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ABSTRACT: In this paper the analysis of a possible damage mechanism induced by shallow tunnelling 
to an ideal masonry structure is carried out using a numerical approach based on 2D FE analyses. The 
masonry structure is modelled adopting an advanced constitutive model which was specifically imple-
mented in a commercial finite element code. The masonry structure, schematised as a block structure with 
periodic texture, is regarded at a macroscopic scale as a homogenized anisotropic media. The macroscopic 
model is shown to retain memory of the mechanical characteristics of the joints and of the shape of the 
blocks (de Felice et al., 2010). The overall mechanical properties display anisotropy and singularities in the 
yield surface, arising from the discrete nature of the block structure and the geometrical arrangement of 
the units. The soil, a medium consistency clayey material, is modelled by means of a simple linear elastic-
perfectly plastic model. The numerical analyses were performed assuming, as a first simplified step, plane 
strain and plane stress conditions for the soil and the masonry structure, respectively. The investigation 
provides preliminary insights into the soil-tunnel-structure interaction by taking into account different 
values of volume loss, with reference to a typical wall-type masonry structure.

surface structure, up to complex 3D simulations 
accounting for the non-linear and irreversible behav-
iour of the soil and, more rarely, of the structure.

In this paper we summarise some preliminary 
results of a multi-disciplinary research program 
aimed at combining the advances in geotechnical 
and structural engineering with reference to the 
numerical analyses of tunnel excavations inter-
acting with masonry surface structures. The long 
term objective of the research is that of provid-
ing an insight into the damage patterns of ancient 
masonry structures interacting with underground 
constructions, by means of up to date constitutive 
models and numerical FE tools.

In this paper the results of 2D FE simulations 
of the excavation of an ideal shallow tunnel in a 
medium consistency clayey soil are presented, first 
with reference to free-field conditions and then 
assuming the pre-existence of a surface masonry 
wall. The analyses are aimed at establishing the 
role of the masonry structure on the resulting 
surface settlement profile and at investigating the 
evolution of the plastic strain accumulation into 
the wall.

1 INTRODUCTION

Numerical predictions of free-field settlements 
induced by tunnelling in fine grained soils are influ-
enced by different factors, which include 2D or 3D 
geometrical discretisation, correct representation of 
the construction stages, assumed state of the soil, 
drainage conditions, numerical techniques and con-
stitutive hypotheses. Adding a pre-existing surface 
structure renders the above prediction more com-
plex, the results being also dependent on the geom-
etry, weight, stiffness and strength of the structure.

Nonetheless, one of the key problem in modern 
civil engineering is exactly that of predicting the 
response—and minimise the related damage—of 
surface structures interacting with underground 
infrastructures in urban areas. As such, the afore-
mentioned analyses might represent a central ingre-
dient in a modern strategy of tunnel design.

Different approaches characterised by increasing 
levels of complexity can be adopted in the analy-
ses, including empirically-based free-field analytical 
predictions, simplified 2D numerical analyses based 
on schematic assumptions for both the soil and the 
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Major emphasis is given here to the effects of 
the advanced constitutive model assumed for the 
masonry, while a more conventional hypothesis is 
considered for the soil.

2 CONSTITUTIVE MODELS

The constitutive models for soil and masonry are 
formulated in the framework of classical rate-inde-
pendent plasticity.

2.1 Soil model

A linear elastic-perfectly plastic constitutive model 
was selected for the soil, characterised by a Mohr-
Coulomb yield criterion and a null dilatancy angle.

These relatively simple constitutive assumptions 
will be removed in the next steps of the research in 
order to simulate better the mechanical response 
of soil in this class of boundary value problems.

2.2 Masonry model

A linear elastic-perfectly plastic constitutive model 
was selected for masonry too, where however ani-
sotropy in both elastic properties and strength 
envelop are taken into account.

The model is formulated in the framework of 
homogenization theory of periodic media, refer-
ring to a block masonry structure, consisting of 
a periodic pattern of elastic blocks with cohesive 
and frictional joints. In such a case, a closed-form 
approximated expression for the elastic strain 
energy is provided in de Felice et al. (2009) that 
takes the following form:
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where x and z are the horizontal and vertical direc-
tion, respectively. The coefficients in (1) depend on 
the elastic Lamè coefficients of the blocks (λ′b, µb) 
and the normal Kn and tangential Kt stiffness of the 
joints, as well as on the height a and width b of  the 
blocks as follows:

1 4

4

1

4

1

E

a

abK b K2
x n4abKK t b4KK

=
+

+ +
′( )b b′ +µ 4b ( ′

 

