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Abstract

Non-invert tunnels are often chosen to reduce initial construction costs compared to circular tunnels, but they frequently
require expensive maintenance. Despite their widespread use, limited research has quantified the differences in material
requirements (steel and concrete) between these two designs. This study compares the internal forces and material demands
of circular and non-invert tunnels using centrifuge model tests and numerical analysis. A combined approach using 40g
centrifuge testing and parametric analysis in OPTUM G2 assesses bending moments, lining shear forces, and shear stress
distributions. Three tunnel diameters (9 m, 12 m, and 16 m) are analyzed across depth ratios (H/D = 10, 7, 5, and 1),
covering eight reinforced concrete lining designs. Results show that circular tunnels have more uniform stress distributions
in the lining and surrounding soil, leading to lower bending moments and shear forces. In contrast, non-invert tunnels
exhibit stress concentrations near the lower fulcrum corners and spring line. Due to their uniform stress distribution,
circular tunnels become more material-efficient than non-invert at greater depths and larger diameters, reducing steel use
by up to 36% despite requiring up to 19% more concrete. Non-invert tunnels, however, use less material at shallow depths,
saving up to 14% in steel and 23% in concrete.

Keywords: Centrifuge Model Tests; Numerical Analysis; Circular Tunnel Section; Non- Invert Section.

1. Introduction

Tunnel design decisions often prioritize short-term economics, contributing to the widespread use of non-invert
geometries (tunnels constructed without reinforced concrete inverts), despite documented evidence of their higher
maintenance costs. While circular tunnels are widely recognized for their structural efficiency, non-invert designs remain
common in initial construction due to perceived savings in excavation and lining materials. However, the difference in
internal forces between these tunnel types, particularly in terms of bending moments and shear forces in the lining, and
their direct impact on steel and concrete quantities have not been systematically investigated. To address this gap, this
study conducts a parametric analysis using centrifuge and numerical modelling to quantify how variations in the depth-
to-diameter (H/D) ratio affect structural behavior and material demand in both tunnel configurations.

Previous studies have demonstrated that non-invert tunnels are prone to deformation under environmental stresses,
including swelling, squeezing ground conditions, and water-induced pressure. These deformations frequently necessitate
repair measures such as rock bolting, invert installation, or even new tunnel construction leading to elevated maintenance
costs and operational disruptions. A notable example is the Tenjin Yama Tunnel, where initial rock bolts failed to
mitigate swelling, ultimately requiring the installation of a concrete invert. To prevent traffic interruption affecting
30,000 vehicles per day, a parallel tunnel had to be constructed first [1]. Research demonstrates that installing inverts
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plays a critical role in stabilizing non-invert tunnels by mitigating floor swelling effects [2—7]. Asakura & Kojima [8]
further emphasized this necessity, showing that inverts are essential for controlling heave in squeezing ground
conditions. Expanding on these findings, Huang et al. [9] recommended specific design measures proposing invert arch
depths of 60 cm for moderate deformation zones and 110 cm for severe zones. Inverts also contribute to enhanced
seismic resilience and reduced deformation to emphasizing their essential function in achieving tunnel durability [10—
12]. Ground rock bolts play an important role in the non-invert tunnel stability in resisting hydrostatic uplift, presented
in the Burnley Tunnel case, which required 5,200 anchors to maintain stability against upward water pressure [13].
Besides, it was used in the weak fracture zone of the Dongmachang Tunnel No. 1 [14].

In contrast, circular tunnels exhibit superior performance due to uniform stress distribution, dynamic load resistance,
and hydraulic stability. Saraswat & Maheshwari [15] concluded that circular tunnels have the highest structural
resilience under both static and seismic loads owing to their symmetrical shape which avoids stress concentrations that
commonly occur in horseshoe or D-shaped tunnels. Ng et al. [16] illustrated that circular tunnels develop 70% lower
bending strain (38 ue vs. 130 ue) and reduced excavation-induced deformation versus horseshoe shapes, due to efficient
hoop stress distribution.

Further studies underscore the benefits of circular geometry in complex geological conditions. Ma et al. [17]
emphasized the necessity of adopting a circular tunnel cross section in weak interlayered rock strata particularly in
contrast to non-invert geometries which exhibited greater instability. Dang et al. [18] confirmed the structural reliability
of circular tunnels across a range of rock mass classifications, noting minimal radial displacement compared to
alternative shapes. Lopez Ochoa [19], using finite element analysis, found that tunnels without an invert arch exhibited
nearly twice the displacement and significantly higher bending moments compared to tunnels with a continuous lining.
In terms of hydraulic behavior, Farhadian & Gholami [20] found that circular tunnels consistently exhibited the lowest
groundwater inflow and the widest influence radius, outperforming horseshoe, D-shaped, rectangular, and irregular
hexagon tunnels. Han et al. [21] found that circular tunnels demonstrate superior stress distribution that reduces strength
loss by approximately 23-50% compared to square or elliptical shapes while minimizing crack formation and efficiently
transferring loads under both dynamic and static conditions. Nie et al. [22] also noted that circular and elliptical tunnels
exhibit superior dynamic stability characterized by minimal stress concentrations and controlled crack propagation. On
the other hand, rectangular tunnels performed worse due to shear failures at the corners.

Taken together, prior research yields two key insights:

¢ Non-invert tunnels are more vulnerable to ground deformation, floor heave, hydrostatic pressure, and dynamic
loading, all of which elevate maintenance costs, as exemplified by the Tenjin Yama Tunnel, which required the
installation of a new tunnel [1].

o Full circular tunnel sections offer superior structural performance through more uniform stress distribution,
reduced internal forces, and enhanced stability under static-, dynamic-, and hydraulic-loading conditions.

Despite the demonstrated advantages of circular tunnels, non-invert designs remain prevalent in practice due to
perceived cost savings. However, their open-bottom geometry generates stress concentrations that produce higher
bending moments and internal forces than circular designs [15, 19], typically requiring thicker linings and increased
steel reinforcement. In contrast, circular tunnels provide greater durability efficiency yet requiring larger cross. A critical
gap remains uninvestigated in systematic comparisons of these tunnel types regarding both structural performance and
material requirements (concrete and steel quantities).

