y, wrl"h the result that - the rock is supported.

\\3

bt » .

I Structural elements
apply external
stabilizing forces
directly

e.g. aring of
pre-cast concrete
segments

(k)
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Reinforce
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i ;~ ay be i‘.hough'r that the use of rock reinforcement is only of use in
vdcscommuous rock masses in order to prevent discrete block displacements.
(How,e;_yer, the use of rock reinforcement in a continuous medium can also be
of benefit, especially with respect to brittle failure processes, because of

‘the added confinement, controlling of displacements and reduction in rock

“mass bulking/dilation.
; ," "."g"%'“"x"

Sketch of radially
reinforced annulus

= A'E'voy

where A’ and E’ are the ratios of the cross-sectional areas and the Young's
moduli of the reinforcing element to that of the rock being
reinforced, respectively,
vis Poisson’s ratio for the rock, and
osis the tangential stress.
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Rock Remfor'cernenf in Discontinuous Rock

.H"{V - a\} 2 :
,,Thae %mode of action of the reinforcement in a discontinuous

“medium is somewhat different, because not only are we
gérrsﬁeﬁmg improvement of the rock structure properties, but

“also 'l'he avondance of large displacements of complete blocks.
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Rock: Reinforcement in Discontinuous Rock
s'}? -.rg:;'*}f A
,;,Ti@ﬁei *-iﬁmpleé'l' case of reinforcing a discontinuous material is that
g.{gf ??" %mgl’e block on a rock surface reinforced by a tension

r u’nqhof' The tension anchor should be installed such that the
‘&Blo;ck and 'rhe rock beneath act as a continuum, and block

movemen'l' l$ ‘inhibited.

bolt, basic
icates that the N
e if the slope Block of
, the friction "R
‘rock surface . N\ .
ionless

. This is the first \
for indicating the i
for failure.
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Rock: Rgmforcemem‘ in Discontinuous Rock

.‘-~v,b.4‘ﬁ....,z v

gConsnder'mg now the length and diameter of the bolt, these have
to ensure that the strength of the bonds across the anchor- -grout
“and grout-rock interfaces are capable of sustaining the necessary

tension in the anchor, which in turn will depend on the fracturing
“of the rock mass. Furthermore, the anchor diameter may also be
determined on the basis of the tensile strength of the anchor
material.
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, tunnel is being excavated in a
y rock mass by drilling and blasting.

is an Excavation Disturbed Zone (EDZ)
und the excavated tunnel (defined on the
’ 0 !Q blast-disturbed zone where there
qr'e t@oseﬁéd blocks which can fall into the
‘l'unnel under the action of gravity) which

).75 m into the rock from the
urface.

rcement pressure is required at the crown to stabilize the
- loo ks of the EDZ given that the unit weight of the rock, v, is
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' #1 Q. What reinforcement pressure is
D required at the crown to stabilize
Ay /" the loose blocks of the 0.75 m
~ ° thick EDZ (y = 25 kN/m3).

“ The remforcemen'r pressure, p, can be approxnma‘red as W/A, where
"= W is the weight of the loose blocks and A is the surface area of the
"' A funnel being considered.

e EDZ volume, V, above a 1 m? area of tunnel roof, the
f-the EDZ is:

area considered is 1 x 1 = 1 m?, therefore the support

_ 18.75kN

2

= 18.75 kPa

1m
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mple #2: Rock Reinforcement

.....

'-.t‘
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par e Ffuthis EDZ is to be stabilized by the use of
 rockbolts inserted into the roof as a

~ supporting method, and the working capacity
- of each bolt, T, is 150 kN, what area of

~ the roof will each bolt support.

n sustain a load of 150 kN and D S o]
pressure, p, is 18.75 kPa, then: | 5 i
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Rock .,Remfor'cernenf in Discontinuous Rock

'T"V-‘J Q...1

“With ?'espec‘l' to the bolt orientation and tension, it is not always
5J9bviﬁu$ at what angle the anchor should be or'len'l'afed for optimal
effecf - If we regard the optimal orientation as that which
“enables the anchor tension to be a minimum, then the angle
between the anchor and the slope surface is equal to the friction

angle between the block and the slope.

a: tension and shear  b: tensiononly ¢ tension and shear
d: shear and tension  e: shear only f: shear and compression

Block of
rock €5

3 Rock bolt

o N




,Actlve and Passive Reinforcement
PR

~Rock remforcemenf may also be classified as active or passive:

A

Active suppor'f is installed with a
- predetermined load to the rock surface
" (e.g. tensioned cables or bolts). Active
..support is usually required when it is

necessary_to support the gravnfy loads

ey e
?

esh).. P’asswe support 'rherefor'e
mck displacement to function.

o
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ound control problems in brittle rock, support selection

il be ;houghf of with respect to the anticipated deformation
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Bas:c Requaremen'rs
M3 REPSIIN - Q

In situ sfr'ess

'“ . Geome_fr_r'y.
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< Rock Support in Yielding Rock
mﬁ’

Cons| eﬁfﬂ'ie stresses and displacements induced by excavating in
continuous, homogeneous, isotropic, linear elastic rock mass.
«é?_:r‘%gial boundar'y dlsplacemen'l's ar'ound a circular tunnel

o
: ! 19 u, = (RE)jo; + o, + 2(1 - V)(0, — Gy)cos 28 — vos)
e
e / ¥ where R is the radius of the opening,
=] 92 AR o, 0, and o, are the far-field in-plane principal stresses,
e ak o, is the far-field anti-plane stress,
; /'/ 0 is indicated in the margin sketch, and
o, E and v are the elastic constants.

%h&a'l'lon strategy can be based on the need to

I

;dsplacemenfs as governed by the engineering

s m’g gsé @
.\;4@‘ .

- _
Sarc e
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~"‘::ﬁ§emen1' value Where the elastic gr'ound response curve
lintersects the boundary displacement axis, the v, value,
r'epi"esen“rs the total elastic deformation of the boundar'y of the
excavation when support pressure is not provided. Typically only
values less than 0.1% of the radius would be acceptable for most

ing projects.

