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Integrated Assessment for the Deformation of Ground
Surface and Tunnel Invert Induced Deep Excavation

Ahmed Kamal M. Ibrahim, IAENG, Member, Abd-Elaziz A. Senoon, Mamdouh Abbas Kenawi, Ahmed Rushdy
Towfeek, Mostafa Abdo Abd- Elnaiem

Abstract—The surface deformation behind deep excavation
support in sand soil was validated. Furthermore, the
displacement of ground surface and invert of buried circular
tunnel (diameter D = 6 m) induced by deep excavation in layered
soft soil was evaluated. The validation was performed for the
results of centrifuge models of sand soil by applying
Mohr-Coulomb model (MC) in 2D finite element analysis. In
addition, the evaluation was conducted for the MC model by
applying Hardening Soil with Small Strain Stiffness (HSS) on a
model in soft soils. Beginning an excavation in soft soils causes
drawdown stresses that causing an abrupt increase in tunnel
movement (strain dependent stiffness). MC model cannot adopt
the effect of excavation increase on the surface of soft soil and on
the invert of tunnel (under-predicted deformation). HSS adopts
a steep drawdown for soft soil surface above the tunnel and
indicates a marked decrease in the heave of tunnel invert
(over-predicted deformation). According to the deformation of
sand surface behind diaphragm wall of excavation, an accepted
convergence was observed between the centrifuge sand tests and
2D numerical analysis.

Index Terms—Constructed facilities, constitutive model,
linear elasticity, soil unloading, strain dependent stiffness.

I. INTRODUCTION

Tunnel construction can significantly affect buildings,
utilities, and infrastructures, and vice versa [1]. Multiple
case studies, e.g., [2]-[4] have performed accurate
measurements of displacement. Numerical analysis is used in
projects to evaluate the performance of the excavation system
and ensure that the displacements are within tolerable limits,
e.g., [5]-[7]. In-situ measurements and numerical simulations
were used in [8] and it was reported that the proposed
numerical model can account for the complexity of tunneling
due to displacements. Finite element method (FEM) was used
[9] to study the strength and stiffness parameters of soft clays
with presenting an evaluation by the parameters of (MC)
model and Hardening Soil model (HS). Extensive
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experimental tests were conducted [10] to obtain these
parameters. MC model is a simple first analysis of the studied
problem. Additionally, (HS) and (HSS) models require
additional parameters such as reference secant stiffness (EZf),
reference unloading/reloading stiffness (EZf), and initial
shear modulus (G,) for the highly nonlinear behavior. HS and
HSS models are applied to evaluate the results of model
parameters and the effect on soil behavior. Recently, it was
demonstrated [11] that HSS over-predicted heaves in
excavation analyses. Furthermore, [12] applied MC, HS,
HSS, and Soft Soil (SS) on soft clays to exhibit the settlement
behind excavation support. Multiple researchers e.g., [10],
[13]-[15] have applied constitutive models and centrifuge
tests using different model parameters. Evaluating the
obtained parameters (Laboratory or in-situ results) is costly
and time-intensive. Only a few studies have validated the
results of centrifuge tests or evaluated soil-structure models as
an application for the assessment of facilities.

Therefore, an integrated assessment of the safety of
facilities was conducted. From one side, the study puts an
inclusive conceptualization for the effect of deep excavation
on ground surface and from other side on tunnel invert. The
study conducted 2D numerical analysis to validate a
centrifuge model for Toyoura dry sand of Japan. The model
analyzed tunnel close to deep excavation. In addition, the
study applied a numerical model using the parameters of
Bangkok soft clay (Sukhumvit Station) as a comprehensive
evaluation study to illustrate the deformations of ground
surface and tunnel invert (Fig. 1) due to strain-stiffness of
soil. Conversely, this study handles an application on a wide
range of integrated prediction for deformations that pose a
severe effect on the efficiency of close facilities.
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Fig. 1: The invert position of circular tunnel lining.

