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Section 1
Overview

2D Tunnel Construction Stage

1.1 Learning Purpose

One of the major objectives of the tunnel analysis is to figure out the stability of the given design and the
adequacy of the construction process. By processing numerical analysis, you can distinguish the
displacement and subsidence which arise around the tunnel before tunnel construction. Also you can
comprehensively analyze stress of shotcrete and rockbolts to predict in advance problems during
construction.

Ground characteristic values, ground initial stresses and support characteristic values etc. are the input
data for the analysis. Since the initial stresses have a major influence on the tunnel behavior, it is
necessary to process stability evaluation of the tunnel by changing parameters (Coefficient of lateral earth
pressure K0J.

—-’\-—

In this tutorial, the following main concepts will be explained:

«  Import geometry shapes

+  Define ground/structure materials

«  Generate meshes

+  Modeling primary tunnel supporting structures (shotcrete and rockbolt)
+  Change parameters (before analysis, during analysis)

+  Define construction stage(check LDF)

«  Parametric analysis

+  Results - plotting graphs and tables of the construction stage results
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1.2 Model and Analysis Summary

This model represents a cross-sectional shape of the mountain terrain with a tunnel inside. The ground
consists of 4m of silty sand layer on the top. Beneath the silty sand layer, there are weathered rock layer
and rock class 2. After the excavation of the tunnel body, the installation of primary supports (shotcrete and
rockbolt) is performed. And at last the stage of shotcrete hardening is performed.

» Analysis cross-section

'y Silty Sand g
f K/‘\ Weathered Rock £
Crown Shotcrete Crown Rockbolt
Invert Shotcrete Invert Rockbolt (g
w

60m

Rock Class 2

160m
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Section 2
Analysis Setting

» Analysis setting

Chapter 8. 2D Tunnel Construction Stage

[Open the attached start file (08_1arch_start)]

. 5

S

: Analysis > Analysis Case > Setting

Set Model type, Gravity direction and Initial parameters. Check the Unit system which will apply to
the analysis. The unit system can be changed both during the modeling process and after
performing analysis. The input parameters will automatically converted to the right unit system.
This tutorial is a 2D model and uses Sl unit system (KN, m, s).

Analysis Setting

Project Name
Desc.
Madel Type
O
@
© Axisymmetric

Unit System

Gravity Direction
@y

0 <] [m

D =

Tnitial Parameters
Gravity Acceleration(g)
Unit Weight of Water
Initial Temperature

Plane Strain Thickness

9.80665 m/sec
9.80665 | kijm?
o m

1m

s

Through Unit converter located in the bottom right of the monitor, Unit can be easily change and apply to
the analysis. 2D model uses XY plane as a work plane. For 3D model, the gravity direction can be setas Y

orZ.
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Section 3

Define Materials
and Properties

» Table. Ground material

» Define ground material
-General

» » Define ground
material-Porous

» » » Define ground

3.1 Define Ground and Structure Materials

Chapter 8. 2D Tunnel Construction Stage

For material modal type, apply "Mohr-Coulomb’ for the ground and ‘Elastic’ for the structure, which doesn't
consider Nonlinearity. Define 4 types of material, according to the different Ko values of the Rock classes

Materials for ground and structure are shown in the following tables.

[Unit : KN, m]
Name Silty Weathere  Rock Class  Rock Class  Rock Class  Rock Class
sand d rock 2-1 2-2 2-3 2-4
Material Isotcropl Isotropic Isotropic Isotropic Isotropic Isotropic
Model Type Cr\:l)zrorr;] Mohr- Mohr- Mohr- Mohr- Mohr-
b Coulomb Coulomb Coulomb Coulomb Coulomb
General
Elastic Modulus|(E) 2.0E+04  2.0E+05 1.0E+07 1.0E+07 1.0E+07 1.0E+07
Poisson’s Ratio(v) 0.35 0.33 0.22 0.22 0.22 0.22
Unit Weight(r) 18 21 26 26 26 26
Ko 0.5 0.5 0.5 1.0 1.5 2.0
Porous
Unit Weight (Saturated) 19 22 27 27 27 27
Initial Void Ratio(eo) 0.5 0.5 0.5 0.5 0.5 0.5
Drainage Parameters Drained  Drained Drained Drained Drained Drained
Non-Linear
Cohesion(C) 0 30 3000 3000 3000 3000
Frictional Angle 30 33 43 43 43 43
Vatertl 5| [wetenal 5| [wetenal =)
D [L | tame [Stysad coor [ ] D[] Name ity coor [ ] D[] Name ity coor [
[(General] Porous | on-inear General | Porous | Non-tinear
Elastic Modulus (£) 2000 Wym2 [ Uit Weight (Saturated) 8] kyjm2 Cohesion (C) o] yjm?
et e S = oo S

8

) 05

12005

Damping Ratio (For Dynamic)

Damping Ratio 0.05

Kjm3

Rl

Spedific Storativity (Ss)

[ Void ratio dependency of permeabilty (k)

0 im Auto

0 [deg]
[pilatancy Angle 5

[ Tensie Strength o

==

==

4 | Chapter 8. 2D Tunnel Construction Stage

[Unit : KN, m]



