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Abstract. The rock mass deformation modulus is an essential parameter for any numerical analysis and prediction
of deformation in geotechnical engineering. Experience acquired using a large number of geotechnical projects in
Croatia and the world indicates a somewhat unreliable determination of rock mass deformability based on
correlation of classification results. The method of field testing for deformability can provide a more reliable insight
into rock mass behaviour under loading conditions. The paper presents the most frequently used methods for field
testing rock deformability. The benefits and disadvantages are shown of each particular method used in
determining criteria and forming a ranking list of test methods using the multi criteria decision analysis. This
ranking list of terrain testing for the rock mass stiffness is acquired on the basis of set criteria, assumes guidelines
for compiling an exploratory works plan necessary for designing complex geotechnical structures in karst.
Appropriate analyses of the sensitivity to changes in the significance of particular criteria was carried out including
its effect on selecting the field method for testing karst rock mass deformability.
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1. Introduction

Determining rock mass deformability represents one
of the most important tasks in conducting a stress-
strain analysis in rock engineering. Rock is hetero-
geneous, anisotropic and discontinuous. Rock mass
deformation depends on the level of rock mass
fragmentation, compressibility of discontinuities and
compressibility of intact rock material between the
discontinuities. Karst is macroporous material and its
engineering properties strongly depends on disconti-
nuities, including porosity (Jespersen et al. 2010).

For design purposes rock mass deformation is
most often determined on the basis of rock mass
classification systems results (Aksoy et al. 2010). Most
used are RQD (Jiang et al. 2009), Q (Barton 2007),
RMi (Palmstrom, Singh 2001), RMR (Chun et al.
2009) and GSI (Russo 2009) classifications. The link
between deformability and rock classification results
may be established using field testing results or with
the aid of numerical back-analysis based on the results
of measuring the deformation of geotechnical struc-
tures carried constructed in rock masses.

In recent years, artificial intelligence systems
such as genetic programming (Beiki et al 2010),
back propagation neural networks (Majdi, Beiki

2010) and fuzzy models (Tutmez, Terkan 2007) were
used to predict the rock mass deformation modulus.

All classifications are based on a point system
whereby certain parameters are associated with var-
ious numerical values and a dependency on their
importance for the complete behaviour of the rock
mass (Aksoy 2008). When considering that all the
classification parameters cannot be unambiguously
measured or assessed for greater rock mass volumes, it
is clear that determination of the stiffness and para-
meters for the calculation using classifications in a
large number of cases will be affected by a significant
unreliability or risk (Kovacevi¢ et al. 2011).

During the last 15 years a large number of
geotechnical projects have been carried out in Croatia
due to large infrastructure construction projects.
Determining rock mass deformability on the basis of
rock mass classification results is ordinarily applied in
Croatian geotechnical practice (BruncCi¢ et al. 2010).
Karst morphology features cover more than half (54%)
of Croatia, or over 70% if one takes into account the
Croatian Adriatic submarine environment where car-
bonate rock formations that undergo karstification are
predominant (Garasic et al. 2010). Extensive measur-
ing during geotechnical projects constructed on
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carbonate rock formations have shown that the
measured deformations are significantly greater than
those obtained in calculations in which deformability
parameters gained using existing links with rock mass
classifications and that the measured forms of defor-
mations based on depth are significantly different than
those calculated (Juri¢-Kacunic et al. 2011).

The stated experience indicates the importance of
optimally determining a method, the number and
position of field investigations for deformation moduli
and a return to the original concept of the use of
classification in determining rock mass deformability
which is given by Bieniawski (1978). He has suggested
that classification can be used to determine an
expected modulus with a 20% precision, and that on
the basis of this a field testing program can be drawn
up. He proposes, for example, that if a high deforma-
tion modulus is expected to exceed 30 GPa and if the
classification concludes that the rock formation is
relatively uniform, only a number of field tests will be
needed. However, if the deformation modulus is
expected to be less than 10 GPa for a relatively varied
rock structure, it then becomes essential to devise an
extensive field exploratory plan.

