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ABSTRACT: This paper des with issues relied tothe evaluation odesignparameterfrom sometypes
of in situ and laboratory tests performed, durihg geotechnical investigations, to characterize ntost
relevant geotechnical properties of the rock masksadso the actions. Some considerations regasfegy
evaluation and limit state design are presentederdketypes of Rock Mechanics tests are introducessbme
detail, and a few application examples coverindgediint Rock Engineering projects are presentechtovs
how test results can be analysed to determine vadiles to be used in the design. The followinghgplas
are shown: triaxial tests to determine the strermftlthe intact rock, a joint network study for anda
foundation, laboratory shear tests to assess #@ strength of rock joints, flat jack and overngriests to
estimate the in situ state of stress for an undergt cavern, and borehole dilatometer and larggaitk tests
to evaluate the deformability of a concrete dammétation.

1 INTRODUCTION structures that allows assessing the safety conditi

Large projects involving a significant amount Of_of the ground and of the structural elements in an

Rock Engineering v_vorks, such  as undergrounwrfg;%ﬁﬁgtic 2B%ro;§r??srzel?;edmva\mirlehr'us:\s ruslggn ![o
caverns, tunnels: high ' slopes or concrete da'%troduce safety in different' ways: by using
foundatlons,_requwe parthqlar design approaqb_es tjrepresentative values of the actioné and of the
evaluatg their safety conditions. In order to assis strength parameters, by using partial safety factor
the deslgn of these types of works, flow chartdwit at affect them, and by including safety margims i
the main steps to be taken have been put forward %Ze calculation rﬁodels
e B S P 197 ooek & 2o, " Thougi Eurocode 7 s intended 0 b apple s
: "o it o the geotechnical aspects of the design of common
gen_g 2006, Pa;l(r&str??y_& Sttgle .20?7g..|.;|'rad|t|onally, buildings and civil erl?gineering Worksg it defines
esign aims at identifying the instability sourags o O :
: - : . Principles and Application Rules that can be brough
the' failure scenarios and showing that t_he avaalablinto plgly o estabrfigh a comprehensive backgrouncgj]t
resistance forces are larger than the acting fdiges

a given amount quantified by an empirical Safen;jeﬁne the basis of geotechnical design of any kind

factor. In some cases, excessive displacements ag%sctlzucéﬂreih'ene?iﬁd'ngr(t)heecfspe(gSgﬁ’vggsdﬂglgrd?gun d
also taken into consideration. g g projects, g

An important issue concerns the approaches us‘?cdaverns, tunnels, slopes, and dam or large bridge

, i . ; . dations.
to define safety. Traditionally, in Rock Engineeyin ouna; .
the most used approach considers the definition of”USIng the_fEurocode frarﬂeV\{orktﬁnd dlog_lc ma¥
the geometry and of the parameters, leading to th ow a uniform approach o the design o

evaluation of a global safety factor. For each type 9cOteChnical structures, particularly in the cases
structure, based on the value of this factor, an&Vhen the ground is responsible for the actionshen t

according to the designers background andoncrete or steel support components or when the

experience, a statement about safety can be issued St UCtUres 'andh the grour;d r?ave to Interlt?lc_t, aS,f for
Eurocode 7 “Geotechnical design — Part 1:lnstanlce, in the case of the concrete lining of a
General rules” (CEN/TC 250 2004) introduced intunne.

Geotechnical Engineering a limit state approach to. ~'9ure 1dshpws "’:j flow chart of the Rock
safety analysis, in the same way as performedan tHe"dineering design and construction process (Lamas

other structural Eurocodes. Eurocode 7 presents % Muralha 2007), which is consistent with the limit
unified framework for the design of geotechnicals ates’ perspective introduced by Eurocode 7.



SEOLOGICAL performed. Concerning the ground properties of rock
7 masses, Eurocode 7 states that the values of the
GEOTECHNICAL ACTIONS geotechnical parameters used for design calcukation
INVESTIGATIONS should be obtained from test results, either diyect
ROCI?MASS CONSTRUCTION or through correlation, theory or empiricism, and
MODEL from other relevant data. It also refers that those
values should be interpreted according to the limit
e || e | EXPERT state considered, and to the differences betwestn te
STATES fie @l Tt KNOWLEDGE settings and to the aspects governing the behaviour
state) B of the geotechnical structure.
SAFETY Eurocode 7 determines that the selection of
CRTERA ™ v haracteristic values for geotechnical parameters
——{__Anaysis | c 9 . P
should be based on results and derived values from
v laboratory and field tests, complemented by
PrEieno] TN T S o well-established experience. The use of statistical
BEHAVIOUR LiMIT SJATES X methods to evaluate the characteristic values s no
| DESIGN DETAILING | imposed. _ o
oonsTdeTon e HONTORNG Eurocode 7 requires characteristic values to be
7 PLAN selected as cautious estimates of the parameters
[ OBSERVATION | affecting the occurrence of the limit state. Theref
the characteristic value depends on the extertseof
_,N zone of ground that affects the behaviour of the
Ll Pt geotechnical structure. If the limit state involvas
JYes failure along a large ground volume, a cautious
| operaTioN | estimate may be a selection of the mean value at a
Figure 1. Flow chart of the Rock Engineering desamd  confidence level of 95%. On the other hand, when
construction process. local failure is concerned, a cautious estimate may

