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Abstract. The most relevant action in the design of undeugd projects is often the

release of the in situ stresses that occurs dutirggconstruction stage. Several different
field methods are available to measure the in state of stress. Some allow the
evaluation of the complete state of stress at @migoint, while others only supply a
single stress component. Interpretation of testulissis seldom straightforward. The

paper presents a global methodology for the evatuabf the most likely natural stress

field given a set of in situ test results. Someedaistories are presented as application
examples. The first example deals with the casanofinderground powerhouse where
high horizontal stresses were determined by ovengotests, which were later confirmed
by flat jack tests performed during the constructiof access adits. A second one
considers the analysis of a testing programme wloercoring and flat jack tests were

both performed at different locations during thetiad testing programme. The last one
refers to the results of overcoring tests in theinity of existing underground caverns,
which have to be adequately considered in ordeestbmate the natural state of stress.
Global interpretation models are required to tramsh a set of point wise test results
into a comprehensive stress field to be used imgdesnalysis.

1 INTRODUCTION

In situ stresses, or more precisely the releagbein situ stresses, are often the most
relevant action to be considered in the designmotiaderground work. It can affect the
location and orientation of the cavern or tunnék whole layout of the project, the
design of the support, as well as the construatiethod used.

Several factors influence decisively the in sittesses in rock masses and render its
characterization a difficult task. These factorgluide lithological and deformability
heterogeneities, topography and the existence afyeexcavations, the action of water,
the mechanical properties of rocks or even theoastof man. Owing to these factors, the
state of stress presents a significant spatialabdily and its characterization requires
execution of in situ tests using the most apprderitest techniques and a global
interpretation model for analysis of the obtaineduits.

Several authors present descriptions, limitationd fields of application of existing
test techniqué®, which are usually grouped as follows:
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— methods based on hydraulic fracturing;

— methods based on the complete stress release;

— methods based on the partial stress release;

— methods based on the observation of the rock in&isaviour.

LNEC uses small flat jacks (SFJ), when there igdimlaccess to the rock mass inside
adits or wells, and a 3D cell (Strain Tensor Tub8TT) to perform overcoring tests,
when the zones of interest can only be reachedyusineholes.

SFJ is a method of partial stress release. It stsi&n cutting a 10 mm slot in a rock
mass surface with a circular disk saw, introducanfiat jack in the slot and applying a
pressure until the deformation caused by openinghefslot is compensated. A single
stress component is obtained.

STT is a complete stress release method that alteteyrmining all stress components
at a given location using a borehole overcoringhegue. STT cells are 2 mm thick
epoxy resin hollow cylinders with 10 embedded strgauges at its mid thickness,
sampling homogeneously the 3D splacéhe cell is cemented in a 37 mm diameter
borehole and the in situ stresses are released/éncaring with a larger diameter, thus
obtaining a 120 mm diameter core. Strains are nredsioefore and after overcoring and
the stresses are calculated using the elastic aotssbbtained in a biaxial test of the
recovered core with the STT cell.

2 GLOBAL MODELSFOR THEIN SITU STRESSESIN ROCK MASSES

Tests for determination of the in situ stressesdok masses are usually scarce in
numbers and their results, due to the point wiséureaof stress, only allow to
characterize the state of stress, or in some cas¢ssome of its components, in the
precise locations where they are executed. Afteritherpretation of the results of each
test (as in STT tests), or of sets of tests (aSHJ tests), it is useful to apply global
models that integrate the results from variousstgstrformed in different locations.
These models are used to assess the influenceeah#in factors that affect the stress
distribution in rock masses, namely the ground ameftopography generated by tectonic
or eroding processes, the existence of undergroursdirface excavations, as well as the
heterogeneity and the variability of the mechanipedperties of the rock mass. The
influence of these factors can be considered jpintiseparately.

Global interpretation models start by establishanget of assumptions regarding the
stresses in the rock mass. In some cases, bas#t grarticular geometric conditions of
a given problem, it may be reasonable to set fodwsome assumptions regarding the
directions of the principal stresses. Assumptioegarding the variation of the stress
components may also be justified. It is common tmsider that the vertical and
horizontal stresses increase linearly with deptimces the stresses are, in a large
proportion, due to the weight of the overlaying wnd. However, it also possible to
consider other types of relations that take intooaat different factors, such as tectonic
induced stresses.

