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STUDY OF DEFORMATION CHARACTERISTICS
AND ANALYSES OF JOINTED ROCKMASSES

By Ryuichi Iida*, Koji Hojo**, and Kozo Saito***

1. Abstract for the theoretical treatment of jointed rockmasses.

The theoretical treatment of jointed rockmasses has already been reported
in other papersl), but to be able to understand the studies which are presented
in the later sections more clearly, an abstract of the theoretical treatment is
explained briefly.

This method inalyzes the non-elastic behaviors which are caused by slips
on discontinuous planes based on the theory of plasticity. In this mcthod, the
individual discontinuous planes are not taken into consideration and the groups
of discontinuous plances which have delinite direction are taken into account .

In two dimnensional problems two groups of discontinuous planes can be taken
into account aul in three dimensional problems live groups can be taken into
account

In the theory of plasticity, in the plastic area the yielding criterion has
the samme meaning as the restricting condition for stresses and the relations
between the strain increments and the stress increments are determined under
the conditions that the stress changes occur so as to satisfy these restricting
conditions for stresses. It was assumed that this theory can be applied to
nonelastic behaviors of jointed rockmasses and that the yielding criterion for
slips on the discontinuous planes can be expressed by Coulomb's internal
friction theory.

According to von Mises's theory, the variation of the increment of the
plastic strain energy by stresses has the stationary value near the real solution,

\} = ‘l) N o3 b3
JodwP=del gy, +4d el do, +deb dg, +dp Ve 0Tys +d7 D a7,
dr D, dtg, =0 (1)

In this equation, the number of the variational variables is equal to 3 in
two dimensional problems and 6 in three dimensional problems. Then, two
restricting conditions for stre3ses can exist in two dimensional problems and
five conditions can exist in three dimensional problems. Regarding these
restricting conditions as the yielding criteria for each group of discontinuous
planés, these ‘yielding criteria are assumed to be represented as follows:

- ‘fy;(:a.i:jv)zks o . ) (2)

* Head, Dam Divislon, Public Works Research Instltute, Ministry of
Corjstru_'c_t{o!n Japan. ** Chief Research Eng_ineel‘.t Dam Division,

##4 Rescadéh Engineer, Dam' Division.
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If Lagrange's Mulliplycr Meathod is applicd to ¢q. (1) and (2), thc next
relations can be deduedd.

d "l‘j _-E(()fy / doij) ady ' (3)

Using these relations, let us consider the yielding criterion in a case
where there is a group of discontinuous planes parallel to the yz plane and that
these discontinuous planes are smooth. In this case

duP =dwP =0, dvPx0, @ (dvW) 70y =d (dvP)/ @z=0

d(dwW)/dx =0

IFrom these relations, the increments of plastic strains are represented
as follows:

def ~del s del dyl, drlo0, drk, v o

From eq. (3)

Ot/ Ao, -0t/ Day =31 /Doy~ D /DTy, = D6 /DTy 0

91 /9Tyxy ¥ 0

Therefore, the yielding criterion is a function of Ty only. Then, the
yielding criterion follows Tresca's theory.

Next, let us consider the slips in a case where the yiclding criterion on

the discontinuous planes follows Coulomb's theory .
Iun this case, the yielding criterion is represented as follows:

f ("ij) I I'xyl (k1 ogtam¢y) 0
From cq. (3)
def =—tan $.dd, drly =+dk

dell/ d]‘gz.y"" F tan ¢

If it is assumed that the plastic deformations occur only on discontinuous
planes and that on discontinuous planes uniform slips occur,

del / drp =d (duP)/ d (dvp) = {an ¢

From above-mentioned consmeranons the yielding cntenon for slips.
along the sinooth discontinuous planes must follow Tresca's theory and slips
which follow Coulomb's theory must occur in the direction of inclining ¢ to
discontinuous planes.

Then, it can be concluded that if the yielding criterion for shps along
discontinuous planes foll<)ws Coulomb 3 theory, undul ations exist on the dis-
continuous planes and the angle Between the undulated planes ‘and, the discon-

tinuous plane is equal to ¢ .
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Bascd on these considerations, it can be
assumed that at first, rockmagses are in an
initral loosened state and atter loading they
change to a compacted state, next to the

later loosened state and finally to the Tailure,

as shown in Fig. 1. The physical propex-
ties and the yielding criterion in each state
arce shown in Table 1,

Based on the above-mentioned assump-
tions, the analytical method based on the
acolotropic plastic theory for the strati-
formed rockmasses and the blocklormed
rockmasscs were proposed!),

Fig.

0

T

LS S,

I
-

(a) Initiel loosened state

6x
I I I
¥ Yoyt ¥ ¥
0
| | | |
| 1 7ay b t ¥

{¢) Later loosened state

Planes

1 Model of Discontinuous

Table 1 Physical Properties and Criterion of each State
Physical Dilatation| Hardening
) (¥ ate l r >
Stage State Property Yielding Criterion Shrinkage | Deterioration
I |Initial Loosen- | Elastic -
T =C - Uy tan
cd State | | ey | X ¢
i lilasta- | Txy | =C = o, tan & Shrinkage | Hardening
plastic : -
I |Compacted Blastic ||, .. ¢ oy tan
State
IV  |Later Loosened Elast.o- | txy | =C + 0y tan ¢ Dilatation| Deterioration
State plastic :
V [ Failure

2. In 31tu deformatlon tests

Based on'the fbregomg theory, analyses were made for the behaviors of

ments were obtamedl)

‘rockmasses obtained fro_m in situ shearmg tests, and g,ood qualitative agree-

To confirm the Valldity of this theory quanntatWely and to grasp the
dcfm mation characteristics of rocl\masscs in s1tu d(,formation tests were

carried out.

In these tests, new types of meters which can measure continuous strain
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distributions were developed?) and used by embedding them into the jointed
rockmasses at the centers of the loading plates, 25 cm and 50 cm from the
centers to measure the strain distributions.

Tests were carried out at six sites i. e. at sites A and B of Kawaji Dam
and at sites No. 1 through 4 of Takizawa Dam. The kind of rock, the geologi-
cal condition, the loading method etc. :.: cach site are shown in Table 2.

Morcover, the moduli of elasticity of cores which were obtained by boring

to embed the meters were measured.