be a 5% fractile (value with a 95% probability of

To establish geotechnical design requirementseing exceeded).
Eurocode 7 introduces three Geotechnical Categories Finally, design values are determined from the
to be defined prior to the geotechnical investmati  characteristic values using partial safety factors,
Geotechnical Category 1, including just relativelymay be assessed directly. For most of the paraseter
simple structures, is not relevant for large Rockequired in large Rock Engineering projects, phrtia
Engineering projects. Geotechnical Category Zafety factors have not yet been defined.
takes account of conventional types of structunes a  In the last couple of decades, the improvements in
foundations with no exceptional risk or difficuttis  computer capacities and commercial software have
or loading conditions. Some examples of structuregllowed nearly everybody to perform the most
or parts of structures complying with Geotechnicakomplex safety analyses, literally at the tip of a
Category 2, such as walls and other structurefinger. Constitutive geomaterial models have also
retaining or supporting soil or water, excavationsevolved and they sometimes require several
ground anchors and other tie-back systems, Qqsarameters that are not easy to evaluate. Defthing
tunnels in hard, non-fractured rock and not subfct relevant limit states of a given project and
to special water tightness or other requiremends afestablishing the respective adequate conceptual
more likely to be encountered in large projectsmodels is a crucial task. Contribution of expereghc
Generally, important Rock Engineering projects falldesigners for this task is essential.
into Geotechnical Category 3, which includes very Site characterization and rock testing, especially
large or unusual structures and structures invglvinin situ tests, have not experienced similar prages
abnormal risks, or unusual or exceptionally difficu The common types of tests and their governing
ground or loading conditions. principles are the same as 50 years ago. This

Eurocode 7 starts by establishing that in allsjituation is particularly felt by in situ tests. wis
geotechnical design situations it should be vatifie field conditions, involving dust, rain or high
that no relevant limit state is exceeded. Furtheemo humidity, and often no electrical power, can explai
it specifies that limit states should be verifigduse why no considerable developments have been seen
of calculations, adoption of prescriptive measuresin the topic of in situ characterization of rock
experimental models and load tests, or observdtiongnasses.
methods. The fields, where evolution in site

The properties of soils, rocks and other materialssharacterization techniques is more relevant, are
along with the actions and geometrical data, arelectronics and miniaturization, image scanning and
considered if geotechnical design by calculation igrocessing, data acquisiton and graphical



presentation, and, very importantly, testfact leads to its wide acceptance and to the
standardization and implementation of qualityincreasing relevance of laboratory triaxial tests.
systems in testing laboratories. The essential components of a triaxial test
Particular attention should therefore be paid & thcomprise a triaxial cell connected to a confining
path that starts with the results of the sitepressure and an axial load system. Due to the high
characterization and tests performed during th@ressures required, some triaxial cells tend to be
geological exploration and the geotechnicalheavy and difficult to handle. Hoek & Franklin
investigations, and ends at the correct estimation (1968) developed a simple cell (commonly referred
the parameters required to perform safety evaloatioto as Hoek triaxial cell) that only applies the
analyses. confining pressure, and can be used with a
This paper deals with the issues relating with theonventional compression testing machine to apply
evaluation of design parameters from some commoaxial force to the specimen. The main advantage of
in situ and laboratory tests performed duringthe Hoek cell is that it does not require compled a
geotechnical investigations to characterize thetmogime consuming preparation for assembling and
relevant geotechnical properties of the rock masls a dismantling the cell between tests.
also the actions. Based on the same principle, other triaxial cells
Several types of Rock Mechanics tests will beenabling axial and diametral displacement
presented in some detail, and a few applicatiomeasurements were designed. Figure 2 shows a cell
examples covering different Rock Engineeringdeveloped by Robertson Geolloging and used at
projects are used to show how test results areNEC for testing 54 mm diameter and 130 mm long
analysed to determine parameter values for theock specimens, with the axial displacement
design. The following examples are shown: triaxialtransducers (left) and the diametral displacement
tests to determine the strength of the intact rack, transducers connected to the rubber sleeve (right).
joint network study for a dam foundation, laborgtor
shear tests to assess the shear strength of ot jo
flat jack and overcoring tests to estimate theitn s
state of stress for an underground cavern, ang
borehole dilatometer and large flat jack tests t¢: |
evaluate the deformability of a concrete dang °
foundation.

2 INTACT ROCK STRENGTH

To describe the strength of intact rock under talax
conditions, the most frequently used models are t
well-known  Mohr-Coulomb and Hoek-Brown §
criteria. The Mohr-Coulomb criterion can be
appropriately used to model the relation between t
principal stresses at failure using a linear retatas
long as small ranges of the confining stresses ag 1 |
involved. Experimental results show that the fa&lur Figre 2. Triaxial cell and intenal sleeve withandietral
envelopes of several different rock types were Nnogisplacements transducers.
linear. Based on both theoretical and experimental
aspects of rock behaviour, Hoek & Brown (1980afFigure 3 displays an example of a triaxial testwit
1980b) developed a well-known non-linearmeasurement of axial and diametral displacements,
relationship between the principal stresses airail  converted into axial and transversal strains (Gobbi
For a given rock type, this relationship is2009). It refers to a triaxial test of a volcaniedcia
characterized by the Hoek-Brown parametersama  that started with a series of loading-unloadingesc
Oci (uniaxial compression strength), where the indexinder different confining stresses, namely 2, 5 and
i stands for intact rock. Along with GSI, they play 10 MPa, followed by another cycle under 2 MPa,
relevant role in the definition of the generalizeduntil peak strength. The test continued further
Hoek-Brown criterion for the strength and beyond peak strength and a final loading-unloading
deformability of jointed rock masses. The cycle was still carried out.
Geological Strength Index classification GSI (Hoek Values for mandao., which can be used as initial
1994, Hoek et al 1995, Hoek & Brown 1997) is aestimates, are available for almost all types okso
user friendly widespread methodology to assess boffHoek 2007). However, important projects require
strength and deformability characteristics of rockspecific triaxial tests to be performed to deteenin
masses relevant to perform many types of safetthe real values.
analyses with very different complexity levels. hi