' u. = (RIE)[0y + 6 + 2(1 — V?)(0y — G2)cos 26 — vo3] :
. . < Unstable
o where R is the radius of the opening, 5 g
o 0, and o, are the far-field in-plane principal stresses, 2
| 03 is the far-field anti-plane stress, E Stble
@ is indicated in the margin sketch, and Elastic Pon-elastic

I c‘ﬂ'ld v‘are ’thE elastic constants. Boundary displacement
. ' - ’, at
" > _*-‘ == - "




< 6round Response
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\;’ﬂ A ' Curve
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nside ﬁmgdhe 'stable’ non-elastic curve,
ﬁg zhfer%than of the curve with the
‘boundary displacement axis occurs at a
higher dlsplacemem' value (e.g. up to 10%
of the radius). Such a displacement is
ptable in a rail tunnel, but

in a tfemporary mine

Unstable
non-elastic

Support pressure

Stable
nen-elastic

Ay ="~ * . o
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Support pressure p;

.7y =D, (in sity stress)

 t,,- clastic displacement

P critical support pressure defined by
< inittation of plastic failure of the
rovk swrrounding the tunng]

_ u, - plastic displacement

Inward radial displacement u;

_P

Finally, the 'unstable’ non-elasticity curve
indicates the definite need for support,
because the curve does not intersect the
boundary displacement axis, i.e. the opening
will collapse without support.




Ground Response Curve

Curve 1: 'perfect' excavation

Curve 2: machine excavation
Curve 3: good quality blasting
O Curve 4: poor quality blasting
2
o
.r 8
Sy
=
2.
o Curve 4
&
Curve
1 Curve 3

Boundary displacement

fe ec ‘, .excavation methods on shape of the ground
@er due induced damage and alteration of
¢ aﬁ ﬁroperﬂes



i Support Reaction Curve

.W'per‘l' is required, we can
an indication of the
&fﬁcacai of particular support
‘systems by plotting the elastic
behaviour of the support, the
available support line, on the

e. The points of
here the

ort lines intersect
response curves: at
' ilibrium has

33

Support pressure p; ————J

equilibrium

support system yield

Psm

L__” — e lem e
50 Lo .

Inward radial displacement #, — ————--




i 2 Support Reaction Curve
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Rock -Support Interaction Analysis

mg u\}: 3 ;~ \
,.,:}?f ﬁmchcal significance, in relation to the ground support curve,
%{;s’fs“ 3‘_’_fac1' that support cannot be installed contemporaneously
wrl*i'ﬁ’emcava'l'lon and so some initial displacement must occur
_before the support is installed. Thus, the available support line
' star-'l's wrl'h a displacement offset.

'.‘-—
BN EEEEE ~ -
l;" "‘l step | System response curve Convergence curve
T | ' {evolves with excavation (measureable in situ)
_____ ' advance, and hence time}
— © (1,.8 ) .""'-'——
N g Ground 2] Ve (5.1, L U589
ey = resposse curve A 5.2 o (53 3)
I @ o ®( »l 5 /
fu ]
| . o S & / (12:57)
| J" = Q [ ] (83133) = L
i t step 3 2. 5 = (£:8))
e 5
ettt “ g‘ .r/ R ﬁ 9 (841'?4) U
2 Il Available is
. J .7~ support line o (O5:fs)
slep 4 yd - a -
_ ! Boundary displacement Boundary displacement Time
{evalves with excavation
: advance, and hence {ime)
1 siep 5§
WOCT RN
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Example #3 Rock Suppor'f Interaction Curves

dlsp a émenf at the rock lining interface if the lining is installed after
a md&al éasplacemenf of 1 mm has occurred at the tunnel boundary.

hydrostatic stress

tunnel radius

= shear modulus (assume 2 GPa)

p. = radial support pressure

k = lining stiffness

u, = rock displacement when support
installed

A G:ven

a? — (a —t,)2 t. = concrete lining thickness
1+ 1 2v) a2 = E. = lining elastic modulus (assume 30 GPa)
T (.._, vc)a ta—t) v, = lining Poisson ratio (assume 0.25)
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Q. Calculate/plot the radial pressure and displacement

< #3 curves for a 1.85 m radius tunnel subjected to a hydrostatic
stress field of 20 MPa and provided with a concrete lining of
internal radius 1.70 m installed after 1 mm of convergence
has occurred.

4 “A ” To fmd fhe ground response curve we need to identify the two end
pomfs of the line: one is the /n situ condition of zero displacement
at a radial stress of 20 MPa, the other' is fhe maximum elastic

p = hydrostatic stress

e a = tunnel radius
2G G = shear modulus (assume 2 GPa)
(20€6 Pa)(1.85m) — 0.00925m

2-(2€9 Pa)
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, Q. Calculate/plot the radial pressure and displacement
#3 curves for a 1.85 m radius tunnel subjected to a hydrostatic
stress field of 20 MPa and provided with a concrete lining of
internal radius 1.70 m installed after 1 mm of convergence
has occurred.

lotting our ground 25 =I5

“#/response line, we
““ " have two known

'
¥
-

radial pressure, MPa

0 2 4 6 8 10 12 14 16
radial displacement, mm
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o Q. Calculate/plot the radial pressure and displacement
#3 curves for a 1.85 m radius tunnel subjected to a hydrostatic
stress field of 20 MPa and provided with a concrete lining of
internal radius 1.70 m installed after 1 mm of convergence
has occurred.

. 7 Fle suppor'f reaction line, we assume the lining behaves as a
..-'f fhigl@-wG led cylinder subject to radial loading. The equations for the
3mmg characteristic are:

e

p. = radial support pressure

k = lining stiffness

u, = rock displacement when support

at — (a — t,)* installed

T 14 ve(l_2v)a+(a—z) T = concrete lining thickness

C( . ( y E. = lining elastic modulus (assume 30 GPa)
Vv

= lining Poisson ratio (assume 0.25)
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00 Q. Calculate/plot the radial pressure and displacement
3'#3 curves for a 1.85 m radius tunnel subjected to a hydrostatic
stress field of 20 MPa and provided with a concrete lining of
internal radius 1.70 m installed after 1 mm of convergence
has occurred.