3. Resules of tests

The moduli of elasticity of cores L, the moduli of deformability D and the
moduli of clasticity ER obtained from the measured surface displaccments are
shown in Table 2.

As shown in Table 2, rock pieces of each test site are hard and have a
high moduli of elasticity. And the rockmasses at sites A and B of Kawaji Dam,
sites No. 3 and 4 of Takizawa Dam are very sound and have little deformability,
but the rockmasses at sites No. 1 and 2 of Takizawa Dam are not so sound,
having many joints with fillings such as soil and have high deformabilities.

As examples of both types, the load-displacement curves at sites A and B
of Kawaji Dam and sites No. 1 and 2 of Takizawa Dam are shown in Figs. 2 -5,
and the distributions of strain increments in rockmasses at these sites are
shown in Figs. 6-9.

In Figs. 6 - 9, the distributions of strain increments pexr unit stressed
which ere measured at the first loadings from 0 to 20 kg / cm2, from 20 to
40 kg / cm?2, from 40 to 60 kg / cm?2 and at repeated loadings from 0 to 60 kg /
cm?2 ave shown and also those of elastic bodies which have the moduli of clas-
ticity equal to the moduli of deformability, the moduli of clasticity of their
rockmasses and the moduli of clasticity of their cores.

4. Studies of the measured results

As clearly seen in Figs. 6 and 7, at the sites such as sites A and B of
Kawaji Dam, No. 3 and 4 of Takizawa Dam at which the rockmasses are sound
having joints without fillings and the moduli of elasticity of the rockmasses are
somewhat smaller than E¢c ( EgR/ Ec > 0.4), it is observed that at the parts
near the surfaces ( Z < 30 - 50 cm ) the strain increments show much larger
values than those of the elastic bodies of which moduli of elasticity are equal
to ER by the effects of excavating adits, but in the deeper parts rockmasses
indicate behavior nearly equal to those of the elastic bodies of which moduli of
elasticity are cqual to E.

Ou the contrary, as seen in Figs. 8 and 9, at the sites such as site No. 1
and 2 of Takizawa Dam at which the rockmasses are not so sound, having many
joints with fillings, and the moduli of elasticity of rockmasses are much small-
ex than E. ( Eg/ Eg <0.4), the effects of excavating the adits are not distin-
guishable and the effects of the frequency of joints and of the existence of
fillings are moré distinguished. And as a whole the rockmasses indicate the.
distributions of the strain increments near those of the clastic bodics of which
moduli of clasticity are equal to E,, o
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Table 2

Name of Test

Kawaji Dam

Takizawa Dam

Site A B No. 1 No. 2 No. 3 No. 4
Kind of Rock Diorite Diorite Slate Slate Sandstone | Sandstone
Number of

Gracks /m 6 6 20 19 12 14
Fillings of No No Soil Soil No No

()1(‘.(.‘\5

L(mdum l’lal(

l Ial Jad\

I Itll JdLl\

ngld l’ld

I'(qu(l I’I.l .

l l(", JclL}\

IFlat Jack

Displocémen) (210" “mm )

Fig. 2 Load-displacemeit Curve
-at Site A of Kawaji Dam

200 4u
u
]

Stress

it to]-
o 20

50 10}~

(4] ]

=
=
-

40 k>
Displocement  (010°2mm)

Dia. of I’Lm: bO cm b() cm ‘i() cm ‘30 cm b() cm SE) cm
‘Modu. of Elas.| 212,000 | 292,000 | 174,000 | 320,000 | 343,000 | 345,000
of Core (E;) l\,g,/(,nr2 kgr/em?2 l\g/cmz l\g/cm2 kg/ecm?2 | kg/cm?2
Modu. of Def. 71,000 51,000 31,000 26,000 168,000 | 125,000
(D) kg/cm?2 l\g,/unz kg/em2 | kg/em2'| kg/cm2 | kg/cm?2
Modu. of Llas.| 145,000 | 122,000 | 44,000 | 40,000 | 233,000 r58,000
(ER) kg/cm?2 l\g,/cmz kg/cm2 | kg/cm?2 kg/em2 | kg/cm2
D /ER 0.490 0.419 0.705 0.650 0.721 0.791
ER/ Ecx (0.683 0.418 0.253 0.125 0.679 0.458
L1 1 3and) 11} Muma
A1) Ot 300 60(- ”
14 sl gycie ——— 15t (ptle /’ }
220 A0 R L 250 S0 s————-e 2td Cytle /

Fig. 3 LoadLiIISplécement Curve
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Next, lct us observe the relations between the lomd jutensities and the
‘strain increments. At site A and B of Kawaji Dam, Nos. 3 and 4 of Takizawa
Dam, there is a tendency that in the parts near the surfaces ( 2 < 50 cm ) the
larger the loads applied the smaller the strain increments indicated and the
strain increments measured under repeated loads are smallest, but in the

{1 &1emdy

2?2

15

Fig. 4

€0¢-

267 T30
Obipikement {130°?mm)

Load—displawmcnf Curve
at Site No. 1 of I'akizawa Dam
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deeper parts the strain increments show constant values independent of the
load intensitics. At site No. | and in the part near the surface of No. 2 of
Takizawa Dam there are no distinct tendencivs. But in the deeper part of site
No. 2 of the 'I‘aklz:lWa Dam, there is a tendency’ lhat the larger the loads ap-
plied the larger the strain’ increments indicated.

Based on the above- nientioned observed facts, let us consider the physical
meanings of the moduli of deformablhly and the moduh of elasticity obtained
by such in situ deformatlon tests and the vali(hty of the analytlcal method
proposed by authors. In the deeper parts of A and B of the Kawaji Dam and

"Nos. 3 and 4 of Takizawa Dam, the rockmasses indicate behaviors same as
those of the elastic bodles of which moduh of elasnc1ty are equal to, Ec.
These facts mean that ‘such sound rockniasses having Jomts \Vlthout loose-
nesses and ullmgs indicate behavxors sume as those of the elasnc bodies
of which moduli’ of elast1c1ty are equal to E.. But all moduli of elast1c1ty
measured at these sues are smaller than Ec. tht is rhe meamng of these
facts ?