The results presented by Franklin & Hoek (1970)
1 of tests performed at Imperial College were used to
] assess the dispersion of the results and its
] consequences, since they considered sets of tests
with a large amount of samples N. The values$f
and m for the mean envelope were calculated by
non-linear regression of the Hoek-Brown equation.
Then, values of the coefficients of variatiopnd® the
ratios between the experimental and -calculated
values were determined. These values, ranging from
ol ‘ ‘ ‘ ‘ o around 6 to 15%, enabled to evaluate the 95%
0015 001  -0005 0 0005 001 0015 characteristic parameters of the Hoek-Brown
Transversal Strains Aal envelopes. The main results of this analysis are
presented in Table 1.
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Figure 3. Results of a triaxial test with measunenaf axial

and transversal strains. Table 1. Analysis of the results by Franklin & Hqé®70)

. . . Rock name N oG m; %0) Ociosss Migsus
For this purpose, a statistically significant sét o (MFC,a‘ G ( °)(,v°|§,5; 95%

triaxial tests should be performed under confiningGranite (Devon) 390 216.6 199 7.10 1921 17.0
stresses that cover the expected range of stressemmestone (Block1) 29 92,5 7.36 10.27 77.7 5.37
Tests should preferably be performed under a lomiteLimestone (Block 2) 33 51.4 7.04 14.66 40.7 4.03
set of confining pressures following approximately Sandstoneferbysh) 21 61.8 '15.9 810 54.7 12.6
eometric sequence. for instance 1. 2. 5 angolerite Gorthumb) 24 2889 138 5.83 261.5 12.2
9 quence, SLance, L, 2, 9 aANY,istone(DarleyDale)23  90.0 14.0 12.94 72.6 9.60
10 MPa. Tests with no confining stress (uniaxialy,pe (Carrara) 12 906 846 562 826 721
compression) should also be carried out. This @lowsandstone (Penna 29 206.« 12.2 3.66 194.0 11.2¢

to define a mean value for each confining pressure,
and consequently to calculate mean values for thBome sets of tests presented several results for
parameters. uniaxial compression testgs£0). This investigation

In order to assess parameter variability, groups afonsidered just the average of those values, and
rock samples to be tested under all the confiningome outlier values were discarded.
stresses, includings=0, should be prepared from a  The previous examples show that significant
single long enough homogeneous rock core. Thigeductions are to be expected for the 95% strength
practice aims at reducing the number of testgnvelopes for coefficients of variation in exce$s o
required to perform simple statistical analyses] an15%, which are values that can be frequently found
allows determining the @3y anddcigsy, Values that in sets of tests. However, as mentioned above,
define envelopes with 95% probability of beingcharacteristic values have to be assigned in
exceeded. Figure 4 presents an application exampicordance with the way the limit state develops. |
of this principle to a set of triaxial tests on @& the case of intact rock strength, it may lead to
granite (Muralha 2008). The severe reduction of theonsider a cautious estimate of the mean valueesin

95% envelope is a consequence of the highailure surfaces in rock masses can be very large
dispersion of the test results that display a ecoefit

of variation of 27%.

3 JOINT NETWORK STUDIES

140 Joint network studies are inevitable in geotecHnica
projects involving rock masses, whether it is a
tunnel, an underground cavern or a dam. The study
of the joint network of a dam foundation rock mass
will be presented. The general methodology to
evaluate the relevant parameters will be pointad ou
using the results of a study performed in a schsto
rock mass for a 95 m high concrete dam as an
example (Muralha & Grossmann 1994).

As for all other rock mass characteristics, the
determination of the jointing parameters also
requires some kind of sampling. The planning of a
joint network study starts with the definition dfet
Figure 4. Results from a set of triaxial tests méigsic granite. ~ locations where joint parameters are to be measured
This sampling should try to be statistically unifor
Sampling locations should cover the whole rock
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mass in a uniform manner; in other words, each The characteristics to be registered for each joint
point of the rock mass should have the samare the geologic type, the attitude (strike and),dip
probability of being considered as a samplinghe length of the intersection with the observation
location and sampling should also cover all ategid surface, which may not be the fully visible, as
in a uniform way in order to minimize the effecfs o sometimes the discontinuity surface extends beyond
sampling bias. the limits of the observation surface, the mean

Physical limitations to the choice of the samplingaperture and the type of its filling. Other featyras
locations almost always make it impossible to abtai the depth of occurrence (if the observation surface
a uniform sampling of the jointing. These difficak  a borehole wall or core) and the relation with othe
increase when rock exposures are scarce and thergaints that are cut by or end at may also be ressbrd
just limited access to the interior of the rock mas In the case of the dam foundation example, not all
particular to the zones where the works will occur. of the 12 existing adits (6 in each bank) were

To correct the sampling bias related to the lack oselected for the joint network study. On the left
uniformity in the covering of all attitudes, severa bank, adits GE1.1 in the upper part of the slopg an
statistical techniques have been developed (P&iest GE6.1 in the lower were chosen, whereas in the
Hudson 1981, Grossmann 1984, Priest 1993)niddle section adits GE3.1 and GE4.1 were selected
Basically, the probability the considered sampling(top of Figure 5). This option was taken because th
would detect a joint with a given attitude, if the geophysical survey revealed the occurrence of a
attitudes of all joints in the rock mass followed aweaker zone around mid-height of the margin and,
uniform distribution is used. furthermore, those 2 adits were not very long. in t

The most common observation surfaces for aight bank, 3 adits were picked: GD6.1 in the lower
joint survey correspond to geometrically well part, GD4.1 in the middle and GD2.1 in the upper
defined domains: boreholes, scanlines and plangart of the bank (bottom of Figure 5). The same
surfaces (circles or rectangles). Since thdigure reveals the location of the 40 (20+20)
determination of the attitude of joints alongobservation zones on the walls of the adits and
boreholes is only possible using TV cameras draf t shows that they are placed along a wide range of
core is oriented, in most cases scanlines or plardirections rendering a uniform spatial covering.
observation surfaces are used.