Il. METHODS

A reliable validation for a case study of centrifuge model
tests was provided. Two 3D centrifuge tests were conducted
at the Hong Kong University of Science and Technology [15].
Several investigators, e.g., [15], [16] have evaluated the
properties of Toyoura sand. Subsequently, the behavior of
ground surface and tunnel invert induced excavation was
investigated for a model of soft soils.
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11.1. CENTRIFUGE TESTS AND RESULTS

The tests were prepared at a centrifugal acceleration of 60 g
using a container with a length, width, and depth of 1245, 990,
and 850 mm, respectively. The relevant scaling laws that were
cited by [15] provide length of 74.7 m, width of 59.4 m, and
depth of 51.0 m in prototype. The centrifuge modelling tested
the effect of excavation on the ground surface of dry sand. In
test (C), the excavation was conducted above the tunnel. In
test (S), the excavation was located at a distance of 25 mm
beside tunnel, Fig. 2 (Redrawn based on Authors' idea).
Representation of excavation by heavy fluid (ZnCl,) that has
the same density (y) of sand was located in a flexible rubber
bag. The excavation and penetration depths were 150 and 75
mm, respectively. Excavation was in three stages everyone
was 50 mm (3 m in prototype). The vertical distance between
the tunnel crown and formation level of the excavation was 50
mm (0.5D).
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Fig. 2: Details of centrifuge model of Toyoura sand, (Redrawn based on
Authors' idea).

11.1.1. SURFACE SETTLEMENT BEHIND RETAINING
SYSTEM

The relationship between normalized ground surface
settlement (6,/H,) and normalized distance behind diaphragm
wall (d/H,) was illustrated in [15].

The results implied that no observed settlement in the
surface of soil behind 1.15 He from the wall. This research
verified the results of test C and S.

11.2. VALIDATING PROCEDURES FOR CENTRIFUGE
MODEL

Two-dimensional numerical analysis was applied using the
software package Plaxis 2D to perform back-analyses and
verify the centrifuge test as a relationship between (6./H,) for
the soil surface and normalized distance behind the wall
(d/H.). MC model was used to simulate the prototype model
as drained. The length, width, and depth of the prototype
centrifuge model were 74.7, 59.4, and 51.0 m. The depth of
verification model was 60 m and the bulk density (y,) was 17
kN/m®. The effective stiffness parameters (E) and (v) were 78
MN/m? and 0.2, respectively. In addition, the effective
strength parameter (@) was 24°, and (C) was zero. The
excavation depth was simulated at (H,= 9 m), width (B = 18
m), and diaphragm wall length (H = 13.5 m). The excavation
was simulated in three stages. Simulating two struts at the top
of excavation and at a depth of 4 m is to have certain results.
The structural elements (diaphragm wall and tunnel lining)
were simulated as plates, Table 1. The Poisson ratio (v) was
0.15 and longitudinal space (Lgycing) between the struts was
4.5 m. The analysis results revealed the difference between
displacement geometry for Tests (C and S), as shown in Fig. 3.
According to test C, Fig. 3a clarifies the gradient in
displacement around the tunnel by the effect of excavation in
soil layers. Conversely, due to (test S), the tunnel left spring
located beside the diaphragm wall by a distance was 1.5 m.
Fig. 3b shows the displacement geometry by the effect of
deep excavation. Fig. 4 plots the computed results for tests C
and S that were compatible with the centrifuge model. The
results were represented as a relationship between &4/H, and
d/H,. In test C, the values of normalized distance behind
diaphragm wall (d/H,) were 0.07, 0.5, and 0.83. The values of
the normalized ground surface settlement (5/H,) were 0.1,
0.04, and 0.01. In test S, the values of normalized distance
behind the diaphragm wall (d/H,) were 0.07, 0.3, 0.75, and
1.15 and the values of the normalized ground surface
settlement (3/H,) were 0.12, 0.1, 0.06, and 0.02. The tests
neglected the settlement in ground surface after the distance
of 1.15 He behind the excavation. This verification proved the
compatibility between the centrifuge tests and 2D numerical
analysis to validate the centrifuge model of sand soil.

Table I: Structural elements properties

Parameter . . Struts
Concrete Lining Diaphragm
d=0.18m Wallsd=0.96 m
Strut 1 Strut 2
Elastic modulus of concrete, Ec (MN/m?2) 35000 35000 35000 35000
Axial stiffness, EA (MN/m) 18500 453600 530 1640
Flexural rigidity, EI (MNmz2/m) 50 34840 - -
Weight, w (KN/m2) 20 40 - -
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Fig. 3: Displacement geometry for the model (a) tunnel under excavation,
(b) tunnel beside excavation.
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Fig. 4: Validation combined diagram for computed, field and measured
centrifuge results (tests C and S).