The global interpretation models used in the aredysresented in this paper are based
on the following assumptions:

— The natural in situ stress is calculated for aitial situation, prior to the
disturbance in the stress field caused by sigmtidapographic changes, such as
the excavation of a deep canyon by a river, or eduby any underground
excavations in the area of interest.

— The principal initial in situ stresse§ are zero at the ground surface and vary with
depth. Generally a linear variation is considereg®—= k; y h, wherey is the unit
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weight of the rock masd is the depth angis an index that takes the values 1, 2
and 3.

— One principal initial in situ stress is verticalnd therefore the remaining two are
horizontal.

The existing natural stress field results from thiéial stress field, characterized by
the parameterk;, and from the effect of the superficial and undeund excavations that
disturbed the initial conditions. It is calculatédrough the application of analytical
solutions in simple problems or, in the more complases, using 3D numerical models.

The parameterk; are determined from the measured stress componbtaged in all
in situ stress measurements, which may have beeiedaut in different locations and
using different methods, and from the geometryhsf ¢xcavations, using the following
methodology, which is derived from a procedure psatl by Souset al.”:

— A vectorM; is constructed with all the measured stress compis) whera is an

index that takes values from 1lb

— Each of the three principal initial in situ sses, with unitk; values, is considered
separately, and this corresponds to three loadasgst;.

— Each loading cagk is applied to the rock mass model, and the sttesgponents
at the measuring points are calculated (six forheagercoring test plus one for
each flat jack test).

— A matrix A;j is constructed, which represents tNestress components at the
different measuring points, for each loading cBse

— Using the principle of superposition of effedise following expression can, then,
be written:

Ak=M; (=12..N (=1273) (1)

This system of linear equations is usually higldgdundant. Its resolution by the least
squares method enables to determine the paramigtevéith which it is possible to
calculate the most probable in situ state of staeésmy point in the rock mass.

3 APPLICATION EXAMPLES

LNEC was asked to perform in situ stress measurtsmemnrock masses for the design of
the repowering projects of the Picote Il, Bempdkstand Salamonde Il hydroelectric projects,
in the North of Portugal. These repowering projetssist in the construction of new
hydraulic circuits and larger underground powerlesusdose to the dam valleys.

The state of stress in the vicinity of the powedeslis influenced by the topography of the
ground, in particular by the shape of the rivetexa, which result from the erosive action of
the river over geologic time. In addition, in son®ses, the results of tests do not reproduce
directly the natural stresses, since they wererhed near underground openings that
change the stress field around them. To interpeetésults of various tests in order to obtain
an estimate of the natural stress fields, it wases®ary to perform global analyses, making
use of numerical models.

3.1 Picote |l repowering scheme

The international stretch of the Douro River exi@dihas three power plants in cascade:
Miranda, Picote, and Bemposta, all built in theah@d 60 decades of the 20th centuht this
location the Douro valley is narrow and deep. Téservoirs have small capacities and are
unable to regulate the incoming flows. These hyowagr plants were originally designed for
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levels of turbining flows that nowadays are consdelow and their repowering is now
nearly completed.

The original scheme of the Picote hydropower plaorisists mainly of a concrete arch
dam and an underground powerhouse with a hydrautbait in the right bank of the river.
The re-powering scheme will also be constructethenright bank, close to and surrounding
the existing power plant. Main elements are therdnykt circuit (a 300 m long headrace
tunnel and a 150 m long tailrace tunnel), an undergd powerhouse cavern and several
adits. Access tunnels, connections and ventilatidibs total 1,700 m of linear excavation.
The cables and ventilation shaft is 180 m high. fbitel excavation volume is 280,006.m

The new powerhouse cavern is 68 m long, 23 m waleden sidewalls and 58 m high at
the turbine hall and 26 m at the assembly area.ldiige 600 ton turbine with a 400%s
capacity, conditioned the cavern width. A reinfafa@ncrete arch roof had to be built in
order to support the crane beam that handles then&u The cavern is located about 150 m
below surface and will be built only 80 m away frtime existing one (Figures 1 and 2).

SFT %
il

Figure 1: Layout of Picote hydroelectric schemdline,
and the new the Picote Il repowering scheme in red
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Figure 2: Underground works of Picote Il repowering

The Picote hydropower plant is located in the Milaplateau, in a zone where the Douro
River flows through a valley with a canyon configtion, with almost vertical banks. The
river is aligned with a WNW-ESE fault and porphigrigranite is the principal local lithology.
Interpretation of geological structures was based aerial photography, and on local
observation of existing unlined adits. Most of testing power plant excavations were
carried out in a good quality rock mass.