To address this gap, this study combines centrifuge model testing, numerical simulation, and parametric analysis.
Two scaled tunnel models, a full circular section and a non-invert section, are tested under identical conditions in a
geotechnical centrifuge. Strain gauges were placed at the crown, shoulder, and springline to measure internal forces and
deformation. This approach has been widely applied in prior studies investigating tunnel-soil interaction employing
centrifuge modelling [23-25]. The physical modelling results are validated and extended through finite element analysis
using OPTUM G2, allowing exploration of soil-structure interaction beyond experimental limitations. A subsequent
parametric study examined the influence of varying H/D ratios on lining forces and cost efficiency, comparing material
demands to identify conditions under which circular designs offer economic advantages. The research workflow is
illustrated in Figure 1.

/ Centrifuge model test \ Gumer‘ica[ simulation (OPTUM Glh / Parametric study \
1- Pre.p are two tu_nnel models: 1- Develop numerical modeling 1- Evaluate effects of H/D =10, 7, 5, and 1
- circular section framework 2- Analyze internal forces:
- Non-invert section 2- Calibrate model with centrifuge ]| - Bendingmoment - shear force
2- Install strain gauges at: Lo model results 3- Compare steel and concrete quantity
- Crown, shoulder, and springline 3- Analysis soil- structure interaction across H/D ratios in discission section.

3- Test under identical condition \ j \ /

Figure 1. Study Workflow: Experimental, Numerical, and Parametric Tunnel Analysis
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The remainder of this paper is organized as follows. Section 2 describes the centrifuge modelling methodology and
experimental setup used to compare circular and non-invert tunnel sections. Numerical analysis in Section 3 covers the
modelling framework validation procedures and key findings on soil-structure interaction. A parametric study in Section
4 evaluates geometry and depth effects on tunnel performance. Section 5 presents the main structural behavior findings
and quantifies steel and concrete requirements. Sections 6 and 7 present the conclusions and study limitations.

2. Centrifuge Model Test

Centrifuge model testing was used to replicate full-scale tunnel behavior under controlled laboratory conditions by
applying the principle of similitude. Increased gravitational acceleration (40g) was used to ensure identical stress states
between the scaled model (1:N) and the prototype. This approach preserves key dimensionless relationships, as
summarized in Table 1, enabling accurate simulation of soil-structure interaction mechanisms. Strain gauges were
positioned at critical tunnel sections including the crown, shoulder, and springline to measure internal forces and capture
detailed data on stress redistribution.

Table 1. Centrifuge model scale factors

Physical Parameters Model/Prototype
Length 1/40
Acceleration 40
Stress 1
Strain 1
Force 1/40?
Moment 1/40°

The experimental setup used a centrifuge apparatus developed at the University of Tokushima as shown in Figure 2
with an effective radius of 1.55 meters. The system is capable of generating up to 100g acceleration and supporting
loads up to 40 g-tons. It includes an integrated data acquisition system for real-time monitoring of both structural and
soil responses. An aluminium model container measuring 45 cm in length, 20 cm in width, and 35 cm in depth was used
to maintain structural integrity under high centrifugal forces.

Figure 2. Centrifuge model testing at Tokushima University

Two centrifuge experiments are conducted to compare the structural response of circular and non-invert tunnel
sections. Both tests were performed under identical conditions including uniform soil properties, boundary conditions,
and model configurations to ensure a valid basis for comparison.

2.1. Tunnel Lining Materials

The tunnel lining is modeled using Unplasticized Polyvinyl Chloride (UPVC), selected for its flexibility and
durability which enhances accuracy and reduces the risk of damage during testing. To simulate a non-invert tunnel, a
model was constructed with dimensions of 6 cm in diameter, 4.5 cm in height, 20 cm in length, and 4 mm in thickness.
This corresponds to a prototype tunnel with a diameter of 2.4 m, a height of 1.8 m, and a wall thickness of 16 cm, based
on a 40g scaling factor. As shown in Figure 3-a, the non-invert tunnel model was supported by two small steel plates
positioned at the ends of the lining, each measuring 20 cm in length, 1 cm in width, and 0.5 mm in thickness,
corresponding to 40 cm in width and 2 cm in thickness at prototype scale. The circular tunnel section model, shown in
Figure 3-c, had a diameter of 6 cm, a length of 20 cm, and a thickness of 4 mm, representing a prototype tunnel with a
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diameter of 2.4 m and a wall thickness of 16 cm under the same scaling factor. The material properties of the UPVC
tunnel lining and the steel support plates are described in the numerical analysis section.

s
4.5cm

(b) (d)

Figure 3. (a) UPVC non-invert tunnel, (b) Strain gauge positions on non-invert tunnel, (c) UPVC circular tunnel, (d) Strain
gauge positions on circular tunnel

Six strain gauges are installed on the inner and outer surfaces of the non-invert tunnel at the crown, shoulder, and
spring point on the left half of the model. In the circular tunnel section strain gauges are placed at the same locations to
enable a direct comparison of strain responses between the two tunnel types. This setup allows for a comprehensive
analysis of tunnel—soil interaction and provides insight into the structural behavior of each tunnel type under loading
conditions. The strain gauge positions for both models are shown in Figure 3-b and Figure 3-d, where CR, SH, and SP
denote the crown, shoulder, and spring point, respectively.

2.2. Model Preparation

Although non-invert tunnels are typically constructed in hard rock formations, modelling rock behavior at small
scale presents significant challenges in centrifuge testing. To address this limitation dry silica sand No. 6 was selected
as the surrounding soil medium due to its well-documented mechanical properties, ease of handling, and high
reproducibility in physical modelling. This approach aligns with Shibayama et al. [26], who employed a non-invert
tunnel model embedded in dry sand No. 6 to investigate tunnel behavior under shear deformation in soft soils.

