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Introduction

Introduction

RocSupport is a quick and simple to use program for estimating
the deformation of circular tunnels in weak rock, and visualizing
the tunnel interaction with various support systems.

The analysis method used in RocSupport is often referred to as
“rock support interaction” or “convergence-confinement” analysis.
This analysis method is based on the concept of a “ground reaction
curve” or “characteristic line”, obtained from the analytical
solution for a circular tunnel in an elasto-plastic rock mass under
a hydrostatic stress field.

Applicability of Method

The main assumptions in the analysis method are as follows:
e tunnel is circular

e In-situ stress field is hydrostatic (i.e. equal stress in all
directions)

e rock mass is isotropic and homogeneous. Failure is not
controlled by major structural discontinuities.

e support response is elastic-perfectly plastic

e support is modeled as an equivalent uniform internal pressure
around the entire circumference of the circular tunnel

This last assumption in particular (that support is uniform around
the entire circumference of the tunnel), should be carefully
considered by the user, when comparing actual tunnel behavior,
and calculated results using RocSupport.

The assumption of uniform support pressure implies that:

e shotcrete and concrete linings are closed rings

e steel sets are complete circles

e mechanically anchored rockbolts are installed in a regular
pattern which completely surrounds the tunnel.

Because this will not usually be the case, actual support capacities

will be lower, and deformations larger, than those assumed in
RocSupport.
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Introduction

The idealized model used for a RocSupport analysis is not
intended to replace detailed final design and analysis
requirements for tunnel support. In general, this will require
numerical analysis (e.g. finite element), particularly for tunnels
with large strain.

However, a great deal can be learned about the interaction of
tunnels in weak rock, with various support systems, by carrying
out parametric studies using RocSupport, in which different
combinations of in-situ stress levels, rock mass strengths and
support characteristics are evaluated.

Methods of Support Design

Although there are no clearly defined rules for tunnel support and
lining design at the present time, three general methods have
emerged over recent years. These can be described as:

1. Closed form solution methods that are based upon the
calculation of the extent of “plastic” failure in the rock mass
surrounding an advancing tunnel, and the support pressures
required to control the extent of the plastic zone and the
resulting tunnel deformation.

2. Numerical analysis of the progressive failure of the rock mass
surrounding an advancing tunnel and of the interaction of
temporary support and final lining with this failing rock mass.

3. Empirical methods based upon observations of tunnel
deformation and the control of this deformation by the
installation of various support measures.

RocSupport belongs to the first category of solution methods, i.e.
“rock support interaction” or “convergence-confinement” methods.

A good example of a numerical analysis program which belongs to
the second category, is Phase?, a finite element stress analysis and
support design program for underground excavations, also
available from Rocscience.

Each of these methods has advantages and disadvantages, and the
optimum solution for a given tunnel design, may involve a
combination of different methods, at different stages of the design.
For example, a preliminary analysis of temporary support
requirements could be carried out with RocSupport, and detailed
final design, including plastic failure of the rock mass, and
yielding support, can be carried out with Phase?.

RocSupport Tutorial Manual 2



Introduction

In spite of the limitations discussed above, rock support
interaction analysis has many attractions, and when used in
conjunction with numerical analyses, it can provide valuable
insights into the mechanics of rock support, and reasonable
guidelines for the design of this support.

Rock Support Interaction

A starting point for a discussion of the “rock support interaction”
method, is to discuss the deformation which occurs in the vicinity
of an advancing tunnel face, for an unsupported tunnel. This is
illustrated in the following figure.

Radial displacement
reaches its final value
at about 4 and one

Lnﬁard ; half tunnel diameters
eformation behind the face

of tunnel

face

Radial displacement reaches
about one third of its final
value at the tunnel face

Y

Direction
of tunnel

advance
Radial displacement starts about two and

one half tunnel diameters ahead of the
advancing face

Figure 1-1: Radial displacements around an advancing tunnel face (not to
scale). (Hoek, 1998).
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Note that the radial displacement:

e Degins a certain distance ahead of the tunnel face (about two
and one-half tunnel diameters)

e reaches about one third of its final value AT the tunnel face

e reaches its maximum value at about four and one-half tunnel
diameters behind the face

It is important to note that even for an unsupported tunnel, the
tunnel face provides an “apparent support pressure”. It is this
apparent support pressure that provides the stability to give

sufficient stand-up time for the actual support to be installed.

<+— Advancing tunnel

, R R G SR SRS
x -

Convergence
LXK

Figure 1-2: Support pressure p; at different positions relative to the advancing
tunnel face (not to scale). (Hoek, 1999a)

Observe that the apparent support pressure:
e isequal to the in-situ stress (i.e. pi = po) at a certain distance
(about two and one-half tunnel diameters) within the rock

mass, ahead of the advancing face

e 15 equal to about one-quarter of the in-situ stress, at the
tunnel face

e gradually reduces to zero at a certain distance behind the face.
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Introduction

Note that plastic failure of the rock mass surrounding a tunnel
does not necessarily mean that the tunnel collapses. The failed
material can still have considerable strength, and provided that
the thickness of the plastic zone is small compared with the tunnel
radius, the only evidence of failure may be a few fresh cracks and
a minor amount of raveling or spalling.

On the other hand, when a large plastic zone is formed and when
large inward displacements of the tunnel wall occur, the loosening
of the failed rock mass can lead to severe spalling and raveling
and eventual collapse of an unsupported tunnel.

The primary function of support is to control the inward
displacement of the walls and to prevent the loosening, which can
lead to collapse of the tunnel. The installation of support (e.g.
rockbolts, shotcrete lining or steel sets) cannot prevent failure of
the rock surrounding a tunnel subjected to significant
overstressing, but these support types do play a major role in
controlling tunnel deformation (Hoek et. al. 1995).

RocSupport Tutorial Manual 5
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Ground Reaction Curve

At the heart of the “rock support interaction” analysis method
used in RocSupport, is the “ground reaction curve” or
“characteristic line”, which relates internal support pressure to
tunnel wall convergence. The general derivation of the ground
reaction curve, is as follows.

