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A Q-SYSTEM CASE RECORD OF CAVERN DESIGN IN FAULTED ROCK
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Summary

A 23m span by 46m high pumped storage power house to be located in interbedded siltstones and sandstones with up to twelve
inclined bedding plane faults intersecting the 160m long excavation does not represent ideal geology for large cavern construction.
However, appropriate solutions were engineered by the cavern designers and their consultants which may have application elsewhere.
In this paper the role of empirical Q-system based design is highlighted, and it is shown how seismic design considerations were
incorporated in the integrated empirical design. A discussion of the cavern performance and of reinforcement strategy dilemmas is given.

Introduction

The Mingtan Pumped Hydro project at Sun Moon Lake in
Central Taiwan was the first large cavern project in Taiwan in
which shotcrete (fiber reinforced) and systematic bolting (and
cables) were accepted as final support. Previously, somewhat
conservative thick concrete linings were used, based on
Japanese designs of this earlier period. Cavern owners
Taipower, and their consultants Sinotech engaged Golder
Associates and Dr. Evert Hoek for assessment of alternative
designs, and later also the author for adjustments of S(fr) + B
design using the Q-system.

The geology at Mingtan was somewhat unique for large
cavern construction, due to the presence of some twelve
bedding-plane-parallel faults in the 35° dipping sandstones and
siltstones of the Waichecheng Series. Figure 1 shows the
general layout. One or two of the faults had a meter or so
thickness of clay filling and rock fragments. Nine of the major
faults were "seam-treated" using a special Sinotech technique
in the area of the future powerhouse arch, by replacing the clay
with grout and concrete using high pressure water jetting (Liu,
et al. 1988). Access was from longitudinal galleries driven on
either side of the future powerhouse arch. Some 4m of rock
(clay) above the (future) cavern roof was treated in this way.
This is shown in Figure 2 from Moy and Hoek (1989).

At the time of the author’s first visit in 1987 this seam
treatment was successfully completed, and extensive pre-
reinforcement of the future cavern arch had been achieved with
untensioned but grouted 2 X 15 mm tendons at 2m centres,
splayed downwards from the floor of the drainage gallery.
This system of prereinforcement is also shown in Fig. 2.
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Figure 1 - The Mingtan pumped storage project in Taiwan.
Powerhouse axes were finally perpendicular to the strike of the
bedded sandstones, siltstones and bedding plane faults. (Liu,
Cheng and Chang, 1988/Taiwan Power Company and Sinotech
Inc.).
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Figure 2 - Fault pre-treatment using Sinotech’s method and
pre-reinforcement of the powerhouse arch (Moy and Hoek,
1989).

From this stage onwards a detailed application of the Q-
system was made to assess the most suitable final patterns of
bolting (and cables) in the arch and walls, and to recommend
most suitable S(fr) thicknesses in the arch and walls in the three
rock qualities that were identified by Sinotech geologists.

ROCK MASS CLASSIFICATION AT MINGTAN

Rock mass qualities were assessed at thirty or more locations
around the future powerhouse and transformer caverns. The
rock was divided into three groups: 1. jointed sandstone (where
cross-jointing was significant), 2. bedded sandstone and 3. fault
zones (partly treated and untreated). The sets of histograms
shown in Fig. 3 summarize the Q-parameter observations made
by the author.

The most typical ranges of values obtained, which in a few
minor aspects differed from those previously assessed by
Sinotech and Golders, were as follows:

1. jointed sandstone Q :ff‘)%x_l'_saxl =1.7 to 20
X 13 1

2. bedded sandstone Q zégigox%x% =1.11t 18.8

3. fault zones Q ~ 120 x Tla_ x5 51_10 ~0.02 to 0.4
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Figure 3 - Logging of Q-parameters at locations surrounding
the future caverns.

Principal stresses of 7, 4 and 3 MPa measured by over-
coring suggested SRF values in general of 1.0. The extensive
clay fillings combined with pre-drainage of the powerhouse
area also indicated a value of 1.0 for J,

The most typically observed values (histogram median
values) and the above ranges of quality are represented in Fig.
4, and show the relevant Q-system support categories based on
Barton, Lien and Lunde, 1974. ’
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Figure 4 - Support category ranges for arch support at Ming-
tan, based on three classes of rock.

SEISMIC DESIGN PHILOSOPHY

Taiwan is an island subject to frequent earthquakes and
consideration of potential effects on large underground openings
at about 300m depth was required. The following seismic
design philosophy was followed:

1) Seismic wave lengths are very long compared to the
dimensions even of large caverns.

2) Significant differential strains across the caverns are there-
fore unlikely.

3) Amplification of seismic loading mostly occurs as softer
surface sediments are reached.

4) Tunnel and cavern support should be designed to reinforce
the rock mass and provide minimum contrast in stiffness
compared to the rock mass (i.e. avoid thick, rigid concrete
linings in softer rocks; they will not be needed in harder
rocks!).

5) Earthquake loading has occasionally been known to cause
shear strains in underground openings (i.e. increased
permeability and flow into a mine with a dipping structure
of bedded quartzite, non-parallel to principal stresses).