The site characterization included analysis of ggichl and geotechnical information
related with the design and construction of thestaxy hydropower plant and also with the
studies conducted since the early project stagéseafe-powering scheme. To study the rock
mass at the new cavern location, several borehal® drilled and an investigation
programme consisting of in situ and laboratorystesas conducted by LNECIt included
stress measurements by overcoring (STT) and diletiemtests in the field, and UCS, ultra-
-sound velocities, brazilian, triaxial and joinesin tests in the laboratory.

Since the concrete arch structure of the roof ef powerhouse cavern is constructed
before an important part of the cavern lower pandhing, an important portion of the
convergences is expected to load this structure. éifects of this “convergence-load” are,
actually, of much more significance than the effeesulting from handling the turbiffe

This fact justifies the importance and the needdequately estimate the in situ state of
stress. To characterize the in situ stresses, Bifdeovercoring tests were performed in each
one of two parallel boreholes (STT1 and STT2)/eftifrom an existing adit The boreholes
are 50 m apart and dip 70° (Figure 1). The test® warried out at the following depths:
STT1-39.80 m, 66.10 m and 78.35 m; STT2 — 41.0660 m and 77.45 m.

In all tests, one of the principal stresses wasamately in the direction of the borehole
and the other two were approximately parallel andal to the river axis. In some tests,
stress levels were considerably higher than ihytiekpected, especially taking into account
the rock coverage. This is the case of the teS{Til at 78.35 m with an almost hydrostatic
stress of around 20 MPa.

In this example, the main factor that affects thesitu stresses distribution within the
granitic rock mass is the topography of the steegr valley. For the interpretation of the test
results a 2D numerical model was developed, usiedfinite difference software FLAE
The model considers a vertical cross-section of bek mass in the zone of the new
powerhouse, approximately perpendicular to ther iwvel parallel to the boreholes. The mesh
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has 1,000 m in the horizontal direction, 700 mha vertical direction from elevations 0 to
700 m, and an axis of symmetry on the left boundatyich represents the river bed. The
mesh has 200300 zones, and is more refined aboeettest locations with 2.5 mx1.75 m
zones (Figure 3). The associated system of codedirfaas axis 1 horizontal, in the plane of
the model, axis 2 vertical, and axis 3 normal hane.
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Figure 3: Mesh detail and location of the boreholes

The global interpretation method presented in sec@ was used for calculation of the in
situ stresses, with the following additional asstions:

— the rock mass is continuous, linear elastic, hgeneous and isotropic, with

y = 27 kKN/n?;

— the initial in situ stress corresponds to theaion before excavation of the river

valley;

— the initial vertical stress,’ is equal to the weight of the overlying rodk € 1);

— the depth h is measured from elevation 700 m;

— plane strain conditions.

Applying this procedure to the overcoring testsriedrout for the Picote Il project, the
following values were determinekk = 1.70 andk; = 1.75.

Figure 4 shows the principal stresses calculatethatovercoring test locations. The
stresses are clearly influenced by the proximitshefcanyon. The ratio af (sub-horizontal)
overay (sub-vertical) is very high (between 4.5 and 5.1).

Based on this analysis, recommendations to theyaesiregarding the state of stress to
consider in the powerhouse cavern calculations ssred®

— The initial in situ state of stress should beawi¢d from an initial situation prior to

the excavation of the valley, with a vertical stesqual to the weight of the
overlying rock mass and with isotropic horizonttlesses equal to 1.75 times the
vertical stress.
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Figure 4: Stresses calculated in the overcoringloeations

— This initial in situ state of stress should bediso model the excavation of the
valley due to the erosive effect of the river, dhd resulting state of stress should
be the starting point for the design computatiohthe powerhouse.

Owing to the high horizontal stresses calculatedl tanthe relatively scarce information
obtained at the design phase, it was decided forperadditional stress measurements, using
the small flat jack (SFJ) method, once excavatibthe adits reached the proximity of the
underground powerhouse. The locations of the SEt% tare displayed in Figure 1 and
Figure 5 presents a photo of one of the locatioitls the adit wall where the slots are to be
cut. These tests confirmed the existence of highzbuotal stresses (about four times the
vertical stresses), thus confirming the resultsiolet in the earlier stages.