Assume that a circular tunnel of radius ro is subjected to
hydrostatic in-situ stress po and a uniform internal support
pressure p;, as illustrated in the margin figure.

Failure of the rock mass surrounding the tunnel occurs when the
internal pressure provided by the tunnel lining is less than a
critical support pressure per.

If the internal support pressure pi is greater than the critical
support pressure per, no failure occurs, and the behaviour of the
rock mass surrounding the tunnel is elastic. The inward radial
elastic displacement of the tunnel wall is given by:

r(1+v
=28 p,-p) Ban. 1.1
When the internal support pressure p; is less than the critical
support pressure pcr, failure occurs and a plastic zone of radius rp
is formed around the tunnel. The inward radial plastic
displacement uip is then defined by the ground reaction curve
between p; = per and pi = 0.

A typical ground reaction curve is shown in Figure 1-3.

RocSupport Tutorial Manual 6
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Introduction

pi = Po (in situ stress)

Uje — elastic displacement

critical support pressure
Per = defined by initiation of
plastic failure of the rock
surrounding the tunnel

Uip — plastic displacement

Inward radial displacement u; >

Figure 1-3: Ground reaction curve showing relationship between support
pressure and tunnel wall convergence (Hoek et. al. 1995).

This plot shows:

zero displacement when the support pressure equals the
hydrostatic stress (i = po)

elastic displacement ue for po > pi > per
plastic displacement uip for pi < per

maximum displacement when the support pressure equals
Zero

For a given tunnel radius and in-situ stress, the shape of the
ground reaction curve depends on the rock mass failure criterion
which is assumed and the specific rock mass characteristics.

The following are dependent on the rock mass failure criterion and
characteristics:

the critical support pressure per
the radius of the plastic zone rp

the shape of the ground reaction curve in the plastic region (p;
< Dper)
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See the Solution Methods topic, later in this Introduction, for an
overview of the two different solution methods used in
RocSupport. These correspond to Mohr-Coulomb or Hoek-Brown
rock mass failure criteria, and have been derived for the rock
support interaction problem.

Support Reaction

In order to complete the rock support interaction analysis, the
reaction curve for the rock support must be determined. This is a
function of three components:

1. The tunnel wall displacement that has occurred before the
support is installed.

2. The stiffness of the support system.
3. The capacity of the support system.

Referring back to Figure 1-1, remember that a certain amount of
deformation takes place ahead of the advancing face of the tunnel.
At the face itself, approximately one-third of the total deformation
has taken place, and this cannot be recovered. In addition, there is
almost always a stage of the excavation cycle in which there is a
gap between the face and the closest installed support element.
Therefore, further deformation occurs before the support becomes
effective. This total initial displacement will be called uso and is
shown in Figure 1-4.

RocSupport Tutorial Manual 8



Introduction

_ support system vyield
Do < PP Y Y

Support pressure p;

equilibrium
Lom

— MSG‘ - - MSP?S e
Inward radial displacement 4; ———pp

Figure 1-4: Response of support system to tunnel wall displacement, resulting
in establishment of equilibrium (Hoek et.al. 1995).

Once the support has been installed and is in full and effective
contact with the rock, the support starts to deform elastically as
shown in Figure 1-4. The maximum elastic displacement which
can be accommodated by the support system is usm and the
maximum support pressure pPsm is defined by the yield of the
support system.

Depending upon the characteristics of the support system, the
rock mass surrounding the tunnel and the in-situ stress level, the
support system will deform elastically in response to the closure of
the tunnel, as the face advances away from the point under
consideration.
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Introduction

Rock-Support Equilibrium

Equilibrium is achieved if the support reaction curve intersects
the rock mass displacement curve before either of these curves
have progressed too far. If the support is installed too late (i.e. uso
is large in Figure 1-4), the rock mass may have already deformed
to the extent that loosening of the failed material is irreversible.
On the other hand, if the capacity of the support is inadequate (i.e.
Ppsm is low in Figure 1-4), then yield of the support may occur
before the rock mass deformation curve is intersected. In either of
these cases the support system will be ineffective, since the
equilibrium condition, illustrated in Figure 1-4, will not have been
achieved.

Support Characteristics

In RocSupport, the stiffness and capacity of support is expressed
in terms of Maximum Average Strain and Maximum Support
Pressure. In this form it is incorporated directly into the rock
support interaction analysis.

Note that since the support capacity is simply modeled as an
equivalent internal pressure, the reinforcement provided by
grouted rockbolts or cables cannot be properly accounted for in
this simple model. However, the radius of the plastic zone
calculated from the analysis, can be used as a guide for the length
of bolts or cables — i.e. bolts or cables should always be anchored in
unyielded rock.

The stiffness and capacity of support systems such as rockbolts,
steel sets, shotcrete and of combinations of these elements can be
estimated from relatively simplistic analyses published in Hoek
and Brown (1980) and summarized in Hoek (1999b). These
estimates have been used for the pre-defined support types
available in RocSupport.

RocSupport Tutorial Manual 10
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Support Installation

The origin of the support reaction curve in Figure 1-4 (i.e. the
value of uso), is the tunnel convergence which has occurred at the
point of support installation. In RocSupport, this value can be
specified in two ways:

e directly (as a convergence or wall displacement), or

e indirectly (a distance from the tunnel face is specified, which
1s then converted to tunnel convergence using a longitudinal
tunnel deformation profile)

The default tunnel deformation profile used in RocSupport is
shown in Figure 1-5. The equation of this curve allows the user to
input a value for distance from the tunnel face and obtain a value
of wall displacement. In RocSupport, it is also possible to create a
user-defined tunnel deformation profile.

1.0

0.9 A1

0.8 1

0.7 4 Y=1/[1+e‘("/°~55)]1‘7

0.6

o—d —

0.5
8 <> Tunnel advance

ot

0.4 1

0.3 A

0.2 1

0.1 1

wall displacementd / maximum displacementd_,

0.0 T T T T T T
-1 0 1 2 3 4

y=
&
)

x = Distance from face d / tunnel diameter D

Figure 1-5: Tunnel wall displacement as a function of distance from face
(Hoek, 1999a).