6) Faults and weak seams dipping at 31°—39° across the axis
of the cavern (strike b axis) may be under some residual
shear stress (i.e. due to o, > oy, recent geomorphological
adjustments etc.).

7) Cable and bolt reinforcement should therefore be designed
to cross the faults and weak seams obliquely (i.e. non-
parallel to strike direction) to minimise the consequences
of shear strains (i.e. liner cracking) under severe earth-
quake loading.
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8) Surficial support (i.e. shotcrete) should be flexible and
tolerate strains without significant cracking (i.e. apply
good quality fiber reinforced shotcrete).

9) Conventional thick concrete linings will provide a poor
solution to this special problem, due to their unwanted
stiffness and their poor rock mass reinforcing character.

10) Dynamic, elastic, isotropic FEM analyses of lined and
unlined caverns have demonstrated 10—20% (max.)
amplification of stress levels (i.e. 04y, < 1.2 0, due to
the passage of P + S waves.

11) Assume, conservatively, that the present geological
structure does not attenuate seismic waves any more than
in isotropic, elastic FEM analyses.

12) Supplement the conservative approach adopted (high
capacity cables, bolts, shotcrete with fiber reinf.) by using
a seismic modification of the rock mass quality classifica-
tion.

13) Assume Qg = Y2 Q, provides for a couservative
increase in support capacity of about 25% (i.e. P of
1 kg/ecm? - 1.25 kg/cm?) to account for the possible
increases in o4y, 1-€. assume that:

__ RQD I, v o 1 n 2
Qseis =Ty X T X JSRE 7 Qstatic @)
A ;

(See Barton, 1984)

SUPPORT PRESSURE ESTIMATION

The case records of support pressure versus Q-values in the
data base analysed by Barton et al. (1974) are reproduced in
approximate form in Fig. 5 (upper diagram). Here it is shown
that the 50% reduction of Q(static) obtained by assuming
2.SRF (equation 1) actually gives the desired 25% increase in
support pressure, due to the gradient of the "P-Q" diagram.

In the lower half of Fig. 5 the three rock classes are marked
on the lower axis, and by suitable selection of J; (joint rough-
ness number) appropriate support pressures can be selected. In
this case the Q(static) values (median and range) have been
used, prior to adjustment for seismic loading. The following
approximate support pressures are indicated:

Table 1 - Q(static) and Q(dynamic) and assumed reinforcement
support pressure needed in the cavern arch

Rock a a P P
class (static) | (dynamic) | (static)* | (dynamic)*
1 {jt.sst.) 8 4 6 7.5

2 (bd.sst.) 4 2 8 10

3 (faults) 0.3 0.15 30 375

* Approximate support pressures converted to tons/m?

In Fig. 6 the adjusted Q-values (dynamic-correction) are
shown in the upper diagram for the case of the cavern arches.
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Figure 5 - Support pressure in relation to Q-value, and
adjustment for seismic loading.

For the case of the walls, the wall factor Q,, has to be esti-
mated. This is an empirical adjustment of the observed Q-
value which provides appropriately reduced wall support,
unless rock quality Q is < 0.1, in which case equally heavy
wall and arch support are recommended. The wall factors Q,,
= 5, 2.5 or 1.0 Q are shown in the inset to Fig. 6. The
resulting wall support categories adjusted for the dynamic case
are given in the lower diagram of the same figure.

Values for "Q,;" when converted from Q(dynamic),
showed the following mean values and wall support pressures

(by applying Fig. 5):

1. jointed sandstone P = 6 T/m?
2. bedded sandstone P = 8 T/m?2
3. fault zones P = 30 T/m?
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Figure 6 - Dynamic Q-values and adjustment for wall support,
showing relevant support categories.

SUMMARY OF FINAL SUPPORT RECOMMENDATIONS

Based on the classification of these thirty locations in the
neighbourhood of the future powerhouse cavern, and applica-
tion of equation 1 to obtain Q(dynamic) (plus adjustment for the
fall factors Q) the support recommendations given in Table 2
were obtained. These were derived by integrating the support
recommendations in the Q-system tables for the support
categories shown in Fig. 6 (#32, #24, etc.) and at the same
time satisfying the approximate support pressure requirements.
For example with "B 1.5 m c/c" each bolt is "acting" over an
average area of 2.25 m? and must be given a suitable working
load (using 20, 25 or 32 mm diameter bolts) to satisfy the
estimated support pressure. The original estimates of mesh
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Table 2 - Summary of powerhouse support recommendation
based on the integrated Q-system approach

Class

Arch (virgin)

Arch (pre-reinf.}

Walls

stone

1 Jointed sand-

B (utg) 1.5m, 10T

S (1 10cm
A (tg) 3.0m, 30T

"B (utg) 2.0m, 10T

S (fr) 10 cm

B (utg) 2.0m, 20T

S (fry 10cm
A (tg) 4.0m, 40T
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The suggested layout of the supplementary arch reinforce-
ment for the three classes of rock mass are illustrated in Fig.
7. Note the existing pre-reinforcement from the floor of the
upper drainage gallery, and the availability of sidewall drifts
for further pre-reinforcement prior to opening up the top
heading. Due to the close spacing of the pre-reinforcement
(2.0m centres) no necessity (or space!) was seen for bolt
reinforcement in the central arch, so most of the Q-designed
bolting was suggested for the two sides of the arch round to the
haunches, from which point wall support took over.