7

Basic Tutorials Chapter 8. 2D Tunnel Construction Stage
P Table. Structure Name Soft S/C Hard S/C Rockbolt
material Material Isotropic Isotropic Isotropic
Model Type Elastic Elastic Elastic
Elastic Modulus(E] 0.5E+07 1.5E+07 2.10E+08
Poisson’s Ratio(v} 0.3 0.3 0.3
Unit Weight(r) 24 24 78
» Define structure = =
material d\ El

Elastic Moduius (£) 000000 ym: (o)
0
0
03

2 ke

B 1

Thermal Coefficent 16006 y/[1]

Damping Rato (Fer Dynamic)

Damping Ratio 0.05

=) [

S

Material properties can be imported from an existing analysis file and Excel file that is organized
according to the suitable form.

Structure material can be defined by checking [Structure] which is next to model type. If this [Structure]
is checked, water-related parameters will not be considered.

3.2 Define Properties

Properties represent physical attributes of the meshes and will be assigned to mesh sets during mesh
generation. While defining ground and structure properties, firstly choose the material to be used. And for
structure properties, structure types and cross-section shapes (cross-section stiffness) should be further
defined. Use beam element for shotcrete which resists to axial/shear/moment and use truss element for
rockbolt which only resists to axial forces.

Beam element is a 1dimensional line element defined by 2 or 3 nodes. Beam element can be used when
the structure’s length or height is significantly larger than the dimension of its cross-section which
receives bending loads. If the ratio of cross-section width to length or height is over 1/5, the effect of shear
deformation should not be neglected. In this case, instead of using beam element, it is advisable to use
shell element or solid element.

Truss element is a 1 dimensional line element defined by 2 nodes. It is widely used to model structure
members whose lengths are longer than their cross-sectional widths such as space trusses and diagonal
braces. Mostly it is used to model structure element for which flexural behavior can be ignored. For

example, anchor, nail, rockbolt, etc.

Ground properties are described in the following table

Chapter 8. 2D Tunnel Construction Stage | 5
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[Unit : KN, m]
P Table. Ground property Nam Silty sand Weathered ~ Rock Class ~ Rock Class ~ Rock Class ~ Rock Class
ame y rock 2-1 2-2 2-3 2-4
Type 2D 2D 2D 2D 2D 2D
Sub-Type Plane Strain  Plane Strain ~ Plane Strain ~ Plane Strain  Plane Strain  Plane Strain
Material Silty sand Weathered Rock Class Rock Class Rock Class Rock Class
y rock 2-1 2-2 2-3 2-4
» Define ground property e il e sy ==
| Plot Only(2D) | Gauging Shell | Axisymmetric |
Shell Plane Stress Plane Strain Geogrid(2D)
D 1 Name Sitysad | Coor [ ][7]
Material
@) Angle 0| [dea]
[ 0K ] [ Cancel ] [ Apply ]

Structure properties are described in the following table. The cross-section stiffness will be automatically
calculated based on the cross-section shape.

[Unit : KN, m]
Name Soft S/C Hard S/C Rockbolt
Type 1D 1D 1D
Model Type Beam Beam Truss
Material Soft S/C Hard S/C Rockbolt
Spacing - - 1.5
Section Rectangle Rectangle Solid Round
Section Size H=0.12, B=1 H=0.12, B=1 D=0.025
» Deﬂne property Qeale/MlumflePvupen‘y ‘ l - ( )‘@ ‘Section Template ==
Truss | Embedded Truss| Beam [ple | Geogrid(1D) | Plot Only(1D) Solid Rectangle v
B
D 7 Neme 'SoftSC coer [ ][] " 02| m
Section Section H
[ spadng itm
SoldRectangle
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Section 4 Since the purpose of this tutorial is to study 2D geometry / mesh generation, analysis workflow and results
checking, you can start the tutorial by opening the start file in which basic materials and properties have
Modeling already been predefined.

4.1 Modeling Geometry
+ £ . Main Menu > Import > DXF 2D (Wireframe)...
DFX file of AutoCAD over version R13 can be imported.

«  Import 08_1arch.dxf.

* X, Geometry > Point & Curve > Intersect

This function intersects selected edges at cross positions.

«  Select all the lines and click on [OK].

" Geometry > Remove > Face/Edge
After breaking the intersecting lines, check if there are small edges.
+  Select all the lines, and type 0.01 for the [Small Edge] value.

+  Click [Find] button. Lines smaller than 0.01m will be shown on the [Results] window.
+  Check the locations of the lines. Click on [Remove] to delete the unnecessary ones.

» Model simplification- Model Simplication =
Face/edge e
=] Select Target Object(s)
Condition
©® small Edge < [ ootlm
) 5mall Face < ol me
Results
Color | Part Name ~ Value L0000 002
+9.0000e+001
+8.0000e+001
+7.0000e+001
+6.0000e+001
+5.0000e+001
+4.0000e+001
+3.0000e+001
+2.0000e+001
+1.00002+001
+0.0000e+000
Sclectl || unselectAl | [ Remove |

gm
Extra nodes can be generated on the spots of unnecessary small edges and faces. These small nodes

can cause abnormal displacement and stress concentration. Therefore small edge and face must be
removed.