.w:;‘f,LSoivmg ﬁow the stiffness of the Immg where t. = 1.85 -
’1 76 '0.15 m, E. = 30 GPa and v, = 0.25, we get:

Ec az — (Cl - tc)2
I+ ve (1 —2v) a2+ (a—t)°

(1.85m)* —(1.85m —0.15m)’
(1-0.5)(1.85m)* + (1.85m — 0.15m)*
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o Q. Calculate/plot the radial pressure and displacement
#3 curves for a 1.85 m radius tunnel subjected to a hydrostatic
stress field of 20 MPa and provided with a concrete lining of
internal radius 1.70 m installed after 1 mm of convergence
has occurred.

2, ? L j%_ﬁ.sfdrg a radial pressure of 20 MPa and u, = 1 mm, the lining will
7 dgﬂ@m mﬂlally by:

~ ‘
o

-

Uy — Uy

a

poru =—M" 2006 Pa +0.001 m

" 2.78¢9 Pa
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Q. Calculate/plot the radial pressure and displacement
#3 curves for a 1.85 m radius tunnel subjected to a hydrostatic
SN stress field of 20 MPa and provided with a concrete lining of

. internal radius 1.70 m installed after 1 mm of convergence
has occurred.

: fPleﬂing aur support 251 EE
“#f reaction 1me we
ilcwe two known

radial pressure, MPa

0 2 4 6 8 10 12 14 16
radial displacement, mm
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Q. Calculate/plot the radial pressure and displacement
curves for a 1.85 m radius tunnel subjected to a hydrostatic
stress field of 20 MPa and provided with a concrete lining of
internal radius 1.70 m installed after 1 mm of convergence
has occurred.

This shows how, by
delaying the
installation of the
lining, we have
reduced the pressure
it is required to

P2 oDepafmqpomf withstand - but at the

I = expense of increasing
u=3 mm,_p=7_3MPa the final radial

displacement.

Operating point:
u=5.5mm, p=8.2MPa

|

10—

radial pressure, MPa

10 12 14 16
radial displacement, mm

‘displacement of tunnel boundary



6r'l'an1' conclusion drawn from these curves, for the case of
-elastic conditions, is that stiff support (e.g. pre-cast
concrete "eh‘l's) may be successful, but that soft support (e.g. steel
f’hes) mﬁy nm' br'mg the system to equilibrium.

|c i
i "}

‘J ¥
4
'c

.'

. Stiff support

Yielding support

Support pressure

Soft support

Boundary displacement

= W~ PR
- T
1.0 - LI i
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<2 Rock Support in Yielding Rock

Support 1 is installed at F and reaches
equilibrium with the rock mass at point B:

This support is too stiff for the purpose and
attracts an excessive share of the
redistributed load. As a consequence, the
support elements may fail causing catastrophic
O F G failure of the rock surrounding the excavation.

Radial support pressure, p;




= Rock Support in Yielding Rock

W u ..' -
- '.___f ".’;' ¢{ ![“. '1‘
2l

oot

Support 2, having a lower stiffness, is installed
at F and reaches equilibrium with the rock
mass at point C:

Provided the corresponding convergence of the
excavation s acceptable operationally, this
system provides a good solution. The rock mass
carries a major portion of the redistributed
load, and the support elements are not
stressed excessively. Note that if this support
was temporary and was to be removed after
equilibrium had been reached, uncontrolled
displacement and collapse of the rock mass
would almost certainly occur.

46
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Support 3, having a much lower stiffness than
support 2, is also installed at F but reaches
equilibrium with the rock mass at point O
where the rock mass has started to loosen:

Although this may provide an acceptable
temporary solution, the situation is a dangerous
one because any extra load imposed, for
example by a redistribution of stress
associated with the excavation of a nearby
opening, will have to be carried by the support
elements. In general, support 3 is too
compliant for this particular application.
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5= Rock Support in Yielding Rock

' A S =
i e
o AN
_ ARV YR By - P

Support 4, of the same stiffness as support 2,
is not installed until a radial displacement of
the rock mass of O& has occurred. :

In this case, the support is installed late,

excessive convergence of the excavation will

o F G occur, and the support elements will probably

Radie! dispsacement, & become overstressed before equilibrium is
reached.
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y h cducmg as stiff a support system as possuble - this is
v,&?rsever p‘ﬁss?fble and will also induce unnecessarily high support
“pressures. The support should be in harmony with the ground
conditions, with the result that an optimal equilibrium position is
achieved.

. Stiff support

Yielding support

Support pressure

Soft support

Boundary displacement




< Rock Support in Highly Jointed Rock

3 'r”‘“ Lo

R&rgd‘ﬂy cmalogous ground response curve approach can be considered
‘é@eg use of rock support in discontinuous rock. As the rock becomes
-ﬁtere  and more fractured with the attendant loss of strength, the
weund response curve becomes progressively flatter. This effect is
'similar to the reduction in rock mass modulus with increasing

dlsconfmuity frequency.

Zero displacement
l condition Zero strength

Support pressure

are required
h increasing

Boundary displacement
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Rock Support Principles

Consider a tunnel being advanced by conventional methods, where steel sets

are installed after each drill & blast cycle.

Brady & Brown (1993)

X
EE
I~ I sepl
L | 1
————
X

section X=X

In Step 1: the heading has not reached X-X
and the rock mass on the periphery of the
future tunnel profile is in equilibrium with the
internal pressure (p;) acting equal and opposite
to p,.

52
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. ROC k Sup DO I'"l' Pr'mc l ples ________ | _-
" 'caag.ae.; a tunnel 'se.ag aagaa@a | sy‘ conventional aemaag  where steel 's'.'e;+§ L
are msfalled af'l'er' each dl"l“ & blasf cycle ' - |

In Step 2: the face has advanced ] o
| beyond X-X and the support pressure | -~ = @ .. vaw
(p;) provided by the rock inside fhe : I“nranon of mnm.l advance —»
tunnel has been reduced to zero. As
.. the blasted rock must be- removed TR .,-';7

| before 'I'he steel sets (support) can be o

installed, deformation of the ~ |Supported tunnel _
excqvcrl'lon boundarles s1'ar'1's to occur'

Bmdv&Br*own(mB)

Displacement

Unstable tunnel




Tunnel Suppor'f Prmcﬂ&

We can 'I'hen plo1' ‘I'he radlal suppor"l' pressur'e (p,) requured 'l'o llml‘l' 'I'he

boundary dlsplacemen‘l' (6) ‘I'o a gwen value

Brady &Brown (1993)

Radial
-y displacement
£y A (p; = po) _excavated
\ Lasane 7 8 g~ Pprofike
—— 29 _ g \
SEEE
apiihi
| sep 2 = ~ o
1 - | “t3v required support line ~tunnel profile
x= - for tunnel roof

C

/
support
line for
side wall

Radial support pressure, p,

L

radial d:spla-ccmenl 5.

and displace along line AB (or AC in the case of the tunnel walls; |-
the roof deformation follows a different path due to the extra Ioad

‘Thus, by advancing The excavaﬂon and removmg The |n1'ernal
support pressure provided by the face, the tunnel roof will conver'ge

. impbsed by gravity on the loosened rock in the roof).