(2)

1 1 1

4

1

E aKz nE aKK b

= + +
′( )b b′ +µ 4b 4( ′

 

(3)

1 1 4

4

1

G aK

a

abK b K2
t t4KK abK n bK

= +
+

+
µ

 

(4)

(1)

ν ν λ
µ λ

xz

x

zx

z

b

bµµE Ex z

= =zx ′λλ
′( )λ µbλ b′λλ +4

 

(5)

The elastic domain is defined in the context of 
multi-surface perfect plasticity as:
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(6)

where f α (σ) are m independent planes, intersecting 
in a non smooth way, which define the yield sur-
face. The expression for the yield surface of block 
masonry is provided in de Buhan and de Felice 
(1997) on the basis of the yield design homog-
enisation method. In particular, if  the blocks are 
assumed as infinitely resistant bodies and the 
joints as frictional interfaces, with cohesion c and 
friction angle φ, the yield surface comprises m = 4 
planes which can be written in terms of stress com-
ponents in the Oxz reference adopted for the joints 
as follows:
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where µ = 2a/b is the aspect ratio height-to-width 
of the blocks.

The evolution of plastic strain εp is controlled by 
the associated flow rule expressed as proposed by 
Koiter (1960):
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where ɺγαγγ  are the m multipliers, subjected to the 
Kuhn-Tucker conditions for α ∈ [ ,.., ]1 m :
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(9)

and to the consistency condition ɺ ɺγα αγγ f ( )σσσσ ≡ 0  (the 
summation convention is not enforced).

The assumption of associated flow rule may be 
not completely satisfactory in the case of block 
structures, since the blocks may slide with no dila-
tion, giving rise to a non associated flow rule at the 
macroscopic scale; on the structural viewpoint, this 
assumption may lead to an overestimate of the ulti-
mate load as clearly pointed out in Drucker (1954). 
On the other hand, such a hypothesis allowed the 
model to be integrated at the Gauss point level 



355

by means of a very efficient numerical procedure 
based on quadratic minimisation (see Goldfard 
and Idnani 1983 for details).

3 NUMERICAL ANALYSES

3.1 Geometry, boundary and initial conditions, 
modelling of the excavation

The geometry of the numerical model is shown in 
Figure 1. The coordinate system is defined such 
that x is the distance from the tunnel axis in the 
horizontal direction and z is the depth below the 
ground surface.

The tunnel is located at a depth of z0 = 20 m and 
is characterised by a diameter D = 10 m. It is exca-
vated in a homogeneous layer of medium consist-
ency clay with the ground water level coincident 
to the ground surface. The assumed value of K0 is 
0.593. All the simulations of the excavation process 
are performed in undrained conditions.

The masonry structure represents a typical 
ancient wall characterised by a width of 40 m, an 
height of 5 m and a thickness of 1 m. The princi-
pal plane of the structure is parallel to the tunnel 
section. The offset distance between the centre of 
the wall and the tunnel centre line, i.e. its eccentric-
ity, is equal to 20 m: its right corner has the same 
x-coordinate as the tunnel axis.

The numerical study is performed by the Finite 
Element Program Abaqus. The mesh is composed 
by 8-node quadrangular plane strain elements for 
the soil and 4-node quadrangular plane stress ele-
ments for the masonry. This latter assumption is 
considered necessary when modelling the problem 
in 2D, as plane strain elements, if  assumed for the 
wall, would induce a non realistic enhancement of 
its stiffness.

The excavation of the tunnel was simulated by 
de-activating the soil elements inside the tunnel 
section, by replacing these elements with equiva-
lent nodal forces at the tunnel boundaries and by 
progressively reducing these nodal forces to simu-
late the tunnel face advancement. Prior to these 
stages, activation of gravity was reproduced.

In the numerical analyses the reduction of 
the nodal forces was performed by imposing 
decrements equal to 5% or smaller near failure 
conditions.

3.2 Soil and masonry parameters

The mechanical parameters adopted for the 
masonry structure in the numerical simulation are: 
γ = 15 kN/m3, a = 8 cm, b = 32 cm, Eb = 3.18 GPa, 
νb = 0.23, Kn = 3060 MN/m3, Kt = 1280 MN/m3 
c = 5 kPa and φ = 31°. Eb and νb indicate the Young 
modulus and the Poisson ratio, respectively.

The soil parameters are indicated in Figure 1.

