View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by UNT Digital Library

A New Parameter to Assess Hydromechanical Effect
in Single-hole Hydraulic Testing and Grouting

A. Franssofy C.-F. Tsanyy J. Rutqvist, G. Gustafsoh

%Chalmers University of Technology, Goteborg, Sweden
PLawrence Berkeley National Laboratory, Berkeley, California, USA

Abstract

Grouting or filling of the open voids in fractured rock is done by introducing a fluidya, gr
through boreholes under pressure. The grout may be either a Newtonian fluid ghanBiifuid.
The penetration of the grout and the resulting pressure profile may give higgromechanical
effects, which depends on factors such as the fracture aperture, pretisefgoa¢hole and the
rheological properties of the grout. In this paper, we postulate that a neweparaky which is
the integral of the fluid pressure change in the fracture plane, is an apigropesure to
describe the change in fracture aperture volume due to a change in effeeiselstmany
cases, analytic expressions are available to calculate pressulesgaofrelevant input data and
the A parameter. The approach is verified against a fully coupled hydrometisanigator for
the case of a Newtonian fluid. Results of the verification exercise shovin¢hagw approach is
reasonable and that the A-parameter is a good measure for the fracture \anges ce., the
larger the A-parameter, the larger the fracture volume change, in an hireastashion. To
demonstrate the application of the approach, short duration hydraulic tests andt @yesture
grouting are studied. Concluded is that using analytic expressions for pend#atths and
pressure profiles to calculate the A parameter provides a possibilitydnlmea complex
situation and compare, discuss and weigh the impact of hydromechanical cougplitifferfent
alternatives. Further, the analyses identify an effect of highymegsouting, where uncontrolled
grouting of larger fractures and insufficient (or less-than-expestaling of finer fractures is a
potential result.
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1. Introduction

Sealing of tunnels by grouting is a method commonly used to minimize inflow of aveteéo

enhance the stability of the tunnel. Small inflows also decrease the risk ohigwe ground
water level, which may influence the environment in a negative way. The sciagroeiiing is
interdisciplinary and requires understanding of geology, hydrology, rheologmistny, rock

mechanics and grouting technology. This is the reason why the science ofggi®atmplex

and in spite of great effort many questions have still to be solved.

This paper deals with grouting of fractured rock with associated hydrauiiggtesoth of which
may give rise to rock deformation due to hydromechanical coupling. Disogsaie in the
context of grouting as a part of a tunnel excavation cycle and as an exarmgitfesent tunnel
projects in Sweden and Norway were studied in [1] identifying that a graugtigod could in
general consist of five main activities: (1) drilling; (2) grouting; (3)tingi (4) probe holes /
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water loss measurements and; (5) re-grouting. For these projects,osaterdasurements or
outflow measurements were performed before and/or after grouting or not at all

The main objectives of this paper are to:

e Link the areas of grouting and hydro-mechanical coupling.

e Introduce a new parameter, the A-parameter to provide a possibility tibéescomplex
situation and compare, discuss and weigh the impact of hydromechanical couplings f
different alternatives.

e Verify the approach numerically and give some grouting related examples.

Issues associated with sealing of tunnels by grouting may be divided intonthireareas:
geology and the characterisation of the rock mass; grouting matenidlgr@uting technology.
These topics and related equations are treated below. Then, equations governing
hydromechanical coupling in rock response to grouting are presented. Followjrigehise of a
new parameter, A, as a measure of hydromechanical effect is introdudéis, applicability is
verified against a fully coupled hydromechancial numerical code. Finedlylts of a few
example cases using the A parameter approach are presented, befardigtiot paper with
some remarks.

2. Literature review
2.1. Characterisation of the rock mass

When considering geology and characterisation of the rock mass as input to agtgniziting
design, extensive research has been performed for several years in tifenaokear waste
management, see [2] and [3]. Further, descriptions of individual fractures based apeheire
distribution have been the topic of papers by, e.g., [4], [5] and [6]. However, a difacisikg
since direct investigations of these fractures cannot be performed duritigicoms in rock and
the only way to obtain data for a description is through indirect methods. Hydratdituy
measurements, [7] and [8], provide information on the geometry of the conductive fehthes
rock mass. One of the parameters obtained is referred to as transmissinkyis the ability of
the rock mass (or conductive features) to transmit water. Between ppliatis, transmissivity is
related to the so-called hydraulic apertixdyased on the “cubic law” [9]:

3
T- ’f;b )
U

wherep is the densityg is the acceleration due to gravity gmd the viscosity. For a discussion
of various type of apertures, please see [10]114 fhe logarithm of the aperture (described as
the difference between the initial aperture at ztress and the joint closure at very high stress)
was plotted against the logarithm of specific flflew per unit head gradient, §4), which is
proportional toT. If the cubic law applies, this should result iline with the slope 3, see
Equation 1.