Soil stiffness plays a critical role in influencing load transfer between the surrounding ground and the tunnel lining.
In soft soils with a low elastic modulus, such as dry sand, a greater proportion of the structural load is carried by the
tunnel lining due to the limited self-support capacity of the surrounding ground. In contrast, stiffer soils facilitate more
effective load-sharing through the mechanism of soil arching, thereby reducing the stress imposed on the lining. This
phenomenon becomes particularly significant in shallow tunnels, where the reduced overburden height limits the
development of soil arching and amplifies the system’s sensitivity to variations in soil stiffness [27]. The physical
properties of Silica Sand No. 6 and its grain size distribution are shown in Table 2 and Figure 4, respectively.

Table 2. Physical Properties of Silica Sand No. 6

Property Value
Specific gravity: ps (g/cm3)  2.644
Maximum void ratio: emax ~ 0.991

Minimum void ratio: emin 0.658

D1o (Mmm) 0.131
Dgo (Mm) 0.185

— 100
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0.05 0.25 1.25

Grain size (mm)

Figure 4. Grain size distribution curve of silica sand No.6
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To achieve homogeneous soil conditions, the sand was placed in the container using the air pluviation method which
enables controlled and uniform density distribution. The sand was poured from a height of 80 cm, resulting in a relative
density of approximately 80%, following the procedure outlined by Ueno [28]. This method minimizes particle
segregation and compaction variability, thereby promoting uniform stress conditions during centrifuge loading. The
non-invert tunnel model was positioned 17.5 cm from the container base, equivalent to more than three times the tunnel
height, while the circular tunnel model was placed at a depth of 16 cm, corresponding to 2.67 times its diameter. Both
models were installed with at least three tunnel diameters of clearance from the left and right container boundaries, and
one diameter from the top. The dimensions of both models are shown in Figures 5-a and 5-b.

(@) Non-invert model dimension (b) Circular model dimension

Figure 5. Non-invert and circular tunnel models dimensions

2.3. Gauges Measurements and Validation

To evaluate the structural response of the tunnel lining under centrifuge loading, strain gauges are installed at key
locations along the tunnel profile, including the crown (Cr), shoulder (Sh), and springline (Sp). These gauges record
strain variations and provide insights into the strain distribution around the lining. The centrifuge acceleration was
incrementally increased from 5g to 10g, 20g, 30g, and finally 40g as illustrated in Figures 6-a and 6-b. The measured
strain values show a progressive increase with rising acceleration, peaking at 40g. At this acceleration the final data
analysis is conducted. The recorded strain values for both the non-invert and circular tunnel sections at 40g are
summarized in Table 3.

250 40g 150 10
200 - 300 Sp-lnn 0g : Cr-Out
150 i ——— Sp-Out 100 4 = Sp-Inn
] 20 = Cr-Out 20g Cr-Inn
B 1004 10¢ ——Cr-Inn = 50 i log ~——— Sh-Inn
5 50 5 ———Sh-Out e Sg ——— Sp-Out
g 0] -t ——Sh-Inn o 0+ = Sh-Out
E -50 £ %0
% -100 - 7
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o —250 =}
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-300 -200 4
-350 4
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-400 T T T T T T T T T
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T T T T T
350 400 450 500 550 600

Measurment time (sec) Measurment time (sec)
(a) Non-invert tunnel Strain gauge values (b) Circular tunnel Strain gauge values

Figure 6. Non-invert and circular tunnels Strain gauge values

Table 3. Non-invert and circular tunnel Strain gauge values at 40 g

Tunnel Sp-Out Sp-Inn Sh-Out  Sh-Inn Cr-Out  Cr-Inn
Non-invert tunnel (micro strain) 203.86 -361.13 -83.48 -50.48 -199.98 60.18
Circular tunnel (micro strain) 66.01 -217.54 -27.18 -79.60 -244.64 130.08

The results indicate that the non-invert tunnel experience higher strain concentrations at the springline compared to
the crown and shoulder. The peak tensile strain is recorded at the exterior of the spring point (+203.86 pe), while peak
compressive strain occurs at the interior (-361.13 pe), indicating localized bending at the spring point corners, which are
known structural weak points in non-invert geometries. The resulting strain differential (A564.99 pe) highlights a
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location where the tunnel lining bends the most. All measured strain values remained well below the yield strain of
UPVC, which is approximately 1000 pe.

In contrast, the circular tunnel, which includes a continuous lining with an invert, exhibits a more symmetric and
balanced strain distribution. Peak tensile strain is observed at the inner crown (+130.08 pg) and peak compressive strain
at the outer crown (-244.64 pe), resulting in a smaller strain differential (A374.72 pe) compared to non-invert tunnel.
The uniform strain pattern indicates that the circular tunnel remained within the elastic range of UPVC and displays
stable ring compression behavior, characteristic of well-confined tunnel structures under symmetric loading.

To validate the centrifuge model results, a numerical analysis is conducted by calculating bending moments along
the tunnel lining. The moment is determined using Equation 1 derived from strain readings at key locations (crown,
shoulder, and springline), and compared with numerical simulation results.

M= (Eouter;ainner) x ExI (1)

c

In this equation, €,,:er and ;10 represent the outer and inner surface strains respectively. E denotes the modulus
of elasticity (taken as 3 MPa), | is the moment of inertia, and c is the distance from the neutral axis to the outermost
surface. The moment distributions for both tunnels obtained from the centrifuge model (C.M.) are illustrated in Figure
9 (in Section 3.4.) and exhibit a close comparison with the numerical analysis findings.

3. Numerical Analysis
3.1. Model Dimensions

A two-dimensional elastoplastic model employing the Mohr—Coulomb failure criterion is developed using OPTUM
G2 software [29]. The analysis is based on a 40g centrifuge scaling system, where the physical model dimensions were
45 cm in width and 28 cm in height. Accordingly, the numerical model is scaled to 18 m in width and 11.2 m in height.
Under the same scaling conditions, the tunnel is modelled with a diameter of 2.4 m, a lining thickness of 16 cm, and an
overburden depth equal to one tunnel diameter 2.4 m. The steel support plates at the tunnel base are modelled with a
width of 0.4 m and a thickness of 2 cm.

