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Abstract 
TUnnel construction frequently makes use of radial displacements to monitor tunnel support performance, particulary in 
complex ground conditions. In recent years absolute displacement monitoring methods have replaced the more traditional 
radial convergence measurements. It has been suggested by Schubert and Budil (1] that these near-face displacements could 
also be used to forecast the tunnel conditions ahead of the advancing tunnel face. This paper presents the results from a series 
of detailed three-dimensional analyses in varying ground conditions, which compares vertical (radial) displacements measured 
at the roof, vector orientations associated with these roof displacements and tunnel face displacements (extrusion). These 
numerical results suggest that in all cases vector orientation provided additional information not obtained from traditional 
radial displacements or face extrusion. If interpreted correctly the vector orientations could provide advanced warning of 
changing ground conditions in the vicinity of the tunnel face. 
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1. Introduction 

Since the introduction of the New Austrian TUnnelling 
Method (NATM) by Rabcewicz (2] and the "Observational 
Design Method" by Peck [3] deformation monitoring has 
become a fundamental component of modern tunnel con
struction. In practice, deformation monitoring for most tun
nelling situations usually implies radial convergence moni
toring because of the well established relationships between 
convergence and tunnel stability [4] . These relationships 
have been established using the concepts first proposed by 
Fenner [5] based upon the development of a plastic zone 
surrounding the tunnel (Fig. 1). In the ground-support in
teraction concept in Fig. 1 the relationship between radial 
displacements and support pressure follows the curve A - B 
with stability being achieved at B. Knowing if stability has 
been achieved can readily be determine by monitoring the 
radial displacements. 

In the original ground-support interaction concept, the 
behaviour of the tunnel face was ignored. However, as il
lustrated in Fig. 1 considerable radial displacements occurs 
ahead of the tunnel face. Lunardi et al. [6] and Lunardi [7] 
have proposed that controlling the deformations associated 
with the tunnel face is an important factor in controlling the 
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overall stability of the tunnel. Typical radial deformations 
and the deformations occurring near a tunnel face are illus
trated in Fig. 2. Hoek [8] showed using an axi-symmetric 
numerical model that these face deformations tend to fol
low the trend of the radial displacements and that the face 
deformations were approximately 70% of the radial defor-
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Fig. 1: Ground-support interaction illustrating the relationship 
between radial displacement and tunnel support. 
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mations for a wide range of tunnelling conditions where a 
plastic zone develops. 

During the last decade, several examples have been re
ported where traditional tunnel convergence have been 
replaced with geodetic methods to determine the three
dimensional displacement patterns of the tunnel roof and 
in some cases the tunnel face [9, 1OJ. In these cases, where 
three-dimensional displacements were measured, the results 
indicated that the rock mass conditions, ahead of the tunnel 
face, significantly influenced the orientation of the displace
ment vectors in space. For example, Schubert and Budil [lJ 
reported that the trend of crown settlement did not indicate 
changing ground condition ahead of the tunnel face, while 
the changes in vector orientation of the crown displacements, 
expressed as the ratio of longitudinal displacements to ver
tical settlements (L / S), correlated with zones of different 
stiffness ahead of the tunnel face. This approach which has 
received limited application holds considerable promise, if 
changes to ground conditions ahead of the tunnel face can 
be det.ected with confidence. 

This paper presents the results of three-dimensional nu
merical simulations carried out to evaluate spatial displace
ment in the crown and tunnel face for the condition where 
a relatively large tunnel is advanced towards weak ground. 
The sensitivity of the solution to, rock mass characteristics, 
far-field stress and geomet.ry of the contact, is evaluat.ed. 

2. Displacement monitoring 

2.1. Tunnel face extrusion 

Lunardi [7J has shown that the deformations of the tun
nel face can be a useful indicator to evaluate the ground 
response. In Lunardi's approach, deformations associ
ated with the tunnel excavation are classified as: (1) pre
convergence, face extrusion, and (3) radial convergence 
(Fig. 3). The main concept of this approach is that the 
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Fig. 2: Displacements near a tunnel face generated using an axis
symmetric model. 

stability of ground ahead of the tunnel face plays a funda
mental role in controlling the deformation response of the 
tunnel. As a result, particular attention is paid to the be
havior of the tunnel face and not just tunnel convergence, 
as is normally done. 