To get an idea of what strategy to use before grgu section of a tunnel, water loss
measurements can be performed in the boreholé® grouting fan, resulting in a number of
Lugeon values ([12], [13] and [14]), which are cddted as follows: Lugeon value = water loss
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in litres/(metemminuteMPa). As commented by [15] a high frequency of fmats may give the
same Lugeon value as a single wide fracture, ahdnwrouting is considered, the wide fracture
has a large grout intake and the finer joints matyb@ groutable at all. Naturally this also affects
the obtained pressure profiles. Unfortunately, rofittle effort is put on actually performing an
adequate characterisation for grouting purposé® résearch work carried out in for example
[16], [17] and [18] aims at increasing the underdiag of how to interpret and evaluate
hydraulic tests to get more information about apes of individual features for this particular
purpose. This is considered to be of great impodamce the aperture influences both inflow of
water and the penetration of grout.

2.2. Grouting materials and grouting technology

The main advances regarding grouting technolodkeriast 10 years are concerned with better
registration and controlling of the grouting praeeldew computer technology has enabled the
flow and pressure of the grout-mix to be contindpusgistered. The basic equipment and
technology however remain the same, see e.g. [i2]E8]. Parallel to studies on
characterisation, research on the spreading ot gcement-based grout) has been conducted by,
e.g. [19]. A smaller field experiment including hdtydraulic characterisation and cement
grouting has been performed in a pillar at Aspéd-Haock Laboratory (Aspd HRL) in Sweden,
see [20] and [21]. In [22] the same pillar was geduusing another grouting material, Silica sol.
Due to a small fracture aperture, the penetratiaement grout was very limited and in [22] a
different part of the same fracture was groutedtHeu, [23] present a tunnel grouting experiment
including geological investigations, design, andassation of a 70-metre tunnel in Aspd HRL.
During this experiment, hydraulic tests and cordgimitesting of the grout were performed.
Prediction of groutability based on both grout gxjes and hydrogeological data is also treated
in [24] and [25]. Further, numerical codes havenb@eveloped based on the jointed rock mass
and the rheology of the grout mix [26] and its geatality, [27] and [19].

An important difference between water (used in hutic tests) and grout is the rheology. Here
water is referred to as a Newtonian fluid having ¥iscosity 4, whereas cement grout being a
particle suspension is commonly described as atBimgfluid with the viscositys, and yield
strength,n. In [27] the average velocity of a Newtonian flfedg. water) in a horizontal channel
is expressed:

b*> dp
124, dx

U--

2)

whereas the average velocity of a Bingham fluid ivdne [27]

_ 2 Z Z,\

U=- b” dp 1-3-—L +4 -2 (3)
124, dx b b

where Zy, is the total thickness of a solid core givenamts of a yield strength parametgas
follows:
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The solid core is formed around the centre of thet@ire if the shear stress there is less than the
shear strength. From Equations 3 and 4, the maxipematration of a Bingham fluid is found
when the fluid velocity is equal to zero and isagiby

| = PP 5)
27,

dependent on the pressure change or the pres$ierenice between grout and watdp, the
aperturep, and the yield strengthg. In [25] the relationship between penetration riug and
time is described using the dimensionless parasigfel| n.x andtp=t/to, see Appendix A.

2.3. Hydromechanical coupling

Both hydraulic testing and grouting may give riseléformation due to hydromechanical
coupling (see e.g. [28] and [29]) and as commehyef®8] coupling of processes implies that
one process affects the initiation and progressother, so that the rock fracture behaviour
cannot be predicted by considering each procespertiently. According to [28] hydrological
processes include: (1) fluid flow; (2) tracer taog and; (3) transient pore fluid pressure
changes (occur due to injection or pumping etdie mechanical processes include: (1) opening
or closing; (2) shear; (3) joint propagation ant);f(acturing at joint tips.

Hydromechanical response due to pressure changestudied by, e.g., [30] and [31]. Both
references deal witim situ testing, the first for hydraulic testing in a bleoée and the second
investigates the hydromechanical behaviour of agumézed single fracture. A review of the role
of hydromechanical coupling in fractured rock emginng is presented in [32]. Of interest from a
hydraulic testing and grouting perspective wouldubat is described as a “fluid-to-solid
coupling” occurring when a change in fluid pressaréuid mass produces a change in the
volume of the porous media. Further, defining éffecnormal stress as

0';1 =0,-Pp (6)

then, the fracture normal deformation may be e)xqa@ss

AU = “ (7)

In these expressions; is the total normal stress|s the fluid pressure andg is the fracture
normal stiffness. The normal deformation is noedéinwhen a normal stress is applied. The rate
of deformation is greatest at low values of norstedss. This has been described by e.g. [33]:
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wheref is the seating pressure or the initial conditionrheasuring the normal deformatiaty/,
andVp, is the maximum possible normal closure at thersg@iressure. Equation 8 above could
also be expressed:

Ay, = o (1- "iﬂj ©)

kni Un

whereA4u, is the fracture normal deformation asg (£ above) andk, are respectively the total
normal stress and the fracture normal stiffnessanitial reference stage [30].

