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The elastic storage coefficient is often essendal for the evaluation of hydraulic tests 
in boreholes. This is the case for single-hole measurements, where the skin effect 
carries great weight for the pressure transience. One way to obtain the storage coefficient 
is to use data from deformation tests, hut these are made mostly on unfraccured drill 
cores. To obtain the accual deformation properties of the fractured rock mass, it is 
necessary to make large-scale, in-situ tests. This paper gives some results of such 
tests, rogerher with a brief description of the testing technique and the equipment. The 
test results are evaluated in a way which is compatible with the accual load during 
a hydraulic test. In the tests performed, it was found that the modulus of deformation 
for the storage coefficient may be less than one per cent of the modulus of elasticity 
obtained from drill cores. The rock masses tesred have storage coefficients in the range 
10-6-lQ-4. 
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Introduction 

I.r is often essencia1 to obtain an aerorate approxi­
mrution of the elas·tic storage coefficient for rt'he 
eva:lua;tion of hydrauJic tesrts. This is especia1l.y 
pronounced in single-hole tests under transient 
conditions, where the mlculrured vadue of vhe storage 
coefficient is usua1l.y influenced by skin effects, i.e. 
different hydranlic properties in an infinitesima1 
zone a:round the borehole compared wi'cll the pro­
perties of the formation as a whole. The moduius 
of elasticirty or the compressibiEty must be known, 
to determine the storage coefficient. The modulus 
of elas .ricity is usua-Hy determined in a small scale, 
i.e. on driJ11 cores. The values obtained are there­
fore not represent:a�tive of the rock mass, where 
clle fractures and other Sltructura:l disconcin:uities 
influence rhe deformation properties. From an 
empiri·cal point of view, it has been s'hown tha.t 
modulus of deforma.tion of the fractured rock mass 
is about 0,3-0,5 of rhe modulus of clasticirty of 
the rock (HiiJ.tscher 1965)- However, 'this rela­
tionsblip must be regarded as very rough and in­
accuraJte. To obtain a more accural'e vadue of the 
modulus of deformation of the fractured rock, 
it is necessary to make direar measuremems in 
the rock mas s, to take into a:ccount ·the existing 
discontinuities. 

The a:im of this pa:per is to present s:Jme resu�ts 
f:rom a number of large-smle, in-sim deformation 

tests a:nd to give a brief description of the merbod 
used to make me measurements. 

The storage coefficient 

'Jlhe storag.e coeffici.ent is defined as !'be volume 
of water which is removed over a unit area, for 
a drawdown of one unit. It is a function, which 
depends both on the material in the water-bearing 
formrution and on the properties of 11he water, 
as shown by the foHowing equation: 

or 

S8 = S/m = !?wg(c1+<I>cw) 

where s = storage coemcient 
S8 = specific storage coeff.icienrt 

Qw = dens!Jty of rhe water 
g= acceleration due to gravirty 

m = rhickness of the formation 
<I> = porosirty o.f the formation 
c1 = compressihiiirty of the formation 

cw = compressibiEity of clle water. 

(l) 

(2) 

In a formadon wkh low porosi�ty, suoh as crys.ral­
:J.ine rocks, the term <I>cw wiH become smail·l compa­
red wi·l'h cr, wh;ch indieaJtes rh.at the swrage coeffi­
cient depends almost exclusively on the elastic pro­
pel!ties of the formation. The compressibidirty is 
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Fig. l. The storage coefficient versus the modulus of 
deformation for different values of the porosity. 

defined as the rinverse of the modtrlus of deforma­
tion or elasr6cirty. Thus 

Ss = Qwg(�r +:J, 
where Dr = modulus of deforma,rion of the 

format:on 

(3) 

Ew = modulus of elast:6ry of -the Wl!Jter. 

11he rebrionship is shown graphicalrly in Figure 
L The water is of minor imponance and mntri­
butes ro the coeff-icient of storage only when the 
porosirty is high, i:e. more than one per cent. 