For a dam foundation, the joint survey should try
to sweep the whole valley cross-section, i.e., th
upper, middle and lower parts of both banks. Irheac
of these zones, sampling should look not only at th
dam foundation area, but also at the adjacer
downstream and upstream areas, covering the ro
mass volumes around the dam pressure bulb and t
grouting and drainage curtains. Furthermore, itsadi
and/or boreholes are available, the sampling shou
also cover the evolution of the jointing from the
surface to the interior of the rock mass. Howeusr, /
explosives are used to execute the adits, carddshot
be taken with blast induced joints. |

As a result of the application of these general:
principles, the jointing study for an ordinary dam
foundation can easily comprise up to 50 sampling
locations. Due to the variability of the jointing
parameters, around 30 joints should be sampled
every sampling surface. Consequently, joint networ
studies often sample in excess of 1000 joints
Therefore, thousands of pieces of information hav
to be collected during the field survey, usuallyglen
difficult conditions. Therefore, joint sampling &
demanding and time consuming task.

At each location, measurements should includ
all joints intersecting the chosen observationaef L] %\,— -‘
Joints with small intersections (trace lengths)ustho ““‘
not be disregard. It is also important to record th \ A '
characteristics of each joint and not to considlat &  Figure 5. Locatlon of the observation surfaceshm\ adits of
certain joint is like the previous one, which isPoth margins.
common practice for schistosity or foliation planes
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\
\
\




At this dam location, all observation surfacesidentifies the orientation of the maximum dispemnsio
were rectangles. The size of the majority of thensince it is not likely to be oriented along thekstror
was 3.75 i (2.5nmx1.5m). The joint survey covered the dip.

a total area of 144.2571{70.5 nf on the left bank
and 73.75 rhon the right). In comparison with the
whole volume of the dam foundation, the rock mas:
volume sampled for the jointing study was extremely
small (less than 0,1%). Even so, this particuladt
provided the description of more than 1800 joints.

The principal joint sets of the rock mass were
determined using the following methodology
proposed by Grossmann (1977).

It starts with the study of each one of the
observation surfaces, for which it may be assume
that they are homogeneous as regards the joirding; - !
this stage, the joint subsets of each zone areetfi A i .
and no joint is discarded, even if it does not ifatid o
the most important subsets; the study establidiees tFigure 6. Example of an equal density stereograplutfor a
mean attitudes of the joint subsets based oiintstudy.
statistical techniques and equal area projections. . o )

Afterwards, larger zones in the rock mass for whichfhe intensity of a joint set describes the degree o
it still may be assumed that they are homogeneou8inting that it induces in the rock mass,
are defined; to study those larger rock mass zoneldependently of the individual extent of each
the corresponding discontinuity sets are obtained bdiscontinuity surface. So, the intensity is quaedif
grouping the discontinuity subsets of the smalPy the sum of the areas of the discontinuity sedac
zones, and not directly from the data collectethat Of the set which occur in a unit volume of the rock
sampling locations. The previous step may bdnass, and its units should bé/mr. Under certain
repeated using now larger zones gathering stiparticular conditions, the intensity is the inverde
homogeneous rock mass volumes. The homogeneiffe spacing. The intensity or the spacing of atjoin
assumption has to be checked each time the samplig§t: along with the area, are very important
volume is enlarged. The advantage of this procedure@rameters, as they determine the persistencenand t
is that no conditions of equal representativermss) ~ €xtent of the joints. Ordinary computer programmes
as a similar sample size or sampling quality, tave do not take in consideration these parameters, and
be imposed to the different sampling locationd}, sti the persistence of joint sets is only qualitatively
at this stage, no joint is discarded, even if iéslaot described, for instance, stating that the tracgtken
belong to the more significant joint sets. Finally,fanges between 2 and 4 m.

after defining the joint sets of the whole rock mjas  The results of the joint network study revealed

or of its homogeneous parts, the parameters @tjtu that the most important joint set presented a mean
intensity, area, aperture, etc.) of all occurriognj  attitude of N68W; 74°NE. It corresponds to the

sets are calculated. schistosity planes and will be referred to as XisTh
For the current case, the first step of the joini0int set is responsible for around 50% of theltota

system study was the definition of the joint supsetiointing in the whole rock mass. With a 25%
for all 40 observation surfaces starting with tseal ~ contribution to the jointing, discontinuity set Mttv
equal density stereographic plots (Figure 6). Tien, & mean attitude NE; 83NE is the second most
a second stage, the resulting subsets were groupkgjevant. Only these 2 joint sets occur in the whol
for each adit; in a third step, the resulting jasets fock mass. With a lower degree of relevance, sévera
were grouped for both banks; and finally, the setSub-horizontal discontinuity sets were also de_tbcte
obtained for each bank were grouped for the whol@n each bank. On the left bank, a sub-horizontal
rock mass. joint set (mean attitude N7B; 34NW) accounts for
The different geometrical parameters of the join@bout 25% of the jointing in that slope. On thentig
sets have to be described in a statistical maraser, bank, the horizontal joints are even less important
they usually show some dispersion. and the joint set with the mean attitude RES
The distribution of the attitudes of a joint sehca 22°SE is responsible for only 7% of the jointing in
be modelled by a bivariate normal distribution be t that slope. The sub-horizontal sets will be glopall
tangent plane at the mean attitude (Grossmanigferred toas H. o o
1985). This distribution requires five different ~The parameters of the statistical distributions of
parameters for its definition, namely, the strikela the attitude, intensity and area of joint sets Xand
the dip of the mean attitude, the maximum and th&! are presented in Table 2.
minimum standard deviations, and the angle that




Table 2. Parameters of the most relevant joint sets Preferably, in situ direct shear tests should be

Jointset  Stke  Dip Intensity  Area performed. However, they are time-consuming and