2.4. In situ hydromechanical properties of fraesir

Aperture and fracture normal stiffness are key ipatars for investigating hydromechanical
effects during high-pressure water injection armlgng. At a typical fractured rock site,
fractures may vary in characteristics and sizefesrd minor tensile cracks to major shear
fractures and shear zones. Major shear fracturess wwpwater flow tend to dominate inflow into
tunnels. For example [5] investigated the apertis&ibution of a highly-conductive shear fault
at the Aspo Hard Rock Laboratory, Sweden. The taeittng of a group of steep-dipping fracture
zones, typically 10-30 m long, of a type found &tbe most conductive in the area. The
investigations showed that the fault was undulabyna shear slip of about 4 cm, creating large
areas of open channels between mineral filled ctsitdhe average aperture of the fracture was
about 2 mm (outside contact zones), whereas thacioarea, defined as the area with aperture
less than 0.1 mm covered about 40% of the totatdra area. At the other end of the spectrum
are tensile cracks that may be connected and hj@aunductive but generally having much
smaller aperture. For example [30] measunesitu hydraulic apertures ranging from 8 to 22
using hydraulic injection tests on fractures loddtetween 81 to 417 meters depth.

Fracture normal stiffness as well as coupled s@madsflow properties have been measured
routinely on laboratory samples over the past 20s/eHowever, there are only a few data
existing on then situ hydromechanical behavoir of fractures, and datanfmajor fractures are
rare. One rare example of ensitu hydromechanical investigation on a major fractiaréne one
conducted by [31], at a granitic fractured rocle sit Southwest of Sweden. A horizontal fracture
located at about 70 meters depth and extendingt dfffom was investigated by hydraulic tests in
seven subvertical boreholes, which intersectedrweure a few meters apart. Alm’s [31] field
tests indicated that the situ fracture normal stiffness at the seven locatiamged between 2
to10 GPa/m, whereas hydraulic conducting aperamgead between 100 to 2afh. The lowest
values of normal stiffness (about 2 GPa/m) was nredsat the location of the largest fracture
aperture (about 250m). The range of normal stiffness values obtainedlm is in agreement
with in situ measurements by [34], who determined a fractursabstiffness of 2.5 GPa/m with
an aperture of 30@m for a major sheared fracture located at about2%@pth. Moreover,
recentin situ measurements of major shear fractures by [35tatdd that am situ fracture
normal stiffness ranging between 8 to 50 GPa/napartures ranging 50 to 1Q@n. For smaller
fractures, likely representing mated tensile jqif28] estimated tha situfracture stiffness

$ASQrpt72574.D0C 5



ranging from 30 to 1100 GPa/m for fracture apeguasging from 8 to 22 microns. Note that
these values of fracture stiffness and apertuesliffierent from those frequently measured in
laboratory on small-scale drill core samples. lohsexperiments the aperture usually ranges
from a few to tens of microns with a fracture norstdfness orders of magnitude higher than
those measured situ [32]. However, the aforementionedsitu experiments were conducted
using hydraulic injection tests, in which increasthe fluid pressure within the fracture opens
the fracture. In so-called hydraulic jacking tefitsd is injected from a borehole into a single
fracture at step-wise increasing pressure anduicipening is monitored from the step-wise
increasing flow rate (e.g. [30]). Thus, hydraulicking tests involves opening (unloading) of
fractures under increasing fluid pressure, thahis,same processes at the fracture opening that
could take place during grouting. Therefore, apegw@and fracture normal stiffness determined
from suchin situ experiments are well representative for the hydrmanical behaviour during
grouting.

3. Conceptualization and definition of A-parameter

Sealing of tunnels include several different ateeéi. Considered here are: hydraulic testing
(water loss tests and natural inflow); groutingnaitewtonian fluids and; grouting with Bingham
fluids. These activities may result in a changaperture due to pressure changes in the fracture.
A pressure — aperture response of a fracture isaluieerrelated effects of the formp —

Ao —>Au—Ab. In other words, a change in pressure affectefeetive stress, which causes a
mechanical deformation, which in turn leads to angje in the hydraulic aperture [36].

In the present paper, only fracture normal defoionat considered. In order to investigate and
compare the pressure profiles and resulting defoom@aand changes in transmissivity (if any)
for single-hole hydraulic tests and grouting bathdllow” tunnels where the normal stress is
assumed to be small compared to the change inyreessd “deep” tunnels where the normal
stress is assumed being comparatively large armdened in the discussion. Herq is the

change in pressure at the borehole. Since theyseepsofile is not unique but dependent upon
fracture aperture (and its spatial variation inegaf), rheological properties of the grout, etc. we
postulate that a new parameter, A, which is defemethe integral of the change in fluid pressure,
Ap(r), in the fracture plane from the radius of Wl to infinity, is an appropriate measure to
describe the change in effective stress that gigeso mechanical deformation.

[27r-otdr - [ 22 - o7ydr = [ 270 - Ap(r)dr = A (10)

Ty w Iy

In contrast to this equation, the expressign= o/, + AP, -C was used in reference [30] and the
factor C was introduced assuming that an “averafahge of fluid pressure in the fracture area
around the borehole (wellbore) is proportionalite thange of well pressure. Using an integral,
Equation 10 allows the consideration of potentidilferent types of variation in pressure in the
fracture plane around the borehole.