11.3. EVALUATION OF TUNNEL MODEL IN LAYERED
SOFT CLAY

The second stage of this study presents a 2D numerical
analysis as plain strain analysis. This research has applied a
contributed extensive study on parameters evaluated from
conventional laboratory tests (i.e., triaxial and oedometer
tests) by [12] on the soil of Bangkok Mass Rapid Transit
(MRT) blue line project (Sukhumvit Station). The proposed
model in this study had a deep excavation beside and above
the tunnel, as illustrated in Fig. 5. In the case of tunnel under
deep excavation, the depth of tunnel crown from ground
surface is expressed as (C = H, + C,). The ground water level

was at (0.00) under Made Ground layer (MG) that had a
surface level of (+3 m). Bangkok Soft Clay (BSC) was below
the (MG) layer and above the Medium Clay (MC). However,
(MC) layer is above the 1% Stiff Clay (1% SC). The layer of
Clayey Sand (CS) lies between (1 SC) and (2" SC) as shown
in Fig 5a and Fig 5b. The tunnel crown was leveled at three
positions (3, 6, and 9 m) beside and under the deep excavation
in soft soil. The excavation is by disregarding the soil layers
from levels (3, 6, 9, and 12 m). PLAXIS 2D CE V20 was
applied due to drainage  types  such as
Consolidated-Undrained (CU) and Consolidated-Drained
(CD). Table Il lists the related dimensions in the model.
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Fig. 5: The model details according to deep excavation (a) beside, and (b)
above the tunnel.

Table I1: The related dimensions in the proposed models.

Dimensions Absolute Values  Related to D
He: Excavation depth 120m 20D
B: Excavation width 12.0m 20D
H: Diaphragm wall (DW) length 180m 30D
h: Distance between tunnel and DW 40m 0.67D

I11. DATA AND ANALYSIS PROCEDURES

Sukhumvit Mass Rapid Transit (MRT) Station is the first
underground line in Bangkok. Extensive field and
experimental studies have been performed on Bangkok clay
[17]. Moreover, the procedures for testing soft and stiff
Bangkok clays (oedometer and triaxial) to determine the
sampling stiffness and strength and evaluate the parameters of
hardening soil model that have been presented [10].
Laboratory and field tests were conducted at different
locations in Bangkok city [18] and the small strain stiffness of
soil was determined using small strain shear modulus (G,) and
reference shear strain (y,,). Soil properties are organized
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according to Plaxis requirements. Two different material
models were applied:

e Mohr — Coulomb model (MC),

e Hardening Soil Model with Small Strain stiffness (HSS).

111.1. MOHR-COULOMB MODEL (MC)

Mohr—Coulomb Model (MC) is a linear elastic perfectly
plastic model. It has been widely used for clayey soils in
geotechnical engineering applications. Elasticity is based on
Hook's law (o = E x g). Plasticity based on MC failure
criterion involves strains that cause deformations. The soil
parameters are easy to obtain in this concept. The undrained
shear strength (s,) and undrained elastic modulus (E ) are
required for the fast-loading cases. The parameter of
undrained shear strength (s ) of the Sukhumvit sub-soils was
obtained in [12] due to vane shear and triaxial tests that were
used to govern the layers strength of the Bangkok Soft Clay.
Table 111 lists the parameters of MC model.

I11.2. HARDENING SOIL MODEL WITH SMALL
STRAIN STIFFNESS (HSS)

HSS is a modification of the HS model, it incorporates the
small strain stiffness of soils after [18]. Recently, it was
reported [19] that the results obtained by HSS model had a

model requires two main additional parameters, i.e., initial
shear modulus (G,) at very small strain and shear strain (y, ;)
at the secant shear modulus (Gg) when it reduces to
approximately 72.2% G, as shown by equations (1) and (1a).

Gs=0.722 G, (@h)]

G, =1.385G, (1a)
The relation can be expressed as equation (2).

Gs/Gy=1/[1+a(y/y,,)] 2

Where (y) is the large shear strain and (a) is a constant (a =
0.385 when y = v, ;) that will back to equation (1).

