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SUMMARY

This paper illustrates "in situ" static and geophysical investigations carried out on an orthotropic rock mass:
consisting of alternating sandstone and marl, for the design of an arch-gravity dam,

A method of interpretation of the results of plate bearing test in a direction normal to the stratification, is de
veloped being based on the measure of the deformations at different depths from the rock surface.

Sonic logs and cross-hole measures are also examined and the results are correlated with those obtained by

static loading tests,

RESUME

Le rapport décrit les prospections statiques et géophysiques effectuées "in situ
composée alternativement de grés et de marne, en vue d' un projet pour un barrage poids-vodQte,

sur une roche orthotropique

Pour interpréter les résultats des essais de charge sur plaque dans la direction normale de la stratification,
on a développé une méthode basée sur les mesures des déformations A différentes profondeurs de la surface de la

roche,
En outre, on a examiné les mesures géophysiques et les résultats ont été mis en corrélation avec ceux obte-

nus par les essais sous charge statique.

ZUSAM MENFASSUNG

Der Bericht beschreibt statische und geophysikalische Untersuchungen, die fur den Entwurf einer Bogenge-
wichtsmauer, an Ort und Stelle, an einer abwechselnd aus Sandstein und Mergel bestehenden, orthotropischen Feli

masse vorgenommen wurde,
Zur Auslegung der Ergebnisse der Plattendruckversuchen in normaler Richtung der Schlchtung wurde eine Me
thode entwickelt, die die Messungen der Deformationen an verschiedenen Tiefen aus der Felsoberflache auswert.
Auch wurden geophysikalische Messungen untersucht und mit den Ergebnissen der Statischen Versuchen korre

liert,

decimeters to over 7,_rx?, with an extended continuity

1. FOREWORD
of the bedding planes,

This paper presents the results of investigations

carried out by different techniques on the foundation From the litho-stratigrafic point of view, the rock
rock of an arch-gravity dam in the Central Apennines, mass is characterized by marked orthotropy, For this
The rock mass concerned consists of a rhytmical very reas‘on an 1nfsrpr_eta"t1-ve st%xdy'of measurem ents

—~ taken during the ''in situ investigations has beendeem

ly alternating sandstone and marl, its bedding plane
striking N 52 W - dip 279, Each separate sandstone-
-marl sequence has variable thickness, from a few

ed significant,

These investigations have been carried out accord
ing to different techniques, that is:

1. "in situ" deformability tests (plate bearing tests
. in a section of a tunnel with axis parallel to the
1) President of ISMES, Bergamo (Italy) R
plane of stratification):

2) Geophysical Department of ISMES
geophysical investigations in the area involved by

3) Pol i f Turi
olytechnic of Turin deformability tests,
4) Geomechanical Department of ISMES

ar
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To understand the symbols used in this paper, we
recall the stress-strain relationship in elastic anisotro
pic continua (where orientation of the axes appears to
be as in Fig, 1)

S _ M2 3, _ X ]
E'X E‘: EQ é)( E. Z

% T -
xy G, VE 2
in shortened form |€I= IKl . IO'I (1)
Further on we shall be introducing the following
ratios:
I ez
E2 E2
and we shall be considering V2 = 0, in order to sim-

plify calculations,

Ay

Zz
FI1G. 1 Orthotropic mediun:: reference axes,

2. 1IN SITU GEOMECHANICAL INVESTIGATIONS

To determine the deformability characteristics of
the rock mass an exploratory tunnel was excavated, its
axis being parallel to the bedding plane.’

Plate bearing tests were carried out in a direction
either normal or parallel to the bedding planes, using
the testing technique widely experimented by ISMES.
This technique allows the deformation measurement in
side the rock mass, into a borehole drilled at the cen
ter of the bearing plate, by means of special borehole
extensometer provided with mechanical expansion an-
chors, :

Thus a remarkable advantage is obtained, thatis to
determine deformability characteristics of the undis-
turbed rock mass below the '"loose' zone alterned by
the excavation of the exploratory tunnel.