Lunardi [7J classed the deformation response of the ground 
in the vicinity of the tunnel face as: elastic behavior, elasto
plastic behavior or collapse behaviour (Fig. 3) . Lunardi con
cluded that there was a direct linkage between the failure of 
the core and the collapse of the tunnel opening, i.e. , the 
rigidity and state of the advance core played a determin
ing role in the stability of the tunnel. These notions were 
also supported by the findings of Moritz et al. [11], who 
also concluded that the number and length of face bolts re
duced surface settlements ahead of the tunnel face. In other 
words , the additional measures for face stabilization had a 
very positive impact on displacement behavior both in the 
tunnel and at ground surface. Hence from these results it 
appears that face extrusion, if measured, could be a good 
indicator for predicting the stability of deep tunnels and the 
potential loss of ground in the case of shallow tunnels. 

2.2. Vector orientation 

In tunnelling it is relatively easy to measure displacements of 
the tunnel crown. With the advent of precise geodetic mea
surements Schubert et al. [9J has suggested that these crown 
measurements when evaluated as a vector, provide valuable 
information on the the conditions ahead of the tunnel face, 
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Fig. 3: Definitions of deformations and behavior of face advance 
core and tunnel roof (modified after Lunardi [8)) . 
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as well as tunnel stability. The deformation vector evaluated 
by [9] is defined in Fig. 4. The vector orientation Q is simply 
tan Q = t::.L/ t::.S. Schubert and Budil [1] noted that when a 
tunnel in relatively competent ground is approaching weak 
ground, stress concentrations develop in the stiffer ground. 
As a consequence Schubert and Budil [1] suggested that the 
longitudinal displacement (t::.L) would increase which leads 
to an increase of Q . However, in case of a tunnel face ap
proaching stiffer ground the opposite tendency occurs, Le., 
t.he longitudinal displacement (t::.L) would decrease, with an 
accompanying decrease of Q . 

The early work to evaluate the changes in Q to tunnel face 
conditions relied on the three-dimensional boundary element 
method assumming linear elastic material [1, 12, 13] . For 
many deep tunnelling projects this assumption may be valid. 
However, in weak rock the material response is often not 
elastic and an extensive plastic zone can develop around the 
tunnel. Particularly large tunnels such as those used for 
highway traffic. In the following sections the face extrusion 
concept proposed by [7] and the displacement vector concept 
proposed by [1] are evaluated using non-elastic numerical 
models. 

3. FLAC3D model 

To capture the effect of tunnel face extrusion and crown 
displacements a three-dimensional model is required. The 
three-dimensional finite difference software FLAC3Dl was 
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Fig. 4: Definition of the vector orientation (0:) using an initial 
(zero) reading taken at some distance df from the tunnel face. 

used for the analysis reported here. 
A series of FLAC3D analysis were carried out to investi

gate changing ground conditions ahead of the tunnel face. 
Initial scoping calculations with different model geometries 
were carried out to ensure sufficiently accurate results [13] . 
The final model used was a 170-m-Iong tunnel consisting of 
13,770 brick elements (Fig. 5) . The circular tunnel has a 
diameter of 10 m with an outer boundary extending to a 
distance of 40 m perpendicular to the tunnel axis and 30 m 
to the vertical axis to minimize boundary effects. The mod
els were divided into two regions (Region 1 and Region 2) 
with each region having different geotechnical properties. In 
the basic model (Fig. 5), Region 1 and Region 2 illustrate 
relatively stiff and weak ground, respectively. Tunnel ex
cavation was carried out in a series of 2-m-long excavation 
steps. 

The initial stress state was set to gravitational loading to 
simulate a shallow tunnel. For each step the excavation is 
advanced 2 m and support pressure is applied at specific dis
tances from the tunnel face. The simulations were carried 
out to investigate the changes that occur to displacements 
(both in the vertical and longitudinal directions) and vec
tor orientation at a monitoring point in the roof of a tunnel, 
and the displacements associated with face extrusion for var
ious cases when the tunnel face is advancing towards weak 
ground. In this situation tunnelling is assumed to proceed 
horiwntally from Region 1 to Region 2 (see Fig. 5) . Several 
influences such as: grollnd mat.erial (linear elastic or elasto
plastic) , the value of ko, the stiffness ratio between the two 
regions, the length of the relatively weak ground, the ori
entation of the interface between the two regions, tunnel 
diameter, and non-homogeneity of geotechnical properties 
were considered in the numerical simulations. 

