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ABSTRACT 
 

Deep geological repositories for high-level radioactive waste require disposal tunnels and 
holes to be laid out in accordance with repository design requirements. Under the 
Horonobe International Project (HIP), methods for investigating and evaluating tunnel 
and pit layouts are being developed at the Horonobe Underground Research Laboratory 
(Horonobe URL), which is a generic URL. Based on concepts adopted in existing 
geological disposal programs, faults and fractures, development of the excavation 
damaged zone (EDZ), and groundwater inflow were identified as key evaluation factors. 
At the 500 m level, pre-excavation predictions, in situ investigations, and excavation of 
two niches have been conducted in stages. Vertical borehole investigations will be 
conducted to determine the location of the test pit and evaluate the applicability of the 
proposed methodology. 
 
1. INTRODUCTION 
 

In the design and construction of a geological repository for high-level radioactive 
waste, faults and fractures may be present in the rock mass in which disposal tunnels 
and holes are to be located, and an excavation damaged zone (EDZ) may form around 
excavations. Geological characteristics such as the size and properties of faults and 
fractures around the tunnels and changes in hydromechanical properties associated with 
EDZ formation are used as criteria for judging whether disposal tunnels and holes can 
be located and constructed, taking into account their potential effects on constructability 
and the long-term stability of the engineered barrier system (SKB, 2022; NUMO, 2021). 
To develop methods and relevant technologies for the rational layout of disposal tunnels 
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and holes based on these criteria, it is important to demonstrate and verify the entire 
process, from geological characterization and evaluation to design and construction, at 
an underground research laboratory. 

Criteria focusing on faults and fractures have been developed primarily for 
crystalline rock in geological disposal programs in Sweden and Finland (SKB, 2022; 
Posiva, 2012), whereas examples for sedimentary rock remain limited. The Neogene 
sedimentary rocks surrounding the underground facilities at the Horonobe Underground 
Research Laboratory (Horonobe URL) contain faults and fractures that may act as 
groundwater flow paths. In addition, tunnel excavation creates an EDZ around the tunnel. 
These features result in a certain degree of spatial heterogeneity in the hydromechanical 
properties of the rock mass. Therefore, the Horonobe URL provides a useful setting for 
examining investigation and evaluation methods for locating tunnels and pits in 
sedimentary rock while accounting for the characteristics of the geological environment. 
For consistency, the terms “disposal tunnels” and “disposal holes” are used throughout 
this paper for the corresponding openings in the SKB and Posiva concepts, although 
these organizations use “deposition tunnels” and “deposition holes.” At the Horonobe 
URL, which is not a repository, the experimental openings are referred to as “tunnels” 
and a “test pit,” or collectively as “tunnels and pits.” 

The Horonobe International Project (HIP) has identified this issue as one of its major 
research themes. Under Task B, “Systematic Integration of Repository Technology 
Options,” studies are being conducted using investigations and construction activities at 
the Horonobe URL as a case study. Specifically, a methodology for appropriately locating 
tunnels and pits is being developed through excavation and investigations in 500 m Niche 
Nos. 8 and 9, which are located at the deepest level of the Horonobe URL, as well as 
through the planned excavation of a test pit. This initiative aims to systematically integrate 
technologies ranging from geological characterization to the layout, design, and 
construction of tunnels and pits, and to demonstrate their applicability. 

This paper summarizes the concepts and criteria used for the layout of disposal 
tunnels and holes based on a review of approaches adopted in existing geological 
disposal programs and on information provided by HIP participating organizations. It also 
presents preliminary findings on the evaluation factors established for the Horonobe URL 
based on this review, the predictive assessments conducted before excavation, and the 
current status of the subsequent in situ investigations. 
 
2. INVESTIGATION AND EVALUATION FOR TUNNEL AND PIT LAYOUT 
 

Because the Horonobe URL is a generic underground research laboratory and is 
not associated with a specific candidate repository site, no layout or acceptance criteria 
specific to the geological environment at Horonobe are established. Instead, drawing on 
layout concepts adopted in existing geological disposal programs, this section identifies 
the factors relevant to evaluating the layout of 500 m Niche Nos. 8 and 9 and the test pit 
and outlines the associated stepwise investigation and evaluation procedure. 
 