3.2. Input Parameters

The UPVC tunnel lining and the steel support plates are modeled using plate elements in OPTUM G2 under plane
strain conditions. The tunnel lining is assigned mechanical properties representative of UPVC [30] with a thickness of
16 cm. The steel plates, placed at the tunnel base, are modeled as fixed plate elements with a thickness of 2 cm. Input
parameters for both the lining and the steel plates are calculated using standard equations for plate elements and values
provided in the OPTUM G2 manual based on Parameter Set B. In this model, b = 100 cm represents the unit width of
the plate, and ¢ is the actual thickness of the lining or plate as shown in Figure 7. The geometric properties including
sectional area A, weight per unit length w, material density p, plastic section modulus s, and moment of inertia I, are
determined using the following equations.

A=b-t )
w=A-p (©)
S=1/4.b- 2 Q)
1=1/12.b-t3 ®)
as B
N b =100 cm

>
x

Figure 7. Plate element geometry in OPTUM G2
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The calculated values for the UPVC tunnel lining and the steel support plates are summarized in Table 4.

Table 4. UPVC Tunnel lining and Steel Support Properties

Property UPVC lining Steel support Plates
Young's Modulus, E (MPa) 3000 200000
Yield Strength, 60 (MPa) 50 205
Weight, w (kg/m) 224 150
Sectional Area, A (cm2/m) 1600 200
Plastic Section Modulus (cm3/m) 6400 100
Moment of Inertia, I (cm* /m) 34133 66.67

Since the experimental relative density is approximately 80%, the soil was classified is medium to dense sand. The
Mohr—Coulomb soil properties corresponding to medium sand available in the default material library of OPTUM G2
are used in the numerical analysis. The material properties of dry silica sand No. 6 are summarized in Table 5 and show
close agreement the properties reported in Shibayama et al. [26].

Table 5. MC Sand Properties

Property Value
Unit Weight, yg,,, (KN/m?) 16
Poisson's Ratio, v 0.25
Friction Angle, ¢ ° 35
Dilation Angle, y °© 5
Young's Modulus, E (MPa) 35

3.3. Boundary, Mesh, and Analysis Stages

Standard boundary conditions are applied by assigning roller supports along the vertical boundaries and pinned
supports along the horizontal boundaries of the model domain. A refined mesh is generated around the tunnel lining and
the steel support plates to improve numerical accuracy. Figures 8-a and 8-b illustrates the mesh and the dimensions of
the numerical models.

18m P 18m -
Depti=t tumnel | | 1 IS Dot |
- diameter 2.4m % VAV, ~diameter 2.4m - ||:
_Steel plates s T
= g 5
| ool WAVAVAVAVAVAVAVAS "4 < T B I S > o ZAVAVAVAVAVAVAN ¥l VAVAVAVAVAY ]
..... ] o ||
VAVA VAYAVAVAVAVAVA  AVAVAVAVAVAVAVAVAVAVAVAVAN INR. | VAVAVAYAVAVAVAYA b AVAVAVAVAVAVAVAVAVAVAVAYS
(@) Non-invert tunnel numerical model (b) Circular tunnel numerical model

Figure 8. Non-invert and circular tunnels numerical models’ dimensions
The simulation is carried out in three sequential stages to replicate the tunnel construction process and evaluate the
development of internal forces within the tunnel lining:

e Stage 1- Initial Setup: The numerical model is configured by defining the geometry and generating the mesh.
Material properties are assigned to the soil, tunnel lining, and support plates, followed by setting boundary
conditions and computing the initial stress state.
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e Stage 2 — Excavation: Tunnel excavation simulated by removing the soil elements within the tunnel zone.
Temporary full support applied along the excavation boundary to maintain stability during this phase.

e Stage 3 — Lining Installation: After excavation, the temporary support removed, and the permanent tunnel lining
was introduced as a plate element along the tunnel perimeter. The elastoplastic analysis was then carried out to get
the result of tunnel lining forces and soil—structure interaction effects.

3.4. Numerical Analysis Results

The numerical analysis compares the structural performance of circular and non-invert tunnel sections, focusing on
bending moments, shear forces, and soil shear stress. These two configurations provide valuable insights into the
distribution of internal forces and stress concentrations, highlighting key differences in structural behavior. Achieving
a uniform distribution of bending moments and shear forces is essential for efficient tunnel lining design. Balanced
internal forces enable symmetrical reinforcement layouts, which simplify construction and reduce material costs. This
uniformity also minimizes stress concentration, improves crack control, and enhances durability [31-34].

Figures 9-a and 9-b illustrates the bending moment distributions in both tunnel types. In the circular tunnel, positive
moments peak at the crown 2.12 kNm/m, while negative moments reach —1.88 kNm/m at the springline. This relatively
balanced distribution around the tunnel circumference simplifies the design process by reducing moment variability. In
contrast, the non-invert tunnel which lacks structural continuity at the invert exhibits greater moment variation. Positive
moments peak at the crown 1.10 kNm/m, while negative moments reach —3.17 kNm/m at the springline. This pattern
aligns with the findings of Lopez [19], who reported maximum moment concentrations between the fulcrum corners
and spring point in non-invert tunnels, attributing it to the absence of the invert.

4.85
3.79 I
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1.67
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-3.60
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(a) Circular Tunnel moment distribution (b) Non-invert moment distribution (c) Circular tunnel shear distribution
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Figure 9. Bending moment, shear force, soil shear stress distribution, and vertical displacement for circular and non-invert
tunnels

Figures 9-c and 9-d shows the shear force distributions. In the circular tunnel, shear force is distributed relatively
uniformly along the lining, with a maximum value of approximately 4.85 kN/m. This symmetrical pattern indicates a

2196



Civil Engineering Journal Vol. 11, No. 06, June, 2025

balanced structural response. In contrast, the non-invert tunnel displays concentrated shear forces near the lower fulcrum
corners, with a peak of 9.11 kN/m, which is nearly double that of the circular configuration. This underscores the effect
of the missing invert on stress concentration.

