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Geotechnical and hydrogeological investigations for industrial waste storage in an 

underground gypsum quarry

Les investigations géotechniques et hydrogéologiques pour l’emmagasinage de rejets industriels dans une 
carrière souterraine dans le gypse
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SYNOPSIS: This paper describes hydrogeological and geomechanical investigations carried out in 

order to determine the waterproofing capacity and stability of an underground gypsum quarry, 

located in the North West of Italy (Asti province). The purpose of these investigations is to 

establish the reliability of the industrial waste storage in an underground gypsum quarry.

1. Introduction

A program of experimental measurements and 

numerical analysis have been carried out for 

hydrogeological and geotechnical purposes in 

Codana gypsum quarry located in Asti province 

(North-West of Italy).

The aim of these studies was to partially 

utilize the exploitation voids for industrial 

waste disposal.

The examined quarry exploits a gypsum mass 

of a thickness of about 100 m belonging to the 

Messinian Gypsum-Sulphide Formation.

The exploitation, carried out by the room 

and pillar method, is developed on seven 

superimposed levels. These levels are separated 

by gypsum slabs and are connected to the main 

quarry entrance through a principal elicoidal 

tunnel. The industrial sludge, stored in the 

quarry, is made up of a semi-solid inorganic 

material which has different origins and 

composition and a 60% average humidity with 

a weak toxicity.

The exploitation voids of the North-Western 

part of first, second and third quarry levels 

have already been utilized for waste disposal. 

Survey and analysis requested by the Civil 

Autorities have mainly been devoted to the 

determination of the gypsum mass waterproofing 

capacity and stability in the different 

situations generated by exploitation and waste 

filling activities.

2. Geological and structural features

The Codana quarry exploits an Upper Miocenic 

(Messinian) gypsum mass.

The stratigraphic examination shows Pliocenic 

clays on the roof and Tortonian clay-shales 

on the bed of this gypsum mass.

The geological-structural outline seems to 

indicate a tectonic packing of the gypsum mass 

in the Tertiary formations.

A certain number of dislocations seems to 

affect the gypsum mass. These dislocations 

are not evident being closed and sealed.

■3. Site hydrogeological characterization

The gypsum, clay and clay-shale material 

behaviours are impermeable frati a hydrogeological 

point of view. The gypsum mass exhibits in same 

places a limited hydraulic circulation which, 

starting from the surface, flows through the 

discontinuity zones, mostly of secondary 

origin.

In the secondary discontinuity field, the 

karstic phenomena are quite subordinate and 

are however limited to the upper exploitation 

levels. The surveyed flow ways are to a large 

extent completely blocked.

Three continuous core geognistic drillings 

were carried out in order to assess the whole 

gypsum mass waterproofing.

Two drillings are inclined and one drilling 

is vertical. At the end of the drilling phases, 

various Lefranc type permeability tests were 

perfomed in each hole.

Laboratory tests for permeability and 

geomechanical parameters were then carried out 

on the specimens obtained from the cores.

Finally, hydrogeochemical investigations were 

carried out in order to assess the absence of 

pollution phenomena in progress.

3.1 Permeability measurements

Sixteen variable head permeability 'in situ1 

tests and four coefficient of permeability 

laboratory tests were carried out by the Ruska 

permeameter. The laboratory tests were carried 

out on clay-shale specimens obtained from the 

gypsum mass bottom.

The 'in situ' tests gave very low permeability 

values; the laboratory tests exhibited 

permeability values varying in a range between

1.0 10 m/s and 7.2 10 m/s.

3.2 Hydrogeochemical investigations

A leakage sampling taken directly from the 

quarry collector basin (specimen n. 3) and a 

sampling taken from the main water points 

(springs, wells, hydrographic grid) located
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both outside and inside the quarry were carried 

out with the purpose of determining the absence 

of a pollutant contribution connected to the 

industrial waste.

The typical mud tracers were researched in 

the internal and external quarry hydraulic 

context by taking into account the good tracing 

of the leakage water from typical chemical 

(heavy metals) and isotopic composites (18 

Oxigen Sulphide and 34 Sulfhur contents).

3.2.1 Isotopical parameters

Isotopical analysis of the 18 Oxygen and 

Deuterium contents were carried out on all the 

water specimens gathered, except the specimen n.3 

which represent the leakage waste.

All^ the sampled points, drawn on a classical 

<T 0-<j H diagram (Figure 1), are aligned on the 

straight line which represents the meteoric 

precipitations on the worldwide scale.

Fi^jgre 1. Sampled water distribution diagram 

d 0- d H; the 18 Oxygen and Deuterium 

isotopical compositions are given in percentages 

and referred to the SMOW (Standard Mean Ocean 

Water). 2 lg

The straight line ¿ H = 8 - d  0 + 1 0  represents 

the meteoric precipitation on the worldwide 

scale.

For the sampled water points, the diagram 

shows a feeding due only to local meteoric 

precipitations and an isotopical composition 

which did not undergo any modification starting 

from the ground flow phenomena beginning.

