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The deterministic joint-network analyses were designed as a comparative sensitivity study. The rock 
mass properties, in-situ stress field, cavern geometry, joint size, and joint mechanical parameters were 
kept constant, while joint spacing, persistence, and orientation were varied separately. The response 
was evaluated using maximum displacement, yielded-zone extent, yielded-zone pattern, stress 
redistribution, and relative joint shear displacement. The joint-network assumptions and sensitivity 
cases are summarized in Table 3. 

 
Table 3. Deterministic joint-network assumptions and sensitivity cases. 

Parameter Adopted value(s) / levels Interpretation / fixed inputs 
Joint set orientations J1: 45°/90°; J2: 45°/270°; J3: 90°/0° Two conjugate sets and one vertical cross-joint set 
Joint geometry and buffer 20 m × 20 m quadrilateral joints; 60 m buffer Finite joints in RS3; joint length ≈ 0.25 of cavern span 
Joint properties and baseline cⱼ = 0; φⱼ = 28°; dilation = 0°; tensile strength = 

0; P = 0.50 
Open frictional joints; residual = peak; intermediate baseline 
persistence 

Spacing sensitivity series 40 m, 30 m, 15 m, 10 m P = 0.50; reference orientation; fixed joint size and mechanics 
Persistence sensitivity series 0.25, 0.50, 0.75 Spacing = 15 m; reference orientation; fixed joint size and 

mechanics 
Orientation sensitivity series 0°, 45°, 90° plan rotation Spacing = 15 m; P = 0.50; fixed joint size and mechanics 

4 Results 

4.1 Model verification 
The numerical model was first checked against the available in-situ stress interpretations at the 
planned cavern depth. The modelled major and minor principal stresses showed close agreement with 
the hydraulic-fracturing interpretation adopted as the reference stress condition (Fig. 3). Because the 
caverns have not yet been constructed, no monitoring data were available for further calibration; 
therefore, verification was limited to the initial stress field and the reference continuum response. 

 
Fig. 3Principal Major (Zh) and Minor stress (Zh) Plot versus dept and schematic orientation in Numerical Model. 

4.2 Effect of joint spacing 
The first sensitivity series examined the influence of joint spacing on cavern response. Four spacing 
intervals were compared: 40 m, 30 m, 15 m, and 10 m. These intervals were interpreted relative to the 
cavern span using R = Js/S, where Js is the joint spacing and S = 78 m is the cavern span. Joint size, 
persistence, orientation, and mechanical properties were kept constant, so spacing was the only 
variable. 

The principal stress redistribution was also checked, but no major change in the larger-scale stress 
pattern was observed. The influence of spacing was therefore more clearly expressed through 
displacement localization and yielded-zone development. The displacement contours show broadly 
similar deformation patterns, but different displacement magnitudes and local concentrations near the 
cavern boundary (Fig. 4). Yielding remains concentrated around the crown, sidewalls, and cavern base 
in all cases, although its extent and continuity vary with spacing (Fig. 5). As summarized in Table 4, 
the 15 m spacing case produced the largest maximum displacement and crown yielded-zone extent, 
whereas the 10 m spacing case produced the largest yielded-zone extent at the cavern base. This 
indicates a non-monotonic spacing response controlled by the interaction between finite joints, 
excavation-boundary intersection, and local stress redistribution. Table 4 summarizes the results of the 
joint spacing cases in terms of the spacing ratio (R), maximum displacement, and yielded zone extent 
at the crown and bottom of the cavern. 
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Table 6. Effect of joint orientation on displacement and joint shear displacement. 

