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Abstract

Displacement monitoring provides essential information for safe and rational tunnel excavation. The data obtained allow engineers to
analyze and predict tunnel behavior, facilitating the selection of appropriate supports and the evaluation of their effectiveness. In a recent
tunnelling project in the Akaishi Mountains of central Japan, displacement monitoring was intensively implemented to ensure the sta-
bility of the 4.2-km-long Hirogawara adit, excavated to a maximum depth of 832 m. Analysis revealed a strong correlation between ini-
tial and final displacements. However, the tunnel experienced occasional support deformations. To address this, the trend of 3D absolute
displacements was analyzed to predict and evaluate asymmetric deformation. The effective use of 1-cycle displacement monitoring
proved critical for predicting final displacements and optimizing rock supports, particularly in cases with high overburden and limited

geotechnical information.
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1 Introduction

Prediction of tunnel displacement is in high demand for
ensuring safe and rational excavation. The capacity of a
tunnel support stands as a primary concern for engineers
working at the advancing tunnel face. The support must
not only have sufficient capacity, but also be installed in
a sequence that prevents uncontrolled deformation of the
tunnel (Hoek, 2018). Real-time information is vital for
assessing whether the applied or intended support is ade-
quate in controlling ground behavior.

When a tunnel face is opened and support is applied, the
resulting induced deformation or displacement is of great
interest. Utilizing numerical analyses, incorporating
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ground information from explorations ahead of the
face—such as exploration drilling or tunnel seismic profil-
ing—may effectively predict tunnel behavior. However,
estimating the support required to stabilize a tunnel exca-
vation, especially in the vicinity of the face, presents a
four-dimensional problem (Carranza-Torres & Fairhurst,
2000), including elapsed time in the excavation progress.
Analyzing tunnel deformation is further compounded by
ground characteristics, such as heterogeneity or anisotropy.
As a result, by the time a deformation analysis is com-
pleted, the excavation may have significantly advanced
and potentially encountered new ground conditions that
render the analysis obsolete.

Drill and blast tunnelling method generally employs an
observational procedure (Terzaghi & Peck, 1967), relying
on displacement monitoring to provide feedback during
excavation and ensure the suitability of applied tunnel sup-
port. The information gleaned from displacement monitor-
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ing data is extensive (Schubert et al., 2005) and offers valu-
able insights into tunnel behavior during excavation. This
paper demonstrates that initial displacement monitoring,
informed by real excavation experience and collected data,
can predict tunnel behavior, and emphasizes the impor-
tance of applying proper support accordingly at the exca-
vating face.

Panet and Guenot (1982) developed a convergence curve
model that considers both the distance from the tunnel face
and the plastic zone radius behind the face. Building on this
concept, Sulem et al. (1987) introduced a semi-empirical
convergence law by applying curve fitting to monitored
convergence data over time following the tunnel face open-
ing. Their method effectively differentiated the time-
dependent behavior from the face advance effect. This
approach has enabled the prediction of final closure and
facilitated the adaptation of support measures to the condi-
tions encountered during excavation.

Sellner and Schubert (2000), Sellner et al. (2002), and
Grossauer et al. (2005) conducted studies that led to the
development of a displacement prediction program using
Sulem’s formula as a function of convergence. This pro-
gram allowed for the prediction of final displacement based
on initial readings. However, the predictive capability of
this program may be limited to specific tunnel segments
where geological or rock mass conditions are well-
understood and can serve as input parameters.

In tunnelling projects with high overburden, conducting
on-site displacement predictions becomes challenging due
to the lack of comprehensive geotechnical information.
This is compounded by the need to avoid disruptions to
tunnel excavation progress. For instance, exploratory geo-
logical surveys conducted at the tunnel face could impede
advancement. Consequently, the predictive method should
be both straightforward and easy to handle, to ensure its
effective application in these challenging conditions.

Sato et al. (2021) emphasized the importance of initial
displacement monitoring by starting monitoring from the
“zero reading”, 0.5 to 0.8 m behind the advancing face.
Their findings also revealed a strong correlation in initial
and final convergences between both sidewalls. Subse-
quently, this paper explores the correlation between initial
and final absolute displacements, providing additional
insights into tunnel behavior evaluation.

For proper evaluation of excavated tunnel behavior
near the advancing tunnel face, Schubert et al. (2002)
and Schubert and Grossauer (2004) emphasized the
importance of 3D displacement monitoring technique.
The orientation and trend of 3D displacement vectors
effectively reveal asymmetric tunnel behavior, influenced
by rock mass structures such as fractures, joints, faults,
weak layers, foliation, or schistosity planes (Button,
2004; Schubert et al., 2005; Button et al., 2006). 3D
absolute displacement monitoring also enables the pre-
diction of changes in ground condition by observing

the changing trend of displacement orientation vectors
(Schubert et al., 2002, 2005). However, previous studies
have rarely quantitatively predicted the magnitude of
3D displacement. Predicting unilateral tunnel displace-
ment with respect to the excavation axis is crucial for
preventing asymmetric damages to applied tunnel sup-
ports. This study demonstrates the capability of predict-
ing final absolute displacement from initial few readings.

Asymmetric displacements, observed through 3D dis-
placement monitoring, often reflect specific anisotropic
ground conditions. These displacements can be influenced
by structural anisotropy within the rock mass, including
bedding, foliation, or schistosity (Button et al., 2006;
Mezger et al., 2013; Mezger & Anagnostou, 2015; Lisjak
et al., 2015). For instance, typical tunnel displacements
may be induced by behaviors such as joint opening, sliding,
or dilation along foliation or schistosity planes, resulting in
the largest displacements observed perpendicular to these
discontinuity planes (Button et al., 2006; Schubert &
Davila Mendez, 2017).

Additional cases of asymmetric displacement may occur
when tunnelling through heterogeneous ground conditions,
often arising from variations in rock mass quality, such as
lithological composition, fault or shear zones, or weak lay-
ers. These ground conditions may induce asymmetric dis-
placements (Schubert et al., 2002; Mezger & Anagnostou,
2015; Merlini et al., 2018).

Distinctive cases have been reported in which asymmet-
ric displacements are related to anisotropic in-situ principal
stress (Naji et al., 2018; Kluckner & Schubert, 2019; Sato
et al., 2022). In extreme circumstances, rock bursts or spal-
ling can occur. The direction of tunnel excavation in rela-
tion to the principal stress directions can either amplify
or reduce the degree of tunnel deformation (Vitali et al.,
2019; Sato et al., 2022).

The purpose of this paper is to highlight the importance
of initial displacement monitoring and its role in predicting
and assessing support behavior with asymmetric deforma-
tion. In Section 2, we explore the general trends observed in
displacement profiles within the studied tunnel. In Sec-
tion 3, a detailed analysis of tunnel convergence and 3D
absolute displacement is conducted, establishing correla-
tions between their initial and final states. Additionally,
the study investigates the impact of absolute displacement
on the observed asymmetric support deformation. Section 4
compares existing semi-empirical prediction methods with
the novel approach developed in this study, all focusing
on in-situ convergence profiles. It then explores the poten-
tial mechanisms behind asymmetric support deformation,
considering the effects of transversely isotropic rock mass
and anisotropic in-situ principal stresses in the study area.
Finally, a practical excavation case is examined to demon-
strate the necessity and effectiveness of displacement pre-
diction using l-cycle reading during tunnel excavation
with high overburden.
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2 Monitoring program and observed tunnel behavior—an
overview

2.1 Displacement monitoring program implemented in the
Akaishi Mountains excavation

2.1.1 Initial displacement monitoring

Figure 1 shows the location and geology of the study
area, situated in the eastern part of the Akaishi Mountains,
central Honshu Island, Japan. The area has a maximum
elevation exceeding 3000 m above sea level. A 25-km-
long tunnel is currently under construction for the Chuo
Shinkansen high-speed rail line to traverse underneath
the mountains from east to west. The area mainly has
slightly metamorphosed sedimentary rocks such as slate,
phyllite, and alternations of slate and sandstone with bed-
ding structures ranging from a few millimeters to tens of
centimeters in thickness. Additionally, there are altered
basaltic tuff and meta-basaltic volcanic rocks with or with-
out weak schistosity. The 4.2-km-long Hirogawara adit
with a maximum depth of 832 m, shown as sign C in
Fig. 1, was excavated for an approaching adit to the Main
tunnel, shown as sign A. Table 1 presents the mechanical
properties and observed geological strength index (GSI)
ranges for typical rocks observed in the area.

The Hirogawara adit was excavated using a drill and
blast method with a micro bench cut technique. The pro-
cess involved excavating a top heading (upper half face)
with lengths of 3 to 5 m, maintaining a micro bench (lower
half face) behind the advancing face. The length of the

micro bench was kept approximately one-third to half of
the adit’s diameter, denoted as D. Typically, D was around
11 m, but very occasionally it reached 14 m.

To ensure the stability of the tunnel, displacement mon-
itoring was conducted twice a day for monitored cross-
sections located within 2D of the advancing face or when
the displacement rate exceeded 10 mm per day. The moni-
toring frequency was reduced to once a day when the mon-
itoring cross-sections were more than 2D from the face.

