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Abstract. Rock masses may present pronounced stress anisotropy, and so it is likely that a tunnel is misaligned with the
geostatic principal stress directions. As a consequence, anti-symmetric axial displacements and axial shear stresses are
induced around the tunnel due to the presence of far-field axial shear stresses. Limited research has been conducted on the
effects of far-field axial shear stresses on tunnel behavior. This paper investigates the effects of tunnel misalignment with
the geostatic principal stresses in anisotropic rock masses. 3D FEM modeling of a tunnel misaligned 45° with the principal
horizontal stresses is conducted. An anisotropic geostatic stress field is considered, with the major horizontal stress two
times larger than the vertical stress and the minor horizontal stress equal to the vertical stress. The anisotropic behavior of
the rock mass is represented by a transversely anisotropic elastic model, with properties typical of anisotropic rock masses.
Tunnels in horizontally and vertically-structured rock masses are assessed. Unsupported and supported tunnels are
investigated. The results show that asymmetric deformations and asymmetric stresses are induced near the face of the
tunnel as a result of the tunnel misalignment with the geostatic principal stresses and with the rock mass structure. These
asymmetric deformations near the face affect the ground-support interaction such that the internal forces in the liner are
also asymmetric.
Keywords: 3D face effects, anisotropy, far-field shear stress, geostatic stress anisotropy, rock anisotropy, tunnel, tunnel
misalignment.

1. Introduction
The literature shows that rock masses are likely to

present pronounced geostatic stress anisotropy and ani-
sotropic mechanical properties. This is a consequence of
the rock complex formation processes. According to Brady
& Brown (2006), the main factors affecting rock mass
properties and geostatic stresses are: topography (eleva-
tions and valleys); residual stresses (due to cooling, for in-
stance); tectonic movements; fracturing and jointing; and
inclusions. Thus, geostatic stresses and mechanical proper-
ties are expected to be complex as well. In-situ stress mea-
surements in rock masses show large horizontal stresses
and significant horizontal stress anisotropy (Gysel, 1975;
Brown & Hoek, 1978; McGarr & Gay, 1978; Evans et al.,
1989; Martin, 1997; Haimson et al., 2003; Wileveau et al.,
2007; Zhao et al., 2013, 2015; Park et al., 2014; Perras et
al., 2015; Soucek et al., 2017). For instance, Martin (1997)
reported a highly anisotropic stress field in a massive gra-
nitic rock mass in Canada. The average stresses were:
�1/�2 = 1.2 � 0.1 and �1/�3 = 3.9 � 0.5. Gysel (1975) pre-
sented the geostatic stress field measured in two sections
along the Sonnerberg tunnel (Lucerne, Switzerland), in
sandstone. The stress ratios were �1/�3 = 2.33, �1/�2 = 2.10
on one of the sections and �1/�3 = 4.29, and �1/�2 = 1.70 on
the other. Haimson et al. (2003) and Park et al. (2014) eval-

uated the geostatic stress field of granitic and gneissic rock
masses in South Korea, near Seoul, in an active seismic
area. The measured horizontal stresses showed large stress
anisotropy and were consistently larger than the vertical
stress. An extensive compilation of 77 geostatic stresses
was conducted by McGarr & Gay (1978), where the inter-
val, with 95 % confidence, for each principal stress ratio
was: �1/�2 = 1.45 � 0.80 and �1/�3 = 2.42 � 2.28. These data
show that the expected stress anisotropy in rock is indeed
high and quite variable.

The importance of tunnel alignment with the geo-
static principal stress directions is recognized in the litera-
ture. Goodman (1989) recommends aligning the tunnel or
cavern with the major principal stress to minimize stress
concentrations around the opening. Convergence measure-
ments of tunnels constructed in the Underground Research
Laboratory (URL) in France showed the importance of the
tunnel orientation with respect to the geostatic principal
stress directions. These tunnels were excavated in an aniso-
tropic claystone rock mass at 490 m depth, with average
principal stress ratios �h/�v = 1 and �H/�v = 1.3 (Wileveau et
al., 2007). Because of the sedimentation process, the rock
had an oriented structure (horizontal bedding), and thus
anisotropic mechanical properties, with E1/E3 varying from
1.2 to 2 (Armand et al., 2013). Experimental tunnels were
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excavated parallel and perpendicular to �H. A supported cir-
cular tunnel of radius 2.6 m, aligned with �H, showed hori-
zontal convergence of 37 to 58 mm and vertical conver-
gence of 24 to 30 mm. A similar tunnel aligned with �h

showed horizontal convergence of 19 mm to 34 mm and
vertical convergence of 112 mm to 158 mm (Armand et al.,
2013).