In the parts near the surfaces of these sites, the larger the loads apphed
the sinaller the strain increments 1ndicat<.cl, and compactmg phenomena can
Be obsexved. But under repeated loadings, although the rockmabses are al-
ready c,ompactcd the measured strain iuuements are comparativcly larger ,
than those of the elastlc bodies of ‘which mocluli of elasticity ure equal to Ec.'
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These facts seems to mean that although the loosenesses caused by excavating
adits are compacted by applying loads, they cannot be compacted to the intact
state and looseness and point touches remain on discontinuous plancs. Then,
the moduli of elasticity of these parts become lower

By thesc considerations, it is concluded that the moduli of elasticity of the
rockimasses near the measuring points correspond to the strain increments
under repeated loadings at the mceasuring points respectively and that the dif-
fercences between the strain increments under the repeated Joadings and the
strain increments under the first loadings show looseunesses compacted by
loadings. This means that if the difference between the strain increments
under the first loading and that under repeated loading is large, the difference
between the modulus of elasticity and the madulus of deformability of a rock-
mass becomes large. This relation can be scen clearly by comparing Table 2
and Figs. 6-9.

Then, the values of the moduli of clasticity R obtained from the surface
displacements are something like the mean values of the moduli of elasticity
at the measuring points. The surface displacement w can be expressed as

follows :
w=f0w/ 0z dv =/ e, ds (€]

Therefore, the areas which are integrated the strain increments measured
under repeated loadings along the z axis must be equal to the areas which are
integrated the strain increments of elastic bodies of which moduli of clasticity
are equal to ER. Figs. 6 -9 satisfy this relation approximately .

It becomes clear by these considerations that the modulus of elasticity of
a rockmass obtained by this kind of in situ deformation tests is effected by the
excavation and that to obtain the deformation characteristics of a rockmass it
is ncu,ssary to devise the removal of these clfeets.

Compaung the lcldll.Oll.': between the change of the strain m(.rcmcnts under
the first loadings by the stress levels and the geological (.ondmons jointed
rockmasses can be divided into four types as follows,

a) jomted 1ockmasses with no loosenesses and no fillings such as sml
b) jointed rockmasses with loosenesses and no fillings,

c) jointed 1ockmasses with no loosenesses and fillings,

d) jointed rockmasses with loosenesses and f1llmgs.

The rockmasses wh1ch belong to a) can ‘be seen in the deeper parts of
sites A and B of l\awaJL Dam and Nos 3 and 4 of Taklzawa Dam and indicate
elastic behaviors the same as that of ‘the elastic bodieés of whic,h moduli of
elasticity are equal to Eg. The rockmasses which belong to'b) can be seen in
the parts near the surfaces of sites A'and B of Kawaji Dam, and’ Nos 3 and 4
of Takizawa Dam, indicate somewhat smaller values of the moduli of elasticity
than Ec and show nonelastic behavioxs. . This type of rockmass indicates a
tendcncy that the larger the loads are apphed the smaller the stlain increments
indicated and a compactmg phenOmena.

‘The r0ckmasses which belong to c) can be seen in the deeper part of site
No. 20f T dLuaWa Dam, indlcatc much smaller valies of the moduli of elas-
ticity than B, and i: dicate nonelastic behaviors. This type of rockmass
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indicates a tendency that the lavger the loads ave applicd the larger the strain
increments indicated and does not indicuate a compacting phenomena, because
it has no looscnesses. '

The rockimasses which belong to d) seen at site No. 1 and in the part near
the surface of site No. 2 of Takizawa Dam, indicate much lower values of the
moduli of elasticity than I and indicate nonelastic behaviors . They do not indi-
cate a definite tendency, because they have the characteristics of type b) and c).

From these considerations, it is concluded that type a) can be analyzed as
an elastic body; type b) can be analyzed by the analytical method proposed by
the authors; and to analyze type c¢) and d) it is necessary to study the non-
elastic behaviors of fillings and to take into account their characteristics.

5. Comparison of the analytical results with the measured results .

As clearly known from the considerations stated in the former section, the
analytical method proposed by authors scems to be suituable to b) type rock-
masses. Then, taking the rockmass at site B of Kawaji Dam as an example,
analysis was ade for the behaviors and the analytical results were compared
witl the measured results.

To simplify the analysis, the modulus of elasticity of the rockmass was
assumed to be 200,000 kg / cm?2 uniformly and the initial loosenesses in the
rockmass are assumed to be obtained from the differences between the
measured strain increments under the first loading and those of the elastic
body of which modulus of elasticity is 200,000 kg / cm2, and assumed asg
follows : : -

0 - 15 cm from the surface initial looseness e =5 x 10-3
15 - 30 cm from the surface initial looseness e =5 x 10-4
30 - 52.5 cm from the surface initial looseness e =5 x 10-5
Deeper than 52.5 cm from )
- the surface initial loosenéss e =1 x 10-6
The yiclding criterion at the initial loosened state is assumed as follows:

T=0tan = 1.0+ (9.0/ ge) x S deP

and the yielding criterion from the compacted state to the later loosened state

is assumed as follows:

T+ 0tan ¢h = 10.0

The comparison of the load-surface displacement curve is shown in Fig. 10
and the comparisons of the strain’ increments are shown.in Fig. 11.
These assumptions have defects as follows: : :
i ) Asclearly seen in the considerations stated in the former section, ‘the
assumptions for the moduli of elasticity of the rockmass are too simple, .
i. e. too high in the part near the surface and too 1ow in'the deeper:part,
il ) The assumption for thé coefficient of the strain hardening is too small. -
By these defeces, althoigh both the surface displacement and the distribu-
tion of the strain increments glve (airly good agreements-under'a load of 0 - 20
kg / em2, they indicate smaller values under loads of 20 - 40'ky / cm2 and
40 -60kg /em2, N L
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Taking into account these defects in the assumptions, the agreements
between the analytical results and the measurced results are very good and this
analytical method is lairly elfective for rockmasses with loosenesses and no
fillings .