< 2(9)4 7: I)\IE (m5/T) (T4) expensive and therefore only very few can be

v 17 83 SE 58 10 performed, which makes it impossible to estimate

H (leftbank) 256 34 NW 26 29 the shear strength parameters with any statistical
H (right bank) 16 22 SE 0.¢ 1.5 significance. To overcome this impracticality, & i

preferable to execute a series of laboratory shear
Geometrical data referred to in Eurocode 7 are thtests on joints from the same discontinuity set.
level and slope of the ground surface and of the The basic principle of a joint shear tests is to
interfaces between strata, the water levels, theubject a joint sample to various normal stresges a
excavation levels, and the dimensions ofto determine the shear stresses required to cause
geotechnical structures. The geometrical parameterertain shear displacement (ISRM 1974; ASTM
of the joint sets are not mentioned, though they ar1995). Since the purpose of these tests is to atealu
very important to a number of limit states thatwcc the relations between the shear and the normal
frequently in Rock Engineering projects. In theecas stresses at failure, several different normal sags
of rock blocks falling from the roof of underground have to be applied. If each joint could only beeeds
excavations, attitudes of the joint sets are ctuciaunder a single normal stress, a large amount of joi
parameters to be considered in any safety analgsis. specimens would have to be tested. So, particular
the case of blocks sliding from excavation walls omulti-stage test procedures can be followed to
along natural slopes, joint set attitude is moreevaluate the shear envelope from a single joint
important than the shear strength of the jointgWittke 1990).
(Muralha & Trunk 1993). The shear test of a joint sample consists of a
Geometrical parameters of joint sets demand, nateries slidings (usually 4 or 5) at different norma
just the appraisal of the mean attitudes, but Hiso stresses, which are kept constant during eacglidi
same judgement about the dispersion of the atstudd he first sliding, or shearing, takes place undher t
of the joint sets. In the case of sliding blockelep lowest normal stress and the following slidings are
frequency plots (Figure 6) frequently show that theperformed under the remaining normal stresses in an
joint set dispersion is higher than 10°, which carascending order. So, each sliding is carried odeun
make the whole difference in stability conditiof, a normal stress larger than the previous. All stdi
instance, if schistosity surfaces dip in averaged0 start with the two joint halves being reset in thei
a slope. mated original position. This practice minimizes th
Regarding the occurrence of falling blocks,influence of successive repetitions that wear o j
design is usually performed considering that thesurface breaking joint wall asperities and reduce
joints are so persistent that they extend from side roughness. To further decrease this inconvenidint, a
side of the excavation roof, and thus are abletmf debris is carefully removed from the joint surface
the largest block possible. Since the probability oprior to each sliding.
occurrence of joints with large areas is low, thiat] Moreover, normal stresses are chosen as a
probability required for a large block to matedali geometric sequence over the range of stresses that
is certainly very low, which renders the assumptioraire expected to be found in the project, for instan
of the largest block quite conservative. For thes@s in the example of a shear test presented irré-igu
situations, if intensity and persistence propertés 7, where the results of a joint shear test are
the joint sets are not considered, the designtenitl  presented. Barton’s well known shear model (Barton
to define heavy supports. 1973), with its log relation between JCS and the
normal stress, seems to support this practice.
It is common practice to sample joints for shear
4 JOINT SHEAR STRENGTH tests from borehole cores. These type of samples

Certain projects require the design of geotechnic E{Lresent several drawbacks. First of all, frequently

works in rock masses where stresses are relative
low when compared with the intact rock strength. Iq
these cases, stability is structurally controlled b
sliding of individual blocks on their limiting
discontinuities (joints, bedding planes, shear spne
faults, and cleavage or foliation planes). The ysisl
of this type of limit state requires the estimatiain
the shear strength of the rock joints, which isallgu
performed by means of shear tests (Goodman 197ﬁh
Hoek & Brown 1977, Muralha 2007).

ey display small areas (around 50%gnsecondly,
Mey present oval shapes, in which the sample tlengt
s difficult to evaluate, and the border regiondhe
middle zone of the samples do not play any role in
the mobilization of shear strength; finally, oval
samples with lengths greater than 10 cm are ngt eas
to obtain and so joint roughness may not be
adequately represented
It is advisable to sample a statistically signifita
mber of joint samples that enables the evaluation
of characteristic values for the shear strengths Th
implies the determination of the mean shear strengt



and the respective standard deviation. The analysis It is very important to carry out all tests undee t
of several groups of joint shear tests from diffikre same normal stresses, in order to perform simple
types of rocks showed that coefficients of varmatio statistical evaluations to determine the averagarsh
higher than 30% are very common, and smallestrengtht and standard deviatiopn f®r each group of
values around 10% are only found for particulantoi slidings at the same normal stress. These val@es ar
sets with very low roughness, such as schistosity gresented in Table 3.
foliation planes (Muralha 1995).
Table 3. Values of the average shear stremgthd respective
standard deviation $or each normal stress.

On Joint set ) Joint set \ Joint set |

T S T S T S

0.5 0.489 0.094 0.405 0.073 0.537 0.119

1.0 0.875 0.129 0.748 0.145 0.952 0.194

1.5 1.241 0.168 1.083 0.197 1.346 0.264

2. 1.59¢ 0.21€ 1.40% 0.26: 1.73C 0.343

Shear stress (MPa)

Assuming that, for each normal stress, the shear
strength of the joints from a given set follows a
normal distribution, values with 50 and 95% of
5D ‘ : ‘ probability of being exceed are easily computed,
i 0 - 55 56 %5 &0 enabling to define average and characteristic finea
Shear ispieemeni ) envelopes. Figure 8 presents this evaluation ﬁot_ jo
05 MPa —— 10 MPa —— 20 MPa —— 4.0 MPa set V, and Table 4 displays the values of the finea
envelope parameters (apparent cohesion ¢ and
40 friction angle ¢ for the average and 95%
characteristic shear strength values of each gant

3.0

25

20 |

\
N =S

>?’