54
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Tunnel Suppor"r Pr-mclples _______ '_ RN N

We. can 'l'hen plo1' 'l'he r'adlal suppor"l' pr'essur'e (p) requnr'ed 'I'o Ilmrl' 'I'he |
boundar'y dlsplacemen‘r (6) 'I'o a gwen value

Radial

______ X9 duplacement
i ‘ | i "‘\\. siep | = A (pi= po) ,—,£ _excavated
el - P B " profile
E,,JL.[ A IS T / (r’
T D §VIEEE ;
| sep 2 | - - a-': v
e L AL ' £ Sho required support line L—..-.... ST tunnel profile
oN e < for wnnel roof
% 1 | } Jl Q ot ?-_- B SuUpport
§ X= section X-X 3& E T}'FP'U‘“
i ' . ¢ for
> I 55
—8 a=st O >
$ radial displacement, 5
e By 51'29 3 the headmg has been mucked out and s1'eel se‘rs have been | R

installed close to the face. From this point on, any deformaﬂon of fhe
‘l'unnel roof or walls will resulf in Iocdmg of fhe steel se'l's A |




Tunnel 5uppor'1' Prmc:ples

We can 'I'hen plo1' 'I'he r'adlal suppor"l' pr'essur'e (p) requur'ed '|'o |Iml‘|' 'l'he
boundary dlsplacemen'l' (6) 'I'o a gwen value | .

Radial support pressure, p,

Radial
displacement
excavated

A (p; = po)

s
Y
EEEG
233

2]
[=
=
P
'-ﬂ
2
=9

required support line
for wnnel roof

C

/
suppaort
line for
side wall ES

pressure
available
from suppornt

In Step 4: the heading is udvcmcéid
one and a half tunnel diameters '
beyond X-X by another blast. The
restraint offered by the proxuml'l'y

~of the face is now negligible and

further conver‘gence of the Tunnel

- boundar'les occurs.

I "*-..,1(}

v

/
radial displacement, 5,
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If steel sets had not been installed, the
| radial displacemenfs at X-X would continue
| increasing along the dashed lines EG and

FH. In this case, the side walls would r'eacl"il
| equilibrium at point 6. However, the roof '
| would conhnue deforrnmg unhl |1' fcnled




Tunnel Suppor-'r Pr-mclples _______ » . i

We can 'l'hen pIO‘I' 'l'he r'adlal suppor"l' pr'essur'e (p) r'eql.ur'ed 'I'o |Iml'|' 'l'he
boundar'y dlsplacemen'l' (6) 'I'o a gwen value

Radial

_______ i XA diplacement
| ] il — j - A (p, = po) ,_,{ _excavated
RN ; £ ~ profile
|- 1A < |pq 2 , -+
g | I | J'l siepl? | & o E"; - |
o aAALLL £ it required support ling Fe=—==—— ~tunnel profile
O | v for tunnel roof
% I | 1] 3 - g__ support
:; Z L S l'L . WA | 3
g : | = -
s wrs | & JE "
e | e | g2 5| sidewall Al Tvwe —=
N X~ : 2% g
< : £is .
R ; — - »
o : radial displacement, 5

S S P A -------- éconvehgehce will bégin 1'0 load the sUppérT.j

Thls Ioad path is known ‘as the support reaction line (or avallable supporﬂ"“; :
“line). The curve represen‘l‘mg the behaviour of the rock mass is known as 'I'he'

e gr'ound resgonse curve (or suppor"l' reqmred curve)
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_______ Tunnel Sugpor'f Pr-mcmles

We can 'I'hen plo1' 'I'he. r'adlal suppor"l' pr'essure. (p) requur'ed ‘I'o Ilrm'l' ‘l'he
boundar'y dlsplacemen'l' (6) 'I'o a gwen value | ]
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| Q A cur'cular' Tunnel of I"GdIUS 1 85 mis excava‘l'ed in rock subJeC'l'ed ‘l'o

~_an initial hydrostatic stress field of 20 MPa and provided with a |
~ concrete lining of internal radius 1.70 m. Assummg elastic behaviour

~ of the rock/lining, calculate/plot the radial pressure and the radial

~ displacement at the rock lining interface if the lining is installed after
a r'adlal dlsplacemen'l' of 1 mm has occur'r'ed a'l' the Tunnel boundar'y "

—A. Given: s S p = hydrosfahc sfress 5 T
S pa “a = tunnel radrus---------:----? --------

- - = _2{} - 6 = shear modulus (assume 2 GPa) -
iiiip,.= radial support pressure . R S
. — e — U _E______._.f__k_:__l_mmg__s_'r_l_ff_nes_s _______ SO UUSUUE TS OO O
= . u, = rock displacement when suppor-'r
... installed N N
E. a—@—1) __é__f_é__f_c_ncrefe__'_m'_ns_Th'_CRn_ess_._ﬁ__? ________ e

= Tind-2)@+ @1 | Eic = lining elastic modulus (assume 30 GPa)

e </ Sy, = Immg Pmsson r'a'ho (assume 0 2'5)
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Example 3: Rock-Support Interaction Curves

Q. Calculate/plot the radial pressure and displacement curves for a 1.85 m radius
tunnel subjected to a hydrostatic stress field of 20 MPa and provided with a
concrete lining of internal radius 1.70 m installed after 1 mm of convergence
has occurred.

A.  To find the ground response curve we need to identify the two end
points of the line: one is the /i s/tu condition of zero displacement
at a radial stress of 20 MPa, the other is the maximum elastic
displacement induced when the radial stress is zero.

