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Shallow tunnels in urban clayey ground must limit surface settlement, yet the combined 
influence of soil cover and excavation diameter is rarely quantified with transparent 
three-dimensional models. This study aims to quantify how the soil-cover-to-excavation-
diameter ratio, where H is the soil cover above the tunnel crown and D is the excavation 
diameter, governs surface settlement and ground-strain stability of shallow tunnels in clay. 
Six staged-excavation models were analysed in PLAXIS 3D for D = 4.3 and 6.8 m and H/D = 
0.58, 2.5 and 4.0, using a drained Mohr–Coulomb clay, a 0.30 m linear-elastic lining, 1.4 m 
excavation steps and case-specific face pressures of 80–100 kPa. Maximum ground strains 
were screened against Sakurai’s critical-strain criterion, and one case was cross-checked 
against Peck’s Gaussian trough. Crown-line surface settlement decreased monotonically 
with H/D, from 4.48 to 2.49 mm (44.4%) for D = 4.3 m and from 6.05 to 1.54 mm (74.5%) 
for D = 6.8 m. The larger diameter settled more at H/D = 0.58 and 2.5 but less at H/D = 4.0, 
indicating that diameter effects cannot be separated from absolute cover and face pressure. 
Maximum absolute ground strains (1.03–4.88 × 10⁻⁴) did not exceed 11% of the 4.5 × 10⁻³ 
critical strain. The Peck comparison gave a 7.42% centerline error and a mean absolute 
percentage error of 23.53%. H/D is therefore the dominant geometric control on settlement 
within the studied range, whereas ground-strain screening does not replace structural 
verification of segmental linings.

A R T I C L E  I N F O 

Article History:

Received 2026-07-11
Revised 2026-08-28
Accepted 2026-10-18

Keywords:
Clayey soil; cover-to-diameter 
ratio; PLAXIS 3D; shallow 
tunnel; surface settleme

A B S T R A C T

DOI: 10.22034/ijumes.2026.2108972.1425

*Corresponding Author:
Email: gmoradi@tabrizu.ac.ir
Phone: 00989375120607
ORCID: https://orcid.org/0000-0002-7881-2039

Running Title: The Soil-Cover-to-Excavation-Diameter Ratio on Surface Settlement

NUMBER OF REFERENCES

36
NUMBER OF FIGURES

06
NUMBER OF TABLES

02

ORIGINAL RESEARCH PAPER

Numerical Analysis of the Effect of the Soil-Cover-to-Excavation-Diameter Ratio on Sur-
face Settlement and Ground-Strain Stability Screening of Shallow Tunnels in Clayey Soil 
Using PLAXIS 3D
Gholam Moradi1*, Noora Jader Abdulhasan2

1* Department of Civil Engineering, University of Tabriz, Tabriz, Iran

2 Department of Geotechnical Engineering, University of Tabriz, Tabriz, Iran



268

Moradi and Jader Abdulhasan

INTRODUCTION
Urban tunnels provide transport and utility ca-
pacity where surface corridors are constrained, 
but excavation-induced movements can damage 
buildings, pavements, and buried services. For 
shallow tunnels the design problem is therefore 
governed by the magnitude and spatial gradient 
of ground settlement as well as by face-support 
and lining-response requirements (Loganathan 
& Poulos, 1998; Mair et al., 1993; Peck, 1969; 
Sagaseta, 1987). In this paper, shallow geometry 
is described by two explicit quantities: D is the 
excavation diameter of the circular tunnel, and 
H is the vertical thickness of soil cover mea-
sured from the ground surface to the tunnel 
crown. Their quotient H/D is called the soil-cov-
er-to-excavation-diameter ratio. This definition 
is used consistently throughout the paper and 
must not be confused with tunnel-axis depth 
divided by diameter. Clayey ground can exhibit 
stress-history dependence, moisture sensitivity, 
pore-pressure effects, and nonlinear stiffness. 
The present archived analyses do not model all 
of these mechanisms: they are static, drained 
calculations using a Mohr–Coulomb constitutive 
law. Consequently, the results are interpreted 
as a controlled screening study rather than 
a complete hydro-mechanical prediction of 
short- and long-term clay response (Loganathan 
& Poulos, 1998; Mair et al., 1993; Mánica et al., 
2024). The implemented lining is a continuous 
linear-elastic plate/shell equivalent with a nom-
inal thickness of 0.30 m. It does not explicitly 
reproduce segment joints, gaskets, yielding in-
serts, or time-dependent grout hardening. The 
term flexible lining therefore refers to a future 
design concept and not to a yielding mechanism 
demonstrated by the current model; structural 
adequacy would additionally require axial-force, 
bending-moment, shear-force, joint-opening, 
and crack-width checks (Liu et al., 2024; Mánica 
et al., 2024; Mohyla et al., 2020; Suárez-Fino & 
Mayoral, 2024; Zaheri et al., 2020). Increasing 
H generally lengthens the deformation path be-
tween the excavation and the surface, whereas 