stone

2 Bedded sand-

B (utg) 1.25m, 10T

B (utg) 2.0m, 10T

B (utg) 2.0m, 20 T

S{fry 10cm S(fry 10cm S{fr) 15cm
A(tg) 2.5m, 30T A (tg) 4.0m, 60T
3 Untreated B (utg) 1.0m, 20T ‘B (utg) 1.0m, 20 T |B (utg) 1.0m, 20 T
e S (f) 30cm S (fn  30cm S (f) 60cm
A (tg) 2.0m,80T |"A(tg) 2.0m, 60T]|A (tg) 2.0m, 60T
Key systematic bolting, (utg) = untensioned grouted

B =
S = shotcrete, (fr) = fiber reinforced
A = systematic anchoring, (tg) = tensioned grouted

Arch (virgin) = recommended if no pre-reinforcement

Arch (pre-reinf.) = additional to pre-reinforcement
" Add in haunches

The left hand column in Table 2 refers to the recommended
arch support if no pre-reinforcement had been applied (from the
upper drainage gallery). The central column in Table 2 "arch
(pre-reinforced)" refers to the additional reinforcement to be
applied in the arch of the powerhouse when the pilot tunnel and
It was recommended that this

top heading were excavated.

should be applied in the following order, to give the final
recommended degree of support:

Table 3 - Recommended order for arch support

Excavation step 1 2 3 4 5
1 Pilot heading | S{fr) 5 cm | B 2mc/c - - S{fr) 5 cm
2 Top heading - S{fry 5cm | B2mc/c | S{fr) 5 cm

Recommended bolt and anchor lengths to be read in parallel
with Table 2 support recommendations are listed in Table 4.
These are based on the empirical "rules of thumb" (four simple
equations) given in the lower half of the table.

Table 4 - Recommended bolt and anchor lengths based on Q-
system case records

1 Arch bolts L = bm

2 anchors L = 9m (if no pre-reinf.)

3 Walls bolts L = 6m, 9m {alternate)

4 anchors L = 16m (18m, when inclined)

1T L=2+0.15B/ESR (m)

2 L = 0.4B/ESR (m) Key B = span (m)
3 L=2+0.15H/ESR (m) H = height (m)
4 L = 0.35 H/ESR (m)

ESR = Excavation Support Ratio

(= 1.0 for power caverns)

Minimum
10 cm thick
S (fr)

pre-reinforcement (cables)
fiber reinforced shotcrete
systematic bolting
spotbolts (typ.)

©

Bedded sandstones (L

Minimum 30 cm

AN,
7
thick S(fr) e
T 77/ Example: Example: s
*fair" side "poor” side

walls to walls to
faults faults

Fault zones

Theretical profile

______ Pre-reinforcement 1(cables)
Cable anchors 60T, 2.0 m ¢/c

i Systematic boltin,
B Fiber reinforced shotcrete

Figure 7 - Recommended supplementary support for the
powerhouse arch for rock classes 1, 2 and 3.
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WALL REINFORCEMENT PHILOSOPHY

The usual "radial" style of reinforcement in the arch was
expected to have the effect not only of minimizing dilation of
the arch, but also of reinforcing the 31 to 35° dipping bedding
planes and faults against down-dip shear displacement.
Although this same mechanism is only "active" in the end walls
of the cavern, nevertheless any earthquake-induced down-dip
shearing along the faults would have a deleterious effect on the
walls (i.e. cause local cracking and loosening of shotcrete). In
order to minimize this possibility, the bolts and cables illus-
trated in Fig. 8 were specified to have a downwards inclination
of 20° and were directed 20° down-dip in relation to the
bedding. This unusual orientation which was adopted in the
design is shown schematically in Fig. 9. In effect the bolts and
cables cross the bedding and bedding-parallel faults, helping to
reinforce them against down-dip shearing. The optimum angle
for crossing them is at the mobilized friction angle (Barton and
Bakhtar, 1984).

EXAMPLES OF CAVERN PERFORMANCE

MPBX stations were established along the length of the
cavern by instaliation from the drainage gallery prior to cavern
construction. These were detailed by Moy and Hoek (1989)
and are shown in Fig. 10. These MPBX were able to follow
the complete arch dilation over a thickness of 10 meters;
however, the drainage gallery probably itself moved down-
wards since 10 meters is not a deep enough anchor location for
a 23 mspan X 46 m high cavern. The central arch "displace-
ments" (dilation over 10 m thickness) for the seven MPBX
stations are shown in Fig. 11.

The 30 to 70 mm dilation caused significant cable loads to
be mobilized as shown in the lower diagram. These are clearly
successful in arresting movement of the outer 10 m of rock
judging by the stability of these and Jater monitoring results
(Moy and Hoek, 1989). The monitoring was, however, not
deep enough to capture 100% of the deformation above the
arch, which could have been perhaps from 10-—30 mm more
than the values monitored, as indicated conceptually in Fig. 12.