lavailable from Itasca Consulting Group, Inc., Minneapolis, Min
nesota,USA 
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Fig. 5: The basic geometry included in the three-dimensional 
finite difference model FLAC3D . 
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Table 1 provides the geotechnical properties used in 
a FLAC3D models using both linear elastic and elasto
plastic constitutive models. The rock properties (Al, A2, P l 

and P2 ) in Table 1 were developed using the Geologi
cal Strength Index (as!) developed by [14]. The Mohr
Coulomb strength properties for each aSI class was devel
oped using the procedure given in [15]. These properties are 
considered typical for a weathered rock mass and a weak 
rock mass in South Korea. The soil properties (P3 and P4 ) 

in Table 1 are also expressed in terms of the linear Mohr
Coulomb failure criterion. In all cases it was assumed that 
the weak rock and soil behaves as an elastic perfectly plastic 
medium. 

4. Results from FLAC3D analyses 

The deformations from numerical analyses include all the 
deformations associated with the application of the bound
ary conditions as well as the deformations due to the tunnel 
excavation. Monitoring displacements in the field, however, 
only shows a portion of the total displacement record be
cause monitoring systems are usually installed inside the 
tunnels at a distance from the tunnel face. Hence, a portion 
of the total displacements caused by the tunnel excavation 
has already taken place prior to the beginning of monitor
ing. As a result, in the numerical models the zero reading 
is taken at a fixed distance from the tunnel face to simulate 
field monitoring conditions. Once the numerical monitoring 
begins the numerical results of vector orientations (a) with 
the tunnel face advance, 6.L and 6.8 were calculated at each 
excavation step (Fig. 4). 

4.1. Influence of weak ground ahead of tunnel face 

The first series of simulations were carried out to investigate 
the influence of tunnelling from a competent rock mass (Re
gion 1) toward a weak rock mass (Region 2). The geotechni
cal properties for Region 1 (A2 ) and Region 2 (P3 ) are given 

Table 1: Geotechnical properties used in three dimensional nu
merical simulations. The Geological Strength Index (as!) was 
used to determine the cohesion and friction values. These prop
erties reflect various ground classes encountered in South Korea. 

Weak/Weathered Rock Class 
Al A2 Pl P2 

as! 33 21 18 7 
U ci (MPa) 30 30 10 10 
Ucm (MPa) 3.6 2.5 0.75 0.36 
Em (MPa) 2000 1000 500 200 
c (MPa) 0.40 0.30 0.15 0.09 
(W) 38 33 27 22 
p (kg/m3) 2400 2400 2100 2100 
V 0.30 0.30 0.35 0.35 

Soil Class 
P3 P3 

100 50 
0.05 0.005 
20 30 

2100 2100 
0.35 0.35 

in Table 1. The ratio of horizontal stress to vertical stress, 
ko value is 0.5 in both regions. 

Fig. 6 shows the trend of the displacement at a point at 
the center of the tunnel crown located 2-m from the tunnel 
face. Fig. 6a gives the complete vertical settlements, i.e. , 
includes the settlement that occurred ahead of the tunnel 
face. The results shown in Fig. 6a indicate that for this case 
where there is weak ground (Region 2) ahead of relatively 
stiff ground (Region 1), there is no significant. increase in 
total vertical settlement until the tunnel reaches OAD from 
the beginning of the weak ground. This reflects the arching 
associated with the tunnel face. 

Fig. 6b provides the displacement history familiar to most 
tunnelling engineers, i.e., the displacement history ahead of 
the tunnel face is not included. For this case fixed points 
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(a) Total vertical settlement plotted as a function of face posi
tion. The measurement point is located 2 m behind the tunnel 
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is included. 
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face is not included. 

Fig. 6: Displacements measured at 2 m increments from the tun
nel face. 
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were chosen at Py=-2.0D, -l.OD, -O.2D and O.2D, relative 
to the transition between Region 1 and Region 2 (Fig. 6b). 
The zero (initial) reading for each point was taken 2 m be
hind the tunnel face. For these situations there is no clear 
trend in the displacement patterns that would warn the tun
nel engineer that the tunnel is approaching the weaker and 
softer ground. However, once the tunnel monitoring begins 
in the weaker ground, Py=O.2D, the displacements and the 
displacement rate are much larger. Thus the tunnel engi
neer should be alerted to changing ground conditions even 
if the tunnel face could not be observed. However, whether 
or not this additional convergence would lead to instability 
problems is a function of many additional parameters and 
hence evaluating this type of measurement data is often very 
difficult and requires considerable experience [16]. 