Tunnel design is commonly conducted assuming that
the tunnel is aligned with one of the geostatic principal
stress directions and yet, as previously discussed, the as-
sumption is unrealistic. When the tunnel is misaligned with
the geostatic principal stress directions, far-field axial shear
stresses are present. These axial shear stresses induce anti-
symmetric axial displacements and axial shear stresses far-
behind the tunnel face (Vitali et al., 2018; 2019a; 2019b;
2019c). On shallow tunnels in isotropic ground, Vitali et al.
(2019b) observed that the far-field axial shear stress in-
duced asymmetric deformations and stresses near the face
and that ground-support interaction and yielding around the
tunnel, if any, were affected by the asymmetric deforma-
tions near the face. Vitali et al. (2019c) investigated the ef-
fects of tunnel misalignment on the progressive failure
around the well-documented experimental tunnel at the
URL in Canada (Martin, 1997). They found that no plastic
deformations at the tunnel walls occurred when the tunnel
was aligned with the minor principal stress, but asymmetric
spalling would occur if the tunnel was not aligned with the
geostatic principal stresses.

Asymmetric deformations of the tunnel walls have
been observed on tunnels in structured rock masses, such as
phyllites and slates. For instance, asymmetric radial dis-
placements at the tunnel wall, horizontal displacements at
the crown and axial displacements at the springline are of-
ten measured on the shotcrete support of NATM tunnels in
anisotropic rock masses (Schubert & Budil, 1995; Goricki
et al., 2005; Schubert et al., 2005; Schubert & Moritz, 2011;
Klopcic & Logar, 2014; Lenz et al., 2017). Those asym-
metric deformations are commonly associated with the
anisotropic properties of the rock mass and with localized
heterogeneities. Button et al. (2006) observed that the
asymmetric deformation patterns observed in the field
could be partially reproduced numerically in tunnels not
aligned with the rock mass structure. Tonon and Amadei,
(2002, 2003) and Fortsakis et al. (2012) highlighted the im-
portance of considering the anisotropic properties of the
rock mass in numerical models to obtain more accurate
ground deformation predictions (they assumed, however,
that the tunnel was aligned with the geostatic principal
stresses). In this paper, the influence of the tunnel misalign-
ment with the geostatic principal stresses in anisotropic
rock masses is assessed, for unsupported and supported
tunnels, through 3D FEM modeling. Horizontally- and ver-
tically-structured rock masses are considered. A transver-
sely anisotropic elastic model is adopted to represent the
rock mass.

2. 3D FEM Model

3D FEM modeling was conducted to investigate tun-
nels misaligned with the geostatic principal stresses in
anisotropic rock masses. A tunnel misaligned 45° with the
major principal horizontal stress, in a transversely ani-
sotropic rock mass, is assumed. The rock mass is assumed
elastic with the following properties: Young modulus per-
pendicular to the structural planes (E1), 1 GPa; Young
modulus parallel to the structural planes (E2 = E3), 3 GPa;
in-plane Poisson ratio (�23), 0.333; out-of-plane Poisson ra-
tio (�13 = �12), 0.25; in-plane Shear modulus (G23),
1.125 GPa; and out-of-plane Shear modulus (G23 = G13),
0.667 GPa. These properties are typical of highly aniso-
tropic rock masses, such as phyllites and slates. According
to Worotnicki (1993), more than 50 % of highly structured
rock masses present a E1/E2 ratio larger than 2. For the sim-
ulations, horizontal and vertical structural planes are con-
sidered (i.e. dip angles 0° and 90°, respectively). The geo-
static principal stresses are: vertical stress (�v), 5 MPa (the
vertical stress is assumed as a principal stress), minor hori-
zontal stress (�h), 5 MPa and major horizontal stress (�H),
10 MPa. This is not an unusual anisotropic stress field, ac-
cording to e.g. Gysel, 1975; Evans et al., 1989; Haimson et
al., 2003; Wileveau et al., 2007; Park et al., 2014; Soucek et
al., 2017. Two directions for the major horizontal stress
are evaluated: �H perpendicular to the strike and �H paral-
lel to the strike of the rock structure (i.e. perpendicular or
parallel to the rock bedding; note that the direction of the
horizontal stresses for a tunnel parallel to the rock struc-
ture does not change the results due to the symmetry of the
problem).

Figure 1 shows the FEM mesh built for the investiga-
tion. The tunnel is circular with radius (r0) 5 m. 2nd order
hexahedron elements are used. The mesh refinement and
the size of the model (Fig. 1a) are selected to ensure the re-
sults accuracy, following the recommendations provided
by Vitali et al. (2017). Figure 1b illustrates the plan view of
the mesh with the boundary conditions, where � = 45° is
the angle that the tunnel makes with the principal horizontal
stresses. The geostatic stress field is generated by applying
a load pressure at the boundaries with the same magnitude
as the geostatic principal stresses. Given the anisotropic
rock masses investigated (i.e. horizontally- and vertically-
structured rock masses) and that the vertical axis is a princi-
pal stress direction, it is possible to take advantage of the
symmetry of the problem and use only half the discre-
tization. The mesh consists of a refined structured grid at
the center of the model, where the results are extracted,
linked to the boundaries by an unstructured grid, as shown
in Figs. 1c and 1d.

