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1.

Introduction

The aim of this exercise is to illustrate two fundamental techniques in defining in-situ stresses for a rock
mass respectively the KO-procedure and the field stress to represent an initial stress situation defined
as:

oy =yh
O-H = KO,H'O-V
op = KO,h'UV

where,

o Ko is the coefficient of earth pressure at rest (in major horizontal direction)
e Ko is the coefficient of earth pressure at rest (in minor horizontal direction)

for the analysis of a circular tunnel excavation at a depth of 500 m in a uniform rock mass characterized
by y =25 kN.m-3, Ky = 1.2 and K;, = 0.8. In this example, two PLAXIS models will be built up for the
analysis of the tunnel excavation process followed by the activation of a 20 cm thickness shotcrete
lining each model using a different initial stress definition technique.
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2.

Model Construction: KO-Procedure

Project properties are set as shown in Figure 1 The model is 200 m wide and uses 15-noded plane
strain elements.

| Project properties = O x

Project Model Constants Cloud services

Type Contour
Model Plane strain ~ X pmin -100.0 m
Elements 15-Moded ~ K oy 100.0 m
Units ¥ min % m
Length m W ¥ pax 500.0 m
Force kM w i
Time day b
Mass t
Temperature K v ;
Energy k3 L
Power kw w
Stress kM fm?
Weight ki fm 2
[ set as default Mext oK Cancel

Figure 1: Project properties definition.

Soil geometry and material properties

A borehole is defined at x = 0 with a unique soil layer ranging from 500 m down to -100 m.
Corresponding material properties are summarized in Table 1. The water level is set at Head =-100 m
(see Figure 2) such that the entire rock formation is initially dry.
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| (=] Modify sail layers
Borehole_1 4

| 5§ Add
X 0.000
Head -100.0 Soil layers  water Initial conditions  Preconsclidation  Field data
Layers Borehole_1
# Material Top Bottom
1 Rock 500.0 -100.0

188.0 @ Bottom cut-off | 0,000 m

== Site response H= Boreholes =) Materials

Figure 2: Borehole definition.

Table 1: Soil material model parameter summary

Material Name Shale |

Soil Model Mohr-Coulomb
Drainage Type Drained
Unit weight unsaturated yunsat 25 kN.m-3
Unit weight saturated ysat 25 kN.m"3
Young’s modulus E’ref 2.0E6 kPa
Poisson ratio v 0.25
Cohesion C'ref 250 kPa
Friction angle ¢ 40°
Dilatancy angle g 0°
Tensile strength 0 kPa
Kox 1.2
Ko,zx 0.8

Tunnel definition

Go to the Structures mode and create a tunnel at (0, 0).

In the Cross section mode:
e |nthe General tabsheet:
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o Set the Shape type to Circular and make sure you have chosen to define the whole
tunnel.

o Set the Offset to begin point with
= Axis1:0m
= AXis2:-3m
e Inthe Segments tabsheet:
o Select both circular segments and set the Radius to 3 m

In the Properties mode:
e In the General tabsheet:

o Select the two SliceSegments of the tunnel and create plates and negative interfaces
along each of them.

Tunnel designer

File Edit
EER| A
General Reinforcements Slice
Index  Cluster Ey ‘ == ‘ e | 250
0 SliceSegments[0] p— L L L L L L
1 SliceSegments[1] fed —
250 7|
B 2
000 |
—® L
i 1
250 |
Coordinates (-2.000 4.000) m Rulers || Origin | Crosshair | Snap to object || Sm:
@ Generate Close

Figure 3: Tunnel configuration

Assign to the plate elements the Shotcrete property provided in Table 2. The resulting tunnel

configuration is presented in Figure 3. Finalize the tunnel creation by clicking on Generate and close
the Tunnel designer dialog box.

Mesh refinement will be provided around the tunnel lining and for that purpose the contour of the mesh
refinement area should be defined. With that respect define four lines:

e from (-15, -15) to (15, -15),
e from (15, -15) to (15, 15),
e from (15, 15) to (-15, 15),
e from (-15, 15) to (-15, -15).
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Table 2: Summary of plate material parameters.

Material Name ‘ Shotcrete

Material type Elastic
Unit weight w 4.8 KN/m/m
Isotropic Yes
Normal stiffness EA1 = EA, 6E6 KN/m?
Bending stiffness El 20E3 kKN/m?
Poisson’s ratio v 0.2

Finally, draw a line from (-100, 100) to (100, 100). The final model geometry is presented in Figure 4.