The extensive monitoring of deformation around the
haunches and down the walls at the seven monitored cross-
sections provided excellent records of the performance of the
caverns with deepening excavation. The relatively high
maximum loads registered in instrumented cables both in the
arch (15 to 30 tons) and in the haunches (50 to 75 tons) where
deformations were roughly in the 5 to 35 mm range, added
confidence in the designed reinforcement, which at the time of
design appeared on the conservative side in the faulted rock
areas. Examples of installed cables in some of the fault zones
are shown in Fig. 13.

Instrumented cables in the walls showed maximum loads in
the range 50 to 95 tons, again confirming the need for the high
support load designs. Maximum deformations in the walls
were generally in the range 10 to 40 mm.

Suggested wall reinforcement

Anchors
40 Tons
4mclc
L=16,8 m
Bolts

20 Tons
2mclc
L=69m

HJointed
: Sandstone
i

éS (fry 10 cm

Anchors
60 Tons
4mclc

T L=16,8m
Bolts

20 Tons
2mclc
L=6,9m

Sandstone

@‘ Bedded

Detail

Suggestion for fault zones in walls.
Local "dental" work with S (fr)

S (fr) —~
10-15¢cm

\ Detail

Section B-B

8 (fr) )
260 cm - N
(fil e SNSRI O]
of overbreak)
B
S (fr)
10-15cm

Figure 8 - Suggested non-radial wall reinforcement. Out-of-
plane orientation also 20° in down-dip sense.
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Figure 9 - Suggested method for stabilizing fault zones, using
inclined cable and bolt orientations (non-radial).
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PREDICTION OF CAVERN DISPLACEMENTS

The Q-system data base on cavern and tunnel deformations
was used to predict possible ranges of deformations prior to
cavern construction. Based on ratios of Q/SPAN (where span
= 23m) and Q/HEIGHT (where height = 46m) for the three
classes of rock mass the following mean values of deformations
were predicted in 1987:

Arch Walls
1. jointed sandstone 17 mm 22 mm
2. bedded sandstone 23 mm 30 mm
3. fault zones 60 mm 75 mm

The spread of data in the data base is in reality so wide that
the above values relative "closeness" to actual measurements is
more fortuitous than scientifically based. The updated data
base shown in Fig. 14 has different "trend lines" from those
used for the above predictions in 1987. Due to different

support practice and timing of deformation measurements (i.e.
installation variables) the spread of data for a given value of Q
and SPAN is almost too large to be of value. This situation
needs improvement.

DISCUSSION OF CAVERN SUPPORT LOADING

A fairly rigid application of Q-system support recommenda-
tions dating from the Barton et al. (1974) publication was made
in this project. (The only changes made were substitution of
S(fr) for S(mr).) The tabulations of support recommendations
for different support categories were used to derive the given
bolt spacings (Fig. 15 and Table 5 are provided for ready
reference). These bolt spacings were then converted to bolt
capacities by choosing bolt (and cable) diameters with appropri-
ate working loads. At the time, the highest support pressures
of about 30 to 40 tons/m? derived for faulted zones appeared
excessive. However, the measured (high) loads on some cables
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Figure 13 - Examples of cables installed in fault zones (Moy, Golder Associates, 1989).

suggest that the original support pressure diagram (reproduced
in Fig. 16 for reference) may not be as conservative as some
had supposed. Of course there will be a trade off in terms of
allowed deformation and cable or bolt loading. It is possible
that the cables at Mingtan were tensioned earlier than necessary
in the walls of the powerhouse. Deformations were smaller
than might have been expected and cable loads larger than
expected.

The rock mass at Mingtan was more than usually anisotropic
due to the dominance of low friction bedding-parallel faults and
clay seams. Jointed rock and especially clay bearing rock, has
as a natural form of behaviour; the smoothing out of aniso-
tropic stress (i.e. shear stresses). Deformations, provided they
do not proceed to failure, tend to dissipate the high stress
concentrations. In this respect jointed rock behaves very
differently to our continuum modelling concepts.

The measured principal stresses at Mingtan of approximately
7, 4 and 3 MPa (all of which were non vertical due to the
dipping structure) may be expected to cause shear strains when
the necessary degree of freedom exists. Excavation of a cavern
also adds greatly to the potential stress anisotropy, and mobiliz-
ation of shear strain is an inevitable consequence of excavation.

A high anchor load, if it is an isolated phenomenon, need
not be of concern in a very anisotropic rock mass as at
Mingtan. However, a rock mass surrounding a large cavern
can be over-anchored, that is to say, the provided "support
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Figure 14 - Q-system data on cavern and tunnel deformations.

pressure" from distributed anchor loads interferes with the
rockmass’s natural tendency and requirement to adjust to the
new stress state caused by excavation. The art of rockmass
reinforcement is to avoid under reinforcement which may allow
too large deformations to occur, and to avoid over-reinforce-
ment which will throw too much load on the reinforcement if
the rock is not allowed to mobilize its inherent shear strength.
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Conditional foetors