Supported and unsupported tunnels are considered.
The 3D FEM simulation follows the excavation sequence
of the tunnel by deactivating the elements inside the exca-
vation and activating the elements that represent the tunnel
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support, if present. The simulations are run in two steps: the
first step generates the geostatic stress field, and the second,
the excavation and support, if present. The liner is repre-
sented by shell elements with thickness 0.5 m (0.1r0). No
slip between ground and liner is allowed. Figure 2 illus-
trates the mesh near the face of a supported tunnel. The
liner, if included, is installed immediately after the excava-
tion; that is, the unsupported span is zero. In Fig. 2, position
1 indicates a location far-ahead of the face of the tunnel and
represents the region not affected by the tunnel excavation;
position 2 is at the face of the tunnel; and position 3,
far-behind the face of the tunnel, where stresses and dis-
placements are independent of the distance from the face of
the tunnel.

3. Tunnel in Horizontally Structured Rock
Mass

Horizontal stratification is not uncommon in sedi-
mentary and even metamorphic rock masses. The effects of
such structure on tunnels misaligned with the geostatic
principal stresses are analyzed through a number of simula-
tions where the tunnel is horizontal and, thus, aligned with
the rock mass structure. Two cases are studied: (1) far-field
stresses �xx,ff = �zz,ff = 7.5 MPa, �yy,ff = 5 MPa, �xz,ff = 2.5 MPa
(tunnel oriented at � = 45° with the far-field principal
stresses) and (2) same far-field stresses, but no far-field
shear, i.e. �xx,ff = �zz,ff = 7.5 MPa, �yy,ff = 5 MPa, �xz,ff = 0, to in-
vestigate the influence of the far-field axial shear.
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Figure 1 - FEM mesh. (a) Model dimensions; (b) plan view and boundary conditions; (c) vertical cross section along the tunnel and;
(d) refined mesh at the center of the model. r0 is the tunnel radius and is 5 m.

Figure 2 - Mesh near the face of the supported tunnel, with the coordinate system XYZ attached to the tunnel. Position (1) represents a
point far ahead of the face; (2), at the face (i.e. Z = 0); and (3), far-behind the face.



Figure 3 shows the horizontal and vertical tunnel con-
vergence, normalized with the tunnel radius, with the dis-
tance from the face, normalized also with the tunnel radius,
for the two cases. Displacements start to increase at 4r0

ahead of the face, abruptly increase at the face and increase
further behind the face until they are constant at about 4r0

behind the face. Tunnel deformations are identical in both
cases, which indicates that the far-field axial shear stress
has no influence on the results. It is interesting to note that
the vertical and the horizontal tunnel deformations are sim-
ilar, despite the fact that the far-field horizontal stress is

larger than the vertical. The reason for this is that the stiff-
ness of the ground parallel to the rock mass structure is the
largest and the stiffness perpendicular to the structure is the
smallest. So, in the simulations, the (larger) horizontal
stress is parallel to the stiffest rock mass direction and the
(smaller) vertical stress is parallel to the softest rock mass
direction, and so the two effects compensate each other.

Figure 4 shows the normalized radial displacements
and the deformed cross-section at the face and far behind
the face. For Case 2, with no far-field axial shear stress, the
deformations are symmetric at the face and far-behind the
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Figure 3 - Tunnel convergence vs. distance from the face (both normalized with respect to the tunnel radius) for unsupported tunnel. (a)
horizontal convergence, (b) vertical convergence. Z is the distance from the face of the tunnel (Fig. 2); r0, the tunnel radius, is 5 m. The
circles represent the tunnel cross section and the arrows indicate the direction and location of the displacements plotted.

Figure 4 - Normalized radial displacemets at the tunnel perimeter with respect to the tunnel radius and deformed tunnel cross-section,
for unsupported tunnel. (a) at the face; (b) far-behind the face. Deformations are magnified 200 times at the face and 100 times far-behind
the face. ur is the radial dsplacement and r0, the tunnel radius, is 5 m.



face. For Case 1, with the complete stress field, the defor-
mations at the tunnel perimeter are symmetric far-behind
the face, but asymmetric at the face, where the tunnel cross
section translates towards the right. Far-behind the face, the
deformed cross section in both cases is exactly the same,
which shows that the far-field axial shear stress does not af-
fect the radial displacements far-behind the face. This is be-
cause, when the tunnel axis is aligned with one of the
principal material directions, in-plane and out-of-plane de-
formations are decoupled (Vitali et al., 2020).

The normalized radial displacements at the spring-
line, on the right and left, and the tunnel cross section trans-
lation are presented in Fig. 5. For Case 1, complete stress
field, the radial displacements are asymmetric from a dis-
tance of 4r0 ahead of the face to about 6r0 behind the face. A
translation of the tunnel cross section occurs near the face,
which is maximum at the face (i.e. at Z = 0). For Case 2, the
radial displacements at the springline do not change with
the distance from the face; that is, no translation of the tun-
nel cross section occurs. Thus, the presence of the far-field
axial shear stress induces asymmetric deformations near
the face. Figure 6 shows the normalized “corrected” radial
displacements with the normalized distance from the face,
for Case 1. The corrected radial displacement is the radial
displacement without the translation of the tunnel cross
section, as indicated in Fig. 6. The corrected radial dis-
placements are asymmetric near the face, which is consis-
tent with Vitali et al. (2019b). The authors observed that the
far-field axial shear stress caused asymmetric radial defor-
mation near the face of a shallow tunnel in isotropic ground.
Those asymmetric radial displacements could be decom-
posed into a rigid body displacement of the tunnel cross
section and anti-symmetric radial displacements.