ESCR 2

Figure 4: Final model geometry presentation

Mesh generation

Go to Mesh mode and set the coarseness factor such that:
e the two inner polygons connected to the excavation circular shape has a factor to 0.1,
e the lowest outer polygon has a factor to 0.75,
e the largest upper polygon has a factor to 4.

Generate a mesh using a Fine element distribution (corresponding to an average element dimension of
25 m). The generated mesh in PLAXIS is presented in Figure 5.
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(a) Coarseness definition (b) Mesh presentation

Figure 5: Mesh generation

Construction stage definition

Initial conditions
For the initial phase check the analysis type is set to KO-procedure.

Phase 1
Create a new phase entitled “Excavation 90 %”. Select the inner polygon and:

e Deactivate it.
e Setthe deconfinement (1- 85)to 90 %
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Selection explorer (Phase_1)
= Ci,:',l:‘ BoreholePolygon_1_4
Coarseness factor: 0,1000
= @[] Seil_1_4
Material: Rodk
Deconfinement (1 - B): 90,00 3¢
Apply strength reduction:
@ [v] Preconsolidation_1_4 e
= Ci,:',l:‘ ThermalConditions_1_4
Temperature conditions: Mone

Ernergy conditions: Mone
=k @[] volumeStrain_1_4
Apply: []
= Cul¥] WaterConditions_1_4
Conditions: Global level

Figure 6: Phase 1 definition

Phase 2
Create a new phase entitled “Shotcrete installation” and then:

e Activate both shotcrete plate and corresponding negative interface elements,
e Set the deconfinement (1- B) of the previously deactivated (rock) polygon to 100 %.

Select a few points for curve generation for instance at (3,0) and (0, 3) for instance. Once all phases

have been created and points for curves selected, one can start the calculation by clicking on
Calculate. Once completed, save the PLAXIS 2D analysis run as KO_2D.p2dx.
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3.

Model Construction: Field Stress

Create a new project and set the project properties as shown in Figure 7. The model is 200 m wide and
uses 15-noded plane strain elements.

=] Project properties

Project  Model

Type
Model

Elements
Units

Length
Force

Time

Mass
Temperature
Energy
Power
Stress

Weight

[ set as default

Constants Cloud services

Plane strain ~
15-Moded ~
m ~
kM w“
day w
t

K w
k1 “
lew ~
ki fm2
ki fm3

Contour
X min
X max

¥ min

¥ max

-100.0
100.0
-100.0

100.0

MNext

= ] *

m

m

m

m

¥
-
X
oK Cancel

Figure 7: Project properties definition.

Soil geometry and material properties

A borehole is defined at x = 0 with a unigue soil layer ranging from 100 m down to -100 m. Corresponding
material properties are summarized in Table 3. The water level is set at Head = -100 m (see Figure 8)

such that the entire rock formation is initially dry.
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| Modify soil layers O X
Borehole_1 4

5§ Add
X 0.000
Head -100.0 Soil layers  water Initial conditions  Preconsclidation  Field data
Layers Borehole_1
# Material Top Bottom
1 Rock 100.0 -100.0

1909 @ Bottom cut-off  |0.000 m

= Site response B9 Boreholes Materials oK

Figure 8: Borehole definition.

Tunnel definition

Go to the Structures mode and create a tunnel at (0, 0).

In the Cross section mode:
e Inthe General tabsheet:
o Set the Shape type to Circular and make sure you have chosen to define the whole
tunnel.
o Set the Offset to begin point with
= AXxis1:0m
= AXis2:-3m
e In the Segments tabsheet:
o Select both circular segments and set the Radius to 3 m

In the Properties mode:
e In the General tabsheet:
o Select the two SliceSegments of the tunnel and create plates and negative interfaces
along each of them.

Attach to the plate elements, the Shotcrete property provided in Table 4.

The resulting tunnel configuration is presented in Figure 9. Finalize the tunnel creation by clicking on
Generate and close the Tunnel designer dialog box.
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Table 3: Soil material model parameter summary

Material Name Shale |

Soil Model Mohr-Coulomb
Drainage Type Drained
Unit weight unsaturated yunsat 25 kN.m"3
Unit weight saturated ysat 25 kN.m-3
Young’s modulus E’res 2.0E6 kPa
Poisson ratio v 0.25
Cohesion C'ret 250 kPa
Friction angle ¢ 40°
Dilatancy angle g 0°
Tensile strength 0 kPa
Kox 1.2
Ko,z 0.8

Tu;{nel dt‘z‘signer )

File Edit

ST EESENR

P T
General  Reinforcements Slice
Index  Cluster L\S = o0 250

0
1

SliceSegments[0]

SliceSegments[1] L —

Coordinates

(-2.000 4.000) m Rulers || Origin | Crosshair | Smap to object

Figure 9: Tunnel configuration
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Table 4: Summary of plate material parameters.

