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Subsequently, the structured output of the Bowtie analysis directly informs and feeds into the 
HAPRA process, where risk ratings based on likelihood and consequences, can be calculated and 
actionable controls can be assigned to responsible parties.  

4 STEP THREE - OUTCOMES 

The documented risk-based approach to FLS in the construction phase of tunnelling projects has 
provided several key positive outcomes to Projects on which they have been employed. The pri-
mary positive outcome is improved levels of fire safety for the site, using controls that are rea-
sonably practicable. The nominated risk-based assessment approach using Bowtie and HAPRA 
assessments, allows project hazards to be identified, understood and assessed in a systematic fash-
ion. The HAPRA allows both a qualitative and quantitative approach to be adopted to validate the 
risk mitigation controls. The approach improves safety outcomes over other methods by; 
− Improving stakeholders’ understanding of project risks by providing simple visual explana-

tions, e.g. Bowtie structure.  
− Capturing project specific hazard details by engaging workforce/operators inputs to the 

HAPRA analysis process. 
− Demonstrating that risks are reduced SFAIRP by assessing whether control measures that 

could be used to mitigate or prevent risks are reasonably practicable.  
 
A further positive outcome of this process is projects can effectively demonstrate that their 

obligations to Workplace Health and Safety (WHS) legislation have been met.  

5 SUMMARY 

In summary, construction of tunnels are complex, unique, and can possess a relatively high fire 
safety risk profile due to their underground nature; which can inhibit egress and emergency re-
sponse access during fire events. The underground constraints associated with tunnel construction 
meant that compliance-based risk assessments applicable to buildings are not suitable for these 
types of projects, and more suitable processes should be used instead. This paper presents a robust 
risk-based assessment method for assessing and addressing the fire safety risks for these projects 
using a combination of Bowtie and HAPRA analysis. 

Using a risk-based assessment which utilises this combination of Bowtie and HAPRA analyses, 
allows the hazards and risks associated with construction phase works to be clearly communicated 
to all relevant parties. This robust process allows projects to determine which risk control 
measures are deemed ‘reasonably practicable’ to implement. The use of the risk-based assess-
ment methodology allows hazards and risks to be monitored during construction and satisfies the 
projects statutory obligations to reduce safety risks SFAIRP.   

6 REFERENCES 

Hu, L. H., Tang, F., Yang, D., Liu, S., & Huo, R. (2010). Longitudinal Distributions of CO concentration 
and difference with temperature field in a tunnel fire smoke flow. International Journal of Heat 
Mass Transfer, 2844-2855. 

WorkCover NSW 2006 Guide for Tunnelling Work 
 
 

1 INTRODUCTION 

Underground rock openings are typically designed with arch-shaped roofs. However, limited re-
search has explored how different arch geometries influence the engineering behavior of rock 
masses stabilised with reinforcement techniques. Kong et al. (2024) investigated this by construct-
ing various arch-shaped openings under identical ground conditions and in-situ stress fields. Their 
findings revealed that high-rise arches exhibited less deformation than low-rise arches, a result 
that aligns with structural arch theory. 

In terms of structural arch model, the arch distributes uniformly applied loads primarily through 
compression, generating horizontal thrust at its supports. Mikhelson (2004) emphasised that even 
under purely vertical loads, arches develop horizontal reactions, termed “thrust”, denoted as HA 
= HB, as illustrated in Figure 1. As the arch rise decreases, the outward thrust increases, necessi-
tating internal ties or external bracing at the arch abutments to maintain stability. This behavior 
implies that, for a constant span and vertical load, increasing the arch rise reduces deflection and 
horizontal thrust. Conversely, a low-rise arch under the same conditions demands greater hori-
zontal reaction forces at the supports. Thus, high-rise arches give an enhancement of structural 
efficiency, offering a more stable configuration for underground openings. 