4 NUMERICAL RESULTS

4.1 Numerical results: Free-field analysis

Figure 2 shows the values of volume loss obtained 
for increasing percentage of unloading in the two 
analyses. In both cases the curves indicate an ini-
tial linear trend, followed by a non-linear one for 
unloading larger than about 20%. The collapse of 
the tunnel is achieved for unloading in excess of 
55% in the free-field analysis and of 43% in the 
analysis with the masonry structure.

Figure 3 shows the free-field surface settlements 
for values of the volume loss, VL, equal to 0.68% 
and 2.28%. The first value is considered typical 
for a good performing EPB excavation while the 
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Figure 1. Geometry of the problem and soil parameters adopted in the numerical analyses.
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second is closer to the failure conditions for the 
problem under study. A volume loss of 0.68% is 
obtained in the free-field analysis applying an 
unload of the nodal forces equal to 30%. The cor-
responding percentage of unloading to achieve a 
volume loss of 2.28% is equal to 55%.

The maximum settlement calculated in the 
numerical analysis for a volume loss of 0.68% 
underestimates those predicted by the Gaussian 
distributions (Peck 1969) for parameters K = 0.6 
and K = 0.7. In addition, the settlements predicted 

by the numerical analyses produce wider subsid-
ence profiles as compared to those associated with 
the Gaussian distributions.

As expected, the accordance between the 
numerical results and the empirical predictions 
improves in the case of VL = 2.28%, given the 
larger amount of plastic behaviour involved: the 
resulting maximum surface settlement is close to 
the one estimated by the Gaussian distribution for 
K = 0.7. The comparison between the profiles of 
the empirical and numerical solutions shows that 
these latter produce narrower subsidence profiles 
but non-zero values of the settlements far from the 
tunnel axis of symmetry.

4.2 Numerical results: Analysis with masonry 
structure

Figure 4 shows the deformed mesh for the stages of 
gravity application, excavation and application of 
equivalent nodal forces and for different percent-
age of forces unloading (the magnification factor 
of the deformed mesh is the same in all figures). 
The results of the free-field analysis are reported 
on the left column while those relative to the analy-
sis with the masonry structure are illustrated in the 
right one.

The activation of gravity was performed by a 
sequential activation of soil gravity first, followed 
by that of the structure. At the end of the stage, the 
structure is inflected symmetrically with respect to 
its centre.

The stage where the soil and water in the tunnel 
are de-activated and substituted with equivalent 
nodal forces does not produce significant mesh 
deformation, as expected.
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Figure 4. Deformed mesh for different percentage of unloading in free-field analysis (on the left) and in analysis with 
masonry structure (on the right).

In the free-field analysis, the increasing percent-
age of nodal forces unloading leads to a progres-
sive deepening of the subsidence profile, which is 
symmetric with respect to the tunnel axis. Also, 
due to the relatively low value of K0, the tunnel 
section deforms into an ellipse characterised by 

a horizontal maximum axis. Figure 5 plots the 
deformed mesh for this analysis at a percentage of 
unloading of 55%, right before the collapse.

The corresponding analysis with the masonry 
structure displays a completely different pattern 
for tunnel and soil deformation, largely influenced 



358

by the pre-existing deformation distribution due 
to the gravity application. In this case, the tunnel 
section assumes an elliptical shape characterised 
by a diagonal orientation of the axes. As a conse-
quence of tunnel excavation, the structure shows 
a displacement pattern characterised by the super-
position of a prevailing rigid rotation towards the 
tunnel centre and a shear driven deformation con-
centrated in its right end side.

Figure 6 shows in detail the accumulation of 
plastic shear strain within the masonry struc-
ture. In the figure, the incremental plastic strains 
are evaluated with reference to the stage of grav-
ity application in the structure. For increasing 
percentage of unloading, the incremental plastic 
strain tend to concentrate on the right end side of 
the masonry wall, consistently with the above dis-
cussed displacement pattern of the structure.

Figure 7 shows the net vertical displacements 
(i.e. calculated with reference to the stage of  de-
activation of  the tunnel elements and application 
of  equivalent boundary forces) for the free-field 
analysis (on the left) and for the analysis with the 
masonry structure (on the right). The main fea-
tures of  the free-field analysis results were already 
discussed with reference to Figure 3. The pres-
ence of  the masonry structure significantly modi-
fies the distribution of  vertical displacement both 
in terms of  shape and intensity. The presence of 
the structure produces a sharp modification of 
the underneath subsidence profile, leading to a 
downward bended curvature. Moreover, compar-
ing the results of  the two analyses at correspond-
ing percentages of  unloading shows that the one 
with the structure is characterised by larger settle-
ments, not only beneath the structure but also for 
x > 0: this should be related to weight of  the wall. 
Finally, at x = 0 the vertical displacement profile is 
characterised by a strong discontinuity, caused by 
the marked difference in stiffness between the soil 
and the wall.