During the excavation of the Hirogawara adit, meticu-
lous attention was given to the timing of starting displace-
ment monitoring, referred to as the zero reading (Fig. 2).
This zero reading involved the placement of targets at a
short distance, typically 0.5-0.8 m behind the newly exca-
vated tunnel face, immediately following activities of blast-
ing, mucking, and the installation of support structures.
The targets were installed at the tunnel crown and at both
the left and right springlines (S.L.). The first reading was
taken after the next round of blasting, mucking, and sup-
port installation. This initial displacement monitoring, con-
ducted in close proximity to the excavation face, is referred
to as the “l-cycle reading”. Furthermore, displacement
monitoring took place as the monitoring section moved a
distance of 0.5 times the tunnel diameter (0.5D) away from
the advancing face. This phase was labeled the “0.5D
reading”.

Both the 1-cycle and the 0.5D readings were considered
part of the initial displacement monitoring. The zero read-
ing, conducted immediately after the tunnel face was
opened, allowed for the comprehensive capture of tunnel
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Fig. 1. Geological map of the study area with longitudinal geological profile of the Main tunnel (after Sato et al., 2021).
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Table 1

Mechanical properties and observed GSI for typical rocks in the study area (modified after Sato et al., 2021).

Mechanical properties Unit Slate, phyllite Sandstone Basaltic tuff, meta-basalt
Unit weight kN/m? 26.7 (43) 26.6 (13) 28.2 (15)

Uniaxial compressive strength MPa 47.0 (37) 93.6 (13) 95.7 (15)

Tensile strength MPa 6.72 (29) 10.2 (11) 9.85 (13)

Static Poisson’s ratio - 0.21 (25) 0.29 (6) 0.24 (12)

Young’s modulus (E5g) GPa 31.9 (25) 18.4 (6) 44.0 (12)

GSI observed at tunnel face - 40-65 55-70 35-70

Note: () represents number of specimens, and test results show the mean value.
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Fig. 2. Locations of monitoring cross-sections from the tunnel face for initial displacement readings.

displacement. Moreover, these initial displacement read-
ings facilitated predictions regarding the final tunnel con-
vergence (Sato et al., 2021).

2.1.2 3D displacement monitoring and convergence
measurement

Figure 3 depicts the layout of monitoring points in any
cross-section used for 3D spatial displacement monitoring
and convergence measurement. The standard distance
between two adjacent monitoring cross-sections was either
5 or 10 m, based on the condition of the rock mass or the
measured displacement rate and magnitude at nearby mon-
itoring cross-sections.

The coordinate system (x, y, z) was determined with
respect to the excavation direction, with the horizontal axis
(x-axis) and vertical axis (z-axis) being perpendicular to the
excavation direction or tunnel axis (y-axis). The horizontal
(x), axial (y), and vertical (z) displacements of each moni-
toring target were measured initially. The convergence line
length between any two optical targets was then calculated
using the 3D (x, y, z) values of each monitoring point.

Finally, a change in the length of the convergence line, rep-
resenting the change in the 3D spacing between two targets,
was measured to determine the convergence of the two
monitoring points.

2.2 General trend of tunnel displacement during Hirogawara
adit excavation

Figure 4 illustrates the profiles of both horizontal
springline convergence and crown radial displacement
monitored at 516 monitoring cross-sections, far behind
the face (in final state) in the Hirogawara adit spanning
chainages from 38 to 4140 m. The figure also displays
information on the overburden, geology, and applied sup-
port categories. To facilitate comparisons, the final hori-
zontal convergence (Cr.) and the final crown radial
displacement (u(..) have been normalized using the tunnel
diameter (D) and radius (R, where R = D/2), respectively.
These normalized values are expressed in terms of strain,
denoted as & and &.. Consequently, these two monitored
displacements are expressed by strain.
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Fig. 3. Layout of monitoring points for 3D displacement and convergence measurement.
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Fig. 4. Final convergence and crown radial displacement at 516 monitoring cross-sections in the Hirogawara adit.

Table 2 presents an overview of the categories and
types of supports utilized within the Hirogawara adit,
divided into six stages. These stages cover a range of
support intensity, with category A (Illy) denoting the
lightest support and category F (Toku-S) representing
the heaviest.

Table 2 also presents the optimal range of final horizon-
tal convergence at the springline level for each support cat-
egory, indicating the upper and lower thresholds of
horizontal convergence determined empirically. Final con-
vergence above the upper threshold may damage support,
below the lower threshold suggests over-engineered sup-
port. In such cases, adjustments to the currently applied
support category are essential.

During the excavation, an interesting observation was
made in 467 out of 516 monitoring cross-sections, where
the normalized strain of the horizontal convergence
exceeded that of the crown radial displacement. Table 3
provides details on the average ratio between these two
strains. Between the portal and chainage 2300 m, where
the average overburden was 258 m, the ratio was 3.09.
However, between chainages 2300 and 4140 m, where the
average overburden was 760 m, the ratio dropped to
1.79. This indicates that the higher the overburden, the
smaller the difference in horizontal and vertical strain. Nev-
ertheless, the horizontal strain was generally larger than the
vertical strain in most of the monitoring cross-sections dur-
ing the excavation.
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Table 2

Categories and types of support used in the Hirogawara adit.

Support category

A (Illy)

C (Ina) D (In.1) E (Is) F (Toku-S)

B (IIy)

—40 to —120

1.0
8/15

—30 to —80

1.0
8/15

—15to =50 —20 to =70
1.2

—10 to =30

—10 to =30

Optimal final convergence*
Round length (RL)

1.0

1.2

1.5

N/mm?>
N/mm?
mm

1-

Compressive strength

Shotcrete

18/36
200
200

18/36

150

18

18

18

18

28-d

100 150 150

100

crown/side

invert

Thickness

150

150 x 150

1.0
1.0

150 x 150
1.0

125 x 125
1.0

125 x 125
1.2

Height x Width

Spacing

Steel rib

crown/side
invert
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length

Grouted rockbolt

12 12 12 18 22

12

quantity

Negative value refers to the inward contraction.

<

3 Displacement characteristics observed during excavation
3.1 Horizontal convergence and displacement prediction

3.1.1 Trend of horizontal convergence against face distance

Section 3.1.1 will examine the typical proportion of ini-
tial convergence to the final one in the Hirogawara adit.
Figure 5(a) and (b) shows horizontal convergence rates
for all monitoring cross-sections, plotted in relation to
the distance from the advancing tunnel face. Data were
collected from two segments selected to have minimal
changes in overburden within the 1000-m-range tunnel
segment (Fig. 4). The first segment, between chainages
1000 and 2000 m, contained 95 monitoring cross-
sections with an average overburden of 227 m (Fig. 5
(a)). The second segment, between chainages 3000 and
4000 m, contained 154 monitoring cross-sections with
an average overburden of 807 m (Fig. 5(b)). Displace-
ments were typically monitored for 45 to 60 days. Data
from zero, 1l-cycle, and 0.5D readings were separately
highlighted.

Regarding these convergence rates, the segment with a
smaller average overburden (Fig. 5(a)) exhibited a 1-cycle
displacement rate of 22% * 12% (mean * standard devia-
tion) relative to the final state, and with a 0.5D conver-
gence range of 60% * 13%. In contrast, the segment
with a larger average overburden (Fig. 5(b)) displayed a
I-cycle rate of 16% * 6%, and a 0.5D rate fluctuation of
51% % 8%.

In Fig. 5(a) and (b), more than 95% of the final conver-
gence was reached at a distance of 5D from the tunnel
face, with few exceptions. Figure 4 shows that the maxi-
mum convergence strain was less than 1% at 515 of the
516 monitoring cross-sections, indicating negligible
squeezing conditions during the excavation. This suggest
that deformation was effectively controlled by proper sup-
port application.

Analysis of the observed convergence rates reveals two
key displacement characteristics. Firstly, when the tunnel
face is located close to monitoring cross-sections, the
overburden can significantly affect the convergence. A
higher average overburden resulted in a lower rate of
the initial displacement against the final one. Secondly,
in Fig. 5(a) and (b), the initial displacement rates encom-
pass a separate range for each of the 1-cycle and the 0.5D
convergence.

3.1.2 Observed correlation between initial and final
convergences

Section 3.1.2 investigates the correlation between the
initial and final convergences, with the term ‘“‘the initial”
representing the 1-cycle and 0.5D readings. The correla-
tions are plotted in Fig. 6(a) and (b), using the same data
presented in Section 3.1.1.

The monitored horizontal convergence is normalized
by the tunnel diameter (D) and expressed in terms of
strain. The horizontal axis in the charts shows the conver-
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Table 3

Average overburden and ratio of horizontal convergence to crown radial displacement (by strain).

Tunnel segment (chainage) 38 to 2300 m 2300 to 4140 m Total
Average overburden m 258 760 483
Number of monitoring cross-sections - 228 288 516
Number of monitoring cross-sections with &, > &.. - 214 253 467
Average final strain ere” (Horizontal convergence) % 0.279 0.272 0.275
&..* (Crown radial displacement) % 0.096 0.174 0.140
Ratio of horizontal to vertical strain &../e.. - 3.09 1.79 2.36

Positive values represent a horizontal contraction and an inward displacement.

gence obtained from the 1-cycle reading and the 0.5D read-
ing, while the vertical axis displays the final convergence.
Each chart includes two lines representing the 95% confi-
dence interval (95%CI), with p-intercepts indicated as
‘95%CI [lower bound, upper boundT.