Case Joint orientation Rotation Max. disp. (m) Max. joint shear (m) Observation 
R0 Parallel to σ₁ 0° 0.14 0.10 Reference case 
R45 Intermediate 45° 0.11 0.09 Reduced displacement and joint shear 
R90 Parallel to σ₂ 90° 0.10 0.06 Lowest displacement and joint shear 

5 Discussion 
Figure 1 shows the exceptional scale of the proposed ESSnuSB far detector caverns relative to existing 
large underground openings experience. With a span of 78 m and a depth of about 1000 m, the case 
lies near the upper range of current large-cavern experience. This scale makes the location-specific 
geometry of finite discontinuities important, because joint spacing, persistence, and orientation may 
interact directly with the excavation boundary and induced stress field. The deterministic joint-
network analyses were therefore used as a controlled sensitivity framework to evaluate how 
discontinuity geometry modifies displacement localization, yielded-zone development, and joint-
controlled movement around the cavern. 

5.1 Joint Spacing & Persistence 
The spacing and persistence results show that the cavern response is not governed by a simple 
monotonic trend. In the spacing series, the 15 m case produced the largest maximum displacement and 
crown yielded extent, whereas the 10 m case produced the largest yielded extent at the cavern base. In 
the persistence series, P = 0.50 produced the largest maximum displacement and crown yielded extent, 
while the more continuous P = 0.75 case did not produce the maximum displacement. These results 
indicate that the critical response is controlled not only by fracture intensity or persistence alone, but 
by the combined effect of finite joint size, boundary intersection, joint continuity, and remaining rock 
bridges. In a three-dimensional finite-joint model, persistence therefore does not act only as a two-
dimensional continuity ratio; rock bridges and the spatial arrangement of joint patches can still 
maintain load transfer and delay the formation of fully connected failure paths. 

5.2 Joint Orientation 
The joint orientation results show a more consistent trend than the spacing and persistence cases. 
Rotating the joint set away from the σ₁-parallel reference condition reduced both maximum 
displacement and maximum relative joint shear displacement. This indicates that joint orientation 
relative to the principal stress field directly influences deformation and shear mobilization along the 
joints. However, yielding remained generally circumferential around the cavern boundary in all 
orientation cases. The main orientation effect is therefore interpreted as a redistribution of local 
yielding and a reduction in joint-controlled movement, rather than a complete change in the yielded-
zone mechanism. 

5.3  Comparison with the continuum reference model 
Comparison with the continuum plastic reference model further shows the influence of the 
deterministic joint network. In the reference model, the maximum displacement was about 0.072 m 
and the yielded zone was comparatively regular, with yielded depths generally between about 7 m and 
15 m (Montano Atencio 2024). In the deterministic joint-network cases, the maximum displacement 
increased to 0.14 m, and the yielded zone became more irregular and locally deeper, with crown and 
base extents reaching about 15.5 m and 24.9 m, respectively. This comparison indicates that finite 
joint geometry affects not only the magnitude of the response, but also the spatial distribution of 
deformation and yielding around the excavation. 

6  Conclusion 
This study examined how deterministic joint spacing, persistence, and orientation influence the 
stability response of the proposed ESSnuSB Far Detector cavern, a 78 m diameter cavern located at 
about 1000 m depth in hard rock. Compared with the equivalent continuum plastic reference model, 
the deterministic joint-network cases produced higher displacement and more irregular yielded-zone 
development. The maximum displacement increased from about 0.072 m in the reference model to 
0.14 m in the critical joint case, indicating that averaged continuum parameters may underrepresent 
local structural effects at this cavern scale. 
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The spacing and persistence analyses showed a non-monotonic response controlled by fracture 
intensity, finite joint size, joint continuity, boundary intersection, and three-dimensional rock-bridge 
interaction. In contrast, the orientation analysis showed a more systematic trend, where rotating the 
joint set away from the σ₁-parallel reference condition reduced both maximum displacement and 
relative joint shear displacement, while yielding remained generally circumferential around the cavern 
boundary. 

The model should be interpreted as a continuum-based deterministic joint-parameter sensitivity 
analysis, not as a full discrete-element simulation of block movement or post-failure separation. 
Within this limitation, the results show that deterministic joint-network modelling can provide useful 
additional insight into large-span cavern stability where joint geometry, excavation-boundary 
interaction, and stress redistribution are important. 
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