By taking into account that field testing of karst
stiffness in Croatia has not been previously conducted,
this paper proposes the formation of a ranking list for
field testing deformability in rock masses using multi
criteria decision analysis. Such a ranking list for field
testing rock mass deformability, obtained on the basis
of set criteria, would represent guidelines in drawing
up the exploratory works plan which is necessary for
designing complex geotechnical projects in rock (tun-
nels, steep slopes, bridge foundations, etc.). The results
of the conducted multi criteria analysis would be a
good starting point for works contractors when
deciding whether to invest in the procurement of
equipment and what equipment to choose.

Applications of multi criteria analyses in differ-
ent areas of civil engineering are recently presented by
Zavadskas and Antucheviciene (2007) and Sivilevi¢ius
et al. (2012).

2. Test methods for rock mass deformability

Field testing for deformability is based on loading and
unloading a particular volume of rock mass and
measuring deformation caused by defined stresses.
The ratio of stress and deformation represents stiffness.
The deformation modulus vary with the sizes of
samples (Li et al. 2010). To obtain deformation para-
meters of rock masses it is necessary to test an adequate
volume of rock mass which includes a representative
number of discontinuities (Isik ez al 2008). The
methods of field testing stiffness encompasses various
volumes of rock mass that are in most cases signifi-
cantly greater than laboratory samples and as such may
represent rock mass behaviour.

The International Society of Rock Mechanics
(ISRM) recommends the following field testing for
stiffness in rock masses: plate loading test, radial
jacking test, large flat jack test and flexible or stiff
dilatometers.

2.1. Plate loading test

Plate loading test is based on determination of the
deformation modulus by measuring the displacement
of rock mass which in turn is caused by the loading of a
circular plate possessing an appropriate diameter. The
test procedure, appropriate equipment for testing and
calculation for the deformation modulus on the basis of
measured results is presented in detail in ISRM (1979).

When foundations for heavy buildings situated on
rock (dams, bridges, etc.) are in question, a plate loading
test is conducted on the terrain surface. Displacements
of rock mass can be measured in the surface centre and
also along the depth of the loaded rock mass not only in
the centre but also outside of the centre of the plate by
installing appropriate extensometers. The advantage of
measuring displacement at various depths lies in the
fact that rock mass deformation is avoided at contact
points, significantly reducing the obtained deforma-
tion modulus if the measured displacement is only on
the surface. The recommended range for the plate
diameter is 0.5-1.0 m. Larger plate diameters are
better since they encompass a larger volume of tested
rock mass, but they also demand a significantly larger
loading for achieving the desired stress.

In cases relating to foundations for exceptionally
large structures where it is necessary to identify the
diameter of the deformation modulus with respect to
depth, plate testing is used in large-diameter wells at
various depths.

When designing underground garages where it is
necessary to identify the deformation modulus at large
depths, the test is carried out in tunnels or galleries
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Fig. 1. Plate loading test (Hoek, Diederichs 2006)
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Approx 4 m

Fig. 2. Radial jacking test in a pressure chamber (ISRM
1979)

specially constructed for testing purposes or at the
start of tunnel sections under construction (Fig. 1).
The test is carried out by incremental loading and
releasing the load on the plate up to the maximum stress
which should be 1.2 to 1.5 times greater than the
expected stress during exploitation. The duration of a
single loading increment is 24 hours after which the
loadingis released over the same period. In the event that
the deformation is not completed within 24 hours, it then
becomes necessary to extend the loading duration. The
recommendations are to achieve maximum stress using
atleast 5 increments or 5 cycles for loading and releasing.

2.2. Radial jacking test

Radial jacking test is based on determining the
deformation modulus by measuring rock mass dis-
placements caused by radial loading of rock mass. The
test procedure, necessary test equipment and the
calculation for the deformation modulus is based on
measured results presented in detail in ISRM (1979).

Radial jacking is carried out using hydraulic
presses or water pressure (Fig. 2), while displacements
along the depth of the rock mass are measured using
inserted extensometers.

It is used for the requirements of foundations in
large dams and other heavy structures, where the test

is carried out in test chambers possessing a circular
perpendicular cross-section with a large radius or in
the initial sections of tunnels, where testing is then
conducted using a ratio of 1:1. It encompasses a large
volume of rock mass and consequently represents in
the best manner the rock mass with all its weaknesses
and discontinuities, and it is also possible to test in
rock masses the level of anisotropy and stiffness.

