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ABSTRACT: Laboratory testing of fluid-saturated rock is oftezeded to properly duplicate field conditions, wehgores in rock
are filled with a liquid. It is desirable that ladatory specimens be fully saturated, because aesl the number of unknown
parameters and allows calculation of some of tlok’soporoelastic moduli. However, full saturatiendifficult to achieve in rock
specimens because of the air bubbles trapped iaspdém order to dissolve air bubbles, back pressare be applied to the
specimens, decreasing the size of air bubbles edating the time needed to dissolve them in w#tgirocess to saturate Berea
sandstone is presented. Skemptdd'soefficient was measured at each increment of Ipaeksure while keeping the effective
mean stress approximately the samé-®alue that was constant and independent of thenihae of the back pressure indicated
full saturation. The maximurB achieved for the sandstone at 5 MPa effective nsgass was 0.58. This value was confirmed by
calculation of Skempton’s coefficient from otherpelastic parameters. Moreover, full saturation assured by the measurement
of a constant P-wave velocity with increasing bpssure.

A method of gradual back pressure increase is stege
1. INTRODUCTION to achieve full saturation of laboratory specimhé].
In-situ rock is often fully saturated or at leaasta high  Even a highly-permeable rock is a difficult matetia
fluid content. The presence of pore fluid can affemth ~ completely saturate, as air bubbles get trappeddand
the elastic parameters and the inelastic deformationot allow a liquid at low pressure to fully takeeth
process. However, testing of fluid-saturated risckot ~ place. Application of gradual back pressure redubes
typically performed, even though rock-fluid intetian size of air bubbles and they are “dissolved” in poge
is critical in many applications, such as oil aratunal  liquid more readily [3,4,7]. When the pore liquiolgtes
gas search and recovery procedures [1,2]. all air bubbles, its bulk modulus is the one thdtdas in

The limiting conditions of rock-fluid interactiorrea (a) the pure state [8].

drained, where the pore fluid is allowed to leavemter A series of drained and undrained tests were cdaduc
the rock and pressure is maintained at a constamf;l on Berea sandstone to investigate the parametats th
(b) undrained, where the mass of the fluid inside t govern its poroelastic and inelastic response. pajger

rock stays the same so the pressure is changidg{can describes the back pressure saturation process and
unjacketed, where increments of pore pressure a@hm measurements of SkemptorBscoefficient [9] for the
stress are equal. The influence of these conditmm rock specimens infiltrated by water. An example of
behavior of porous rock can be investigated to idev complete saturation of a Berea sandstone specisen i
the full set of poroelastic parameters [1]. given along with the discussion of the obtaiBedalues.

In order that laboratory tests properly duplicaieldf
conditions, it is desirable that lab specimens wiéy f

saturated. When not fully saturated specimensested, 2. BACKGROUND

the degree of saturation can be changing duringetste 2.1. Skempton’s coefficient
and it brings another undesirable parameter in® th
problem. Conversely, if the condition of full sattion is
achieved, bulk modulus of the pore fluid can bestalis
that of the liquid used in the test.

For undrained triaxial tests on soils, Skempton [9]
introduced the pore-pressure coefficiBrio express the
pore pressure chandg that occurs due to a change in



the confinement or the all-round pressiues. For soils  specimen during the test. In this case, the ineréas

with porosityg load is taken by the rock matrix only and hence the
specimen deforms more than if the test would be
=ﬂ= 1 1) performed under undrained condition, where the pore
Ao, 1+ﬁ fluid takes part of the loading and also compresses

K, Hence,

and is approximately equal to 1.0, since the bulk0<KSKU ©)
modulus of the soil structur& (order of MPa) is  meaning thaB should be always non-negative:
negligible with respect to that of the fluiKt (order of

GPa). While saturating soft and medium sobs,is 0<B<l (6)
increasing until it becomes equal to 1.0, meantiag &ll
load is taken by the pore fluid and the specimefully
saturated. However, for rock is on the order of GPa
and it is comparable to the bulk modulus of the
saturating fluid, such as wateK,( = 2.24 GPa) or 2.2. Saturation

hydraulic oil Ko = 1.3 G_Pa). It means that rock’s stiff The degree of saturatid® 0< S< 1, is determined &8
framework feels the applied mean stress at leastas ~ _ Vi V,,, whereV, is the volume of the pore fluid (liquid)