Shear stress (MPa)

0.0

Shear strength (MPa)

1.0 2.0 3.0 4.0 5.0

Normal stress (MPa) 0.5

Figure 7. Results of a joint shear test.

) 0.0 0.5 1.0 L5 2.0 25
If possible, laboratory tests should be performzd t

estimate the shear parameters for a given joint se
defined during the joint network study. This meand-igure 8. Average and 95% characteristic linearetpes for
that a number around 16-20 joint samples from each€ shear tests of joint set V.

joint set should be collected in situ specificdiy

this purpose. linear envelopes.

This _stra_tegy W,as followed in the site Average paramete 95% characteristic valu
characterization studies for the dam presented as X v H X Y] H

example for the joint network survey. In this case, = ¢  0.128 0.077 0.148 0.044 0.053 0.078
portable drilling rig was used inside the explorpto tge 0.739 0.667 0.795 0.605 0.463 0.547
adits to extract 150 mm cores containing purposely_@® 364 337 38f 31z 24t 287
chosen joint samples pertaining to the 3 majortjoin ) _

sets (X, V and H). This sampling procedure allowed’alues in Table 4 show how the higher standard
to perform 54 |ab0rat0ry shear tests (18 OrfjeV|at|0nS of JOlnt set H, which presents the Iatge
discontinuities from the sub-vertical set X, 20nfro average values of c andp leads to 95%
the sub-vertical set V and 16 from the sub-horiabnt characteristic values lower than those of joinbget
sets referred to as H). The areas of the jointewer Once again, defining characteristic values has to

around 200 Cﬁ) and the normal stresses appliedtake into account the site SpeCifiC features that
during S”dings were 05' 10’ 1.5 and 2.0 MPa. caused the limit state to be analysed. If the ffailu
mechanism involves very large joints, they can be

Normal stress (MPa)

Table 4. Values of the average and characteriatiameters for




defined as cautious estimates of the mean she&FJ tests are presented in Table 5, and the results
strength. As an example, if characteristic valueshe STT tests are presented in Table 6.

were chosen for joint set V considering the lower

bounds of the 95% confidence interval for the mea
shear strength, the apparent cohesion and thefrict
angle would be 0.070 MPa and 31.3°, respectively.

5 IN SITU STRESSES

Release of the in situ stresses is often the mo
relevant action in underground projects. It can bg
stated that in situ stresses are the most elusiy
parameter to be determined, as all experiments
techniques are not reproducible, and stresses ar
highly influenced by rock mass heterogeneities suc
as differing deformability zones and faults.

Several field methods are available to determing
the in situ state of stress (Cornet 1993). As & cas .
history, an example is presented, where overcoringg 7 .
and flat jack tests were both performed, and aifipec [~
methodology was used for global analysis of the tes:
results, in order to obtain the most likely stréskl
(Sousa et al 1986, Muralha et al 2009).

The project is the repowering of a hydraulic
scheme with a new powerhouse in an 80 m high a

Figure 9. Location of the adits.

. . n1’jable 5. Results of the small flat jack tests.
30 m diameter shaft. The tests were carried out :

. ) | Location 1 Vertical stress 0,=3.46
taking advantage of the existence of adits used Horizontal stress 0,=3.61
during the excavation of the existing powerhouse Inclined stres 045=1.85
(Figure 9). In one of these adits, two locationseve Location 2 Vertical stress 0,~1.91
selected; location 1 was situated at about the same Horizontal stress On=3.31

Inclined stres 045=4.32

height as the river bed, at a depth of 95 m and
around 120 m from the river axis; location 2 wasT ble 6 its of th ,
situated around 225 m from the river axis, at afdep 122i¢ 6. Resuilts of the overcoring tests.

of about 130 m and at a level 20 m higher than Soréhcle  Depth(m) Streg('agc(",\),,ag, gﬂ:&:gﬁ!

location 1. At location 1, three small flat jaclste STT1 1255 m 1,97 143/18
(SFJ) were performed on an adit wall displaying an 2,01 45/21
attitude approximately perpendicular to the rivar; 6,21 269/6:
the same location, three overcoring tests with STT STT1 14,85 m 0,34 6/26
cells were performed inside a short borehole STT1, P 1aolss
perpendicular to the adit wall and dipping°4%t STT1 715 m 538 97/42
location 2, three flat jack and two overcoring sest ' 2,90 352/16
were carried out. Borehole STT2 for the overcoring 7.51 246/4¢
tests was also perpendicular to the wall and dipped STT2 5,35m 2,21 252/7
also 458. The orientations of the adit in locations 1 2,57 157/32
and 2 are approximately perpendicular. 3.4¢ 352/5.
Small flat jack tests, though very reliable, only STT2 9,60 m 11é§8 1;2;2'0
allow determining the value of a single stress 7.4 348/4¢

component. In both locations, the flat jack tests
rendered vertical, horizontal and inclined ¥8tress 14 consider the influence of the geometric

components. On the other hand, the results of thg,jitions in the overall state of stress, andiotly
overcoring tests provide the complete stress tens‘i)r'iterpret all the results from these tests, a globa

(three normal and three shear stresses). model is required. It has to reproduce the actual
At the end, the test results were 6 (3 in eachy qin topography, which resulted from the eroding

location) normal stress values and 5 stress tef80rs 5¢tion of the river throughout geological times.

in location 1 and 2 in location 2). The global 88 ¢, thermore, the tests results do not replicate

of these results requires a global interpretationleh directly the natural state of stress, since they ar

able to relate values obtained at different loc®io nq,enced by the proximity of the adi’t

by different testing techniques. The results of the '



To begin with, a FLAC (ltasca 2005) 2D

It is a 106100 nf 3D model using FLA& with

numerical model was used to represent the eroding unit width, centred at the adit in location hglta

action of the river. Figure 10 displays the modad g
with the terrain topography before and after therri
eroding effect. This figure also shows that boterri

2006). Grid blocks are 0®.5x1 m’ and the
approximate shape of the adit is also modelled
(Figure 11). The stresses applied to the boundary o

banks were modelled, because terrain topography this model were the stresses resulting from eaeh on
not symmetric. This geometric feature did not allowof the actions referred to in equation (3) at thee

reducing the size of the grid, taking advantage oplaces. The outcome of the 3D model enables the
symmetry conditions, and thus forced the grid to bealculation of the remaining stress components

more refined close to the river bank in the zoneletermined by the tests at location 1.

where the tests were performed.