Determination of the tunnel wall displacement that has occurred
before the support is installed is not a trivial problem, since it
involves a consideration of the three-dimensional stress
distribution, and propagation of failure surrounding the
advancing face. Chern et. al. (1998) published a set of results
obtained from three-dimensional numerical analyses and also
from measurements in an advancing tunnel where instruments
had been installed from a parallel tunnel before excavation. Hoek
(1999a) derived the curve in Figure 1-5 by averaging the results
presented by these authors.
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Solution Methods

A number of derivations of the “rock support interaction” analysis
method have now been published, as discussed in Hoek (1999a).
All methods assume a circular tunnel in a hydrostatic stress field,
and the main theoretical efforts have been devoted to the
calculation of the size of the plastic zone, and the shape of the
ground reaction curve, for different assumptions on how the
failure of the rock mass progresses as the tunnel is advanced.

The main differences between the various methods used to
calculate the ground reaction curve, are in the choice of the rock
mass failure criterion, and in whether or not the rock mass dilates
(changes in volume) during failure.

In RocSupport, two solution methods are available: the Duncan
Fama method or the Carranza-Torres method.

Duncan Fama Solution

The Duncan Fama (1993) solution is based on the Mohr-Coulomb
failure criterion, and allows the user to define the rock mass
strength and deformation characteristics in terms of:

¢ Rock mass compressive strength

e Friction angle

¢  Young’s modulus

e Poisson’s ratio

A useful outline of this solution method, is also presented in Hoek
et. al. (1995).

NOTE: although the Duncan Fama solution is based on the Mohr-
Coulomb failure criterion, estimates of the rock mass compressive
strength and friction angle, can be obtained from Hoek-Brown
strength parameters, as discussed in Example 1.

Carranza-Torres Solution

The Carranza-Torres (2004) solution is based on the Generalized
Hoek-Brown failure criterion, and allows the user to define the
rock mass strength and deformation characteristics in terms of:

e Intact rock compressive strength (UCS)
e Geological Strength Index (GSI)

e Intact rock constant mi

RocSupport Tutorial Manual 12
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e Dilation angle
e Disturbance Factor (D)
¢  Young’s modulus
e Poisson’s ratio
The Carranza-Torres solution can also account for residual

strength, which is always specified directly in terms of the
Generalized Hoek-Brown parameters mb, s and a.

Deterministic Analysis

In the toolbar or the Project Settings dialog, the user can choose
either Deterministic or Probabilistic analysis types.

Deterministic Analysis j |FElE‘.TEII’ of Safety: 1.94

A Deterministic analysis simply means that all input variables are
assumed to be “exactly” known (e.g. in-situ stress and rock
strength parameters).

This results in a unique solution for all program output, including:
e the Ground Reaction curve

e Plastic Zone Radius

e Equilibrium pressure (if support is installed)

o Factor of Safety (for support)

RocSupport Tutorial Manual 13
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Factor of Safety

A unique Factor of Safety for the support is calculated in a
Deterministic analysis. The definition of the Factor of Safety in

RocSupport is as follows:

o A Factor of Safety GREATER THAN 1 is calculated as shown
in Figure 1-6. In this case the Factor of Safety is simply the
ratio of the Maximum Support Pressure psm to the
Equilibrium Pressure peq (the pressure at the intersection
point of the Ground Reaction and Support Reaction curves).

Support pressure p;

equilibrium

Inward radial displacement 4; ——pp»

Figure 1-6: Definition of Factor of Safety > 1.
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o A Factor of Safety LESS THAN 1 is calculated as shown in
Figure 1-7. This occurs when the Ground Reaction curve
intersects the Support Reaction curve after the elastic limit of
the support has been exceeded. A “projected” equilibrium
pressure p'eq is calculated by projecting the elastic support
reaction curve until it intersects the Ground Reaction curve,
and this value is used in the denominator of the Factor of
Safety equation.

b
SF = SM_ 1

f

peq

projection of elastic
support curve

Support pressure p;

A

Inward radial displacement ¢; ~—p

Figure 1-7: Definition of Factor of Safety < 1.
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Probabilistic Analysis

In the toolbar or the Project Settings dialog, the user can choose
either Deterministic or Probabilistic analysis types.

Frobakhilistic Analysis j |Pr|:|babili1y of Failure: 0%

A Probabilistic analysis allows the user to input statistical
distributions for:

e tunnel radius

e in-situ stress

e all rock mass parameters

Using either Monte Carlo or Latin Hypercube sampling, the
program will then sample the input distributions and run the
analysis for the specified Number of Samples defined by the user
in the Project Settings dialog.

The user can then view statistical distributions of all output
variables (e.g. plastic zone radius, wall displacement), rather than

simply a single number as calculated from a Deterministic
analysis.

Probability of Failure

A Probabilistic analysis results in a distribution of Safety Factor,
rather than a single value. From a Safety Factor distribution, a
Probability of Failure can be calculated.

The Probability of Failure in RocSupport is simply the number of
analyses with Safety Factor less than 1, divided by the total
number of analyses generated by the Probabilistic analysis.

For example, if 100 out of 1000 samples in a Probabilistic analysis

resulted in a Factor of Safety less than 1, then the Probability of
Failure would be 10 %.
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0.20 q

0.15 1

0.10 4

Probability

w

0 1 2 3 4

Factor of Safety

Figure 1-8: Definition of Probability of Failure.