Figure 6(a) and (b) confirms a correlation between the
final convergence and both the 1-cycle and 0.5D conver-
gences, as evidenced by the four equations derived to
describe this relationship:

grc = 3.44 X Eiey.c (la)
ere = 1.47 X gg5pec (1b)
with average overburden of 227 m, and

gre = 5.36 X 1oy (2a)
ere = 1.87 X &g5pec (2b)

with average overburden of 807 m.

Here, &, represents the final convergence strain, while
&ley.c and & sp. represent the 1-cycle and 0.5D convergence
strains, respectively.

Strong correlations are identified between the 1-cycle
and final convergences, with coefficient of determination
values (R*) ranging from 0.80 to 0.90 for both tunnel seg-
ments. Moreover, there are exceptionally strong correla-
tions between the 0.5D and final convergences, with
coefficient of determination values ranging from 0.96 to
0.98.

(a) Average overburden: 227 m
100

90
80
70
60
50
40
30 :%
20 %
10 F

g Zero reading
0

Ratio to final horizontal convergence (%)

0 1 20 3 4D 50 6D 7D 8D
Distance from face

The slope of the linear regression line provides an esti-
mate of the final convergence based on 1-cycle reading.
For example, if we consider a tunnel monitoring cross-
section with a diameter of 11 m and an overburden of
800 m, a l-cycle convergence reading of 0.10% strain
(=11 mm) would predict a final convergence of 0.54%
(=59 mm) using Eq. (2a).

The actual final convergence should be expected to fall
within the 95%Cl, i.e., 0.54% £ 0.16% ((—59 % 17) mm),
considering uncertainties in ground conditions. In practice,
it is advisable to take into account the 95%CI when there is
a risk that the predicted convergence from the correlation
equation may exceed the upper threshold of the optimal
final convergence range for the applied support.

The linear regression lines in Fig. 6 are closely related to
the data in Fig. 5. For example, the slopes of the regression
lines in Fig. 6(a) are 3.44 and 1.47, with reciprocals corre-
sponding to 29% and 68%, respectively. These percentages
fall within the range of 22% * 12% for 1-cycle reading dis-
persion and 60% * 13% for 0.5D reading dispersion, consis-
tent with the findings in Fig. 5(a).

3.1.3 Correlation between I-cycle and final convergences by
support category

The choice of support categories can significantly impact
the correlation between initial and final convergences.
Figure 7 draws data from the same two tunnel segments

(b) Average overburden: 807 m
100

90
80
70
60
50
40

0.5D reading

30 1-cycle reading
20

10 J?

0 1D 2D 3D 4D 5D 6D 7D 8D
Distance from face

Ratio to final horizontal convergence (%)

Zero reading

Fig. 5. Convergence rates against face distance for two 1000-m-long tunnel segments with different average overburdens.
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discussed earlier. These charts use the convergence in strain
measured by the 1-cycle reading é&.,.. as the horizontal
axis, while the vertical axis displays the final convergence
Efc.

The study confirms a strong correlation between the ini-
tial and final convergences within each support category.
Additionally, each category has a unique correlation slope.
For example, the correlation regression line for the heaviest
support category F (Toku-S) has a lower slope compared
to the lighter support category E (Ig), as illustrated in
Fig. 7(a). The support configuration in category F (Toku-
S) may explain this, as it featured an invert with a wide
flange steel rib (H-150) and 200 mm thick shotcrete applied
at 0.5D to 0.7D behind the advancing face. This configura-
tion may have led to early convergence halt, resulting in the
observed low slope in the linear regression line.

Table 4 illustrates data points (plot labels: a—f) with sig-
nificant deviations from the 95%CI for each support cate-
gory in Fig. 7. A common factor in these deviations is
rapid changes in ground conditions and subsequent
prompt support modifications or installation of auxiliary

a
@) ) 1-cycle and final convergence
o n=95
1.0
£ o8
8
S 06
o
g e
% w04 &fc=3.44 E1cy.c
= 02 R2=0.80
= £ 95%Cl [-0.25, 0.25]
0 I/
-02 L
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1-cycle convergence srain
E1cy.c (%)
b
(b) 1-cycle and final convergence
n=154
- 1.0
g 0.8 &fc=5.36 Elcy..c
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2 504
8
T 02
£
0 /
02 LI

-02 0 02 04 06 08 10 12
1-cycle convergence strain
Etey.c (%)

Convergence strain (%)
(Convergence/D)

Linear regression line
passing through the origin

measures. In other words, a rapid increase in displacement
that significantly deviates from predictions based on 1-
cycle readings signals that the excavating face has encoun-
tered unfavorable ground conditions, suggesting that coun-
termeasures may be necessary.

3.2 Analysis of tunnel behavior by absolute displacement
monitoring

3.2.1 Observed asymmetric support deformation

The prediction of final convergence based on 1-cycle
reading proved effective during the Hirogawara adit exca-
vation. However, despite the final convergence settling
within the optimal range specified in Table 2, minor defor-
mations were observed in the tunnel support. The deforma-
tions, including shotcrete cracks and rockbolt plate
deformations, did not immediately compromise the stabil-
ity of the support structure but might require repairs in
some instances.

Figure 8 shows typical deformations observed on the
tunnel sidewall. The shotcrete cracks, observed almost
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o Nn=95
1.0
£ s
3
S 06
g
[T
g wh4 £c = 1.47 €050
= 02 R?=0.96
8= 95%CI [-0.13, 0.13]
W74
-02 L
-02 0 02 04 06 08 1.0 12
0.5D convergence strain
£0.50-c (%)
0.5D and final convergence
n=154
- 1.0
£ 08 /i/grc = 1.87 €050¢
2 / R2=0.98
S =06 K 95%CI [-0.07, 0.07]
25
2 %04
8
= 0.2
i
0 &
02 L

-02 0 02 04 06 08 1.0 12
0.5D convergence strain
£0.50-c (%)

Upper and lower bound of

95% confidence interval
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always on the right sidewall, developed diagonally between
adjacent steel ribs, with the top edge oriented towards the
tunnel face and the bottom edge towards the portal. The
shotcrete exhibited minimal surface discrepancy across
the cracks, suggesting even rock mass displacement into
the tunnel space, with no significant differential movement
in the x-z direction (see Fig. 3) on either side of the cracks.
However, despite this evenness, longitudinal crack open-
ings of 0.2-5.0 mm in width were observed in the y-z direc-
tion. The pattern and concentration of shotcrete cracks on
the right sidewall suggest that these cracks resulted from
longitudinal and asymmetric displacements of the tunnel
wall relative to the tunnel axis.

Deformed rockbolt plates, yielding and denting from a
few millimeters to a centimeter, were observed on both
sidewalls. Most deformations occurred in areas where hor-
izontal convergence strain exceeded 0.4% (&, > 0.4%), as
shown in Fig. 4.

It is worth highlighting that no shotcrete cracks or rock-
bolt plate deformations were observed at the tunnel crown

throughout the Hirogawara adit, indicating that displace-
ments in this area remained below the threshold for signif-
icant support damage.

Sidewall deformations typically occurred between 7 and
50 m (approximately 0.5D to 5D) behind the excavating
face. Beyond this range, deformation did not increase,
and convergence or displacement usually ceased within
5D from the face, as depicted in Fig. 5. Normally, advanc-
ing the tunnel face by 5D took about 20 to 33 days.

The findings presented in Fig. 9, which shows a his-
togram of the identified shotcrete cracks on the right side-
wall between chainages 3000 and 4000 m, were obtained
from the daily crack investigation carried out during the
excavation process.

3.2.2 Monitored 3D displacement profiles

Figure 10 presents the 3D displacement profiles at three
monitoring cross-sections of the Hirogawara adit, accom-
panied by images of the excavated faces. Each of the
cross-section features different geologies and support cate-
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Table 4

Data points (plot labels: a—f) with significant deviations from the 95%CI in Fig. 7.

Plot Support Chainage l-cycle Final convergence Reasons for deviation from 95%CI
label category (m) reading Predicted Measured
(mm) (mm) (mm)

a C (In22) 1719.4 -10.9 -33.9 -60.8 Worsening geological condition and inadequate support

b C (In2) 1733.8 —44.0 —136.8 —-108.2 Support upgraded to E (Is) based on the 1-cycle reading, though action
was delayed

c F (Toku-S) 1972.2 -11.5 -37.4 -94.5 Geological condition transitioning to much worse

d F (Toku-S) 1975.2 -50.9 -166.4 -119.5 High early-strength shotcrete (15 N/mm?-d) applied following the 1-cycle
reading

e F (Toku-S) 1985.2 -1.0 -33 -52.8 Small 1-cycle reading due to face bolting at chainage 1986 m

f E (L) 3666.2 -4.5 -23.7 -72.8 Intersecting fault

gories: meta-basalt with category C (In.) (a), slate and
phyllite with category D (In.;) (b), and an alternation of
slate, tuff, and sandstone with category E (Is) (¢).

The displacements of five monitoring targets—posi-
tioned at the crown (P,), left and right springlines (P,,
P5), and left and right lower sidewalls (P4, Ps), as schemat-
ically indicated in Fig. 3—are represented in front, top, and
side views. For example, the displacement vectors overlaid
on the face image illustrate the x-z directional movement of
the targets. Similarly, the top and side views project x-y
and y-z directional movements, respectively.