In these tests, type b) rockmasses are found only in the parts near the
surface which were loosencd artificially by excavations, but this type of
rockmass is found in volcanic rock with cooling joints and etc. in the intact state
and this method seeiits to be suitable for these rockmasses. j

6. Conclusions
By these studies, it is concluded that
1) The in situ deformation tests which are currently used give lower values
not only for the moduli:of deformability but also for the moduli of elasticity
caused by the effects of excavations: Then, it is necessary to devlse a
removal of these effects.. . *
2) Rockimasses are divided into four types as followa,
a) jomted rockmasses with no looseness and no ﬂllmgs
b) jointed rockmasses with loosenesses and no fillings -
¢ ) jointed rockmasses, with no looscenesses and fillings -
d ) jointed rockmasses widl looscnesses and [illings:
Type a) can be analyzed as.an:elastic body; type b) can be analyzed by the
analytical method proposed by the author; and type c) and d) must be analyzed :
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by a method which takes into account the mechanicul characteristics of fillings .
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ABSTRACT

Authoxrs proposed an analytical meéthod for jointed rockmasses based on
the theory of plasticity and reported that this method is suitable to explain the
nonelastic behaviors observed at in situ shearing tests qualitatively in other
papers.

To confirm the validity of this theory quantitatively and to grasp the
deformation characteristics of rockmasses, a series of in situ deformation
tests were carried out and the deformation characteristics and the continuous
destributions of the strain increments in the rockmasses were measured .

In this paper the characteristics of the deformations and the strain
increments in the rockmasses obtained from these tests are studied, the
physical meanings of the modulus of deformability and of clasticity obtained
from this type of tests are discussed and the defects of this type of tests are
pointed out. Furthermore, the analytical results by the method proposed by
authors are compared with the measurced results and the validity and the limits
of the application of this theory are also discussed.
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PROCEDUREé FOR THE INVESTICATIONS OF PERMEABILITY AND SEEPAGE CONTROL IN SOFT ROCK

FOUNDATIONS FOR DAMS

Isao Shibata

Chugoku Regional Construction Bureau, Ministry of Construction, Hiroshima, Japan

Ryuichi Iida

Public Works Research Institute, Ministry of Construction, Tsukuba, Japan

Norihisa Matsumoto

Public Works Research Institute, Ministry of Construction, Tsukuba, Japan

1 INTRODUCTION

In the rock-masses which consist of hard
rocks (shall be called as "hard rocks'
hereafter), seepage through the joints and
cracks existing in the rock-masses prevails,
and its permeability have been evaluated
with Lugeon value in Japan.

On the other hand, in the diluvial strata
on which homogeneous earth-fill dams have
been constructed, the permeability of the
foundation is evaluated by the permeability
coefficient obtained from the <n situ
permeability test which is generally used
in the field of soil engineering. ‘

In the soft rock foundations, Lugeon value
is used in some cases and the permeability
coefficient is used in other cases, which
often causes confusion. The critical pres-
sure of soft rocks is generally low compared
with hard rocks, and thus soft rocks have
their peculiar problems such as the weasure-
ment of permeability at low pressures.
Furtheremore, since the critical pressure
is low, grouting for soft rocks is less
effective compared with hard rocks and the
control of grouting operations for soft
rocks are sometimes difficult,

This paper describes the features of
permeability and seepage contrél of soft
rocks,

2 THE DIFFERENCE OF PERMEABILITY BETWEEN
HARD AND SOFT ROCKS AND ITS EXPRESSIONS

In hard rocks joints and cracks comprise

the paths of seepage, because of the rock
itself being impermeable:. And in hard rocks,
the measurement of permeability is generally
carried out by the water pressure test in a
borehole, and is expressed using the Lugeon
value obtained from.it. In the Lugeon test,
the permeability of rock is measured by .
applying the water pressure to the portion

of borehole sealed off with a packer, as
shown in Fig.l. Lugeon value is the quantity
of water takes of rocks, which is expressed
by liters per minute in a meter length of
borehole at the pressure of 10 kg/cm?.
?pressure gauge

flow meter
supplied 7 I\
watet__— pressure
. Pump gauge
T — T
o
&
[V}
o
) 8
] b
5 x packer
o
" &
. '&’ ';o‘
J 0
@ o |l
-9 ,3 2 N A
o
™ packer .
§ _ | LY
|

Fig.l:ﬁatét pressure testing In borehole
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If the length of borehole under. testing
is enough long compared to the diameter of
the borehole and it is possible to assume
that the seepage flow in rocks is governed
by Darcy's law, the permeability coefficient
in Darcy's law will be given by the follow-
ing equation (Bureau)
2L

- 9 2L
k= Zmi log (0
where, Q : water~lakes (cm3/sec)

length of testing (cm)

¢ head of pessure in borehole (cm)
¢ diameter of borehole (cm)

X

Then,
Lugeon value (=Lu) will be related to per-
meability coefficient as follows :

1.0 Lu = 1,3%10 Scm/sec (if D=6.5cm) (2)

= 1.4 x10 cm/sec (if D=4.5cm)

From equation (2), it can be said that 1 Lu
is approximately equall to 1.0x 10 “cm/sec.
In the hard rock foundations for dams, this
Lugeon value have been used for the evalu-
ation of permeability, and the control of
grouting works. Empirical knowledge obtained
from many. grouting works in hard rocks will
be summarized as follows :

1. The permeability of rocks having the
Lugeon value less than ten is comparatively
low, and observed seepage in these rocks
usually corresponds to the discharge esti-
mated from seepage analysis by using the
relation of 1 Lu = 1x 10 Jcm/sec.

2. The permeability of rocks having the
Lugeon value more than ten is considerably
large. These rocks usually have open joints.
The permeability of the rocks having the
Lugeon value more than 20 to 30 is Very
large, and the velocity of sevaral centi-
meter per second is often observed 'in the
seepage measurements. The velocity ‘and
leakage observed in these rocks are some-
times 10 to 100 times larger than the value
estimated from the seepage analysis using
the permeability coefficient which is .
calculated from the relation of 1 Luslx10°
cm/sec. These’ rocks often show thé phénomena
which indicate that the seepage flow in
these rocks is not governed by Darcy's: law.

3. Jointed rocks having large Lugeon:
values show the large-vaiance of Lugeon
value, Lugeon value depends entirél?_dn
whether the ‘drilled borehole is encountered
by a big open’ joint or not., Most of theé
leakage through these Tocks must be caused
by the seepage through a few extremely wide
open joints; and the: ekceptionally large
Lugeon valué is often-ignored in computing
the permeability coefficient of rocks result-
ing in an’ érroneous estimatfon of leakage.

