
1. INTRODUCTION 
Bimrocks [1] are structurally complex formations 
characterized by a fine-grained soil, the “matrix”, which 
includes, in a typical block-in-matrix fabric, hard-rock 
fragments of variable dimensions. The presence of rock 
fragments above a critical threshold size, namely the 
block/matrix (B/M) threshold, deeply influences the 
mechanical behaviour of bimrocks [2, 3, 4, 5, 6, 7]. The 
B/M is not an absolute property of bimrocks but is 
related to a specific engineering scale of interest (i.e. 
several B/M can be identified depending on the working 
scale of the problem under investigation). Due to their 
complex structure, an exhaustive mechanical 
characterization of  bimrocks requires some special 
investigations to be carried out. In particular a non-
conventional in-situ large size test (namely BimTest) 
was developed by the Authors in order to properly take 
into account the presence of rock fragments and their 
interactions with the soil matrix [8]. The main advantage 
of BimTest is that that the shear plane is free to develop 
inside the specimen, thus allowing for an increase in 
tortuosity of the shear plane, leading to an increase in the 
bimrock shear strength compared to that of the only 
clayey matrix.  

However, the in-situ characterization through BimTests 
could result in a quite expensive and time-consuming 
task, especially when large volumes of the formation are 
involved. For this reason, the possibility to integrate the 
mechanical tests with an indirect method of 

characterization was investigated. The analysis aimed at 
correlating the strength parameters with 2D geostatistical 
indexes obtained through a single-scale variogram 
analysis of the rock fragment indicator variable IB (x, y), 
performed on digital pictures of outcrop exposures. The 
present study was carried out on a wide slope located in 
a dismissed open-pit mine in Tuscany, Italy, 
characterized by a wide exposure (about 345.000 m2) of 
an Oligo-Miocenic olistostrome of the Tuscan Nappe. 
The formation is constituted by a dark-grey clayey 
matrix containing rock fragments of micritic and arenitic 
limestone [9] (Fig. 1).  

 
Fig. 1. The investigated bimrock: clayey matrix with 
calcareous hard-rock inclusions.  
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 ABSTRACT: Bimrocks are structurally complex formations made up by a fine-grained matrix including heterometric hard-rock 

fragments which deeply influence their mechanical behavior. A new approach for characterizing the morphological and spatial 
variability of rock fragments in bimrocks is introduced, based on the geostatistical analysis of bimrock outcrop pictures through a 
single-scale variogram analysis of the rock fragment indicator variable IB (x, y). The analysis indicated the presence, all over the 
field, of a nested structure characterized by three or four common elementary variogram models, each taking into account the 
variability of a specific size range of the rock fragments. A first attempt was also made in order to investigate the possible 
correlations between the bimrock strength parameters, obtained through in-situ non-conventional shear tests (BimTests), and the 
geostatistical indexes, which quantify specific spatial and morphological properties of the fragments, by means of a Cross-
Covariance study of non-isotopic regionalized variables (ReV). 
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2. THE BIMTEST 

Six BimTests were performed over the investigated area, 
on specimens of 0.3 m3 (80x80x50 cm) [8]. The 
performed tests indicated that friction angle is well 
correlated to the volumetric content of calcareous 
fragments (VBC) inside the specimens, while cohesion 
shows a sudden drop above a critical VBC threshold of 
20-25 % (Fig. 2, Fig. 3). 

 
Fig. 2. Correlation between VBC and friction angle. The 
effective friction angle relative to the only clayey matrix is 
also showed (from [8]). 

 

 
Fig. 3. Correlation between VBC and cohesion. The effective 
cohesion relative to the only clayey matrix is also showed 
(from [8]). 

3. IMAGE SAMPLING AND PROCESSING 

The image sampling was performed on natural outcrop 
exposures, by choosing a sampling window of 2 m 
square frame (4 m2), which is comparable with the 
BimTest specimen size. According to the adopted 
Stratified Sampling Technique the investigated domain, 
relative to the bimrock outcrop exposure (345.000 m2), 
was subdivided into 68 square cells each one covering 
1.5% of the total investigated area, and sampling picture 
was taken at random position inside each cell. Pictures 
were then digitally scaled in order to maintain the exact 
angular proportion of the 2 m x 2 m window [10]. 