The final horizontal convergences in Fig. 10(a), (b), and
(c) were —30.8 mm (0.28% strain of D (11 m)), —35.4 mm
(0.32% of D), and —40.5 mm (0.37% of D), respectively,
falling within the optimal range of final convergence as
shown in Table 2. However, the monitoring cross-
sections in Fig. 10(b) and (c¢) exhibited shotcrete cracks
and rockbolt deformations on the right sidewall, as
depicted in Fig. 8.

All displacement vectors showed a movement in the
direction of the y-axis. The y-axial movements of the left
sidewall and the crown were oriented towards the portal,
whereas those of the right sidewall were oriented either
towards the advancing face or the portal. The shear-type
cracking shown in Fig. 8§ may be influenced by these move-
ments, which will be further discussed in Section 4.

3.2.3 Investigating absolute displacements during excavation
with high overburden

The behavior of asymmetric displacement is better
revealed by 3D absolute displacement than by conver-
gence. Figure 11 presents the 3D absolute displacement
profiles monitored at 154 monitoring cross-sections in a
1000-m-long tunnel segment between chainages 3000 and
4000 m in the Hirogawara adit. The horizontal (x), axial
(»), and vertical (z) displacements of the monitoring targets
were recorded and presented based on their respective
positions: the crown (P;), left springline (P,), and right
springline (P3).

The chart illustrates the displacements at three key
instances: the reading at l-cycle, 0.5D, and final state.
These displacements are normalized by the tunnel radius

(typically D/2 = 5.5 m) and presented as strain. The axial
() displacements, which do not involve radial movements,
are also normalized by the tunnel radius, and represented
in the same strain format as the horizontal (x) and vertical
(z) displacements.

The chart clearly shows that the tunnel encountered rel-
atively soft rocks in the segment between chainages 3350
and 3700 m, where all monitored 3D (x, y, and z) displace-
ments increased. The left sidewall target (P,) at chainage
3438 m showed a maximum horizontal displacement strain
of —0.95%. This value was less than —1%, indicating that
the ground behavior was well-controlled by the tunnel sup-
ports as a whole.

The figure also highlights that support deformations
were concentrated in the same tunnel segment, despite
using heavier support categories there. Additionally, there
were more shotcrete cracks on the right sidewall, indicating
that the support deformation occurred asymmetrically.

The major asymmetricity was observed in the y-z (longi-
tudinal) direction rather than the x-z (cross-sectional)
direction. The final axial displacement analysis revealed
that 104 out of 154 monitoring targets on the right spring-
line (P;3) exhibited positive y values with movement
towards the face direction. In contrast, only 1 out of 154
monitoring targets on the crown (P;) and the same number
on the left springline (P,) had positive y values with move-
ments towards the portal direction. This y-z directional
(longitudinal) asymmetric displacement during excavation
became apparent only after examining the absolute dis-
placement of the monitoring points.

3.2.4 Correlation between initial and final absolute
displacements

Section 3.2.4 aims to investigate the degree of correla-
tion between the initial and final absolute displacements
of monitoring points. Table 5 presents the correlation
between the 1-cycle and final displacements, as well as
the correlation between the 0.5D and final displacements
for each horizontal, axial, and vertical direction of the
monitoring points shown in Fig. 11. Additionally, Fig. 12
presents the correlations between the 0.5D and final dis-
placements in Table 5.
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Table 5 shows that weak to strong correlations exist in
the coefficient of determination (R*) associated with the
linear regression equations for the correlation between
the 1-cycle and final displacements. The y-axial displace-
ments and horizontal displacement of the crown exhibit
weaker correlations with their coefficient of determination
ranging from 0.34 to 0.65. Conversely, the horizontal dis-
placement of the left and right springlines and all the verti-
cal displacements had higher coefficient of determination
ranging from 0.76 to 0.83. The slopes of the linear regres-
sion lines for the correlation between the 1-cycle and final
horizontal displacements of the left and right springlines
are 4.23 and 4.89, respectively. These values are similar
to, but slightly lower than the slope of the regression line
for the correlation between the 1-cycle and the final conver-
gences (5.36) obtained from the same 154 monitoring cross-
sections in Fig. 6(b).

Table 5 and Fig. 12 present moderate to very strong cor-
relations in the coefficients of determination for the linear
regression equations between the 0.5D and final displace-
ments with asymmetric displacement. The slopes of the lin-
ear regression lines for the correlation between the 0.5D
and final horizontal displacements of the left and right
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Shotcrete crack Deformed rockbolt plate

Fig. 8. (a), (b), (c) Typical damages of support: diagonal shotcrete cracks
between adjacent steel ribs on the right sidewall, and rockbolt plates
dented by 10 mm.

springlines are the same 1.76. The value is also similar to,
but slightly lower than the slope of the regression line for
the correlation between the 0.5D and the final convergences
(1.87) presented in Fig. 6(b).

4 Discussion

4.1 Utility of 1-cycle reading for predicting final
displacement

4.1.1 Comparing methods for predicting final displacement
based on initial readings

The prediction of final convergence based on the first
few days of displacement monitoring has been widely stud-
ied. In this section, two representative semi-empirical meth-
ods and the approach developed in this study are
introduced and compared in Table 6, all utilizing the anal-
ysis of in-situ convergence profiles.

Panet and Guenot (1982) proposed a model where tun-
nel closure is a function of the distance to the tunnel face.
Sulem et al. (1987) expanded on this by introducing a time-
dependent deformation model that accounts for both the
face advance effect and the time-dependent behavior of
the rock mass.

In contrast to these studies, which used curve-fitting
techniques to derive parameters from observed conver-
gence data, this study identified a linear regression between
the 1-cycle reading and final displacement. This approach
simplifies the prediction process by directly correlating
early displacement measurements with final convergence.

A critical aspect of final convergence prediction is tim-
ing. This study emphasizes the 1-cycle reading, enabling
predictions within 10-16 h after blasting and face opening
(before mucking and support installation). In comparison,
the curve-fitting method by Sulem et al. (1987) typically
requires several days post-excavation to predict final con-
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Fig. 9. Number of shotcrete cracks on the right sidewall by first observed
distance from face (between chainages 3000 and 4000 m).
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vergence based on initial readings. Early prediction is
essential for promptly adjusting support configurations or
assessing the effectiveness of the applied support.

Another key consideration is the time-dependent evolu-
tion of convergence. Sulem et al. (1987) successfully iso-
lated the time-dependent behavior from the face advance
effect, deriving a convergence law that incorporates both
factors. Their analysis showed that the face advance effect

accounted for only 25% of total measured convergence.
Earlier, Panet and Guenot (1982) similarly found that this
effect did not exceed 30% in the Fréjus tunnel. In this study,
the 1-cycle and final displacement data inherently integrate
both time-dependent and face advance effects, eliminating
the need for separate analysis. Section 4.1.2 details the
observed displacements, encompassing both effects.

The applicability of predictive methods to 3D displace-
ment prediction is another critical aspect. This study
demonstrated a strong correlation between the 0.5D and
the final displacement readings for a single monitoring tar-
get, even in the presence of anisotropic displacement
behavior within the excavated tunnel.

4.1.2 Time-dependent behavior and face advance effect in the
Hirogawara adit excavation

Figure 13(a) and (b) shows the displacement behavior of
siX monitoring cross-sections between chainages 3470 and
3540 m. The geology in this 70-m segment consisted of
alternating sandstone and slate. The support applied was
category D (In.;), with final convergence strains ranging
from 0.22% to 0.36% of the tunnel diameter (—24.2
to —39.6 mm). This indicates that the rock mass condition
remained relatively consistent throughout the excavation
of this segment. The time taken for convergence measure-
ments, until the monitoring cross-sections reached 7D
behind the face, varied from 48 days (chainage 3502.2 m)
to 63 days (chainage 3538.2 m).

Excavation in this segment was temporarily suspended
for 19 days when the tunnel face reached chainage
3541 m. During this period, the six monitoring cross-
sections recorded tunnel closure without face advancement.
Figure 13(a) and (b) indicates that the rate of tunnel clo-
sure over these 19 days gradually decreased with increasing
distance of each monitoring cross-section from the tunnel
face. Figure 13(b) shows that tunnel closure during this
period became negligible at cross-sections more than 5D
from the tunnel face (chainage 3482.2 and 3472.2 m).

These observations suggest that time-dependent
displacement, caused by the release and redistribution of
ground stress due to face advance, may have ceased before
the excavated cross-section was more than 5D from the
tunnel face. This may correspond to Fig. 9, where support
damage on the sidewall was observed within 5D of the face.

Advancing the tunnel face by 5D took 20 to 33 days,
provided there were no abnormal interruptions in excava-
tion. This duration is needed for a cross-section to exhibit
most of its final displacement, influenced by both time-
dependent behavior and the face advance effect. However,
distinguishing between the time-dependent behavior and
the face advance effect from these charts is challenging,
as 19 days may not be sufficient for the cross-sections to
fully exhibit time-dependent behavior. Nonetheless, it can
be concluded that tunnel displacement due to ground stress
release continues even in the absence of face advancement.
Even in this context, the correlation between 1-cycle and
final displacement accounts for both effects.
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*Displacements are normalized by D /2 and expressed in terms of strain (D =11 m, except for the chainages between 3590 and 3638 m: D =14 m)
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4.2 Causes of asymmetric support deformation

4.2.1 Potential causes for asymmetric axial displacement

Asymmetric y-axial displacements were observed in a
large portion of the 1000-m-long tunnel segment shown
in Figs. 11 and 12(b). The analysis of correlations between
initial and final absolute displacements in Section 3.2.4
quantitatively confirms the presence of this behavior.