Figure umerical model (2D) wi

. e terraipagraphy
before and after the river eroding effect.

The following assumptions were considered in this

model:
— plane strain conditions;
— the terrain prior and after erosion by the rixger
represented by the profiles of Figure 10;
— the initial vertical stressgye, prior to valley
excavation, varies linearly with depth;
— the horizontal stresses,r andonor, respectively
in the plane of the model and normal to it, proor t
valley excavation, also vary linearly with depth;
— Oven Ohor aNd0nor are principal stresses.

Taking the unit weight of the rock magsqual to
27 kN/
surface of the ground prior to river erosioter, Ghor
andoyor are given by:

Onor=ksyh (1)
If each of these stress components is considered

Ohor = K1 Y h, over = k2 Y h,

I8 Eeass
2esses e

/T/ T PH P
Figure 11. Numerical model (3D) with the adit nksration 1.

The computation of the parameters k- and k by

the least squares method rendered the following
values, respectively: 0.60, 0.91 and 0.75. Witlmthe

it is then possible, to estimate the state of steds
any location in the rock mass, namely around the
shaft of the new powerhouse. This variation is
presented in Figure 12, which displays the endltresu

and h as the depth measured from thef the global interpretation model.

This example demonstrates the importance of the
global interpretation model in the averaging of the
results of any set of in situ stress tests. Withenut
interpretation model it would be hard to apprafse t
smte of stress considering separately the resillts

acting separately, the following 3 loading cases Eeach test. It should be stressed that planningnthe

(i=1,2,3) are applied:

Ei - ohor=Kiyh oye=0 Gnor = 0
E> - 6hor=0 Over= ko yhonor=0 (2)
Ez - Ghor=0 Gver = 0 Onor = kay h

The components of the state of stress from th
overcoring tests and the results of the stressas fr
the small flat jack tests in location 2 may be
calculated for each individual loading case ushmg t
principle of superposition of effects. Still, inclation

1 the state of stress is influenced by the adihoyg

and so a second numerical model was developed.

situ stress tests compels the interpretation mtudel
be already foreseen at that stage.

Sometimes, long and expensive boreholes are
able to reach the rock mass around an underground
excavation, but in other cases depth makes it
gnfeasible. These difficulties may be overcome by
performing additional tests as soon as exploratory
access adits reach the excavation zone, namely flat
jack tests, and in this way update the values ef th
stress field.

As in the example presented, the number of in
situ tests performed during the site characteonati
stage to support the design is generally very scarc



410 T applied pressures. Dilatometer tests can be more
' widely used since they involve lighter equipment
and so are less costly; however, explored rock mass
volumes are much smaller, never beyond 0*2 m

The issue of the rock mass volumes tested by
both methods is directly related with the joint
frequency and persistence, and with the
representative elementary volume REV concept. The
best approach to conciliate and optimize these
advantages and drawbacks is to perform a few large
flat jack tests in each river bank, to cover theolgh
foundations with dilatometer tests, and to coreelat
all the results gathered from both testing techesqu
Results from large flat jacks tend to representebet
rock mass deformability while dilatometer tests
allow a statistical description.

Flat jacks are thin hydraulic jacks, 1.25 m long
and 1 m wide, with a semicircular end, consistihg o
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They are inserted in a 7-10 mm slot sawn in a rock
mass exposure. After installing the flat jack imsid
the slot, pressure is applied inside the jack dnad t
slot widening is measured by four displacement
transducers placed inside each flat jack.

Lo A LFJ test can be performed with a single jack or
S with arrangements of two or three parallel jacks,

- St MP ;
280 resses (MPa) according to the rock mass REV. As a rule, tests ar

Figure 12. State of stress along the direction gredjcular to performed with two flat jacks.
the river around the new powerhouse. Tests consist of a set of loading-unloading cycles
to increasingly higher pressures. At the tip of the

Sg’ |ttd<:es hot a_II%v_\Il_tma’l‘ilng any statistical Inf@/@ g, tansion stresses may appear during the ifests
about stress variability. As a consequence, vafies o "resqyre exceeds the in situ stress perpeadicul
the in situ stresses to be used in design haves to lg

. . . ; o the slot plane plus the rock mass tensile sthren
carefully defined and it is advisable to use avBla o e 13 presents the pressure versus av?erage
mean results and to perform some Jud|C|ou§jiS

. ; placement plot of a LFJ test. At the beginnifig o
sensitivity analysis. the test, the rock mass displayed a stiffening
behaviour resulting from the closure of rock joints
that previously had widened due to the sawing ef th
6 ROCK MASS DEFORMABILITY slot. In the last loading-unloading cycle, the ogif®
Evaluation of rock mass deformability is usuallyoccurred. The graph shows an increase of rock mass
made by in situ tests that apply loading-unloadingleformability, revealing that a tension crack
cycles to establish its stress-strain behavioure Thdeveloped at the tip of the slot. Subsequently, the
most common tests are borehole expansion testsst was completed with a final cycle up to the sam
with flexible dilatometers or with borehole jacks, pressure and with a 60 min creep stage.
large flat jack tests and plate bearing tests {&/itt Since positions of the displacement transducers
1990). The development of these tests occurre@ sinare well defined, and assuming elastic and isatropi
early Rock Mechanics years, and was driven by thbehaviour for the rock mass, the Young’s modulus
geotechnical investigations for dam foundationsmay be easily calculated for any given stress
Field studies almost always include adits andvariation, with the help of an interpretation model
boreholes, which enable performing tests in Figure 14 shows the evolution of the first loading
reachable rock mass zones and in inaccessible.zonesodulus with the applied pressure. The increase of
An example of the application of large flat jacksthe moduli in the first cycles (up to 1 MPa)
(LFJ) and flexible dilatometer (BHD) tests will be underlines the initial closure of joints in the koc
presented (LNEC 1983). mass; the moduli decrease in the last cycle (betwee