The isotopical average value in 18 Oxygen 

of the local meteorical recharge is close to 

-9%o. The differences from the mean value can 

be attributed to seasonal effects, and, in 

corrispondence to the most negative values, 

particularly in the specimens 6 and 8, to 

contributions due to snow mantle thowing, 

existing at the time of sampling. The sulphyde 

origin is diagnosable on the basis of the 18 

Oxygen and dissolved sulphyde isotopic grade.

The isotopic values of specimens n. 1, 2, 4 

and 7 are related to the gypsum dissolution. 

Specimen 3, which contains the mud leakage, 

shows, on the contrary, a different isotopic 

composition clearly related to the industrial

Figure 2 .^Water ̂ gissolved sulphides distribution 

diagram d S — d 0. The presence of^sea-water 

sujghides isotopical composition in i S and 

d 0 is shown by means of a stars.

This composition is very similar to that of 

Messinian gypsum.

origin of these sulphides (Figure 2).

The different isotopic content of specimen

5 shows unmistakably, in comparison to the other 

specimens, the absence of pollution phenomena 

due to waste leakage loss within the examined 

hydraulic systems.

3.2.2 Chemical-physical parameters

Chemical physical analysis were carried out 

on all the obtained specimens.

The results shows the existence of a commune 

chemical 'cachet' of essentially sulphatic 

water, connected to the dissolution of the 

Messinian Gypsum Formation except the specimen

3 concerning the waste leakage, where sulphydes 

have an industrial origin.

This specimen is, obviously, characterized 

by average pollutive parameters which should 

have the behaviour of the characteristical 

tracers, supposing a diffusion in the 

surrounding enviroment.

4. Mechanical characterization

The statical analysis of the quarry stopes 

involved a geomechanical charaterization, mainly 

devoted to the physical gypsum mass parameters 

to be used as input data in the numerical model.

The gypsum mass was subdivided from the 

geomechanical characterization point of view 

into two classes: one is formed of crystals 

of a few millimiters; the other is formed of 

crystals up to a few centimeters. Finer grain 

gypsum mainly forms the upper part of the rock 

mass. The overall percentage of the finer 

material is 3 times greater than the coarse 

grain gypsum.

The geomechanical characterization of the 

gypsum material was carried out by means of 

laboratory tests on specimens obtained by 

drilling cores. The mass mechanical features 

were obtained by means of a structural survey 

and by Recovery Quality Designation (R Q D )
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TAB. 1 LABORATORY AND FIELD DATA

r 3 Es Et RQD

[t/m ] [MPa] [MPa] [%]
Fine grain

size gypsum 2.09 11500 13200 40

Coarse grain

size gypsum 2.19 4500 2570 30

Co Cp Cr <fp <Pr

[MPa] [MPa] [MPa] [:°] f ]
Fine grain

sine gypsum 13.0 2.9 0 48 35

Coarse grain

size gypsum 6.3 3.5 0 38 35
Co= uniaxial corap. strength; Cpf Cr= peak and res. cohesion 

b'EM INPUT PARAMETERS

Em vm cm i’m

[MPa] [-] [MPa] [°]

Gypsum mass 1500 .33 .15 35

Clay-shale 750 .33 .07 35

Industrial waste 100 .33

achieved from the drillings executed for this 

purpose.

The laboratory test main results are reported 

in table 1.

tjThe struc^jiral survey involved, on the 3 ,

4 and 5 exploitation level, the main 

discontinuities recorded in the quarry pillars 

and walls which are clay-shale intercalations 

with waved surfaces and a generally smooth 

contact between the surfaces. The fillings are 

almost always a few decimeters thick.

The drillings were executed in the gypsum 

mass up to 20-25 m deep. As far as the 

differenting qualities of the gypsum mass is 

concerned, an average RQD value was determined 

for those parts where the fine grain was 

prevalent and a second RQD value for those parts 

where the coarse grain material was prevalent.

The low RQD average values obtained seem 

to be in contrast with the gypsum mass wall 

observation. Apart from the clay-shale 

intercalations which have a singularity role, 

the rock mass seems to be completely sound and 

compact. The plastic behaviour of the gypsum 

material was probably the cause of the original 

discontinuity sealing, which is not evident 

on a macroscopic scale.

The gypsum mass was considered as a continuum 

and the mass deformation modulus was determined 

by utilizing a reduction factor of the elastic 

intact material modulus relating to the RQD 

value (Beniawski, 1978).

The intercalations with a larger thickness 

were dealt with for their uniqueness, by 

assigning their mechanical properties.

The gypsum mass shear strength parameters 

were obtained by reducing the shear strength 

parameter of the gypsum material taking into 

account the RQD values for the mass.

The behaviour model assumed for the mass was 

elastic ideally plastic (Naylor et al. 1981). 

The limit between the elastic and plastic

behaviour is given by the Drucker-Prager 

plasticity condition. The industrial waste 

material was considered for its weight and 

deformability. Table 1 reports physical and 

mechanical properties assigned to the materials 

schematized in the numerical model.