The load-carrying capacity of structural arches can be applied to underground rock openings of 
varying arch geometries (Kong et al., 2024). Traditionally, the design of such openings has relied 
on empirical methods (e.g., Terzaghi, 1946; Unal, 1983; Goel & Jethwa, 1991; Barton et al., 1974; 
Osgoui & Ünal, 2009) or numerical simulations to estimate support pressures, particularly at the 
crown. However, most empirical approaches do not account for variations in roof shape. While 
several studies have examined different opening geometries, such as rectangular (Abdellah et al., 
2018; Park et al., 2019), circular (Abdellah et al., 2018; Taghizadeh et al., 2020; Mazraehli & Zare, 

Selection of different arch shapes rock mass opening for 
underground space development – Considering rock support 
pressure requirements and spatial utilisation efficiency  

Keith W.K. Kong 
Sener Australia (formerly Tactix-Sener Group), Melbourne, Victoria, Australia 

Jurij Karlovsek 
School of Civil Engineering, The University of Queensland, St. Lucia, Queensland 

ABSTRACT: A novel investigation has demonstrated that varying rock support pressures are 
required to maintain stable openings in rock masses, depending on the arch shape, specifically the 
roof arch rise-to-span ratio ranging from 0.1 to 0.4. Validated results indicate that optimised Q-
system support pressures can be applied effectively across different arch geometries using rock 
reinforcement techniques. Notably, high-rise arch openings require approximately 19% less sup-
port pressure than low-rise configurations. These findings offer valuable insights for designing 
efficient and stable underground openings across diverse rock mass conditions. To gain deeper 
insight into the cost-benefit differences among various arch-shaped openings using rock rein-
forcement techniques, case studies were conducted comparing the number of rockbolts required 
and the total excavation volume generated. The results offer valuable indicators for underground 
space planners and constructors in selecting optimal opening geometries and support systems. 
This comparative analysis supports informed decision-making by balancing structural efficiency, 
sustainability, and economic viability in underground development projects. 
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2022; Varma et al., 2022), elliptical (Shiau et al., 2022; Taghizadeh et al., 2020; Wang et al., 2023), 
and horseshoe-shaped (Abdellah et al., 2018; Jia & Tang, 2008; Park et al., 2019), these analyses 
typically assume continuum media or infinite jointed rock masses. Critically, few studies have 
focused on how different arch shapes influence rock loading across varied rock mass conditions. 

 

 

Where:  
HA = HB = W·L² / 8f, is horizontal reac-
tion load at bearing point of the arch. 
RA = RB = W·L / 2, is vertical reaction 
load at bearing point of the arch. 

 
Figure 1. Simple arch beam model and equations. 

 
Kong et al. (2025) conducted a parametric desktop study to explore the maximum stable span 

of arch-shaped openings across a range of rock mass conditions. Their findings indicate that open-
ings with rise-to-span ratios between 0.1 and 0.4, when using rock reinforcement technique, ex-
hibit structural behaviors analogous to classical arches. The study demonstrated that different arch 
shapes, even under identical rock mass conditions, result in varying maximum stable spans. Con-
sequently, each arch shape supports different rock loads due to its unique span capacity. 

Building on these findings, a follow-up study was conducted to quantify the load-bearing ca-
pacity of various arch shapes across different rock mass conditions. This research produced prac-
tical design charts that estimate support pressure reductions based on the Q-system (Barton et al. 
1974). Four validation models were simulated to verify the results, confirming that the proposed 
reductions in support pressure for different arch geometries are feasible. A cost-benefit analysis 
was also performed for openings of equal span but differing arch shapes. The analysis offers valu-
able guidance for selecting optimal opening geometries and stabilisation strategies that meet func-
tional, operational, sustainability, and spatial requirements in underground space development. 

2 DETAILED INVESTIGATION 

2.1 Maximum span opening 
Kong et al. (2025) conducted a parametric study using finite element method (FEM) simulations 
to evaluate the maximum feasible span of rock-reinforced caverns under varying geological con-
ditions. The study involved 180 models, incorporating three Geological Strength Index (Hoek 
1994; Hoek et al. 1995; Hoek & Brown 1997; Hoek et al. 1998; Marinos & Hoek 2001; Hoek & 
Brown 2019) values (GSI of 35, 45, 55), three uniaxial compressive strengths (UCS of 35, 70, 
100 MPa), four arch geometries (rise-to-span ratios of 0.1 to 0.4), and five in-situ stress ratios [3, 
2, 1.5, 1.25, as k = 0.5 + (150 / depth) corresponding to depths of 60–300 m, respectively]. Based 
on the simulation results, the authors derived an empirical equation (Equation 1) to estimate the 
maximum stable span for caverns constructed in these conditions. 