The stress paths, normalized with respect to the verti-
cal stress, at points near the tunnel perimeter (i.e. at right
and left springline and at the crown) are shown in Fig. 7

(see Fig. 2 for location of points 1, 2, 3). The stresses were
computed at a distance of 0.1r0 from the tunnel perimeter, to
minimize the disturbance due to the corner between face
and  tunnel.  For  Case  1  (complete  stress  field),  on  the
right-hand side of the springline, the rock stresses increase
towards the face of the tunnel, i.e. both mean stress and
maximum shear stress increase; close to the face, the
stresses abruptly increase, while they steadily decrease be-
hind the face until they reach a constant value. On the
left-hand side, the opposite is observed; that is, unloading
ahead of the face and loading behind the face. Note that far
behind the face of the tunnel, the two stress paths yield the
same results. The asymmetry of the stress paths is consis-
tent with the asymmetric deformations near the face dis-
cussed previously. Indeed, there is a horizontal translation
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Figure 5 - Displacements vs. distance from the face (both normalized with respect to the tunnel radius). (a) Case 1, complete stress field;
(b) Case 2, no far-field axial shear. Z is the distance from the face (Fig. 2); r0, the tunnel radius, is 5 m. The circles represent the tunnel
cross section and the arrows indicate the direction and location of the displacements plotted.

Figure 6 - Displacements vs. distance from the face (both normal-
ized with respect to the tunnel radius). Case 1, complete stress
field. Z is the distance from the face (Fig. 2); r0, the tunnel radius,
and is 5 m. The circles represent the tunnel cross section and the
arrows indicate the direction and location of the displacements
plotted.



of the tunnel cross section towards the right near the face, as
shown in Fig. 4, that results in compression of the rock at
the right springline, while the rock at the left springline is
unloaded. For Case 2, no far-field axial shear stress, the two
stress paths are exactly the same. There is loading ahead of
the face and unloading behind the face. Note that unloading
ahead of the face was observed only when the far-field axial
shear stress was present. Figure 8 presents the normalized
stress paths at the crown for Case 1 (complete stress field)
and Case 2 (no far-field axial shear). The stresses at the
crown and at the invert are the same because of the symme-
try of the problem. The stress paths for the two cases follow
a loading path ahead and behind the tunnel face, with an in-
crease of the mean effective stress near the face. The shear

stresses are larger for Case 1 than for Case 2 because of the
presence of the far-field axial shear stress.

Figure 9 shows the normalized axial displacements at
the tunnel perimeter, for Case 1 (complete stress field; for
Case 2, no axial displacements were induced far-behind the
face). As one can see in the figure, anti-symmetric axial dis-
placements are induced far-behind the face. The axial dis-
placements are maximum at the springline and zero at the
crown; those are produced by the far-field axial shear
stress. At the face, the axial displacements are asymmetric
due to the constraints produced by the tunnel face (Fig. 4).
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Figure 7 - Normalized stress paths with respect to the vertical stress. (a) Case 1, full stress field; (b) Case 2, no far-field axial shear. Posi-
tion (1) represents a point far ahead of the face of the tunnel; (2), at the face (i.e. Z = 0); and (3), far-behind the face.

Figure 8 - Stress paths at the crown. Position (1) represents a point
far ahead of the face of the tunnel; (2), at the face (i.e. Z = 0); and
(3), far-behind the face.

Figure 9 - Normalized axial displacements with respect to the tun-
nel radius along the tunnel perimeter for Case 1, complete stress
field. Unsupported tunnel. The colors of the deformed tunnel
cross-section are associated with the magnitude of the axial dis-
placements and are shown to help with the visualization (the col-
ors legend is not included for clarity, but the magnitude of the
displacements is given in the plot).



For Case 2, where the far-field axial shear stress is ne-
glected, no anti-symmetric axial displacements are induced
and so, no asymmetric radial deformations occur near the
face.

If a liner is installed near the face, the asymmetric ra-
dial deformations may affect the stresses in the support. To
investigate the influence of the far-field axial shear stress
on supported tunnels in a horizontally structured rock mas-
ses, the two cases previously discussed are analyzed again,
but with a liner placed close to the face (Fig. 2). Figure 10
shows the normalized radial displacements with the nor-
malized distance from the face. For Case 1, complete stress
field, the radial displacements at the springline are asym-
metric near the face and far behind the face. For Case 2, no
far-field axial shear, the radial displacements at the spring-
line are always symmetric. Consistent with the findings

from the unsupported tunnel, the asymmetric deformations
are caused by the anti-symmetric axial displacements in-
duced by the far-field axial shear stress.