Figure 5: Location of small flat jacks tests in audht
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3.2 Bemposta |l repowering scheme

The Bemposta hydroelectric scheme lays downstream Picote on the Douro River.
The repowering project aims to increase the powethe three existing Francis turbines
(238 MW) with a new 193.5 MW Francis turbine. Itlmdes a new 500 m long hydraulic
circuit in the right bank of the river and a newwgohouse installed in a 80 m high and
30 x 22 nf diameter oval shaft (Figures 6 and 7).
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Figure 6: Layout of the Bemposta Il repowering soke

Test measurements for design of the excavatiorisddeantage of the existence of adits
used during construction of the existing powerhblida one of these adits, two locations
were selected (Figure 6):

— location 1, at the river bed level, at a dept®®fm, 120 m from the river axis;

— location 2, at a level 20 m higher than locatigrat a depth of 130 m, 225 m from

the river axis.

The adit cross section at location 1 is normahtoriver and at location 2 is parallel to the
river.
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Figure 7: Layout of the Bemposta Il repowering soke

At location 1, three small flat jack tests were fpened on the adit wall and three
overcoring tests were performed in a borehole STpekpendicular to the adit wall and
dipping 45. At location 2, three flat jack and two overcoriegts were performed. Borehole
STT2 for the overcoring tests was also perpendidalahe wall and dipped 45Figure 8
presents both locations and the boreholes of tiedy&rcoring tests.

Borehole

) |STT2
Location 2 | #.
e eV

Borehole
STT1

Figure 8: Locations of the smal flat jacks and @eoging tests

The main factor that affects the in situ stresgriistion within the rock mass is the
topography of the river valley. Besides, the tegge done close to the adit, which affects the
local stress field. Furthermore, two different tyé tests were used and they were performed
at two distinct locations. Estimation of the stréskl for design of the underground openings
requires, therefore, a global interpretation makat integrates all the information.

The global interpretation method presented in eec@ was used for calculation of the in
situ stresses, with the following additional asstions:
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— the rock mass is continuous, linear elastic, hgpeneous and isotropic, with

y= 27 kN/n;

— the initial in situ stress corresponds to theaibn before excavation of the river

valley.

For modelling this situation a 3D numerical modelnecessary. However a global 3D
model would be very large and difficult to handle. overcome this problem, a methodology
similar to the one used by WittKevas implemented.

In a first stage, a 2D numerical model with platraie conditions was built with FLAC.
Figure 9 shows the grid with the ground topograpéfore and after the excavations of the
valley by the river. Opening of the adit in locati@ was also simulated. The grid was more
refined close to the river bank in the zone whbeetésts were performed.

Figure 9: Numerical model (2D) with the terrain tgpaphy before and after the river eroding effect

This 2D model allowed calculating the stress conepibs at the measurement points in
location 2, but not in location 1, due to the aolitentation at that location. A second
numerical model had to be built for this purpogeisla 100x100 fm 3D model using
FLAC3D", with a unit width, centered at the adit in looatil. Grid blocks are 0.5x0.5x1*m
and the approximate shape of the adit is also redd@ligure 10). The stresses applied on the
boundary of this model were the stresses resuitorg the application of each of the loading
caseskE; in the 2D model. With this 3D model the stress ponents at the measurement
points in location 1 were calculated.

Application of this procedure to the tests carmed for the Bemposta Il project, gave the
following results:k; = 0.60,k, = 0.91 andkz = 0.75. This corresponds to an initial vertical
stress nearly equal to the weight of the overburdad smaller horizontal stresses, 1.5 times
lower than the vertical stresses. With these valiiés then possible, to estimate the state of
stress at any location in the rock mass, namelyratohe shaft of the new powerhouse. These
results are presented in Figure 11, which disptagsend result of the global interpretation
model that can be used in the design of the undengr shaft, namely for the definition of the
construction methodologies and of the primary ljsiand definite support.
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3.3 Salamonde Il repowering scheme

The Salamonde Il hydroelectric scheme is locatedhenRabagao River in the north of
Portugal. The repowering project includes a newrdwylit circuit and a new underground
powerhouse.

Test measurements for design of the excavations &alwantage of the caverns of the
existing powerhous& Six STT overcoring tests were performed from tveweholes: S8 at
the ground surface, and S13 at the existing vahanber (Figure 8). In each borehole three
tests were performed.