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = & !!"#∙#"$∙$%"%%&∙&'(∙'
'
)
*
 (1) 

Where Farc = Roof arch factor, refer to Table 1; Fs = Load-stress factor; refer to Table 2; Erm = 
Rock mass deformation modulus in MPa; I = Moment of Inertia of the “effective bolt length”, 
i.e., (Bolt length – Bolt spacing)³ / 12; Proof = Q support pressure (Barton et al. 1974) in MPa; and 
k = In-situ stress ratio, i.e., horizontal stress / vertical stress. 

In the study by Kong et al. (2025), rock reinforcement techniques were evaluated without in-
corporating a shotcrete protection liner to isolate the effects of rock reinforcement alone. The 
authors noted that including a shotcrete liner would introduce structural beam effects, contributing 
additional support to the excavation. While the primary role of shotcrete is to retain small wedge 
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Where Farc = Roof arch factor, refer to Table 1; Fs = Load-stress factor; refer to Table 2; Erm = 
Rock mass deformation modulus in MPa; I = Moment of Inertia of the “effective bolt length”, 
i.e., (Bolt length – Bolt spacing)³ / 12; Proof = Q support pressure (Barton et al. 1974) in MPa; and 
k = In-situ stress ratio, i.e., horizontal stress / vertical stress. 

In the study by Kong et al. (2025), rock reinforcement techniques were evaluated without in-
corporating a shotcrete protection liner to isolate the effects of rock reinforcement alone. The 
authors noted that including a shotcrete liner would introduce structural beam effects, contributing 
additional support to the excavation. While the primary role of shotcrete is to retain small wedge 

failures between rock bolts, its design principles are beyond the scope of this paper. The investi-
gation focused solely on rock reinforcement performance. 
 
Table 1. Proposed roof arch factor (Farc) of different roof arch geometries for the Equation (1). 

Rise-to-Span Ratio of Arch Arch Factor, Farc 
0.1 19.68 
0.2 34.69 
0.3 41.33 
0.4 43.05 

 
Table 2. Proposed load-stress factor (Fs) for the Equation (1). 

Rock mass of 35 ≤ GSI ≤ 45 Rock mass of GSI = 55 
In-situ Stress k-ratio 

(Depth) Fs In-situ Stress k-ratio 
(Depth) Fs 

1.0 (300 m) 3711.9·Erm -0.715 1.0 (300 m) 1E7·Erm -1.66 
1.25 (200 m) 790.38·Erm -0.578 1.25 (200 m) 148526·Erm -1.24 
1.5 (150 m) 504.25·Erm -0.559 1.5 (150 m) 2255.5·Erm -0.813 
2.0 (100 m) 208.36·Erm -0.485 2.0 (100 m) -9E-5·Erm + 1.9683 
3.0 (60 m) 348.57·Erm -0.584 3.0 (60 m) -0.0001·Erm + 1.984 

 
As outlined in Eq. (1), two rock mass groups, GSI 35–45 and GSI 55, were analysed. Results 

showed that, under identical ground and in-situ stress field conditions, different roof arch shapes 
produced varying maximum stable spans. The probable maximum span increased exponentially 
with the rock mass deformation modulus. Openings in fair quality rock mass (GSI = 55) supported 
significantly larger spans than those in lower-quality strata (GSI 35–45), highlighting the influ-
ence of rock mass quality and arch geometry on excavation stability. 

2.2 Methodology of the current investigation 
In this study, rock support load is estimated as the product of Q-support pressure and the opening 
span. According to the structural arch model and Dinnik’s (1946) critical load theory, an arch’s 
load-carrying capacity is proportional to its span. Kong et al. (2025) demonstrated that, under 
identical rock mass conditions and in-situ stress fields, different roof arch geometries yield vary-
ing maximum stable spans. Among these, the high-rise arch (Arch 0.4, with a rise-to-span ratio 
of 0.4) achieved the largest stable span. 
 

  
Figure 2. Recommended support load improvement factor for opening created in rock masses GSI 35–45 
ground conditions. (a) Arch 0.3 opening. (b) Arch 0.4 opening. 