Figure 11 shows the normalized radial stresses at the
tunnel perimeter, with respect to the vertical stress, with the
normalized distance from the face. For Case 1, complete
stress field, on the right-hand side of the springline, the ra-
dial stresses increase at the face and abruptly decrease be-
hind the face; then, they slightly increase with the distance
from the face until they are constant. On the left-hand side
of the springline, the radial stresses decrease ahead of the
face as the distance from the face decreases and then, be-
hind the face, they increase with distance until they are con-
stant. The radial stresses on the right are larger than on the
left springline, which is consistent with the asymmetric de-
formations near the face. Note that there is a translation of
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Figure 10 - Radial displacements vs. distance from the face (both normalized with respect to the tunnel radius), for supported tunnel. (a)
Case 1, complete stress field and, (b) Case 2, no far-field axial shear. Z is the distance from the face of the tunnel (Fig. 2); r0, the tunnel ra-
dius, is 5 m. The circles represent the tunnel cross section and the arrows indicate the direction and location of the displacements plotted.

Figure 11 - Normalized radial stresses with respect to the far-field vertical stress vs. the normalized distance from the face with respect to
the tunnel radius, for supported tunnel. (a) Case 1, complete stress field; (b) Case 2, no far-field axial sher stress. Z is the distance from
the face of the tunnel (Fig. 2); r0, the tunnel radius, is 5 m . The circles represent the tunnel cross section and the arrows indicate the direc-
tion and location of the radial stresses plotted.



the tunnel cross section towards the right (Fig. 4.a.1), which
compresses the right springline and unloads the left. For
Case 2, the radial stresses are the same (i.e. both abruptly
decrease at the face and slightly increase behind the face
until they are constant far-behind the face). It is interesting
to note that the radial stresses at the crown are similar in
both cases. At the crown, the radial stresses decrease ahead
of the face and increase behind the face until they reach a
constant value. Note that, behind the face, the radial
stresses at the crown are larger than at the springline. Figu-
re 12 shows the internal forces in the liner, normalized with
respect to the vertical stress and the tunnel radius. The inter-
nal forces (i.e. thrust forces and bending moments) are
symmetric for Case 2 (no far-field axial shear) and asym-
metric for Case 1 (complete stress field), where they are
larger on the right than on the left. This observation is con-
sistent with the asymmetric radial displacements that occur
at the tunnel perimeter. Note also that Case 1 produces the
largest internal forces.

4. Tunnel in Vertically-Structured Rock
Mass

In this analysis, the tunnel is inclined 45° with the
strike of the rock structure and with the geostatic principal
horizontal stresses, as shown in Fig. 13. The figure also
shows the boundary conditions of the FEM model, which
are analogous to those in Fig. 2. Three cases are investi-
gated: (1) major horizontal stress (�H) perpendicular to the
strike; (2) no far-field axial shear stress; and (3) major hori-
zontal stress (�H) perpendicular to the strike. The far-field
horizontal and axial stress are the same in all three scenar-
ios (i.e. �xx,ff = �zz,ff = 7.5 MPa). When �H is perpendicular to
the strike (Case 1), the far-field axial shear stress (�xz,ff) is

2.5 MPa, and when parallel to the strike (Case 3),
�xz,ff = -2.5 MPa. Case 2 assumes �xz,ff = 0.

The axial displacements at the tunnel perimeter, nor-
malized with respect to the tunnel radius, are presented in
Fig. 14, for an unsupported tunnel. In all cases, axial dis-
placements are induced far behind the face. The axial dis-
placements are asymmetric at the face and anti-symmetric
far-behind the face. The axis of anti-symmetry far-behind
the face is the vertical axis in all three cases, so the maxi-
mum axial displacements are at the springline and there are
no axial displacements at the crown or invert. This is be-
cause of the presence of the far-field axial shear stress and
because of the tunnel misalignment with the rock mass
structure. It is interesting to note that the axial displace-
ments for Case 2, no far-field shear, are larger than for Case
3, �H parallel to the strike, but smaller than for Case 1, �H

perpendicular to the strike. The reason for this is that, when
�H is perpendicular to the strike, the axial distortions pro-
duced by the far-field axial shear stress and by the rock
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Figure 12 - Normalized internal forces with respect to the vertical stress and tunnel radius. (a) Thrust (b) Bending moment.

Figure 13 - Plan view of the tunnel misaligned with the vertically
structured rock mass and boundary conditions.



mass anisotropy complement each other, while when �H is
parallel to the strike, they have opposite effects.