Support
cate= RQD Jp  SPAN Type of support Notes
gory Ty J; ESR
1% = = - sb(utg) =
2% - - - sb(utg) -
3% - - - sb(utg) =
4% - - = sb(utg) =
5% - - - sb (utg) =
6% - - - sb(utg) =
7% - - - sb(utg) £
g* - - ~ sb(utg) =
9 220 - - sb(utg)
<20 - - B(utg) 2.5-3 m -
5 230 = - Blutg) 2-3 m =
<30 - - Blutg) 1.5-2 m -
+clm
1% 230 - - T Bltg) 23 m =
! <30 - -~ B(tg) 1.5-2m -
+clm
- =30 =z -~ B(tg) 2-3 m -
<30 - - B(tg) 1.5-2m -
+clm
210 21.5 =~  sblutg) I
13 210 <1.5 - Blutg) 1.5-2 m T
N <10 21.5 = B(utg) 1.5-2 m I
<10 <1.5 - Blutg) 1.5-2 m 1
+S 2-3 cm
210 - 215 B(tg) 1.5-2 m T;II
+clm)
14 <10 - 215 B(tg) 1.5-2 m I,z
+Si{mr) 5-10 cm
- - <15 Bfutg) 1.5-2 m L, TI%
+clm
>10 - - B(tg) 1.5-2 m T,I1,1V
15 +clm
210 - - Bltg) 1.5-2m Ty I Ty IV
+S(mr) 5-10 cm
16% >15 - - Bltg) 1.5-2 m I,V,VI
See +clm
note ES T E -  Bltg) 1.5-2 m I,V,VI
XII +S(mr) 10-15 cm
>30 - - sb(utg) I
- #0 - - Blutg) 1-1.5w 1
<10 - 26 m Blutg) 1-1.5 m T
+S 2-3 cm
<10 = <6m S 2-3 cm I
>5 - 210 m Bltg) 1-1.5m T, TIT
+clm
>5 = <10 m B(utg) 1-1.5m I
+clm
18 5 - 210 m "B(tg) 1-1.5m 1,111
+5 2-3 cm
<5 - <10 m Blutg) 1-1.5 m I
+S 2-3 cm
- - 220 m B(tg) 1-2 m I,1I,1IV
19 +S(mx) 10-15 cm
= e <20 m  B(tg) 1 5m I, 11
+S(mr) 5-10 cm
20¥ - - 35 m B(tg) 1-2m 1,V,VI
See +S(mr) 20-25 cm
note - - <35 m B(tg) 1-2m 1,II,IV
XII +5(mr) 10-20 cm
212.5 £0.75 - B(utg) 1 m I
21 +S 2-3 cm
<12.5 20.75 - S 2.5-5 cm I
- >0.75 - Blutg) 1 m b
>10, >1.0 - (B(utg) 1 m T
(<30 / +clm
22 210 >1.0 - S 2.5-7.5 cm I
<30 £1.0 - B(utg). 1 m I
+S(mr) 2.5-5 cm
230 - Blutg) 1 m 1
= - 215 m Bltg) 1-1.5 m 1,I%,1V,
23 +S(mr) 10-15 cm VII
- - <15 m B(utg) 1-1.5m I
+S(mr) 5-10 cm
24% - - 230 m B(tg) 1-1.5m 1,v,VI
See +S(mxr) 15-30 cm
note - - <30 m B(tg) 1-1.5m I,II,1V
XII +S(mr) 10-15 cm