5 CONCLUSIONS

The paper describes some preliminary results of 
an ongoing research dedicated to the analysis of 
the interaction between the excavation of shallow 
tunnels in urban areas and the pre-existing ancient 
masonry structures located at the surface.

The study, conducted with the Finite Element 
code Abaqus, was performed in 2D conditions 
assuming plane strain and plane stress conditions 
for the soil and the structure, respectively. As such, 
the analysed problem is that of an ideal tunnel 
excavated under a masonry structure, this latter 
being characterised by its principal plane oriented 
perpendicularly to the tunnel axis.

Figure 6. Increment in shear plastic strain in the 
masonry structure for different percentage of unloading.

Figure 5. Deformed mesh for a percentage of unload-
ing of 55% in free-field analysis.
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The modelled structure represents an ancient 
masonry wall, schematised as a block structure 
with periodic texture. Its continuum behaviour at 
the macro-scale (i.e. at the scale of the analysis) 
was derived by means of a homogenisation proce-
dure based on relatively simple assumption at the 
local scale (i.e. at the scale of blocks and joints). 
The resulting model is characterised by a non-
linear anisotropic mechanical response. The soil, a 
medium consistency clay, was modelled by a sim-
ple elasto-plastic constitutive assumption.

The numerical results were able to capture the 
main features of the soil-structure interaction, 
including the modifications in the subsidence 
profile and the related deformative pattern in the 
structure. In particular, due to the eccentricity of 
the wall with respect to the tunnel centre, plastic 
strain tend to accumulate in the right end side of 
the masonry structure, which is closer to the exca-
vated zone.

The presence of the structure enhances the 
excavation-induced settlements and accelerates the 
collapse process, as compared to what predicted in 
free-field conditions.

The next steps in the research activity will be 
addressed to the following points:

− a 3D schematisation of the problem will be 
implemented in order to account for different 
tunnel-wall relative positions and to improve the 
simulation of tunnel excavation and the associ-
ated subsidence phenomena;

− the soil will be modelled with an advanced con-
stitutive model, capable of describing the early 
irreversible and highly non-linear behaviour of 
natural soils, so as to improve the prediction of 
tunnelling-induced displacements;

− a non-associate flow rule will be included in the 
formulation of the masonry constitutive model 
to avoid the overestimation of its collapse load. 
Moreover, a complete multi-scale approach will 
be implemented in order to localize the plas-
tic strain calculated at the macro-scale—in the 
homogenised medium—into the corresponding 
relative displacements at the scale of blocks and 
joints. This will allow a more direct evaluation of 
the damage associated to tunnel excavation.

ACKNOWLEDGEMENT

Thanks are due to Mr. Marco Ferrandino for the 
help provided during the final computational stage.

REFERENCES

de Buhan, P. & de Felice, G. 1997. A homogenisation 
approach to the ultimate strength of brick masonry. 
J. Mech. Phys. Solids 45(7): 1085–1104.

de Felice, G., Amorosi, A. & Malena, M. 2009. Elasto-
plastic analysis of block structures through a homog-
enization method. International Journal for Numerical 
and Analytical Methods in Geomechanics 34: 221–247.

Drucker, D.C. 1954. Coulomb friction, plasticity and 
limit loads. ASME J. Appl. Mech. 21: 71–74.

Goldfard, D. & Idnani, A. 1983. A numerical stable dual 
method for solving strictly convex quadratic programs. 
Mathematical Programming 27: 1–33.

Koiter, W.T. 1960. General theorems for elastic–plastic 
solids. In N. Sneddon and R Hill (eds), Progress in Solids 
Mechanics: 165–221. Amsterdam: North–Holland.

Peck, R.B. 1969. Deep excavations and tunneling in soft 
ground. 7th int. Conference on Soil Mechanics and 
Foundation Engineering, State of the art volume, 
Proc. Int. Symp.: 225–290.

-50 -25 0 25 50
x (m)

60

45

30

15

0

s
e
tt
le

m
e
n
t 

S
v
 (

m
m

)

Percentage 
of unloading:

10%

20%

30%

40%

50%

55%

-50 -25 0 25 50
x (m)

60

45

30

15

0

43%

Figure 7. Comparison of net vertical settlement for free-field analysis (on the left) and analysis with masonry struc-
ture (on the right) for different percentage of unloading.


	Welcome page
	Table of contents
	Author index
	Search
	Help
	Shortcut keys
	Previous paper
	Next paper
	Zoom In
	Zoom Out
	Print