Figure 15 shows the normalized horizontal and verti-
cal tunnel displacements with the normalized distance from
the face of the tunnel. The displacements of Case 1 with
horizontally structured rock mass are plotted for compari-

son. The vertical displacements are similar in all three cases
with vertically structured rock mass and are smaller than
those with horizontally structured rock mass. The reason
for this is because the rock stiffness in the vertical direction
is the largest for vertically structured rock mass and the
smallest for horizontally structured rock mass. For verti-

Soils and Rocks, São Paulo, 43(1): 123-138, January-March, 2020. 131

Tunnel Misalignment with Geostatic Principal Stress Directions in Anisotropic Rock Masses

Figure 14 - Normalized axial displacements of the tunnel: (a) at the face; (b) far-behind the face. The colors of the axially deformed tun-
nel cross-sections are associated with the magnitude of the axial displacements and are used for visualization purposes (the colors legend
is not included for clarity, but the magnitude of the displacements is given in the plot).

Figure 15 - Horizontal and vertical tunnel convergence vs. distance from the face (both normalized with respect to the tunnel radius), for
unsupported tunnel. Z is the distance from the face of the tunnel (Fig. 2); r0, the tunnel radius, is 5 m. The circles represent the tunnel cross
section and the arrows indicate the direction and location of the displacements plotted.



cally structured rock mass, the horizontal displacements are
larger for Case 1 (�H perpendicular to the strike) and smal-
ler for Case 3 (�H parallel to the strike). This is due to the
compliance matrix of the transversely anisotropic elastic
model, which is fully populated when the tunnel is
misaligned with one of the principal axes of material aniso-
tropy. Thus, in-plane and out-of-plane stresses and defor-
mations are coupled. As a consequence, radial displace-
ments are affected by the far-field axial shear stresses. Note
that when the tunnel is aligned with one of the principal
axes of the material anisotropy, in-plane and out-of-plane
deformations are decoupled. As a consequence, the far-
field axial shear stress has no influence on the radial dis-
placements far-behind the face (see e.g. Figs. 4 and 5 for
horizontally-structured rock mass). The horizontal conver-
gence for Case 1 with horizontally structured rock mass is
smaller than with vertically structured rock mass, because

the rock mass stiffness is the largest in the horizontal direc-
tion than when the rock mass structure is horizontal.

Figure 16 shows the normalized radial displacements
and the deformed tunnel cross-section for the cases with
vertically structured rock mass and for Case 1, with hori-
zontally structured rock mass, which is included for com-
parison. At the face of the tunnel, the radial displacements
are always asymmetric, but they are symmetric far-behind
the face. As explained before, the asymmetric deformations
near the face occur because the anti-symmetric axial dis-
placements are constrained by the face of the tunnel. Note
that the asymmetric deformations at the face and the sym-
metric deformations far-behind the face are larger when �H

is perpendicular to the strike (Case 1) and smaller when �H

is parallel to the strike (Case 3). At the face, a horizontal
translation of the tunnel cross section occurs for all cases.
The translation is towards the right for Case 1 (�H perpen-
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Figure 16 - Normalized radial displacements at the tunnel perimeter with respect to the tunnel radius and deformed tunnel cross-section,
for unsupported tunnel. (a) at the face; (b) far-behind the face. Deformations are magnified 200 times at the face and 100 times far-behind
the face.



dicular to the strike, Fig. 16.a.1), Case 2 (no far-field axial
shear stress, Fig. 16.a.2) and for Case 1 with horizontally
structured rock mass (Fig. 16.a.4), but it is towards the left
for Case 3 (�H parallel to the strike, Fig. 16.a.3). As one can
see in Fig. 16, the deformed tunnel cross-section has a pro-
nounced ellipsoidal shape far-behind the face when the
rock structure is vertical (Cases 1 to 3). This is the result of

a far-field horizontal stress larger than vertical, and the fact
that the larger horizontal stress is applied in the direction of
the smaller stiffness of the rock. The opposite happens in
the horizontally structured rock mass, as discussed in the
previous section.

Figure 17 shows the normalized radial displacements
at the springline and the horizontal translation of the tunnel
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Figure 17 - Normalized radial and horizontal translation of the tunnel cross section with respect to the tunnel radius vs. the normalized
distance from the face with respect to the tunnel radius, for unsupported tunnel. (a) Case 1, �H perpendicular to the strike; (b) Case 2, no
far-field axial shear stress and; (c) Case 3 �H parallel to the strike. Z is the distance from the face of the tunnel (Fig. 2); r0, the tunnel ra-
dius, is 5 m. The circles represent the tunnel cross section and the arrows indicate the direction and location of the displacements plotted.



cross section with the normalized distance from the face of
the tunnel. The radial displacements on the left and right at
the springline are different near the face but are the same
far-behind the face. The horizontal translation of the tunnel
cross section occurs near the face in all three scenarios; it is
maximum at the face and reduces to zero far behind the
face. Figure 17 also shows the “corrected” radial displace-
ments, which are the radial displacements without the
translation, as indicated in the graphs. For Case 2, no
far-field axial shear stress, the corrected radial displace-
ments are the same (within numerical approximation) on
both sides of the springline. For Cases 1 and 3, where the
far-field axial shear stress is not zero, the corrected radial
displacements near the face are asymmetric. Thus, the hori-
zontal translation observed in Case 2, no far-field axial
shear, is in reality a horizontal rigid body displacement of
the tunnel cross section, while in Cases 1 and 3, where the
far-field axial shear stress is present, the deformations are
more complex. The combination of rock anisotropy and
far-field axial shear produces a response of the rock around
the tunnel quite different (and more complex) than when
the rock is isotropic. Indeed, in isotropic elastic ground,
Vitali et al. (2019b) observed that the asymmetric radial de-
formations near the face due to a far-field axial shear stress
could be decomposed into a rigid body displacement of the
tunnel cross-section and anti-symmetric radial displace-
ments, which is not always the case in anisotropic rock.