Fig. 7 shows a comparison between the trends observed 
for the vector orientation, Aa, vertical settlement and ex
trusion with tunnel advance. Up to the station -2.0D (i.e. 
distance from the transition to tunnel face), no significant 
changes in vector orientations were observed and this value 
is considered the average vector orientation, Aaave. Eval
uation of data in Region 1 up to -2.0D shows that average 
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Fig. 7: Trend of displacement and vector orientation at crown, 
and face extrusion with tunnel advance. 

vector orientation is approximately -150
• Schubert et al. 

[9] notes that average monitored angle between longitudi
nal displacement and crown settlement is between _80 and 
-120 from the evaluation of data taken from tunnels con
structed in poor rock. In this paper, vector orientations, 
Aa, are expressed relativel to the aave, i.e., Aa = a - aave. 

As the tunnel approaches the weak ground in Region 2, 
the relative increase in longitudinal displacements were con
siderably higher than the relative increase in radial displace
ments. As a result, with decreasing distance to the weak 
ground (Region 2), Aa increased significantly (Fig. 7a) . 
Also shown in Fig. 7a is the vertical settlement caused by 
the tunnel. As shown in Fig. 7 a the change in vertical set
tlement shows no significant change until the tunnel face 
has reached Region 2. Thus for this case, evaluating the 
vector orientation data would be provide advanced warning 
that changed ground conditions should be anticipated long 
before Region 2 was encountered by the tunnel face . 

Fig. 7b shows the extrusion of the face as a function of face 
location. Face extrusion is not often measured because of the 
difficulty of having access to the tunnel face. In large tunnels 
a face-berm is often used to provide added support to the 
tunnel face rendering the tunnel face inaccessible. However, 
as shown in Fig. 7b if the face extrusion could be measured 
at regular intervals it would also provide advanced warning 
that the tunnel would intersect changing ground conditions. 

As shown in Fig. 7, it is only the vector orientation that 
clearly changes well before the tunnel face intersects the 
weak ground. For these results the monitoring point was 
located 2 m from the tunnel face. Studies by Golser and 
Steindorfer [13] using elastic analysis, showed that the vector 
trend taken far from the tunnel face showed greater devia
tion than the trend taken near the tunnel face . Fig. 8 shows 
plots of vector orientation for crown monitoring points lo
cated at 2, 4, 6 and 8 m behind the tunnel face, i.e. , dj 
shown in Fig. 4. In these simulations, the results confirm 
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Fig. 8: Trends of ~a: at the crown points 2, 4, 6 and 8 m behind 
the tunnel face. 
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the findings of Golser and St.eindorfer [13]. However, while 
numerically such trends are observed, in the field it may not 
be practical to provide the accuracy required to measure 
the small displacements measured at large distances from 
the tunnel face. 

4.2. Linear elastic and elasto-plastic behavior 

A significant. advantage of the Flar.3D analysis compared to 
that of three dimensional boundary element solutions is the 
ability to model elasto-plastic material behavior. With the 
clastic solution, whether ground is weak or stiff, the displace
ments magnitudes are limited and the influence of yielding 
weak ground ahead of the tunnel face cannot be evaluated. 
Panet [4] notes that it is important to distinguish whether 
the plastic zone develops along the tunnel periphery behind 
the excavation face, or whether it encircles the excavation 
face thus endangering the stability of the face. In the fol
lowing analyses the tunnel in Region 1 remains elastic, re
gardless of the constitutive model and hence the effect of 
the yield zone on vertical settlement, vector orientation and 
face extrusion can be observed in Region 2 where both the 
elastic and elasto-plastic behaviour is observed. 

A comparison between the vertical settlement and vec
tor orientation at the tunnel crown 4 m behind the tunnel 
face, and extrusion of the tunnel face were determined as
suming linear elasticity and elasto-plastic yielding with the 
same geotechnical properties used previously above (Fig. 9). 
In all case.s the displacement.s increase significantly as the 
tunnel approaches the weak ground when the elasto-plastic 
constitutive model is used. 

Fig. 9a compares the results for vertical settlement using 
elasto-plastic and linear elastic material models. There is no 
significant difference in vertical settlement until the tunnel 
face is located approximately O.6D, i.e. 6 m, in weak ground. 
For the elasto-plastic model, when the tunnel face is at O.6D, 
the plastic zone extends approximately 5 m in the direction 
of radial and approximately and 8 m ahead of the tunnel 
face(Fig. 10). 