Further, we postulate that the fracture volume gkantegrated over the fracture plane is
proportional to the integral of the effective strebange, i.e. the A parametef. Equation 7).
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As an illustration of the calculation of the A-pareter, we show here the case of Newtonian
fluid (water), which can be done analytically. Tgressure profile can be derived based on the
cubic law (Equation 1) and Thiem’s formula, e.g: [7

A=l (11)

27T R

whereR is set to the radial extension of the drawdowrecon

- | 225Tt (12)
S

The storage coefficien§, is estimated based on an expression, found gssign using Aspo
Hard Rock Laboratory data [37]:

S=0.00922 T%" (13)

Resulting in the following expression of the A-paeter:

fe 2 2 2
A:J‘Zﬂr_Apdr:leéuN rwln(rw/re)_rl_’_ri
: b 2 4 4

j (14)

w

The expressions used for calculation of the A-patemfor the Newtonian (Silica sol) and the
Bingham fluids are presented in Appendix A.

4. Verification of A-parameter approach against results of a fully coupled HMsimulator
for the case of Newtonian fluids

Modelling was performed using a finite element ntioa code, ROCMAS ([38], [30] and [39]).
The numerical model is used for coupled stressflamdiflow analysis of fractured rock masses
and solves simultaneously two sets of finite-eleheguations: the static equilibrium force-
displacement equation and the quasi-steady-stateffow equation. The numerical solution
gives coupled stress and fluid pressure fieldb@nftactured medium.

To verify the A-parameter approach for the casa Newtonian fluid (water), we assume an
axisymmetric model, 10 by 10 meters. A fracturdcated on the bottom of the model and
extends the entire 10 meters radius, and a borehaksumed to intersect the joint
perpendicularly. However, the results are not etqueto be significantly different if the
intersection deviates moderately from perpendicBsrsymmetry, half of the fracture is
included in the model. We have used a linear stfffnoption of the ROCMAS code and input
data are presented in Table 1. The fracture nostifiless values were selected range reasonable
values that have been observed from variowsstu hydraulic jacking measurements as reviewed
in Section 2.4. A fracture normal stiffness of 4@@R would represent a very shallow major
fracture and the 400 GPa/m would represent deep-g#cture exposed to a higher normal
stress. A rock matrix Young's modulus of 70 GPal ammatrix Poisson’s ratio of 0.25 were
assumed, which are reasonable values for graoitic r
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The analysis was performed using the following stép) a constant pressure boundary was
imposed at 3, 5 or 7 meters was assumed; (2) sttatdyanalyses with an extension of 3, 5 or 7
meters were made to obtain a profile for presshamge dp(r), without allowing for
hydromechanical coupling (i.e., no change in apejfand (3) a profile of aperture chandk(r)
from numerical simulation including hydromechanicalpling, and (4) plotting of the integrated
pressure change (the A-parameter) from step (2Jtaihtegrated volume change from step (3).

Fig. 1 shows the A-parametegrsus the fracture volume change for three diffiecases, with ()
fracture normal stiffness of 400 GPa/m; (b) fraetnormal stiffness of 40 GPa/m; and (c)
fracture normal stiffness of 4 GPa/m. Points altheglines corresponds to pressure profiles for
different injection times, except for case (b), véhadditionally (the points on the circle-dashed
line in Fig. 1) those for varied injection pressuveere also calculated.

The figure clearly shows that the A-parameterg®ad measure for the fracture volume change:
i.e., the larger the A-parameter, the larger thetfire volume change, in an almost linear fashion.
This is independent of whether the pressure pridfiieduced by larger injection time, or by
higher injection pressure, which means that ihtiependent of the detailed pressure profile.
Thus at least for Newtonian fluids, which is theeatudied in these verification simulations, we
can use the A-parameter as a comparative measavalizate the impact of hydromechanically
induced fracture volume changes for alternativeiting procedures. We postulate that the A-
parameter can equally be used for Bingham fluidbimway.

Let us consider the lines in Fig. 1 again. Noté thay are almost linear. The early parts of these
curves have slopes that are representative ofésystiffness”, which is a function of fracture
normal stiffnes&,: and matrix stiffnesk,m (the latter depending on E, the Young’s modulus of
the matrix). A discussion of system stiffness igegiin [30]. In general these parameters cannot
be obtained easily in the field, especially dutiing stage of construction and grouting. In our
approach, we assume that they are the same foea fyacture in an in situ environment, and
then use the A-parameter as a relative measussess hydromechanical effects for alternative
strategy for grouting the fracture.