Chapter 8. 2D Tunnel Construction Stage | 7
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4.2 Generate mesh

* ﬂ : Mesh > Control > Size Ctrl

Assign mesh size to points and edges.

«  Select all the edges of the tunnel.
+  Type 0.8 for the mesh size and click on [Applyl.

Size Control =

Edge | custom J
1= Select Oijeci(s) ] - .
H Select Reversed Object(s)
i
t

Method [Interval Length -] ‘\\f
—

Mesh Size 0.8 m

Name Edge Size Control -———~—~—‘_‘*~\ Jf———.‘._
(o [ conce | [ apoty ] /

gm

Mesh shape and quality is very important for finite element analysis. In case of ground where plastic
failure occurs because of shearing strain, it is recommended to use hexahedral-based mesh for 3D and
tetrahedral-based mesh for 2D to get a reliable analysis result. These types of meshes can be generated
by using [Default Tetra Mesher] or hexahedral-based [Hybrid Mesher].

Generally speaking smaller the mesh sizes are, better the analysis quality is. However small mesh sizes
will also extend analysis time. So it is recommended to determine the mesh size by considering both
accuracy and efficiency of the analysis. One of the tricks is to generate denser meshes around locations
where you want to see the result.

To view the specified edge seed for mesh size control, check Work Tree > Mesh Control > Size Control.

* & Mesh > Generate > 2D

Generate 2D Mesh to the specified planar area which is defined by boundary lines.

+  Choose [Auto-Area] tap.

+  Select all the edges (54 edges)

«  Setthe meshsize as 5.

+  Check the [Mesh Inner Domain] option.

«  Select Rock Class2-1 as the mesh property.

» Generate mesh(Auto- Generate mesh{Face) =
Auto-Face | Auto-Area | Map-Face | Map-Area
rea
123! Selected 54Edge(e) J
@ Select Point(s) l

Size Method
@ Sz () Division 5

Mesh Inner Domain
Include Interior Edges

Property

3 |3 Rock Class2-1 =
Mesh Set Auto-Mesh (Planar Area) -

8 | Chapter 8. 2D Tunnel Construction Stage
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S

If the specified planar area is divided into 2 sections (interior and external], meshes can be generated in
both section by checking [Mesh Inner Domain] option.

Interior domain is an area which exists separately at the inner part of the whole area without connection
to the outer boundary. For example, if a small rectangle is located inside of a larger rectangle, the small
rectangle is an inner domain. But in case of the small rectangle is connected to the outer rectangle with
lines, the small rectangle is no longer an inner domain.

Qutter Domain Qutter Domain
Inner Domain Domain
(a) Inner domain exists (b) No inner domain

. To change name of a mesh set, select the mesh set from the Work Tree > Mesh, press [F2] on
keyboard to change the name.

£ Mesh Control =-“F Mesh Control
5. Default Size .G Default Size
- Property Control .S Property Control
[¥ =, Size Contral -, Size Control
= Mesh - [ @ Mesh
- [ Default Mesh Set 1 {— \..¥ @ Default Mesh Set 1 | —
[ @ Auto-Mesh (Planar Area) 2 I:‘ i [ Rock class2 2 | —
- [ Auto-Mesh (Planar Area)-1 3 || L[ & Silty sand 3 | |
[V & Auto-Mesh (Planar Area)-2 4 | — [V (5 Weatherd rock 4 —/
[/} Auto-Mesh (Planar Ares)-3 5 | — [ @@ Tunnel crown 5 —
[V §8 Auto-Mesh (Planar Area)-4 6 | — [ @@ Tunnel invert 6 —
= Contact 2 Contact
-3 Element Parameters 28 Element Parameters

* I : Mesh > Element > Parameters

Change the property of meshes which are already generated.

«  Select 2D tap.

+  Select the mesh sets and property that you want to change to. Click on [Apply] button. Refer to
the figure below for the property information. (it is more convenient to select the mesh sets from
the work tree)

+  Property information can be directly confirmed on the screen by activating Display mode (Mesh)

& > Property Color.

» Change property & Add/Modify Mesh Parameter
Sitysand | | [joge [ @ |2 [oter]
Weather rock
% [Change Property v]
Rock Qlass 2-1 (el seecbea ]
Select 2D-property from the below list.
Property
Rock Qass 2-1 1 [1: ity sand -

Chapter 8. 2D Tunnel Construction Stage | 9
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* Ei'i : Mesh > Element > Extract

Primary supports (shotcrete and rockbolt) are going to be generated in this step. Use beam element for
shotcrete which resists the axial/shear/moment forces, and truss element for rock bolt which only
resists the axial force. Use [Extract] function, because both beam and truss must share the nodes with
the ground.

+  Select the edges of the crown shotcrete. (refer to analysis cross-section figure on page 2]

+  Assign the property as soft s/c.

+  Type 'Crown s/c" as a mesh set name.

+  With the same method, generate the mesh of ‘Invert s/c’, ‘Crown rockbolt’, ‘Invert rockbolt'.