5. Statical analysis

The statical behaviour of the quarry stopes 

was examined by means of a FEM analysis in 

three-dimensional geometry conditions and in 

an elasto-plastic field. (Bathe, 1982).

The 3-D FEM model representing the Codana 

quarry rock structure and the numerical 

simulation of seven exploitation level 

excavation phases has been described in detail 

(Giani, 1988) with the purpose of reporting 

the stress state condition obtained in the 

quarry pillars.

Figure 3 shows a typical horizontal section 

of the FEM model representing the exploited 

area. The model schematizes, thanks to the 

simmetry, only 1/4 of the real structure which 

involves an exploited area of 15 pillars. The 

rock slabs separating the room and pillar 

stopes and the pillars are 5 m high, the pillars 

have a 5 m square section. The numerical 

simulation phases involved the gravitational 

analysis of the initial conditions, 7 excavation 

phases and 3 filling phases.

The filling of the openings with industrial 

waste was simulated in the modelling by 

generating new elements which substituted the 

excavated elements and had the weight and 

mechanical properties of the waste material. 

The statical conditions of the quarry were 

examined in different situations which refer 

to different excavation and filling phases.

Figure 3 shows the yield function isocurves 

(absolute values) in the horizontal section, 

executed in correspondence ^  the rock slab 

separating the 6 from the 7 level (at about

0.4 m distance from the roof), with the purpose 

of reporting one of the most significative 

situation. Figure 3a refers to the situation 

of the exhausted quarry, figure 3b refers to 

the situation at the end of the filling phases.

The initial (gravitational) value of the yield 

function is always constant over the horizontal 

section and is about 0.7 MPa.

The excavation effect (figure 3a) is a 

reduction of the yield function values in the 

zone overhanging the central pillar boundary. 

This reduction, which corresponds to a reduction 

of the available shear strength, is evident, 

even though less marked, on the lower side of 

the other pillars.

The weight of the waste material produces 

a further reduction of the available deviatoric 

stress in the zones overhanging the lower pillar 

boundaries.

Plasticity conditions are not reached in all 

the examined areas (figure 3) which show a 

suitable static condition of the rock slab.
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Figure 3. Yield function isocurves (absolute 

values-MPa) in the horizontal section executed 

ig^ the rock slab separating the 6 from the 

7 level. Fig. 3a refers to the situation of 

the exhausted quarry; fig. 3b refers the 

situation at the end of the filling phases.

Figure 4 shows the principal stress diagrams 

along the diagonal in the middle of the

central pillar of the 5 level in the exhausted 

quarry at the end of the filling phase. In 

addition to these computed stresses, figure

4 shows the results of an elastic analysis and 

of the experimental CSIR door-stopper 

measurements (Barla, Innaurato, 1974).

The computed and measured maximum stresses 

are in fairly good agreement, being comparable 

and both reaching values up to 3.5 times greater 

than that of the gravitational stress. The 

plastic areas are limited to a small shallow 

zone. The plastic areas and the redistribution 

of the plastic zone are recognizable from the 

comparison between elastic and elasto-plastic 

stresses.

The effect of the weight and the stiffness 

of the filling produce a small variation of 

the stresses, increasing both the principal 

stresses. In this situation, with an increase 

of the mean stress and a constant deviatoric 

stress, the statical condition of the pillars 

are improved.

6. Concluding remarks

The following conclusions can be made, on the 

basis of the results of this study:

1. The gypsum mass, housing the Codana quarry, 

exhibits insignificant permeability values. The 

clay and clay-shale formations, encasing the 

gypsum mass, have permeability values even 

lower.

2. In this impermeability material situation, 

the hydraulic circulation is limited and

Figure 4. Principal stresses vs pillar face 

distance diagram. (V level - 70 m deep).

Maximum stresses (1 - 4), Minimum stresses 

(5 - 8). Experimental measurements (1 - 5), 3-D 

elastic analysis (2 - 6), 3-D elasto-plastic 

analysis (3 - 7), 3-D elasto-plastic analysis 

at the end of the filling phases (4 -8).

The Roman number refers to the multiple of the 

initial gravitational vertical stress.

connected to fessuration and Karst phenomena 

in the first levels. The water, due to this 

circulation, is intercepted and conducted 

outside the quarry, in order to avoid any 

contact with the waste disposal.

3. The expected absence of a water stratum 

is confirmed on the basis of the above quoted 

points 1 and 2.

4. The waste disposal represents an entity 

completely removed from the surrounding 

ecosystem, both on the surface and underground.

5. The quarry statical study, in the situation 

of the exhausted quarry and industrial waste 

filled quarry, were analyzed by means of a 3-D 

FEM model. Both the situation analysis showed 

local and overall good stability conditions 

and in particular the waste disposal does not 

change the previous whole structure stability 

conditions.

6. The evacuation system of the meteoric water 

circulation existent in the quarry must be 

carried out regularly.
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