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Case histories of very hard fissured soils stiffness determination 
Exposé des cas concrets de détermination de rigidité des sols fissurés très durs 
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ABSTRACT
Very hard fissured soils fall in the category of soft rocks. The stiffness of rock is usually determined through correlations with the 
classification index RMR because laboratory samples are not representative of the whole rock mass. Contrary to the standard labora-
tory determination of soil stiffness, which greatly overestimates small soil deformations, it has been shown that the RMR correlations
greatly underestimate deformations, which are measured during construction in hard fissured soils. Interactive design measures are
then required to enable the excavation stability. A modified correlation between RMR and the soil stiffness is presented in the paper
based on five case histories of excavations in fissured soils, where deformation measurements were taken throughout construction.

RÉSUMÉ
Les sols fissurés très durs sont dans la même catégorie que les roches molles. La rigidité des roches est d'habitude déterminée par
corrélations avec l'index de classification RMR, parce que les échantillons de roche pour les essais en laboratoire ne représentent pas 
l’entière masse de roche. Tendis que la rigidité du sol déterminée à manière habituelle en laboratoire surestime beaucoup les très
petites déformations du sol, on trouve que les déformations obtenues par les corrélations avec RMR sont, au contraire, beaucoup sous-
estimées dans les sols fissurés. Les mesures de déformations pendant les travaux d'excavation dans les sols fissurés prouvent ce cas, et 
la conception interactive doit alors être appliquée pour assurer la stabilité de l'excavation. Une corrélation modifiée entre la rigidité du 
sol et RMR est présentée, déduite de cinq cas concrets des excavations dans les sols fissurés, où les mesures de déformations ont été 
prises tout le temps pendant la construction. 

1 INTRODUCTION 

The stiffness of very hard soils or soft rocks has not always 
been of great interest to geotechnical engineers due to small 
displacements generated in such formations. The ever larger 
structures that are being constructed, particularly in urban areas, 
require, however, detailed soil-structure interaction analyses and 
the accurate determination of soil stiffness. 

Recovered samples from boreholes in very hard soils are 
usually not representative of the whole soil or rock mass due to 
its fissures and joints. To overcome this difficulty, particularly 
for tunnel design, rock mechanics engineers have developed 
correlations between the rock stiffness and various rock classifi-
cation characteristics such as the Rock Mass Rating (RMR) 
index or the Geological Strength Index (GSI) (Hoek & Brown, 
1977; Serafim & Pereira, 1983). These correlations are based on 
the value of the deformation modulus determined through the 
linear elastic back analyses matching the calculated and meas-
ured displacements. 

The same approach was adopted for five large excavations 
performed in very hard fissured and jointed soils/rocks. Meas-
urements of linear deformations of the soil/rock mass were 
taken during construction. A sliding deformeter measured rela-
tive displacements between benchmarks placed at the distance 
of one meter along boreholes to an accuracy of 30 microns. The 
use of this device was described in Kova�evi� (2003) and 
Kova�evi� et al. (2002). 

The comparison between the results of numerical analyses, 
which simulated construction stages for all these case histories, 
and the measured deformations, clearly showed that the existing 
correlations based on rock classification characteristics signifi-
cantly underestimate the values of deformations. Additional 
measures along the lines of interactive design had to be taken in 
order to ensure the excavation stability in all five cases. 

A modified Serafim and Pereira (1983) correlation resulted 
from the back analyses matching the calculated and measured 
displacements based on the limited experience gained from the 
described case histories. 

2 CORRELATIONS BETWEEN CLASSIFICATION INDEX 
RMR AND SOIL STIFFNESS 

The Rock Mass Rating (RMR) classification system was devel-
oped by Bieniawski in the early seventies for the characteriza-
tion of the rock mass for tunnel construction. The original sys-
tem was changed over the years of use on the basis of data 
obtained in a large number of underground constructions in dif-
ferent geological environments, and according to international 
standards (Bieniawski, 1979). 

The RMR classification has use not only for tunneling, but 
also for foundations on rock masses and the slope stability 
problems, with the corresponding corrections of the original 
classification procedure, as the one suggested by Serafim and 
Pereira (1983). 

The RMR classification system is widely used in rock 
mechanics, not only because of its simplicity, but, even more 
importantly, because it can be used in correlations with the 
strength and deformation characteristics of the rock mass. 

Bieniawski (1979) proposed the following expression for the 
determination of the equivalent deformation modulus En, per-
pendicular to the discontinuities, from RMR: 

En = 2 RMR - 100 (1) 

where En is expressed in GPa. This expression is valid only for 
RMR>50, and it gives negative values of En for lower values of 
RMR. It was obtained empirically from 22 in situ tests for the 
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determination of the rock deformability characteristics, mostly 
for dam foundations. 

