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Abstract

Simulation of Stress Field Condition During Waller Creek Tunnel

Construction with a 2D Finite Element Model

Alejandro Esteban Ortiz Pizzoglio, M.S.E

The University of Texas at Austin, 2017

Supervisor: Robert Gilbert

Two-dimensional (2D) Finite Element Method (FEM) analyses are widelyused as a tunnel
design tool. These analyses are used to establish the initial support requirements, to
estimate ground displacements and to design support systems to have adequate capacity
and stiffness. Due to the complexities of ground characteristics, construction methods and
the interactions between the ground and initial support lining systems, it is valuable to
compare predictions from design analyses with field measurements.

The objective of this thesis is to compare FEM results with field measurements for
stresses in an initial support lining system for a tunnel constructed in shale using the
Sequential Excavation Method (SEM), the Waller Creek Tunnel in Austin, Texas. The
major conclusion is that the predictions of liner stresses from FEM are greater than what
was measured in the field, particularly for the thrust in the liner. While assuming that the
ground is 20 times stiffer produces predictions closer to the measurements, the predictions

are still greater, particularly for the thrust. One possible explanation for the discrepancy

vil



between predications and measurements is that the stress cells did not have intimate contact

with the liner.
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Chapter 1. Introduction

1.1 BACKGROUND

Two-dimensional (2D) Finite Element Method (FEM) analyses are widely used as a
tunnel design tool. These analyses are used to establish the initial support requirements, to
estimate ground displacements and to design support systems to have adequate capacity and
stiffness. Due to the complexities of ground characteristics, construction methods and the
interactions between the ground and initial support lining systems, it is valuable to compare

predictions from design analyses with field measurements (e.g., Negro and de Queiroz 2000).

1.2 OBJECTIVES

The objective of this thesis is to compare FEM results with field measurements for
stresses in an initial support lining system for a tunnel constructed in shale using the

Sequential Excavation Method (SEM), the Waller Creek Tunnel in Austin, Texas.

1.3 ORGANIZATION

This thesis is organized in 7 chapters. Chapter 2 presents a background of the Waller
Creek Tunnel project. Geographical information, tunnel cross section and alignment, and
geology description are provided in this chapter. Furthermore, design considerations
discussed.

Chapter 3 is an introduction to the FE analysis. Characteristics on how the ground is
represented are provided.

In Chapter 4, the steps followed to simulate the Waller Creek Tunnel construction
with the FE model are explained. At the end of this chapter, FEM outputs are provided.

Chapter 5 describes the stress cells used during construction to take radial stress and
tangential stress readings and presents the measured data.

Chapter 6 provides a discussion between the output from the FEM and real field data.



Finally, Chapter 7, summarizes the results and provides guidance on actions to follow

to try to improve the model output to better match the field data.



Chapter 2. Waller Creek Tunnel — General Information

Chapter 2 is intended to present an overview of the history of the project.
Additionally, technical information about the design and rock characteristics are provided.
This chapter intends to introduce the basic knowledge needed to understand the Waller Creek

Tunnel Project.

2.1 INTRODUCTION

Downtown Austin has been suffering the consequences of flooding for many years.
Since 1970, in order to reduce the risk associated with flooding events, the Waller Creek
Tunnel project was a goal for the City of Austin. In 1999, a joint venture was contracted to
develop the preliminary design, final design and construction management for the proposed
Waller Creek Tunnel (WCT).

A view of the project site and the watershed considered for the design of Waller Creek
Tunnel is presented in Figure 2.1.

The WCT project was estimated to cost over $100 million dollars. Five years of
construction were expected, starting the construction in 2010 and completing it in 2014.

A 100-year flood event was used to the design of the diversion structure. The
watershed considered for that purpose is a 1497 ha one. Here, the use of land includes a huge
variety, from parks to family houses. A portion of the 176 ha of The University of Texas at
Austin campus is part of the watershed. This watershed is one of the most developed

watersheds of the tributaries of the Colorado River.
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Figure 2.1: Watershed Considered for the Waller Creek Tunnel (Waller Creek Tunnel
Project, Austin, Texas. Reis and Espey, 2008)

2.2 LOCATION

Figure 2.2 presents a view of the project location. The project is located mainly below
the Waller Creek from Waterloo Park to Lady Bird Lake. The main direction of the tunnel is

North-South, parallel to I-35 and Red River Street.
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Figure 2.2: Waller Creek Tunnel Alignment (Reis and Espey, 2008)

2.3 WALLER CREEK TUNNEL PROJECT

The tunnel project was intended to capture and divert floodwaters from the Waller

Creek, includes an approximately 1600 meters length main tunnel with lateral connections to

creek. Moreover, three reaches are part of the mainline tunnel, each of them identified for the

different internal diameters. The diameters variy from 6.25m to 8.08m, Reach 1 has a 8.08,

diameter, Reach 2 has a diameter of 6.86m and Reach 3 has 6.25m diameter. The different

reaches are shown in Figure 3.1 Each reach is linked with the subsequent with a transition

section between them. The cross-section shape of the tunnel is a horseshoe shape with flat

bottom.



Figure 2.3: Horseshoe Shape with Flat Bottom
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Figure 2.4: General Map of Waller Creek Tunnel (from Fugro)



2.4 GEOLOGY

A geological map of the Waller Creek Tunnel in Austin, Texas is presented in Figure
2.5. The site geology is entirely on sedimentary rocks, the tunnel was constructed through
the Austin Group, Atco Formation Limestone (AFL) and Eagle Ford Shale (EFS). Four
members of the EFS formation are present along the tunnel alignment, from top to bottom:
South Bosque, Boulding Flags, Cloice and Peppershale.