Material Name Shotcrete
Material type Elastic
Unit weight w 4.8 KN/m/m
Isotropic Yes
Normal stiffness EA; = 6E6 kN/m?
EA2

Bending stiffness El 20E3 kN/m?
Poisson’s ratio v 0.2

Mesh refinement will be provided around the tunnel lining and for that purpose the contour of the mesh
refinement area should be defined. With that respect define four lines

e from (-15, -15) to (15, -15),

e from (15, -15) to (15, 15),

e from (15, 15) to (-15, 15),

e from (-15, 15) to (-15, -15),

The final model geometry is presented in Figure 10.

& & o

Cosedinates  (-150.9 1147) m Rulers | Grgin  Crosshair | Smaptocbject | Snaptognd Gnd

Figure 10: Final model geometry presentation

Mesh generation

Go to Mesh mode and set the coarseness factor such that:

e the two inner polygons connected to the excavation circular shape has a factor to 0.1,
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e the lowest outer polygon has a factor to 0.75,

Generate a mesh using an element distribution corresponding to an average element dimension of 25
m (and therefore exactly matching the element dimension used in the previous example). The
generated mesh is presented in Figure 11.

oMo MED Ny

(a) Coarseness definition (b) Mesh presentation

Figure 11: Mesh generation

Construction stage definition

Initial conditions

For the initial phase set the analysis type to Field stress. Then modify the default boundary conditions
in the Deformations item of the Model conditions in the Model explorer such that:

e BoundaryXMin: Normally fixed
e BoundaryXMax: Normally fixed
e BoundaryYMin: Normally fixed
e BoundaryYMax: Normally fixed

Finally set the values of the uniform initial stress field in the FieldStress item as:
e ,:-12500 kPa
e 0, -15000 kPa
e 03:-10000 kPa

with Axis 1 = (0, 1).

Phase 1

Create a new phase entitled “Excavation 90 %”. Select the inner polygon and:

e Deactivate it.
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e Set the deconfinement (1- 84)to 90 %

Selection explorer (Phase_1)
= @[] BoreholePolygon_1_4
Coarseness factor: 10,1000
= @[] Seil_1_4
Material: Rodk
Deconfinement (1 - B): 90.00 %
Apply strength reduction:
Ci.j. Preconsolidation_1_4 e
= @[] ThermalConditions_1_4
Temperature conditions: Mone

Ernergy conditions: Mone
=k @[] volumeStrain_1_4
Apply: []
= Cl¥] waterConditions_1_4
Conditions: Global level

Figure 12: Phase 1 definition

Phase 2
Create a new phase entitled “Shotcrete installation” and then:

e Activate both shotcrete plate and corresponding negative interface elements,
e Set the deconfinement (1- ) of the previously deactivated polygon to 100 %

Select a few points for curve generation for instance at (3,0) and (0, 3).

Once all phases have been created and points for curves selected, one can start the calculation by
clicking on Calculate.

Once completed, save the PLAXIS 2D analysis run as FieldStress_2D.p2dx
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4.

Main Results

The comparison between the two approaches can be made by comparing the results obtained for each
model KO_2D.p2dx and FieldStress_2D.p2dx for the last calculation phase and for wich similar results
are expected to be obtained.

Total principal stresses

Select the Total principal stress result and display stress directions symbols as shown in Figure 13.

(a) KO_2D model (b) FieldStress_2D model

Figure 13: Initial stresses distribution

Axial forces in shotcrete lining

Select the Axial Forces N result and display their distribution as shown in Figure 14.
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Axial forces N (scaled up 1.00*¥10-3 times)
Maximum value = -3738 kN/m (Element 7 at Node 641)
Minimum value = -3892 kN/m (Element 4 at Node 306)

(a) KO_2D model

Axial forces N (scaled up 1.00*%10-3 times)
Maximum value = -3716 kN/m (Element 7 at Node 5400)
Minimum value = -3846 kN/m (Element 5 at Node 5720)

(b) FieldStress_2D model

Figure 14: Normal force distribution (Scale factor = 0.001)
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Total displacement around shotcrete lining

Select the plate elements and view them in the Structures mode. Select the Total displacement result
and display their distribution as shown in Figure 15.

(a) KO_2D model (b) FieldStress_2D model

Figure 15: Total displacement distribution (Scale factor = 50)
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