Since the main difference between calcareous fragments 
and the matrix are due to grey tone intensity changes, 
binary images where obtained from the digital pictures 
by applying a supervised maximum entropy 
segmentation algorithm [11, 12]. Binary images g (x, y) 
can thus be interpreted as a realisation of an indicator 
variable function IB (x, y) describing the presence or 
absence of calcareous fragments defined as Set A (Fig. 
4). 
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Fig. 4. Binary image obtained from the digital segmentation of 
a bimrock outcrop picture (the black features represent the 
calcareous rock fragments). It can be interpreted as the 
realization of the indicator variable IB (x, y). 

4. GEOSTATISTICAL ANALYSIS 

In the first level of the geostatistical analysis, the rock 
fragment spatial variability at the working scale of the 4 
m2 sampled window was investigated, by modeling the 
2D spatial variability of the IB (x, y).  

In the second level of the geostatistical study new 
variables (i.e. the model indexes) were defined by 
modeling each one of the 4 m2 sampled windows at the 
working scale of the whole domain. 

4.1. 1st level analysis: elementary nested models 
The 2D spatial variability of the IB (x, y) was modeled by 
calculating experimental variograms on the binary 
images along the directions of 0° and 90°, assuming lags 
(h) ranging between 0.005 m and 1 m [13]. The 
experimental variograms were then fitted by nested 
structure models by means of GEOST-M, a Visual Basic 
macro library, developed by DICAM for Microsoft™ 
Office®. The nested models take into account the 
omnidirectional spatial variability and they show the 
possible presence of geometrical anisotropy, when they 



assume different ranges along different directions, while 
maintaining a constant sill. 

The analysis of nested structures indicated that 
variogram are always characterized by three common 
elementary models, with constant range and variable 
sills (Fig. 5): 

 Spherical model at small scale, always isotropic, 
with a constant range of 8 mm 

 1st exponential model for medium scale variability, 
always isotropic, and with a practical range 
between 11 and 15 mm 

 2nd exponential model for large scale variability, 
with a practical range between 30 and 300 mm, 
which can show a significant geometric anisotropy 

Some of the nested models also showed a slight 
periodicity which was described with a hole effect 
model. 

 
Fig. 5. Elementary nested models. Example of the elementary 
nested models describing the spatial variability of the IB (x, y) 
at different scales within the 4m2 sampling window. 

4.2. 2nd level analysis: model indexes  
The indexes (range, sill, anisotropy, periodicity) of the 
nested structures describe the variability of IB (x, y) and 
can be correlated with the spatial and morphological 
properties of rock fragments A :  

 the range a is correlated with the average size of 
fragments  

 the sill Ctot is linked to the percentage of 
calcareous lithology on the image, since the 
variance of the indicator is defined as 

)1(2 ppI  , where p is the proportion of Set A 

 the variogram geometrical anisotropy is correlated 
with the anisotropy of the iso-oriented shape of 
fragments 

 the periodicity T is a function of the average local 
distance between the fragments and therefore it is 

only evident when, at the scale of investigation, 
they are arranged according to a regular pattern  

As a consequence, the following considerations can be 
drawn (Fig. 6): 

 the spherical model takes into account the shape 
and spatial variability of the calcareous fragments 
below the B/M threshold, which was defined as 1 
cm for the present working scale [8]. Even if at 
this working scale these fragments have no 
influence on the strength properties, we decided to 
not discard them from the variogram analysis 
because their influence on the total IB (x, y) 
variability could not be a-priori excluded. 

 the 1st exponential model refers to the variability 
of small fragments, close to the B/M threshold, 
with an average size of about 1 cm 

 the 2nd exponential model expresses the variability 
of medium-large fragments, with an average size 
between 3 cm and 30 cm 

The geometrical anisotropy, when present, is related to 
the 2nd exponential model, thus to the medium-large 
rock fragments, while it is not visible for the small 
fragments. The periodical/hole model is seldom 
observed and it usually has a low impact on total 
variability, which can be explained due to a 
predominant chaotic spatial arrangement of fragments. 