Lunardi [7] notes that the stability of the tunnel can be 
evaluated by monitoring the deformation response ahead of 
the tunnel face (Fig. 3). Using both field experiments and 
laboratory tests, Lunardi [7] showed that there was a close 
correlation between the face deformations (extrusion) and 
the convergence behind the tunnel face. Figs. 9a and 9b 
supports the notion proposed by [7]. Thus, if the yielding 
in the weak ground is not detected early during the tun
neling operations, a large plastic zone will develop ahead of 
the tunnel face (see Fig. 10). Controlling the deformations 
associated with this large yield zone may be very difficult. 

Examination of the vector orientations in Fig. 9c show 
that plastic behavior starts to have a significant effect on 
the vector orientation when the tunnel face was approxi
mately 4 m from the weak material. It is clear from Fig. 9 
that the magnitude of the vertical settlement, vector orien
tation and face extrusion is significantly greater if yielding 

around the tunnel is included in the analyses. In the follow
ing sections other factors that may affect vector orientation 
are examined. 
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4.3. In-situ stress state 

A series of simulations were carried out to investigate the in
fluence of initial in-situ stress state using geotechnical prop
erties A2 and Pa shown in Table 1 for Region 1 and Region 2, 
respectively. In each case, the initial vertical stress was as
sumed to be equal to the weight of the overburden while the 
ko values, i.e. horizontal/vertical stress ratio, were varied 
from ko = 0.5, 0.75 and 1.0. In these analyses an elasto
plastic material model was used. 

Fig. H provides plots of the vertical settlement, face ex
trusion and vector orientation for each of ko values. Fig. lla 
shows the results for the vertical settlement. For ko = 0.5 
and 0.75, there is essentially no difference in the amount of 
vertical settlement. The increase in vertical settlement for 
ko = 1 is related to the development of a yield zone in the 
roof. When ko = 0.5 and 0.75 the yield zone if it developed 
would occur locally on the sidewall of the tunnel and hence 
would not significantly affect the roof settlement. However, 
with ko = 1 the yield zone extends around the entire tunnel, 
significantly increasing the roof settlement. 

Fig. llb shows the effect of the in-situ stress state on face 
extrusion. In all cases as the in-situ stress state increases 
from ko = 0.5 to 1.0, the amount of face extrusion also in
creased. In Fig. Hc the vector orientation shows that as 
ko increases the change in vector orientation occurs further 
from the beginning of Region 2. For example with ko = 1, 
the change in vector orientation begins at about -1.8D while 
with ko = 0.5 the change in vector orientation begins at 
about -1.2D. If the vector orientations are zeroed for each 
in-situ stress state, an increasing ko tends to increase the 
maximum vector orientation value. Again, it is the influ-

0.60 

Fig. 10: Plots of the plastic zone around the tunnel face at 0.6D 
from the transition. 

ence of the ko on the amount of yielding around the tunnel 
that determines its impact on vertical settlement, vector ori
entation and face extrusion. 
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ko = 0.5, 0.75 and 1.0. 
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Table 2: Geotechnical properties used in simulations, and computed vector orientation and extrusion. 

Property Vector orientation Tunnel face extrusion (cm) 
Classified in Table 1 SR t:.ao at each station of the face at each station of the face 

Case Region 1 Region 2 Em l/Em 2 -10 -0.6D 

I A2 PI 2 0.8 2.2 
II A2 P2 5 2 
III A2 P3 10 2.7 
IV Al P2 10 2.7 
V Al P4 20 2.9 
VI Al P3 20 2.9 

4.4. Stiffness ratio 

To investigate the influence of the stiffness ratio (SR), i.e., 
ratio of elastic modulus of Region 1 to Region 2, different 
elastic modulus and strength parameters for each regions 
were assumed. Table 2 summaries the geotechnical proper
ties used in the numerical simulations with respect to the 
stiffness ratio adjacent two grounds. In addition, computed 
vector orientation 4m behind the tunnel face and extrusion 
at the tunnel face were provided in Table 2. The displace
ment measurements are taken at a distance 4m (OAD) be
hind the tunnel face and ko used in all simulations is 0.5. 