Austin Group

Light gray to white chalk, marly limestone and limestone are included in this group.
In general, the Austin Group (Limestone) was encountered without much degree of
weathering.

Eagle Ford Shale

As mentioned above, South Bosque, Boulding Flags, Cloice and Peppershale are part
of the EFS formation encountered from top to bottom, respectively, in the tunnel construction
zone. The Peppershale is expected to be encountered only below the invert of the tunnel. On
the other hand, the rest were expected to be founded as part of the cross section or in the full
section.

Discontinuities

Faults with offset values less than 3m were found. Those fault characteristics had no
significant impact in past tunnel constructions. Some fault gouge associated with faulting
was encountered, without any significant influence during tunnel construction. Closed and

tight joints and fractures were found in both, limestone and shale.
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Figure 2.5: Geologic Map of Waller Creek Tunnel, Austin — Texas (From Fugro)

2.5 ROCK MASS CLASSIFICATION

Unconfined Compressive Strength, RQD, RMR and Q were used to estimate the rock
quality of the rock for tunnel purposes. Table 2.1 presents the results from the Geotechnical
Baseline Report or GBR (Jenny and KBR 2010). The rock mass classification presented in
Table 2.1 shows the low quality the Eagle Ford Shale has in all the subgroups, with average
RMR from 34 to 46. Moreover, when analyzing the rock quality based on the Q index
proposed by Barton et al. (1974), it is possible to see how the rock quality only varies from
“Very Poor” to “Poor” in all the cases.

Table 2.2 contains some characteristic indexes and strength of the Eagle Ford Shale
formation such as Brazilian Tensile Strength, Point Load, Cerchar Abrasivity Index, Swell

Pressure and Volume Change Potential.



Reach 3 |

Geologic Unit Unconfined | RQD RMR Q Tunneling

Compressive Rock
Strength Quality

(MPa) Based on

Q Rating
Austin LS Min. 0.17 7 21 0.4 Very
Poor
Ave. 13.61 84 54 20.8 Good
Max. 31.52 100 67 25 Good
Eagle South Min. 1.32 45 16 0.2 Very
Ford Bosque Poor
Shale Ave. 5.54 87 34 09 Very
Poor
Max. 10.06 100 42 1 Poor
Boulding | Min. 6.66 45 23 0.2 Very
Flags Poor
Ave. 8.34 81 42 1.6 Poor
Max. 11.12 100 45 2 Poor
Cloice Min. 2.43 42 16 0.8 Very
Poor
Ave. 4.35 89 36 1.8 Poor
Max. 9.65 100 42 2 Poor

Table 2.1: Unconfined Compressive Strength and Rock Mass Classification for Reach 3

from GBR (Jenny and KBR 2010).
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Eagle Ford Shale

South Bosque

Cloise

Property

Min.

Ave.

Max.

Boulding Flags

Min.

Ave.

Max.

Min.

Ave.

Max.

Brazilian
Tensile

Strength
(MPa)

0.14

1.60

2.74

0.46

0.86

1.25

0.46

0.85

1.25

Punch
Penetration
(N/m)

1225

1401

1576

700

1225

1576

700

1225

1576

Point Load
(MPa)

0.15

0.35

0.59

0.06

0.26

0.43

0.22

0.64

1.07

Slake
Durability
(%)

84

91

94

81

&9

96

91

94

96

Cerchar
Abrasivity
Index

0.3

0.4

0.6

0.3

0.4

0.4

0.2

0.3

0.4

Swell
Pressure
(kPa)

2394

526.6

1053.3

119.70

NA

335.1

47.8

478.8

670.3

Volume
Change
Potential

(%)

0.35

NA

3.0

0.24

NA

0.25

0.1

NA

5.5

Table 2.2: Eagle Ford Shale Properties from GBR (Jenny and KBR 2010).

2.6 SURFACE WATER AND GROUNDWATER

Minor water inflow was expected during tunnel construction. The main source of

water inflow would be surface water infiltration from Lady Bird Lake and from the creek in

the southeast reach, while some inflow from artesian conditions was expected in the northeast

area of the project.

The flow of water in the tunnel was expected to be highly influenced by rainfall and

the Waller Creek water level. Moreover, watershed surface infiltration was also expected to

be an influent factor during floods.

Furthermore, low rock permeability was likely to be encountered as a result of the

Packer tests results and piezometer observations. Table 2.3 presents the results of Packer

tests.

11




Boring No. | Depth | Geologic Unit Permeability (k) (cm/sec)
(m) 34473 | 68947 103421 | 68947 | 34473
Pa Pa Pa Pa Pa
BI-500PT | 5.64- Austin/EFS/ 0 0 0 0 0
30.5 Buda
BT- 21.19- |  Austin/EFS 0 0 0 0 0
202PTPZ | 22.72
22.72- EFS 0 3.3x10"- | 6.6x10"-6 0 0
24.24 6
24.24- EFS 0 0 0 0 0
25.77
BT- 17.38- | Austin/EFS 0 0 0 0 0
222PTPZ | 20.43
20.43- EFS 0 0 0 0 0
23.48
23.48- EFS 0 0 0 0 0
26.53
26.53- EFS/Buda 0 0 0 0 0
29.58
BO- 17.23- EFS 0 0 2.21x10"- 0 0
303DLPTPZ | 20.28 6
20.28- EFS/Buda 0 0 4.42x10"- 0 0
23.33 6
23.33- 0 0 2.21x10"- 0 0
26.38 6

Table 2.3: Packer Tests Results on Eagle Ford Shale, from GBR (Jenny and KBR 2010).