Figures 9-e and 9-f presents the soil shear stress distributions. In the circular tunnel, shear stress, defined as the
component acting on a plane normal to the x-axis in the y-direction, is symmetrically distributed around the
circumference with values reaching up to 10.65 kPa. This balanced stress field promotes structural stability and prevents
localized deformation. In contrast, the non-invert tunnel exhibits a more uneven stress distribution, with shear stress
concentrations near the springline and fulcrum corners, reaching 31.13 kPa, which is nearly three times higher than in
the circular tunnel. This finding is consistent with Zeng et al. [35], who noted that stress is highest at corners and sharp
transitions in tunnels with irregular shapes, such as D-shaped tunnels.

Figures 9-g and 9-h presents the vertical displacement patterns for both tunnel types. The circular tunnel section
exhibits a more stable upper surface, whereas the non-invert section shows noticeable settlement, particularly above the
tunnel crown. Although the maximum vertical displacement in the non-invert configuration is relatively small
(0.0014 m), it reflects a higher tendency for surface settlement compared to the circular tunnel. Both geometries exhibit
soil heave at the invert level. However, the non-invert section experiences 3.5 times greater heave (0.0073 m vs.
0.0021 m). These results highlight the critical role of continuous lining in the circular design for controlling deformation
and reveal the inherent susceptibility of open-invert configurations to base heave due to reduced structural continuity.

Overall, the circular tunnel section demonstrates superior structural performance due to its uniform distribution of
bending moment, shear force, soil shear stress, and vertical displacement, reducing the need for additional reinforcement.
In contrast, the non-invert tunnel requires greater reinforcement to address higher moments and shear concentrations
and localized stress, which may lead to increase maintenance demands.

4. Parametric Study

The parametric study used to evaluate the structural performance of tunnels with varying sizes and depths,
specifically to determine the conditions under which a full tunnel section is more cost-effective compared to a non-invert
section, based on the distribution of moments and shear forces. Due to practical challenges in performing centrifuge
model tests for tunnels with varying depths and large diameters, a numerical analysis model is employed which follows
the same steps and sequences used in the validated centrifuge model test results. In this study, tunnel diameters of 16 m,
12 m, and 9 m, each with a lining thickness of 30 cm, are considered for both full tunnel sections and non-invert sections.
Figures 10-a, 10-b, and 10-c illustrates the full tunnel and the non-invert tunnel sections.

Non invert Full tunnel

o

12m

16 m

2.67m.

(a) Diameter 16 m (b) Diameter 12 m (c) Diameter 9 m

Figure 10. Circular and Non-Invert Tunnel Sections

The depth of the tunnel is determined using the Depth-to-Diameter Ratio (H/D), calculated from the largest tunnel
diameter 16 m, with ratios of (10, 7, 5, and 1) resulting in depths of 160 m, 112 m, 80 m, and 16 m, respectively. To
maintain uniformity across simulations, the model dimensions for all cases are set to 240 m x 240 m to provide sufficient
space to minimize boundary effects. The tunnel lining properties used in the simulation are shown in Table 6. The
simulation incorporates weak rock conditions to replicate challenging ground environments [36-40] and enable a
comparative evaluation of the structural behavior of non-invert and circular tunnel sections under difficult conditions.
In this study, highly weathered siltstone is used as the representative weak rock material [41]. The rock characteristics
are detailed in Table 7.

2197



Civil Engineering Journal Vol. 11, No. 06, June, 2025

Table 6. Tunnel lining Properties

Property Concrete
Young's Modulus, E (MPa) 20000
Yield Strength, 60 (MPa) 30
Weight, w (kg/m) 750
Sectional Area, A (cm2/m) 3000
Plastic Section Modulus (cm3/m) 22500
Moment of Inertia, I (cm* /m) 225000

Table 7. Highly weathered siltstone Properties [41]

Property Value
Unit Weight, ydry (kN/m?) 20.8
Poisson's Ratio, v 0.28
Friction Angle, ¢ ° 35
Cohesion, ¢ (kPa) 100
Young's Modulus, E (MPa) 100

4.1. Parametric Results at H/D = 10 (Depth = 160 m)

Numerical analysis of full circular tunnels with diameters of 16 m, 12 m, and 9 m at a depth of 160 m yields maximum
bending moments of approximately 294 kNm, 307 kNm, and 422 kNm, respectively as shown in Figures 11-a, 11-b, and
11-c. Inthe non-invert tunnel configuration, the bending moment at the tunnel base remains relatively constant at around
675 kNm, regardless of diameter. Maximum moments along the tunnel lining in this configuration also remain consistent
at approximately 675 kNm, particularly near the springline as illustrated in Figures 11-d, 11-e, and 11-f.

A comparison of moment magnitudes between circular and non-invert tunnels of the same diameter indicates that
the non-invert configuration consistently exhibits significantly higher values. For the 16 m and 12 m tunnels, the
maximum moment in the non-invert configuration is more than twice that of the corresponding circular tunnels. For the
9 m tunnel, the difference remains notable with the non-invert moment approximately 1.5 times greater. These findings
highlight the structural inefficiency of non-invert tunnels at greater depths and underscore the advantages of circular
tunnel geometry in reducing bending moment.
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Figure 11. Circular and non-invert tunnels bending moment distribution at H/D = 10, (depth = 160m)

At a depth of 160 m, the analysis of shear force distribution indicates that the circular tunnel configuration is
associated with significantly lower maximum shear forces compared to the non-invert configuration. For circular tunnels
with diameters of 16 m, 12 m, and 9 m, the peak shear forces are 215 kN, 174 kN, and 267 kN, respectively as shown in
Figures 12-a, 12-b, and 12-c. In contrast, the non-invert configuration demonstrates substantially higher shear forces:
2022 kN for the 16 m tunnel, 2527 kN for the 12 m tunnel, and 1802 kN for the 9 m tunnel as shown in Figures 12-d,
12-e, and 12-f.
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Figure 12. Circular and non-invert tunnels shear force distribution at H/D = 10, (depth = 160m)

This pronounced disparity highlights the structural efficiency of the circular tunnel geometry in facilitating a more
uniform shear force distribution. By comparison, the non-invert configuration exhibits shear force concentrations
particularly at the tunnel base and the connection zone between the lining and base. These localized peaks necessitate
additional structural reinforcement to ensure stability and maintain safe performance under deep burial conditions.