P Generate crown shotcrete Extract Element == Extract Element ==
» B Generate invert shotcrete Geomety | Mesh Geomety | Mesh
oe [Edae ] o -]
iE Selected 14 wg iE Selected 4 wg
Skip Duplicated Faces Skip Duplicated Faces
Orientation (Element Z-Axis) Orientation (Element Z-Axis)
Beta Angle: 90 [deg] Beta Angle: 90 [deg]
Property Property
Ol — Ol —
Mesh Set Mesh Set
[C|register Based-on Object Shape [C|register Based-on Object Shape
[“|Register Based-on Qwner Shape [“|Register Based-on Qwner Shape
Register Based-on Owner Mesh Set Register Based-on Owner Mesh Set
Crown sfc - Invert sfc -
(Lox ] (Lox ]
» Generate crown Extract Element (=) Bdract Element 55
rockbolt Geometry | Mesh Geometry | Mesh
» B Generate invert Type [edge - Type [edge -]
rockbolt Bl skasdwomeae) ] (Bl sekasizomea®) ]
Skip Duplicated Faces Skip Duplicated Faces
Orientation (Element Z-Axis) Orientation (Element Z-Axis)
Beta Angle: 90 [deg] Beta Angle: 90 [deg]
Property Property
o — o —
Mesh Set Mesh Set
[ Register Based-on Object Shape [ Register Based-on Object Shape
[T Register Based-on Owner Shape [T Register Based-on Owner Shape
Register Based-on Owner Mesh Set Register Based-on Owner Mesh Set
Crown rockbolt - Invert rockbolt -
[Fox ] [Fox ]

10 | Chapter 8. 2D Tunnel Construction Stage



\

7

Basic Tutorials Chapter 8. 2D Tunnel Construction Stage

* I : Mesh > Element > Parameters

This step sets element coordinate systems. The member force of a Beam/Truss element is plotted based
on its element coordinate system. Since the coordinate system of an element is determined by the order
in which this element is generated, the coordinate system of the elements must be oriented correctly in
order to have a consistent sign of the member force.

«  Select ‘Crown s/c’, 'Invert s/c’, 'Crown rockbolt’, ‘Invert rockbolt' from the Work Tree > Mesh.

«  Mouse right click and select Display > Element CSys from the context menu

+  Choose [Change CSys] from the dropdown Menu of the Mesh > Element > Parameters > 1D tap.
+  Use[Reverse Normal (X-Axis)], to align elements into one direction.

» Mesh parameters - Add/Mody Mesh Parameter (o)
Change coordinate system [Noge | D [0 [ [other]
[change csys -
=2 T

(@ Reverse Normal (¥-Axis)
() Orientation (Element Z-Axis)
Beta Angle: 50 [deg] <

() Align with Neighbor 2D Element
() Align 1D Base Element (Z, X-Axis)

E Select Base Element
Property
9 9: Rockbalt LE]
[ oc [ cancel

» Before the alignment
» p After the alignment

Chapter 8. 2D Tunnel Construction Stage | 11
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Section 5
Analysis setting

» Setting gravity

» Setting boundary
condition

5.1 Define Loading Conditions

k. . . .
* == : Static/Slope Analysis > Load > Self Weight

The self weight is calculated automatically by multiplying the unit weight of the ground, the acceleration of
gravity and the scale factor in the appropriate direction to be defined in the Self Weight dialog box.

* Input ‘Gravity-1" for [Name] and 'self weight' for [Load Set]
+  Forthe [Components] put '-1' for the scale factor at Gy.
«  Select [Applyl.

Gravity ==
Gravity

Name Gravity-1

Reference Object

Type [Coordinabe - ]

Ref. CSys Global Rectangular

Components

Gx 0
Gy 1
Gz 0
Load Set Self weight| -

(o[ cancel ] (Capaly )

5.2 Setting Boundary Condition

2
old

% === : Static/Slope Analysis > Boundary > Constraint

This process assigns boundary conditions to the analysis model based on global coordinate system.
« Under the [Auto] tab, give a name to the constraint, select all mesh sets and choose the target
[Boundary set].

Constraint (23]
Basic |Advanoed Auto

Mame Constraint-1

E Select Object(s)

Consider All Mesh Sets

Boundary Set  Ground Boundary Set-1 -

H@ [ o J[ coneel ][ apaty ]

m
In 2D analysis, we constrain horizontal displacement of the left and right borders, and constrain both

horizontal and vertical displacements of the bottom. GTS NX automatically detects the boundaries of the
model and generates boundary conditions.

* &= : Static/Slope Analysis > Boundary > Change Property

12 | Chapter 8. 2D Tunnel Construction Stage
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» Setting stiffen condition
for crown shotcrete

» B Setting stiffen
condition for invert
Shotcrete

» Changing ground
property(K0=1.0)

» » Changing ground
property(K0=1.5)

» » » Change ground

According to the construction stage, stiffness of the shotcrete changes from soft to hard. To realize this

change, use [Change Property].

+ Type ‘Change Property-1" at [Name] and 'Crown-hard s/c" at [Boundary Set].

+  Select 'Crown s/c’ as object.