Mathematically speaking, the Probability of Failure is the area
under the Factor of Safety probability distribution to the LEFT of
Factor of Safety = 1 (i.e. the black area in Figure 1-8), divided by
the total area under the curve.
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Example 1 — Medium Support

RocSupport - [exampled.rsp:2 - Tunnel Section Yiew]

% Fle Edt View Analysis Statistics Window Help - F x

DE-H & M5 [RCHONIE N TS « Deterministic nalysis = |Factor of Safety: 3,17

< |Project Title:  ROCSUPPORT Exarnple 1
1|Project Settings: Deterministic Analysis, Duncan Fama Solution
2| Tunnel Radius:  Gm

] |In-situ Stress: 1.62MPa

1 |Factor of Safety: 317

1 |Mobilized Support Pressure:  0.21MPa

1 |Radius of Plastic Zone:  9.74m, 13.77m (unsupported)

1 {Tunnel Convergence: 0.93%, 2.03% (unsupported)

3

20m 5 -10 5 i [ 0 15 20

For Help, press F1

Example 1 will demonstrate the basic features of RocSupport, and
will use the Duncan Fama solution method to determine the
Ground Reaction Curve. The tunnel will first be analyzed without
support. Then support will be added, and a factor of safety for the
support determined. Analysis will be Deterministic (all
parameters assumed to be exactly known).

MODEL FEATURES:

e A 12 meter diameter tunnel is to be constructed at a depth of
60 meters in a rock mass whose strength is defined by the
Hoek-Brown criterion with an intact rock strength c¢ =7
MPa, constant m; = 10 and a Geological Strength Index = 15.

NOTE: the finished product of this tutorial can be found in the
examplel.rsp data file in the EXAMPLES folder in your
RocSupport installation folder.

RocSupport Tutorial Manual 18



Starting a Project

Example 1 — Medium Support

If you have not already done so, start the RocSupport program by
double-clicking on the RocSupport icon in your installation folder.
Or from the Start menu, select Programs — Rocscience —»
RocSupport — RocSupport.

If the RocSupport application window is not already maximized,

maximize it now, so that the full screen is available for viewing
the model.

New File

To begin creating a new model:
Select: File — New

When a new file is created, the Ground Reaction View will
initially be displayed. This will show the Ground Reaction Curve
based on the default Tunnel and Rock input data.

If it is not already maximized, maximize the Ground Reaction
View by selecting the Maximize button in the upper right corner of
the view.

RocSupport - [Project1:1 - Ground Reaction]
o File Edit View Analysis Statistics Window Help -8 x

D&F-H && Mk A 0 e 88

Ground Reaction

Deterministic Analysis = |Factor of Safety: hfé

Support Pressure (MPa)

00 01 0z 03 04 05 06 07 08 08 10 11 12 13 14 15 16 17 18 18 20
Tunnel Convergence (%)

Final canvergence: 2.06 %, Factor of Safety: NiA

For Help, press F1

Figure 2-1: Ground reaction curve for default input data.
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Example 1 — Medium Support

o

To view a cross-sectional view of the model, select the Tunnel

Section option from the toolbar or the Analysis menu.
Select: Analysis — Tunnel Section

The Tunnel Section View displays:

e A cross-section of the tunnel diameter, and the plastic zone
(shaded region). The size of the plastic zone is drawn to scale

with respect to the tunnel diameter.

e A Project Info Textbox with a summary of the main input and
output parameters. The Textbox display can be toggled on or
off in the right-click menu. The textbox position, colour and

font can be customized by double-clicking on the textbox.

e If support is installed, this will be displayed on the Tunnel
Section View and the plastic zone radius (with support) will be

displayed.

RocSupport - [Project1:2 - Tunnel Section Yiew] EEX
#% Fle Edt View Analysis Statistics Window Help -8 %
O0-3 &k MR [ RORORE A NE - 3P Deterministic Analysis v |Factor of Safety: M4

7 - ™ T
T e
Vs BN
B P AN
A AN
/ b
/ N\
B { \
{ y
{ |
s r ]
|
\ ]
\ /
0. \ /
) /
b /
2 ~ e
] ~ /
1 [Project Title: - Default Project e
1 [Project Settings:  Deterministic Analysis, Duncan Fama Solution —
1 |Tunnel Radius: 5m o
21 |In-situ Stress:  1.35MPa T
™ | |Radius of Plastic Zone:  14.71m
1 [Tunnel Convergence: 2.06%
For Help, press F1
Figure 2-2: Tunnel Section View for default input data (no support).
RocSupport Tutorial Manual 20



Project Settings

Example 1 — Medium Support

i\

Although we do not need to change any Project Settings for this
example, let’s take a look at the Project Settings dialog.

Select: Analysis — Project Settings

Project Settings

Project Title

|Default Project

Solution Method Analygiz Type
* Duncan Fama Salution {+ Dieterministic
(™ Carranza-Tores Solution [2004] " Probabilistic

[ Plat Long-T e Curve

o -

Ok, Cancel

Figure 2-3: Project Settings dialog.
In the Project Settings dialog, you may enter:

o A Project Title

e Select the Solution Method and Analysis Type

e Plot the Long Term Ground Reaction Curve
See the Introduction to this manual for a discussion of the
Solution Method and Analysis Type. See the last tutorial for a
discussion of the Long Term Ground Reaction curve.
For this example, we will use the default Project Settings, however,

you may enter a Project Title— ROCSUPPORT EXAMPLE 1.
Select OK.
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Example 1 — Medium Support

Tunnel and Rock Parameters

The tunnel diameter, in-situ stress and rock parameters are
defined with the Tunnel Parameters option, which you may select
from the toolbar or the Analysis menu.

Select: Analysis — Tunnel Parameters

For a Deterministic analysis, the Tunnel and Rock Parameters
dialog will appear as shown below. Because we are using the
Duncan Fama solution method, based on the Mohr-Coulomb
failure criterion, the required Strength Properties are the rock
mass Compressive Strength and Friction Angle.

Tunnel and Rock Parameters ? a X
General
Tunnel Radius (m) : A 3:
In-Situ Stress [MPa) : 1.35 =

Elastic Properties

Young's Moduluz (MPa) 446 3:
0.3 El:

Paizzon FRatio

Strength Properties

Compressive Strenath of Bock Mass [MPa): |03 EI:
Friction Angle [degrees) : 235

Calculats From GS... oy | Close |

Figure 2-4: Tunnel and Rock Parameters dialog.