4.2. Parametric Results at H/D =7 (Depth = 112 m)

At a depth of 112 m, the maximum bending moments for circular tunnels are approximately 177 kNm for the 16 m
tunnel, 244 kNm for the 12 m tunnel, and 339 kNm for the 9 m tunnel as shown in Figures 13-a, 13-b, and 13-c. In the
non-invert tunnel configuration at the same depth, the moment distribution remains concentrated near the springline and
tunnel base, with maximum values of approximately 675 kNm as illustrated in Figures 13-d, 13-e, and 13-f. For the 16 m
and 12 m tunnels, bending moments in the non-invert configuration are more than twice those of the corresponding
circular tunnels. In the case of the 9 m tunnel, the non-invert moment is approximately two times greater than that of the
circular configuration
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Figure 13. Circular and non-invert tunnels bending moment distribution at H/D = 7, (depth = 112 m)

The analysis of shear force distribution at a depth of 112 m indicates that the circular tunnel configuration continues
to exhibit relatively small maximum shear values compared to the non-invert configuration. Specifically, the maximum
shear forces in the circular tunnel section for diameters of 16 m, 12 m, and 9m are 96 kN, 141 kN, and 201 kN,
respectively as shown in Figures 14-a, 14-b, and 14-c. In contrast, the non-invert tunnel exhibits significantly higher
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maximum shear forces of 2013 kN, 2091 kN, and 1755 kN for the same diameters, respectively as shown in Figures 14-
d, 14-e, and 14-f. This consistent difference highlights that the circular tunnel configuration maintains a well-distributed
shear force pattern with lower values, while the non-invert configuration shows significantly elevated shear forces
particularly at the base and at the connection zone between the tunnel lining and the base.
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Figure 14. Circular and non-invert tunnels shear force distribution at H/D = 7, (depth = 112m)

4.3. Parametric Results at H/D =5 (Depth = 80 m)

The numerical analysis of circular tunnels with diameters of 16 m, 12 m, and 9 m at a depth of 80 m yields maximum
bending moments of approximately 144 kNm for the 16 m tunnel, 198 kNm for the 12 m tunnel, and 250 kNm for the
9 m tunnel as shown in Figures 15-a, 15-b, and 15-c. In the non-invert tunnel configuration at the same depth, the
moment distribution at the tunnel base remains nearly constant at approximately 675 kNm across all diameters which is
consistent with the pattern observed at greater depths as shown in Figures 15-d, 15-¢, and 15-f. However, a reduction in
maximum bending moments along the tunnel lining (springline) is observed at this depth with values of 537 kNm for

the 12 m tunnel and 533 kNm for the 9 m tunnel. This contrasts with the lining moment values of 675 kNm recorded at
depths of 160 m and 112 m.
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Figure 15. Circular and non-invert tunnels bending moment distribution at H/D = 5, (depth = 80m)

The analysis of shear force distribution at a depth of 80 m indicates that the circular tunnel configuration continues
to exhibit relatively low maximum shear forces compared to the non-invert configuration. Specifically, the maximum
shear forces in the circular tunnel section for diameters of 16 m, 12 m, and 9 m are 83 kN, 106 kN, and 153 kN,
respectively as shown in Figures 16-a, 16-b, and 16-c. In contrast, the non-invert tunnel exhibits significantly higher
maximum shear forces of 1972 kN, 1652 kN, and 1703 kN for the same diameters, respectively as shown in Figures 16-
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d, 16-e, and 16-f. This consistent difference demonstrates that the circular tunnel configuration achieves a more uniform
shear force distribution with lower values, while the non-invert configuration produces elevated shear forces particularly
at the base and at the connection zone between the tunnel lining and the base.
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Figure 16. Circular and non-invert tunnels shear force distribution at H/D = 5, (depth = 80m)

4.4, Parametric Results at H/D =1 (Depth = 16 m)

The numerical analysis of circular tunnels with diameters of 16 m, 12 m, and 9 m at a depth of 16 m yields maximum
bending moments of approximately 47 kNm, 55 kNm, and 65 kNm, respectively as shown in Figures 17-a, 17-b, and
17-c. In the non-invert tunnel configuration at the same depth, the moment distribution at the tunnel base is
approximately 675 kNm for the 16 m tunnel, 422 kNm for the 12 m tunnel, and 252 kNm for the 9 m tunnel as shown in
Figures 17-d, 17-e, and 17-f. Additionally, the maximum bending moments along the tunnel lining are 188 kNm for the
16 m tunnel, 95 kNm for the 12 m tunnel, and 66 kNm for the 9 m tunnel. These values represent a noticeable decrease
in lining moment magnitudes compared to those recorded at greater depths.
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Figure 17. Circular and non-invert tunnels bending moment distribution at H/D =1, (depth = 16m)

The analysis of shear force distribution at a depth of 16 m indicates that the circular tunnel configuration continues
to exhibit relatively low maximum shear forces compared to the non-invert configuration. Specifically, the maximum
shear forces in the circular tunnel section for diameters of 16 m, 12 m, and 9 m are 23 kN, 29 kN, and 39 kN, respectively
as shown in Figures 18-a, 18-b, and 18-c. In contrast, the non-invert configuration exhibits significantly higher maximum
shear forces of 944 kN, 710 kN, and 535 kN for the same diameters, respectively as shown in Figures 18-d, 18-e, and
18-f. This consistent difference demonstrates that the circular tunnel configuration achieves a more uniform shear force

distribution with lower values, while the non-invert configuration results in considerably elevated shear forces
particularly at the base.
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Figure 18. Circular and non-invert tunnels shear force distribution at H/D = 1, (depth = 16m)

5. Discussion
5.1. Findings from Parametric Study
¢ Influence of Depth-to-Diameter Ratio (H/D):

The depth-to-diameter ratio significantly affects the magnitude of internal forces. At H/D = 10 (depth = 160 m)
both bending moments and shear forces reach their highest value. As the depth decreases, these forces are
progressively reduced. At H/D = 1 (depth = 16 m) the bending moments and shear forces in both tunnel
configurations are substantially lower, reflecting the reduced structural demand under shallow burial conditions.

o Effect of Tunnel Cross-Sectional Shape:

Tunnel geometry plays a critical role in structural performance. Circular tunnels promote more uniform stress
distribution leading to lower peak bending moments and shear forces. In contrast, non-invert configurations exhibit
localized force concentrations, especially lower fulcrum corners and springline. These stress intensities become
more pronounced as burial depth increase highlighting the geometric disadvantages of non-invert sections under
high overburden pressure.