Serafim and Pereira (1983) used a wider data base and they 
suggested the following correlation for RMR<50: 

Several modifications of equation (2) were suggested on the 
basis of evidence that the deformation modulus obtained from it 
were overestimated. Hoek and Brown (1997) suggested an 
expression where the right hand-side of equation (2) is multi-
plied by a factor smaller than 1. Hoek et al. (2002) suggested a 
further decrease of the deformation modulus by multiplying the 
right hand-side of the Hoek and Brown (1997) equation by 
another factor smaller than 1. This last expression takes into 
account the disturbance of the rock mass caused by mining or 
the relaxation of the rock mass due to excavation. 

All these expressions still overestimate the deformation 
modulus (Palmstrom & Singh, 2001; Kayabasi et al., 2003). 
This is particularly true for rock masses with lower strength and 
in the zones of discontinuities with soft fill. It is, thus, essential 
to provide deformation measurements during construction, in 
order to provide accurate values of the deformation modulus 
through back analyses. The results of such back analyses, with 
the use of a modified equation (2) for very hard fissured and 
jointed soils/rocks, are presented in this paper. 

3 INSTRUMENTS FOR DEFORMATION 
MEASUREMENTS 

The behavior of excavated slopes in the described case histories 
was monitored throughout construction in order to assess the 
safety of slopes. The displacements of the soil/rock mass were 
measured by the use of horizontal deformeters and vertical 
inclinometer-deformeters. 

  Sliding deformeters for horizontal deformation measure-
ments were acquired from “Solexperts”, Zürich, Switzerland 
(Kovári & Amstad, 1982). They measure the distance between 
consecutive benchmarks, which are placed at intervals of 1 m at 
the end of special plastic pipes. They will extend at the same 
time as the soil mass due to telescopic joints, which contain 
benchmarks.

The accuracy of in situ distance measurements is about 
�0.03 mm/m within the range of �22.5 mm/m. The first set of 
readings serves as the reference for all subsequent readings in 
different construction stages. It is, thus, possible to determine 
the pipe deformations, which are also the deformations of the 
soil mass, all along the excavation construction. 

4 CASE HISTORIES 

The following case histories illustrate the discrepancies between 
predicted stiffness of very hard fissured and jointed soils/rocks 
by using equation (2), and those obtained from back analyses by 
matching calculated and much larger than predicted deforma-
tions measured throughout construction by horizontal deforme-
ters and vertical inclinometer-deformeters. In these analyses the 
following modified Serafim and Pereira (1983) correlation was 
used:

where the coefficient A is smaller than 1, and has a different 
value for each case history. RMR values were determined prior 
to construction from boreholes and by inspection of the excava-
tion face in all five cases. 

Interactive design measures were required in all cases 
described due to the much larger than originally predicted 
deformations of the soil/rock mass measured during construc-
tion in order to stabilize the cuts. 

4.1 Zagrad excavation 

A deep cut was made in the soil/rock mass composed partly of 
limestone and partly of flysh layers in 2001 over a period of 9 
months for the construction of underground garages below a 
building in Rijeka (Fig. 1). The practically vertical cut, 14 m to 
21 m deep, was made right next to a street and existing build-
ings. A reinforced concrete girder with rockbolts at the cross-
ings of the girder beams were used to support the excavation. 

A horizontal deformeter 16 m long, and a vertical incli-
nometer-deformeter 25 m long were used for the measurements
of horizontal displacements. The cut was made in sections, 2 m 
high, according to the vertical spacing of the girder beams. 
After excavating the first three sections, the measured deforma-
tions required prestressing of the rockbolts and the installation 
of additional rockbolts between the girder crossings. The meas-
urements also indicated that the soil/rock mass was loosing sta-
bility if left unsupported for longer than 12 hours, thus endan-
gering the surrounding street and buildings, so that a time limit 
was imposed on the construction of the support system for 
lower excavation sequences. 
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Figure 1. Zagrad excavation support system and measuring devices 

4.2 Kaufland excavation 

A 17 m cut was made in 2003 over a period of 4 months, practi-
cally vertically in limestone right next to a street, for the con-
struction of a shopping center in Rijeka (Fig. 2). The cut was 
supported by multilayered reinforced shotcrete and prestressed 
rockbolts. It was made in sections, 3 m high, and the length of 
sections was determined by the construction period for the sup-
port system, not longer than 5 days. 

The deformations measured when the excavation was 12 m 
deep imposed the use of an additional shotcrete layer and the 
restriction of the section lengths to 40 m in order to secure the 
neighboring street. 

4.3 Lenac excavation 

A 35 m to 55 m deep cut was made in limestone in 2002 over a 
period of 8 months for the construction of a shipyard platform 
in Rijeka (Fig. 3). The berms, 4 m wide, were made at each 
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Figure 2. Kaufland excavation support system and measuring devices

12 m of the cut depth and the slope inclination was 3:1. The cut 
was made in sections of 4 m, and it was supported by multilay-
ered reinforced shotcrete and rockbolts. 