Determination of the modulus of 
deformation 
For the present work, results from large�scale, in­
s;tu deformation tesres have been used. The tests 
were originally performed with the aim of in­
ves·igating the properties of rock for turbine 
foundations in nuclear power plants. However, it is 
also possible to use the test results for the present 
purpose, by recalculating with the load conditions 
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which may be assumed to exist during the hydrau­
lic test. A modulus of deformation has therefore 
been calculated for the very small loads which are 
crearted during a hydraulic test. 

11he test is bas-ed o:1 an evenly distributed 1oad 
wh�ch a:ots on a rock surface leveHed wirth a rhin 

Fig. 2. Schematic layout of the testing device. L Con­
crete slab. 2. Steel bars anchored below the 6 m-leve!. 
3. Hydraulic jacks. 4. Measuring hole. 5. Bench marks 
clamped into the borehole. 
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hg. 3. A deformation test. l. Concrete slab. 2. Hydraulic jacks. 3. Motorized pump for the 
jacks. 4. Flates for load distribution. 5. Measuring rod. Photograph by A. Carlsson. 

F�g. 4. Clase-up of the measuring rod, with strain 
gauge and a dial gauge. Photograph by A. Carlsson. 

la y er of concrete, l m 2 in area. Figure 2 shows 
the layout of ·the test schemattically. The load 
is suppilied by six hydmulic ja:cks aoting in paraUel, 
rhrough steel baffi anc:hored six :metres deep in 
the rock. A sySitem of levers distribures the load 
from each jack to .�he plate of mncrete, w produce 
a snress field tha:t is fair1y eV"enily dis:rributed over 
the test area. In aH, •tihe load f.rom :the jacks is 
d;�mibuted as 18 point loads over :rhe surface of 
the concrete. 

W�th this equipment, a maximum pressure of 
up .ro 3,6 MPa (360 ronnes/m2 ) may be exerted. 
The surface part of •t'he res.cing device is shown 
in Figure 3. 

The def.orma:tion measurement is made in a 
pi!!rticuhr borehole in the centre of the test area, 
in whi·ch a system of bars is placed. For the 
measuremem, �he rod is equipped with a spr'ng 
and a Sltrain gauge connected to a recording 
device (d. Figure 4). The sysrem of bars is connec­
red ro two movabJe bench marks which are 
clamped into the borehole at certain •levels. Hilt­
scher

' 
et a:l. ( 1982) present a detailed description 

of the measuring technique, while in -Dhis paper 
it rs described very briefly. 

The deformation due to the load is obtained 
and is, according to Boussinesq: 

(4) 



134 Anders Carlsson and Tommy Olsson 

Zfd 
Fig. 5. Reduction faccor versus the relative depth. 

where 1\0 =the deformation of the rocks surface 
a= rhe!load 
d= diamerter of the tesrt area 
E = modulus of elastidty or deformation 
v = Poisson's rrutio. 

The tef\m (1-v2) is approximately equal. to 
l in a fractured rock mass wirth a Poisson's ratio 
of about 0,2. The modulus of deform::�ction is 
defined as the inregrarted modulus of elas,�idty 
over the rock mass, including rock matrix and 
disconmnuities. The modulus may be cakulated as: 

D- ad 
(5) -bo ' 

where D = the modu1us of deformation. 

In order -to avoid difficulties arising horn mea­
surement in relation w a bench ma·rk outside nhe 
test area, the method is based on the measurement 
of the difference in deformation between two 
measuring poinrts 1oca;t.ed in the borehole (d. Figure 
2). Figure 5 shows a theoretical. curve for 1ihe 
rebrive deformation at different depths. The de­
formation decreases with increasing depth and is 
a maximum at .the rock surhce, where the de-
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fovmartion is 1\0. Art the midpoint between the 
rock surface and •tlhe depth lllt which the sceel 
rods are anchored, the relative deformation is O. 
In order to use the relative defof\mation, it is rhus 
necessary rto mns.ider the diHerence -in depth be­
rween me bench maås in the boPehole. For this 
purpose, a !'eduotion faator based on the relative 
deformations has been used (d. Figure 5). The 
vailue of this faoror depends on ·the depths at 
whkh ·tihe measuring poi:nrs are l.oca�ted. The 
equrution which describes the modulus of de­
fol1martion from the tests ·may be written: 

D=da 
c1-c2 

= 
da�c

. 
1\1-1\2 M 

(6) 

where c2 and c1 = the 1\/1\0 values fmm Figure 5 
for rh e respecrive depilis of the 
bench marks 

()1 lllnd ()2 = the absolute defo!'milition at the 
respective depths 

�() = •the measured difference in de­
formation. 