This asymmetric displacement behavior may have been
caused by two potential factors during excavation: the
behavior of excavated sedimentary rocks and the influence
of in-situ stress. It is possible that these factors combined to
affect the asymmetric displacement behavior observed in
the tunnel.

4.2.2 Effect of transversely isotropic sedimentary rocks

The geological structure of the region shown in Fig. 1
consists of sedimentary rocks, such as slate, phyllite, and
sandstone, which exhibit distinct linear and planar layered
structures. The thickness of the sedimentary layers varies
from a few millimeters (in phyllite) to tens of centimeters
(in slates and sandstone). In this region, the general trend
of crustal stress is characterized by east-west compression
(Terakawa & Matsu’ura, 2010). This is attributed to the
geologic history of the area, which was shaped by tectonic
plate subduction. As a result, the sedimentary structure or
formation typically exhibits an approximate north-south
strike and a westward dip of around 75 degrees. The geo-
logical structures observed during the 4.2-km-long Hiroga-
wara adit excavation are plotted in Fig. 14.

The sedimentary rocks are known to display transverse
isotropic characteristics, as illustrated in Fig. 15, which
shows the preferred orientation of the dip and strike with
respect to the excavation direction. When these rocks are
excavated and the ground stress is released, their cleavages,
schistosity, or bedding planes may dilate perpendicularly to
the plane of transverse isotropy (Button et al., 2006;
Schubert & Davila Mendez, 2017). Joints in the rocks
can further intensify transversely isotropic or anisotropic
displacements, particularly when they are locally
concentrated.

In Fig. 15, the direction of movement of the monitoring
points in each monitoring cross-section is illustrated,
assuming that they move perpendicularly to the plane of
transverse isotropy while moving towards the excavated
space. The monitoring points on the left springline and
the crown move diagonally backward towards the portal,
while the target on the right springline moves diagonally
forward towards the tunnel face. Consequently, the targets
on the left and right springlines move in opposite, anti-
symmetric directions.

This schematic model can only partly explain the
observed 3D displacement behavior. It fails to account
for the fact that the targets on the crown (P;) moved diag-
onally backward in only 37% (57 of the 154) of the moni-
toring cross-sections shown in Fig. 11, perpendicular to
the plane of transverse isotropy. In 63% (97 of the 154)

of the cross-sections, the targets on the crown (P;) moved
from the tunnel center to the left, resulting in nearly two-
thirds of the final horizontal displacement strain having a
negative value in Figs. 11 and 12(a). Additionally, in 57%
(88 of the 154) of the monitoring cross-sections, the abso-
lute value of horizontal displacement in the right springline
(P3) exceeded that in the left (P,), even though no hetero-
geneous weak rocks or fault zones were present to amplify
the displacement. Therefore, while the transversely isotro-
pic rock structure may have contributed to the observed
asymmetric displacements or deformations of the tunnel
support, it is not the sole cause.

4.2.3 Influence of anisotropic in-situ stress

One potential cause for the asymmetric displacement of
the tunnel may be attributed to anisotropic in-situ stress. In
fact, a previous tunnelling project, the 6.6-km-long Kari-
saka Tunnel located in a nearby region of the Akaishi
Mountains, experienced severe rockbursts at the crown of
the tunnel due to horizontally compressive in-situ stress
with a shallow overburden of only 200 m during excavation
(Mochizuki et al., 1990). In extreme cases, anisotropic in-
situ stress may cause asymmetric tunnel displacements
including rockbursts. In recent years, Vitali et al. (2019,
2020, 2021) conducted numerical analyses on the effects
of far field shear stress on tunnel behaviors in a trans-
versely isotropic elastic ground under the presence of ani-
sotropic horizontal in-situ principal stresses. Their
research revealed that in tunnels misaligned with one of
the principal directions of stress, asymmetric displacements
occur near the face while anti-symmetric axial displace-
ments occur far behind the face of the tunnel (Vitali
et al., 2021).

Therefore, in-situ stresses were measured at two different
tunnelling sites, PM and PHj,, in Fig. 1. The diametrical
core deformation analysis (DCDA) technique was used to
investigate the in-situ stress, as described in Ito et al.
(2013) and Funato and Ito (2017). DCDA is a method that
evaluates the in-situ stress of rocks by measuring the ellip-
tical deformation of boring cores following stress relief.
When a piece of rock at depth is cut out to be a core sample
by drilling, it becomes free from the in-situ stresses, result-
ing in the expansion of its diameter. Even if the rock is
homogeneous and isotropic, the core sample should
expand asymmetrically with the relief of anisotropic in-
situ stresses (Funato & Ito, 2017).

Sato et al. (2022) provided a detailed explanation of the
methodology and findings of their in-situ stress measure-
ments carried out at the site PM. In addition, two short
borings were drilled at the site PH,, spaced 20 m apart.
The tunnel overburdens at PM, PH,, and PH, were
recorded at 724, 818, and 815 m, respectively. The mea-
sured in-situ stress was that which existed under the depth
of the tunnel overburden plus the boring depth. Table 7
results show that the maximum horizontal principal stress
is much greater than the vertical stress, aligned with the
east-west compressive tectonic force in the region. Thus,
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Table 5

Correlation between initial and final displacements in the horizontal, axial, and vertical directions from 154 monitoring cross-sections between chainages

3000 and 4000 m.

Direction of displacement Type of correlation

Left springline

Crown Right springline

P

P Ps

x Horizontal 1-cycle—final

0.5D-final

v Axial 1-cycle—final
0.5D-final

z Vertical 1-cycle—final
0.5D—final

&fx = 4~2381cy.-x (0 77)
Efx = 1.7680_5[).,( (096)

ery = 4.96¢1cy.., (0.64)
&fy = 1.9880,50.}, (091)

trz = 5.2561cy.2 (0.76)
e = 2.2020 5p. (0.95)

ery = 205610y (0.34) oy = 4.8%1cy ., (0.82)
ery = 1.6680.5p (0.81) era = 1.7680.5p.x (0.96)

o1y = 49461y, (0.65) oty = 2.89%1cy., (0.34)
&fy = 2.2580_5[).y (0.91) &fy = 2-0530.5D~y (0 75)

&y = 5.758]cy_.z (0.82) &f.; = 5.65810),_.2 (083)
e, = 2.27¢p.5p.. (0.95) er. = 2.20gp 5p.. (0.96)

Note: The coefficient of determination (RZ) is denoted by the italicized number in parentheses (). &, &icy., and & s5p denote final, 1-cycle, and 0.5D

displacement strain (normalized by tunnel radius (D/2)), respectively.

confirming the anisotropic geo-stress conditions. DCDA
proved to be effective in evaluating in-situ stress in this
region.

Figure 16 illustrates the in-situ horizontal principal
stress conditions concerning the excavation direction of
the Hirogawara adit. This figure presents the average mag-
nitude and direction of the horizontal in-situ principal
stresses at the site PH;, within Hirogawara adit, as out-
lined in Table 7. The angle between the excavation direc-
tion (N65°W) and the direction of the average maximum
horizontal principal stress (N58°E) is approximately 57°,
suggesting the potential presence of axial shear stress along
the tunnel wall. In a vertically-foliated, transversely isotro-
pic elastic rock mass subjected to far-field shear stress, anti-
symmetric tangential axial shear stress and anti-symmetric
axial displacements were induced far-behind the face, as
observed by Vitali et al. (2021).

The axial displacement of the monitoring targets in
Fig. 16(a) could be attributed to anisotropic horizontal
in-situ stress and induced axial shear stress behind the
advancing face. However, this alone does not sufficiently
explain the direction of horizontal displacement of the
crown (P;), moving from the tunnel center to the left, as
evidenced by a negative value of horizontal displacement
strain in Fig. 12(a). Furthermore, this explanation does
not account for the larger horizontal displacements on
the right springline (P3) than on the left (P,) at 57% of
the monitoring cross-sections in Fig. 11.

When considering the impact of anisotropic horizontal
stresses on the displacement near a tunnel face, it is impor-
tant to take into account the following effect. Vitali et al.
(2019) discovered that the far-field horizontal shear stress,
induced by an anisotropic horizontal in-situ stress, can lead
to anti-symmetric radial and axial displacements at the tun-
nel face in elastic ground. Sato et al. (2022) also analyzed
observations of asymmetric displacement in a tunnel exca-
vated in the Akaishi Mountains region and discussed the
presence of asymmetric stress concentration and reduction
near the advancing face.

Figure 16(b) illustrates a stress condition around the
advancing face where anisotropic horizontal in-situ princi-

pal stresses can cause asymmetric concentration and reduc-
tion of a redistributed ground stress relative to the tunnel
axis, which may affect the horizontal displacements of the
monitoring targets. However, the state of asymmetric stress
concentration and reduction would disappear far behind
the tunnel face. Furthermore, Vitali et al. (2019) used the
elastoplastic model to analyze the deformation under ani-
sotropic in-situ stress and found that the asymmetry of
stresses near the tunnel face caused the development of
an asymmetric plastic zone around the tunnel. This zone
may induce asymmetric displacements near and far behind
the face.

The presence of anisotropic in-situ principal stress rela-
tive to the excavation direction may result in the develop-
ment of axial shear stress on the tunnel wall, as well as
asymmetric concentration and reduction of the redis-
tributed ground stress near the face. If these conditions
exist, they could potentially be the cause of the observed
asymmetric tunnel displacement.

