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ABSTRACT: The present paper proposes two numerical models of an old tunnel supported by masonry; these
models were developed by the well-known Universal Distinct Element Code (UDEC). A masonry mechanical
behaviour analysis and numerical simulation of the masonry ageing phenomenon will also be addressed by
means of an experimental design to study the influence of masonry block physical properties on the mechanical
behaviour of tunnel support structure.

1

INTRODUCTION

strategies for masonry structures can at present be
identified (see figure 1):

Masonry vaults are one of the most familiar structural
shapes present in architectural heritage worldwide.
Historical domed buildings arched stone bridges and
vaulted tunnels are among the most famous examples.
Over the last few years, the development of numerical tools in the field of structural analysis has enabled
researchers to establish approaches for numerically
modelling masonry structures, yet an analysis of
the mechanical behaviour of such blocks and joints
structures remains challenging due to the extent of
correlated factors. This paper seeks to study tunnels
masonry behaviour used in old tunnels by numerical
modelling and experience design.
2

1 Detailed micro-modelling: blocks and mortar in the
joints are represented as a continuum, whereas the
unit/mortar interfaces are modelled by discontinuous elements;
2 Simplified micro-modelling: “geometricallyexpanded” continuum units, with discontinuum
elements incorporating the behaviour of both mortar joints and interfaces;
3 Macro-modelling: all three principal features of
structural masonry are represented by an equivalent
continuum.

MASONRY STRUCTURES NUMERICAL
MODELLING APPROACHES

Several modelling approaches to masonry structures
(continuous and discontinuous modelling) are currently under development by several research teams. A
number of bridge arch models have been proposed to
study the behaviour and certain instability problems,
such as collapse (Ford et al., 2003; Sumon et al., 1995;
Hughes et al., 1998; Bicanic et al., 1995; Brookes
et al., 2004). Many historical masonry construction
simulations and numerical analyses were presented
by (Valluzzi et al., 2004; Lourenço, 2001; Giuriani
et al., 2001; Bicanic et al., 2002). Yet no single publication actually focuses on or addresses the analysis of
old tunnel masonry structures. Three basic modelling

Figure 1. Basic approaches to masonry structures.
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Figure 3. Sample disorder types within old tunnels (CETU
Tunnel Study Centre, 2004).

Figure 2. French tunnel classification (Idris et al., 2007).

3 TUNNELS AGEING PHENOMENA
Old underground structures, especially tunnels, display specific characteristics regarding behavioural
evolution over time. The infrastructure environment,
surrounding soils and construction materials used all
contribute to this evolution. Consequently, several
types of disorders may appear and develop in these
underground structures due to specific ageing processes that, in reality, are complex phenomena. One
impact is the alteration in mechanical properties of
the various construction materials.
A majority of the world’s tunnels are currently more
than 100 years old; these would all be considered as
ancient infrastructure. Figure 2 illustrates the classification of tunnels in France, where the oldest one
exceeds 180 years.
The majority of old tunnels are supported by
masonry elements. The type of masonry support or
lining depends upon utilisation of the high compressive strength in the stones, which explains the vaulted
section shape of old tunnels supported by masonry.
Apart from the environment and evolution in surrounding soil and in the absence of an effective
isolation system for such underground structures, subsoil water can easily penetrate the masonry joints and
circulate within.
Over time and in the presence of other aggressive
ambient factors, several physical, chemical and biological processes may develop inside the masonry structure; this phenomenon and its impacts are collectively
called the tunnel-ageing phenomenon.
As a result, various types of disorders appear
inside old tunnels; these would include: longitudinal
or transverse structural cracks, convergence and partial masonry collapse. Figure 3 provides some images
of such disorders.