Support
cate= Type of support Note
gory
>10 >0.5 £ B(utg) 1 m I
+mr or clm
25 £10 >0.5 = Blutg) 1 m I
+S(mr) 5 cm
- 0.5 - B(tg) 1 m o4
+S(mr) 5 cm
- - - B(tg) 1 m VIII, X,
26 +S(mr) 5-7.5 cm XI
&= 7~ = Butg) 1 m I,IX
+S 2.5-5 cm
= - 212m B(tg) 1l m T,IX
+S(mr) 7.5-10cm
- - <12m Blutg) 1 m I,IX
27 +S(mr) 5-7.5 cm
- - >12m CCA 20-40 cm VIII,X,
+B{tg) 1 m XTI
- - <12m S(mr) 10-20 cm VIII,X,
+B(tg) 1 m XI
- - 230m B{tg) 1 m I,1V,V,
28+ +S(mr) 30-40 cm X
See & - (é2o,) B(tg) 1 m I,1I,1V,
Hote <30m’ +S{mr) 20-30 cm X
XII - - <20m B(tg) 1 m 3905 2 I ¢
+S(mr) 15-20 cm
- oo L CCA(sxr)30-100cm IV,VIII,
+B(tg) 1 m X, XI
25 >04125 Blutg) 1 m -
+S 2-3 cm
29% £5 >0.25 - Blutg) 1 m =
+S(mr) 5 cm
E £0.25 B(tg) 1 m -
+S{mr) 5 cm
25 - - B{tg) 1 m IX
10 +5 2.5-5 cm
<5 = = S{mr) 5-7.5 cm IX
- - B(tg) 1 m VIII,X,
+S(mr) 5-7.5 cm XI
>4 - - B(tg) 1 m IX
+S(mr) 5-12.5cm
31 £4,21.5 -~ - S(mr) 7.5-25 cm IX
5 ] - CCA 20-40 cm IX XI
+B(tg) 1 m
- - = CCA(sr)30-50 cm VI, X,
+B(tg) 1 m X1
12 - - 220m B(tg) 1m I,1v,
See +S(mr) 40-60 cm IX x1
- - <20m B(tg) 1 m III,1V,XI
:‘I‘ie +S(mr) 20-40 cm  IX
- - - CCA(sr)40-120cm  IV,VIII,
+B(tg) 1 m X, XI
22 - - B(tg) 1 m X
33% +S(mr) 2.5~5 cm
<2 - - S(mr) 5-10 cm IX
- - - S{mr) 7.5-15 cm VIII,X
P 20.25 T TB(Eg) 1 m 33
+S(mr) 5-7.5 em
34 <2 20.25 - S{mr) 7.5-15 cm IX
3 <0.25 - S(mr) 15-25 cm IX
- - CCA(sr)20-60 cm VIII,X
+B(tg) 1 m XI
- - 215m B(tg) 1 m II,IXXI
+S(mr) 30-100cm
2 = - 215m  CCA(sr)60-200cm VITI,x,
+B(tg) 1 m XT LT
;‘I’;e - - <15 Bltg) 1 m IX, III XI
+S(mr) 20-75 cm
- b <15m  CCA(sr)40-150cm VIII, X,
+B(tg) 1 m X, TET
- = - S(mr) 10-20 cm X
36* - & - S(mr) 10-20 cm  VIII,X,
+B(tg) 0.5-1.0m XT
= = = S(mr) 20-60 cm IX
37 - = = S(mr) 20-60 cm  VIII,X,
+B(tg) 0.5-1.0m XI
38 o = 210m CCA(sr)100-300cm IX
- - 210m  CCA(sr)100-300cm VIII,X,
See +B(tg) 1 m II,XI
;‘I’;‘ - - <10m S(mr) 70-200 em IX
= - <10m S(mr) 70-200 cm VIII,X,
+B(tg) 1 m III,XI
Key to Support Tables:
sb = spot bolting
B = systematic bolting
(utg) = untensioned, grouted
(tg) = tensioned, (expanding shell type for competent
rock masses, grouted post-tensioned in very
poor quality rock masses; see Note XI)
8 = shotcrete
(mr) = mesh reinforced
clm = chain link mesh
CCA = cast concrete arch
{sr) = steel reinforced

*Authors' estimates of support.
records available for reliable estimation of support
requirements.

Insufficient case

RNote:

The type of support to be used in categories
1 to 8 will depend on the blasting technique.
smooth wall blasting and thorcugh barring-down

may remove the need for support.

Rough-wall

blasting may result in the need for single
applications of shotcrete, especially where

the excavation height is >25 m.

Future case

records should differentiate categories 1 to 8.
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REINFORCEMENT CATEGORIES:
1) Unsupported
2) Spot bolting, sh
3) Systematic bolting, B
4) Systematic bolting,
(and unreinforced shotcrete, 4-10 cm), B(+ S)

5) Fibre reinforced shotcrete and bolting, 5-9 cm, Sfr+B
6) Fibre reinforced shotcrete and bolting, 9-12 cm, Sfr+B
7) Fibre reinforced shotcrete and bolting, 12-15 cm, Sfr+B
8) Fibre reinforced shotcrete >15 cm,

reinforced ribs of shotcrete and bolting, Sfr,RRS+B
9) Cast concrete lining, CCA

Figure 17 - Updated Q-system support chart (Grimstad and Barton, 1993).

EVALUATION OF UPDATED Q-SYSTEM SUPPORT
RECOMMENDATION FOR MINGTAN

For completeness of this paper, this five to seven year old
case record will be briefly evaluated using the recently updated
(1993) Q-system support chart. The user-friendly version
developed by Grimstad from evaluation of some 1050 new case
records (Grimstad and Barton, 1993) is reproduced in Fig. 17.
For completeness the recently (slightly) updated classification
tables (1994) will also be reproduced here (see Table 6).

The three chosen classes of rock at Mingtan and their
relevant Q-values are listed below for reference:

Q (static) Q (dynamic)
1. jointed sandstone 8 4
2. bedded sandstone 4 2
3. fault zones 03 0.15

Selecting arch support for the 24m span, using Q (dynamic)
as a basis for selection gives the following NMT (Norwegian
Method of Tunnelling) type rock support recommendations
from Fig. 17:

1. jointed sandstone S(r) 9 em + B2.lmc/c, L = 6m

2. bedded sandstone S(fr) 11ecm + B1.9mc/c, L = 6m

3. fault zones RRS 20—25c¢m + B 1.3—1.4m c/c

The fact that the faulted rock at Mingtan is in isolated seams
(i.e. it is not continuous) means that rib reinforced shotcrete
(RRS) (or concrete arches) were not quite needed. However,
the seam pre-treatment could be regarded as a form of concrete
support, except that it is "internal" and locally improves the
rock quality. The faulted rock at Mingtan if untreated intern-
ally, falls very close to the (local) cast concrete arch category,
and near the top of the reinforced ribs of shotcrete (RRS)
category. This seems reasonable.