increasing D enlarges the excavation (Ads et al., 
2021; Agarwal & Sarkar, 2024). However, H, D, 
face pressure, and absolute scale are coupled in 
the available six cases. Comparisons are therefore 
made within the stated parameter matrix and are 
not presented as a universal independent diam-
eter effect (Chakeri et al., 2013; Chakeri & Ünver, 
2014; Kasper & Meschke, 2006). The principal 
geometric variable is thus H/D, where H is soil 
cover above the crown and D is excavation diam-
eter. Values of 0.58, 2.5, and 4.0 are evaluated for 
each of the two diameters. Three-dimensional 
staged finite-element analysis is used because the 
advancing face, shield activation, and progressive 
lining installation create longitudinal effects that 
cannot be represented by a plane-strain section 
alone. The numerical workflow is documented 
below through the constitutive assumptions, do-
main and boundary description, mesh strategy, 
staged excavation sequence, output variables, 
and empirical cross-check (Kasper & Meschke, 
2006; Xie et al., 2016). The study addresses a 
narrow, reproducible question: how do the six 
archived combinations of D and H/D compare in 
terms of surface settlement and maximum com-
puted ground strain under the prescribed face 
pressures? It does not claim a continuous optimi-
zation or complete structural design of a flexible 
lining. Accordingly, the objectives are to (i) quan-
tify settlement at the reported surface points, (ii) 
compare the two diameter groups across H/D = 
0.58, 2.5, and 4.0, (iii) screen maximum absolute 
ground strain against the Sakurai threshold, and 
(iv) report the error of an independent Peck 
Gaussian settlement check for one case.

MATERIALS AND METHODS 
Peck (1969) formalized the Gaussian settle-
ment-trough representation for soft-ground 
tunnelling. Sagaseta (1987) derived a closed-
form undrained deformation field caused by 
near-surface ground loss. Mair et al. (1993) used 
field evidence from clay tunnels to describe 
subsurface settlement profiles, and Loganathan 
and Poulos (1998) introduced an analytical for-
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mulation that incorporates tunnel depth, diam-
eter, construction details, initial stress, and clay 
response. The width of the trough is commonly 
expressed as i = K·z0, where z0 is the tunnel-ax-
is depth and K ≈ 0.4–0.5 for clays (O’Reilly & 
New, 1982). Kasper and Meschke (2006) used 
three-dimensional numerical sensitivity analy-
ses to show that face pressure, grouting pressure, 
and TBM configuration materially influence 
ground response. Chakeri et al. (2013) compared 
empirical, theoretical, numerical, and observed 
results and identified tunnel depth, overbur-
den, diameter, and face pressure as influential 
settlement variables. Chakeri and Ünver (2014) 
then proposed and field-checked an equation for 
maximum settlement above soft-ground tunnels. 
Fargnoli et al. (2015) back-analysed twin-tunnel 
construction and quantified ground and struc-
tural settlements. Xie et al. (2016) modelled a 
large-diameter shield tunnel in three dimensions 
and found that grouting pressure and execution 
quality can dominate surface settlement. Sharghi 
et al. (2017) specifically examined two-compo-
nent grout properties and demonstrated their 
relevance to surface deformation control. Song 
and Marshall (2020) used centrifuge modelling 
to distinguish pressure-controlled and displace-
ment-controlled tunnelling responses. Liu et al. 
(2021) combined field tests and finite-element 
analysis to show that asymmetric tail grouting 
alters the surface-settlement pattern. Fang et 
al. (2022) used centrifuge tests to demonstrate 
that the response of existing overlying tunnels 
depends on their support type, reinforcing the 
need to represent lining stiffness and interaction 
explicitly. Mohyla et al. (2020) developed a nu-
merical approach for tunnel-lining optimisation 
that treats lining characteristics as design vari-
ables. Zaheri et al. (2020) compared segmental 
and shotcrete linings in three-dimensional 
shallow-tunnel faulting analyses. Mánica et al. 
(2024) showed that yielding support in claystone 
requires time-dependent constitutive represen-
tation, while Suárez-Fino and Mayoral (2024) 
framed lining optimisation through explicit 