2.1 Identification of Evaluation Factors Based on Existing Geological Disposal Programs 

Prior to the in situ demonstration at the Horonobe URL, established concepts and 
criteria for the layout of disposal tunnels and holes were reviewed, as summarized in Fig. 
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1. The review focused on safety functions and design requirements related to excavation 
stability, safety and constructability during construction and operation, engineered barrier 
performance, and near-field modeling. Characteristics of the geological environment that 
could affect these functions and requirements were then identified (SKB, 2022; Posiva, 
2012; Andra, 2016, 2025; Nagra, 2002, 2024; NUMO, 2021). 

In the French Cigéo project and Swiss geological disposal concepts, low-
permeability argillaceous rocks have been selected as host rocks. Rather than applying 
acceptance or exclusion criteria to individual waste emplacement locations, these 
concepts adopt an integrated approach in which the layout of disposal cells, 
emplacement drifts, and disposal areas is considered together with tunnel and waste 
package spacing, excavation stability, and EDZ development (Andra, 2005, 2016, 2025; 
Nagra, 2002, 2024). 

The Horonobe URL is situated in relatively homogeneous Neogene diatomaceous 
and siliceous mudstones. However, observations of borehole cores and tunnel walls 
have identified both bedding-parallel and bedding-oblique faults, with the latter acting as 
important water-conducting features (Ota et al., 2011; Hayano and Ishii, 2016). Fractures 
formed by tunnel excavation and associated with the EDZ have also been observed 
around the tunnels. These preexisting faults and fractures, together with EDZ fractures, 
introduce spatial variability into the hydromechanical properties of the rock mass. 
Therefore, the approaches developed by the Swedish Nuclear Fuel and Waste 
Management Company (SKB) and Posiva Oy for incorporating the distribution and 
characteristics of faults and fractures into decisions on disposal-hole layout provide 
useful references for the investigations at the Horonobe URL. 

SKB and Posiva evaluate candidate disposal-hole positions to avoid excessive 
shear loads on canisters caused by displacement along large fractures during a major 
earthquake. The structures considered include fractures intersecting the entire perimeter 
of a disposal tunnel and local brittle fault zones. Candidate positions intersected by such 
structures are excluded from emplacement. SKB applies the Full Perimeter Criterion 
(FPC) and Extended Full Perimeter Criterion (EFPC), whereas Posiva applies the Full 
Perimeter Intersection (FPI), or a modified version of it, within the Rock Suitability 
Classification (RSC) framework (SKB, 2022; Hellä et al., 2009; Posiva, 2012). 

Both organizations also exclude disposal-hole positions where groundwater inflow 
exceeds 0.1 L/min to reduce the potential for buffer piping and erosion, loss of buffer 
density, and degradation of construction quality. SKB has additionally considered 
cumulative inflow as a criterion for limiting buffer piping and erosion (SKB, 2009, 2022; 
Å kesson et al., 2010; Hellä et al., 2009; Posiva, 2012). These criteria are intended to 
ensure the construction quality and initial condition of the buffer and to limit potential 
effects on its long-term barrier performance. 

The NUMO Safety Case report (NUMO-SC) presents a broader framework in which 
geological and hydrogeological conditions identified during detailed investigations or 
tunnel excavation are treated as Emplacement Determining Factors (EDFs). These 
include low-strength zones, high-permeability zones, groundwater inflow points, densely 
fractured zones and damaged zones that could not be sufficiently characterized in 
advance. EDFs are used to determine the usability of disposal tunnels and holes and the 
need for additional countermeasures. Examples of unfavorable conditions include large 
inflows associated with faults and fractures, reduced constructability of backfill and buffer 
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materials, long-term loss of buffer material, and disposal-hole wall collapse or breakout 
in low-strength or densely fractured zones (NUMO, 2021). 

Based on this review, three principal groups of characteristics of the geological 
environment were identified for evaluation at the Horonobe URL: (1) mechanical 
characteristics associated with localized reductions in rock strength, rock-mass 
deformation, and slip along faults and fractures; (2) the extent of EDZ around tunnels 
and pits and the mechanical interaction between adjacent tunnels; and (3) hydraulic 
characteristics, including the distribution of inflow-contributing faults and fractures, their 
intersections with tunnels and pits, and the associated groundwater inflow rates. 