+  Since the Property will change to 'Hard shotcrete’, select the ‘Hard s/c" at the [Property].

«  Click [Apply].

+  Generate the boundary condition of the ‘Invert-hard s/c' in the same way.

Change Property = Change Property =
General | Construction Stage General | Construction Stage
Name Change Property-1 Name Change Property-2
Object Object
Property [8'. Hard s/fc v] Property [8'. Hard sfc v]
Boundary Set  Crown-hard sjc v Boundary Set  Invert-hard s/c -
[ oc J[ cancel |[ appy ] (o J[ cancel J[ apply ]

Use [Change Property] to define Rock Class2 with different KO values for result comparison.

+  Type ‘Change Property-3' at [name], and put ‘Rock class 2-2" at [Boundary Set].
«  Select 'Rock Class 2", ‘Tunnel crown’, ‘Tunnel invert' as object.
+  Select the [Property] to Rock class 2-2.

« Click [Applyl.

«  Generate boundary conditions of ‘Rock class2-3", ‘Rock class2-4"in the same way.

Change Property [==al| | change Property [23)| | change Property =
General | Construction Stage General | Construction Stage General | Construction Stage
Name Change Property-3 Mame Change Property-4 Name Change Property-5
Object Object Object
bzl selected wssobiectt) | (L] seected wozobecttyy | (] sdected wszobjecty |
= o et
Boundary Set  Rock dass2-2 - Boundary Set  Rock dass 2-3 - Boundary Set  Rock dass 2-4 -
[ ok [ cancel [ apely ] [ ok J[ cancel | apely ] [ ok |[ cancel [ apely ]

5.3 Define Construction Stages

* R : Static/Slope Analysis > Construction Stage > Stage Set

Chapter 8. 2D Tunnel Construction Stage | 13
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In this process we define construction stages to check analysis results in each step. To define construction
stages, mesh sets should be pre-divided. And then loads and boundary conditions are assigned to relevant
mesh sets in each step. Starting from the original ground stress condition, each construction stage such as
tunnel excavation, supports installation (shotcrete and rock bolt), and supports hardening etc. can be
defined using this function.

+  Type ‘Tunnel' at the [Name].
+  Select [Stress] as stage type and click on [Apply].

» Generating construction
stage set

Construction Stage Set (3]
Name Construction Stage Set-1
Stage Type [Stress <[ wodfy

Mo MName Type GCopy

1 Turnel Siress Delete
Define CS...

Close

+  Generate construction stage by clicking [Define construction Stage].
«  Composition of the construction stage is listed below.

Stage 1 —Stage Name : Foundation

Activated Data-Mesh:[Silty sand], [Tunnel crown], [Tunnel invert], [Weathered rock], [Rock class?]
Activated Data-Boundary Condition : [Ground boundary set-1]

Activated Data-Static load : [Self weight]

Stage 2 — Stage Name : Null stage

Check [Clear Displacement].

In general construction stage, the stress resulted from self weight is initial stress. In GTS NX, the
initial stress can be calculated by both KO method and self-weight analysis method.

» KO Method
» The K, method uses the constant K, to calculate the horizontal stress from the vertical

14 | Chapter 8. 2D Tunnel Construction Stage

stress and sets it as the in-situ stress. To use this method, the vertical stress o, needs

to be calculated first using self-weight and this value is further used to calculate the
horizontal stress through o, = K0, . In this case, the shear stress is assumed to be

zero. If the ground surface is not flat, the calculated stress state and self-weight is not
in equilibrium. So when the ground surface is not flat and KO method is used to
calculate initial stress, the analysis must be performed by using unbalanced force
between resisting force according to the self weight and initial stress condition in order
to make equilibrium condition. This can be performed by setting a [INULL Stage] in
which none of the conditions is changed.

Self-weight analysis method

If the ground surface is flat, this method is the same as the K0=y /(1- v ) of KO method.
But if it's not, the results come out differently with the KO method because the
horizontal displacement and the shear stress occur. Therefore, generally it is
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recommended to use self-weight analysis method if the ground surface is not flat. In

this case the KO value can't be set over 1, you must use KO method to use KO value over
1.

Stage 3 — Stage Name : Crown Excavation

Deactivated Data-Mesh: [Tunnel crown]

To prevent all the unbalanced forces occurring from the excavation and from loading at the same
time, use LDF (Load Distribution Factor] to split the force.

Check [LDF], enter [Distribution Factor] as 0.4, 0.3, 0.3.

e s Pr——— =

After Current Distribution =
Stage Factor

0.3000
0.3000

m

& [
o

1

Total 1

No Mesh Name Add

o

During the tunnel excavation, a 3-dimensional structure is formed around the tunnel shield.
Therefore, a load transfer phenomenon (Arching Effect) toward longitudinal and transverse
directions occurs. This Arching effect occurring in two or more planes will scatter the ground
load in a three-dimensional way. Displacement also occurs around the tunnel and the entire
shield. To consider this effect in numerical analysis, 3-dimensional finite-element analysis
must be directly performed. However, from the results of recent documents and researches, it
has been demonstrated that the effect of 3-dimensional tunnel process can be reflected in 2
dimensions. Therefore, the general application of shield process and 3 dimensional ground
behavior generated by supports installation are modeled by setting LDF (Load Distribution
Factor].