Large flat jacks are reliable tests and have thé.5 and 2 MPa) reveals the development of a tension
considerable advantage of probing a large rock massack.
volume, around a few cubic meters, though they are Unloading and reloading moduli, also shown in
time consuming and expensive, but cheaper thakigure 14, are not affected by the initial joint
plate bearing tests for the same tested volumes amtbsure, but the influence of the tension crack is

Fhidirsy s
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310 |

300
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noticeable. Average unloading-reloading modulus islirections are equally spaced at 45° angles. When t
often wused to characterize the rock masslilatometer is positioned in a borehole, the
deformability. positioning rods allow determining the attitude of
the measuring directions.

Loading-unloading cycles are similar to those
presented for the LFJ tests. Generally, three sycle
up to increasingly higher pressures are performed.
During the cycles, pressure and displacement
readings may be taken continuously. However it is
very important not to increase pressure continyousl
but in stages. This procedure ensures that the isest
not hastily performed and enables to take correctiv
precautions if the rock mass deforms too much and
displacements are high. In such cases, unloading
would be initiated as soon as possible and the
remaining cycles would not exceed the highest
pressure applied until then.

Similar to other deformability tests, direct result
of a BHD test are the four graphs presenting the
Figure 13. Pressure versus average displacemenofpiolLFJ  relations between pressure and the respective
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test. diametral displacements (Figure 15).
Presentation of the results of a LFJ test as inr€ig
14 allows designers to pick up the Young's modulug  ° |
according to the stresses that are expected forth 8 [~ 1 g ]
project. o S N S Yy /4 S
S
3.5 Sl PSS SIS ]
/\' g > [
30 /%//\’ 2 4 DY/ /ol e e
o 4 — Direction A
25 1 o | | — Direction B
@ 20 | | — Direction C
T 2
o 1 — Direction C
w 15 0 1
1ol @ First loading 0 20 40 60 80 100 120
' —#- Unloading Displacementy(m)
05 ~*~ Reloading , _ Figure 15. Pressure versus diametral displacenggaphs of a
Average unloading and reloading borehole dilatometer test.
0.0 L L L L L L L L Il L L L L Il L L L L Il L L L L
0.0 05 10 15 20 23 Measurement of the four diametral displacements
Maximum pressure (MPa) allows to evaluate if the rock mass displays any
Figure 14. Young’s moduli as a function of appligéssure. anisotropic behaviour However, this assessment can

be demanding, as, usually, in geological surveys,

Preparation of the LFJ tests is time consumingt so boreholes are executed along different attitudes.
seems important to take the maximum amount of The next step is to calculate the average diametral
results from them. So, it is advisable to perform alisplacements and to plot these values against
creep phase at the end of the regular test (FibBre pressure. Assuming, again, an elastic isotropic
Simple interpretations of the creep test results cabehaviour for the rock mass, similar dilatometer
determine if the rock mass displays significaniglon moduli for the first loading, unloading and relaagli
term deformations that might be a concern for theycles can be determined in the same way as for LFJ
design, in which case they should be taken inteests.
consideration. In dilatometer tests, the applied pressures induce

BHD flexible dilatometer is an apparatus thata hoop tensile stress all around the borehole vall.
uses a flexible rubber membrane to apply a unifornfractured rock masses, these tensile stresses may
radial pressure to a 76 mm borehole stretch ancause the opening of some joints approximately
measures the borehole wall displacements in foysarallel to the borehole axis. Consequently,
diametral directions using transducers that contacfilatometer test results are influenced by joint
directly with the rock (Lamas et al 2009). Thesefrequency and deformability, and may reveal certain



variability. This is one of the reasons why thesgt t values were referred. It should be borne in mirad th
results are referred to as dilatometer modulus. the definition of the way how characteristic values
The evolution of the dilatometer moduli with the are obtained is not intrinsic to the ground propert
applied pressure is plotted and included in thé teslescribed by that parameter. It must take into
report, as in the case of LFJ tests. These reardts account how that property affects the occurrence of
presented to the designer that is allowed to choodbe limit state under analysis.
accordingly with the project circumstances that are The concepts recently introduced by Eurocode 7
to be considered and analysed. Nonetheless, a&singhto Geotechnical Engineering are well established
value for the dilatometer modulus, corresponding t@oncepts, used since long by structural engineers.
the average unloading and reloading modulus, & aldVlany geotechnical engineers, mainly with a Civil
forwarded for each test. Engineering background and often working mainly
Joint presentation of the dilatometer moduli forin Soil Mechanics problems, have already introduced
all BHD tests in a geotechnical investigation akow these concepts in their way of performing the gafet
a global statistical perception of the results.uFeg assessment and design of geotechnical works. Many
16 presents an example for a grey-schist rock maseck engineers have also followed the same path,
that easily shows that there are no particulaalthough they encounter obstacles and problems due
variations between different boreholes, and withto the inexistence or inadequacy of some Eurocode 7
depth along the same borehole. provisions to several features required in Rock
Engineering projects. However, the present status
quo will be certainly overcome with the continuing
application of these concepts to the field of Rock
Engineering and with the resulting contributionatth
rock engineers will have to deliver.

Dilatometer modulus (GPa)
0 1 2 3 4 5
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