4.3 Prediction and evaluation of tunnel behavior from
correlation between initial and final displacements

4.3.1 Analysis of asymmetric support deformation —
shotcrete crack

Section 4.3.1 examines the impact of axial shear stress
on the asymmetric deformations that led to the formation
of shotcrete cracks in the tunnel support. As previously
described, despite correctly predicting the final convergence
of the support within the optimal range of final conver-
gence, shotcrete cracks still appeared on the right sidewall
(Fig. 8(a) and (b)). These cracks were highly concentrated
on the right sidewall (Fig. 11) and occurred diagonally
between two adjacent steel ribs, with their top edge ori-
ented towards the tunnel face and the bottom edge towards
the portal.

Sections 3.2.3 and 3.2.4 verified the existence of y-z
directional (longitudinal) asymmetric displacement of tun-
nel supports (Figs. 11 and 12(b)). Figure 17 shows the rel-
ative axial displacement that develops in the shotcrete wall
between the crown and right springline. Monitoring points
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Fig. 12. Correlations between 0.5D and final displacement: (a) horizontal, (b) axial, and (c) vertical.

on the right springline (P;) had a positive axial displace-
ment (+y), while those on the crown (P;) had a negative
displacement (—y) in many monitoring cross-sections, lead-

ing to shotcrete shearing on the right half of the tunnel
wall. Conversely, the left half of the tunnel wall was unli-
kely to experience shotcrete shearing as the axial displace-
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Comparison of semi-empirical prediction method based on in-situ displacement monitoring.

Aspect

This study

Panet and Guenot (1982)

Sulem et al. (1987)

Prediction process

Equation*

Parameters for
prediction

Displacement
measurements
required for final
convergence
prediction

Time required to
predict Cr.c

Timing of zero reading

Timing of first reading

Consideration for
unmeasured initial
displacement before
the zero reading

Applicability to 3D
displacement
prediction, including
anisotropic tunnel
behavior

Considerations for
applying the
prediction process

Linear regression between 1-cycle
and final displacement

Cre=4- Clcy.~c

Slope A4 acquired through linear
regression between 1-cycle and final
displacement

Data from the first 10 to 20
monitoring cross-sections as a basis
for initial determination of
parameter A4.

Zero and first reading, plus
supplemental 0.5D for obtaining
Cre

10 to 16 h after starting excavation
of a new section

Always 0.5-0.8 m behind the face
after the first round of blasting,
mucking and support installation

Always 1.5-2.0 m behind the face
after the second round of blasting,
mucking and support installation
(1-cycle reading)

No need to consider displacement
between opening the face (x = 0)
and the zero reading (x = x,,) for
deriving linear regression

Good linear regression confirmed
between 0.5D reading and final
displacement

A 95% confidence interval may be
effective in accounting for
fluctuations in Cy.¢

Convergence curve-fitting

ct) = | (&) - ()]

Parameter related to plastic radius
around the tunnel (X) determined
by curve fitting

Two additional measurements after
the zero reading

Not specified

Usually between 0 and 0.25D
behind the face

Not specified

Displacement between opening the
face (x = 0) and the zero reading
(x = x,) must be taken into
account in the curve fitting

Not mentioned

The closure curve is valid when the
distance to the face is greater than
0.25D

Convergence curve-fitting

el -)

Time-related parameters (7, m) and distance-
related parameters (X, C..,) acquired by curve
fitting

Zero, first and subsequent readings (initial
convergence measurements) in the first sections for
determining parameters 7, X, and m.

First readings in any new section for calculating
Croo

A few days after excavation of a new section

Minimum 1.0 to 2.0 m behind the face (based on
Frejus and Las Planas tunnel cases)

Minimum 2.4 to 2.5 m behind the face (according
to Las Planas tunnel cases)

Displacement between opening the face (x = 0) and
the zero reading (x = x,) must be taken into
account in the curve fitting

Not mentioned

A constant construction procedure is needed to
reliably determine parameters from the first
sections

*Final convergence is represented as Cr. = Cx = Cr.oo(1 +m).

ment of monitoring points on the crown (P;) and on the
left springline (P,) were oriented in the same negative axial
direction (—y) in almost all monitoring cross-sections. This
is why only two shotcrete cracks appeared on the left side-
wall in a 1000-m-long tunnel segment, as shown in Fig. 11.

To predict and evaluate the occurrence of shotcrete
cracks behind an advancing face, it is necessary to identify
the magnitude of relative y-axial displacement strain that
caused the failure and estimate the magnitude of y-axial
shear stresses acting on the sidewall shotcrete. Figure 9
exhibits that shotcrete cracks appeared on the right side-
wall between 0.5D and 5D behind the face, specifically
around 2D. To analyze the shotcrete shear strain that
caused cracking, the relative y-axial displacement strains

between P, and P; were explored using the following equa-
tions and compared between monitoring cross-sections
with or without shotcrete cracks (Table 8):

(3)
(4)

In a monitoring cross-section far behind the face, final y-
axial displacement strains of monitoring targets on the
crown (P) and on the right springline (P3) are represented
as &py.p1) and er,.(p3), respectively. Similarly, y-axial dis-
placement strains of targets P, and P; 0.5D behind the face
are denoted as & sp.,.(p1) and &g sp..(p3), respectively. Table 8
presents the monitored increase in relative y-axial displace-
ment strain between 0.5D and far behind the face. Based on

Agry, = & (p3) — Erye(p1),

A&y sp.y = €0.5D.y-(P3) — €0.5D-(P1)-
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<-3502.2m (iv) ~-3482.2m(v) ~-3472.2m (vi)

Ratio to final horizontal displacement (%)

Face distance during Displacement during 1-cycle Predicted final ~ Measured final
Chainage excavation suspension  excavation suspension  convergence convergence convergence
period period (a) (a)x5.2 (b)
(m) (% of final) (mm) (mm) (mm) (mm)
i 35382 0.26D 11.1 —4.2 —8.9 —47 -37.7
ii 3521.2 1.8D 10.2 -3.6 =5.1 =27 -35.4
iii 35122 2.6D 7.3 -2.1 -5.6 =30 —28.9
iv 3502.2 3.5D-3.6D* 6.3 -2.5 —5.4 -29 -39.6
v 34822 5.3D-5.4D* 0.5 —0.2 —-12.0 —63 -37.1
Vi 3472.2 6.2D-6.3D* 0.8 —0.2 —4.3 -23 —24.2

*Displacements include the effect of a 1-m face advance before the excavation was suspended.

Fig. 13. Convergence of six monitoring cross-sections behind the face, including a 19-day excavation suspension.

this data and Fig. 12(b), a new correlation of the relative
axial displacement strains can be identified for the mutual
y-axial movement of P, and P (Fig. 18).

Agf‘.y =242 x A80.5D.y (5)

Table 8 shows that the relative y-axial displacement
strain (Aer., — Agysp.,y) increased by 0.20%*0.07% between
0.5D and far behind the face for crack-developing shotcrete
walls. This suggests that the mutual y-axial displacement of
monitoring points P; and P; exceeded 0.13% (= 0.20% —
0.07%) in many monitoring cross-sections where shotcrete
cracks first appeared on the right sidewall between 0.5D
and 5D behind the face. Plugging this displacement strain
into Eq. (5):

ASf_y — A80.5D_y = (242 — 1) X A80.5D.y > 013%,
A8045D.y > 009(%)7

< Ae, > 2.42 % 0.09% = 0.22%. (6)

It can be concluded that there was a potential for shot-
crete cracks on the right sidewall between 0.5D to 5D
behind the excavating face with a 0.5D relative axial dis-
placement strain (Agysp,) above 0.09% between the two
monitoring targets, P, and Ps. If Agysp, exceeded 0.09%
(5 mm), the final relative axial displacement strain (Ag.,)
could exceed 0.22% (12 mm). This 0.22% was considered
the lower threshold value of relative y-axial strain for shot-
crete cracks to develop on the right sidewall far behind the
tunnel face.

Through the integration of the absolute y-axial displace-
ment of two monitoring targets (P; and P3) within a mon-
itoring cross-section, a highly determinative correlation of
relative y-axial displacements between the 0.5D and final
state was established. This allowed for the identification
of the magnitude of a relative y-axial displacement that
could lead to shotcrete crack development during excava-
tion of the Hirogawara adit.

A 12 mm final relative y-axial displacement between the
crown and the right springline could lead to a shear failure
crack on the right sidewall of the shotcrete wall. The shear
strain in the crack-developing shotcrete wall far behind the
face was calculated by assigning 12 mm to the relative y-ax-
ial displacement ¢ in Fig. 17:

y¢ = 0¢/L = 12 mm /8640 mm = 0.14%. (7)

¢ denotes the shear strain in the shotcrete wall, in the
context of a standard tunnel diameter (D) and the circum-
ferential length of the wall between the crown and the
springline (L = 8.64 m). Meanwhile, o; represents the rela-
tive y-axial displacement of the shotcrete wall. It is impor-
tant to note that the y-axial displacement of the shotcrete
wall (J;) can be described using the two different strains
mentioned above:

5f =L x Ve = (D/2) X Aﬁf.y. (8)
In Eq. (7), the lower threshold of the shear strain, which

is 0.14%, is presented as a requirement for cracks to
develop in the shotcrete wall far behind the face. However,



T. Sato et al. | Underground Space 23 (2025) 43—67 61

o <& Bedding  (n=44)

N3O 7% 7 T % T N30°E © Cleavage (n=605)

¥ AL RS @ Schistosity (n=19)

S . < x 5% X Joint n=268
N6O°WY/ d i ° ZaNeE Fault En=104;

Strike and dip (average
a. Bedding N4°E 68°W
b. Cleavage N8°W 67°W
c. Schistosity N12°W71°W
d
e
f

. Joint N3°W 81°E

. Fault N28°W71°W

. Planar structures (total)
N8W 76°W

Excavation direction of the Hirogawara adit (N65°W)

Fig. 14. Stereographic projections (Schmidt net, lower hemisphere) of
strike and dip measured at the excavation faces of the Hirogawara adit.

in practice, cracks were observed on the right sidewall at an
average distance of approximately 2D behind the face, as
shown in Fig. 9. Therefore, the shear strain in the shotcrete
wall or relative y-axial displacement strain 2D behind the
face is of interest.