Tunnel Radius

NOTE that you must input the tunnel radius, and NOT the tunnel
diameter, in the Tunnel and Rock Parameters dialog!

For this example, the tunnel diameter is 12 meters, so enter a
tunnel radius of 6 meters.
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Example 1 — Medium Support

In-Situ Stress

In the Tunnel and Rock Parameters dialog, you may input the
hydrostatic in-situ stress directly, if it is known.

However, as you will discover with other input data in
RocSupport, whenever you see a “calculator” icon in an input data
dialog, this means that the required input data may be estimated
from other parameters.

In the case of In-Situ Stress, this can be simply estimated from the
tunnel depth and the rock unit weight.

In the Tunnel and Rock Parameters dialog, select the Calculator
icon to the right of the In-Situ Stress edit box. You will see the
Estimate In-Situ Stress dialog.

Estimate In-Situ Stress @@

Tunnel Depth [m]: |60 3:
nit Wweight of Rock [MM/m3] : 0.027 EI:

In-zitu gtrezz = Tunnel Depth * Unit Weight of Rock

Ik-zitu stress iz 1.62 MPa

ak. | Cancel |

Figure 2-5: Estimate In-Situ Stress dialog.

Enter a tunnel depth of 60 meters. We will use the default value for
Unit Weight of Rock (0.027 MN / m3). Note that the estimated in-
situ stress (1.62 MPa) is displayed in the dialog. Select OK and the

estimated value will be loaded into the Tunnel and Rock
Parameters dialog.

The estimated In-Situ Stress is simply the product of the Tunnel
Depth and Unit Weight (Eqn. 2.1):

p,=r*H Eqn. 2.1
where: po = in-situ stress

y = rock unit weight

H = tunnel depth below ground surface
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Rock Parameters

Now let’s enter the elastic and strength parameters for the rock.
Remember at the beginning of this example, the rock properties
were given in terms of Hoek-Brown parameters. However, the
Duncan Fama solution method uses the Mohr-Coulomb failure

criterion, and requires a Friction Angle.

For this purpose, the “Calculate from GSI...” option is provided in
the Tunnel and Rock Parameters dialog.

ik | Calculate From GSI...

If you select this button, you will see the following dialog.

Parameter, Calculator

In-5itu Strezs [MPa): ’T
Intact UCS [MPa); 5 _|:| | Cancel
Geological Strength Indesx: m |

Intact Rock Constant mi; m |

Lizturbance Factor: m |

Cutput
v ‘Young's Modulus of Rock Mass (MPa)  [446.154

v ULCS of Rock Mazs [MPa]: 0.434342

[v Friction &ngle of Rock Mass: 261476

Figure 2-6: Parameter Calculator dialog.

This dialog allows you to obtain estimates of the following rock
mass properties:

¢  Young’s Modulus

e Compressive Strength

e Friction Angle
by entering values of the Hoek-Brown parameters GSI, mi, intact
UCS and D. The ability to calculate these parameters is very
useful because the rock mass modulus, compressive strength and
friction angle are usually not very well known quantities, whereas

GSI, intact mi, intact UCS are often more readily available
parameters.

RocSupport Tutorial Manual 24



Example 1 — Medium Support

The calculations are based on the equations and methods
presented in Hoek, Carranza-Torres and Corkum (2002). This
paper presents the latest developments in the Hoek-Brown failure
criterion, including an improved method of determining
equivalent Mohr-Coulomb parameters from the Hoek-Brown
failure envelope.

For full details, the paper is available from the Rocscience website
at the following link:

http://www.rocscience.com/library/pdf/RL_1.pdf

In the Parameter Calculator dialog, enter the following values:
Intact UCS =7, GSI = 15, Intact mi = 10. You should see the
following output values for Young’s Modulus, rock mass UCS and
rock mass Friction Angle.

Parameter Calculator, E‘

In-Situ Stress [MPa); 1.62
Irtact UCS [MPa): 7 _|:| | Cancel
Geological Strength Indesx: m e |

Intact Rock Constant mi; m |

Disturbance Factar: m |

Output
v “foung's Modulus of Rock Mass [MPa)  |352.817

lv UCS of Rock Mass [MPa): 0.46527
v Friction Angle of Rock Mass: 25,6394

TIP — you can use the checkboxes in the dialog to select which
output variables will be calculated. This is useful if you only wish
to calculate some variables, and manually enter known values for
other variables.

Before you select OK, notice that beside each edit box is a “pick”
button. Whenever you see this icon displayed in a RocSupport
dialog, this means that data can be selected or estimated from a
table or chart. Let’s examine this now.

In the Parameter Calculator dialog, select the “pick” button beside
the GSI edit box. You will see the following GSI table, allowing you
to estimate a value for GSI based on the rock structure and surface
conditions.
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Pick GSI Value

Rock Type: |Genera| j oK | SURFACE CONDITIONS
YERY

VERY
G51 Selection: Cancel 600D GooD FAIR FOCR POOR

STRUCTURE DECREASING SURFACE QUALITY ==

INTACT OR MASSIVE - intact /

rock specimens or massive in 90

situ rock with few widely spaced 4 /
80 //

/ 70

discontinuitias
60 A

7 17 /
/

3

N/A NI

BLOCKY - well interlocked un-
disturbed rock mass consisting
of cubical blocks formed by three
intersecting discontinuity sets

VERY BLOCKY- interlocked,
partially disturbed mass with
multi-faceted angular blocks
formed by 4 or more joint sets

BLOCKY/DISTURBED/SEAMY
- folded with angular blocks
formed by many intersecting
discontinuity sets, Persistence
of bedding planes or schistosity

DISINTEGRATED - poorly inter-
locked, heavily broken rock mass
with mixture of angular and
rounded rock pieces

S~

e

<_—— DECREASING INTERLOCKING OF ROCK PIECES

LAMINATED/SHEARED - Lack 10
of blockiness due to close spacing NIA NIA
of weak schistosity or shear planes

Figure 2-7: Built-in GSI table in RocSupport. (Hoek, 1998).
Note:

e as you move the mouse around the chart, the GSI value at
that point will be displayed beside the cursor

e if you click the mouse at a point on the chart, the
corresponding GSI value will be loaded into the edit box at the
top of the GSI table

e you may then edit this value, if necessary

The significance and derivation of the Geological Strength Index
will not be discussed in this manual. However, 1t should be
emphasized that a parameter such as GSI should not be
considered an exact value, and a range of possible values should
always be considered in an analysis. For further information see
Hoek et.al (1995) or Hoek (2004).