The measurements were made wi,oh repeated 
loading eyeles and the deformllltion versus l.oad 
was reco!'ded for each cyde, as sihown in Figure 6. 
Figure 7 shows a cypicrul. load/deformllltion graph. 
From these graphs, irt is then poss·ible to crulcuialte 
any desired modulus of defonmation. For the 
present purpose, a seca;nt modulus to the 0,5 MPa 
load was determined, as ·indicarted .in Figure 7. 

Results 

The measuremenrs have been ·carried out at the 
ForSiiilark area in sourhern, cennra� Sweden, in a 
wta•l of 24 •tests (Hiirs·cher & Srtrindell 1976a and 
197Gb). In add;tion to the main tests, another set 
of 21 measuremrenrs is included, rhese tesrts be ;ng 
taken from Seitevaare in nor,uhern Sweden (Hilt­
sCher 1965). However, a different measuring tech­
nique was used at Seirevaare, i.e. a pllllte lood rest 
in boreholes where a much smaller volume of 
rock was tested. Nevert:Jhe1ess, because of a shottage 
of information of the deformation properties , it 
has been found suirtabie to include the resuls from 
the Seirtevaare tests, since they represent a different 
kind of rock from that in Forsma:rk 

The resul.rs, as deformation modu�i for the 
initial. load of the fmcrured rock mass are pre­
senred in Table l, where ea:ah rock type is re­
preS'ented. Figure 8 shows the compiled results 
relllJted 'tn the different rock types. The rorrespond­
i-ng vrulues of rthe storage coefficiems are al.so 
induded in me figure , tagether w�rh the results 
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Fig. 6. Recording the load/deformation graph. Photograph by A. Carlsson. 
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Fig. 7. Load/deformation graph from one test with 
two completed loading cycles. The secant moduli for 
low loads are indicated. 

Table l. Modulus of deformation for low loads. Mean 
values and standard deviation for the different rock rypes. 

Rock rype 

Gneiss granite 
Gran i te 
Leptite 

No. of Modulus of deformation (GPa) 
tests Mean value Standard deviation 

24 
lO 
11 

12 
17 
16 

11 
10 

6 

from determinations of <nhe modulus of clasticity 
obta:ined trom dri�l cores. 

Lt may be seen •rhat the varia,tion of the 
storage coefficiems and the deformation moduli is 
great. For gneiss gra:nite, the modu1us of defor­
ma,tion va,ries fmm 0,65 GPa up to 40 GPa, i.e. 
0,8 per cent to 50 per cent of .rhe modulus of 
eilastici<ty for unfractured rock. For .rhe rests at 
Seitevaare, rhe va·riation is smaller and in general 
rhe vallues of the modulu:s of deformation are 
higher - 5 m 50 per cent of me modulus of 
dasticity. 

Conclusions 

The tests haV'e Sihown <that the va:riwtion in S<torage 
coefficient is much greate:r than thaJt obtained 
from the empiriacl relationship. In general, the 
srorage coeffidenr may be much greater than 
expected from ·Vhe modulus of elasticity. The vacria-



136 Anders Carlsson and Tommy Olsson 

ROCK TYPE 
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Fig. 8. Modulus of deformation and corresponding values of the storage coefficient for different 
;rock cypes. The compilation is based on 24 tests in geniss granite, 10 in granite and 11 in 
leptite. It should be noted that the tests in granite and leptite were made using a different 
technique. 

tions in the same rtype of rock, in t!he same area 
may be as much as 100 times me 'LoweSit vailue. 
It is ,rherdore impo11tant to derermine as carefully 
as poosib}e the aotua!l deformation propetties of 
the hydraulically tested rock mass and not to use 
only empiriQlll ru1es as a base for ,the derer­
minrution of hydraulic tests. 
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