Figure 18 shows the stress paths at the springline, nor-
malized with respect to the vertical stress. The labels (1, 2
and 3) shown in Fig. 18 refer to positions far-ahead of the
face (1), at the face (2), and far-behind the face (3), as indi-
cated in Fig. 2. The stresses are extracted at a distance of
0.1r0 from the tunnel perimeter, to avoid the mathematical
singularity at the corner formed between the tunnel face
and the excavation. As a consequence of the asymmetric

deformations near the face, the stress paths are asymmetric
near the face as well. For Case 1, �H perpendicular to the
strike, the rock on the right-hand side of the springline takes
load ahead of the face, the stresses increase near the face,
and then they decrease behind the face. On the left, the
stresses decrease ahead of the face and increase behind the
face. Note that the stresses on the right and left springlines
far-behind the face are the same. The stress paths are con-
sistent with a horizontal translation of the tunnel cross sec-
tion towards the right, which compresses the rock at the
springline, to the right, and unloads to the left. The opposite
is observed for Case 3, �H parallel to the strike. On the right,
there is unloading ahead of the face and loading behind the
face; on the left springline, there is loading ahead of the
face and unloading behind. Note that the tunnel translation
in Case 3 is towards the left. For Case 2, no far-field axial
shear stress, both sides of the springline follow the same
stress path. The stresses near the face are larger at the right
springline, which is consistent with the observed horizontal
translation towards the right. It is interesting to note that the
unloading stress path ahead of the face is only observed
when the far-field axial shear stress is present. Figure 19
shows the normalized stress paths at the crown with respect
to the vertical stress, for the three cases with vertically
structured rock mass, and for Case 1, with horizontally
structured rock mass, which is included for comparison. As
one can see, all the stresses increase near the face. The shear
stresses are smaller for Case 2, no far-field axial shear
stress, than for the other cases. Far-behind the face, the
stress state for Case 1, �H perpendicular to the strike, and
Case 3, �H parallel to the strike, are the same and slightly
different than for Case 1, with horizontally structured rock
mass. This finding suggests that the orientation of the rock
structure with respect to the tunnel strongly affects the
ground deformations around the tunnel, particularly near
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Figure 18 - Normalized stress paths with respect to the vertical stress for unsupported tunnel. (a) Case 1: �H perpendicular to the strike;
(b) Case 2, no far-field axial shear stress; and (c) Case 3, �H parallel to the strike. Position (1) represents a point far ahead of the face of the
tunnel; (2), at the face (i.e. Z = 0); and (3), far-behind the face.



the face of the tunnel, but has limited influence on the
stresses around the tunnel far-behind the face.

The asymmetric deformations found near the face
may affect the liner, if the tunnel is supported. This is inves-
tigated by running three new cases, all analogous to the pre-
vious cases discussed, but with a liner placed close to the
face (Fig. 2). The results are presented in Figs. 20 and 21.
Figure 20 shows the normalized radial stresses with the
normalized distance from the tunnel face. As a conse-
quence of the asymmetric deformations near the face, the
radial stresses at the tunnel perimeter are asymmetric near
and far-behind the face. The largest stress asymmetries oc-

cur for Case 1, when �H is perpendicular to the strike, and
the smallest for Case 2, no far-field axial shear stress. The
radial stresses are larger at the right springline when �H is
perpendicular to the strike and when there is no far-field ax-
ial shear stress, but are larger at the left when �H is parallel
to the strike. This is consistent with the direction of the tun-
nel cross section translation observed. The radial stresses at
the crown are similar for the three cases and are larger than
the stresses at the springline, given that the horizontal stress
is larger than the vertical (i.e. stress concentrations are
larger at the crown). Figure 21 shows the internal forces of
the liner normalized with respect to the vertical stress and
the tunnel radius. The internal forces are always asymmet-
ric. The thrust is larger at the crown and at the invert and is
smaller at the springline, while the bending moments are
larger at the springline. The internal forces are larger for
Case 1, when �H is perpendicular to the strike and are
smaller for Case 3, when �H is parallel to the strike. This is
expected because the radial deformations are larger for
Case 1 and smaller for Case 3, as shown in Figs. 15, 16 and
17. It is interesting to note that the internal forces for the
cases with far-field axial shear stress (Cases 1 and 3) are
more asymmetric than the case with no far-field axial shear
stress (Case 2).