2.7 EXCAVATION AND SUPPORT

The tunnel was designed to be constructed using roadheader equipment all along the

different sections. Drill and Blast was considered as an alternative construction method.

Initial support was intended to be performed generally with rock dowels and shotcrete

in limestone. In sections where the tunnel was entirely shale, lattice girders or steel ribs in

conjunction with shotcrete were proposed to provide extra ground support when necessary.

Seven support types where designed as different combinations of the above-mentioned

elements and assigned specifically to each section (Jenny and KBR 2010). Type A, consist

on steel ribs with shotcrete, Type B, lattice girders with shotcrete, Type C, rock dowels with

12




shotcrete. All those three corresponds to Reach 1. Reach 2, had assigned a support Type D,
consisting on rock dowels with shotcrete. Finally, Reach 3, was assigned with three different
types of support. Support Type E, consisting on rock dowels and shotcrete, Type F, lattice
girders with shotcrete and Type G, the one used for this analysis, consisting on steel ribs with

shotcrete.

13



Chapter 3. Waller Creek Tunnel — Finite Element Model

This chapter has the intention to describe the finite element model, input parameters
and factors considered to simulate the in-situ conditions on the FEM of the Waller Creek
Tunnel. Each assumption is explained and illustrated with figures.

Initially, most of the input was obtained from the data available on the Waller Creek
Tunnel Geotechnical Baseline Report. Subsequently, data from construction was used to

refine the input when appropriate.

3.1 INTRODUCTION

As explained in Chapter 2 and presented in Figure 3.1, the Waller Creek Tunnel was
divided into 3 reaches. The reach of interest in this case is Reach 3, according to the diameter
of the tunnel cross section, located north from 12% street (upstream). This reach is divided
into 3 sections according to the geological conditions founded, as explained in the GBR.

Starting at Station 50+75 and extending all the way to the inlet facility at Station
55+00 is the analyzed reach 3b-2. This reach was selected due to the presence of Eagle Ford

Shale in the whole tunnel cross section and were field data was obtained.

14
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Figure 3.1: Waller Creek Tunnel Divided into 3 Reaches (From GBR)

A Finite Element Model of Reach 3b-2 from Waller Creek Tunnel was performed to
simulate in-situ conditions during construction. The 2D FE analysis was selected since the
length of a tunnel is considerably larger than the cross section, having an approximate plane
strain condition. Special considerations were considered for the 3D arching effect during
construction.

The plain strain scenario was modeled with the use of Plaxis 2D (Vermeer 1993), a

finite element software developed for two-dimension deformation analyses.

15



3.2 MESH AND BOUNDARY CONDITIONS

Using the Geotechnical Baseline Report for the Waller Creek Tunnel Project, an
underground soil profile was developed in Palxis 2D. For that purpose, a plane strain model
was used with 15-Noded elements. 9409 soil elements were created in conjunction with
76056 nodes.

The selection for the model geometry prioritizes the reduction of the outer boundaries
bias in the tunnel excavation results. For that purpose, distances from the center of the
excavated tunnel to the outer boundaries were carefully selected. Height and width
dimensions of 100 m were adopted for this model. The adopted width dimension fulfils
Hoek’s recommendation (Hoek 2000) of 3 times the radius from the center of the excavation

to avoid the influence of the surrounding area during the simulation, leading to more accurate

analysis.

A Soi
Austin
EFS South

100 m

EFS Bouldin
EFS

A 4

100 m

A

Figure 3.2: Waller Creek Tunnel Finite Element Model Mesh
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3.3 STRATIFICATION

Three boreholes were created in the FE model to represent the stratification for this
project. The representation of the different soil layers was carried out using an average layer
thickness of 1m. The average thickness provides a dense mesh that produces more accurate
results. For simplicity, horizontal layers were used in the model.

Five material types were represented. The upper layer is Top Layer Material. Below
the soil of the top layer, Austin Chalk lays over the main body of Eagle Ford Shale. The Eagle
Ford Shale is represented by 3 different subtypes, South Bosque Member, Bouldin Flags and
Cloice Members from top to bottom respectively. Thickness of each ground group was
adopted from the tunnel geological profile presented in Figure 3.4. The full tunnel excavation
was performed in Eagle Ford Shale for the analyzed Reach 3b-2.

The 7.015m tunnel diameter has a minimum cover of 12.2m with a cover/diameter

ratio of 1.7 as reported in the GBR.

el Modify soil layers [m| &
Borehole_1 - Borehole_2 - Borehole_3 - 5 |
x -2z2.00 x 0.000 x 12,00 :
Head 29.00 Head  29.00 Head  23.00 Soillayers | water | Initial conditions | Field data |
Layers Borehole_1
# | Material Top | Botto
.00 S0.00 - Si.00 - 1 TapLaver 48,70 4
= = — 2 TopLaver 47.70 4
= = — 3 TopLlaver 46,70 4
A0 | L0 | A0 =
] ] — 4 Austin Chalk 45,70 4
= = = 5 Austin Chalk 44,70 4
30,00 20,00 30,00 & Austin Chalk 43,70 4
= = = 7 hustin Chalk 42,70 4
=R =H =H 8 Austin Chalk 41,70 4
20,00t 20,00 p— 20,00 f—tt
= e A 9 Austin Chalk 40,70 3
— = == 10 Austin Chalk 39.70 3
won = T | won = 11 austin Chalk 38.70 3
= s | —r— 12 Austin Chalk 37,70 3
! ! ! 13 Austin Chalk 36.70 3
i i -
oo a.ond oo
1 ;H
B3 Boreholes | IMaterials | QK |