_ pe
T2G

_ (20€6Pa)(1.85m) — 0.00925

ur
2-(2e9 Pa)
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Example 3: Rock-Support Interaction Curves

Q. Calculate/plot the radial pressure and displacement curves for a 1.85 m radius
tunnel subjected to a hydrostatic stress field of 20 MPa and provided with a
concrete lining of internal radius 1.70 m installed after 1 mm of convergence

has occurred.

A. Plotting our ground 25
response line, we
have two known

points: 02

1) p,=20MPa |-

u, = 0 mm g
(2) p, =0 MPa

4 6 8 10 12 14 16
radial displacement, mm

u. = 925 mm i
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__%Exomple 3 Rock Suppor'l' Inferochon Curves

Q. Colculote/plo'f 'I'he radial pressure and dlsplocemen'l' curves for a 1 85 m I"CIdII.IS

“"concre'l'e Immg of m'l'ernol rodlus 1 70 m msfolled of'l'er 1 mm of convergence
~ has occurred - | | - - | e

o 1'h|ck walled cylmder subJec‘l' 1'o rodlol loodmg The equo‘l'lons for The
lmmg chorocTerlsTIc are: ' .. o S

. - pr.= radlal supporl' pressure
Uy — Ug - e A Ay P U B R

pr=k

a

II

- rock dlsplocemen‘l' when supporl'

S IR ~installed o T
E a”—(a—t) -+, -=-concrete-lining Thlckness -----

a lf”c (- Zvc)_az + ({l —_tclz EC = Imlng elosl'lc modulus (ossume 30 GPa)
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Example 3: Rock-Support Interaction Curves

Q. Calculate/plot the radial pressure and displacement curves for a 1.85 m radius
tunnel subjected to a hydrostatic stress field of 20 MPa and provided with a
concrete lining of internal radius 1.70 m installed after 1 mm of convergence
has occurred.

A. Solving for the stiffness of the lining, where t, = 1.85 -
1.70 = 0.15m, E, = 30 GPa and v, = 0.25, we get:

_ E. a’ — (a — fc)z

k =
1+0.25

30 GPa (1.85m)* —(1.85m —0.15m)*
(1-0.5)(1.85m)* + (1.85m —0.15m)’

k =2.78 GPa
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Example 3: Rock-Support Interaction Curves

Q. Calculate/plot the radial pressure and displacement curves for a 1.85 m radius
tunnel subjected to a hydrostatic stress field of 20 MPa and provided with a
concrete lining of internal radius 1.70 m installed after 1 mm of convergence
has occurred.

A. Thus, for a radial pressure of 20 MPa and u, = 1 mm, the lining will
deflect radially by:

Py = kur — U,

u =L p u =" 2006 Pa+0.001m
k 2.78¢9 Pa

u = 0014 m



Example 3: Rock-Support Interaction Curves

Q. Calculate/plot the radial pressure and displacement curves for a 1.85 m radius
tunnel subjected to a hydrostatic stress field of 20 MPa and provided with a
concrete lining of internal radius 1.70 m installed after 1 mm of convergence

has occurred.

A. Plotting our support 25+
reaction line, we
have two known ki
points: =
E 154
@ pr = 0 MP“ % 10 - .
u =1mm g | <~ — Operating point:
r . u=5.9mm, p=7.3MPa
(2) p. =20 MPa | P A PSS PR
U = 0.014 mm 0 2 4 6 8 10 12 14 16
r radial displacement, mm
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Q. Calculafe/plof 1'he radial pr'essur'e and dlsplacemen'l' curves for al. 85 m r'adlus
~__tunnel subjected to a hydr'osfa’rlc ________ stress field of 20 MPa and prowded witha
~ concrete Immg of mfernal I"CIdII.IS 1. 70 m ms‘l‘alled affer' 1 mm of convergence
" has occur-r-ed | _ e | |
A L L L L L L Th
S 25 e is shows how by
| delaying the '
Y Operating point: installation of 1'he
g | u=5. 5mm p 8. ZMPQ lining, we hcweE
1€ 454 i | reduced the
---------- % | | pressure it is
g 10+— linequired te . | = |
8 X withstand - but a1';
il [IER SN ESa NS u=5.9mm, p=7.3MPa the expense of
"""""" | increasing the fmal
Fetagzat 1 | . ‘ radial dlsplacement |
0 \ 2 a 5 8 10 12 14 16—
radial displacement, mm




Rock Support in Yielding Rock

Thus, it should never be attempted to achieve zero displacement
by introducing as stiff a support system as possible - this is
never possible, and will also induce unnecessarily high support
pressures. The support should be in harmony with the ground
conditions, with the result that an optimal equilibrium position is

achieved.

In general, it is better to allow
the rock to displace to some
extent and then ensure
equilibrium is achieved before any
deleterious displacement of the
rock occurs.

Support pressure

. Suff support

Yielding support

Soft support

Boundary displacement

Hudson & Harrison (1997)
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Rock Suppor'f m Ylelqu Rock

_§_.Ano1'her' lmpor'l'an'l' conclusuon dr'awn fr'om 'I'hese cur'ves for' the case of
_unstable non-elastic condrhons ‘is that stiff support (e. g. pre-cast |
_concrete segments) may be successful but that soft suppor'f (e. 9. S'I'eel
arches) may no1' br'mg ‘I'he syS'l'em to equullbr'lum :

_ Stiff support

Yielding support

........

Support pressure

Soft support

Boundary displacement
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Ground Response Curve - Yielding Rock

It should also be noted that plastic failure of the rock mass does not
necessarily mean that the tunnel will collapse. The yielded material may still
have considerable strength and, provided that the plastic zone is small
compared with the tunnel radius, the only evidence of failure may be a few
fresh cracks and some minor spalling. In contrast, when a large plastic zone
forms, large inward displacements may occur which may lead to the loosening
and collapse of the tunnel.