Since we have already decided on a value for GSI, select Cancel in
the GSI dialog.
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Now select the “pick” button beside the “Intact Rock Constant mi”
edit box. You will see the following dialog, allowing you to select a
value for m; based on rock type.

Pick Mi Yalue

List of MiValues Selected MiValue

Agglomerate 19 +£3 ~ . i

Amphibolites 25 + & Mit/alue: |10

Andezite 25 +5 . )

Anhpdite 12+ 2 Filter List

S?;Sg.a 2?; +5 5 [ Rock Type [~ Texture

Brecciaz 20+2 = o

Chalk 7+2

Clapstones 4 +2 ~

Conglomerates 21 +£3 -

Crystalline Limestone 123 IS
~

Dacite 25 +3 =
Digbase 155

Diorite 25+ 5

Dolerite 165

RS ks Ok | Cancel

Figure 2-8: Pick Mi Value dialog.
To use this dialog:

o simply select a rock type from the list at the left of the dialog,
and the corresponding m; value will be loaded into the edit box
at the top of the dialog.

e you may filter the list, if desired, by selecting the Rock Type
and / or Texture checkboxes, and then selecting the desired
Rock Type and / or Texture. This will display only the
requested subset in the list. This is left as an optional exercise
for the user to experiment with.

Since we have already decided on a value for mi, select Cancel in
the Pick Mi Value dialog.

Select OK in the Parameter Calculator dialog, to return to the
Tunnel and Rock Parameters dialog.

The computed values of modulus, compressive strength and
friction angle are automatically entered in the Tunnel and Rock
Parameters dialog. Notice that the number of decimal places have
been rounded appropriately for each parameter (e.g. decimal
places are not warranted for the rock mass Young’s modulus!)
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Tunnel and Rock Parameters ? aX

General

Tunnel Radius (m) : E 3:

In-Situ Stress [MPa)

Elastic Properties

1.62 3
Young's Modulus [MPa) ; 353 3:
0.3 EI:

Paizzon FRatio

Strength Properties
Compressive Strenagth of Rock Mass (MFPa): (047

Friction Angle [degrees) : 2h.E4

Calculats From GS... oy | Close |

Apply

We are now finished entering all of the desired data in the Tunnel
and Rock Parameters dialog.

In order to save the newly entered parameters, and re-run the
analysis, you must select the Apply button.

Select Apply in the Tunnel and Rock Parameters dialog.

All analysis results in the Ground Reaction View and the Tunnel
Section View will be updated with the new results.

Close the dialog by selecting either the Close button, or the X in
the upper right corner of the dialog.

Remember that you must select Apply to save the data and re-run
the analysis. If you select the Close button without FIRST
selecting Apply, then this will cancel all new data entered, and the
previous results will remain on the screen.
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Analysis Results (No Support)

If you are not already viewing it, switch to the Tunnel Section
View.

Select Zoom All to maximize the model within the view (you can
also use the F2 function key to Zoom All):

'ﬁ, Select: View — Tunnel Section — Zoom Al

As can be seen in the summary provided in the Project Info
Textbox:

e the Plastic Zone radius (no support) =13.8 m

e the final Tunnel Convergence = 2.0 %

RocSupport - [exampled_new.rsp:2 - Tunnel Section Yiew *]

#% Fle Edt View Analysis Statistics Window Help -8 %

O0-H & MRTlalo - B e RE et Deterministic Analysis ~+ |Factor of Safety: Nfs

3

o

| [Project Title:  ROCSUPPORT Example 1 e
1 |Project Settings: Deterministic Analysis, Duncan Fama Solution v

1 |Tunnel Radius:  6m s
J|in-situ Strese: 1.62MPa ~

1|Radius of Plastic Zone: 13.77m —
] [Tunnel Corvergence: 2.03%

ot Y O L St
20 m 15 -10 5 i 5 0 15 20
Fer Help, pressF1

Figure 2-9: Analysis with NO support.

With an unsupported Tunnel Convergence of 2.0 %, this tunnel
falls into “category B” according to the guidelines discussed in the
Appendix, for a first estimate of support requirements. This
indicates that appropriate support would involve rockbolts and
shotcrete. See the Appendix for more information.
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Ground Reaction Curve

To view the Ground Reaction Curve, select the Ground Reaction
option from the toolbar or the Analysis menu.

Select: Analysis — Ground Reaction

RocSupport - [exampled_new.rsp:1 - Ground Reaction *] EEX
i File Edit View Analysis Statistics Window Help -8 %
OD-H SR MZTiao -~ R glE - Deterministic Analysis + |Factor of Safety: Nfa

Ground Reaction

Support Pressure (Pa)
5

0.0 01 02 03 04 05 0.6 or 08 09 1.0 11 12 1.3 1.4 1.6 16 17 1.8 1.9 2.0
Tunnel Convergence (%)

Final convergence: 203 %, Factor of Safety. NIA

Fer Help, pressF1

Figure 2-10: Ground reaction curve for Example 1.
By default, the X-axis of the Ground Reaction Curve is expressed
as Tunnel Convergence (%). The X-axis can also be displayed as

Wall Displacement, using a convenient right-click shortcut.

Right-click on the view and select Horizontal Axis > Wall
Displacement from the popup menu.

The X-axis of the Ground Reaction plot is now in terms of Wall
Displacement rather than Tunnel Convergence.