5. Use of A-parameter in example applications

The fracture-borehole configuration consists of baeehole intersecting two fractures with
constant aperturds andb,, see Fig. 2. The scenatrio is injecting groutingd into the borehole
for grouting the two fractures. Analyses are maslagianalytical calculations, and pressure
profiles are determined for both Newtonian and Bamg fluids, based on the work of [22], [25]
and [40]. These references derive and describeethonship between penetration of the grout
and the injection time using the dimensionlesspatars p=I/l nax andtp=t/to. This approach
assumes non-deformable fractures, non-compredkiids and that the pressure change in the
groundwater ahead of the front of the grouts (iddkvtonian and Bingham grouts) can be
neglected due to the distance from the boreholdlangiscosity of the grouts being larger than
that of water. These grout properties are sumnaiizdable 2, to be compared with water
properties needed for analyzing water loss measamesm

The following three cases are studied:@be individual fracturevarying: the aperture; the
pressure at the borehole; the duration of hydrdaestng and grouting; and the fluid properties
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(Newtonian or Bingham). Further, a comparison oidflpressure profiles fdawo fractures with a
smaller and a larger aperturgb0 um and 250 pum, respectively) is made. Bottidras are
assumed to be subjected to either (2)sdi@e normal stress and loading history(3)different
normal stresses.e. located near a “shallow” or “deep” tunnel.

5.1. Results

Table 3 presents results of injection pressuregtign volume, penetration distance and A-
parameter for an individual fracture at differamection pressures, different duration, and
different fluid properties.

The different columns in the table represent: tydré&ulic apertureh, of a non-deformed

fracture; the pressure change e.g. the differerteden the grouting pressure at the borehole and
the water pressurelp=py-pw); and the duration of grouting or hydraulic tegtihis the

penetration length of the grouts and the voluwes estimated based on the non-deformed
fracture aperture and the penetration of the gimirtus the radius of the borehole). The
percentage presented is based on simultaneousmyyadiia 250 pum fracture and a 50 pm

fracture without considering deformation, i.e. ge¥centage of the total volume found in each of
the two fracturesA is defined as the integral of the change in fluigssure and th&-ratio is
estimated using the underlined 250 pum fracturelzeses for comparison. Table 4 presents the
results for assumed water loss measurements.

5.2. Discussions of effects of injection pressumeé grout penetration without mechanical
deformation: one individual fracture

Radial fluid pressure profiles are presented in Bifpr the two fractures using a constant
pressure change at the borehale, of 0.4 MPa, during a 5-minute water loss measarg (NW
in Fig. 3), and using a pressure change,of 2 MPa during a 20-minute grouting with a
Newtonian fluid (NS in Fig. 3) and a Bingham fli# in Fig. 3).

The pressures along the profiles are presentedl lmesdifferent values of the radius whers

I(t), which is the penetration length obtained foregiinjection duration, t. Here, silica sol
represents the Newtonian fluid, NS, and a cemenitgepresents the Bingham fluid, B. For the
250um fracture andp: 2 MPa at the borehole, the grout take is lowugha250L, Table 3,
below) as compared with a typical volume stop aoteof 50-100 litres per meter borehole
(assuming the boreholes are between 10-20 metdrs)penetration length (18 m) is too large
since the borehole bottom distance is commonly eetw2-4 meters. The penetration of the
Newtonian fluid (Silica sol) is larger than for tBengham fluid (cement grout) due to the yield
strength and the higher viscosity of the Binghamdifl

Based on these pressure profiles, less than h#dieqgiressure at the borehole remains when the
radius is larger than 20% of the penetration lengtinther, the average pressure is about 10-15%
of the pressure change at the borehabe, This pressure is found at a radial distance of
approximately 50-60% of the penetration length.d8lasn the shape of the pressure profiles, the
Bingham fluid have less steep profiles and are pesied than those for the Newtonian fluids;
this is reflected in the somewhat higher averagssure. For longer durations, the shape of the
Bingham fluid pressure profile continues to chaage the shape at the maximum penetration,
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Imax IS seen in Fig. 3. As commented based on a siagijproach by [15], the extension of the
pressurized surface will be limited and the avemgssure acting on it can be estimated to be
about 1/3 of the grouting pressure applied.

5.3. Discussion of effects of mechanical deforomadin fracture grouting

[30] and [39] discussed in general the pressurdfacture opening that they are uneven over the
fracture plane during injection and the fracturemmggradually as a function of the effective
stress. In our approach we use an integral ofithe pressure change from the radius of the well
to infinity, the A-parameter, as an appropriate suea to describe the change in effective stress
that gives rise to mechanical deformation. Tabtee®ents this A-parameter for an individual
fracture at different injection pressures, différéaration, and different fluid properties. The
ratios in the last column are used to see whaatsito is most likely to deform a fracture. The
result from the 250um fracture has been used asia for comparisons. In contrast, the water
loss measurements (with water properties) are pedd at a lower pressure and for shorter
duration than grouting but even so the lower viggagves as a result a larger radius of
influence, see Table 4. Consequently, the watertiest reflects the properties over a larger area
than the grout but near-borehole effects will damtenin both cases. However the hydraulic
aperture is likely to change only to a limited extever this area, due to pressure commonly
being small compared to the overburden.