 
Fig. 6. The spatial variability of specific size-range of rock 
fragments are described by the elementary models: 1) 
spherical model; 2) 1st exponential model; 3) 2nd exponential 
model. 

4.3. Cross-covariance and correlation with 
strength parameters 

An extensive campaign of in situ testing raises some 
problems related to the costs, time, and practical 
technical difficulties. As a consequence, beside the 
physical tests, a quick and less expensive indirect 



method of characterization can be very helpful. For this 
reason the geostatistical indexes obtained through the 
non-destructive image analysis were attempted to be 
correlated to the BimTest strength parameters: if a 
correlation exist, in fact, the non-destructive indexes can 
be used as a valid support for the mechanical 
characterization of the bimrock under investigation.   

Since the strength and image data are non-isotopic (the 
tested specimens were unavailable at the time the 
pictures were collected), any attempt to study their 
possible correlation must be carried out by using a 
geostatistical tool, like the spatial Cross-Covariance 
(C*

12), that makes it possible to investigate the 
correlation of two non-isotopic variables. The spatial 
cross-covariance for the origin (h → 0), in fact coincides 
with the classical covariance between two random 
isotopic variables, and it can be roughly inferred by: 

         12212112
*
12 00  mmxZxZECC h  (1) 

The BimTests strength parameters were chosen to 
represent the first regionalized variable (ReV), z1(x) = 
c(x), φ (x), while the variogram total sill Ctot of the IB (x, 
y), which is linked to the 2D percentage of the 
calcareous lithology, represent the second ReV, z2(x) = 
Ctot(x).  

The cross-correlograms, ρ12(h), were used for an easier 
interpretation of the cross-correlation analysis, since they 
represent a dimensionless measure of the spatial cross-
covariance C12(h). For the ρ12(h) calculation, a base lag 
h of 30 m was found to be the best compromise in order 
to study the small distances (smaller lags) and at the 
same time to work on a statistically meaningful number 
of z1(x)-z2(x) pairs. The ρ*

12 relative to φ - Ctot (Fig. 7) 
shows, for h → 0, a clear positive correlation, while for 
c - Ctot (Fig. 8) the correlation is negative. Since Ctot is 
linked to the rock percentage, it can be related to the 
physical VBC inside the specimens. The positive φ – 
VBC and negative c – VBC correlation [8] are in 
agreement with the behaviour showed by the cross-
correlograms ρ*

12 for h → 0.  

5. FINAL REMARKS 

The geostatistical indexes (range a, sill C, period T), 
obtained through the variogram analysis of the rock 
fragment indicator variable IB (x, y) at the scale of the 4 
m2 sampling window, resulted to quantitatively and 
synthetically express the main properties of the 
morphological and spatial variability of rock fragments. 

The preliminary Cross-Covariance study highlighted the 
likely presence of a meaningful correlation, at the multi-
metric scale, between the non-isotopic variables strength 
parameters and Ctot. 

 
Fig. 7. Cross-correlogram between friction angle and total sill 
(base lag = 30 m). For lag → 0 the cross-correlogram shows a 
positive correlation (ρ*

12  0.3). 

 
Fig. 8. Cross-correlogram between cohesion and total sill 
(base lag = 30 m). For lag → 0 the cross-correlogram shows a 
negative correlation (ρ*

12  -0.38). 

Due to the low number of strength data, however, the 
overall presence of a spatially structured variability 
cannot be postulated on the basis of the only 
experimental ρ*

12, even if the existence of a 
positive/negative correlation at the small scale (<100 m) 
appears to be verified. 

Even if the indexes refer to 2D block properties, whilst 
bimrock mechanical behaviour is governed by 3D 
properties, these experimental correlations can be of 
great advantage for the modeling of spatial and scale 
variability of bimrock strength in support of the in-situ 
tests. Moreover they can also be very useful for a 
preliminary mapping of the relative strength variations 
across the investigated area. 



The experimental correlations presented in this paper 
must be intended as a preliminary result which needs to 
be validated with further studies: 

 laboratory tests and correlation between isotopic 
strength-images variables  

 multiscale analysis 
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