The results show that, with increasing ratio of stiffness 
between two regions, the maximum deviation of the vector 
orientation, max, increased a little. In the case of assuming 
elasto-plastic behavior, however, it is hard to predict stiff
ness ratio between two regions in terms of the analysis of 
vector orientation only. As shown on Table 2, in Case III, 
IV, V and VI, deviation of the vector orientation seems to be 
similar before the tunnel face reaches the weak ground (i.e. 
station O.OD) in spite of its different geotechnical properties. 
Although, in Case V, the failure occurred along the tunnel 
boundary followed formation of large plastic zone as the tun
nel face approaches the weak ground, results of the vector 
orientation show similar trend as other case. In other words, 
trend of the vector orientation and vertical settlement only 
can't reflect instability of the ground with respect to accu
mulation of the plastic deformations, which initiate ahead 
of the tunnel face 

Results for the extrusion on the tunnel face are seen to 
vary as condition for simulation t.hough it has same stiffness 
ratio because extrusion depends on the strength and defor
mation properties of the ground ahead of the face and on 
t.he original stress field to which it was subject. 

4.5. Length of relatively weak ground 

A series of numerical simulations have been conducted to 
invest.igate the influence of the weak ground having different 
extensions shown in Fig. 12a, i.e., Ls=lO (l.OD), 20 (2.0D), 
30 (3.0D) , 50 (5.0D) and 100m (1O.0D) . 

5.3 
7 
7 

7.8 
7.8 

The results of total vertical settlement shown in Fig. 12b 

-0.2D 0 -0.2D 0 O.4D 0.8D 

5.9 14.3 0.27 0.39 0.41 0.42 
14.5 30.5 0.43 1.32 1.67 1.77 
20.4 37.2 0.57 3.95 5.88 6.61 
20.2 34.4 0.28 1.23 1.61 1.74 
25.3 Failure 0.68 Failure 
25.2 39.0 0.34 3.75 5.79 6.57 

shows that tunnelling behind weak ground does not pro
duce an increase in the settlements regardless of the weak 
ground's extension. In addition, the amount of total verti
cal settlement became smaller as the extension of the weak 
ground decreased. As a result, the numerical simulations 
show that the evaluation of trends of vertical settlement 
only, do not provide clear indication of weak ground or fault 
zone ahead of the tunnel face, because the increase of the 
absolute displacements may also be caused by a continuous 
increasing deformability of the ground. 

Fig. 12c shows the trend of vector orientation. When the 
tunnel approaches the weak ground, the vector orientation 
showed an increasing trend against the direction of excava
tion. After the tunnel face entered the weak ground and 
approached the relatively stiff ground again, the vector ori
entation dropped down and recovered gradually. It is inter
esting to note that, regardless of the extension of the weak 
ground, the deviation of starts at a similar distance behind 
the weak ground and the maximum deviations of ~o: al
most appears to be similar. In more quantitative terms, the 
difference of max in cases of Ls= 10 and 100m is less than 
6°. Steindorfer [12] notes that a certain prediction of the 
extension of a fault zone as well as zones consisting of rela
tively weak ground ahead of the tunnel face is possible with 
the analysis of the vector orientation trends, as shown in 
Fig. 12c. 

As described above, however, it depends on the amount 
of displacement in vertical and longitudinal direction as well 
as the initial stress state, Poisson's ratio, rock mass struc
ture and such like. Therefore, it is not easy to predict the 
extension of the weak ground by ~o: only in practice. 

4.6. Tunnel diameter 

It is known from the Kirsch equations that the amount of ra
dial displacements around a circular opening is a function of 
the tunnel diameter, i.e., the large the diameter the greater 
the radial displacements. Thnnel diameters ranging from 
5.0, 7.5 and 10.0 m, were used to investigate the influence of 
diameter on face extrusion and vector orientation. The tun
nels were modelled with the in-situ vertical stress equal to 
the overburden stress and with ko = 0.5. An elasto-plastic 
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material model was also used and each model had the same 
tunnel centerline coordinates. Accordingly, in each case, the 
in situ stress conditions were not identical as the distance 
from the roof of the tunnel to the ground surface varied. 