Right-click again on the view and select Horizontal Axis > Tunnel
Convergence to reset the X-axis to Tunnel Convergence.

Note: the horizontal axis of the Ground Reaction View can also be
changed in the Display Options dialog.
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v

Now let’s add some rockbolt support, and see the effect on the
tunnel behaviour. To add support, select the Support Parameters
option from the toolbar or the Analysis menu.

Select: Analysis — Support Parameters

Support Parameters ? a X

Rockbalts ] Steelsets] Shotcretel Eustom]

Type Pattern Spacing [m = m)

i 4

| Add Suppart

2 25 mm Rackbolt
O 19 mm Rockbalt
2 17 mm Rockbolt
O 5539 Split set
O Ex Swellex

2 20 mm Rebar

O 22 mm Fiberglass
O Plain Cahble

O Birdcage Cable

Max. Support Pressure [MPa); 0 Max. Average Strain [ 0

Suppaort Installation

(* Distance from tunnel face: m _t Advanced...

2 EI:
" Wwhen tunnel convergence is EI 4
E

" when tunnel wall displacerment is:

Figure 2-11: Support Parameters dialog.

Based on the unsupported analysis results, what type of support
would be appropriate for this problem?

As described in the Appendix, this example problem, with an
unsupported Tunnel Convergence of 2.0 %, falls into a category of
tunneling problems, which can be stabilized with relatively
modest support (e.g. rockbolts and shotcrete).

For this example, we will start by adding 34 mm rockbolt support,

at 1 x 1 m pattern spacing. Support will be installed at a distance
of 3 m from the face.
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To add the rockbolt support:

1.

3.

4.

Select the Add Support checkbox under the Rockbolts tab.
Notice that a green checkmark now appears beside the
Rockbolts tab, to indicate that rockbolt support will be in
effect.

We will use 34 mm rockbolts, which is already selected by
default in the Type list.

We will use the default Pattern Spacing = 1 x 1 meters.

Enter Distance from Tunnel Face = 3.

The dialog should appear as follows:

Support Parameters ? a X

~+ Rackbalts lSteeIsets] Shotcretel Eustoml

Type Pattern Spacing [m = m)

W AddSuppatt [ G 34 rm Rockbol 1 :

2 25 mm Rackbolt

2 19 mm Rackbolt

O 17 mm Rockbalt

2 5539 Split zet

O Ex Swellex

O 20 rm Rebar

O 22 mm Fiberglass

2 Plain Cable

) Birdcage Cable

Max. Support Pressure [MPa); 0.354 Max. Average Strain (%) 0.2

Suppart Inzstallation
i I, sdvanced..

4

* Distance fram tunnel face:

" Wwhen tunnel convergence is

Js

" when tunnel wall displacerment is: i

Apply | Cloze

Figure 2-12: Rockbolt support parameters for Example 1.

5.

Select the Apply button. This will save the support parameters
you have entered, and re-run the analysis. All open views of
the current document, will be updated with the latest analysis
results.
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Maximum Support Pressure and Strain

Before we close the Support Parameters dialog, we will comment
on the Maximum Support Pressure and Maximum Average Strain,
which are displayed in the dialog. Note:

Max. Support Pressure [MPa); 0.354 Maw. fverage Stiain () (0.2

e These values CANNOT be edited; they are pre-defined,
calculated values (Hoek, 1999b) based on the support
parameters you have selected.

e For a given tunnel diameter, the Maximum Support Pressure
depends on the type of support you have added, as well as the
Out of Plane Spacing (for steel sets) or the Pattern Spacing
(for rockbolts)

e The Maximum Average Strain depends only on the support
type you have selected, and is not affected by Out of Plane
Spacing or Pattern Spacing.

e If none of the pre-defined support types (Rockbolts, Steel Sets
or Shotcrete), provide the required Support Pressure and
Average Strain, then the user can simply define a Custom
support type in the Support Parameters dialog. See the
RocSupport Help system for details about defining Custom
support.

e Different support types (e.g. Rockbolts and Shotcrete) can be
combined in the same analysis. This is discussed later in this
tutorial.

In this example, for the support parameters we have entered,
Maximum Support Pressure = .354 MPa and Maximum Average
Strain = 0.2 %.

Now close the Support Parameters dialog (make sure you have

selected Apply before you select Close), and we will discuss the
results of the analysis with support.
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Analysis Results (With Support)

If the Tunnel Section View is not currently active, then select the
Tunnel Section option from the toolbar or the Analysis menu, to
view the Tunnel Section and analysis summary.

RocSupport - [example1_new.rsp:2 - Tunnel Section View]
#% Fle Edt View Analysis Statistics Window Help -8 %

O0-3 &k MR B e RE et Deterministic Analysis v |Factor of Safety: 1.84

3

0
P

] [Praject Title:  ROCSUPPORT Example 1
| |Project Settings:  Deterministic Analysis, Duncan Fama Solution| ~_
2] | Tunnel Radius: Bm —
1 |in-situ Stress: 1.62MPa

| |Factor of Safety: 184

2 |Mobilized Support Pressure:  0.19MPa

1 |Radius of Plastic Zone: 10.09m, 13.77m (unsupported)
_ ] [Tunnel Convergence: 093%, 203% (unsupported)

L
20 m 15 -10 5 i 5 0 15 20

Fer Help, pressF1

Figure 2-13: Analysis with rockbolt support.

Notice that there are now two plastic zone radius boundaries
displayed (dotted lines). The interior boundary shows the extents
of the plastic zone (shaded region) around the tunnel when
support is installed. The outer boundary depicts the plastic zone
when the problem is analyzed without support.

When you place the mouse pointer in the shaded region, a tool tip
appears that reads “Plastic zone: 10.01 m”. When you move the
pointer to the outer boundary the tip changes to “Unsupported
plastic zone: 13.77 m”.