This substantial progress in measuring instru-
ments {8 associated with an improvementin the load ap
plication technique . It is therefore possible to achieve,
with fair approximation, the theoretical uniformely-dis
tributed.load scheme, by using deformable jacks direct
ly applied against rock surface, T

Diagrams of settlements as a function of the depth
for different values of the pressure applied to the rock
(2, 4, 6 MN/mZ) are shown in Fig. 2, The results
are relative to tests carried out with a 60 cm- diam,
plate in a direction normal and parallel to the stratifica
tion,It can be observed that the deformation process rea-
ches a depth of 6 times the diameter of the loading plate,

Deformability me asurements in tunnel, in a direc
tion perpendicular to the layers, have been interpreted
by a formula which may be strictly applied to an ortho
tropic halfspace loaded with uniform pressure on a cir
cular surface, where settlement measures are'perform:
ed on surface and at various depths, at theloading axis,

A previous paper [4] reported the result of a cal
culation showing that the settlements measured at va-
rious depths in the orthotropic halfspace are function,
essentially, of the normal elastic modulus Egp (refer-
ring to the direction perpendicular (o layers) and tan-
gential elastic modulus Gy (referring to a plane con
taining the normal to stratification). The normal modu
lus E; (relevant to the bedding plane) has scarcely any
effect on these settlements; Poisson' s ratios v; and

" vo f{hereinafter Vo is assumed, for simplicity, to be

equal to 0) have only a slight influence and therefore
they are of negligible extent.

Considering therefore the functional link existing
between the different parameters, the measurement of
settlements at two different depths can make possible
the formulation of a system of two equations in the two
unknown quantities Eg and Gy,

Without going into the treatment, for which the read
er is referred to the aforementioned paper, the follow-
ing expression is obtained as regards the settlement at
depth y from the plane deliminting the indefinite half-
space (where p is the uniform pressure applied on a
circular surface of radius r):

Y- Vot (LT 0]

- 3 [T

where

= 4\/(%)“.41\(4-\)})

v 2(4"))42)
2 Vef-4n(-7
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sandstone

FIG, 2 Diagram of settlements (along the loading axis), versus depth in a direction normal and parallel to the

stratification,

At y = 0, that is on surface, it is:

() o kx5 45,
Y E, (54 'Ssz

and generically we may write:

-V 39 [V“sziv‘) - *}%J;wa“_—s:z@zsa %J

S
4

Table 1 shows, for a wide range of n and m va-
lues, the values of vg/v_ ratios, being v_ the settle
ment for y =r, and vy, for y = 2r, etc. The values
of Vy/vo are reported in the diagrams of Fig. 3.

The aforementioned formulae were used to inter-
pret the deformometric readings taken during the rock
tests discussed in this paper and shown in Table 2,

Deformations were measured .on the principle of
obtaining, in subsequent processings, the secant modu
1i of elasticity.