Figure 3.3: Stratification Proposed to Recreate the Underground Conditions
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Figure 3.5: Geological Profile Analyzed to Create the FEM Ground Profile (Fugro)
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3.4 GROUND PROPERTIES INPUT METHOD

The accuracy of the results is strongly related with the model selected to represent the
mechanical behavior of the tunnel. As explained in Plaxis Manual, the easiest mode to
represent a material is by simulating it with the Mohr-Coulomb linear-elastic model.

To represent the different ground materials, 3 different constitutive models were used.
Soil of the top layer was modeled with the simplest characterization using the Mohr-Coulomb
model. On the other hand, more complex models were used to model Austin Chalk and the
different members of the Eagle Ford Shale.

As mentioned above, the linear elastic perfectly plastic model of Mohr-Coulomb was
selected to represent the top soil layer. This constitutive model assumes a constant average
stiffness for each layer. This constitutive model is recommended for first estimate of
deformations.

For the Austin Chalk, an advanced constitutive model, the Hardening Soil Model,
was selected. This model is an “elastoplastic type of hyperbolic model” as explained in Plaxis
Material Models Manual.

A similar advanced constitutive model was adopted to be used by the all the types of
Eagle Ford Shale, the Hardening Soil Model with Small-Strain Stiffness (HS Small). In this
model, small to large strain reactions are simulated due to the incorporation of a strain

dependent moduli.

3.5 DRAINAGE CONDITIONS

Pore pressure has a significant impact in the response on the FEM when using Plaxis
since the model is analyzed in terms of effective stress response by the software. Short-term
and long-term response are represented in Plaxis by the definition of the drainage type when
simulating a simplified analysis. The HS Small constitutive model has 3 possible drainage

types, Drained, Undrained (A) and Undrained (B).
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Long-term conditions are represented by the Drained behavior. In this case, no pore
water pressures are developed. This behavior is recommended for dry soils as well as high
permeability soils, as explained by Plaxis in “Material and Material Database.

When modeling short-term behavior or low permeability, undrained behavior is used
to represent those situations. Modeling undrained behavior involves more difficulties. In this
case, excess pore pressure is developed because of the lack of water movement.

Undrained (A) and Undrained (B) are the 2 drained types to represent these
conditions. Each of them requires different drainage conditions in the input strength and
stiffness parameters as explained by Helwa et.al. 2016.

In the case of Undrained (A), the undrained behavior is modeled by the use of
effective parameters for both, stiffness and strength. On the other hand, undrained behavior
can be modeled as Undrained (B) using undrained strength parameters and effective stress
stiffness parameters.

The drainage condition of the analysis is independent of the input method used for
the soil properties.

For this analysis, the short-term condition analysis was simulated by the use of
drained conditions for the top soil layer and undrained (B) with no water pressure for the

Eagle Ford Shale and the Austin Chalk.

3.6 GENERAL PROPERTIES

Both, saturated and unsaturated unit weight are defined for each layer.

When using dry unit weight, it is recommended not to use a value corresponding to
completely dry unit weight in order to have a more accurate representation of the general
properties of the soil since totally dry soil conditions are never found in the field.

First, unit weight estimations were done using an average specific gravity. Those

results were later refined with some available data.
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Table 3.1 presents a summary of the unit weight used in the FEM, while Figure 3.6

shows the input window

in the software.

Name yunsat ysat
kN/m3 kN/m3
Soil 19.64 19.64
Austin Chalk 23.88 25.55
EFS — South Bosque 19.64 21.32
EFS -Other 19.32 20.89

Table 3.1: Summary of the General Properties Used

Soil - HS small - Eagle Ford Shale - SB
O & [0

Property Unit

Material set

€inx

€oin

General Pam\c!erslGrou\dwalm Thermal | Interfaces | Initial

Value

Identification
Material model HS small
Drainage type Undrained (B)
Colour RGB 236, 232, 156
Comments
General properties -
Y unsat kiN/m? 19.64
Vam kN/m?* 21.32
Advanced
Void ratio
Dilatancy cut-off O

€ max

Next OK Cancel

Figure 3.6: General Properties Input Window for Eagle Ford Shale — South Bosque

3.7 PARAMETERS

Strength and stiffness parameters are adopted to represent the ground characteristics
in each case. The type of parameters as well as the number of parameters required are related
with the constitutive model used. The input parameters were established based on the GBR

(Jenny and KBR 2010) and the design calculations (Lachel 2012).
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3.8 INTERFACE INTERACTION

Special attention is required when analyzing the soil structure interface area between
the ground and the lining. There, the soil is still governed by the parameters selected for the
surrounding soil. For the constitutive model selected to represent the behavior of the Eagle
Ford Shale, HS Small, this interface is characterized by a strength reduction factor, Rinter.
This factor is the main factor to simulate the real condition of the soil-structure interaction.

There are 3 main options offered by the software to represent the interface strength
according to its characteristics, Rigid, Manual and Manual with Residual Strength.

Rigid: in the case there is no reduction in strength in the interface zone, the rigid
option is the one that best represents this scenario. In this case, the factor Rinter is equal to
1.0.