If the seépage flow 'is governed by Darcy's
law, the permeability should be edpressed
by using the pérmeability coefficfent which
is directly applicable to seepage -analysis.
Howevér, the Lugeon value has been used for

the evaluation of the permeability of hard
rocks. This may be due to the following three
reasons, _

1. In order to investigate the permeabili-
ty at the depths of rocks, it is necessary
to use boreholes, and Lugeon test is
simplest and most convenient among the per-
meability tests using boreholes,

2, Since improving Lugeon values by grout-
ing is expectable in hard rocks which Lugeon
values are very large, it is effective and
practical to use Lugeon values obtained from
borehole water pressure tests as the index
of improvement,

3. Since the seepage flow is not Darcy
flow in open jointed rocks, the use of
permeability coefficient is often misleading.

Next the characteristics of seepage in
soft rocks will be discussed.

Although there is a considerable variance
in the concept of soft rocks, heré the term
of soft rocks denotes Tertiary sediments,
Quaternary low welded tuff and weathered
granitic rocks. According to this definition
of the soft rocks, their degrée of induration
is poor, and they are not jointed or the
joints are closed even if they exist: Since
most of soft rocks are susceptible to rapid
weathering, potentially existing open joints
are closed due to weathering so that open
joints rarely exist in soft rocks except
Quaternary welded tuff. .

Recently dams have been constructed on
these soft rock foundations in Japani The
permeability characteristics and seepage
control ‘measures for these soft rocks will
be summarized as follows (Shibata) :

1, The relation between injection pressure
and water takes in borehole water pressure
tests is illustrated in Fig.2. At the criti-
cal pressure, the rate of water injection
increases considerably. The critical
pressures of soft: rocks are low. The more
poorly they are indurated, the lower eriti-
cal pressures are.

Pcrj

Injection pressure

Water takes :
Fig.2 Criti¢a1'pressuf¢,'P¢t’>_ o
2, Permeability tests shoﬁldkbeipérfdfméﬂt
using the injection pressure less-than the
critical pressure, because the excess’pump+
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ed water fractures the rocks surrounding Per = feyed + gt (3)
the borehole. where,
3. Generally soft rocks are not jointed, Per = critical pressure (kg/cm?)
In the case when the joints exist, seepage £ = coefficent (= ratio of principal
through joints are remarkably larger than stresses)
in other portions, Y = unit weight of rock (kg/cm3)
d = depth of testing portion from

4. In soft rocks having large permeability
of 20 to 30 Lugeon, neither non-Darcy flow
nor large velocity is seldom observed,
which is different from hard rocks. Seepage
in soft rocks are estimated from the analy-
sis using the permeability coefficient.

As mentioned above,. soft rocks show
the different characteristics from hard
rocks, and thus it is necessary to establish
the testing method of permeability and
seepage control procedures in soft rocks.

3 PERMEABILITY TESTS IN SOFT ROCKS

In soft rock foundations as well as hard
rocks, water pressure testing in boreholes
is the main measures for the investigation
of permeability at the depths of rocks.

Low critical pressures in water pressure
tests in soft rocks raises a problem for

the accurate measurement of permeability,
Sudden increase of water takes at the excess
pressures larger than the critical pressure
may be caused by the following reasons,

1. Excess pressures may be larger than the
strength of soft rocks and develop new
cracking, resulting in a sudden increase of
water takes, :

2, The hydraulic gradient around the pack-
er may exceed the allowable hydraulic
gradient of surrounding soft rocks as shown
in Fig.3, resulting in a piping around the

packer.
Pump
2
o .
—
W
‘o
&0 packer
o :
)
0
o . :
| — S

|

Fig.3 Seepage around packer

These pheniomena are attributed to the nature

of soft rocks of low strengthi- The critical
pressures in water pressure tests are con-
sidered to be related to the tensile
strength and the weight of the overburden,

the ground surface
ot = tensile strength
One of the authors investigated the
relationship between the critical pressure
and the depth of overburden cover by meas-
uring the heave at the ground surface as
shown in Fig.4 (Shibata). The results of
this work will be summarized as follows :

Dial
gauge
Dial
gauge Ground
surface
CW-\
Cementation

Fig.4 Displacemenf measurement device

1. When' the injéctibn pressure in a
borehole reached the critical pressure
resulting in a sudden increase of water
takes, the heave of the rock surface was
observed, which’ indfcates that the pumped
excess water cracked the rock and intruded
into it. : o ’

2. The relations between the critical
pressure and the depth of the overburden
cover at'several damsites are shown in Fig:
5,6, The' results show that thé critical
pressures become largér with' the increase
of the depth'of " the location’of tésting;
having: &’ considerable variatidon though,
The poorér ‘the' indurationof the rock is,
the smallér the inctease of ‘the ‘critical
pressure is, : -

217 -



p [ P 2st p 3t P 4t p 53
Q Q Q Q e

P , 6 st P 79 P 8 st P 9st 14 10st
Q Q Q Q T Q

P 1 st P 12st P 13st P 14st » 15st
Q T Q e —e————— Q Q ————

Fig.5 Pressures and water takes in borehole in Aséshigawa Dam

In hard rocks which are fractured and weath- Critical pressure, Pcr (kg/cm?)

ered, critical pressures are low and in- 0 op ? kO
crease with depth as well as soft rocks. ) .
However it 1is possible to increase critical °0 ose {o River bgd
pressures by grouting. Fig.7 shows the re- * Abutments
sults of test grouting in Arima Dam, which
indicate the improvement of critical pres-
sures in tertiary holes. Since rock itself
is of high strength in fractured hard rocks,
it might be deduced that grouted fissures
result in an increase of critical pressures.
From these results it might be concluded
that the permeability of soft rocks should
be tested at the pressure lower than the )
critical pressure and it is essential to L
determine the critical pressure for the Fig.6-1 Sabaishigawa Dam
successful control of grouting operations.
If the piston pump is used for. the water

w R
o S =)
7 T y
. .