To gain insight into the displacement magnitude that
occurs until a shotcrete wall reaches 2D behind the face,
Fig. 5(b) presents the convergence rates against face dis-
tance. According to Fig. 5(b), at least 80% of the total con-
vergence had occurred 2D behind the face, while most

Plane of transeverse
isotropy

Excavation direction
N65°W

Top view

Plane of transeverse
_isotropy

Displacement of crown and sidewall
perpendicular to plane of transeverse isotropy

Target displacement perpendicular to
_plane of transeverse isotropy

convergence data settled around 5D behind the face.
Assuming that both horizontal convergence and relative
axial displacement against a face distance exhibit the same
trend in tunnel closure, we can express the shear strain
developed in a shotcrete wall 2D behind the face, denoted
by y,p, as follows:

Yop = V¢ X 80% = 0.11%. (9)

This value represents the shear strain required for shot-
crete crack propagation. To calculate the shear modulus
(G) of shotcrete, we referred to Table 9 for the Young’s
modulus (F) and Poisson’s ratio (v) of shotcrete, and used
Eq. (10). Furthermore, Eq. (11) was employed to determine
the minimum axial shear stress in the shotcrete for a right
sidewall that developed cracks 2D behind the face.

G =E/2(1 +v) = 4170 N/mm?, (10)
Osyop = G X 95p = 4.6 N/mm?, (11)

where oy.,.0p represents the y-axial shear stress, which devel-
ops in the shotcrete wall approximately 2D behind the face.

The tunnel excavation typically progressed 2D (22 m)
within 6 to 10 days after installing shotcrete support. 6-
day-age shotcrete has a compressive strength of 30-35 N/
mm?, according to Table 9, and its shear strength is usually
around 8%-12% of the compressive strength (Tynes &
McCleese, 1974), which is equivalent to 2.4-4.2 N/mm?>.
Therefore, the estimated minimum y-axial shear stress of

Target displacement perpendicular to
plane of transeverse isotropy

Monitoring cross-section

Longitudinal view

Plane of transeverse
isotropy

Excavation -
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< (©

Excavation
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<

Displacement of crown and sidewall

f V Moniiorin:g '
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Displacé’ment of crown berp"endicular
to plane of transeverse Isotropy

Fig. 15. Transversely isotropic sedimentary rock and excavation direction as a potential cause for asymmetric displacement.
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4.6 N/mm? in the crack-developing shotcrete wall 2D
behind the face may be equal to or greater than the shot-
crete shear strength with a 6-day age after installation. This
estimated stress and strength were found to be reasonably
consistent with the occurrence or absence of shotcrete
cracks observed during the Hirogawara adit excavation.

4.3.2 Case study: application of initial displacement
monitoring in optimizing support configurations

Section 4.3.2 outlines a case study highlighting the deci-
sion on support modifications at the advancing tunnel face
as well as evaluation of adequacy of just-applied support
based on 1-cycle reading.

(1) Monitoring layout and convergence prediction setup
during excavation between chainages 3560 and
3630 m

The ground conditions of a 70-m-long tunnel segment
between chainages 3560 and 3630 m in Fig. 11 necessitated
four consecutive support modifications. Due to its high
overburden, only limited geotechnical information was
available before excavation. The tunnel support was imme-
diately applied just (between zero and one meter) behind
the tunnel face after blasting and mucking. Installation of
a monitoring targets 0.5-0.8 m on the applied shotcrete
wall (as photo image in Fig. 2) at every 3 to 5 m of tunnel
advancement enabled obtaining meticulous displacement
behavior. With this monitoring arrangement, the conver-
gence data by the 1-cycle reading facilitated the prompt
decision or evaluation whether a change in support combi-
nation was necessary. Supplemental use of 0.5D conver-
gence readings improved accuracy of tunnel behavior
understanding.

The correlation between 1-cycle and final convergences,
as well as 0.5D and final convergences, for the tunnel seg-
ment between chainages 3000 and 3500 m was observed
as e = 5.2 X &1y With a 95% confidence interval (CI) of
[-0.13, 0.13] and &.=1.9 X gsp. with a 95%CI of
[—0.06, 0.06], respectively. For practical reasons, the calcu-
lation was based on measured displacement. Therefore,
these equations can be converted to Cy.o = 5.2 X Cj¢y.. With
a 95%CI of [-14 mm, 14 mm] and C¢. = 1.9 X Cysp With
a 95%CI of [-7 mm, 7 mm].

(2) Decision on changing to a heavier
configuration

support

In Fig. 19, the Hirogawara adit had been excavated with
support category D (In.;), which was deemed appropriate
until a 1-cycle reading of —9.9 mm was recorded at the
monitoring cross-section at chainage 3573.2 m (hereafter
referred to as “monitoring cross-section 3573.2 m”) (a).
At that time, the tunnel face was at chainage 3575 m. Mul-
tiplying this reading by 5.2 predicted a final convergence
of =52 mm (= -9.9 mm x 5.2). Considering the upper
bound of the 95%CI at —14 mm to account for ground

uncertainties, the final convergence had the potential to
approach the upper threshold of the optimal range. Mean-
while, the 0.5D convergence at the monitoring cross-section
3568.2 m was —38.5 mm (b). The prediction from the 0.5D
reading indicated a final convergence of —73 mm, exceed-
ing the wupper threshold of optimal convergence
(=70 mm) for support category D (In.1).

The condition of the rock mass, alternation of slate and
sandstone, was becoming increasingly brittle. It was sus-
pected that the tunnel had intersected a rock fracture zone,
indicating a need for more rigid support to control the
growing convergence.

When the tunnel face reached chainage 3580 m, a 1-cycle
convergence of —17.7 mm was measured at the monitoring
cross-section 3578.2 m (c) and a 0.5D convergence
of —41.0 mm was recorded at the monitoring cross-
section 3573.2 m (d), both simultaneously. Given the initial
displacements and predicted final convergences, the applied
support category D (In.;) was deemed insufficient to con-
trol ground behavior, with deformation expected to
escalate.

As a result, the support category was upgraded to E._,
(Is.y), incorporating high early strength shotcrete with a
1-day compressive strength of 15 N/mm? from chainage
3580 m onward. Simultaneously, the previously excavated
segment supported by category D (In.;), where 0.5D read-
ings of —38.5 mm and —41.0 mm were recorded, required
reinforcement. A 150 mm thick shotcrete invert, not origi-
nally part of the design for support category D (In.;), was
retrofitted between chainages 3566 and 3580 m during a
temporary excavation suspension.

The new support category proved effective, reducing the
l-cycle convergence to —12.2 mm at monitoring cross-
section 3581.2 m (e). The predicted final convergence
was —64 mm, and even considering the upper bound of
the 95%CI (—14 mm), it remained safely below the upper
threshold of optimal final convergence for support cate-
gory E (Ig) as specified in Table 2 (=80 mm).

(3) Decision on
configuration

changing to a lighter support

When the tunnel face reached chainage 3606 m, the sup-
port configuration was reassessed for a potential modifica-
tion from E_g (Is_g) to a lighter configuration based on the
I-cycle convergence measurement. At monitoring cross-
section 3604.2 m, a l-cycle convergence of —2.4 mm was
recorded (f), while the supplemental 0.5D convergence at
cross-section 3599.2 m measured —25.9 mm (g). These
observations suggested that applying the lighter support
configuration E-a (Is.,) would keep the final convergence
within the upper threshold of optimal final convergence
(—80 mm) for support category E (Ig). Consequently, the
support was modified to E-a (Ig.,).

Further adjustments were made when the tunnel face
reached chainage 3624 m, transitioning to an even lighter
support configuration, E (Ig). This decision was informed
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Direction and magnitude of measured horizontal principal stresses by DCDA with specifics of boring wells.

63

DCDA boring site

PM (Sato et al., 2022)

PH[Z

Location Main tunnel
Chainage 137805 m
Lithology Sandstone, slate
Tunnel overburden m 724

Depth of boring beneath tunnel floor m 61.0
Sampling depth for DCDA m 34.0-53.5
Direction of maximum horizontal stress NI16°E + 15°
Horizontal stress difference (64 max — Oh min) MPa 20.5
Maximum horizontal stress (6 max) MPa 31.2-45.1
Minimum horizontal stress (6y, min) MPa 10.7-24.6
Vertical stress™* MPa 16.2

Hirogawara adit
3860 m/3880 m

Meta-basalt, tuff, slate
818/815

35.8/40.0

18.15-36.42

NS58°E + 9°
27.9
43.3-51.0
15.4-23.1
23.1

* For deriving vertical stress, overburden and gravitational effects of topography are considered.