Curve 1: 'perfect’ excavation

Curve 2: machine excavation
Curve 3: good quality blasting
E Curve 4: poor quality blasting
N % Effect of excavation methods on
o) 8, shape of the ground response curve
g = due induced damage and alteration
g % Curve 4 | of rock mass properties. |
=3
T 2 |Curve The primary function of support is to
2 I Curve 3 control the inward displacement of the
9 : walls to prevent loosening.
3 Boundary displacement
T



Rock Support in Yielding Rock

Radial support pressure, p;

"Support I is installed at F and reaches

O F G
Radial displacement, §,

equilibrium with the rock mass at point B:

This support is too stiff for the purpose and
attracts an excessive share of the
redistributed load. As a conseguence, the
~ support elements may fail causing catastrophic

failure of the rock surrounding the excavation.
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Rock Sugpor'f m Ylelqu Rock _________________ ]

---é-----/oad and the supporf e/emenfs are naf
' s.fressed excess| Ve/y o |

..............................................................................................................

| Supporf 2 havmg a Iower' sﬂffness is msfalled
~at F and reaches equultbr'lum wrl'h the r'ock

mass a1' pom‘l' C’

...................................................................

carries a major portion of the r'ed/sfmbuf_ed

] T ~ | Note that if this support was temporary and was |
L RS R ~ | to be removed after equilibrium had been reached, |
_— — - uncontrolled displacement and collapse of 'I'he r'ock [
| mass would almost cer'talnly occur, |

;"""excavahan Is accepfab/e operaf/ona//y this
| '.srysfem provides a good solution. The rock mass
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SUpparf 3 havmg a much lower' shffness 'l'han

Radial support pressure, p;

O F G
Radial dlsplaccment &

suppor"l' 2, is also mS'I'aIIed at F bu1' r'eaches -
""" E"""eqmllbr'lum with the rock mass at point O
wher'e 'I'he r'ock mass has s1'ar"|'ed 'I'o Ioosen

| A/ﬂvough 1'/1/.5' may pra wde an accep fab/e |

femporary solution, the situation is a danger'aus
 one because any extra load /mposed for '

 example by a redistribution of stress

» | associated with the excavation of a nearby

" opening, will have to be carried by the supporf

" elements. In genef'a/ support 3 is too

.................

| comp//anf far' ﬂus parf/cu/ar' app//caf/on
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'Rock Suppor't m Ylelqu Rock _________________

-__-_“_-;-_“_--_SUpparf 4 of 'l'he. same shffness as suppor"l' 2
~ is not installed until a radial dlsplacemen'l' of |
'I‘he r'ock mass of 06 has occur'r'ed |

"f".Z'n fh/s case fhe supparf is msfa//ed /afe
~excessive convergence of the excava tion wr// |
—oceur, and the support elements will prabab/y
- become oversfressed be far'e eqw//br/um is 3

'. é_____reached
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hreather tuhe

Grout injection tuhe

Faceplate drilled for tubes

Figure 2: Mechanically anchored rockbolts of the type used on the Rio Grande
project. These bolts were tensioned to 70% of their yield load upon installation and
then, at a later stage, were re-tensioned and fully grouted.

Load - tonnes
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28 |
2
24

22 -

Resin grouted 22 mm diameter
20 - fibreglass rod
18 = Cement grouted 20 mm
diameter steel rebar

16 -
Resin grouted 20 mm diameter steel rebar
14 H

12 H to 150 mm

—<< -

10 H EXL Swellex dowel
B *
Expansion shell anchored
& 17.3 mm diameter steel rockbolt to 150 mm
o f \
Type SS 39 Split Set stabiliser
2

0 5 0 15 20 25 30 35 40 45 50 55 60

Deformation - mm

Figure 9: Load-deformation results obtained by Stillborg in tests carried out at
Luled University in Sweden. High strength reinforced concrete with a uniaxial
compressive strength of 60 MPa was used for the test blocks and holes were drilled
with a percussion rig to simulate in situ rock conditions.



Load - tonnes

28 |

24 -

22 -

Resin grouted 22 mm diameter

20 = fibreglass rod
18 Cement grouted 20 mm
diameter steel rebar
16 -
Resin grouted 20 mm diameter steel rebar

14 H
12 H to 150 mm
10 H N EXL Swellex dowel

8

Expansion shell anchored
& 17.3 mm diameter steel rockbolt o 150 mm
4 \
Type 8S 39 Split Set stabiliser
2
0 1 i 1 1 1 1 1 1 L 1 1 1

0 5 0 1 20 25 30 35 40 45 50 55 60

Deformation - mm

Figure 9: Load-deformation results obtained by Stillborg in tests carried out at
Luled University in Sweden. High strength reinforced concrete with a uniaxial
compressive strength of 60 MPa was used for the test blocks and holes were drilled
with a percussion rig to simulate in situ rock conditions.

Figure  3:  Typical  two-
component resin cartridge used for
anchoring and grouting rockbolts

Fast-setting anchor
cartridge

Slow-setting ‘grout’
cartridges

Reinforcing bar

Figure 4: Typical set-up for creating a resin anchored and grouted rockbolt. Resin grouting
involves placing slow-setting resin cartridges behind the fast-setting anchor cartridges and
spinning the bolt rod through them all to mix the resin and catalyst. The bolt is tensioned after
the fast-setting anchor resin has set and the slow-setting resin sets later to grout the rod in
place.
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Figure 5: Grouted dowel using a deformed bar inserted into a grout-filled hole

Cement grout

Figure 6: Grouted cables can be used in place of rebar when more flexible
support is required or where impact and abrasion can cause problems with
rigid support.
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Load - tonnes

28 |-

Resin grouted 22 mm diameter

20 - fibreglass rod

18 = Cement grouted 20 mm
diameter steel rebar
16 -
Resin grouted 20 mm diameter steel rebar

14 H
12 H to 150 mm
10 H N EXL Swellex dowel

e *

Expansion shell anchored
& 17.3 mm diameter steel rockbolt to 150 mm
o f \
Type SS 39 Split Set stabiliser
2

0 I 1 1 1 1 1 1 1 1 1 1
0 5 0 15 20 25 30 35 40 45 50 55 60

Deformation - mm

Figure 9: Load-deformation results obtained by Stillborg in tests carried out at
Luled University in Sweden. High strength reinforced concrete with a uniaxial
compressive strength of 60 MPa was used for the test blocks and holes were drilled
with a percussion rig to simulate in situ rock conditions.

Figure 7: Split Set stabiliser. Ingersol-Rand photograph.

Table 1: Split Set specifications (After Split Set Division, Ingersol-Rand Company).