 
To initiate the investigation into support pressure variations across arch shapes, a standard arch 

geometry with a rise equal to one-fifth of the span (Arch 0.2), as recommended by GEO (2018), 
was selected as the baseline for Q-support pressure. Using Eq. (1), the span differences between 
Arch 0.2 and Arch 0.3, and Arch 0.2 and 0.4 were expressed as fractions, representing relative 
load capacities. This ratio is termed the “Support Load Improvement Factor” for determining the 
Q-support pressure reduction. Results for Arches 0.3 and 0.4 are presented in Figure 2 (above) 

(a) (b) 
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and Figure 3 (below) for two rock mass groups of GSI 35–45 and GSI 55, corresponding approx-
imately to Q-values of 0.2–1 and 4, respectively. It can be found that the Support Load Improve-
ment Factor of Arch 0.1 is less than 1.0 because its opening span is smaller than Arch 0.2 opening 
(i.e. the base case) under the same rock mass conditions. These results are shown in Figure 4. 

  
Figure 3. Recommended support load improvement factor for opening created in rock masses GSI = 55 
ground conditions. (a) Arch 0.3 opening. (b) Arch 0.4 opening. 
 

  
Figure 4. Support load improvement factor for Arch 0.1 opening created in a range of rock masses condi-
tions. (a) opening created in rock masses GSI 35–45. (b) opening created in rock mass GSI = 55. 

2.3 Findings 
The investigation revealed that in poor rock mass conditions (GSI 35–45) with low rock mass 
deformation modulus, adopting alternative arch geometries can significantly reduce the required 
Q-support pressure. For example, using an Arch 0.3 shape instead of Arch 0.2 results in a support 
load reduction of at least 4.8%, calculated as ‘1 - 1/Support Load Improvement Factor’. For Arch 
0.4, the reduction increases to approximately 5.7%. As the rock mass deformation modulus in-
creases to 7.5 GPa, and under in-situ stress field conditions of k ≥ 1.5 (i.e., depths within 150 m), 
the required support pressure reductions rise to 9.5% and 12% for Arches 0.3 and 0.4, respec-
tively. In media with a rock mass deformation modulus of 7.5 GPa and lower in-situ stress (k = 
1.25 and 1.0, corresponding to depths of 200 m and 300 m), the reductions for Arch 0.3 range 
from 6.1% to 5.2%, and for Arch 0.4 from 7.8% to 5.7%. 

In fair rock mass conditions (GSI = 55) with rock mass deformation modulus ≥ 4.5 GPa, more 
substantial reductions are observed. For Arch 0.3, support pressure savings range from 5.7% to 
12.3% across in-situ stress fields from k = 1.0 to ≥ 1.5 respectively. Arch 0.4 offers even greater 
reductions, from 6.1% to 14.2% respectively. When the rock mass deformation modulus increases 
to 14.5 GPa, reductions converge to approximately 15.3% and 18.7% for Arches 0.3 and 0.4, 
respectively, regardless of in-situ stress conditions. 

Conversely, an Arch 0.1 opening designed to match the maximum span of Arch 0.2 requires 
significantly more support due to its lower structural stiffness when using the same rockbolt pat-
tern. However, if Arch 0.1 is constructed within its permissible span using reinforcement tech-
niques, the Q-system (Barton et al. 1974) remains valid for estimating support pressure. 

 
 

(a) (b) 

(a) (b) 
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(a) (b) 

(a) (b) 

3 VALIDATION OF THE PROPOSED SUPPORT PRESSURE IMPROVEMENT 

Original Arch 0.2 openings examined in the Kong et al. (2025) study were used as reference cases 
to validate the proposed Q-system support pressure reductions for Arches 0.3 and 0.4. The veri-
fication employed the RS2 (Rocscience, 2021), incorporating three main joint sets in a parallel 
deterministic pattern, consistent with Kong et al. (2025). Joint network configurations followed 
recommendations by Kong & Karlovsek (2024), yielding results closely aligned with field mon-
itoring data. Opening stability was assessed using the Roof Sagging Ratio (RSR) criterion, where 
RSR > 0.50% indicates instability, as defined by Zhang & Mitri (2008), Abdellah (2015), and 
Abdellah et al. (2022). Input parameters for Models 1 and 2 are summarised in Table 3, with 
simulation outcomes illustrated in Figure 5. 