These parameters are utilized to predict the soil stiffness at
small strain. The data of the small strain parameters for the
(MG) and (SC) layers are limited and the expected soil
movements are small in comparison with that of the (BSC),
(MC), (1% SC), and (2" SC) layers. Therefore, HS model is
used in (MG) and (CS) layers, but HSS is only applied with
the other layers. Accordingly, [12] presented details of small
strain stiffness parameters for Bangkok clays. The parameters
of HSS are presented in Table IV. Moreover, Table V
presents the structural element parameters as plate elements.
Temporary struts as anchors are every 4.5 m longitudinal and
has an axial stiffness EA = 4440 MN/m. The piles under the
raft of hypothetical buildings have axial stiffness EA =1675
MN/m. The piles foundation under proposed distributed

greater accuracy with respect to the model dimensions. HSS ~ stresses of building are simulated as anchors.
Table I11: Parameters for MC Analysis
Layer Soil type Depth 7 (KN/m?) E,(KN/m3)  E (KN/m?) Vu v Analysis type
1 MG 3-0 18 - 8000 - 0.3 CcD
2 BSC 0-(-12) 16.5 20500 0.495 Ccu
3 MC (-12) - (-14) 17.5 27500 0.495 Ccu
4 1st SC (-14) - (-20) 195 40000 0.495 Cu
5 Cs (-20) - (-21) 19 53000 - 0.25 CD
6 2nd SC (-21) - (-40) 20 72000 0.495 Cu
Table 111 (con't): Parameters for MC Analysis
Layer Soil type Depth (m) Sy (KN/m?) Q;(Degrees) C‘(KN/mZ)
1 MG 3-0 25 1
2 BSC 0-(-12) 20
3 MC (-12) - (-14) 55
4 1st SC (-14) - (-20) 80
5 Cs (-20) - (-21) 27 1
6 2nd SC (-21) — (-40) 120
Table 1V: Parameters of (HSS) Analysis
i 3 ref ref ref - Analysis
Layer Soil type Depth (m) vp (KN/m3) ELy (KN/m?) Eqy (KN/m?) ELEt (KN/m?) Vur type
1 MG 3-0 18 45600 45600 136800 0.2 CD
2 BSC 0-(-12) 16.5 800 850 8000 0.2 Ccu
3 MC (-12) - (-14) 17.5 1650 1650 5400 0.2 cu
4 1st SC (-14) - (-20) 195 8500 9000 30000 0.2 cu
5 Cs (-20) - (-21) 19 38000 38000 115000 0.2 CD
6 2st SC (-21) - (-40) 20 8500 9000 30000 0.2 Ccu
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Table 1V (con't): Parameters of (HSS) Analysis

Layer Soil type Depth (m) Gy (KN/m?) Yo7 (%) Q\ (Degrees) C\(KN/ m?) m KO
1 MG 3-0 - - 25 1 1 0.58
2 BSC 0-(-12) 10000 0.08 23 1 1 0.7
3 MC (-12) - (-14) 12000 0.09 25 10 1 0.6
4 1st SC (-14) — (-20) 30000 0.1 26 25 1 0.5
5 CS (-20) - (-21) - - 27 1 0.5 0.55
6 2nd SC (-21) — (-40) 50000 0.1 26 25 1 0.5
Table V: The structural element parameters as plate elements.
Parameter Liningd=0.6 m Diaphragm Wallsd =12 m Building raftd =1.0 m
Elastic modulus of concrete, Ec (kN/m2) 24400 24400000 24400000
Axial stiffness, EA (kN/m) 14640000 29280000 24400000
Flexural rigidity, EI (KN/m2/m) 439000 3514000 2033000
Weight, w (kN/m?) 9.6 19.2 25
Poisson ratio, v 0.2 0.2 0.2

I11.3. MESH GENERATION AND BOUNDARY
CONDITIONS

Fig. 6 depicts the finite element (FE) mesh in case of tunnel
beside (Fig. 6a) and under deep excavation (Fig. 6b).

I<—4 —m—>l

(b)

Fig. 6: FE mesh and boundary condition for the model of (a) tunnel
beside, and (b) tunnel under deep excavation.

Mesh generation was selected as enhanced mesh
refinement and the element distribution was the fine option.
The soil was simulated as plain strain model using 15-node
element. Grouting pressure (e = -220 KN/m?) was applied
as user define in Plaxis by representing Tunnel Boring
Machine (TBM) in the tunnel excavation. According to TBM,
the reference value of tunnel contraction C; = 0.5 %.