EDZ development can alter the mechanical properties of the surrounding rock mass 
and affect excavation stability. In particular, extensive EDZ development and the 
continuity of zones with low factors of safety between adjacent tunnels may reduce the 
stability of the intervening rock mass. The extent of the EDZ and the mechanical 
interaction between tunnels are therefore evaluated to assess the adequacy of tunnel 
spacing. Similarly, groundwater inflow associated with faults and fractures can affect 
constructability, working conditions, and the emplacement and initial performance of 
engineered barriers. These mechanical and hydraulic characteristics therefore form the 
basis for evaluating tunnel and pit layouts at the Horonobe URL. 
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Fig. 1 Relationship between safety functions and design requirements in existing 
geological disposal programs and the geological characteristics addressed in the in situ 

investigations at the Horonobe URL. 
 
 

2.2 Approach to In Situ Investigations at the Horonobe URL 
As shown in Fig. 2, this study focuses on 500 m Niche Nos. 8 and 9 and a test pit 

to be excavated in one of the two niches. By addressing the characteristics of the 
geological environment identified in the preceding section, the study aims to evaluate the 
effectiveness of methods for assessing tunnel spacing and selecting the test-pit location. 
Specifically, predictions and evaluations based on information obtained from pre-
excavation pilot borehole investigations and investigations conducted during and 
immediately after tunnel excavation will be compared with results obtained from seismic 
tomography conducted before and after excavation, additional borehole investigations, 
and excavation of a full-scale test pit to verify the validity of the proposed methods. 

The investigation program consists of a series of in situ investigations conducted in 
stages before and after excavation of the niches and test pit (Fig. 3). Prior to excavation 
of 500 m Niche Nos. 8 and 9, 30 m-long pilot boreholes were drilled around the planned 
tunnel locations in February 2025. Core logging, borehole televiewer (BTV) logging, 
hydraulic testing, and other investigations were conducted to obtain data on the 
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distribution and characteristics of faults and fractures and on the hydrogeological and 
geomechanical properties of the rock mass (Step 1 in Fig. 3). Subsequently, 500 m Niche 
No. 9 was mechanically excavated from February to April 2025 (Step 2), after which 
several boreholes, including boreholes for seismic tomography, were drilled from Niche 
No. 9 toward the planned location of 500 m Niche No. 8 (Step 3). Niche No. 8 was then 
excavated from July to September 2025 at a center-to-center distance of 15 m from Niche 
No. 9 (Step 4). Seismic tomography was conducted before and after excavation of Niche 
No. 8 to identify changes in the P-wave velocity distribution between the two niches. 
Geological observations of the tunnel floor and walls, observations of groundwater inflow 
points, and measurements of tunnel inflow rates were also conducted. 

Using the data obtained in Steps 1–4, the formation of the EDZ around the niches 
and within the rock mass between them, the distribution of faults and fractures associated 
with localized reductions in rock strength, the distribution of faults and fractures 
contributing to groundwater inflow, and the tunnel inflow rates were evaluated. To assess 
the mechanical stability of the rock mass between the niches, predictive numerical 
analyses were used to calculate the factor of safety, which represents the margin relative 
to the rock-mass failure criterion, and to determine whether zones with values below a 
reference value develop continuously between the niches. In addition, the measured P-
wave velocity distribution between the niches will be compared with the predictive 
analysis results to evaluate the validity of predictions concerning the extent of the EDZ 
and the mechanical condition of the intervening rock mass. 

In the next stage, three candidate locations for the test pit will be selected based on 
the excavation and investigation results from 500 m Niche Nos. 8 and 9, and vertical 
boreholes will be drilled at each candidate location (Step 5). Core logging, BTV logging, 
hydraulic testing, and other investigations in these vertical boreholes will be used to 
characterize in detail the development of the EDZ, the distribution of faults and fractures, 
and the occurrence and rates of groundwater inflow around the planned pit locations. 
Based on these results, one location will be selected for excavation of a full-scale test pit 
measuring 2.4 m in diameter and 4.2 m in depth (Step 6). During excavation of the test 
pit, acoustic emission (AE) monitoring, observations of the pit wall, and groundwater 
inflow observations will be conducted to characterize EDZ initiation and development and 
groundwater inflow conditions around the pit. 

The investigation results will then be used to validate and update the predictive 
models and to evaluate the effectiveness of the proposed methods for assessing tunnel 
spacing and selecting the test pit location. 
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Fig. 2 Conceptual workflow for investigation and evaluation of tunnel and pit layout at 
500 m Niche No. 8 and 500 m Niche No. 9. 
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Fig. 3 Sequence of in situ investigations and excavation of 500 m Niche No. 8, 500 m 
Niche No. 9, and the test pit. 