 
Table 3. Parameters used for the original Arch 0.2 models from Kong et al. (2025). 

Model GSI Rock Mass 
Deform. Mod. 

Support 
Pressure 

Bolt 
Spacing 

Bolt 
Length 

Depth of 
Opening 

Opening 
Span 

1 35 2.78 GPa 395 kPa 0.71 m 3.05 m 60 m 7 m 
2 55 12.25 GPa 126 kPa 1.26 m 4.25 200 m 15 m 

 

  
(a) Original Model 1 with Arch 0.2 (b) Original Model 2 with Arch 0.2 

Figure 5. Simulation results for original Arch 0.2 models extracted from Kong et al. (2025). 
 
In this validation study, the support load improvement factors for Arches 0.3 and 0.4 were 

derived from Figures 2 and 3, corresponding to basic Models 1 and 2, respectively. Verification 
results for these arches, developed under the conditions of Models 1 and 2, are summarised in 
Table 4 and presented in Figures 6 and 7.  
 
Table 4. Comparison of validation results for Arch 0.3 and Arch 0.4 with original Arch 0.2 models. 

Model 
Original Arch 0.2 Arch 0.3 Arch 0.4 

F Proof D RSR% F Proof D RSR% F Proof D RSR% 
1 1 395 30 0.429 1.055 374.3 30 0.429 1.06 372.5 29 0.414 
2 1 126 70 0.467 1.11 113.5 72 0.480 1.14 110.5 72 0.480 

Notes: Proof = Q-support pressure in kPa; D = Roof deformation at opening, in millimeters; F = Support 
Load Improvement Factor obtained from Figures 2 or 3; RSR% = Roof sagging ratio in percentage.  
 

All results confirm the stability of the openings based on the RSR criterion, with less than 0.5% 
RSR detected. The difference in roof deformation (RSR%) between the baseline Arch 0.2 and 
Arches 0.3 and 0.4 remains below 3.5%. These findings validate the proposed Q-support pressure 
improvements for Arches 0.3 and 0.4 under the two rock mass conditions. 
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(a) Model 1 – Arch 0.3 (b) Model 1 – Arch 0.4 

Figure 6. Validation models for Arches 0.3 and 0.4 created under identical conditions as Model 1. 
 

  
(a) Model 2 – Arch 0.3 (b) Model 2 – Arch 0.4 

Figure 7. Validation models for Arches 0.3 and 0.4 created under identical conditions as Model 2. 

4 COST BENEFIT COMPARISON AMONG DIFFERENT ARCH SHAPES OPENING 

Several countries and regions including Australia (ATS 2024), Hong Kong (GEO 2018), Scandi-
navia (NGI 2015), Singapore (LTA 2019), the US (NHI 2009), and the UK (BTS & ICE 2004) 
recognise the Q-system for estimating support in arch-shaped rock mass openings. However, the 
current investigation reveals that different arch geometries require varying support pressures, 
even under identical ground conditions and spans. Notably, high-rise arches demand less support 
than the baseline Arch 0.2. Consequently, rockbolt spacing must be adjusted accordingly when 
using bolts of equal capacity. A cost-benefit comparison, considering rockbolt usage and excava-
tion volume, was conducted for Arches 0.2, 0.3, and 0.4, using Models 1 and 2 as baselines. 
Detailed results are presented in Table 5. 

Table 5 presents a comparative analysis of Models 1 and 2 under two scenarios. In Case 1, 
where full arch void utilisation is considered, such as in multi-lane road tunnels, the high-rise 
Arch 0.4 opening demonstrates advantages over the baseline Arch 0.2. It requires fewer rockbolts 
and results in reduced excavation volume due to lower support demands and wider bolt spacing. 
However, in Case 2, where wall height is the primary constraint, typical of underground power-
houses, the arch void offers limited spatial benefit. Here, high-rise arch openings may lead to 
increased rockbolt usage and greater excavation volume compared to Arch 0.2. 

This cost-benefit comparison provides practical guidance for underground space designers, 
emphasizing the importance of aligning opening geometry with functional, spatial utilisation, and 
economic considerations. 
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using bolts of equal capacity. A cost-benefit comparison, considering rockbolt usage and excava-
tion volume, was conducted for Arches 0.2, 0.3, and 0.4, using Models 1 and 2 as baselines. 
Detailed results are presented in Table 5. 