as the pore fluid, hence the Skempton’s coefficient . . . :
rock can be significantly smaller than one. A humtfe in the pores _andwls the pore volumelf th? specimen IS
experimental studie.g. [2, 10-13], suggests thak is saturated with water, then th(_e pore fluid the nearly
decreasing with the effective stress and couldsblow (_S:]:tsurt?]taetdﬁ;soégﬁz;;jo'l!)ﬁ{kr?ggéiI?KsmIXtSug\?e?;_l\N;tl?éins]d
as 0.3 for sandstones, even at full saturation. [15-17] describe the relationship between the fluidk
Bishop [14] extended Skempton'’s relation (1) tdude  modulusK; and the degree of saturation. Howeves if
the influence of the bulk modulus of the solid miafeof > 0.98, then the approximate relationship firstgasied
the skeleton (or unjacketed bulk modulk&) for any by Verruijt [15] is applicable:

porous mass with interconnected pores. In termsul

Measuring K, K, and a experimentally and
independently ofB, the latter can be calculated from
equation (4) and compared to the measied

moduli, it can be written as: 1 = 1 + 1-5 (7)
Ap a Kf Kw p
B :EA o = 1 1 (2) where p is the pore pressure. Equation (7) shows that
™ a+¢K| ———-—— even a small variation in the degree of saturation
Ke Ky strongly influences the bulk modulus of the fluidda

o henceB (see equation (2)).
Here Amy = 0 means that the mass of pore fluid in the

undrained conditionsKs” is the unjacketed pore bulk Pressure (order of 0.1 MPa) provid&s[] 0.98 [4].
modulus andxis the Biot coefficient,a = 1 - K/ K¢'[1]. However, further increase @& to 1.00 is an involved

N ) ) o process. Schuurman [18] suggested thatfer0.85, the
In addition to the assumption of interconnectivily  nore air is presented as individual bubbles ratihen as
pores, the skeleton and solid material are constésy  continuous phase. Pressures at which air bubblésein
be elastic and isotropic, and the pore fluid isdily  \yater approach a critical value and collapse are
compressible. Also, for the general case, the ahang (gjatively small (order of 0.1 MPa). However, tirte
confining pressure can be replaced with the change fully dissolve all the air trapped in the pores and
the mean stressP [14]: drainage lines can be on the order of weeks [4,18].

— happens because surface areas of the cramped dubble
AP =(Ao, + A0, +10,)13 3) and volumes of liquid where they can dissolve aetm
Using the relationships between the poroelasticsmaller than in a large water reservoir, hence the
parameters [1], Skempton's coefficient can also bediffusion of the pore air in the pore water becomesy
expressed in terms of rock’s drained and undraingkl  time consuming procedure [7]. To facilitate thisgess,

moduli, K andK,, respectively: Black and Lee [4] suggested initial flushing of the
specimen with deaired water and further gradual

B= K, ~K 4) application of the back pressure in the pore lithes is
aK significantly greater than the theoretical critical

u

pressures for air bubble collapse.
For the drained condition, pore pressure in theiapen

is constant and pore fluid is allowed to entereave the



The purpose of back pressure technique is to aehievMPa, depending on desired pore pressured to béedppl
100% saturation by forcing any gas into solutiorth&  later in thetest.

pore water. Increase of the pore pressure in @albar

saturated specimen affects the volume of the gdlein

pores in two ways: (1) by direct compression,dhs is Dowistiedm prassure
reduced in volume according to Boyle’s law; (2) by . Vidraimape/fvalve
application of a higher pressure, additional amsuoft s T\ — bt

gas are dissolved in the pore water in accordartte w
Henry's law of solubility [3]. A large air bubble illv
take a longer time to diffuse to the critical sihan will

a smaller bubble; hence the saturation should occu
faster for the smaller void size in the geomat4(ig].

[ ) o O,
Wissa [6] suggested a method to check if a veffyssiil N {3 - ° /
specimen is fully saturated by determining Skemigton ® 7
coefficient B at gradually increasing back pressures Porous stones S 5 e——o,
while keeping the effective stress approximately t+ P f LA

constant. If the rock is not fully saturated, thée B-

value will be increasing with increasing pressuas,
more air is forced into solution. A measuigdalue that
is constant and independent of the magnitude oféek
pressure indicates full saturation.

Once the air is driven into solution, the air-watgkture
behaves as a fluid with a bulk modulus equal te tfa Pump
pure water [8,18], so dissolved air in the wates ha  Figure 1. Setup for plane strain testing with pamressure.
influence on K;. Hence, pore fluid bulk modulus
becomes a fixed parameter and can be used i@nce the confining pressure was applied, the psooés
calculation of some other poroelastic moduli présgn water saturation of the specimen started. Deairater
in equations (2) and (4). was pumped from downstream into the specimen with
the upstream valve open to the atmosphere, retpasin
excess air, as the pore water permeated through the
5pecimen (Fig. 1). For each step of water injec{l10
ml/step), the upstream pressure increased to
approximately 0.3 MPa and decreased in a minutoor
to about 0.1 MPa before the next step of injectidime
water started flowing from the upstream valve after
injecting about 80 ml, the estimated volume of pore
space in the specimen. Further pumping of 100 fml o
3. EXPERIMENTAL METHODS water through the spec_imen showed that a massdealan
was approximately achieved.