 

 

3. PREDICTIONS AND PRELIMINARY INVESTIGATION RESULTS 
 

Prior to the investigations in 500 m Niche Nos. 8 and 9, groundwater inflow into the 
niches and test pit and the extent of EDZ around the niches were predicted. To date, the 
investigation program has been completed through Step 4 in Fig. 3, including the 
excavation of the two niches. This section provides a preliminary overview of the 
prediction results and the findings obtained from the in situ investigations. 
 
3.1 Inflow Rates and Water-Conducting Structures 

Groundwater inflow was predicted using hydrogeological models developed at 
three spatial scales: regional, site, and detailed. These models were used to evaluate 
inflow associated with excavation of the investigation galleries at the 500 m level. The 
regional and site-scale analyses were performed using 3D-FLOW, whereas the detailed-
scale analysis employed a discrete fracture network (DFN) model developed using 
ConnectFlow. The results from each model were sequentially incorporated as boundary 
conditions for the next finer-scale model. 

Transient analysis using the site-scale model predicted that the inflow associated 
with excavation below the 350 m level would be small relative to the total inflow into the 
underground facility. Specifically, inflow rates of approximately 3.5 m3/day from the shafts 
between the 350 and 500 m levels and approximately 1.0 m3/day from the investigation 
galleries at the 500 m level were predicted. The total inflow into the underground facility 
was calculated to increase from 92.5 to 96.5 m3/day. In contrast, the measured total 
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inflow into the Horonobe URL showed no clear increase before and after the start of 
excavation below the 350 m level, and the predicted values were generally within the 
range of observed fluctuations. Probabilistic DFN analyses also included realizations in 
which no groundwater flow paths intersected the galleries. Overall, the predicted inflow 
rates ranged from 0 to 0.31 m3/day for Niche No. 9 and from 0 to 0.77 m3/day for Niche 
No. 8 (OECD/NEA, 2025). 

The natural decrease in groundwater inflow after tunnel excavation is also 
considered to be related to the flow dimension, which is one of the indicators of 
groundwater flow-path connectivity (Ishii, 2023). Hydraulic testing conducted in surface-
based boreholes around the Horonobe URL indicated that the flow dimension of 
groundwater flow paths near the 500 m level was close to or less than 1.0 (Ozaki and 
Ishii, 2024). This finding suggests that the connectivity of groundwater flow paths formed 
by faults and fractures is lower at the 500 m level than at the 350 m level. Therefore, 
groundwater inflow after tunnel excavation was predicted to decrease more rapidly at the 
500 m level than at the 350 m level. 

Pilot borehole investigations targeting Niche Nos. 8 and 9 identified multiple faults 
and fractures in both boreholes. The density of faults and fractures was higher in 
borehole 500-EDZ-P9, located near Niche No. 9, than in borehole 500-EDZ-P8, located 
near Niche No. 8. A bedding-parallel fault designated PB9-F29, which contained a clay-
rich fault core, was also identified in borehole 500-EDZ-P9. However, inflow rates from 
both boreholes were low, at less than 0.01 L/min, and no highly permeable faults were 
identified. Groundwater inflow associated with excavation of Niche Nos. 8 and 9 was 
therefore expected to be limited. 

Geological observations of the tunnel floors and walls after excavation showed that 
the fault density in Niche No. 9 was higher than that in Niche No. 8. A bedding-parallel 
fault designated N9F14, which contained a clay-rich fault core, was identified on the floor 
of Niche No. 9. N9F14 may be continuous with PB9-F29, which was identified in the pilot 
borehole. Although all groundwater inflow points observed in the tunnels were located 
near faults, the inflow rate at each point was no more than approximately 0.1 L/min (Fig. 
4). Furthermore, no clear increase in the total inflow into the underground facility was 
observed before and after excavation of Niche Nos. 8 and 9. 

These results indicate that no faults associated with substantial groundwater inflow 
were identified within the investigated area and that inflow into Niche Nos. 8 and 9 was 
limited, as predicted. Although uncertainty remains in predicting the locations of 
individual faults, the pilot borehole investigations provided an approximate understanding 
of the distribution trends of faults and fractures and the expected groundwater inflow 
conditions before tunnel excavation. 
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Fig. 4 Fault PB9-F29 identified in the pilot borehole for 500 m Niche No. 9 and the 
distribution of faults and inflow points identified by geological mapping of the floors of 

500 m Niche No. 8 and 500 m Niche No. 9. 
 