Settlements v. and vg,, thatis for y=r and

;Vy/ Vo

o

FIG. 3 "y/"o versus depth for different m-values and
for n =2,
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TABLE 1
(s e sy
nm %/Vr f/jr Ké’ﬂ—l‘ 7{/’2} 72—:_%17
0.9 | 15006 121938 | 29832387y | 26461
03 |1620 24691 | 34537]0 4615 | 22098
{ To5 |[17828 29955 |1 /736 | 50556 20000
1Y | 1890841390350\ 4. 008 | B.1985| 1858
10 201174 |\ 3506431 59735 1\6. B3| 1730
22 | 152/5| 29158| 9.9864) 38001 | 25332
235 116198125275 | 5.5093 05207 | 21799
2/ | 1759929895 | 3.9988| 50099 | 19798
9 | a5 /8389134136 | L2979\ 6.605 | 1881
oy | 19995 133895 48%07) 8.3 | 16843
DB 843739\ 353151\ 514172 | 61065 | 1632¢
10 | 23598 | 2g0o49| 558956\ 128458 | 15537
22 15298 | 22/98 | 29949 | 3814} | 24815
23 | 16604 12512 | 35207 | 45426 | 21492
3 145|183 |30i% |4.0307 | 5469 17765
2y | 2008534430 | £.9713 | 65343 | 18075
A8 | 208387 3608 \ 39125\ 8 404 | 15507
10 | 258|397 | 5809|7530 14658
A9 | 15306\ 22055 29993\ 38241 | 24504
15 14864 | 25504 | 35311 | 45559 | 20820
15 | 19948 | 30694 | £.38B| 5095 | 17323
4 o7 {2000 34557 | 50077 |£.5937) 15585
28 | 2nmsr | 34534 | 52957 | 89550, 1. 5000
49 |97555\3.619 | 5553\ F35385| 14579
14 27512 |39801 |5 4850 | 76394 | 14142

y = 3r respectively, have been analysedtothe purpbse
of excluding surface measurements (vo), clearly in-
fluenced by the excavation of the tunnel,

The choice of v, and v is connected with the
double requirement to have at disposal rather reliable
readings (v4r for instance is difficult to estimate, and
therefore susceptible of remarkable measurement er-
rors) and rather diverging (v is clearly higher than

TABLE 2

n |\m K/\Gr n|7m 7;/15
a2 19616 42 | 19577
43 |27 03 |24

{ 1o5 2538 || 3 |25 |283
2.7 | 287 47 | 24631
{4 {9670 48 | 2514
09 | 19559 14 |25
43 912% 02 |19
24 992 ER L)

9 s l2z35 || 4 (0.5 | 2352 |
4y |2y ] 0y | 21583
48 | 25738 08 | 750%
10 12604 10 | 2553

) in order to obtain the maximum sensitivity in the
following procedure, The values of the ratio v, / Var
are reported in Table 2 which is constructed from the
data in Table 1. The substantial non-influence of the
ratio v /v3r from the values of n can be observed,

As an example we shall process the data referring
to plate C of Fig. 2. For a load Ap =2 MN/m we
obtain: v /V3r 2.5, wherefore from Table {follows
m =0, 75 (at n = 2, mean value); however, from Ta
ble 1 we obtain at m =~ 0,75 (throughinterpolation) va
lues of vo/vy that vary from 1,91 (for n =1) to 2. 07

(for n = 4),

Confirmed the slight influence of n, we have assum
ed for vo/vr an average value equal to 2. 008, still
corresponding to n = 2; it then follows:

+ ; ——
v a0 PT Vet ey =30- 107
r 2,008 2 + o

2,008. (sl- sz) . E2

from which:
E =16, 520 MN/m
=m E, = 12,390 MN/m

Similar processings for the other pressure levels
give:

for Ap = 4 MN/mz E, = 14, 420 MN/m2

G. = 8 600 MN/m>

2
- 2 4. 2

for Ap = 6 MN/m E, = 12, 435 MN/m
G, = 7,400 MN/m?

Considering the criterion assumed in selecting the
experimental results, in relation to the progressive de
velopment of inelastic phenomena, which, in this 1nter
polation are interpreted elastically, through the secant
moduli of elasticity, the decrease that occursin themo
dulus with the increase in the pressure level appearg
obvious,

The above procedure is an improvement of usual
methods which interpret the mass as isotropic, obtain-
ing the consequent single modulus of elasticity E.

In particular, the use of Boussinesqformula [1)(ap
plicable to the surface or to predetermined depths) and
its comparison with experimental data, would make it
possible to identify the following modulus of elasticity,
that may be evaluated by interpreting deformations mea
sured at depth r = 30 cm.

Ap
(MN/mz)

prasamey

E

(MN/mz) 20, 8390

16, 200 14, 000
4

In the interpretation according to the anisotropic
assumption, E; value is not defined; this latter value
is practically non-influent on the deformation process
analysed.