Table 5 presents a comparative analysis of Models 1 and 2 under two scenarios. In Case 1, 
where full arch void utilisation is considered, such as in multi-lane road tunnels, the high-rise 
Arch 0.4 opening demonstrates advantages over the baseline Arch 0.2. It requires fewer rockbolts 
and results in reduced excavation volume due to lower support demands and wider bolt spacing. 
However, in Case 2, where wall height is the primary constraint, typical of underground power-
houses, the arch void offers limited spatial benefit. Here, high-rise arch openings may lead to 
increased rockbolt usage and greater excavation volume compared to Arch 0.2. 

This cost-benefit comparison provides practical guidance for underground space designers, 
emphasizing the importance of aligning opening geometry with functional, spatial utilisation, and 
economic considerations. 

 
 

Table 5. Constructability comparison among Arches 0.2, 0.3 and 0.4 openings. 
Model 1 (GSI = 35) and Cavern Span = 7 m  Model 2 (GSI = 55) and Cavern Span = 15 m 

Aspect of Interest Arch 
0.2 

Arch 
0.3 

Arch 
0.4 

 Aspect of Interest Arch 
0.2 

Arch 
0.3 

Arch 
0.4 

Arch Rise (m) 1.4 2.1 2.8  Arch Rise (m) 3 4.5 6 
Arch Void Area, m² 7.7 11.6 15.4  Arch Void Area, m² 35.3 53.0 70.7 
Arch Void % Diff - 50.0 100.0  Arch Void % Diff - 50.0 100.0 
No. of Roof Bolts 11 13 13  No. of Roof Bolts 14 15 15 
Bolts Spacing (m) 0.71 0.73 0.73  Bolts Spacing (m) 1.26 1.33 1.35 
Case 1 
Clear Opening Height* 7 7 7 

 Case 1 
Clear Opening Height* 15 15 15 

No. of Wall Bolts 16 12 12  No. of Wall Bolts 18 16 14 
Total of Bolts 27 25 25  Total of Bolts 32 31 29 
X-sect. Area of Open-
ing, m² 46.9 45.9 44.8  X-sect. Area of Open-

ing, m² 215.3 210.5 205.7 

X-sect.  Area % Diff - -2.2 -4.5  X-sect. Area % Diff - -2.2 -4.5 
Case 2 
Fixed Wall Height# 5.6 5.6 5.6 

 Case 2 
Fixed Wall Height# 12 12 12 

No. of Wall Bolts 16 16 16  No. of Wall Bolts 20 18 18 
Total of Bolts 27 29 29  Total of Bolts 34 33 33 
X-sect. Area of Open-
ing, (m²) 46.9 50.8 54.6  X-sect. Area of Open-

ing, (m²) 215.3 233.0 250.7 

X-sect. Area % Diff - 8.2 16.4  X-sect. Area % Diff - 8.2 16.4 
* denotes the overall height measured from invert to crown.   
# denotes the height of the wall, measured from invert to bearing point of arch, i.e. the shoulder of the opening. 

5 DISCUSSIONS AND CONCLUSIONS 

The findings of this study demonstrate that arch-shaped openings require varying support pres-
sures to maintain stability, even under identical ground conditions and spans. In better-quality 
rock masses with greater rock mass deformation modulus, high-rise arch openings demand up to 
18.7% less support pressure than the baseline Arch 0.2 configuration that is estimated using the 
Q-system. This reduction translates to fewer rockbolts required for stabilisation due to decreased 
support loads and wider bolt spacing. 

For openings exceeding the permissible span limits, a hybrid support system combining pat-
terned rockbolts with concrete or shotcrete lining, is necessary to enhance lining stiffness and 
ensure structural stability. 

Rock reinforcement remains a cost-effective and sustainable solution for underground devel-
opment. This study presents a cost-benefit comparison across different arch geometries, offering 
valuable insights for designers and developers. The results support the selection of opening shapes 
that balance sustainability, functionality, spatial utilisation, and economic viability. 

It is important to note that this study focused on two rock mass groups under specific conditions. 
Therefore, extrapolation beyond these parameters should be approached with caution. Further re-
search is recommended to address these limitations and expand the applicability of the findings. 
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