The test is conducted using radial jacking and
unloading of rock mass with average incremental
loading and unloading at 0.05 MPa/min. Once reach-
ing the maximum pressure, the displacements are
measured up to the point where deformation ceases.
It is recommended that maximum stress be achieved in
at least 3 cycles of loading and unloading.

2.3. Large flat jacks

Testing using large flat jacks is based on determining
the deformation modulus by measuring rock mass
displacements which in turn are caused by increasing
pressure in large flat jacks inserted into previously
made slots in the rock mass. The test procedure,
necessary testing equipment and calculations for the
deformation modulus on the basis of measured results
are presented in detail in ISRM (1986).

The flat jacks consist of two steel plates at least
1 mm thick, welded along the edge, between which
oil is inserted. The shape of the flat jack is a 1 m long
side quadrant from which a 1 m semi-circle extends
(Fig. 3). The jack has a single opening used as an oil
inlet, increases pressure and changes the jack width as
well as other openings for releasing air and electrical
conductors used to transmit measure rock mass
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Fig. 3. Large flat jack (ISRM 1986)
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displacements to metering devices. Rock mass displa-
cement are measured perpendicular to the surface
accommodating jacks with four short deformeters
located within the flat jack or in a particular well.

The test is applied to all significant geotechnical
structures that are constructed on rock mass. It
encompasses a greater volume of rock mass than the
plate loading test, but less volume than the radial
jacking test in tunnels. Placing the flat jacks in various
directions allows testing the level of anisotropy and
stiffness in rock masses.

Prior to conducting the test, it is necessary to
construct slots using a large diamond saw in the rock
mass at a specified depth and 6 mm wide. When
covering a larger volume, a larger number of flat jacks
can be inserted in the slot along a particular plane.

The test is conducted using at least three cycles of
loading and unloading until the difference in total
deformation for maximum and minimum loads in the
last two cycles does not exceed 5% of total deformation.
The maximum pressure should be 1.2—1.5 times greater
than the maximum expected stress in exploitation.

2.4. Flexible dilatometer

Testing the stiffness of rock masses using flexible dila-
tometers is based on the principle of measuring changes
in borehole radiuses caused by radial expansion of the
dilatometer probes placed a certain depths. The test
procedure, equipment necessary for testing and calculat-
ing the deformation modulus on the basis of measure-
ment results is presented in detail in ISRM (1987).

Radial loading of borehole walls is carried out by
expansion of the flexible dilatometer membrane with
increasing pressure in the dilatometer probe, hydrau-
lically, assisted by compressed air, oil or water. The
flexible membrane transfers the load distribution
along the borehole walls in an even manner.

Two types of dilatometer probes are used for
measuring the radius changes in borehole. The first
type of probe (Fig. 4) registers changes in the borehole
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Fig. 4. Flexible dilatometer (USBR 2009)

volume and calculates radius changes. The second
type of probe measures directly changes in the bore-
hole’s radius aid by incorporated meters.

Great importance in applying and developing
dilatometer testing was the fact that this type of testing
relatively quickly carries out a number of tests within a
single borehole and therefore obtains the distribution
of rock mass deformation characteristics based on
depth. This is a significant advantage of dilatometer
testing compared to other tests which measure defor-
mation characteristics solely in the loaded surface area.

The test is carried out using at least three loading
and unloading cycles. The applied pressure should be
as much as possible so that the deformation process
includes the greatest possible volume of rock mass, but
does not exceed the pressure permitted by the testing
equipment. In each new loading cycle, the maximum
pressure should be increased so that in the event of
membrane damage, the test results sourced from
smaller pressures may be used.

2.5. Stiff dilatometer

Testing rock mass stiffness using stiff dilatometers is
carried out by measuring radius changes in borehole
caused by expansion of the stiff dilatometer probe
placed at particular depths. The test procedure,
equipment necessary for testing and calculations of
the deformation modulus on the basis of measurement
results is described in detail in ISRM (1996).

The loading on the rock mass is transmitted
across two rigidly bent dilatometer plates. Their
mutual displacement is caused by hydraulically in-
creasing pressure in the dilatometer probe using
compressed air, oil or water. The rigid plate transfers
the distributed displacement uniformly along the
whole testing area.