IV. RESULTS OF ANALYSIS AND DISCUSSION

The models adopted verified results for the deformation of
ground surface and the deformation at the invert of the tunnel
cross section. The results of the analysis mainly evaluated the
small strain stiffness of soil under the effect of deep
excavation. The evaluation was performed by a comparison
between HSS and MC. This exhibited the compatible limits

between MC and HSS to determine the predicted deformation
of ground surface and tunnel invert by the effect of
excavation, as shown in Fig. 7 and 8, respectively. In the case
of excavation beside the tunnel, MC presented a conceivable
stability for tunnel and ground surface above. This was in
contrast to the case of excavation bed above the tunnel. In the
case of HSS, it adopted a similar instability behavior for the
tunnel ground surface due to excavation.

Large settlement due Small settlement due

to deep excavation \
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Heave due to Settlement due to
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Fig. 7: Deformed shape of analyzed model by MC (a): for tunnel beside

excavation (b): for tunnel under excavation.

The non-linear behavior of soil is represented by the
change in soil stiffness with an increase in the stresses on soil
mass. MC model works by two parts. The linear elastic part
depends upon the law of isotropic elasticity. The perfectly
plastic part is a constitutive model with a fixed yield surface,
fixed value of stiffness, and limited in plastic strains
(Under-predicted deformation).
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Fig. 8: Deformed shape by HSS model (a): for tunnel beside excavation (b):

for tunnel under excavation.

MC model calculates stiffness (E.,) at elastic limits that is
the over-predicted deformation of soil, Fig. 9. The soil
reaches the plastic stage when the stresses are increased
greater than 50% of soil ultimate strength, i.e.,
under-predicted deformations due to MC model. HSS deals
with the stage of non-linear plastic behavior of soil. It
incorporates the effect of deep excavation and this is
considered as over-predicted deformation due to the
evaluation of small strain stiffness.
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Fig. 9: Limits of Stiffness (Esp) due to MC model at elastic behavior of
soil (drained).

IV.1. GROUND SURFACE DEFORMATION INDUCED
TUNNEL PRESENCE

Before performing a close excavation and regardless of
tunnel position at the mentioned levels, it was ensured that the
results clarified the deformation of ground surface above
tunnel under the effect of tunnel shallowness. The distance
between tunnel and pile body was 2/3 D. Related to model
analysis by MC, the tunnel presence beside piles and under
distributed loads on surface caused a heave on the ground
surface. This case was due to the following important reasons:

1) Shallowness of tunnel body owing to the small thickness of
soil layer above.

2) The internal reaction of confined soil between tunnel and
piles that forced the tunnel to raise the soil surface above.

It can be observed in Fig. 10 that the measured distance on
surface deformation behind the tunnel was 1.7 D. The
extended heave on the ground surface above the tunnel body
had a length L;, = 4.2 D. The length of the heave decreased
with an increase in the tunnel depth in the soil. Fig. 11 depicts
a similar case by HSS model. Behind the tunnel, the measured
distance on surface deformation was D. The extended heave
on the ground surface above tunnel body had a length of L, =
2.7 D. The study appropriately clarified when the depth of
tunnels can be considered in shallow limits, particularly for
the projects with similar conditions of study model. Before
beginning an excavations, MC and HSS depict a same stable
case for ground surface that may be at tunnel depth C > 2D.
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Fig. 10: Performance of ground surface above shallow buried tunnel before

the beginning of the excavation beside, MC model.

Distance on ground surface (m)

0 10 20 30 40 50 60 70 80 90 100
15

Length of
10 F Distributed surfaceloads

“

S A

rD 23D

Indication of proposed tunnel

Surface settlement above tunnel (mm)

| 4 C=3m ®-C=6m —C=9m

Fig. 11: Performance of ground surface above shallow buried tunnel before

the beginning of excavation beside, HSS model.

IV.2. GROUND SURFACE SETTLEMENT INDUCED
DEEP EXCAVATION

Beginning of the excavation (Stresses increase) beside the
tunnel caused settlement due to soil drawdown behind
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supporting system of excavation. MC model worked under
isotropic elasticity that is trying to come back at supporting
system (under-predicted deformation) regardless excavation
effect. HSS exhibited a steep and accurate behavior
(over-predicted deformation), which was attributed to the
decrease in the strength and stiffness induced strains increase
with further excavation, as shown in Fig. 12.
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Fig. 12: Surface settlement above the tunnel by the effect of deep
excavation (He = 12 m).