 
3.2 EDZ Development 

The extent of EDZ was predicted before excavation using coupled hydro-
mechanical analyses performed with the finite-difference analysis code FLAC3D. Two-
dimensional analyses were first conducted for 350 m Niche No. 3 and 500 m Niche No. 
9. These analyses accounted for excavation-induced changes in effective stress and 
evaluated the extent of the EDZ around each tunnel. For 350 m Niche No. 3, the EDZ 
was predicted to extend up to approximately 0.9 m in the sidewall direction. This 
prediction was generally consistent with the distribution of EDZ fractures identified 
through core logging and BTV logging in boreholes drilled around the niche (Aoyagi and 
Ishii, 2019). In contrast, for 500 m Niche No. 9, the EDZ was predicted to extend up to 
approximately 3.1 m from the sidewall and 2.4 m below the floor (Fig. 5(a)). Because the 
initial stress and pore-water pressure are higher at the 500 m level than at the 350 m 
level, excavation was expected to induce a larger change in effective stress and 
consequently produce a more extensive EDZ (Aoyagi et al., 2024). 

A three-dimensional coupled hydro-mechanical analysis was subsequently 
conducted for 500 m Niche Nos. 8 and 9. The analysis reproduced the tunnel layout, 
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excavation advance interval, timing of support installation, and drainage process from 
the tunnel walls. It also represented the actual construction sequence, in which Niche No. 
9 was excavated first, followed by Niche No. 8 at a center-to-center spacing of 15 m 
(Aoyagi et al., 2025). The EDZ was predicted to extend approximately 0.75–1.5 m around 
the crown, 1.5–2.0 m around the sidewalls, and 2.5–3.0 m below the floor (Fig. 5(b)). To 
account for uncertainty in the initial stress state at the 500 m level, two cases were 
considered based on the previous stress measurement results: one in which the vertical 
stress exceeded the maximum horizontal stress (Case 1) and another in which the 
maximum horizontal stress exceeded the vertical stress (Case 2). In both cases, the EDZ 
tended to develop more extensively in the direction of lower confining stress. Accordingly, 
the EDZ was more extensive around the sidewalls in Case 1 and around the crown and 
floor in Case 2. These results indicate that the location and extent of EDZ depend not 
only on the magnitudes of the initial stresses but also on the relationship between the 
principal stress directions and the tunnel cross section. In addition, for Niche No. 8, which 
was excavated after Niche No. 9, the EDZ was predicted to expand slightly along the 
sidewall facing Niche No. 9. This result suggests that excavation-induced stress 
redistribution around the first tunnel may cause mechanical interaction within the rock 
mass between the two tunnels. 

Before excavation of 500 m Niche No. 8, boreholes were drilled from Niche No. 9 
toward the planned location of Niche No. 8, and core logging and BTV logging were 
conducted. Hybrid fractures exhibiting features of both tensile and shear failure were 
concentrated near the tunnel. Based on a comparison with previous observations at the 
350 m level, these fractures were interpreted as EDZ fractures formed by tunnel 
excavation. In borehole 500-EDZ-H1, EDZ fractures were identified up to approximately 
2.8 m from the tunnel wall. When the observations from multiple boreholes were 
considered together, the EDZ along the sidewall of Niche No. 9 was evaluated to extend 
approximately 2.7–3.1 m from the wall (Fig. 6). 

The observed extent of the EDZ along the sidewall was generally consistent with 
the maximum extent of approximately 3.1 m predicted by the two-dimensional analysis. 
However, it exceeded the predicted range of approximately 1.5–2.0 m from the three-
dimensional analysis, indicating that the three-dimensional model underestimated the 
actual EDZ extent. This discrepancy may reflect uncertainties in the assumed initial 
stress conditions, rock-mass properties, failure criterion, and representation of 
excavation-induced pore-pressure changes. Further validation will be conducted using 
revised hydromechanical parameters derived from laboratory experiments. 
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Fig. 5 Predictive analysis results for EDZ extent: (a) comparison of two-dimensional 
analyses at depths of 350 and 500 m and (b) comparison of three-dimensional 

analyses under different initial stress conditions at 500 m. 
 

 

 
 

Fig. 6 Fracture distribution in boreholes drilled from 500 m Niche No. 9 toward Niche 
No. 8. 

 
 
4. FUTURE WORK: INVESTIGATIONS FOR TEST-PIT LOCATION SELECTION 
 

As described in Section 2.2, the final stage of the investigation program will involve 
excavation of a full-scale test pit in 2027 using a large-diameter casing and an inner 
auger. Investigations through Step 4 in Fig. 3 have been completed. In the next stage, 
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vertical borehole investigations will be conducted at three locations in 500 m Niche No. 
8 to select the test-pit location. 