The dilatometer is better known as the NX
borehole Jack, i.e. the Goodman Jack (Fig. 5). Various
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Fig. 5. Stiff dilatometer (Goktepe et al. 2011)
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dilatometer models may be used for stiff and softer
rock masses.

As in the case of the flexible dilatometer, a
number of tests can be carried out rather quickly in
a single well and therefore the rock mass deformation
distribution characteristics according to depth can be
obtained, which is a significant advantage over other
tests used for testing deformation properties solely in
loaded area.

The test commences aims to achieve a continuity
of the displacement between the well walls and the stiff
dilatometer plates. Measuring distances is carried out
using two meters with readings variations not exceed-
ing 0.5 mm. The maximum desired pressure should be
applied in at least 10 equal increments.

3. Criteria for selecting a test method

The dependency of the deformation modulus on
classification results, adjusted to karst conditions in
Croatia, was researched and determined using numer-
ical back-analysis, and based of measured deforma-
tion results in geotechnical structures built on rock
mass (Juri¢-Kacunic¢ et al. 2011).

Taking into account that field deformability tests
in Croatian karst have not been previously carried out
up, this paper proposes the forming of a ranking list of
field tests for rock mass deformability using multi-
criteria decision analysis.

In regards to geotechnical structures built on
rock masses, assessing the significance of criteria
represents consistent fulfilment of the interests of the
investor, the test conductor and the design engineer.

The lowest price for testing or least cost of
implementing the exploratory works plan, essential for
a safe design of geotechnical structures in rock masses,
is always the investor’s greatest interest. Naturally,
the contractor’s interest in testing is completely the
opposite. The investor has the advantage due to the
fact that field testing for deformability in karst in
Croatia has not been conducted previously, and a
large number of geotechnical structures have been
designed and carried out on the basis of results gained
from classifying rock mass. The design engineer is
conscious of the fact that a higher price for testing
leads to more reliable determination of the deforma-
tion modulus and that from an engineer’s point of
view, any direct field testing of the deformation
modulus is better than indirect determination based
on correlation of results obtained from classifying
rock mass.

The duration of the test and implementation of
the exploratory works plan in a large number of cases
represents exceptionally important criteria in selecting
a test method. Once making a decision on commen-
cing the project, the investor endeavours to optimally
reduce the time required for drawing up the design
documentation which incorporates field exploratory

works. In this way, more time will be available for
construction. The design engineer is conscious of the
fact that in such cases, reducing the duration of testing
negatively impacts the quality of obtained results
which then serve as a basis for design, but this in
turn provides more time for a better quality design.

The complexity of testing directly impacts the
quality of the obtained rock mass deformation moduli
(Hoek, Diederichs 2006). More complex testing re-
quires large equipment investments by the contractor,
including investing in well trained and highly qualified
personnel. Experience has shown that this is rarely
proportional to revenue gained from such testing.
Consequently, it comes as no surprise that the con-
tractor conducting testing shows little interest in
carrying out more complex testing and here he has
the support of the investor since more complex testing
always costs more and lasts longer. On the other hand,
the design engineer has a great interest in conducting
complex testing that will provide better quality results
but will not last too long.

The volume of rock mass included in the test has
a large impact on the test results and subsequently has
a greater significance for the design engineer and
represents his greatest interest. Laboratory testing
of the stiffness of core samples covers a volume of
2 x 10 ~* m? and as such does not represent good rock
mass behaviour for larger volumes. Field testing the
stiffness of rock mass covers a significantly larger
volume of rock mass than laboratory testing and some
may represent quite good rock mass behaviour. Such
testing using flexible and stiff dilatometers includes a
volume of 0.1 m®, the plate loading test includes a
rock mass volume of around 2 m’, the radial jacking
test includes a volume of around 1000 m* whereas the
large flat jack test includes a volume of around 10 m?
(He 1993). A comparison of results using various
methods in field testing stiffness suggests that caution
should be taken when interpreting results. The de-
formability of a quality and relatively uniform rock
mass significantly depends on the test method. Testing
encompassing a larger volume of rock mass resulted in
a smaller deformation modulus and smaller dissipa-
tion of results.