4

NUMERICAL MODELLING OF ANCIENT
TUNNELS

A tunnel masonry structure is a discontinuous medium
consisting of blocks bonded to each other by mortar;

Figure 4. A typical old tunnel cross-section (extracted
from Kerisel, 1975).

in addition, such a structure forms an interface with
the surrounding soil. The Distinct Element Method
(DEM) is a suitable technique for modelling these
structures. By means of the Universal Distinct Element Code (UDEC), two simplified micro-models of
an ancient tunnel have been derived. The geometric
and geomechanical properties of both models were
inspired from previous cases of ancient tunnels available in the “old tunnel” sub-database (Idris et al.2004,
2007) as well as from other bibliographical sources,
including Kerisel, 1975 (see Figure 7, in which the
thickness of the masonry support structure equals
80 cm).
The two representative models are positioned at a
shallow depth of 20 m; they both display a vaulted section shape. In the first model, the masonry-supporting
section consists of a regular rectangular and square
limestone blocks (Fig. 5a). In the second, the masonry
consists of two layers of limestone blocks: regular and
irregular (Fig. 5b). Masonry blocks are bonded by a
lime mortar. The masonry support thickness is 80 cm
and the sidewall height in each model amounts to 3 m.
All other geometric details are shown on Figure 5.
By taking into account model section symmetry, only half of each set-up needed to be modelled. Figure 6 shows the tunnel position within the
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Figure 5. Two proposed models (a and b) for old tunnels.

surrounding soil, along with the selected boundary
conditions, the chosen dummy joints and the mesh.
Dummy joints were introduced in order to obtain a
suitable grid around the excavated tunnel.
The soil surrounding the tunnel consists of a homogeneous mix of clay and sand. Table 1 lists the basic
mechanical properties assigned to the surrounding
soil, masonry and masonry joints, based on the work by
(Verdel et al., 1999), (Hoek, 2000) and (Janssen, 1997).
Calculations were carried out in plane strain: the
soil and masonry follow a perfect elasto-plastic MohrCoulomb plasticity criterion. The calculation step
proceeded by two main stages: model consolidation in
the initial stress condition prior to tunnel excavation;
and tunnel excavation and simultaneous installation
of masonry support. The calculation could then be
continued until reaching model equilibrium.
5

MECHANICAL BEHAVIOUR ANALYSIS
OF MASONRY BLOCKS

Figure 8 presents Mohr circles for every grid zone of
the masonry block used in the initial model (according
to which, every masonry block is divided into 2 or

Figure 6. Tunnel position, boundary conditions and mesh.

4 grid zones). In the initial model, no block stress
exceeds the Mohr-Coulomb failure criterion (as shown
on Figure 7), and all masonry blocks display perfectly
elastic behaviour. Based on the stress distribution of
masonry blocks, we are able to approximate the critical values for masonry block cohesion, tensile strength
and friction angle, all of which can modify the masonry
behaviour from elastic to plastic.
This analytical approach has enabled us to define
the variation range for these three parameters over
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Table 1. Selected mechanical properties of the surrounding soil, masonry and masonry joints (M: Volumic mass; E:
Young’s modulus; ν: Poisson’s ratio; C: Cohesion; ϕ: Friction angle; Tr: Tensile strength Jkn, Jks: Normal, Tangential
joint stiffness; JC: Joint cohesion; Jϕ: Joint friction angle;
JTr: Joint tensile strength).
Surrounding soil
Parameter Unit
M
E
ν
C
ϕ
Tr

Kg/m3
MPa
MPa
◦

MPa

Masonry
Value

Parameter Unit

1900
200
0.3
0.50
20
0.10

M
E
ν
C
ϕ
Tr

Value

Parameter Unit

Value

Kg/m3 2100
MPa
6000
0.2
MPa
3
◦
30
MPa
1

Figure 8. A sample of numerical simulation results for the
first model (test, cohesion, tension and friction).

Masonry joints
Parameter Unit
Jkn
Jks
JC

GPa/m
GPa/m
MPa

150
69.7
1.2

Jϕ
JTr

◦

MPa

Value
25
0.4

Figure 7. Mohr circles for masonry block grid zone stresses
in the initial model.

which it is appropriate to study how the three chosen parameters influence the overall behaviour of
masonry structures. As an example, the decrease in
both cohesion and friction angle can serve to significantly increase the number of plastic zones within the
masonry structure.