77

Split Set stabiliser model S§8-33 §8-39 S5-46
Recommended nominal bit size 31 to 33 mm 35 to 38 mm 41 to 45 mm
Breaking capacity, average 10.9 tonnes 12.7 tonnes 16.3 tonnes
minimum 7.3 tonnes 9.1 tonnes 13.6 tonnes
Recommended initial anchorage (tonnes) 27to54 27054 45t08..2
Tube lengths 09to24m 09t0o3.0m 09t03.6m
Nominal outer diameter of tube 33 mm 39 mm 46 mm
Domed plate sizes 150x150 mm 150x150 mm 150x 150 mm
125x125 mm 125x125 mm
Galvanised system available yes yes yes
Stainless steel model available no yes no




25 to 28 mm diameter
folded tube

4

SIS ELIIIIIIIA

Figure 8: Atlas Copco ‘Swellex” dowel.

Load - tonnes
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28 |-

22 -

Resin grouted 22 mm diameter

20 - fibreglass rod

Cement grouted 20 mm
diameter steel rebar

16 -

Resin grouted 20 mm diameter steel rebar
14 H

12 H to 150 mm

10 H \

EXL Swellex dowel

Expansion shell anchored
& 17.3 mm diameter steel rockbolt to 150 mm
o f \
Type SS 39 Split Set stabiliser
2
0 I 1 1 1 1 1 1 i 1 1 1 1
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Deformation - mm

Figure 9: Load-deformation results obtained by Stillborg in tests carried out at
Luled University in Sweden. High strength reinforced concrete with a uniaxial
compressive strength of 60 MPa was used for the test blocks and holes were drilled
with a percussion rig to simulate in situ rock conditions.



The forces and displacements associated with a stressed cable grouted into a borehole
in rock are illustrated in Figure 11.

Confining pressure

Radial displacement

2 .

55 ;.-,' Shear resistance
A 7

% %

% B

7 &% Confining pressure

SR
o

SRR
Y

&
St

LTSS,

SN

Radial displacement

\!

A
SN
ol
Y

Tensile force

Figure 11: Forces and displacements associated with a stressed cable grouted into a
borehole in rock.

As the cable pulls out of the grout, the resultant interference of the spiral steel wires
with their associated grout imprints or flutes causes radial displacement or dilation of
the interface between the grout and the cable. The radial dilation induces a confining
pressure that is proportional to the combined stiffness of the grout and the rock
surrounding the borehole. The shear stress, which resists sliding of the cable, is a
product of the confining pressure and the coefficient of friction between the steel
wires and the grout. Shear strength, therefore, increases with higher grout strength,
increases in the grout and the rock stiftness and increases in the confining stresses in
the rock after installation of the cable. Conversely, decrease in shear strength can be
expected if any of these factors decrease or if the grout crushes.

The results of a comprehensive testing programme on Portland cement grouts have
been summarised by Hyett et al (1992) and Figures 12, and 13 are based upon this
summary. Figure 12 shows the decrease in both 28 day uniaxial compressive strength
and deformation modulus with increasing water/cement ratio. Figure 13 gives Mohr
failure envelopes for three water/cement ratios. These results show that the properties
of grouts with water/cement ratios of 0.35 to 0.4 are significantly better than those
with ratios in excess of 0.5. However, Hyett et al found that the scatter in test results
increased markedly for water/cement ratios less than 0.35. The implication is that the
ideal water/cement ratio for use with cable reinforcement lies in the range of 0.35 to
0.4.

20
100 79
g
o — -
& 16 Deformation modulus 80 E‘)
B
2 12 L 60 g
£
] 7
o
g - L 40 g
=t Uniaxial compressive ,g
& 4- strength - 20
‘2
=}
0 T T T T 0
0.25 0.35 045 0.55 0.65 0.75
Water/cement ratio

Figure 12: Relationship between the water/cement ratio and the average
uniaxial compressive strength and deformation modulus for grouts testes at

28 days.
100 —
Water cement ratios of
80 — cement grout mixes
§ 0.32
1 —]
%,, 60 0.41
g 40 0.52
:
204
0 [ T T ) I I 1
0 20 40 60 80 100 120 140
Normal stress 6 — MPa
w/c O constant constant  Friction angle Cohesion
ratio MPa m s o° ¢ MPa
0.32 78 3.05 1 24 25
0.41 54 2.14 1 20 19
0.52 38 1.67 1 17 14

Figure 13: Mohr failure envelopes for the peak strength of grouts with
different water/cement ratios, tested at 28 days.
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compressed air

water injection

Figure 1: Simplified sketch of a typical dry mix shotcrete system. After Mahar et al

(1975).
Vacuum helps to restore pumping
tube to normal shape

compressed air LY air pipe

rotating rollers

P g e ST vl
4ir and rubber {2
accelerator ~ nozzle tip [

wet mix shotcrete

rotating blades
roller suction 9

pumping tube

Figure 2: One typical type of wet mix shotcrete machine. After Mahar et al (1975).



Steel fibre reinforced micro silica shotcrete

Of the many developments in shotcrete technology in recent years, two of the most
significant were the introduction of silica fume, used as a cementitious admixture, and
steel or polypropylene fibre reinforcement.

Silica fume or micro silica is a by-product of the ferro silicon metal industry and is an
extremely fine pozzolan. Pozzolans are cementitious materials which react with the
calcium hydroxide produced during cement hydration. Silica fume, added in
quantities of 8 to 13% by weight of cement, can allow shotcrete to achieve
compressive strengths which are double or triple the value of plain shotcrete mixes.
The result is an extremely strong, impermeable and durable shotcrete. Other benefits
include reduced rebound, improved flexural strength, improved bond with the rock
mass and the ability to place layers of up to 200 mm thick in a single pass because of
the shotcrete's 'stickiness'. However, when using wet mix shotcrete, this stickiness
decreases the workability of the material and superplaticizers are required to restore
this workability.