Application of high back pressures (> 10 MPa) ia ldib
can be limited by the pore pressure system. Also
sometimes it could be necessary to duplicate thlel fi
conditions, where the pore fluid pressure in theiin
rock is on the order of a few MPa. In the next isect
the experimental method of achieving and assunitig f
saturation with minimum back pressure is presented.

The University of Minnesota Plane-Strain Apparatus
[19] allows application of three principal stressasd
measurements of the strains in corresponding dbrect

on prismatic (100 x 87 x 44 mm) rock specimens. : | .
Additionally, the apparatus allows liquid saturatiof a maximum back pressure p= 5-6 MPa was applied.

the rock, sealed with polyurethane to prevent theDu”ng this procedU(e, the axial alale_ral stresses were

. o 2 ' always kept approximately 5 MPa higher than theepor
penetration of confining fluid into it. A standambre Aft h . in back the
pressure system is presented in Fig. 1, and cengsfst pressure. er eac ”newollntcrease_l!g tac Prest et
upstream and downstream channels with pressurBOr¢ Pressuré was a OV\{S b 0 equi II ra eh' msarmag
transducers, and platens with porous stones, whichPSiream pressure would be equal to the downstream

distribute the pore fluid over the whole specimeraa pressure and _the change in pressure Wou_lq not éxcee
kPa/min. During this process, the remaining gas was

After the rock specimen was prepared, connectdtleto  dissolved into the pore fluid. When the equilibriwh
pore pressure system, and placed inside the pteaia-s pressure was achieved, Skempton’s coefficient was

apparatus, a small axial seating load was appligdn,  measured through a procedure call@icheck.
the specimen was stressed axially and laterall$-i

The technique of back-pressure saturation was nsed
Pore pressuregp was increased in the specimen by
pumping water in and having the drainage valveezlps



The B-check is not straightforward under a plane strainthe right hand side of (10) are considered. The final

condition, which in our case was achieved by weglgin

cor

equation for calculatin®™ in plane strain experiments

the specimen in the thick-walled steel frame thatis

constrained the deformation of the specimen
intermediate principal stress direction. Hydrostati
loading cannot be applied [20], and the increménhe
intermediate principal stress can be written as

Ao, =Ae,E+v(Ao, +Ady) (8)

in

1
20+V)Ao
3Ap

B = (11)
Vv, K

V oK,

|

During the back-pressure saturation procedure,rakve

For tests with pore pressure, the specimen size waémediate increments dio, = Ag; = Ao = 0.34 MPa

chosen so that when equal increments in akil and
confining Ag; pressuresfo; = Agz = Ao) were applied,

were appliedand the corresponding increase in pore-
water pressurdp was measured in a few minutes when

the frame deformation due to the stress incremenP €duilibrated. If the system is completely satutatae

applied by the specimen was compensated by th&0f€ pressure

negative strain on the inner side of the frame tduthe
increase in cell pressure (according to Lame’stsmiy
the inner part compresses due to equal pressupéisdp
on the inside and outside of the cylinder). 8&,= 0 in
equation (8) and the expression for the measBriedkes
the form:

Bmeas = Ap —_ 3Ap

— T ©)
AP 21+v)Ao

where V'is current Poisson’s ratio of the rock and it
changes fronv in dry (or drained) condition te, upon
saturation, whiley, > v. When the undrained elastic
loading performed on the saturated specimen,
independent ofB-values can be calculated from the
plane strain compression data.

While performing an undrained test in the labongttre
specimen is connected to the drainage system afethe

response should be constant and
independent of back pressure. On the other hartteif
system is not saturated, the pore pressure respatse
increase with growing back pressure, because thede

of saturation is augmented and consequently, thie bu
modulus of the pore fluid increases according to
equation (7) as the back pressure is growing féhis is

the case, the new increment in back pressure igedpp
and equilibrium is established before performingesv
B-check. Wher\p becomes the same for each increment

Ao = const, the rock is considered to be saturated.