An indication in the value of E; in relationto Ej
may be deduced from the ratio between the deforma-
tions measured at the same depth in two plate bearing
tests performed in a direction perpendicular and paral
leled to the stratification,
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3. GEOPHYSICAL INVESTIGATIONS IN THE AREA
INVOLVED BY EXCAVATION

A first set of geophysical investigations was car-
ried out on the rock surrounding the exploratory tunnel
for an overall thickness of about 30 to 35 m.

Starting from the surface, the vertical holes Al'
A, and A4 were drilled, parallel and equidistant fram
each other (3 m), intersecting the axis of the explora
tory tunnel (Fig. 4). B

Sonic logging was carried out in these holes by
means of an 1 m-long probe, as well as 'cross - hole"
measurements every 0,25 m of depth in a direction
parallel to the stratification.

These .neasurements made it possible to deter-
mine the value of the ratio between the velocity of ela
stic wave propagation in a direction normal and paralt
lel to the stratification, The mean velocity in a direc
tion normal to the stratification, evaluated through the
measurements of sonic logs, was v, = 4.3 Km/s and
the mean velocity in a direction parallel to layers, fur
nished by cross-hole measurements, was vy = 5Km/§

Ratio v‘vzl/ v2 . which, as is known, coincides with
the ratio between ﬁxe dynamic moduli, is equal to 1., 35.

The determination of this ratio through geophysic
al measurements, is an useful instrument to evaluate
the modulus of elasticity E; in a direction parallel to
stratification, if the value of Ez, calculated by the me
thod described abode, is known,

Investigation was conducted before and after the ex
cavation of the exploratory tunnel and made it possible,
among other things, to appraise the disturbance caused
by tunnel excavation in the surrounding mass,

This investigation showed a marked alteration of
the marl layer located at the lower part of exploratory
tunnel, This appears to be in good agreement with the
marked deformation measured during the test perform
ed at plate .D, -

A second geophysical investigation was performed
inside the exploratory tunnel at the 4 holes used for
the plate bearing test, in order to compare the data ob
tained from static loading tests, -

Measurements of longitudinal elastic wave propaga
tion velocity were performed on the same bases used
for deformation measurements during the plate bearing
tests,

These values are compared in Fig. 5 with the de
formability moduli values calculated on the assumptio_r;
of homogeneous and isotropic halfspace, using reversi
ble deformations. The comparison was madein mpec—{
both of points on the surface and located at a depth of
50 crm from the rock surface; that is, in a comparati
vely undisturbed area of the rock mass, N

The comparison, which includes results ‘of tests
performed in a direction both normal and parallel to
the stratification, has to be considered, on the whole,
quite significant. It may be noted that the alteration in
the rock layer around the exploratory tunnel has amore
marked effect on the deformability moédulus than on the
elastic wave propagation velocity measurements.
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FIG. 4 Sonic logs and cross-hole measures in the rock surrounding the exploratory tunnel,
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¥IG. 5 Correlation between the deformation moduli and the squares of the velocities of elastic waves,

4. FINAL REMARKS

What stated above, is a first report of a test pro-
gram being still performed, of which complete dataare
not yet available, -

This justifies the not fully exhaustive conclusions,
at which we can by now arrive,

Obviously, only a wider harvest of experimentalre
sults could make possible more probatory conclusions,
if a statistical analysis of acquired information is per
formed. Such an analysis is, in our opinion, necesssa
ry, considering the particular type of rock mass beinE
investigated and the remarkable variability of its cha-
racteristics.

Anyhow, it has been considered interesting to em
phasized the criterion of the experiméntal investigatio—x;
program, and the usefulness of a close connection bet-
ween static load tests and geophysical measurements,
It is to be noted that experimental techniques used have
been improved to such an extent as to provide quite re
liable results, and this is an essential premise to car-
ry out a correct interpretation of experimental results,
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