The results for the relative vector orientation show that, 

Region 1 Region 1 

Tunnel excavation 

(a) Location of weak ground 

o~~~~~~~~~~ 
:[-1 
c: 
~ -2 
<» 

~ -3 
II) 

(ij 

~-4 
~ 

Transition 

(ij -5 Region 1 
~ 14---=---

-6 '----'-_...L---'_-'-_.&----A._ ........ _'----'-----' 
-3~ -20 -10 0 10 20 3D 40 50 60 70 

Tunnel face position (0=10 m) 

(b) Vertical settlement 

-20 -10 0 10 20 3D 40 50 60 70 

Tunnel face position (0=10 m) 

(c) Vector orientation 

OpRRR~~:-~~~HHRH~HH~ 
-1 

:[-2 
.§ -3 
II) 

2-4 x 
<» -5 
8 
.l1!-a 
Qi 
§ -7 
:> 

I- -8 1t-----4: 

Ls=100rn 

-~30 -20 -10 0 10 20 3D 4D 50 6D 70 
Tunnel face position (0=10 m) 

(d) Face extrusion 

Fig. 12: Plots of displacements and vector orientation having 
different extensions of the weak ground (Le. Region 2), Ls, for 
trends taken at 4 m behind the tunnel face and ko = 0.5. 

with decreasing tunnel diameter, the maximum deviation of 
the vector orientation becomes larger and variation of the 
vector orientation starts a little earlier (Fig. 13a). This not 
so intuitive result occurs because for the longitudinal dis
placements remain relatively constant while the the radial 
displacements decrease as the tunnel diameter decreases. 
Because the monitoring point is 4 m from the tunnel face the 
tunnel convergence has not reached a maximum (see Fig. 2). 
Regardless of tunnel diameter the relative vector orientation 
shows the approaching weak ground in Region 2, before the 
tunnel face encounters it. 

As expected the face extrusion increases as the tunnel di
ameter increases (Fig. 13b). These findings are similar to 
those of Hoek [8] who also showed using an axi-symmetric 
numerical model that face deformations tend to follow the 
trend of the radial displacements, which increase as the tun
nel diameter increases. 

4.7. Inclined interface 

In all the previous examples the transition interface between 
regions 1 and 2 was aligned perpendicular to the tunnel axis. 

E 
.8-
c 
0 .. 
2 
;ij 

60 

50 
Region 1 Region 2 

40 

20 

10 

0 ............ ..
Transition Trend taken at 4m behind the face 

o : tunnel diameter 
-10 

-30 -20 -10 o 10 20 30 40 50 60 70 
Tunnel face position (D) 

(a) Trends of .6.0: with different tunnel diameter (TD) 
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(b) Extrusion versus tunnel diameter (TD) 

Fig. 13: Plots of vector orientation and extrusion having different 
tunnel diameter (D=5, 7.5 and 10 m). 
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In tunnelling this interface may be at any angle, depending 
on geological conditions. Numerical simulations were carried 
out with the inclination of the transition interface (J inclined 
at 90° and 45° with respect to tunnel axis. Geotechnical 
properties used in the simulations were A2 and P3 for Re
gion 1 and Region 2, respectively. The properties for A2 
and P3 are shown in Table 1. An elasto-plastic and da.<;tic 
material model were used with ko = 0.5. The elastic model 
was only used for teh 45° case as the results foo the 90° case 
were presented in Fig 9a 

Comparisons of the vertical settlement, relative vector ori
entation and face extrusion for the various transition inter
faces assuming linear elastic and elasto-plastic behaviour are 
shown in Fig. 14. Tunnel face position on the the x-axis in 
Fig. 14 represents a distance from centre of the transition 
interface to centre of the tunnel face. 

Results for the vertical settlement show that when, when 
the transition interface is at an angle, vertical settlements 
become less reliable in predicting the presence of weak 
ground ahead of the tunnel face (Fig. 14a). However, 
the changes in the vector orientation become much more 
abrupt and clearly indicate changing ground conditions (see 
Fig. 14b). It is interesting to note that for an interface in
clined at 45° the relative vector orientation is much more 
erratic compared to the vector orientation for (J = 90°. 

Fig. 14c shows the trend of face extrusion for the cases 
of (J = 45° in elastic material, and (J = 45° and (J = 90° 
in elasto-plastic material. The face extrusion results for the 
elasto-plastic model show similar trends regardless of incli
nation of the transition interface. Hence it would appear 
that while face extrusion shows much larger displacements 
in the weak ground only the relative vector orientation would 
provide information that might indicate that the orientation 
of the transition interface is not vertical. 

4.8. Non-homogeneity 

Steindorfer and Schubert [17] showed that when tunnelling 
through the Hinterberg fault zone in southern Austria, fre
quent changes in type and quality of rock caused a number of 
tunneling difficulties. Steindorfcr and Schubert showed that 
the non-homogeneity of the ground frequently led to stress 
concentration and yielding in localized areas. In one rase, 
Steindorfer and Schubert suggested that this overstres:;ing 
led to a collapse of the tunnel crown. Steindorfer and Schu
bert showed that while the conventional evaluation of radial 
displacement data did not show any significant indication of 
the failure, analysis of the vector orientation showed signif
icant variability. Steindorfer and Schubert concluded that 
vector orientation might be a useful indicator for quantifying 
heterogeneous ground. 