Taking into account the above said, the following
criteria for forming a ranking list of methods used for
field testing rock mass deformability include:

1. Lowest test price;

2. Shortest test duration;

3. Least complex testing;

4. Largest included test volume;

5. Least disturbance of rock mass during testing.

4. Analytic Hierarchy Process (AHP)

In establishing the ranking list of field tests for rock
mass deformability the multi criteria analysis AHP
method was used. AHP was developed by Saaty (1980)
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as an aid to managers in making decisions. By
incorporating subjective assessments and objective
facts into a logical hierarchal framework, AHP
provides the decision maker with an intuitive and
reasonable approach to quantifying the importance of
each decision element by using a mutual comparison
process. This process allows decision makers to reduce
a complex problem to a multi-level hierarchal form
(Ceri¢, Mari¢ 2011). At the same time AHP is well
mathematically grounded (Podvezko 2009).

Generally, the hierarchy has at least three levels:
goal, criteria and alternatives. Criteria may have sub-
criteria. The process starts by determining the relative
importance of particular alternatives with respect to
the criteria and the sub-criteria. Then the criteria are
compared with respect to the goal. Finally the results
of these two analyses are synthesised by calculating
the relative importance of the alternatives with respect
to achieving the goal. The process of comparison is
represented by forming a comparative matrix. If the
analyst has at his disposal n alternatives, or criteria
that form the comparative matrix, then he must make
n(n —1)/2 evaluations. The eigenvector of each com-
parative matrix is the priority list, while the eigenvalue
gives the measure of consistency in making the
assessment or comparison. The synthesised eigenvec-
tor is the global sequence of the alternatives with
respect to achieving the goal. A global consistency
coefficient smaller than 0.10 is acceptable, otherwise
the assessments must be revised. AHP can best be
used for multi-criteria problems in which it is not
possible to precisely quantify how alternatives impact
decision-making.

Forming comparative matrices of relative signifi-
cance for criteria with respect to the goal and for
alternatives with respect to the criteria was carried out
with the assistance of 18 experts from the scientific
community, design engineers, contractors and inves-
tors. These people had, in various ways, a significant
contribution in important geotechnical projects in the
past and expected significant participation in future
projects.

The software program Expert Choice (version.
11.0) was used carrying out the multi criteria analysis
via the AHP method.

4.1. Hierarchical structure

The model comprises the goal, five criteria and five
alternatives. The goal is to establish a ranking list
obtaining field tests for rock mass deformability in
Croatian karst.

The criteria are: 1. Price; 2. Duration; 3. Com-
plexity; 4. Volume; and 5. Disturbance.

Alternatives are methods for field testing rock
mass rigidity: 1. Plate loading test; 2. Radial jacking
test; 3. Large flat jack test; 4. Flexible dilatometer; and
5. Stiff dilatometer.

Table 1. Comparison of criteria with respect to goal

Criteria No. 1 2 3 4 5
1 1/1 1.5/1 3.5/1 1/2.5 3/1
2 1/1.5 1/1 4/1 1/2 2/1
3 1/3.5 1/4 1/1 1/8 1/2
4 2.5/1 2/1 8/1 1/1 4/1
5 1/3 12 2/1 1/4 1/1

4.2. Comparison of criteria with respect to goal

Table 1 shows a comparative matrix of relative signi-
ficance for criteria with respect to the goal. The matrix
is formed on the basis of assessments by 18 experts
who are in fact design engineers, contractors and
investors and who have in various ways had a
significant role in carrying out important geotechnical
projects in the past and shall continue doing so in the
future. The investor’s aim is to reduce as much as
possible the price and costs of testing, the contractor
wants the least complex test methods while the design
engineer is interested in covering the maximum
possible volume and the least possible rock mass
deformation during testing. A total of 10 assessments
were conducted. The experts participating in the
assessment concluded for example that the criterion
Complexity has eight times less significance than the
criterion Volume, and that the criterion Duration has
twice the significance of the criterion Disturbance.

Consistent evaluation using the AHP method
and resolving the generalised problems of eigenvalues
gave the eigenvector of the comparative matrix, thus
presenting the rank list of criteria significance with
respect to the goal (Fig. 6).

The greatest significance has Volume (43.3%),
followed by Price (22.9%), Duration (19%),
Disturbance (9.5%) and finally Complexity (5.3%). In
this example, investors have somewhat subordinated
their interests to the interests of the profession since
the design engineer’s key interests (Volume and
Disturbance) overall have an above half relative
significance (52.8%). Each project is different and
these relations are different depending on the compo-
sition of decision-makers, the importance of the

Volume 0.433

Price 0.229

Duration 0.19

Disturbance 0.095

Complexity 0.053

Fig. 6. Criteria significance with respect to goal
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geotechnical structure and certain criteria specific for
each particular project.