Depth from ground (m)
S
L
L 2

wn
[=]
[

Critical Preasﬁfé, Per (kg/cm?)

pressure testing, control for low. pressures 0 ? L %0 1?
is so difficult due to the fluctuation of — . c
the pressures that the use.of:rotary pump 8 . oL e
is recommended. If the critical pressure o 107 o Weo st e S
is as small as 2 kg/cm?, tanks set up at g ¢ o em s s o e
different elevations are provided for water o 20} O ~omwmeman o
pressure test, In Izarigawa Dam and Gosho & N - o wmem o060 o
Dam, the permeability tests using the pits . g 30} cim o m s oo
were carried out as well as water pressure H S : o _
tests in boreholés in which the.pressure ¢ ss0e o
is regulated carefully as. stated ;above, ?240‘ ¢e s dan
and both results, agreed, with each.other. 2 - 0t o s ooam .

In these damsites the soft rocks have 50t e . e

few joints and opening of joints are very L, : Jeies .
small even if they exist. v ’ . Fig.6-2 Kameyama Dam .
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In these rocks, it might be considered that
improving the permeability of the soft rock
itself would be difficult and the potential-
ly existing cracks would be grouted
effectively. Though most of these soft rocks
were impermeable, soft rocks of Kameyama,
Aseshi and Izarigawa Dam were permeable
having the Lugeon value larger than 10,
Phenomena of seepage flow observed in these
soft rocks agreed with the phenomena esti-
mated from the seepage analysis using the
permeability coefficient assuming Darecy's
law,

Critical pressure, Per (kg/cm?)
1 2 3 4 5

0 LY T T E) 1
® Primary holes

i & Secondary holes
z]
~ ¢ ownm 4 Check holes
o
g 10
3 o gues.a
]
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20f
8 = e 12
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)
A

N A

8
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Fig.6-5 Gosho Dam

From the discussions above, if the pres-
sure in the borehole is controled carefully
by using hydrostatic pressure or constant
regulation of the pump throughout the tests,
the results will agree with those from pit
tests, and if the seepage through the joints
is small, the permeability of soft rocks can
be evaluated by the Lugeon value,

Critical Pressure (kg/émz)
10

o
0|P;l:ot holes
~ @ Prizary holes
z] ¢ 4n ASeconézty holes
~
8
o 1t e [ 'Y
=l
o |
[
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A o [ A
e s

¥ Pig,7 Arima Dam
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4 SEEPAGE CONTROL DESIGN CONCEPTS FOR SOFT
ROCKS

In soft rocks, as referred to previously,
the critical pressures are low, the resis-
tivity to large hydraulic gradient is small,
and improvement of the permeability of soft
rock itself by grouting is not much expected.
However the permeability within the c¢ritical
pressure 1s low in most cases.

Well indurated mudstones of the Neogene
sometimes have semi-closed joints, through
which seepage could be possible to flow.

Low welded tuff of the Quaternary sometimes
have cooling joints spaced with several
meters., It is possible to decrease the
permeability of these soft rocks by grouting
judging from the foregoing tests and execut~
ed works. Although potentically existing
joints in weathered granite ¢an become the
paths for seepage flow, these joints were
successfully grouted with cement milk as

in the case of Hirose Dam. However, it is
hardly expectable to inject cement milk finto
the soft rock itself and to improve it by
grouting.

Although in the rocks of Aseshi Dam the
critical pressures increased by grouting,
in general it is not expectable to improve
critical pressures by grouting, because the
low critical pressures are due to the low
induration of rock ‘itself.

These data indicate that in constructing
dams on soft rock foundations it is requisite
to carry out grouting for the sealing of
the paths of potentially existing joints

and some’inprovement of permeability can be
expected. However, it is ‘difficult to
improve the pérmeéability of soft rock itself
and increase the critical pressure. This
also indicates ‘that it is difficult to
expect much effect of cut off from the
formation of grout curtain, ‘and even if

cut off of the grout curtain is formed,
large hydraulic gradient across the thin
grout curtain is possible to make the seep-
age flow unstable, because the materials

of soft rocks are susceptible to. large
hydraulic gradient due to their low critical
pressures, Therefore in constructing dams
on soft rock foundations, formation of cut
off by grouting is possible if the permea-
bility of rock is low, t.e. having the
permeability coefficient less than 1% 1073
cm/sec, and paths of water of open joints
are limited. However, in contrast with hard
rocks, the velocity and seepage in soft
rocks having the Lugeon value higher than
20 to 30 is small as is expected from the
seepage analysis based on Darcy's law, and
dams have been built by cautious design
and construction procedures,
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FOREWORD

Sabaishigawa Dam, a 37 meter high concrete
gravity dam, is the first such dam to be
built in Japan on soft rock whose compres-
sive strength is less than 100 kg/cm?.

It is now seven years since this dam was
completed in 1973.

This paper will first of all discuss the
mechanical properties of the dam's founda-
tion rock, as obtained from both laborato-
ry and in-situ tests, and will then
briefly describe the design and consturc-
tion work.

In conclusion, the necessary precautions
to be taken in constructing a concrete
dam on such soft rock will be explained
in reference to the behavior of the dam
since filling.

1 DAM-SITE GEOLOGY

Many dams are necessary in a country like
Japan, whose restricted and mountainous
land gives rise to short, fast-flowing
rivers that flow like waterfalls with the
consequent need for flood control and the
development of water resources. In such
conditions, theée danger of dams being over~
topped is ‘so great that the most suitable
type is a concrete gravity dam. However,
in order to build this.kind of dam safely
and economically,” certain specific geo-
logical requirements must be fulfilled.
Soft rock is one of the most difficult
rocks to build a dam on,

Soft rock formed after the Neogene
period typically lacks strength, is highly
deformable and is in addition extremely
sensitive to variatjon.in the moisture.
content,  Because of all thesé causes, it
has been considered Very difficult to
build a dam on such rock.

Fill-type dams,fr

however, are not always economical as an
alternative in such cases, in addition to
the danger of overtopping, it is often
difficult to find materials for the em-
bankment around the site, and the same
problem as with concrete dams occurs in
construction of the outlet works on soft
rock.

However, the great efforts made in
studying how to build a concrete gravity
dam on such rock were finally crowned with
success with the completion of Sabaishi-
gawa Dam in 1973. This paper deals with
the construction of this dam and the
necessary considerations in constructing
a concrete gravity dam on soft and weak
rock.