objective functions and design variables. Liu et 
al. (2024) optimized a shallow-buried support 
system under unsymmetrical pressure and eval-
uated structural response rather than settlement 
alone. For clay-related excavation effects, Sass 
and Burbaum (2009) developed a test-based 
method for assessing adhesion of clay to tun-
nelling machinery and showed the sensitivity of 
adhesion to consistency and testing conditions. 
Hollmann and Thewes (2013) proposed an oper-
ational assessment framework for clay clogging 
and fines disintegration. These works explain 
excavation-operability risks, but they should not 
be used as substitutes for post-excavation lining 
verification. More recently, Ads et al. (2021) used 
transparent-soil models of soft clay with three 
cover-to-diameter ratios and showed that arch-
ing above the crown diminishes gradually as the 
ratio increases, while Agarwal and Sarkar (2024) 
reported, in a PLAXIS 2D parametric study of 
layered ground, that increasing the tunnel-axis 
depth from 10 to 30 m at a fixed 6.5 m diameter 
reduced the maximum surface settlement by 
about 63% and widened the trough. Neither study 
combined two excavation diameters at identical 
H/D values in a staged three-dimensional model 
or reported the empirical validation error togeth-
er with a critical-strain screen.

The literature therefore supports direct as-
sessment of settlement, face and grout pressures, 
soil-lining interaction, and structural lining ac-
tions. The research gap addressed here is there-
fore the lack of a transparent three-dimensional 
comparison in which the same H/D values are 
applied to two excavation diameters and the re-
sulting settlements are reported together with a 
critical-strain screen and a quantified empirical 
validation error. The present study contributes 
only a six-case PLAXIS 3D screening of settle-
ment and ground strain. Its scope is deliberately 
separated from continuous lining optimisation, 
time-dependent clay behaviour, and full seg-
ment-joint design .

Methodology
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Scope and response variables
Six static, drained PLAXIS 3D cases were evalu-
ated. The primary response is vertical surface 
settlement at points A–E; point A is located 
above the tunnel axis. Maximum computed 
ground strain is used only for Sakurai screening. 
Lining axial force, bending moment, shear, joint 
rotation, joint opening, and crack width were not 
archived and therefore are not claimed as verified 
outputs.

Geometry and parameter definitions and Soil and 
lining constitutive models
D denotes the circular excavation diameter (4.3 or 
6.8 m). H denotes the vertical soil cover from the 
ground surface to the tunnel crown. The dimen-
sionless ratio H/D takes values 0.58, 2.5, and 4.0 
for each diameter. The nominal lining thickness 
is 0.30 m. Prescribed face pressures are 80 kPa 
for the (D, H/D) combinations (4.3 m, 0.58) and 
(6.8 m, 0.58); 90 kPa for (4.3 m, 2.5), (4.3 m, 4.0), 
and (6.8 m, 2.5); and 100 kPa for (6.8 m, 4.0). Face 
pressure is therefore a case-specific input, not 
an independently optimized variable. The clay 
layer is represented by a drained Mohr–Coulomb 
model as implemented in PLAXIS 3D (Bentley 
Systems, 2024) with E = 30,000 kN/m², cohesion 
c = 45 kN/m², friction angle φ = 25 degrees, Pois-
son ratio ν = 0.25, unsaturated unit weight 17 kN/

m³, and saturated unit weight 20 kN/m³. Initial 
stresses use the normally consolidated K₀ pro-
cedure, K₀ = 1 − sin(φ). This simple model does 
not capture small-strain stiffness, stress-history 
dependence, anisotropy, creep, or consolidation.

The 0.30 m concrete lining is represented by 
a continuous linear-elastic plate/shell equivalent 
with E = 31.4 GPa, ν = 0.15, and unit weight 24 
kN/m³, corresponding to axial and bending stiff-
nesses of EA = 9.42 × 10⁶ kN/m and EI = 7.07 × 10⁴ 
kN·m²/m per metre run. Segment joints, gaskets, 
local contact opening, yielding devices, and grout 
hardening are absent. Accordingly, the computed 
response is that of an equivalent continuous lin-
ing and cannot demonstrate the mechanisms of a 
segmented or yielding flexible system.