Considering the wall factors Q,, of 5, 2.5 or 1.0 times Q
(depending on whether the Q value is >10, <10 or <0.1
respectively), the three relevant Q,,; (dynamic) values from
Fig. 5 are 10, 5 and 0.4 respectively for the same three classes
of rock. For wall support the total height (46m) is used.
Applying Fig. 17 as above we obtain:

1. jointed sandstone S(fr) 9 em+ B2.4mc/c,L =11m

2. bedded sandstone S(fry1lecm + B2.2mc/c,L = 11m

3. fault zones RRS 25—30 ¢cm + B 1.5m c/c
The faulted rock case falls just above the case record data
base when the "dynamic" condition is assumed, and just on the
upper boundary of the data base when the "static" condition is
assumed, confirming the severity of conditions at Mingtan.
The Q-system "footnotes" concerning the need for supple-
mentary cable or anchor reinforcement for the largest openings
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approx

5. Joint Water Reduction Factor water pres. Jo
. (kg/em?)
A Dry excavations or minor inflow, i.e., <5 I/min <1 1.0
locally
B Medtqm inflow or pressure, occasional outwash of 12,5 0.66
joint fillings
c Large inflow or high pressure in competent rock with 2.5-10 0.5

unfilied joints

D Large inflow or high pressure, considerable outwash

of joint fillings 2.5-10 0.33

E Exceptionally high inflow or water pressure at

biasting, decaying with time >10 0.2:0.1

E Exceptionaily high inflow or water pressure

continuing without noticeable decay =10 0.1:0:05

Note: i} Factors C to F are crude estimates. Increase J,, if drainage measures
are installed.
i) Special problems caused by ice formation are not considered.

6. Stress Reduction Factor

J SRF

al zones ir it ation, which may cause loosening of rock
mass when tunnel is excavated

A Multiple occurrences of weakness zones containing clay or chemi- 10
cally disintegrated rock, very loose surrounding rock (any depth)

B Single weakness zones containing clay or chemically 5
disintegrated rock (depth of excavation < 50m)

c Single weakness zones containing clay or chemically 25
disintegrated rock (depth of excavation > 50m) !
Multiple shear zones in competent rock (clay-free), loose

D 7:5
surrounding rock (any depth)

E Single shear zones in competent rock (clay-fres) (depth of 5.0
excavation < 50m) )

E Single shear zones in competent rock (clay-free) (depth of 25
excavation > 50m) ’
Loose, open joints, heavily jointed or "sugar cube”, etc. (any

S | dopth) 5.0

Note: i) Reduce these values of SRF by 25-50% if the relevant shear zones
only influence but do not intersect the excavation.

b) Competent rock, rock stress problems o, lo, oglo, SRF
H | Low stress, near surface, open joints >200 <0.01 2.5
J Medium stress, favourable stress 200-10 0.01-0.3 ,

condition

1. Rock Quality Designation RQD
A | Very poor 0-25
B | Poor 25-50
C | Fair 50 -75
D | Good 75 - 90
E | Excellent 90 - 100

Note: i) Where RQD is reported or measured as < 10 (including 0), a nominal

value of 10 is used to evaluate Q.
i) RQD intervals of 5, /.e., 100, 95, 90, etc., are sufficiently accurate.

2. Joint Set Number Jan
A | Massive, no or few joints 0.5-1.0
B | One joint set 2
C | One joint set plus random joints 3
D | Two joint sets 4
E | Two joint sets plus random joints 6
F | Three joint sets 9
G | Three joint sets plus random joints 12
H four or rnore' joint sets, random, heavily jointed, 15

sugar cube”, etc.

J [ Crushed rock, earthlike 20

Note: i} For intersections, use (3.0 x J,)

ii) For portals, use 2.0 x dy)

3. Joint Roughness Number Jo

a) Rock-wall contact, and b) rock-wall contact before 10 cm shear
A | Discontinuous joints 4
B | Rough or irregular, undulating 3
C | Smooth, undulating 2
D | Slickensided, undulating 1.5
E | Rough or irregular, planar 1.5
F | Smooth, planar 1.0
G | Slickensided, planar 0.5

Note: i) Descriptions refer to small scale features and intermediate scale

features, in that order.

¢) No rock-wall contact when sheared
H Zone containing clay minerals thick enough to 1.0

prevent rock-wall contact

J Sandy, gravelly or crushed zone thick enough to 1.0

prevent rock-wall contact

Add 1.0 if the mean spacing of the relevant joint set is greater than 3m.
J, = 0.5 can be used for planar slickensided joints having lineations,
provided the lineations are oriented for minimum strength.

High stress, very tight structure.
K | Usually favourabie to stability, may 10-5 0.3-0.4 0.5-2
be unfavourable for wall stability.