5.3.1. Fractures subjected to the same normasstasd loading history

Let us assume that two fractures (e.g. 250um apdnddave the same size and the same normal
stress and loading history, and that the two frastare intersected by the same borehole and are
grouted by the same constant pressure for the daragon. For laminar flow, which is

considered here, the resulting fluid pressure chamghe 250 um fracture compared with the 50
pm fracture will be slightly larger at a small nasliand significantly larger for a large radius.sThi

is reasonable since a smaller aperture has a lftogeresistance resulting in a larger gradient.

For comparisons of the pressure profiles, the saifdhe fluid pressure integrals (A-parameter)
for different apertures and durations are presesies Table 3.

The result from the 250um fracture has been usedoasis for comparisons. According to these
calculations, the ratio of A-parameters for the BOjracture compared to the 250um fracture
would be 0.05. This is due to the fracture aregestd to pressure being much larger for the
larger fracture. Based on [39] this should be gfantance since a fluid penetrates into a fracture
and opens it by the force of the fluid pressur&mshe fracture. Assuming that the fracture
having a larger aperture is also larger in sizeotsunlikely if it has a natural inflow and is arpa

of the main conductive system. This may result ioveer stiffness compared to a fracture of
smaller size (and aperture). Consequently, the @6@acture is more likely to have a larger
volume increase since it has a fluid pressure g@aima larger area as well as a lower stiffness.

When using high pressure grouting, the aim is &ndpe fractures to allow grouting of
otherwise non-groutable fractures or part of freesuAccording to [29] the reason for high
pressure grouting is that low inflows (down to L/&in/100 m) have to be achieved. Increasing
the grouting pressure would result in a larger patien length even for a 50um fracture. The
reasoning goes as follows. From Equation 1, thestrassivity of a 250um and a 50um fracture
would be approximately-10°and 810%m?/s, respectively. At a hydraulic head (here, dn)®f
meters the inflow would be 6 L/min for the largadture and 0.05 L/min for the smaller one
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(assuming @T-dh). Increasing the hydraulic head to 350 metensldvesult in inflows of 205
and 1.6 L/min respectively. Having to control infl® down to 1-2 L/min/100 meters of tunnel, it
would be sufficient with 20 fractures of 50um apegtto reach this limit at a hydraulic head of
10 meters. For a deep tunnel, one small fracturddMoe enough. Consequently, sealing of both
large and small aperture fractures is importame&ézh low inflows. However, the combination of
a larger fracture that is more likely to deformdaling more grout to enter) and a volume stop
criteria would allow a shorter grouting time andgibly the final penetration length for the
50um fracture would be approximately the same grb@aven shorter. As illustrated by Table
3, the grout volume for one 250um fracture is 25 b pressure change of 2 MPa for 20
minutes and more than 500 L for a pressure chah@é/a for only 10 minutes. Adding to this
a likely deformation of the 250um fracture compai@the 50um fracture makes it very difficult
to know at what time or at what grout volume tgpdtime grouting for sealing of the smaller
fractures. As presented in Table 3, 99% of the tgeads up in the larger fracture already before
any deformation has occurred.

Since the relative penetration,;}), is not a function of the aperture, [40] and [2Bk

penetration process for constant pressure grobtaisghe same time-scale for all fractures with
different apertures intersected by a borehole. fiteans that the grout have reached the same
percentage of its maximum penetration length ifirafitures at a certain time. The fractures with
the smallest aperture have the shortest maximumtizion. Considering this, the largest fluid
pressure influence would always be seen for thgekraperture fracture which would therefore
be more likely to deform when comparing larger apes to smaller. Based on the discussion
above, when both large and small aperture fracmnegresent along a borehole, only increasing
the pressure may not solve the problem of sedfiaginaller fractures. In case of small aperture
fractures only, slight deformation may help to gase the fracture filling without risking too
large spreading of the grout.

5.3.2. Fractures subjected to different normagsses: “shallow” or “deep” tunnel

Since the fracture normal deformation is non-linga8] and [41], the rate of deformation being
the greatest at low values of normal stress, tvdlde a difference in behaviour for a fracture
subjected to a small normal stress e.g. by a ‘sWwallunnel and a fracture subjected to a large
normal stress e.g. by a “deep” tunnel. By approtimgahe overburden pressure to be 0.025
MPa per meter of depth. A shallow tunnel (e.g. Hdars below ground) would have an
approximate overburden pressure of 0.25 MPa wherelaep tunnel (e.g. 450 meters, as in the
Aspo HRL case, see [23]) would have an overburdesspire of approximately 11 MPa. For a
shallow tunnel, deformation is likely to occur daeger rate due to low normal stress, but the
change in fluid pressure for different fracture riapes will still be in agreement with the
discussion above.

For a natural inflow test similar fluid pressurefies as for the 50um and 250um fracture could
be calculated with the difference that the natfioal measurement gives a pressure drawdown
and a possible decrease in aperture as a resukxaeple in [38]. The decrease in fluid pressure
around the borehole would increase the effectirgsstresulting in a decreased aperture in the
vicinity of the borehole that would limit the infloand influence the estimated hydraulic
aperture, see [42]. This changed aperture clogeetborehole being smaller than the aperbgre

at distance, b;< b, may result in choking the inflow. Based on thie iaf deformation being
smaller at high values of normal stress, the nhwager flow measurement is likely to give
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smaller deformations at a large depth going fronaleeady large to an even larger effective
stress.