Manual: Intended to allow the designer to better represent the weaker and more
flexible characteristics of the interface in comparison to the surrounding soil. In this case,
Rinter is less than one.

Manual with residual strength: With this option, the user allows the interface to
soften down once the Rinter is reached until a defined Rinter residual value.

For this analysis, the strength reduction was set up as manual, using the values of
Rinter of 0.8 for the top soil layer and 0.3 for the rest of the layers (Lachel 2012), as shown

in Figure 3.7.
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Soil - HS small - Eagle Ford Shale - BF
J B A

-Generall Parameters] Groundwater] Thermal Interfaces |Initia| |

Property ‘ Unit | Yalue ‘
Strength
Strength e
Riner 03000
Consider gap closure

Real interface thickness

[ 0,000

inker
Heat transfer

R m2 Kk 0.000

Mext | ok | Cancel

Figure 3.7: Interface Strength Characterized with the used of the Strength Reduction
Parameter of 0.3 for Eagle Ford Shale.

3.9 INITIAL CONDITIONS

The initial stress conditions are defined in Plaxis using KO procedure.

The definition of KO can be done manually or automatically in the “Initial” tab-sheet
as shown in Figure 3.8. The horizontal stress ratio is defined in terms of effective stresses.

In the case of advance constitutive models, such as the HS Small, KO is defined by
default as KONC.

The possibility of defining two different KO parameters is offered by the FE software,
counting for one horizontal stress ratio in the “x” direction and the other in the “z” direction,

axis direction is presented in Figure 3.3. It is also possible to assign the same value of
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horizontal stress ratio for both directions by selecting the corresponding checkbox showed in
Figure 3.7.
ko,x = O-’xx/o-,yy
kO,z = OJzz/OJyy
Soil - HS small - Eagle Ford Shale - BF

J & [

| General | Parameters | Groundwater | Thermal | interfaces | Initial |

Property Unit Value

K0 settings

K determination Manual b

K{).x = K{).z

Kﬂl.x

1.500
Koz 1.500
Overconsolidation

OCR 1.000

POP kMm2 0.000

Mext 0K ‘ I Cancel

Figure 3.8: Initial Stress Conditions Using KO Procedure.

For the analyzed Finite Element Model, the horizontal stress ratios used were, 1 for
the top layer, 1.5 for the 3 different groups of Eagle Ford Shale, and 2.1 for the Austin Chalk
(Lachel 2012). Those horizontal stress ratios were adopted from regional research
measurement data.

3.10 LINING PROPERTIES

A common configuration of tunnel support is created by the use of shotcrete in

conjunction with steel beams, as is the case of tunnel support Type G recommended in the
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Waller Creek Tunnel GBR. Support Type G is composed by 15 cm thickness of shotcrete
with W8x15 steel ribs (Table 3.2). During construction, steel ribs were placed at a spacing of
1.22 m. Poly Fiber Reinforced Shotcrete (PFRS) was used instead of ordinary Shotcrete; the
influence of fibers is considered when calculating the PFRS Young’s Modulus based on the
Rule of Mixture (Voigt 1887):

Diameter of the fibers = 0.836mm (Equivalent Hydraulic Diameter)

Length of each poly fiber = 54mm

Fiber Dose = 5.94kg/m3

Minimum Fibers per kg = 37000/kg

Elastic Modulus of Poly Fibers = 9997 MPa

Flastic Modulus of Concrete = 27789 MPa

Web Flange Elastic Properties
Area | Depth | Thickness | Width | Thickness Axis X-X Axis Y-Y
A d tw bf tf Ix | Sx | rx Iy | Sy | ry
Designation | in2 in in in in ind | in3 | in | in4 |in3 | in
W8x15 44 | 8.11 0.245 4.015 0.315 48 111.813.29 341 |1.7]0.88

Table 3.2: W8x15 Steel Beam Properties

Plate elements are the simplified model provided by FE software to model shotcrete
when used as a liner. Two parameters are required to characterize the plate elements, normal
stiffness (EA) and flexural rigidity (EI). As explained in “Analisis y Diseno Estructural de
los Sistemas de Sostenimiento”, Chapter 9 and according to Panet (1995), when a lining
system composed by more than one element 1s analyzed, it is assumed that both elements,
for example shotcrete and steel ribs in this case, are placed simultaneously during
construction. As a consequence, it is possible to represent the mentioned system in a FEM
by a unique plate element with a rigidity equivalent to both rigidities. The mechanical

properties used for the finite element model are presented in Figure 3.9.
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[ ]

i,
Property Unit Value
Material set
Identification Lining]
Comments
Colour Il rse 0,0, 255
Material type Elastoplastic
Properties
Isotropic
End bearing O
EA4 kNfm 4.236E6
EA, kMfm 4, 236E6
EI kM m2jm 3202
d m 0.1524
w kMfm/m 2,258
v {nu) 0.2000
M B kM m/m 4,445
N al kMfm 14.59E15
N 2 kM/m 14,59E15
Rayleigh a 0.000
Rayleigh B 0,000
oc [ cond |

Figure 3.9: Lining Mechanical Properties

27



Chapter 4. FEM Construction Sequence and Results

Chapter 3 presented at the considerations and input data used to create the final
element model. In this chapter, a description is provided of how the construction sequence
was simulated in the FEM to represent possible the field conditions. At the end of the chapter,
plots with the calculated displacements, thrust, shear and bending moments are presented.
Moreover, a chart with specific results obtained from the crown and the spring-line are

presented to correspond to the locations of field measurements.