The distribution of faults and fractures will be considered in selecting the test-pit 
location from the perspectives of both mechanical stability and groundwater inflow. In 
500 m Niche No. 9, zones with a high fault density were identified over a relatively wide 
area. In addition, a bedding-parallel fault designated N9F14, containing an approximately 
10 cm-thick clay-rich fault core, was identified on the tunnel floor and may be continuous 
with PB9-F29, which was identified in pilot borehole 500-EDZ-P9 (Fig. 4). Therefore, 500 
m Niche No. 8 was considered more suitable for locating the test pit than Niche No. 9, 
where N9F14 and other natural faults and fractures are densely distributed. 

Although groundwater inflow observed at 500 m Niche Nos. 8 and 9 was generally 
limited, the inflow points were located near faults. Therefore, to minimize groundwater 
inflow into the test pit, it is also important to avoid zones with a high fault density and 
faults that could potentially serve as groundwater flow paths. 

Based on these considerations, three vertical boreholes will be drilled in 500 m 
Niche No. 8. The spacing between the boreholes was established with reference to the 
spacing between disposal holes in sedimentary rock presented in the NUMO-SC. Core 
logging, BTV logging, hydraulic testing, groundwater pressure monitoring, and other 
investigations will be conducted to obtain data on the distribution of faults and fractures, 
rock-mass permeability, groundwater pressure, the occurrence and rates of groundwater 
inflow, and the extent of EDZ at each candidate location. 

These results will be compared with the pre-excavation predictive analyses and 
pilot borehole investigation results, as well as with the geological observations and 
seismic tomography results obtained after tunnel excavation, to select the final location 
of the test pit. A full-scale test pit will then be excavated at the selected location. Pit-wall 
mapping and groundwater inflow measurements, together with acoustic emission (AE) 
monitoring and other measurements, will be used to evaluate the validity of the layout 
assessment based on the pre-excavation investigations. 
 
5. CONCLUSIONS 
 

In this study, the Horonobe URL, which is a generic URL, was used not to establish 
layout criteria specific to a particular geological environment, but to identify the 
characteristics of the geological environment required for evaluating tunnel and pit 
layouts and to organize a stepwise procedure for investigating and assessing those 
characteristics. This approach was developed with reference to concepts used for the 
layout of disposal tunnels and holes in existing geological disposal programs. The 
principal evaluation targets identified for the Horonobe URL were mechanically weak 
faults and fractures, the extent of EDZ and mechanical interaction between adjacent 
tunnels, and water-conducting faults and fractures and the associated groundwater 
inflow rates. 

The pre-excavation predictions and in situ investigation results obtained to date 
indicate that groundwater inflow into 500 m Niche Nos. 8 and 9 was limited. Although the 
inflow points identified in the niches were located near faults, the inflow rate at each point 
was low. The fault density in 500 m Niche No. 9 was also higher than that in Niche No. 
8, and a fault identified on the floor of Niche No. 9 may be continuous with a bedding-
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parallel fault identified in a pilot borehole. These findings suggest that pilot borehole 
investigations can provide a preliminary understanding of the general distribution of faults 
and fractures and the expected groundwater inflow conditions before tunnel excavation. 

The EDZ was predicted to develop more extensively at the 500 m level than at the 
350 m level. In situ investigations along the sidewall of Niche No. 9 identified EDZ 
fractures extending approximately 2.7–3.1 m from the tunnel wall. This extent was 
generally consistent with the prediction from the two-dimensional analysis but exceeded 
that predicted by the three-dimensional analysis. The three-dimensional analysis also 
indicated that the location and extent of EDZ are affected by the initial stress conditions 
and tunnel excavation sequence. Therefore, the analytical models should be updated to 
incorporate the results of in situ stress measurements and additional investigations, and 
their predictive accuracy should be evaluated. 

Future work will include vertical borehole investigations at three locations in 500 m 
Niche No. 8 to characterize the distribution of faults and fractures, rock-mass permeability, 
groundwater pressure and inflow, and the extent of EDZ. Based on these results, the 
test-pit location will be selected and a full-scale test pit will be excavated. Comparison of 
the pre-excavation predictions and investigation results with post-excavation 
observations and measurements will be used to evaluate the effectiveness of the 
proposed investigation and assessment methods for tunnel and pit layout in sedimentary 
rock. 
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