4.3. Comparison of alternatives with respect to criteria

The testing price for each particular method can be
calculated when designing and building a particular
structure on rock masses. Therefore, the mutual
relation of particular field tests in regards to price
can be assessed objectively. The greatest significance is
gained by the least expensive method.

Based on the exploratory works program, i.e. the
required number of particular field tests for a char-
acteristic structure and duration of each particular
testing, it is possible to objectively evaluate the mutual
significance of particular field tests with respect to the
total duration of the exploratory works plan. The
greatest significance is gained by the quickest method.

Since very different field testing methods are
involved, it is necessary to evaluate the relative
complexity of particular methods with respect to other
methods. The complexity of testing significantly im-
pacts the quality and reliability of obtained test results
and rock mass stiffness.

Representative and reliable test results to a great
extent depend on the volume of tested rock mass. The
greater the volume, the more reliable the test results.

Vibrations caused by earth tremors, construction
works or field tests cause deformations in rock masses,
increasing its fragmentation and therefore reducing
rigidity. Consequently, great importance is placed on
the methods that exert least possible rock mass
deformation during testing.

Table 2 shows a comparative matrix of relative
significance for alternatives with respect to the criter-
ion Disturbance. Experts included in the assessment
concluded for example that the large flat jacks deform
rock mass five times less than the radial jacking test,
and that the stiff dilatometer deforms rock mass four
times less than the plate loading test.

4.4. Synthesis of comparison results

Once all consistent evaluations have been made and all
comparative matrices possessing relative significance
for alternatives with respect to criteria have been
determined, the AHP method provides the global
eigenvector of the synthesised comparative matrix

Table 2. Comparison of alternatives with respect to criteria
Disturbance

Altern No. 1 2 3 4 5
1 1/1 2/1 1/2.5 1/5 1/4
2 172 1/1 1/5 1/10 1/8
3 2.5/1 5/1 1/1 1/2 1/1.6
4 51 2/1 10/1 1/1 1/1.3
5 4/1 2/1 1.6/1 1.3/1 1/1

Radial jacking test

bt
(5]
=)

Flexible dilatometer 0.212

Stiff dilatometer 0.205

Large flat jacks 0.124

Plate loading test 0.099

Fig. 7. Ranking list of field tests used in determining rock
mass deformability

representing the rank list of alternative significances
with respect to the goal.

Fig. 7 shows the results of the multi criteria
analysis, i.e. the ranking list of field tests for determin-
ing rock mass deformability.

First on the ranking list is the radial jacking test
with a 36.0% “‘stake”. This high position, despite the
high price and long test duration, has brought about
criterion significance Volume with respect to other
criteria and an exceptionally large volume which this
test method includes.

The second and third position is flexible and stiff
dilatometer at 21.2% and 20.5% “‘stake”. These are the
least expensive, quickest and simplest tests and tests
that least disturb the rock mass. The disadvantage is
that it includes a relatively small volume for testing.

The fourth and fifth place is assumed by testing
large flat jack test and plate loading test with a 12.4%
and 9.9% “stake” respectively.

5. Sensitivity analysis

The Export Choice program allows various way of
conducting sensitivity analyses. This problem is ad-
dressed by the suitable option Dynamic which pro-
vides a simple change in weight and significance of a
criterion and its influence on the ranking list of field
tests for determining rock mass deformability.

The previous analysis provides the greatest
criterion significance Volume (43.3%), nearly twice
the size of the criterion significance Price (22.9%) and
Duration (19.0%). Therefore, the investor has fully
subordinated his interests to the profession, i.e. to the
design engineer. This in practice is a very rare case.
Most often the investor aims to spend the least
possible money on exploratory works so that more
money may be available for the main construction,
and wants the exploratory works to finish as soon as
possible in order to proceed with the compilation of
the project design documentation and the actual
construction.