4.1 CONSTRUCTION SEQUENCE

The construction sequence was simulated using an initial phase plus 4 sequential
phases of excavation. The first phase is excavation of the top heading of the tunnel 2.44m in
front of the existing initial support. The ground supports itself in the section via arching. The
next step is the installation of the shotcrete and steel ribs in this opened top heading (i.e., two
sets of ribs). First a 5-cm thick flash is applied. Then, the 2 new ribs were installed and
blocked to the ground using hardwood. Last, a 10-cm thick layer of shotcrete was applied.
The field instrumentation was placed at this step. The phase is continued excavation of the
top heading beyond this section loading the initial support in this section. The third phase of
excavation of the bottom bench of the tunnel 2.44m in front of the existing support.
Temporary beams along the tunnel axis at the spring-line, spanning from the existing support
behind this section to the rock in front at this section, were used to support the lining in the
top heading. The next step is installation of the shotcrete and steel ribs in the opened-up
bottom heading, the completing the support envelope. The final and fourth phase of the
excavation is continued excavation of the bottom bench beyond this section, further loading
the initial support in this section.

The conditions of the ground before excavations started is simulated by the “Initial
Condition Phase”. For that phase, the initial stress condition is calculated using KO

Procedure. With the use of this procedure, pore pressure, effective stresses and state
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parameters are generated with no equilibrium being warranted. The parameter used to define
this initial stress conditions is the horizontal stress ratio defined above, with the singularity
that only one value of KO can be used for each material. As mentioned by Plaxis manual’s,

“At the end of the KO Procedure, the full soil is weight activated”.

i PLAKIS 20 Firiel FEM file - New Liner Gaornetry 2 - B1 08390 p 2 * =lolx]
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Figure 4.1: Initial Phase, with Ko Procedure Defined to Calculate the Initial Stress
Conditions
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Figure 4.2: Parameters Used for Initial Phase

Once the initial stress conditions of the ground are established, the tunnel construction
was modeled. The drilling and support process was defined with four phases, one excavation
step followed by a support phase, then a new excavation process again and the final phase to
connect the whole support system at the invert of the tunnel.

To better represent the field construction sequence, the tunnel cross section was
divided in 2 sections. The division between the crown excavation and the bench was placed
with an offset of about 3m from the invert of the horseshoe shape tunnel.

First the crown excavation was simulated during phase 1. The soil clusters in the
crown excavations were deactivated. Deactivation soil clusters represents the removal of the
soil from the field. At that moment, a 3D arching effect takes place and has to be considered

in the plane strain FEM.
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For FEM purposes in phase 1, the B-method (e.g., Vermeer 1993) emulates the
arching effect due to the tunnel excavation advancement. Prior the tunnel is excavated, during
“Initial Phase”, an initial stress, pk, is acting around the area were the tunnel will be drilled.
Once the excavation takes place, the initial stress condition in the area is modified; a portion
(1-B) of pk is acting in the unsupported tunnel and the complement of it, § of pk, acts into
the supported tunnel. This concept is considered by Plaxis 2D in the staged construction. The
YMstage represents the Bpk stress that is going to be applied at the end of the phase for the
supported tunnel. There are several manners to estimate 3, for this analysis, the equation
proposed by Panet (1995) in the stress relief method was used. This equation is a function of
the span between the support and the tunnel face, the excavation radius and the initial stress

condition in the ground. Figure 4.3 illustrates the concept explained above.

=== (1- o™ o
. =] AY

@

Estado de esfuerzos previo a la excavacion T e e T

Figure 4.3: B Method Used to Analyze the 3D Arching Effect (From Manual de Diseno y
Construccion de Tuneles de Carretera)
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B=0 0<B<l B=1

Figure 4.4: Values of 3 for Different Stages During Construction (From M. Karakus 2006)

Figures 4.5 and 4.6 represent the excavation of the crown cluster, phase 1. A value of

B equal to 0.1609 was adopted to represent the 3D arching effect in the FEM.
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Figure 4.5: Phase 1, Soil Was Deactivated in the Crown Cluster to Simulate the Excavation
that Took Place in the Field
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Figure 4.6: Plaxis Input Parameter in Phase 1 to Take into Account the Span Between
Tunnel Face and Placement of Liner

After the excavation of the top cluster, the liner was placed. In the field, W8x15 steel
beams were used as steel ribs placed distant of 1.22 m between each other along the tunnel
axis. Furthermore, 15 cm of Poly Fiber Reinforced Shotcrete was placed. The steel ribs were
resting on steel beams place at the bottom of them in order to avoid significant settlements
when excavating the bench. This situation was simulated in the FEM by activating a liner
plate around all the tunnel but the invert. The plate that extends into the bench soil, emulating
the function of the steel beams used to support the ribs.

Phase 2 excavation of the top heading beyond the newly placed support was then
simulated by removing the effect of 3D arching (i.e., B of 1). Figures 4.7 to 4.9 illustrate the

procedure followed in the FEM.
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Figure 4.7: Simulation of Liner Installation by Activating the Liner Plate in the FEM

Figure 4.8: Orange Arrows Indicates the Liner in the Bench Soil Emulating the Steel
Beams Acting as Footing of the Steel Ribs During Construction
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Figure 4.9: Phase 2 General Parameters

The excavation of the bench was carried out in phase 3. During this phase, the soil

clusters of the bench were deactivated in the FEM. Figure 4.10 and 4.11 illustrates this phase

and the parameters used to simulate it. During phase 3, no additional placement of support

was considered in the FEM since it was completely placed before phase 2. At the completion

of phase 3, the liner was closed by the incorporation of the liner at the invert of the tunnel.