Domain, boundary conditions, and mesh
The archived model descriptions report hori-
zontal domains of 60 m × 20 m for the D = 4.3 m 
group and 70 m × 40 m for the D = 6.8 m group. 
Normal displacement is restrained on the vertical 
side boundaries, the base is fixed in all transla-
tional directions, and the ground surface is free. 
The exact vertical domain extent is not available 
in the archived manuscript, so residual boundary 
influence cannot be quantified and is retained as 
a limitation. (Fig. 1)

Figure 1: Definition of H and D and the adopted boundary-condition scheme
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The three-dimensional soil domain is discret-
ized with volume elements, while the shield 
and lining use structural plate/shell elements. 
The mesh is locally refined around the crown, 
springlines, invert, and excavation face and be-
comes coarser toward remote boundaries. A for-
mal coarse-medium-fine convergence dataset 
was not archived. Mesh-induced uncertainty 
is therefore acknowledged; a complete ver-
ification would require less than 5% change in 
crown settlement and maximum ground strain 
between the medium and fine meshes. (Fig. 2)

Figure 2: Archived locally refined three-dimensional mesh 

around the tunnel

Staged excavation and loading
The excavation advances in 1.4 m stages. In 
each phase the next soil slice is deactivated, the 
shield advances, the prescribed face pressure is 
transferred to the new face, and the lining is ac-
tivated behind the shield following the archived 
phase sequence. Tail-grout injection and grout 
hardening were not independently parameter-
ized; immediate lining activation is an idealiza-
tion. (Fig. 3)

Figure 3: Schematic of the staged 1.4 m excavation, shield 

advance, face-pressure transfer, and lining activation

Stability screen and empirical cross-validation
The PLAXIS output labels report maximum 
strain in × 10⁻³ percent. Values are divided by 
100 to convert percent to absolute strain before 

comparison with the Sakurai critical strain of 
4.5 × 10⁻³ (Sakurai, 1997), defined as the ratio of 
uniaxial compressive strength to Young’s mod-
ulus. Separately, the D = 4.3 m, H/D = 4.0 case is 
compared with Peck’s (1969) Gaussian trough, 
S(x) = Smax·exp(−x²/2i²), at x = 0 and ±5.5 m us-
ing pointwise absolute relative error, mean ab-
solute error, root mean square error, and mean 
absolute percentage error. The reported Peck 
values correspond to i ≈ 8.6 m, i.e. K = i/z0 ≈ 0.44 
for z0 = 19.35 m, within the range adopted for 
clays (O’Reilly & New, 1982), and to a volume 
loss of approximately 0.40%.

FINDINGS AND DISCUSSION
Surface-settlement response
At point A above the tunnel axis, settlement 
decreases monotonically with H/D within each 
diameter group. For D = 4.3 m, settlement is 4.48, 
2.91, and 2.49 mm at H/D = 0.58, 2.5, and 4.0. For 
D = 6.8 m, the corresponding values are 6.05, 3.14, 
and 1.54 mm. The decrease from H/D = 0.58 to 
4.0 is 44.4% for D = 4.3 m and 74.5% for D = 6.8 m. 
These reductions bracket the approximately 63% 
reduction reported by Agarwal and Sarkar (2024) 
when the tunnel-axis depth was tripled at con-
stant diameter, which supports the plausibility of 
the computed trend. The diameter comparison is 
not monotonic across all equal H/D pairs: the 6.8 
m case gives larger settlement at H/D = 0.58 and 
2.5, but smaller settlement at H/D = 4.0. Because 
absolute cover and face pressure also change, the 
data do not isolate an independent diameter law. 
They support only the stated six-case compari-
son. (Fig. 4 and Tab.1)

Figure 4: Crown-line surface settlement at point A for the six 

numerical cases (H/D plotted on a proportional axis)
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Table 1: Numerical cases defined by excavation diameter D and soil cover H

Excavation diameter, D (m)
Soil cover above tunnel 

crown, H (m)