6. Concluding remarks

This paper deals with single hole hydraulic tesaing grouting from a hydromechanical
perspective. Radial pressure profiles based oryteedl calculations without deformation are
used in a new integral parameter A that can be tsagsess the hydromechanical effects and
their implication on grouting efficiency under psese.

Earlier, the virgin normal stress and the presatitbe well multiplied by a factor have been used
to estimate an effective stress for a fractureeHtre A-parameter, which is postulated to
measure the fracture volume increase, is usecketavbat situation is most likely to deform a
fracture. Since the A parameter can be calculatied &nalytic or semi-analytic expressions of
penetration lengths and pressure profiles basedlemant input data, the approach gives a
possibility to describe and assess a complex situat

Initially, a verification of the A parameter appobeagainst results of a fully coupled
hydromechanical simulator was made. For the caseN®#wtonian fluid the study shows that the
approach is reasonable and that the A-parametegi®d measure for the fracture volume
change: i.e., the larger the A-parameter, the tatgefracture volume change, in an almost linear
fashion.

Comparing a 250um fracture to a 50um fracture, Witgh are grouted at the same time, the
ratio of the pressure integrals (A-parametersjtier50um fracture compared to the 250um
fracture would be 0.05. This means that the 2501actdre will open by a relatively larger
volume upon pressurization as compared to the S@acture. As presented here, 99% of the
grout ends up in the larger of the two fracturesaly before any deformation has occurred. An
increased pressure may result in a larger permtrigngth for both fractures but it is very
difficult to know at what time or grout volume ttop the grouting for a better sealing of the
smaller fractures. A normal volume stop criterioaynactually result in a shorter penetration and
smaller grout volume in the smaller-aperture frestdue to the largest fracture deforming and
taking more grout. Therefore, when both large andlsaperture fractures are present along a
borehole, only increasing the grouting pressur@auit increasing the grout stop volume may not
solve the problem of sealing the smallest fractuféss is in agreement with a similar approach
presented in [15]. A practical consequence preddmngehe author, which is also supported by
this paper and the A-parameter approach, is thmt gaouting stage will fill mostly, or at least to
a greater distance, only the main not already gubjdints, while the thinner ones will have to be
grouted later on.” An additional important remask[h5] is the possible closing of the thinner
joints due to the expansion of the main joints. § ithe effect of high-pressure grouting includes
the risk of uncontrolled grouting of larger fracarand insufficient sealing of finer fractures. In
case of small aperture fractures only, slight defiiron may help to increase the fracture filling
without risking too large a spreading of the grout.

A water loss measurement (injection test) as weetha grouting itself may result in local
deformation (opening) due to the local increaskuin pressure. However an increased aperture
close to the borehole due to an injection testrouting does not have to influence the
predictions on the grouting to any larger exteinzesthe fluid pressure change is local and the
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aperture further from the borehole is likely to munchanged still limiting the flow. Therefore
the lower pressure used for the water loss measumefimjection) is not likely to be a problem
even when used for predictions. This lower pressuie some way compensated by a larger
radius of influence due to the lower viscosity. BEWleough the deformation due to hydraulic tests
and grouting would differ, the hydraulic tests slddoe used to make a more informed choice
concerning what type of grout or pressure to usgghvmeans also that the initial non-deformed
conditions are of importance.

The aperture estimated from hydraulic tests is mkety to deviate from the grouted aperture at

a shallow depth than deep due to the larger defitwmeate. Further, the difference is probably
larger for natural water inflow measurements thatewloss measurements (injection). This is
due to the natural inflow resulting in a decreamstuid pressure, an increase in effective stress
and a possible decrease in aperture. A local deerieaaperture close to the borehole has a larger
influence on the estimated hydraulic apertb€/dh)than an increase [42]. At a larger depth

with higher stress and a smaller deformation tais,problem is likely to be smaller. Therefore,
from a hydromechanical point of view, water lossasw@ements may be preferable (and also
more natural) compared to inflow measurements fouting predictions at shallow depths.

As a final conclusion, using analytic expressiamsplenetration lengths and pressure profiles to
calculate the suggested A parameter provides ahjilidiggo describe a complex situation and
compare, discuss and weigh the impact of hydronmecakcouplings for different alternatives.
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Appendix A: Calculation of A-parameter for Newtonian and Bingham fluids

The A-parameter is the integral of the changeuitfpressure over the fracture plane. To
determine a pressure profile at a certain timegdsionless analyses are used. For both
Newtonian and Bingham fluids, a dimensionless patiet length, 3, is determined as a
function of a dimensionless time, LCurves relatingd and p are found in [22] for Newtonian
fluids, and in [40] and [25] for Bingham fluids.