The mechanical characteristics of the liner activated at the invert match the mechanical

characteristics of the rest of the liner.
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Figure 4.10: During Phase 3, the Soil Clusters at the Bench were Deactivated
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Figure 4.11: Phase 3 General Parameters

The construction sequence was completed with the introduction of phase 4. During
the last phase of the FEM the bottom bench excavation beyond the newly placed support was
simulated by removing the effect of 3D arching (i.e., B of 1). Figure 4.12 to 4.14 shows in

detail phase 4.
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Figure 4.12: Phase 4 Represents the Stage of the Construction Sequence

Activated Liner

Figure 4.13: Orange Arrow Indicated the Activated Liner at the end of the Construction
Sequence

37



e Phases o[l @
% H®D -

Irvtial phase [InvtalPhase] ~ Nare Value Log nfo for last cakulation
&

Pha
y Phase2

SR LN )

¥
. Phase_4

Pore pressure calodation type Prreatc

Thermal calcdation type Ignore temperatire ~
Time interval 0,000 day
Frst step

a5t step

Design approach (None)

control
Ignore undr. behaviour (A8 0
Reset daplacements to 2er0 ()

Reset smal stran

100

Figure 4.14: Phase 4 General Properties

4.2 RESULTS

Figure 4.15 through 4.20 presents the results from the finite element analysis at the
moment the total cross section was excavated and all the support system was placed (i.e., the
completion of phase 4 excavation).

In Figure 4.15 it is possible to see how the total displacements of the tunnel support
increases as approaching the invert. At the invert, there is also some inward movement
expected in the form of heave. The maximum total radial displacement expected according
to the FEM is less than 2cm.

According to Figure 4.16, little vertical displacement is expected in the tunnel lining
walls unless in the proximity with the invert. The above-mentioned heave of the invert is
where the larger vertical displacements are expected.

On the other hand, when analyzing the horizontal displacement result from Figure
4.17, all of them take place along the walls of the tunnel. The magnitude of the horizontal
displacements as is expected, increases with the proximity to the invert.

The liner is all subjected to compressive (negative) thrust, as expected. Maximum

thrust is found at the crown while minimum values are at the spring-line vicinity, as presented
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by Figure 4.18. This pattern reflects the initial stresses in the ground with Ko > 1. Figure 4.19

presents the shear results while Figure 4.20 presents the bending moments.
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Figure 4.15: Total Displacements
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Figure 4.16: Vertical Displacements
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Figure 4.17: Horizontal Displacements
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Figure 4.18: Axial Forces Along the Liner
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Figure 4.20: Bending Moments
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Table 4.1 presents average values of thrust and normal pressure on the tunnel wall.
The data corresponds to the selected points at the crown and the spring-line at the end of
phase 2, 3 and 4. An interesting result is that the forces on and in the liner decrease with
additional excavation after phase 2 (excavation of the top heading after the initial support is
placed). This result occurs because the liner is not closed until after the phase 3 excavation,
meaning that it becomes more flexible and sheds load to the surrounding ground. Once it is
closed at the end of phase 3, the liner then takes on additional load when the full excavation
(phase 4) is completed (Table 4.1).

As a check of the FEM calculations, these results are compared with the design
calculations (Lachel 2012). While the comparison is not exact because the geometry of the
support system was modified between design and construction (and the FEM results are for
what was actually built), the results are reasonably comparable. The differences between
stresses and forces in the crown versus springline and the magnitudes of the radial stresses

and the thrusst at the end of phase 4 are similar.

Phase 2 Phase 3 Phase 4
Radial Thrust Radial Thrust Radial Thrust
Stress Stress Stress
kN/m2 kN/m kN/m2 kN/m kN/m2 kN/m
Crown -116 -532 -83 -375 -88 -399
Springline -149 -516 -73 -141 -78 -150

Table 4.1: Summary of the FEM results
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Chapter 5. Waller creek tunnel in situ data

This chapter has the intention of provide information about the actual tunnel
construction in the field. The stress cells used in the Waller Creek Tunnel to measure in situ
radial and tangential stress are described in this chapter. The measurements are then

presented.

5.1 STRESS CELLS

During the construction process stresses were recorded. For that purpose, special
stress cells developed to use be placed in shotcrete for conventional tunneling construction
method were used. They were placed after phase 1, and intended to measure radial and
tangential stresses in the liner during phases 2, 3 and 4 of excavation.

The stress cells design consists of 2 peripherally welded rectangular plates with a gap
in between them (Geokon 1993). This thin gap is filled with hydraulic oil in order to
experience changes in stress conditions. Those variations in pressure are measured with a
vibrating wire that is connected to the gap between the plates with a pressure tube.

To avoid possible errors due to the creation of gaps between the stress cells and the
concrete after the entire cure process has taken place and concrete has cooled off completely,

a pinch tube was incorporated to inflate the cell and put it in contact again with the concrete.

5.1.1 INSTALLATION

Those cells are intended to measure both, tangential stress and radial stress.
According to that, each cell has a specific position.

Those cells intended to measure tangential stress, must be installed at the crown and
spring-lines in a parallel position to the liner cross section. Special care must be taken when
spraying the shotcrete to avoid shadow zones.

On the other hand, the cells used to measure radial stress are installed in interface
between the ground and the liner, having of the flat surfaces in contact with the ground.