5. Conclusions

The effects of the tunnel misalignment with the geo-
static principal stress directions in anisotropic rock masses
are investigated in this paper. Far-field axial shear stresses
are present when the tunnel is not aligned with the geostatic
principal stress directions. Anti-symmetric axial displace-
ments and axial shear stresses are induced around the tun-
nel due to the tunnel misalignment with the geostatic prin-
cipal stress directions and with the principal material
directions. Near the face, axial displacements are con-
strained by the face of the tunnel; as a consequence, asym-
metric radial deformations occur near the face. 3D FEM
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Figure 19 - Stress paths at the crown. Position (1) represents a
point far ahead of the face of the tunnel; (2), at the face (i.e. Z = 0);
and (3), far-behind the face.

Figure 20 - Normalized radial stresses with respect to the vertical stress vs. the normalized distance from the face with respect to the tun-
nel radius, for supported tunnel. (a) Case 1, �H perpendicular to the strike; (b) Case 2, no far-field axial shear stress; and (c) Case 3, �H

parallel to the strike. Z is the distance from the face of the tunnel (Fig. 2); r0, the tunnel radius, is 5 m. The circles represent the tunnel
cross section and the arrows indicate the direction and location of the radial stresses plotted.



simulations of a tunnel at 45° with the horizontal principal
stresses have been performed, with an anisotropic geostatic
stress field. Two scenarios have been investigated: a hori-
zontal tunnel in rock mass with horizontal structure, and in
a rock mass with a vertical structure. In both scenarios, the
rock response is approximated through a transversely ani-
sotropic elastic model. Both unsupported and supported
tunnels are considered.

For the scenario with the horizontally-structured rock
mass, the tunnel is always aligned with the rock mass struc-
ture. Asymmetric radial deformations near the face of the
tunnel occur when a far-field axial shear stress is present.
Far-behind the face, for the unsupported tunnel, the radial
displacements are symmetric, which indicates that the far-
field axial shear stress does not affect the radial displace-
ments far-behind the face. The reason is that, when the tun-
nel is aligned with one of the principal material directions,
in-plane and out-of-plane deformations are decoupled. For
supported tunnels, the asymmetric deformations near the
face affect the liner response. Far behind the face, asym-
metric radial displacements and stresses are present, so the
internal forces in the liner are asymmetric.

For the scenario where the rock mass structure is ver-
tical and the tunnel axis makes an angle of 45° with the
strike or the rock structure, axial displacements and axial
shear stresses are induced around the tunnel. Three scenar-
ios are being investigated: major horizontal stress parallel
to the strike direction, major horizontal stress perpendicular
to the tunnel direction and no far-field axial shear stress.
Far-behind the face, the induced axial displacements are al-
ways anti-symmetric with respect to the vertical axis. The
largest axial displacements occur when �H is perpendicular

to the strike and the smallest when �H is parallel to the
strike. This is because, when �H is perpendicular to the
strike, the axial distortion of the tunnel cross section pro-
duced by the far-field axial shear stress and by the rock
mass structure complement each other. The opposite hap-
pens when �H is parallel to the strike. Near the face, asym-
metric deformations are induced. The asymmetric radial
deformations near the face are larger when �H is perpendic-
ular to the strike and smaller when �H is parallel. The same
is true far-behind the face of the tunnel. In other words, the
far-field axial shear stress affects the radial displacements
far-behind the face when the tunnel is misaligned with the
principal directions of material anisotropy. For supported
tunnels, the radial stresses at the tunnel perimeter are asym-
metric near the face and far-behind the face. Thus, the inter-
nal forces in the tunnel liner are asymmetric. The largest
internal forces occur when �H is perpendicular to the strike
and the smallest when �H is parallel to the strike.

The ground deformations far-behind the tunnel face
are heavily affected by the orientation of the rock mass
structure with the tunnel. For the horizontally structured
rock mass, the deformed tunnel cross section far-behind the
face has a slightly ellipsoidal shape (i.e. the radial displace-
ments at the springline are similar to those at the crown and
invert). In contrast, for vertically-structured rock mass, the
deformed tunnel cross section has a pronounced ellipsoidal
shape, where the radial displacements at the springline are
substantially larger than at the crown and invert. For this
specific case, the far-field horizontal stress is larger than the
vertical. Thus, for horizontally-structured rock mass, the
largest stresses are aligned with the stiffest material direc-
tion (i.e. parallel to the rock structure) and the smallest
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Figure 21 - Normalized internal forces with the vertical stress and tunnel radius. (a) Thrust; (b) Bending moment.



stresses are aligned with the softest material direction (i.e.
perpendicular to the strike). The opposite occurs for verti-
cally-structured rock mass. The rock stresses near the tun-
nel perimeter for horizontally- and vertically-structured
rock mass are similar far-behind the face, which seems to
suggest that rock anisotropy has a modest influence on the
stresses far behind the face of the tunnel.

The results presented in this paper provide insight
into the complex behavior of tunnels in anisotropic rock
masses, and highlight the importance of considering the
tunnel misalignment with the geostatic principal stress di-
rections and with the rock mass structural planes. Also, the
results show the importance of the orientation of the geo-
static principal stress directions with respect to the princi-
pal directions of material anisotropy.
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