Steel fibre reinforced shotcrete was introduced in the 1970s and has since gained
world-wide acceptance as a replacement for traditional wire mesh reinforced plain
shotcrete. The main role that reinforcement plays in shotcrete is to impart ductility to
an otherwise brittle material. As pointed out earlier, rock support is only called upon
to carry significant loads once the rock surrounding an underground excavation
deforms. This means that unevenly distributed non-elastic deformations of significant
magnitude may overload and lead to failure of the support system, unless that system

has sufficient ductility to accommodate these deformations.
Table I: Typical steel fibre reinforced silica fume shotcrete mix designs (After Wood,

1992)
Components Dry mix Wet mix
kg.fm3 % dry kgfm3 % wet
materials materials
Cement 420 19.0 420 18.1
Silica fume additive 50 22 40 1.7
Blended aggregate 1,670 75.5 1,600 68.9
Steel fibres 60 27 60 2.6
Accelerator 13 0.6 13 0.6
Superplasticizer - - 6 litres 0.3
Water reducer - - 2 litres 0.1
Air entraining admixture - - if required
Water controlled at nozzle 180 1.7

Total 2,213 100 2,321 100




L ; /\ L
W)/////W/W//A VAR

Weld mesh
Mesh washer

S .

2:nd lqye.r of shotcrete

Figure 5-15. Dowels with end hardware embedded in shotcrete
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Fiat plate

Domed plate Triangular  bell plate

Figure 5-16. Different types of end hardware




Figure 5-18. Lattice girders

Figure 5-22. Wedge block expanded concrete lining



Figure 3: Bagged pre-mixed
dry shotcrete components
being delivered into a hopper
feeding a screw conveyor,
fitted with a pre-dampener,
which discharges into the
hopper of a  shotcrete
machine
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Figure 4. Steel fibre types available on the North American market. After

Wood et al (1993). (Note: all dimensions are in mm).

Wood et al (1993) have reported the results of a comprehensive comparative study in
which all of the fibres shown in Figure 4 were used to reinforce shotcrete samples
which were then subjected to a range of tests. Plain and fibre reinforced silica fume
shotcrete samples were prepared by shooting onto vertical panels, using both wet and
dry mix processes. The fibre reinforced samples all contained the same steel fibre
dosage of 60 kg/m3 (see Table 1). All the samples were cured under controlled
relative humidity conditions and all were tested seven days after shooting.

These tests showed that the addition of steel fibres to silica fume shotcrete enhances
both the compressive and flexural strength of the hardened shotcrete by up to 20%. A
significant increase in ductility was also obtained in all the tests on fibre reinforced
samples, compared with plain samples. While different fibres gave different degrees
of improvement, all of the fibres tested were found to exceed the levels of
performance commonly specified in North America (i.e. 7-day compressive strength
of 30 MPa for dry mix, 25 MPa for wet mix and 7-day flexural strength of 4 MPa).
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Kompen (1989) carried out bending tests on slabs of unreinforced shotcrete and
shotcrete reinforced with ‘Dramix’! steel fibres, shown in Figure 5. The shotcrete had
an unconfined compressive strength, determined from tests on cubes, of 50 MPa. The
results of these tests are reproduced in Figure 6. The peak strength of these slabs
increased by approximately 85% and 185% for 1.0 and 1.5 volume % of fibres,
respectively. The ductility of the fibre reinforced slabs increased by approximately 20
and 30 times for the 1.0 and 1.5 volume % of fibres, respectively.

Figure 5: ‘Dramix” steel fibres used in slab
bending tests by Kompen (1989). The fibres
are glued together in bundles with a water
soluble glue to facilitate handling and
homogeneous distribution of the fibres in the

shotcrete.
40 ,<Dramix ZC 30/50, 1.5 volume %
35 | e
30/,
G sl f)
= V[ = 4
~ 20
=
S 15 . .
Cracking midspan
10 Cracking supports
Unreinforced Dramix ZC 30/50, 1.0 volume %
0l | ] l | | |
0 10 20 30 40 50 60

Deflection, 6 (mm)

Figure 6: Load deflection curves for unreinforced and steel fibre reinforced
shotcrete slabs tested in bending. After Kompen (1989).



Mesh reinforced shotcrete 87

While steel fibre reinforced shotcrete has been widely accepted in both civil and
mining engineering, mesh reinforced shotcrete is still widely used and is preferred in
some applications. In very poor quality, loose rock masses, where adhesion of the
shotcrete to the rock surface is poor, the mesh provides a significant amount of
reinforcement, even without shotcrete. Therefore, when stabilising slopes in very
poor quality rock masses or when building bulkheads for underground fill, weldmesh
is frequently used to stabilise the surface or to provide reinforcement. In such cases,
plain shotcrete is applied later to provide additional support and to protect the mesh
against corrosion.

Figure 7: Chainlink mesh, while very
strong and flexible, is not ideal for
shotcrete application because it is
difficult for the shotcrete to penetrate
the mesh.

Chainlink mesh, used in many underground mining excavations to support loose rock,
is not usually suitable for shotcrete reinforcement. This is because penetration of the
shotcrete is inhibited by the twisted joints as illustrated in Figure 7. This allows air
cavities to form behind the mesh and these may allow water to enter and cause
corrosion of the mesh.

On the other hand, weldmesh, tightly pinned against the rock face as illustrated in
Figure 8, is generally ideal for shotcrete applications. Typically the weldmesh should
be made from 4 mm diameter wire welded into a 100 mm x 100 mm grid. This type
of mesh is strong enough for most underground applications and the sheets are light
enough to he handled by one man.

Figure 8: Welded wire mesh, firmly
attached to the rock surface, provides
excellent reinforcement for shotcrete.




A well-trained operator can produce excellent quality shotcrete manually, when the
work area is well-lit and well-ventilated, and when the crew members are in good
communication with each other using prescribed hand signals or voice activated FM
radio headsets. However, this is a very tiring and uncomfortable job, especially for
overhead shooting, and compact robotic systems are increasingly being used to permit
the operator to control the nozzle remotely. Typical robotic spray booms are
illustrated in Figures 9, 10 and 11.
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Figure 9: A truck mounted shotcrete robot being used in a large civil

engineering tunnel. Note that the distance between the nozzle and the rock
surface is approximately one metre.

Figure 12: Plastic pipes used to
provide drainage for a shotcrete
layer applied to a rock mass with
water-bearing joints.
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Figure 11: Shotcrete operator using a
remotely controlled unit to apply
shotcrete to a rock face in a large civil
engineering excavation.