Before the installation of the cell, the ground surface has to be prepared to provide proper
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conditions for the cell-ground contact. Moreover, “the cell must be gripped firmly” with the

help of nails as specified by Geokon in the Instruction Manual (Geokon 1993).

5.1.2 PRESSURE CALCULATION

When reading the cells in the field, the raw data obtained is made out of digits that
need to be converted into pressure to make it able to interpret. This transformation is possible
thanks to the following formula provided by Instruction Manual of Geokon:

Pressure= (Current Reading — Initial Reading) x Calibration Factor.

The Initial Reading is the one obtained after the cells were installed and before the

top heading was excavated further (i.e., between phase 1 and phase 2 of excavation).

5.2 MEASURED STRESSES

With the use of the stress cells mentioned above placed at the crown and spring-line
of different stations, in situ stresses were measured during construction. Some of the data is
presented in Figures 5.1 through 5.4. The construction specification included an “Action
Level,” which triggered additional monitoring, and a “Maximum Level,” which triggered
remedial action. The Action Levels are similar to maximum values predicted based on the

design calculations (Lachel 2012).
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Figure 5.1: In Situ Radial Stress Cell Data in psi at Stations 51+77; 51+88 and 51+81
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Figure 5.2: In Situ Tangential Stress Cell Data at Stations 51+77; 51+88 and 51+81
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Figure 5.3: In Situ Radial Stress Cell Data at Stations 53+83; 53+79 and 53+87
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Figure 5.4: In Situ Tangential Stress Cell Data at Stations 53+83; 53+79 and 53+87

The field data for both radial and tangential stresses are generally well below the
Action Levels, particularly the tangential stresses. The ratio of the measured tangential
stresses to the radial stresses is between 10 and 20. Last, both the radial and tangential stresses

tend to decrease with time (i.e., with further excavation from phase 2 to phase 4).
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Chapter 6. Comparison Between Waller Creek Tunnel In-Situ Data and
FEM Results

This chapter presents a comparison between the FEM predictions and the field
measurements. Figure 6.1 shows radial stresses predicted by the FEM analyses for phases 2
and 3, and Figures 6.2 and 6.3 compare these predictions with the measurements. The

measurements are about one-half of what is predicted

FEM Radial Stress
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Figure 6.1: FEM Radial Stress Results
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Figure 6.2: Stations 51+77, 51+81, 51+85 and FEM Radial Stress

Radial Stress Cell Data

Time (days)
7-Mar-13 14-Mar-13 21-Mar-13 28-Mar-13 A-Apr-13 11-Apr-13 18-Apr-13 25-Apr-13 —#—53+83
0.00 Springline
~——53+79 Crown
-50.00 i 53483 Crown
—_ 53+87 Crown
]
£ 10000 |
g
= == == Phase2-FEM
E Crown
E 150,00 | = o = == = Phase2-FEM
= springline
Phase3-FEM
Crown
-200.00
Max Level...... Phase3-FEM
Springline
-250.00 -

Figure 6.3: Station 53.83, 53.79, 53.87 and FEM Thrust

Figure 6.4, presents the FEM thrust results for phase 2 and phase 3,
and 6.6 compare these predictions with the field measurements. The me

cases are well below the FEM results, as much as five times smaller.

while Figures 6.5

asurements in all
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Figure 6.4: FEM Tangential Stress
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Figure 6.5: Station 51+77, 51+81, 51+85 and FEM Thrust
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Figure 6.5: Station 51477, 51481, 51+85 and FEM Thrust

One possible explanation for the smaller measured stresses is that the ground may be
stiffer than assumed in the FEM analyses. Figure 6.7 and 6.8 shows the FEM results obtained
when using larger Young’s modulus 20 times larger than those adopted from an initial
analysis. In this case, the predicted radial stresses are closer to the measurements but still

greater by about 50 percent greater. However, the predicted tangential stresses are still
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significantly greater than what was measured. One possible explanation for the discrepancy

1s that the stress cells did not have intimate contact with the liner.

FEM Radial Stress
Time (days)
12-Feb-13 19-Feb-13  26-Feb-13  5-Mar-13  12-Mar-13 19-Mar-13 26-Mar-13  2-Apr-13 9-Apr-13  16-Apr-13  23-Apr-13
o . . . . L L : L L s
50 4
P LI EERE
£ 100 -
Zz
=
@
2 .
& Action Level
£ 150 |
k]
=
-200
o= == == Phase2-FEM Crown  sesees Phase2-FEM Springline Max Level
Phase 3-FEM Crown == == = Phase3-FEM Springline
-250 -

Figure 6.6: FEM Radial Stresses when Using Stiffer Ground
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Figure 6.7: FEM Thrust Obtained with Stiffer Ground
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Chapter 7. Conclusions

From the Waller Creek Tunnel Finite Element Model performance, some conclusions

can be expressed.

The predictions of liner stresses from FEM are greater than what was measured in the
field, particularly for the thrust in the liner.

While assuming that the ground is 20 times stiffer produces predictions closer to the
measurements, the predictions are still greater, particularly for the thrust.

One possible explanation for the discrepancy between predications and
measurements is that the stress cells did not have intimate contact with the liner.

The Geotechnical Baseline Report does not necessarily provide information needed
to predict actual performance.

The simplified assumption of horizontal layers might introduce some bias to the
results of the FEM model. A more accurate of the ground layers would potentially be
beneficial.

More and more accurate information about the tunnel construction sequence would

be helpful to refine the construction sequence in the FEM.
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