In construction stage, LDF postpones the tunnel excavation effect by dividing the load and
applying part of the load into the stages after the excavation stage. The load in each distribution
stage is defined by a factor ratio from 0 to 1. And the sum of ratios in all stages must be 1. The
LDF should not overlap each other.

Stage 4 — Stage name : Crown Support
Activated Data-Mesh: [Crown s/c], [Crown rockbolt]

Stage 5 — Stage Name ; Harden Crown Support
Activated Data-Boundary Condition: [Crown-hard s/c]

Stage 6 — Stage Name : Invert Excavation
Check [LDF], enter [Distribution Factor] to 0.4, 0.3, 0.3.

Deactivated Data-Mesh : [Tunnel invert]

Stage 7 - Stage Name: Invert Support

Chapter 8. 2D Tunnel Construction Stage | 15
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Activated Data-Mesh: [Invert s/c], [Invert rockbolt]

Stage 8 — Stage Name ; Harden invert support
Activated Data-Boundary Condition: [Invert-hard s/c]

To review the impact of the rock class transition and KO transition, add k0=1.0, 1.5, 2.0
construction stage set.
Select [Tunnel] and copy as shown below.

» Generating construction Construction Stage Set (=
sta ge. Name Construction Stage Set-1 Add
Stage Type [Sress <[ modfy |
Mo MName Type
i Tunnel Stress
2 Tunnel-1 Stress
3 Tunnel-2 Stress
4 Tunnel-3 Stress
Close

+ In the initial construction stage of [Tunnel-1], move [Rock class2-2] to [Activated data] to modify
KO0 value from 0.5to 1.0.

+ Inthe same way as the former step, move [Rock class2-3] and [Rock class 2-4] to [Activated data]
in the initial construction stage of [Tunnel-2] and [Tunnel-3].

i ; Define Construction St
» Define construction toge =
sta ge Construction Stage Set Name: [Tunnes o=
Stage ID [1; Foundation-1 v] = [ Move to Previous | [ Move toNext | Delete
Stage Name  Foundation-1 =] Analysis Control...
SetData Activated Data Deactivated Data [T Define water Level For Global
-l Mesh - @ Vesh 0] m [None
-fify Crown rockbolt &5 Boundary Condition
Crown s/c gl Static Load [C] pefine Water Level For Mesh Set

Defautt Mesh Set-001
Invert rockbolt

Rock Class 2

Sity sand

invert s/c
S Boundary Condiion
€6 Bottomrhard s/c
~§% Ground boundary Set-1
&5 Rock dass22
-&5 Rock class2-3
&G Rock dass24
-5 Tophard sic
-8y Static Load
s:!; £ Sef weight

k) Tunrel crown

P Tunnel invert
£+ $§ Boundary Condtion
&5 Ground boundary Set-1

Sart 8y [Name

~ | show Data Al

Input Water Level...

@] LOF.

Tunnel crown &5 Rock class22 [ Clear Displacement
Tunnel invert =8l Static Load )
Weathered rock s Selfweight [T Slope Stability (SRM)

[T Slope Stability(5AM)

save Close

5.4 Define Analysis Case

* = : Analysis > Analysis Case > General
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This process sets analysis method and model data for the analysis. The analysis and output types could be
controlled using the advanced options. For construction stage analysis, because the data for the analysis
has been formerly set, the [Analysis Case Model] is deactivated.

« Name title as ‘K0_0.5".

+  Set the [Solution type] as ‘Construction Stage” and [Construction Stage Set] as ‘Tunnel'.

+ In Analysis Control > General, check [Initial Stage for Stress Analysis] and select “1: Foundation’.
Also check the [Apply KO Condition].

+ In the same way, generate analysis case for K0=1.0, 1.5 2.0. (Change [Construction Stage Set] to
Tunnel-1", Tunnel-2', ‘Tunnel-3', and set [initial stage for stress analysis] as ‘Foundation’.)

» Generating analysis B = =
Analysis Case Setting
case Tite x0.0.5 Vot ressure
Automaticaly Consider Water Pressure
> Analvsi ntrol Desarption Analysis Contral  [F5) g v
alysis contro A D — @
il Stne o s Al
Construction stage Set — = ot oot
Anlysi Case Model sl Calaaton stage
Alsets Active Sets ©EndStage ) Midde Stage LiFoundation
s stoge
o]
Saturaton Effects
[ Consider Partialy Saturated Effects for Stress Analysis
v, Negatve Pore Pressure
Max. Negative Pore Pressure Limit 0 k2
Solve Each Load Set Independently Sorking Name oK Cancel Apply _EIK Cancel

5.5 Perform Analysis

* *g' : Analysis > Analysis > Perform

Perform analysis. If the analysis is done, it will automatically switch to ‘Post-Mode (Confirmation of the
Results)'. For the further modification of the model and options, you have to switch back to the ‘Pre-Mode'.