5.2. Cost Estimation

To assess the required quantities of concrete and steel reinforcement, eight tunnel lining designs are developed.
These sections varied in thickness from 300 mm to 400 mm and include different steel reinforcement layouts. For each
design the maximum moment M,, and maximum shear force ¥}, are calculated using the following equations [42]:

My =As-fy-d (6)
Vo=V, +V )
V. =0.17/f! b, -d ®)
Vo= (245 fy - bw)/s 9)

where A; is the area of hoop reinforcement, £, is the yield strength of the reinforcement steel assumed to be 420 MPa,
d is the effective depth typically taken as 0.85 times the lining thickness, V_represents shear capacity provided by the
concrete, f,! is Compressive strength of concrete 30 MPa, b,, is width of the section consider 1m, V is shear capacity
provided by the hoop reinforcement, and s is spacing of hoop reinforcement. The longitudinal reinforcement is taken as
0.002 times the gross area of the concrete section to satisfy minimum reinforcement requirements.

Table 8 presents the proposed tunnel lining sections along with their corresponding moment and shear capacities. It
demonstrates that increasing both the lining thickness and the steel reinforcement from 300 mm in Case 1 to 400 mm in
Case 8 enhances structural performance. The calculated moment capacities range from 107.61 kNm/m to
703.07 kNm/m, while shear capacities range from 1081.47 kN/m to 4452.34 kN/m. These values were sufficient to resist
the peak internal forces identified in the numerical parametric study as shown in Figures 19-a and 19-b.
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Table 8. Tunnel lining sections capacity

Cases Thickness Total concrete Hoop Longitudinal Total Reinforcement Weight ~ Maximum moment Maximum shear
(mm) Quantity (m¥m?) reinforcement  reinforcement (Upper & Lower Layers) (kg/ m?) M,, (KNm)/m force V,, (kN)/m
Case 1 300 0.3 ¢ 16 @ 200 ¢ 12@ 150 27.60 107.61 1081.47
Case 2 300 0.3 ¢ 18 @ 125 ¢ 12 @ 150 43.77 217.91 1946.60
Case 3 300 0.3 020 @ 125 ¢ 12@ 150 51.27 269.03 234751
Case 4 300 0.3 ¢ 20 @ 100 ¢ 12@ 150 61.13 336.29 2875.03
Case 5 350 0.35 022 @125 ¢ 12@ 150 59.55 379.78 2830.20
Case 6 350 0.35 ¢ 22 @ 100 ¢ 12@ 150 71.48 47473 3468.50
Case 7 350 0.35 028 @ 125 ¢ 12@ 150 89.13 615.19 4412.76
Case 8 400 0.4 028 @ 125 ¢ 12@ 150 89.13 703.07 4452.34
950 ——m— Full tunnel 16m lining mement —5— Non invert 16m lining moment —+—Non invert 16m base moment
900 % Foll tunnel 12m lining moment -~ Non invert 12th lining moment i Non invert 12m base moment
850 4—4&— Full tunnel 9m lining moment —& Non invert 9m lining moment —#— Non invert 9m base moment
1703.07
N S IFER T
Ll l_i_Jans
379.78
336.29
=2 _ f269.03
el Retle St ERLA
107.61
| (kNm)
-+

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170
Tunnel depth (m)

(a) Maximum moment capacity and peak moment values (Cases 1-8)

4452.34
1441276

1— Full tunnel |16m linin-g- shear *{} Non invert 16 .n.lnlini:ng shez
=@ Full tunnel 12m lining shear <= Noninvert 12m lining sh

3468.5

| 2875.03
2830.2

_ 1234751

1946.6

11081.47

(kN)

— T T T T T
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170
Tunnel depth (m)

0 ==

(b) Maximum shear capacity and peak shear values (Cases 1-8)

Figure 19. Maximum moment and shear capacity of tunnel lining sections (Cases 1-8) compared to peak internal forces
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Following this evaluation, the next step involves selecting the appropriate lining thickness and reinforcement layout
for both circular and non-invert configurations across all tunnel diameters and depths. This selection ensures that each
design satisfies structural requirements. Based on the internal forces obtained from the numerical analysis, the most
suitable lining section is assigned to each tunnel scenario. Once selected, the corresponding material quantities of
concrete and steel are calculated. For the non-invert tunnels, the tunnel base and lining are selected separately. The
estimated material demands for each case are summarized in Table 9 and comparative material quantities between non-
invert and circular tunnels are illustrated in Figures 20-a and 20-b.

An important consideration when comparing tunnel types is the excavation area as it directly influences construction
cost and material demand. Although non-invert tunnels usually have a smaller cross-sectional area than circular tunnels,
the need to include roadways, pipelines, drainage, and other utilities often leads to a larger excavation size in practice.
As a result, the actual excavation area of non-invert tunnels can become nearly equivalent to that of full circular tunnels.
Examples of such configurations are illustrated in Asakura & Kojima [8] and in Xu et al. [2], where the later addition of
an invert converted the section into a near circular profile.