6

PROPOSED EXPERIMENTAL DESIGN
FOR MASONRY SUPPORT AGEING
SIMULATION

chemical and biological combined processes. A number of physical phenomena, such as dilation, contraction, freezing, hydration and desiccation cycles,
potentially lead to a considerable evolution in material
mechanical properties. Construction materials ageing
processes detail were explained by (Idris et al. 2007).
The behaviour of masonry is dictated by the physical
and mechanical properties of both blocks and joints.
Our survey focused on evolution in the mechanical
behaviour of masonry blocks due to ageing; special
attention was therefore devoted to the parameters that
define block failure, such as cohesion, tensile strength
and friction angle.
To evaluate the influence of each chosen factor on
masonry structure behaviour, it proved necessary to
observe significant changes in model behaviour once
factor values had been changed. The response factor
selected herein is the number of blocks that change
status from elastic to plastic behaviour.
For this purpose, a complete factorial design was
proposed; this three-level design is written as Kn factorial design (with K = 3: the studied factor number,
n: level number). This nomenclature means that 3
factors are considered, each one at 3 distinct levels
(Barrentine, 1999).
Consequently, a complete factorial design with 27
experiments was proposed. Table 2 contains all of the
experimental results (i.e. changed experimental factors and observed responses), and Figure 8 provides
some of the results for both models.
We have to indicate that the obtained results from
the two developed models are quite similar.

7

Construction materials are submitted to various modifications and degradations under several physical,

RESULTS ANALYSIS BY MULTIPLE
LINEAR REGRESSION

The general purpose of a multiple regression analysis is to establish a relationship (criterion or model)

652

Table 2. Numerical experimental design results for
masonry block parameters in the first developed model.

Test
(Number)

Cohesion
(MPa)

Tensile
strength
(MPa)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

1
1
1
1
1
1
1
1
1
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2

1
1
1
0.5
0.5
0.5
0
0
0
1
1
1
0.5
0.5
0.5
0
0
0
1
1
1
0.5
0.5
0.5
0
0
0

Friction
angle
(◦ )

Plastic
block
(model 1)
(Number)

30
15
0
30
15
0
30
15
0
30
15
0
30
15
0
30
15
0
30
15
0
30
15
0
30
15
0

1
9
24
1
9
24
16
22
55
29
76
112
29
77
112
46
96
116
116
116
116
116
116
116
116
116
116

Figure 9. Calculated regression factor coefficients and
their interactions (model 1).

The proposed linear model for the initial masonry
block shape thus becomes:

For the second shape of masonry blocks (model),
the linear model becomes:

between a dependent variable and one or more independent or predictor factors (Pedhazur, 1997). In our
case, the dependent variable is the number of plastic
masonry blocks PN while the exploratory variables
are: masonry block cohesion (C), masonry block tensile strength (Tr), and masonry block friction angle (ϕ),
respectively. The general form of the adopted linear
model including interaction terms is as follows:

Where PN is the dependent variable, β0 the constant and β1 , β2 , β3 , β13 , β23 and β123 the regression
coefficients of the various terms to be solved by the
regression technique.
The diagram in Figure 9 provides all of the calculated multiple regression factor coefficients, with
which a multiple regression was applied to the standardised experimental design factors. The standardisation process changes all factor values over the interval
[−1, +1]. This multiple regression was performed
using the well–known Mathematica software.

These two linear models reveal that among the three
studied factors, only cohesion (β1 ) and friction angle
(β3 ) significantly influence masonry block mechanical
behaviour, though the model does show that cohesion remains the single most significant factor of all
those studied. The interaction coefficients indicate that
only cohesion and friction angle exhibit a significant
interaction capable of influencing the response.
8

CONCLUSION

In this paper, an experimental design was proposed to
simulate ageing effects on old tunnel behaviour; a complete factorial experimental design, which expresses
the evolution of three selected masonry mechanical
properties, was then forwarded. The factors selected
for the present study were: masonry block cohesion,
tensile strength and friction angle.
All experimental design tests were modelled by
means of the distinct element method, executed with
the UDEC code.
Results analysis indicated that among the three
studied masonry block mechanical factors, only cohesion and friction angle along with their interaction
may exert a significant influence on masonry mechanical behaviour; furthermore, cohesion proved to be
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the most significant of all factors studied. The noninfluence of tensile strength factor is explained by the
fact that the masonry structure is mainly loaded in
compression due to its vaulted section shape.
For a typical model of an old tunnel, only three
mechanical properties (factors) of masonry support
in old tunnels were studied. It is important to point
out however that several other mechanical properties
of masonry must be taken into account in order to
study their influence on the behaviour of older tunnel
supports. Our subsequent research goal will focus on
involving other masonry block and joint parameters in
studies on old tunnel behaviour.
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