In South Korea shallow tunnels often encounter heteroge
nous geology related to the formation of residual soil. In 
such geological conditions, geotechnical properties such as 
deformation modulus, cohesion and friction angle may be 
described as random variables. A series of Flac3D silllu-

lations were carried out to st.udy the influence of material 
non-homogeneity on relative vector orientation and face ex
trusion. 

The properties in Region 1 and Region 2 were specified 
to vary as function of grid position using a normal Gaus
sian distribution with a mean value J.L and a standard devi
ation, S. In case of the Gaussian distribution, about 68% of 
the test values will fall within an interval defined by J.L and 
±S while approximately 95% of all the test results will fall 
within the range defined by the 11- and ±2S. The coefficicnt 
of variance, COY, defined as t.he ratio of the standard devia
tion to the mean, is often used to express uncertainty in soil 
properties. Harr [18] suggest that COY for soils could vary 
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Fig. 14: Plots of displacements and vector orientation with the 
inclination of the transition interface sloped at (J = 45° and 90° 
with respected to the tunnel axis, assuming elasto-plastic and 
elastic material. 
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Table 3: Parameters for random input variables Random vari-
abies 

Random Region 1 Region 2 
variable Mean Std. Dev Mean Stdev 

Em (MPa) 1000 250 100 25 
c (MPa) 0.3 0.045 0.05 0.0075 
if; (0) 33 5 20 3 

from 0.02 to 0.4. A small uncertainty would typically be 
represented by a COV=0.05 while considerable uncertainty 
would be indicated by a COV=0.25. 

For the Flac3D simulations, the COV were assumed to be 
0.25 for deformation modulus Em and 0.15 for both cohesion 
(c) and friction angle (if;) . Table 3 provides a summary of the 
mean and standard deviation used in the Flac3D simulations 
for each of these variables. The results from these analyses 
are summarized in Fig. 15 

Fig. 15a compares the vector orientation for homogeneous 
geology with the transition inclined at () = 45° , to hetero
geneous conditions with the same transition orientation. It 

~r---------------~--------------~ 
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(b) Tunnel face extrusion 

Fig. 15: Trends of vector orientation and extrusion with consid
ering non-homogeneity of the ground in elasto-plastic material 
assuming that COY for elastic modulus in both Region 1 and 
Region 2 is 0.25, and for strength parameters is 0.15. 

is clear from Fig. 15a that vector orientation varies signifi
cantly with heterogeneous soil conditions and that this vari
ation increases as the weak ground condition in Region 2 is 
approached. Fig. 15b shows the face extrusion for heteroge
neous soil conditions with a vertical and inclined transition 
zone. Comparing Fig. 15b with Fig. 14c shows that face 
extrusion is not sensitive to variability in the soil properties. 

5. Discussion and Conclusions 

Displacement monitoring plays a significant role in modern 
day tunnelling. With improvements in survey techniques 
displacements can now be routinely measured to ±O.1 mm 
in a typical tunnel construction environment. With this 
improvement in monitoring capability, there is an opportu
nity to advance our interpretation of these tunnel displace
ments beyond the traditional ground support interaction 
role. Schubert and Budil [1] showed that simple displace
ment monitoring of a point in the crown of a tunnel could 
provide information related to not only the ground support 
interaction but also changing ground conditions. This nu
merical study confirms Schubert and Budil [1] original hy
pothesis. 

The FLAC3D analyses has shown that in all cases consid
ered the vector orientation of a point in the crown of a tunnel 
provided information on the approaching ground conditions 
not readily observed in the traditional vertical/radial dis
placements or in face extrusion measurements. For simple 
geological conditions such as a tunneling towards an abrupt 
interface, the vector orientation gave ample warning of the 
approaching change in ground conditions. However, in more 
complex geological conditions such as frequently encoun
tered in shallow tunnels interpretation of the vector orienta
tion is more challenging. Nonetheless the rapid variation in 
the vector orientation in heterogeneous ground does point 
to changing ground conditions. 

The results from these analyses suggests that vector orien
tation monitoring should be an essential tool for any tunnel 
monitoring program. 
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