Table 9. Tunnel lining concrete and reinforcement steel quantities

Tunnel Type Tunnel Lining Tunnel Base Lining Base Concrete Lining Base Steel (2 Total Concrete  Total Steel
yp Case/Length (m)  Case/Length (m) Concrete (m®) (2 Bases) (m®) Steel (kg) Bases) (kg) Qty (m%m) Qty (kg/m)
Non-invert D9m at 16 m Casel/18.85 Cased/1.5 5.66 0.9 520.39 153.81 6.56 674.20
Full tunnel D9m at 16 m Casel/28.26 - 8.48 0 780.17 0 8.48 780.17
Non-invert D9m at 80 m Case7/18.85 Case8/1.5 6.60 1.2 1680.12 267.39 7.80 1947.51
Full tunnel D9m at 80 m Case3/28.26 - 8.48 0 1448.89 0 8.48 1448.89
Non-invert D9m at 112 m Case8/18.85 Case8/1.5 7.54 1.2 1680.12 267.39 8.74 1947.51
Full tunnel D9m at 112 m Caseb/28.26 - 9.89 0 1682.94 0 9.89 1682.94
Non-invert D9m at 160 m Case8/18.85 Case8/1.5 7.54 1.2 1680.12 267.39 8.74 1947.51
Full tunnel D9m at 160 m Case6/28.26 - 9.89 0 2020.08 0 9.89 2020.08
Non-invert D12m at 16m Casel/25.13 Case6/2.0 7.54 1.4 693.76 285.93 8.94 979.69
Full tunnel D12m at 16m Case 1/37.68 - 11.30 0 1040.23 0 11.30 1040.23
Non-invert D12m at 80m Case7/25.13 Case8/2.0 8.80 1.6 2239.86 356.52 10.40 2596.38
Full tunnel D12m at 80 m Case 2/37.68 - 11.30 0 1649.50 0 11.30 1649.50
Non-invert D12m at 112m Case8/25.13 Case8/2.0 10.05 1.6 2239.86 356.52 11.65 2596.38
Full tunnel D12m at 112m Case3/37.68 - 11.30 0 1931.85 0 11.30 1931.85
Non-invert D12m at 160m Case8/25.13 Case8/2.0 10.05 1.6 2239.86 356.52 11.65 2596.38
Full tunnel D12m at 160m Case4/37.68 - 11.30 0 2303.36 0 11.30 2303.36
Non-invert D16m at 16 m Case 2/33.51 Case8/2.5 10.05 2.136 1466.95 475.96 12.19 1942.91
Full tunnel D16m at 16 m Case 1/50.24 - 15.07 0 1386.97 0 15.07 1386.97
Non-invert D16m at 80 m Case 8/33.51 Case8/2.5 13.40 2.136 2986.77 475.96 15.54 3462.73
Full tunnel D16m at 80 m Case 2/50.24 - 15.07 0 2199.34 0 15.07 2199.34
Non-invert D16m at 112m Case 8/33.51 Case8/2.5 13.40 2.136 2986.77 475.96 15.54 3462.73
Full tunnel D16m at 112m Case2/50.24 - 15.07 0 2199.34 0 15.07 2199.34
Non-invert D16m at 160m Case8/33.51 Case8/2.5 13.40 2.136 2986.77 475.96 15.54 3462.73
Full tunnel D16m at 160m Case4/50.24 - 15.07 0 3071.15 0 15.07 3071.15
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Figure 20. Comparative concrete and reinforcement steel quantities for non-invert and circular tunnels
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6. Conclusions

This study systematically evaluates the structural performance and cost efficiency of full circular tunnels versus non-
invert tunnels using centrifuge model testing and numerical parametric analysis. The key findings are summarized as
follows:

o Full circular tunnel sections demonstrate a more uniform distribution of stresses in both the tunnel lining and the
surrounding soil. This results in significantly lower bending moments and shear forces in the tunnel lining
compared to non-invert tunnel sections. Additionally, non-invert tunnels exhibit concentrated shear stress in the
surrounding soil, particularly near the lower fulcrum corners and springline. Furthermore, non-invert tunnels
show more pronounced settlement at the upper surface and heaving at the invert compared to circular tunnels.

e At a depth of 16 m, the non-invert configuration is more economical for 9 m and 12 m diameters, reducing steel
consumption by 6-14% and concrete use by 21-23%. However, for a 16 m diameter, the circular tunnel was more
cost-effective, lowering steel demand by 29% despite a 19% increase in concrete. Given that concrete accounts
for only 10-15% of the cost of steel, the steel savings outweighed the additional concrete cost.

o At a depth of 80m, circular tunnels are more economical across all diameters, providing a 26—36% reduction in
steel usage. For 16 m diameter, the circular tunnel design also reduces concrete use by around 3%. Although
circular tunnels require about 8% more concrete than non-invert tunnels at a 9m and 12 m diameters, the
associated steel savings still made the circular tunnels configuration the most cost-effective option.

o At adepth of 112 m, circular tunnels are more economical across all diameters, providing a 14-36% reduction in
steel usage. For 12 m and 16 m diameters, the circular tunnels design also reduce concrete use by around 3%.
Although circular tunnels require about 8% more concrete than non-invert tunnel at a 9 m diameter, the steel
savings still result in a more cost-effective solution.

o At adepth of 160 m, the non-invert tunnel is more economical only at a 9 m diameter, with 4% less steel and 12%
less concrete required. For 12 m and 16 m diameters, the circular tunnels remain the most cost-effective choice,
reducing steel use by 11% and concrete by 3%.

Overall, the interaction between tunnel depth and diameter is a key factor in design optimization. While non-invert
tunnels offer modest material savings at shallow depths and smaller diameters with reductions of up to 14% in steel and
23% in concrete. However, these initial savings are often insufficient to offset future maintenance costs. Such costs may
include the installation of new reinforced concrete inverts or even new tunnel construction as demonstrated in the Tenjin
Yama Tunnel [1]. Circular tunnels, while requiring up to 19% more concrete, achieve up to 36% steel savings and
provide more uniform stress distribution. Since concrete costs only 10-15% of steel, circular tunnels are generally more
economical at greater depths and larger diameters.

6.1. Limitation

This study focuses on material-based cost comparisons, including concrete and steel reinforcement quantities.
However, construction practicality, such as ease of excavation, formwork complexity, labor intensity, and installation
time are not explicitly considered. These factors can significantly affect real-world feasibility and should be addressed
in future research to support a more comprehensive economic assessment of tunnel design alternatives.
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