Fig. 8 shows a sensitivity analysis by increasing
the weight of the criterion Price to 50% with respect to
other criteria. Evidently, a different result was given by
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Duration - 0.123
Complexity l 0.034

Volume _ 0.281
Disturbance . 0.062

Plate loading test - 0.113
Large flat jacks _ 0.117

Stiff dilatometer 0.256

Fig. 8. Sensitivity analysis — increasing the weight of the criterion Price to 50%

the multi criteria analysis. The flexible dilatometer
(26.1%) and stiff dilatometer (25.6%) assumed first
and second place respectively, while the radial jacking
test (25.4%) fell to third place. Furthermore and
importantly, the differences in the final tests were
only slight, hence in practice all three methods for
field testing rigidity should be equally represented if
the criterion significance Price is increased to 50%.
The flat jacks and jack plates do not alter the
significance of their weight nor the sequence on the
ranking list.

Fig. 9 shows a sensitivity analysis by increasing
the weight of the criterion Duration to 50% with
respect to other criteria. Evidently, a different result
was given by the multi criteria analysis. The flexible
dilatometer (27.1%) and stiff dilatometer (26.6%)
assumed first and second place respectively, while
the radial jacking test (25.0%) fell to third place.

Again, the differences in the final tests were only
slight, hence in practice all three methods for field
testing stiffness should be equally represented if the
significance of the criterion Duration is increased to
50%. The flat jacks and jack plates do not alter the
significance of their weight nor the sequence on the
ranking list.

6. Conclusions

Determining the rock mass deformability on the basis
of results from rock mass classifications is normally
applied in Croatian and world geotechnical practice.
Experience gained in constructing a large number of

Price - 0.142
Complexity . 0.033
Volume _ 0.268
Disturbance - 0.059

geotechnical projects in Croatia and the world has
shown an inadequately reliable determination of rock
mass deformability on the basis of existing correla-
tions with the classification results. In order to form
reliable correlations, it is essential to conduct field
testing for deformability which up until now was not
the case.

Laboratory testing of deformability on core
samples does not represent rock mass behaviour for
larger volumes. A small-dimensioned rock sample
does not contain or contains very little discontinuity,
behaves as an intact rock and consequently provides
significantly larger deformation modulus values than
the modulus obtained in field testing.

Field testing of rock mass deformability includes
significant larger volumes of rock mass than labora-
tory samples and some of them may represent rock
mass behaviour. On the other hand, testing is very
expensive and time consuming, and due to the pre-
sumptions in interpreting results, field testing relia-
bility is often ambiguous. A comparison of test results
using various methods shows that rock mass deform-
ability significantly depends on the test method.

The most frequently utilised field test methods
for rock mass deformability are: plate loading test,
radial jacking test, large flat jack test, flexible dilat-
ometer and stiff dilatometer.

Field testing for rock mass deformability requires
a lot of time and resources, hence drawing up the field
testing plan, especially for large structures is a very
difficult and complex task. The reliability and usabil-
ity of field test results is mostly affected by: lowest

Plate loading test 0.096

1

Radial jacking test

Large flat jacks 0.117

o
o
[

Flexible dilatometer 0.271

Stiff dilatometer 0.266

Fig. 9. Sensitivity analysis — increasing the weight of the criterion Duration to 50%
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possible testing costs, shortest possible testing dura-
tions, least complex testing methods, inclusion of the
greatest possible volumes for testing and the least
possible rock mass disturbance during testing.

A multi criteria decision analysis is used to form
a test method ranking list. The method that best takes
into account the given criteria and their mutual
relationships, despite the high price and duration of
testing, is the radial jacking test due to exceptionally
large testing volumes. The second and third place is
assumed by the flexible dilatometer and stiff dilat-
ometer, the quickest and simplest test that exerts the
least deformation in rock masses. Despite this dis-
advantage, the methods include a small testing
volume. The fourth and fifth positions are assumed
by large flat jack tests and plate loading tests.

The sensitivity analysis has shown that increasing
the significance of the testing criteria Price and
Duration provides a different result in the multi-
criteria analysis. The flexible and stiff dilatometer is
practically equated in significance with the radial
jacking test. The flat jacks and jack plates do not
significantly alter their weight or position on the
ranking list.

A ranking list of field testing for rock mass
rigidity formed in this way, and obtained on the basis
of set criteria represents guidelines for drawing up
plans for exploratory works.
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