The measured deformations were much larger than pre-
dicted, so that additional measures had to be taken. When the 
excavation was 12 m deep, the rockbolts were prestressed, 
additional rockbolts installed, and the section lengths were 
restricted to 50 m. For the last 12 m of excavation, until its bot-
tom, the height of sections was lowered to 2 m, the rockbolts 
were prestressed and the section lengths were restricted to 20 m. 
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Figure 3. Lenac excavation support system and measuring devices 

4.4 WTC excavation 

The World Trade Center construction in Rijeka required a verti-
cal cut, up to 12 m deep, in limestone (Fig. 4). The cut was 
made in 2003 over a period of 7 months, in sections of 3 m, and 
it was supported by multilayered reinforced shotcrete and 
prestressed rockbolts. A street was to be constructed next to and 

above the excavation, so that a 10 m high cantilever retaining 
wall was constructed and its backfill was an additional load on 
the supported rock mass at the cut. 

In order to prevent damage to the existing street, it was nec-
essary to intervene when the measured deformations greatly 
exceeded the predicted ones at the excavation depth of 6 m. An 
additional shotcrete layer and additional rockbolts were then 
installed to ensure the excavation stability. 
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Figure 4. WTC excavation support system and measuring devices 

4.5 Podvugleš excavation 

An open cut, 14 m deep, was made in 1999 over a period of 3 
months at the Podvugleš tunnel portal on the Zagreb-Rijeka 
highway construction site in layers of sandstone and shale (Fig. 
5). The changing slope inclination was 5:3, 2:3 and 1:2. The cut 
was made in sections of 3 m and it was supported by multilay-
ered reinforced shotcrete and rockbolts. 

As the first 6 m were excavated below the lower berm, much 
larger deformations than predicted were measured, and the 
lower horizontal deformeters showed unexpectedly large hori-
zontal strain at the depth of 4 m below the soil/rock surface. It 
was concluded that a potential failure surface was developing at 
that depth. Vertical inclinometers did not indicate that a deeper 
failure might be occurring. Additional rockbolts were installed 
in order to prevent the slope failure and the section heights were 
lowered to 2 m. Further measurements did not show any pro-
gressive increase of deformations. 
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Figure 5. Podvugleš excavation support system and measuring devices 

5 SUMMARY OF THE MODIFIED SERAFIM AND 
PEREIRA CORRELATION 

The summary of the modified Serafim and Pereira (1983) cor-
relation given by equation (3), using the multiplier A<1 to 
decrease the value of the deformation modulus in order to match 
measured and calculated displacements of the very hard fissured 
and jointed soil/rock mass, is presented in Table 1 for all exca-
vation projects described. The corresponding soil/rock type, the 
range of RMR values and the value of A are given for each 
project. The average of all values of the coefficient A for the 
five projects in Table 1 is presented at the end of the Table. 

Table 1: Values of the coefficient A for all case histories - equation (3) _________________________________________________________
Project   Soil/Rock Type   RMR  Coefficient A_________________________________________________________
Zagrad   Limestone and flysh  30-54  0.031 
Kaufland  Limestone    38-45  0.036 
Lenac   Limestone    31-42  0.042 
WTC   Limestone    35   0.048 
Podvugleš  Sandstone and shale  25-30  0.053 _________________________________________________________
Average A           0.042 _________________________________________________________

The back calculated values of the coefficient A show the 
extent of underestimation of the deformations of the very hard 
fissured and jointed soil/rock mass. It is interesting to note that 
the lower the RMR values, the higher is the value of the coeffi-
cient A. The highest value of 0.053 corresponds to the sandstone 
and shale formation. 

6 CONCLUSIONS 

Hard soils and soft rocks have many common characteristics, 
particularly regarding the stress-strain behavior. It is, thus, use-
ful to implement rock mechanics correlations in the analysis of 
very hard fissured soil behavior, especially because it is other-
wise not easy to determine the parameters of such soils. The 
stiffness determination is important, especially for large con-
struction projects, even more so in urban areas. 

The presented five case histories of excavations in very hard 
fissured and jointed soils/rocks, where measurements of defor-
mations were taken throughout construction, clearly show that 
the existing correlations between the RMR classification index 
and the soil/rock stiffness significantly underestimate the 
deformations exhibited during construction. In all five cases 

interactive design measures were, thus, necessary to stabilize 
the excavation slopes. 

Back analyses were conducted in order to match measured 
and calculated displacements of the soil/rock mass for each of 
the five cases, which resulted in a modified Serafim and Pereira 
(1983) correlation. The coefficients A used in this correlation 
are in the range of 0.031 to 0.053, with an average value of 
0.042. The highest value of A corresponds to the lowest values 
of RMR in the case of a sandstone and shale formation. These 
limited results show the magnitude of the overestimation of the 
deformation modulus provided by the Serafim and Pereira 
(1983) correlation, and may be useful for a better understanding 
of the behavior of very hard fissured soils. 
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