Figure 12: Layout of the Salamonde Il repoweringesnoe

In this case, the main factor that affects thetin Stress distribution within the rock mass
is the proximity of the old powerhouse cavern. hiis texample, location of the tests was
relatively far from the surface and so topographyhe river valley was not considered of
particular relevance and the model just considérsrazontal topographic surface.

The global interpretation method presented in sec@i was used for calculation of the in
situ stresses, with the following additional asstions:

— the rock mass is continuous, linear elastic, hgpeneous and isotropic, with

y= 27 kN/nt;

— the initial in situ stress corresponds to theuatibn before excavation of the

existing powerhouse caverns;

— plane strain conditions.

For interpretation of the three tests of borehdl® & 2D mathematical model was used,
that represents a cross section of the existingegoouse caverns. Figure 9 shows the FLAC
mesh, where these caverns and borehole S13 assesped.
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Figure 13: Mesh detail and location of borehole S13

Two analyses were performed. The first one assuhagshe vertical and both horizontal
initial stresses vary linearly with depth. Applicat of the proposed procedure with these
assumptions to the tests carried out in borehoBeddthe Salamonde Il project, rendered the
following results:k; = 0.90 for the horizontal stresses in the plantefmodelk, = 1.43 for
the vertical stresses amg = 1.05 for the out of plane horizontal stressdse Tigh vertical
stresses that were calculated (1.43 times the oxaeh weight) may be due to the vicinity of
the river valley, which was not considered in thedel. The horizontal stresses are around
1.5 times lower than the vertical stress.

To try to reach a better approximation to the tessallts, an additional assumption was
introduced: the shear stress in the plane of theéetneould also increases linearly with depth.
In this case, the results were only slightly difetr k; = 0.85,k, = 1.46,ks = 1.05 and
ks = -0.27 for the shear stresses.

A simple analysis of the deviates between thertsilts and the values predicted by the
model shows that, in this particular case, theradgarticular advantage in considering a
model with more variables.

4 CONCLUDING REMARKS

The in situ stress is a parameter of great impoeaior the design of underground
openings, but at the same time it is very diffidoltestimate. This difficulty has to do with
several sources of uncertainty that affect itawesion.

On one hand, the available measuring equipmentsemmeiques have their own inherent
measuring uncertainties. On the other hand, thesuned quantities are generally not stresses,
but strains, displacements or other quantitiesngfamation models that yield stresses based
on the measured quantities and on a set of assumsptegarding stress-strain relationships,
test geometry and others, also add uncertainty thntostress measurement results. Finally,
spatial variability is an unavoidable charactetigif the state of stress in rock masses and
corresponds to another major source of uncertairttye in situ stress estimation.

13



L.N. Lamas, J. Muralha and B. Figueiredo

A methodology using a global model that integrétes results of stress measurements
obtained by several methods, in different locatioinszones with stress fields that are
disturbed by nearby excavations, was presented. methodology incorporates assumptions
regarding the stress field, which may be foundoeable approximations of reality, as well
as prior knowledge. Heterogeneity of the rock ntassalso be considered.

The application examples demonstrate the importaricasing a global interpretation
model in the averaging of the results of a sehditu stress measurements. The variability of
the stress field and the uncertainties that aftecgstimation makes it very hard to interpret
individual measurements and, when this is done, pibgsibility of obtaining erroneous
estimates of the stress field is very high. Onatetrary, use of a global interpretation model
in the application examples that were presentediltesd in the estimation of stress fields that
can be directly used for design purposes.

The in situ stress testing programme should be gpeep having in mind the global
interpretation model deemed adequate for each girojde tests should be located in such
places that allow to capture important featureshef stress field variation and should also
have in mind the numerical model that will be utsmdhe analysis of the results.

Sometimes, only long and expensive boreholes destalyeach the rock mass around an
underground excavation, but in other cases deptly make them unfeasible. These
difficulties may be overcome by performing addiabrtests as soon as exploratory or access
adits reach the zone of interest, namely usingctdimeasurements such as flat jack tests, and
in this way update the values of the stress field.

The number of in situ tests performed during the sharacterization stage to support the
design is often very scarce. This was also the adséhe examples presented. As a
consequence, it is usually impossible to make &atysical inference about stress variability.
Thus, the values of the in situ stresses to be usddsign should be carefully defined and it
is advisable to use available mean results anérfonmn judicious sensitivity analysis.
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