» Analysis perform GTS NX Solver ==
manager Name Type Description bl
I KO0_1.0 | Construction 8
v KO0_1.5 | Construction S
v K0_2.0 | Construction S =

|

« ltis possible to select the analysis cases, and analyze only the selected cases.

The information occurring from the analysis process is printed out in the [Output Window].
Especially if the warning occurs, be aware that the results may not be normal.
Before generating analysis the model is automatically saved. The information about analysis is

Chapter 8. 2D Tunnel Construction Stage | 17
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saved in *.0UT file as text file format in the same file with the saved model file.

When analyzing a model, the results can be controlled by Analysis > Analysis Case > General >
Output Control option. And if you set the output option as [Binary and Text], the analysis results on
nodes and elements are also plotted in *.0UT file.

18 | Chapter 8. 2D Tunnel Construction Stage
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SeCtion (/) After the analysis, results such as displacement, stress, axial member force of the each construction stage
can be viewed by clicking on the relevant item on the result tree. All of the results can be shown as contour
Result and table. The main result items for this model are shown below.

+  Displacement of the Tunnel — Crown Displacement, Convergence
+  Generated axial force of member and stress of Shotcrete
+  Axial force of Rockbolt

6.1 Verifying Displacement

The tendency of the displacement can be found in the result tree. TX, TY, TZ refers to X, Y, Z direction based
on GCS. Therefore the crown displacement of the tunnel can be seen in [TY TRANSLATION], and the
convergence can be seen in [TX TRANSLATION].

The item (V) refers to the result item to which both contour and vector are available. By using GTS NX,
displacement and principal stress can be plotted as contour and vector.

+  Select the stage (Harden invert support] to check the results in the Work tree > Results > K0_0.5,
and Select Displacement > TY TRANSLATION (V).

+  Select Result > General > Deform > Undeformed.

» Deformed
» p Undeformed

+  Select Result > General > Smooth > Fringe. If you set the contour to [Fringe], it is easier to
understand the tendency. The property of the contour can be changed by using the property
window in the left bottom of the screen.

: Properties Q%
» Property window > e :
Contour
Contou'r Bt s
» » Fringe+Show Fil sold
. Color Contour
contouor line Contour Line
Show True
Line Color Il oooooo
Line Width 1
( Aonly J

» Probe results

Chapter 8. 2D Tunnel Construction Stage | 19
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_

» Extract results
» » The result of the
extraction

Chapter 8. 2D Tunnel Construction Stage

The result units can be converted by the real-time Unit Converter lies in the right bottom of the
screen.

Scroll the movement bar at the bottom of the screen to see the result stage by stage

-
]

o B & ¥ | Level3 Norma - ]

Use Result > Advance > Extract to extract the result values of specific elements or nodes
according to the construction stage. The results are plotted as table format. The table can be
Copied / Pasted into the MS-EXCEL.

Extract Results (==
COutput Data
Resu e
Resits
Step: Results
[¥|Foundation:INCR=32 (LOAD=1.000):TY TRANS
|¥|MULL Stage:IN (LOAD=1.000):TY TRANS
[¥|Crown excavation:INCR=32 (LOAD=1.000):TY
[¥|Crown support:INCR =32 (LOAD=1.000):TY TRy
[¥|Harden crown support:INCR =32 (LOAD=1.000]
[¥]|Invert excavation:INCR=32 (LOAD=
|¥|Invert suppor :INCR=32 (LOAD=1.000):TY TR4
[¥|Harden invert support:INCR =32 (LOAD=1.000)
select Al ][ unsclectal | -
Ho Ste Value H ‘144 H 173 M
Order > (m) (m)
@ step ©) Node »
2 | NULL Stage-1:NCR=32 (LOAD=1.0 |  1.000000e+000 0.000000+000 0.000000e+000
Nadsl Resuits Extraction 3| Crown excavation-T/NCR=32 (LO | 1.000000e+000 9.8904162-006 9.2609412-006
@) User Defined 4 | Crown support-1NCR=32 (LOAD=|  1.000000e+000 1.455061e-005 1.429310e-005
5 | Harden crown support-1:INCR=32 ( 1.000000e+000 2.243578e-005 2.146010e-005 | |=
& | Invert excavation-1:NCR=32 (LOA | 1.000000e+000 3.186375e-005 2.861113e-005
sot (% J[ ¥ ][z ] [Fascending
7 [ Invert support-1:INCR=32 (LOAD=1 | 1.000000e+000 37895625005 3.3463652-005
© Masimum  © Minimum  © Abs, Max 8 | Harden invert support-1NCR=32 (| 1.000000&+000 45093626005 3.9010085-005
Only Show Node/Element
Extraction Position in Element | | |
-
Table Close
o 1\ Displacements / It = .
0.0 06
—=—K0=0.5
01 - 051 | e K0=1.0
—A—K0=1.5
02} 041 | —vy—K0=2.0
B £
£ g 03-
= 03| =
kel o
5 g T
2 04 g
o S 01|
= =
r o5} fa o5
06 - 01|
07 . . . . L 1 L 02 L L L L L L L
1 2 3 4 5 5 7 s 9 1 2 3 4 5 6 7 8 9
Stage Stage
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6.2 Member Axial Force and Shotcrete Stress

Chapter 8. 2D Tunnel Construction Stage

Shotcrete is modeled as a beam element. In case of Beam element, the axial force, shear force and

moment can be plotted.