The foundation strata of this dam belong
to the so-called Uonuma Group formed from
the end of the Pliocene to the beginning
of the Pleisticene Quartenary, and consist
of rather recent sandstone, conglomerate,
and mudstone. . The sandstone and conglomer-
ate are almost unconsolidated, and the
mudstone is only consolidated to a limited
extent. These rocks have a tendency to
turn to mud and collapse when subjected to
repeated drying and wetting, but not to
the extent seen in regions of Green Tuff.
Beneath the Uonuma Group lie sedimentary
rocks' of the Neogene Tertiary period which
are deposited regularly, but the rock
quality changes gradually and divisions
between. the various strata are not clearly
marked. . The strata incline downstream at
an angle of about 20° around the dam-site
due to folding, and for this reason' the
strata get older in the upstream direction.
The Uonuma.Group-is observed to have a-
thickness of more than 1000 meters; with
the lowest, point:being:in the vicinity of
the damsite:. Figure-l shows a typical
geological ‘section of the dam-site.
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2 MECHANICAL PROPERTIES OF THE FOUNDATION
ROCK

The foundation rock consists of sandstone,
mudstone; and alternating layers thereof.
They are rather thin, ranging from about
3 v 30 meters in depth. The mudstone is
massive and homogeneous with few joints
and cracks, and cementation has progressed
considerably. It is; however, soft enough
to be gouged with the edge of a hammer or
cut with a knife.

The sandstone is very loose and has
little cementation, being found close to
the sand layer. The grading differs from
place to place. Coarse-grained sandstone
sometimes contains small pebbles, and
this 'is called conglomerate: Its degree
of cementation is almost the same as that
of sandstone. BAll of these rocks turn to-
mud if exposed to repeated drying and
wetting, but are not as sensitive as the
rocks of the Green Tuff region.

The geological survey and rock tests
were begun in 1967. At that time the
characteristics of soft rock were not
recognised, and there were no standard
testing methods, and sufficient tests were
not necessarily done: Mudstone was tested
under rigorous dry and wet conditions to
discover its mechanical properties. The
results of these tests are shown in Table
1. The intact state properties are con-
sidered to be the same as those undér wet
conditions.  However, it was not possible
to test sandstone because of the difficual-
ty of obtaining samples.

In these geological conditions; the mést
suitable method for serveying is boring;
the defect of seismic prospecting being
the: impossibility of obtaining a reading
for a low-velocity layer lying under a
high-velocity one., Consequently boring
was mostly employed.

Table 1 Mechanical properties of mudstone
in laboratory tests (average)

Conditions
Contents

Dxy Wet
Density (g/cm®) 1.52 1.94
Effective porosity (%) 42,1 42,1
Compressive strength 136.2 57.3
(kg/cm?)
Tensile strength 5.2
(kg/cm?) *
Static elastic modulus
(kg/cmz) 13,900 11,300
Dynamic elastic

2

modulus (kg/cm?) 6,000 | 20,500

The P-wave velocities of rocks are in
general as follows!

Sandstone: 1.5 v 2,0 km/sec

Loosened mudstone: 2.0 v 2.5 km/sec

Mudstonet 2.7 v 3,0 km/sec

In-situ deformation and shear tests were
carried out to obtain the mechanical pro-
perties of rocks in the intact state. 1In
these tests a continuous load was imposed
on the rocks to check the time-dependant
deformation characteristics. In deforma-
tion tests the load was Kept constant for
3 hours at the fourth loading stage
through all of five different and repeated
loads. Two representative stress-dis-
placement curves are shown in Figure 2.

f . // I//q’.‘
racy
3 \ Sy
H] /1 7 ,,??
g s, 7 ool
g l"
7 2 2
7. £
e
% . P
Verticol displocement 0 2imm)
9) Mudstone {b) Sondstone

Fig. 2 Load-displacemEnt plot

From thése curvés it 'will be seen that
the plastic and residual deformations are”
remarkable in ‘the case of sandatone, ‘
However, thé deformation and elastic moduli
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are almost constant with changes in the
load intensity, suggesting that the rocks
were formed historically by loads higher
than those imposed in the tests,

The moduli obtained in the tests are as
follows:

Deformation Elastic )

Modulus Modulus (kg/cm”)
Sandstone 1,500V3,500 4,000,000
Mudstone 6,000v10,000 9,000v14,500

A "block shear test” was adopted for the
in-situ rock shear test. This type of
test was selected because the loading
condition is very similar to that of the
prototype gravity dam. It was thus con-
sidered that the strength and deformation
characteristics obtained through this test
could be used in the design of the proto~
type dam.

Continuous load was also imposed on the
rock for each added 2 kg/cm2 of shear
stress at all stages. Fiqure 3 shows ex-
amples of the time-displacement curve and
Figure 4 the representative stress-dis-
placement curves for the block shear
tests.

Mudstone shows a little time-dependent
deformation under 6 kg/cm2 shear stress,
though this depends on the normal stress

level. When the stress increases it shows
a remarkable time-dependent deformation
and then suddenly fails, at which time the
displacement is very small, about 0.4 ~
1.1 mm. Another interesting fact is that
the apparent. shear modulus lowers with the
increase in shear stress. Changes in the
creep rate with stress were first con-
sidered as the cause of this, but this
explanation is inadequate in view of the
very short time - only two minutes -
between successive load increases. Other
probable causes are a reduction in the
effective stress due to pore pressure, or
the occurrence of progreéessive failure in
the shearing plane while loading, but
further study will havé to be done on the
real causes.

Sandstone shows time-dependant deforma-
tion from the very beginning of loading.
It fails gradually accompanied by a large
deformation just prior to failure, this
being quite different to the case for
mudstone. The amount of displacement is
also greater than that for mudstone. The
mechanical properties of sandstone origi-
nate from its looseness, and are very
similar to those of soil., The apparent
shear modulus, mentioned-above, changes
‘greatly at each stress level.

Two other block shear tests were carried
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Fig. 4 Load—displacement plot (in-situ shear tests)

our for mudstone, but because the surfaces
of the blocks became dried out, some slak-
ing occurred. The data were excluded from
the overall results because they were ex-
ceptionally low.