For the Newtonian fluid (Silica sol), the paramstdsy and by are determined based on the
following equations:

12.10° 1} (AD)
ON — 2
Apb
|
oy = —> A2
o = To0r, (A2)
t —L—i-ln(lool )—£+25-10*5 (A3)
N 2 °r g4 T
ON

A certain grouting time, t, results in a penetnatiength, {, which is utilized instead of the radial
extension of the drawdown cong, to estimate the A-parameter (Equation 14, mait).t&o
estimate a flow, Q, the density of the Silica sabét to 1200 kg/fnInput data for calculations
including viscosity, 4, pressureAp, yield strengthro (for Bingham fluid) and apertures, b are
presented in Table 2. The radius of the borehg@)es10.028 m.

For the Bingham fluid, the total penetration lendth, influences the result. The following
equations are used to estimate the dimensionlestrpdon length,Js, at a certain
dimensionless timepj:

tos = 2 (A4)
%o
| _bAp (A5)
max 22_0
s =|'—B (A6)
t
tog = (A7)
tog
I
y = Loax (A8)

Further, based on equations below (see [40]), émefpation lengths(t) is used to determine
pressure profiles for Bingham fluids at time t.fBrent times are used since hydraulic tests and
grouting are not always performed for the sametdurs. In this analysis a dimensionless radius,
r’, is used.
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r=— (A9)

w
I

-~

"= . (A10)
, 2uQ
Q= rr, (AL1)
Q_ ZﬁgQ (A12)
r' abryr
o= 7(P=P.) (A13)
Ap
p(r)=r-Q-[6@)-6@/r)] 1sr<i+r (AL4)
G(a)=G(5(a)) (A15)
Initially,
~ 1
s(a)= 1 (A16)
2\/1+q -sin{3 : arcsir{(1+ q)l's]}
is calculatedg is Q", Q'/r andQ’/(1+I").
Further, these values are used in:
4 1 1 3s
G(s)_g-In(s—1)+g-ln(25+1)— s 1 @S 1f (A17)

to yield G(5(Q")), G(3(Q"/r")) and G(5(Q'/(1+1"))).

The two first values are used in Equation Al14 tedwrinep’(r’). The pressure above
groundwater pressure at the dimensiontess given byp”(r')-Ap/y (Equation A13)

Q" has to be chosen to fulfill the following conditio

7=Q’-{5(Q’)—5( Q ﬂ (A18)

1+1'

The integral of the pressure profile over the aesalts in the A-parameter.
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Fig. 3. Radial fluid pressure profiles for a 250 and 50 um fracture Ugmgeéssure changes at the well
of 0.4 MPa (water loss measurement for 5 minutes, NW in Figure) and 2 ké&r{g with a Newtonian
fluid, NS, and a Bingham fluid, B for 20 minutes). Also includgg for the Bingham fluid. a) linear r,

and b) logarithm of r.
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Table 1
Input data for coupled numerical modelling.

Type of fluid Newtonian
Fluid property, 4 [Pa.s] 0.001
Well pressure changep [MPa above 0.5
groundwater pressure]

“Penetration length” .fm] 3,5, 7
Fracture aperture [um] 250
Fracture normal stiffness, kKGPa/m] 4, 40, 400
Rock matrix modulus, E [GPa] 70

Rock matrix Poisson’s ratio,[-] 0.25
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Table 2
Input data for calculations.

Water loss  Grouting

measurements
Type of fluid Newtonian Newtonian  Bingham
Fluid properties w 0.001 Pas §10.007 g 0.02 Pas

Pas To. 1.4 Pa

Well pressure changep [MPa 0.4 2,6 2,6
above groundwater pressure]
Duration [min] 5 10, 20 10, 20
Fracture configuration 2 fractures: 50um & 250um
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Table 3

Comparison of A parameter and hydromechanical effects in a grouting prot@duwve fractures

intersected by the borehole.

b Ap Duration [ Volume % A A-ratio*
[um] [MPa] [min] [m] [m’] [Pa ]
a) Bingham 250 2.0 20.0 17.9 0.250 99.2 2.3E+08 _1.00
fluid 50 2.0 20.0 3.6 0.002 0.8 1.1E+07 0.05
250 6.0 10.0 26.8 0.564 99.2 1.2E+09 5.43
50 6.0 10.0 5.4 0.005 0.8 6.2E+07 0.27
b) Newtonian 250 2.0 20.0 23.9 0.449 99.0 2.7E+08 1.16
fluid“Silica 50 2.0 20.0 5.5 0.005 1.0 1.8E+07 0.08
sol” 250 6.0 10.0 28.9 0.654 99.0 1.1E+09 4.91
50 6.0 10.0 6.6 0.007 1.0 7.5E+07 0.32

* The underlined 250m fracture is used as a basis for comparison.
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Table 4

One fracture in water loss experiment: same pressure change, sanom danat same fluid properties,
b: 50 pm and 250 pm.

b Ap Duration re A A-ratio*
[um] [MPa] [min] [m] [Pa ]
Newtonian fluid 250 0.4 5.0 80.6 5.1E+08 2.23
“‘water” 50 0.4 5.0 48.0 1.9E+08 0.84

* The underlined 250m fracture is used as a basis for comparison.
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