IV.3. DEFORMATIONS OF TUNNEL INVERT BESIDE
DEEP EXCAVATION

The cut-off part of displacement axis represents the heave
value of tunnel invert before starting excavation (H/D = 0)
as shown in Fig. 13. The difference between the values
calculated by MC and HSS increased with the beginning of
the excavation process (H/D > 0.5). In the case of MC
model, increasing the excavation depth (H,/D > 0.5) beside
the tunnel had a restricting effect on the heave of tunnel
invert and the results are convergent even if the tunnel depth
increased. Undefined behavior by MC model (under
predicted deformation) for tunnel invert point beside deep
excavation. The analysis by HSS presents that increasing the
excavation depth (H/D > 0.5) beside the tunnel (Stress
increase) adopts clear decrease in heave behavior. The lack
of heave is an indicator of stiffness stability for the invert of
tunnel (over-predicted deformation).

IV.4. VERTICAL DISPLACEMENT AT TUNNEL
INVERT UNDER DEEP EXCAVATION

Excavation above buried tunnel means unloading of soil
over the tunnel. Unloading the soil above causes displacement
and decreases the buried tunnel stability. In addition,
removing amounts of soft soil above buried tunnel is
comparatively critical than that of unloading the soil beside
tunnels. This is according to the thickness of soil layer
between the formation level of excavation and tunnel crown
(C)). This study measured the vertical displacement of tunnel
invert point under excavation levels. It can be observed in
Fig. 14athat at C, = 3 m under formation level of excavation
(soil unloading), the analysis by HSS or MC calculated
critical heave for the invert of tunnel lining when (H, = 2D).
The small cut-off part of displacement axis represents the

heave values at the invert point before starting excavation
above the tunnel. The difference between the values
calculated by MC and HSS increased after beginning the
excavation process (H/D > 0.5), as shown in Fig. 14b.
Increasing the excavation depth (H,) increases the vertical
heave of tunnel invert point. According to HSS analysis, the
heave is smaller than that by MC model, and tends to be linear
by increasing the invert depth of tunnel, as shown in Fig. 14c.
A difference between the results of MC was not observed.
This indicated that the difference between MC and HSS
values increased with an increase in the excavation depth (H,
> 2D) and the depth of tunnel invert point.
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Fig. 13: Heave at tunnel invert, (a): C=3m, (b):C=6mand (c):C=9m
due to MC and HSS models by increasing excavation depth.
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IV.5. EFFECT OF TUNNEL-EXCAVATION AREA
RATIO

This study adopts a reliable approach that depicts the
importance of evaluating tunnel displacement by joining
tunnel cross sectional area by the above cross sectional area of
excavation. It is stated that the circular tunnel — excavation
area ratio as a factor named Effective Area Ratio (R) and it is
an innovative addition to be considered when achieving new
deep excavation above existed tunnel.
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H, / D ratio A mathematical formula was developed to calculate R at
variable depths of excavation according to the diameter of
(®) the underneath tunnel. The relationships in Fig. 14 and 15
25 were based on equations (6), (7), (8), (9) and (10). Therefore,
MG it is possible to obtain the values of & from Fig. 15 during
= 20 B HSS excavation that correspond to the calculated values of R
Z ratio.
=2 L
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Fig. 14: Heave displacement by MC and HSS models at tunnel invert under
excavation increase (a) at C;=3m, (b) at C; =6 m, and (c) at C; =9 m.

Assuming the sectional area of excavation A due to
equation (3).

A; =B xHe. ©))
The tunnel sectional area is A; as in equation (4).
A =nD’ 4

Where, B and H. are the excavation dimensions, and D is the
tunnel diameter. Therefore, (R) is obtained by equation (5).
R=A1TA; (5)

It can be observed in Table VI that connecting the last
assumptions in relation is to stand on the effect of increasing
excavation sectional area on the value of area ratio (R) that is
inversely proportional to the sectional area of tunnel.

Table VI: Tunnel-excavation sectional area and (R).
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Table VII: Effective Area Ratio (R) and the associated heave by MC and HSS analysis

Tunnel depth C_ under formation level of excavation
Model | Relationship
05D 10D 15D
R 0 032 064 096 127 0 032 064 096 127 0 032 064 096 127
MC | Tunnel heave
58 93 138 202 288 | 5.2 7.5 104 146 209 | 45 742 956 1263 17.2
(mm)
R 0 032 064 096 127 0 0.32 0.64 0.96 1.27 0 032 0.64 0.96 1.27
HSS Tunnel heave
26 537 752 107 165 | 2.24 4.8 5.7 7 9 2 4.1 4,76 5.5 6.5
(mm)
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