3 DESIGN AND CONSTRUCTION

Figure 5 shows the peak strength of the
rocks as obtained from the block shear
tests. The design strength of the rocks
was accordingly based on these results,
making the necessary allowances. As its
strength and other factors show that mud-
stone ‘is superior to sandstone as the
foundation for a dam, Sabaishigawa Dam was
designed so that the highest monolith of
the dam stood at a point where .the mud-
stone was most widely distributed on the
river bed. - The cross section of the dam
was determined from the $liding condition.
Figure 8 shows the standard profile of the
dam. The shear friction safety factor was
taken as 4 based on Henny's formula. An
additional portion was added on to the
normal triangular section at the upstream
face to compensate for the lack of rock
strength. This design has proved useful
in allowing an even distribution of stress
along the c?ntact face of the dam and the
foundation? - .
During construction great care was taken
td prevent weakening of the rocks through
dfying, and foundation grouting was also
done carefully. To prevent weakeéning or
slaking, the rocks were covered with

sheets immediately after the completion of
excavation and sprinkled with water to
keep the rock surface continually wet. 1In
addition, 10 cm of the weakened surface
layer wexe removed just prior to concret-
ing and the application of mortar. .Only
a bulldozer with rippers was used for
excavation. It has recently been found
that the best method of preventing slaking
is to cover the rocks with wet straw or
sponge mats.

There are many complicated problems with

Shear resistance (kg/cm?)

-
.

Tu

»}, E 3 IR
Ou: Normal stress (kg/em2)

Fig. 5 shear resistance of rock
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regard to foundation grouting on soft
rocks. ‘Shibataj however, has already
discussed these on the basis of his wide
experience, including Sabaishigawa Dam,
and so this subject will be omfitted here.
It will be simply pointed out that colloid
cement and chemicals were used for grout-
ing.

4 BEHAVIOR OF THE DAM AFTER FILLING

Impounding commenced in October 1973. In
this section the observed deformation and
uplift pressures after filling the reser-
voir will be mainly discussed. The points
of measurement for deformation and uplift
are shown in Figure 6. Figure 7 shows the
downstream displacement of the foundation
rock as measured by .a reverse pendulum and
the uplift pressure and leakage from the
drain holes since initial impounding.

The impounding was conducted in three
stages. The initial stage was from an
elevation of 110 m; corresponding to the
foundation rock surface, to 130 m. The
secondary stage took it up to normal water
level, 135 m, and the final stage was to
an elevation of 145.5 m corresponding to
the highest water level. fhe following
observations made during the filling
stages are remarkable:

A. Plastic displacement took place when
the water level dropped from the highest
level in the final stage.

B:. No time-dependent deformation occured
when the water level was maintained at the

‘normal level. -

A. can be easily.predicted from the re-
sults of the in-situ repeated deformation
tests,: and no problems are anticipated in
the future: B. is also quite natural,
because if we calculate the stresses in

788 191

the prototype, we get 2.8 kg/cm2 for the
effective normal stress, 0-u and 0.5 kg/cm2
for the shear stress at the normal water
1eve1£ and 2.6 kg/cm® for o-u and 1.1
kg/cm® for T at the highest water level.
It has already been confirmed in the
continuous loading tests that no time-
dependent stress takes place under these
stresses. As mentioned above, the measur-
ed displacement of the foundation rock is
within the range predicted from the in-
situ rock tests, thus confirming the
safety of Sabaishigawa Dam.

Thesé suggest the importance of estimat-
ing the mechanical properties of founda-
tion rock by careful in-situ rock tests.
The results will allow accurate prediction
of the behavior of a prototype, and the
block shear test is recommended as a
suitable in-situ test in the case of
gravity dams.

As regards leakage, the total amount in
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the initial impounding stage measured from
all the drain holes was quite considera-
ble, even from the low hydrostatic pres-
sure generated by the 20 m head. This led
to concern that piping might occur into
one of the drain holes, and so these were
sealed at the risk that the uplift pres-
sure would increase. Some holes were then
drilled along the cross gallery to check
the distribution of the uplift pressure
just before secondary impounding.

Figure 7 shows the variation of uplift
pressure with time at position No. 7.
Figure 8 also shows the distribution of
uplift along the cross gallery. The up-
life pressure and the water level show a
good correlation, and furthermore the
value of the former is almost the same as
the hydrostatic pressure. The distribu-
tion of pressure in the up/downstream
direction is very similar to that obtained
by Darcy's law.

These facts indicate that foundation
grouting is not so effective in preventing
seepage or lowering uplift pressure in dam
foundations on soft rock. It is thus very
important to investigate the resistance of
rocks to piping in the survey stage, and
if there is any doubt about it, ti will be
a wise precaution to omit the drainage
system normally installed on dams. In
such a case it is essential to anticipate
the real distribution of uplift at the
design stage. A rectangular distribution
obtained by unifying the hydrostatic pres-
sures at both the downstream and upstream
ends safer from a technical point of view,
and is recommended.

5 CONCLUSION

A concrete gravity dam was built on soft
and weak rock that had previously been

given up. Seven years have passed since
the f£illing of the reservoir, and the
behaviour of Sabaishigawa Dam is mostly
satisfactory and as planned. As a result
of this experience some problems in the
construction of concrete dams and their
proposed solutions can be stated.

They may be summarised as follows:

1) The time-dependent deformation of
soft rock is related to the strength char-
actristics, and it is advisable to discover
these characteristics because plasticity
greatly affects strength. So it is very
important to ascertain this relation
through in-situ rock tests}

2) The block shear test is the most
suitable in this case as its loading con-
dition closely resembles that of the pro-
totype dam;

3) As the observed distribution of up-
lift pressure after filling suggests, it
is very difficult in general terms to im-
prove the permeability of such soft rocks
with ordinary foundation grouting work;

4) Drain holes, usually installed on a
gravity dam to reduce the uplift pressure,
are liable to promote piping and are thus
better sometimes omitted;

5) If the drainage system is omitted,
the actual distribution of uplift must be
estimated in the design stage taking into
account the absence of a drain and the
lack of grouting efficiency;

6) To prevent slaking or weakening of
the rock after excavation, it is advisable
to cover them with wet straw or sponge
mats.

As the result of the experience of build-
ing Sabaishigawa Dam, quite a few concrete
gravity dams have been built in Japan on
similarly soft and weak rocks. Among these
are Kameyama Dam (height 34.5 m, non-Green
Tuff, Pliocene) and Shozenji Dam (height
47 m,; Green-Tuff, Pliocene).
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