+  Select the stage (Harden invert support] from the Work tree > Results > K0_0.5, and Select Beam

Element Forces > AXIAL FORCE.
+  Set Result > General > No Results > Exclude

BAn FORCE

» AXIAL FORCE e
» » No results > exclude %

s 0ssesont
B

e

e

N

=
"5 asmsseron

+  Scale/Type/Fill Type/Division etc. can be assigned at Property Window > Diagram.

[S Property Properties 1 x
) . [DRgram -
window(Diagram) Diagram
» » Solid fill+Reverse Pt 2
Diagram Type Contour
Fill Type Solid Fil
Diagram Color Il ooooso
Reverse True
Reference Value False
Refarence Value 0
Result Direction Default
Division 8
Cutting Diagram
Scale Factor 1
Min/Max True
Value Exponential True
Value Decimal Point 2
Value Color W oooooo
Diagram Color M fio031
l Feoply )

EEAM FORCE
AATAL FORCE , ki

+  Select the stage [Harden invert support) from the Work tree > Results > K0_0.5, and Select Beam
Element Forces > SHEAR FORCE Z and BENDING MOMENT Y. check the sheer force and the

moment.

BEAM FORCE
SHEAR FORCE 2, K

32%
~1.16440e+000

BEAM FORCE
BENDING MMNT ¥ , ki
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The stress results from a beam element are listed in the following table.

Results Explanation

Position : Section A-B of each segment
O

xx

Axial stress

Position : Section A-B of each segment
Calculate from Torsion stress coefficient ¢ (7 = rc /. )
Position : Section A-B of each segment
Shear stress Calculate from shear modulus of cross-section area
7,=0,/(8,4),7.=0./(S.4)

Position : Section A-B of each segment

Bending Stress induced by user defined location o,

Torsional stress

Stress
Point stress

Position : Section A-B of each segment
Max/Min stress Max/Min of the sum of Axial stress and Point stress
among location C~F
Position : Section A-B of each segment

Von-mises stress o = /Oi+3(@zy+é)

» Result of output location M,
and direction of Beam o
element /,N/'7 M,
> M, W,
T ECS-y
F c
Recovery point ECS-z
(I—s\:action)I -
E D
Sign convention of GTS NX is that (+) is represented for tension and (-] is represented for compression. In
tunnel analysis, the bending compression stress of the shotcrete has to be checked if it is within the
acceptable limits. Therefore, to check the bending compressive stress, check the max (-] value of Beam
Element Stresses > S-MIN, S-MAX.
+  Select the stage (Harden invert support] to check the results in the Work tree > Results > K0_0.5,
and Select Beam Element Stresses > S-MIN. Check the bending compressive stress.

» Combined stress(min) \ | N e A [ ST o2

+1.7001 1e+000

» » Combined stress(max)

22 | Chapter 8. 2D Tunnel Construction Stage
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6.3 Axial Force of Rockbolt
Rockbolt is modeled as truss element. A truss element can carry axial force.

+  Select the stage (Harden invert support) in the Work tree > Results > K0_0.5, and Select Truss
Element Forces > AXIAL FORCE. Check the axial force.

+  The [Nodal Average] is an option which shows the average results of adjacent nodes to make the
contour or diagram look smoother.

TRLISS FORCE TRUSS FORCE
ARIAL, kN

+4,55134e-002 +5.23201-002
11L6% 5.8%

+4,189972-002 +4.813926-002
15.4% 10.0%

+3.828598-002 +4.335826-002
13.0% = = 12.4%

\46722e-002 - =~
> oy

» Check the nodal

average \k‘
» D uncheck the nodal .

4%
97773e-002
11.8% 11.8%
10585e-002 55963e-002
" 10.7% ¢ 11.8%

average +2,744488-002 +3,141540-002
7 71 12,5
+2,39910e-002 +2,72344e-002
! 6.5% I 8.8%
/ +2.021732-002 / ' +2,30535e-002
\ 5.5% g |5
1 if’- +1,660362-002 | L BTS00
| f 4.1% | 1 5.5%
g I——— +1,29999e-002 = =y — [, e
\ f 6.5% \ Il o
\ / +9,375138-003 \ / oy Thosi08e 00z
\ / L \ 5.32963e-003
3.0% 2.9%

In 2D analysis, the CTC (spacing) which refers to distance between 1D elements is entered in
[Static/Slope Analysis > Prop./ CSys./ Func. > Property].

Create/Modify 1D Property ==
Truss

D |5 Name  Rockbolt coor [ 7]
Constitutive Behavior [ From Material -
Cross Sectional Area(A) 0.0004908738* m?
Torsional Constant 3.83495197¢-0 ¢
Torsional Stress Coeff. 00125 m

[V spacing 2m

Section. Solid Round

Cancel Apply

In GTS NX, member axial force is output by the value of axial force per number of members
(/" =nf). CTCis included in the member axial force by multiplying CTC to the number of
members.
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