Moderate slabbing after > 1 hour in

hassive FoCk 6-3 0.5-0.65 6-50

Slabbing and rock burst after a few

minutes in massive rock #ig 065+ 20-200

Heavy rock burst {strain-burst) and
N | immediate dynamic deformations in <2 > 200-400
massive rock

Note: ii) For strongly anisotropic virgin stress field (if measured): when
§ = o04/03 = 10, reduce o, to 0.750,. When o, /o3 > 10, reduce o,
to 0.50,, where o, = unconfined compression strength, o, and o are
the major and minor principal stresses, and gy = maximum tangential
stress (estimated from elastic theory).

ili) Few case records available where depth of crown below surface is less

than span width. Suggest SRF increase from 2.5 to 5 for such cases
(see H).

c) Squeezing rock: plastic flow of incompetent rock o lo SRF
under the influence of high rock pressure L
0 [ Mild squeezing rock pressure 15 5-10
P ! Heavy squeezing rock pressure >5 10-20

Note: iv) Cases of squeezing rock may occur for depth H>350 Q'3 (Singh et
al., 1992). Rock mass compression strength can be estimated from
q = 7 y Q' (MPa) where y = rock density in gm/cc (Singh, 1993).

d) g rock: lling activity de ing on pi of water
R | Mild swelling rock pressure 5-10
S | Heavy swelling rock pressure 10-15

Note: J, and J, classification is applied to the joint set or discontinuity that is
least favourable for stability both from the point of view of orientation and
shear resistance (where r = ¢, tan (J, /J, ).

4. Joint Alteration Number l @, ( Ja
approx.
a) Rock-wall contact (no mineral fillings, only coatings)
Tightly healed, hard, non-softening, impermeable
A s . & = 0.75
filling, i.e., quartz or epidote
B | Unaltered joint walls, surface staining only 25-35° 1.0
Slightly altered joint walls. Non-softening mineral
C | coatings, sandy particles, clay-free disintegrated 25-30° 2.0
rock, etc.
D Silty- or sandy-clay coatings, small clay fraction 20-25° 3.0
(non-softening)
Softening or low friction clay mineral coatings, /.e.,
E | kaolinite or mica. Also chlorite, talc, gypsum, 8-16° 4.0
graphite, etc., and small quantities of swelling clays.
b} Rock-wall contact before 10 cm shear (thin mineral fillings)
F | Sandy particles, clay-free disintegrated rock, etc. 25-30° 4.0
G Strongly over-consolidated non-softening clay mineral 16-24° 6.0
fillings (continuous, but <Smm thickness) .
H | Medium or low over-consolidation, softening, clay 12-16° 8.0
mineral fillings {continuous, but <5mm thickness} ’
ing-clay fillings, /.e., illonite
1s, but <5Smm thick ). Vaiue of J 190 o
J depends on percent of swelling clay-size particlas, g2 g2
and access to water, efc.
¢) No rock-wall contact when sheared (thick mineral fillings)
KL | Zones or bands of disintegrated or crushed rock and 6-24° 6, 8, or
M | clay (see G, H, J for description of clay condition) 8-12
Zones or bands of silty- or sandy-clay, small clay
N 3 p - 5.0
fraction {non-softening)
OP | Thick, continuous zones or bands of clay (see G, H, 6-240 10,13,
R | J for description of clay condition) or 13-20

RQD  J  Jdu
e T
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that are found in the original Q-system publication of 1974
probably need to be retained also today, if we make the
assumption that the support pressures represented in Fig. 16
also need to be applied. This is an interesting area for future
debate!

CONCLUSIONS

1 The Mingtan power cavern of 23m span and 46m height was
successfully constructed in some of the poorest faulted rock
probably ever utilized for large cavern construction.
Support pressures as high as 30 to 40 tons/m? were required
in many locations affected by the numerous bedding plane
parallel faults.

2 The rock reinforcement designs for the bolts, cables and
fiber reinforced shotcrete was based on a detailed application
of the Q-system. Adjustments to rock quality were made to
allow for potential earthquake loading, giving slightly
heavier support pressure (+25%) compared to the static
case. A dynamic factor equal to 2 SRF was used as the
"logic" to achieve this related support pressure increase.

3 Bolt and cable orientations in the walls were inclined
downwards and down-dip relative to the 31—35° dipping,
bedded structure, in order to help reinforce the bedding
planes, seams and bedding parallel faults from shear
displacement. It is possible that this is one of the reasons
for relatively high cable loading. However, the conven-
tional (radial) alternative of strike-parallel bolts and cables,
might have allowed too much shearing and increased
cracking in the haunches and upper walls as benching
progressed.

4 Mingtan cavern design using the original Q-system (1974)
has been compared with the updated (1993) version incor-
porating detailed steel fiber reinforced shotcrete designs.
The 1987 design is very close to that which would be
recommended today. "Support pressure” design and long
cables should probably be retained for large powerhouses in
poor rock.

5 The strongly anisotropic deformation properties of the
bedded and faulted rock caused quite different behaviour in
the arch and walls. Down-dip shearing in the arch tended
to increase displacements and reduce anchor loads (due to
shortening). The specially designed wall reinforcement was
on the other hand stretched by wall and pillar loading,
giving higher cable loads. Due to bed orientation dippping
parallel with the line of the walls, lower deformations were
registered in the walls than calculated.

6 These non-isotropic behaviour patterns caused difficulties in
choosing correct strength and moduli in numerical analyses.
Different sets of data were needed in the arch and walls to
"match" behaviour. A "Class A" prediction of the arch
could not give correct results for the walls (and vice versa)
when using continuum modelling.
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