Displacement of monitoring targets affected by

(a) Axial shear stress acting on the tunnel wall ( r
the axial shear stress acting on the walls

due to anisotropic horizontal in-situ stress

Monitoring
cross-section

Excavation direction
NB65°W

Maximum horizontal
in-situ stress

47 MPa (ave.)* Minimum horizontal ‘mszf’w*
Vertical stress in-situ stress
MPa* 19 MPa (ave.)*
*Observed results by DCDA at PH, in Table 7
(b) Ground stress concentration (right) and reduction (left) due to redistribution

of anisotropic horizontal in-situ stress around the excavating face

Displacement of monitoring targets affected by changes in
the magnifude of concentrated or reduced ground stress

Monitoring
; cross-section
Face /

y Excavationodirection
Bench ' | N65"W

N58°E* =
/

Maximum horizontal
in-situ stress
47 MPa (ave.)*

Minimum horizontal
Vertical stress in-situ stress

\Qarw*
MPa 19 MPa (ave.)*

*Observed results by DCDA at PH, in Table 7

Fig. 16. Anisotropic horizontal in-situ stress as a potential cause for asymmetric displacement. (a) Axial shear stress on the tunnel wall, and (b)

asymmetric stress concentration and reduction around the advancing face.

by a 1-cycle convergence of —5.4 mm (h) and supplemental
0.5D convergence of —18.0 mm (i), predicting final conver-
gences of —28 and —34 mm, respectively, which were close
to the lower threshold of optimal final convergence for sup-
port category E (Ig).

5 Conclusions

This research demonstrates the benefits of initial dis-
placement monitoring for accurately predicting final tunnel
displacement. Data from the 4.2-km-long Hirogawara adit,
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D: Tunnel diameter = 11 m (for normal cross section)
L: Circumferential length between crown and springline = 8.64 m
0: Relative axial displacement

Fig. 17. Relative y-axial displacement (J) behind the face.

with a maximum overburden of 832 m, reveal strong corre-
lations between the 1-cycle reading and final horizontal
convergence, as well as between the 0.5D reading and final
absolute 3D displacement.

Table 8

The study establishes that 1-cycle displacement monitor-
ing aids in the timely selection and installation of appropri-
ate tunnel supports by predicting final displacements that
could cause damage. The correlations also help in analyz-
ing asymmetric support damages, such as shotcrete cracks.
Additionally, the I-cycle reading and final displacement
prediction serve as effective tools for understanding chang-
ing ground conditions in tunnels with high overburden,
where limited geotechnical information is available
beforehand.

Predicting final convergence at the advancing face is
critical for safe and efficient excavation. It is important
for engineers to understand the correlation between 1-
cycle and final displacement at the excavation site. An
effective monitoring and reporting system is essential for
real-time data transmission to engineers. With the method
introduced in this study, engineers can predict final dis-
placement by first establishing correlation trends at 10 to

Relative y-axial displacement between crown (P;) and right springline (P3) in Fig. 11.

Item

Unit  Monitoring cross-section information

Focal monitoring targets
Shotcrete damage condition

Chainages with or without shotcrete crack

Number of monitoring cross-sections

Relative y-axial displacement strain (Mean + S.D.)

(b) Far behind the face

Aery = ey (p3) = Ery(p1)

Increase in relative y-axial displacement strain (Mean * S.D.)
Ab‘f.y — A80,5D.y

(a) 0.5D behind the face

Right springline (P;) — Crown (P;)

With shotcrete crack Without shotcrete crack

m 3350-3370, 3430-3450, 3480 Other chainages than
-3530, 3550-3590, 3650-3700 those in the left column
33 121

% 0.11 £ 0.05 0.05 £ 0.03
Agy5py = €0.5.y.(P3) — €0.5D1-(P1)

% 0.31 £ 0.08 0.13 £0.08

% 0.20 £ 0.07 0.08 = 0.06

n=154

Final relative axial displacement strain

Agry =242 Agospy
R?=0.88
95%Cl [-0.12, 0.12]

02 04 06 08

0.5D relative axial displacement strain
AE0.5Dy = £0.5D-y-(P;) - E0.5Dy-(P,) (%)

Relative y-axial displacement strain (%)
(Relative y-axial displacement/ (D /2))

e}

Linear regression line
passing through the origin

Upper and lower bound of
95% confidence interval

Fig. 18. Correlation between 0.5D and final relative y-axial displacements between crown (P;) and right springline (Ps).
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Table 9
Physical properties of standard high-quality shotcrete.
Item Unit Value
Young’s modulus (Tsuchiya et al., 2004) GPa 10
Poisson’s ratio - 0.2
Uniaxial compressive strength* d 1 3 7 14
N/mm? 12.6 29.8 38.0 41.8

* Averaged data from destructive test using 12 test specimens for each shotcrete age.

Convergence path for monitoring sections
3563.2m 3568.2m 3573.2m 3578.2m —+-3581.2m ——3585.2m ——3591.2m ——3595.2m
—x-3599.2m —-3604.2m —-3607.2m —+—3612.2m ——3617.2m —-3622.2m 3627.2m
0 — 3 —5 } - -
_ d L) | ¢ \\ & \K \+
= 10 i 0 AA N
E-20 ! TR —¥
8 -30 | =N
S Lower threshold| of ]
240 & !
o for E (Is) tl oy
o Ny
§ -50 i T T
£ -60
£ 20 0 a
:<|:3 Upper threshold |of optimal convergence for D (In-
80 Upper threshold |of optimal convergence for E (Is)
-90
3560 3570 3580 3590 3600 3610 3620 3630
Tunnel face position (m)*
(*Monitoring section for zero reading is placed 0.8 m behind a tunnel face)
Support category D (1) [Ex (s0) Eg(Is9) I Ea(Iso) | Es)
Diameter 11m 11-14m | 14 m
=150 mm =200 mm [ t=150 mm
Shotcrete Standard high-quality High early-strength Standard
8 N/(mm?d) 15 N/(mm?-d) high-qual.
Steel rib H-125 H-150
t=150 mm t= ~ B
Invert shotcrete | N/A (retrofitted) 150 mm £=200 mm £=150 mm

Fig. 19. Modification of support configuration based on initial readings in the Hirogawara adit—a case study.

20 monitoring cross-sections and then appropriately
deploying additional monitoring cross-sections.

Compared to previous prediction methods, which
require several days post-excavation to predict final con-
vergence based on initial readings, this 1-cycle reading
introduced in this study can be completed within 10-16 h
after the tunnel face is opened, enabling carlier decisions
on support modifications or evaluations. Additionally,
the 1-cycle and final displacement data inherently integrate
both time-dependent and face advance effects, eliminating
the need for separate analyses.

While initial displacement monitoring is essential, it is
also important to recognize that ground behavior may
not always be symmetric. This study introduces the use
of correlations between initial and final absolute displace-
ment readings to predict asymmetrical support behavior.

Merits of the prediction method:

(1) Early prediction of final displacement using a simple
correlation equation.

(2) Quick decisions on support modification or evalua-
tion based solely on 1-cycle reading.

(3) Detection of ground condition changes signaled by 1-
cycle reading.

(4) Feasibility of 3D displacement prediction.

Limitations of the prediction method:

(1) Requirement for a dense installation of monitoring
cross-sections.

(2) Limited applicability of the correlation equation dur-
ing rapid ground condition changes.

(3) Dependence on accurate and stable monitoring.
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(4) Reliability of 3D displacement prediction demon-
strated only with 0.5D readings.

Incorporating initial displacement monitoring into an
excavation program enhances the understanding of ground
behavior, enabling timely decisions to prevent severe tunnel
deformation. Furthermore, understanding ground condi-
tions, such as rock mass anisotropy and in-situ stress aniso-
tropy, is crucial for accurate interpretation of displacement
profiles.
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Appendix A Application of correlation between initial and
final convergences to select and install proper support
category

As shown in Fig. A1, the concept involves predicting the
final convergence using initial displacement readings (Sato
et al., 2021). First, displacement monitoring data must be
collected until a correlation trend is identified (a). The ini-
tial slope parameter for this trend can be estimated from
the first 10 to 20 monitoring cross-sections (100 to 200 m
of tunnel length) and will be refined as excavation pro-
gresses. Then, the optimal ranges for final convergence
are determined for each support category either empirically
or numerically (b). By tracing back from the optimal range
in final convergence to the one in initial convergence via a
regression line of the correlation, both upper and lower
threshold values of initial convergence are obtained (c).

If the initial convergence reading exceeds the upper
threshold value (d), the final convergence may exceed the
optimal range for the present support, indicating the need
for a change in support. Similarly, if the initial convergence
reading falls below the lower threshold value (e), the final
convergence may drop below the optimal range for the pre-
sent support, indicating the need for a change in support.

By using this method, the proper support category can
be selected and installed to ensure that the capacity of
the support is sufficient to control the ground behavior
while also avoiding over-engineering and uneconomical
solutions.

Trendline of observed correlation in initial-final desplacement
Optimal range in final convergence

Identification of optimal range in initial convergence

Upper threshold of optimal initial convergence

e) Lower threshold of optimal initial convergence

Fig. Al. Concept of applying optimal support by predicting final convergence from initial reading (after Sato et al., 2021).
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