Soil-cover-to-excava-

tion-diameter ratio, H/D
Face pressure (kPa) Software

4.3 2.494 0.58 80 PLAXIS 3D

4.3 10.75 2.5 90 PLAXIS 3D

4.3 17.2 4.0 90 PLAXIS 3D

6.8 4.988 0.58 80 PLAXIS 3D

6.8 21.5 2.5 90 PLAXIS 3D

6.8 34.4 4.0 100 PLAXIS 3D

Ground-strain screening
The reported maximum strain labels are 31.73, 
25.28, 25.23, 48.76, 31.49, and 10.32 × 10⁻³ per-
cent for the six cases in Table 1 order. After con-
version to absolute strain, these become 3.173 
× 10⁻⁴, 2.528 × 10⁻⁴, 2.523 × 10⁻⁴, 4.876 × 10⁻⁴, 
3.149 × 10⁻⁴, and 1.032 × 10⁻⁴. All are below 

the Sakurai threshold of 4.5 × 10⁻³. This result 
screens ground strain only; it does not establish 
structural adequacy of the lining. The largest 
value, obtained for D = 6.8 m and H/D = 0.58, 
corresponds to 10.8% of the critical strain. (Fig. 
5)

Figure 5: Maximum absolute ground strain and percentage of the Sakurai critical strain

Empirical cross-validation
For the D = 4.3 m and H/D = 4.0 case, the Peck 
Gaussian estimates at offsets 0, +5.5, and -5.5 
m are 2.6918, 2.1939, and 2.1939 mm, while the 
PLAXIS values are 2.492, 1.361, and 1.641 mm. 
The absolute relative errors are 7.42%, 37.97%, 
and 25.20%, respectively; MAE = 0.529 mm, 
RMSE = 0.589 mm, and MAPE = 23.53%. Agree-

ment is therefore acceptable at the centerline 
for screening, but weaker off axis. The difference 
between the PLAXIS values at +5.5 and −5.5 m 
(1.361 versus 1.641 mm) in a geometrically sym-
metric problem indicates mesh or extraction-lo-
cation sensitivity and is treated as part of the 
numerical uncertainty. (Tab. 2 and Fig. 6)

Table 2: Pointwise Peck-versus-PLAXIS validation for the D = 4.3 m, H/D = 4.0 case

Offset x (m) Peck estimate (mm) PLAXIS 3D (mm) Absolute relative error (%)

0 2.6918 2.492 7.42

+5.5 2.1939 1.361 37.97
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-5.5 2.1939 1.641 25.20

Figure 6: Peck Gaussian settlement trough (i ≈ 8.6 m) and 

PLAXIS 3D values at the three reported points

RESULTS AND CONCLUSION 
The strongest evidence is the within-diameter 
reduction of point-A settlement as H/D increases. 
The larger-diameter cases do not consistently 
settle more at equal H/D, so diameter cannot be 
separated from absolute cover, prescribed face 
pressure, and the scale of the numerical domain. 
Likewise, the Mohr–Coulomb soil and continuous 
linear-elastic lining provide a screening model 
rather than a high-fidelity representation of clay 
stress history, small-strain stiffness, jointed seg-
ment behavior, or grout hardening. The principal 
uncertainties are the unarchived vertical bound-
ary extent, absence of a three-level mesh-conver-
gence dataset, and validation at only three points 
for one case. Future work should repeat all cases 
with Hardening Soil and HSsmall models, ex-
plicit groundwater and consolidation, calibrated 
tail-grout behavior, segment joints, extraction of 
M-N-V actions, and field or centrifuge measure-
ments, together with a fully factorial matrix in 
which D, H and face pressure are varied inde-
pendently so that a genuine diameter effect can 
be isolated. This study compares six static PLAXIS 
3D cases using an explicit geometric definition: H 
is soil cover above the tunnel crown, D is excava-
tion diameter, and H/D is their ratio. Crown-line 
surface settlement decreases with H/D within 
both diameter groups, from 4.48 to 2.49 mm for 
D = 4.3 m and from 6.05 to 1.54 mm for D = 6.8 m.
The six cases do not support a universal inde-

pendent diameter effect because absolute cover 
and prescribed face pressure vary with the ge-
ometry. The results should therefore be used as 
a bounded parametric comparison, not as a gen-
eral diameter law or a continuous optimization. 
All converted maximum absolute ground strains 
remain below the Sakurai critical strain; howev-
er, this screen does not verify lining axial force, 
bending moment, shear, joint opening, or crack 
capacity. The equivalent continuous linear-elastic 
lining also cannot demonstrate yielding or flex-
ible-joint behavior. The Peck cross-check gives 
7.42% error at the centerline but 23.53% MAPE 
across the three reported points. This partial val-
idation, together with the missing formal mesh 
and boundary sensitivity datasets, defines the 
limits of the conclusions and the requirements 
for future calibrated analyses.
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