4. EXPERIMENTAL RESULTS AND DISCUSSION

The experiments were conducted on Berea sandstone
with porosity ¢= 0.23 and dry bulk density = 2.1
g/ent. The rock is flat-bedded, light gray, medium- to
fine- grained protoquartzite cemented with siligad a
clay. Permeability of the sandstone is about 40 (atl®

and also to the pore pressure transducers. As th¥IPa effective confining pressure), Young's modutiis

drainage system has a non-zero volume filled with=
itgompression strength UCS = 41-43 MPa.

water, it experiences volume changes due to
compressibility. Wissa [6] and Bishop [21] modifithte
expression forB to include terms representing the
compressibility of the pore-pressure measuringesyst
The following equation was obtained for the comect
value of Skempton’s coefficie®™":

1
K

BCOI’ = (10)

1

ap V aK,
AP observed

whereV is the volume of the specimew, is the volume
of the fluid in the pore-water linesC, is the
compressibility of the pore-water lines, afg is the
compressibility of the pore-pressure measuring efem
However, several researchers [10,21,22] noticedftiia

Vi

K(C +Cy)
av

modern high-pressure tubes and pressure transducers

the main contribution (more than 95%) to the cdioec
term comes from the extra fluid volume in the syste
V.. So, only the first two terms in the denominatbr

14-16 GPa, Poisson’'s rati®= 0.31, uniaxial

The results of the back pressure saturation progess
presented in Fig. 2. The increments of pore presSpr
for constant increments dfo= 0.34 MPa are plotted
versus back pressure.
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Figure 2. Pore pressure change with increasing peedsure.



It can be observed that at low back pressuresgiiments

the following criterion for ensuring full saturatio P-

of pore pressure due to increments in mean stmess awave velocity in the saturated material becomestean

very small, which can be explained by the load hgost
taken by the rock matrix. The pore fluid gk 4 MPa
consists of water and air, and hence

with increasing back pressure keeping effectivesstr
constant. Two sensors were attached to the opposite

is moresides of prismatic specimen and P-wave velocity was

compressible than just pure water. However, withmeasured during the saturation process at constant

increasing back pressure, air bubbles dissolvedteny
Apis increasing and becomes constant whend MPa.
At back pressures above this value, the speciminiys
saturated an#; can be taken as that of pure water

Kw=2.24 GPa.

Drained bulk modulus and Biot coefficient were
measured to b = 9.6GPaanda = 0.67 [23].B*” can
be calculated from equation (11), assumimg is
changing fromy =0.31in a drained condition to
0.35 in an undrained case [24], and that pore Waites
were filled with deaired wateK; = 2.24 GPa, from the
beginning of the back pressure saturation procEss.
calculatedB-values are presented in Figure 3.
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Figure 3. Change iB° with back pressure.

The maximum value of Skempton'’s coefficient achieve
in our experiments and corrected for the compliavfce
the measuring systemB® = 0.58.

Reported Skempton’s coefficient can be comparetl wit

B calculated from equation (4B = 0.51 — 0.65. The
latter one has a wide range, because of the \aridati

effective mean stre$®¥ = 5 MPa (Fig. 4).
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Figure 4. Change in P-wawvelocity with back pressure.

The change in P-wave velocity with back pressure in
Berea sandstone is not strongly pronounced asiin so
[25,26]. However, it can be seen that the velogity
increasing with the back pressure and becomesamnst
whenp exceeds 4 MPa, which supports the propdsed
check method in achieving full saturation.

5. CONCLUSIONS

It is frequently necessary to determine poroelastic
parameters or strength characteristics of fluidisatd
rock specimens. This condition is difficult to aehé
because of the air bubbles trapped in the rockspditee
application of gradually increasing back pressure
decreases the size of the bubbles and facilitdtes t
diffusion in the pore fluid.

This method was implemented for saturation of Berea
sandstone. It was observed that with increasing bac

measured drained and undrained bulk moduli and BioPressure Skempton’s coefficieBtwas increasing, if the

coefficient [23]. However, we can state that reagli =

effective mean stresB’ acting on the specimen was

0.58 means that full saturation was achieved. Thes@reserved to be the sant:= 5 MPa. The value a8
results are also in agreement with the experimentaincreased untilp O 4 MPa was reached and then it

observation of Hart and Wang [2], who measuBd
values for their Berea sandstone to be in the ra@nge-
0.68 from conventional triaxial tests conducted.at5.7
MPa effective confining pressure.

The alternative way to check saturation of a lab

specimen is based on the observation that compredsi

became constant and equal to 0.58, meaning th&b 100
saturation was achieved. This value is in the rafgg
predicted by the independent calculations from the
relationships of poroelasticity. Full saturationsnalso
confirmed by no change in P-wave velocity in the
sandstone gi > 4 MPa and®’ = 5 MPa.

waves (P-waves) propagate in saturated soils with a

velocity that is strongly affected by the watelirig) the
interstices of soil grains [25]. Strachan [26] sestgd
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