The analysis summary in the Project Info textbox provides values
of:

o Factor of Safety
e Mobilized Support Pressure

e Plastic Zone Radius (decreased from 13.8 meters to 10.0
meters with support)
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e Tunnel Convergence (decreased from 2.0 % to 0.99 % with
support)

Factor of Safety

The factor of safety for the rockbolts is 1.84. See the Introduction
to this manual for a definition of the Factor of Safety in
RocSupport.

Although this would be considered an adequate Factor of Safety in
other types of analyses (e.g. limit equilibrium slope stability), in a
rock support interaction analysis this may not be the case, due to
the assumptions inherent in the analysis. See the Introduction for
more information.

Mobilized Support Pressure

The Mobilized Support Pressure listed in the Project Info Textbox
1s the Support Pressure determined from the intersection of the
Ground Reaction and Support Reaction Curves, as shown in
Figure 2-14 in the next section.

When the Factor of Safety is greater than 1, this value will always
be LESS than the Maximum (Available) Support Pressure.

Plastic Zone Radius

The rockbolt support has reduced the radius of the plastic zone
from 13.8 meters to 10.0 meters.

Note about Bolt Length

Although bolt length does not enter into a RocSupport analysis
(since support is modeled as an equivalent uniform internal
pressure), the Plastic Zone Radius gives an indication of the
required bolt lengths for effective support. For bolts to be effective,
they must be anchored in unyielded rock. This means that they
have to extend beyond the plastic zone.

By default, RocSupport extends bolts 2.0 m beyond the plastic
zone, when drawing the bolts on the screen. For the current
example, this makes the rockbolt support approximately 6 meters
in length. The default value of 2.0 m can be changed in the Section
View tab of the Display Options dialog.
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Ground Reaction and Support Reaction

<

Now select the Ground Reaction view, which will display the
Ground Reaction and Support Reaction curves on the same plot.

Select: Analysis — Ground Reaction

RocSupport - [exampled.rsp: - Ground Reaction *]

i File Edit View Analysis Statistics Window Help

O0-H & MRTlalo - R e 8B Deterministic Analysis v |Factor of Safety: 1.84

Ground Reaction
and Support Reaction

LB
convergence attunnel face: 0.62 %
%

Y
@
3

Support Pressure (MPa)

o0 01 02 03 04 05 06 07 08 03 10 14 12 13 14 15 16 17 18 13 20
Tunnel Convergence (%)

Final convergence: 0.99 %, Factor of Safety: 1.4
Convergence attunnel face; 0.62 %, Convergence at support 0.88 %

Fer Help, pressF1

Figure 2-14: Ground reaction and support reaction curves.

As discussed in the Introduction, note the following about the
Support Reaction Curve:

e The origin of the Support Reaction Curve, on the horizontal
(Tunnel Convergence) axis, is determined from the Distance
from Tunnel Face entered in the Support Parameters dialog.
See the Introduction to this manual for details about how this
value is determined.

e The slope of the elastic portion of the Support Reaction curve,
is equal to the Maximum Support Pressure divided by the
Maximum Average Strain.

e The intersection of the Support Reaction with the Ground
Reaction, determines the mobilized support pressure, final
tunnel convergence (with support) and plastic zone radius,
listed in the Tunnel Section View.
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If the Ground Reaction Curve intersects the Support Reaction
Curve in the elastic region, as in this example, then the mobilized
Support Pressure and Tunnel Convergence are considered
EQUILIBRIUM values.

Combining Support Types

As mentioned earlier in this tutorial, the Support Parameters
dialog allows multiple support types to be added for a given model.

For example, Rockbolts and Shotcrete could be added to the same
model, simply by selecting the Add Support checkbox for both
Rockbolts and Shotcrete, and entering the desired parameters for
each.

When multiple support types are used for a single model, the
following rules apply to the Maximum Support Pressure and
Average Strain:

e The Maximum Support Pressure is cumulative, and is ADDED
for all applied support types.

e The Maximum Average Strain is AVERAGED for all applied
support types.

These simplistic assumptions are of course not intended to model
the actual, complex interaction of multiple support systems, but
are an idealized approximation.

For our current example, also remember that:
e The guidelines described in the Appendix suggest that
rockbolts and shotcrete together, would be appropriate

support for this tunnel.

So, let’s add some shotcrete support to the rockbolt support, and
see the effect on the analysis results.

/ Select: Analysis — Support Parameters

In the Support Parameters dialog:

1. Select the Shotcrete tab.

2. Select the Add Support checkbox.

3. Notice that green checkmarks now appear on BOTH the

Rockbolts tab and the Shotcrete tab, indicating that both
rockbolt and shotcrete support will be in effect.
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4. Select the 50 mm thickness, 28-day age shotcrete type from
the Properties list.

The dialog should appear as follows:

Support Parameters ? a X

 Fockholts | Steskets SthCTEtEIEustnml

Properties

W AddSupport | Thickness [mm) Age [daps] UCS [MPal
1000 28 35
O 300 28 i)
150 28 35
2100 28 35
® 50 28 i)
O R0 3 11
O R0 ns E

Max. Support Pressure [MPa); 0.6V Max. Average Strain %) 015

Suppaort Installation

(* Distance from tunnel face: 3 EI: m _t Advanced...
" Wwhen tunnel convergence is EI 4
" when tunnel wall displacerment is: EI i

Apply | Cloze |

Figure 2-15: Shotcrete added in Support Parameters dialog.

5. Select the Apply button, to save the shotcrete parameters and
re-run the analysis. All open views of the current document,
will be updated with the latest analysis results.

Before we close the Support Parameters dialog, notice the
Maximum Support Pressure and Maximum Average Strain values

listed in the dialog. These are now the COMBINED values, for the
rockbolts AND shotcrete.

b ax. Support Pressure (MPa);, [0.679 Max Average Stain [ |0.15

As discussed above:

e the (combined) Maximum Support Pressure is the SUM of the
34 mm rockbolt support pressure and the 50 mm shotcrete
support pressure (.354 +.325 = .679)
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e the (combined) Maximum Average Strain is the AVERAGE of
the rockbolt and shotcrete maximum strain values (.200 +
.100) / 2.

Now close the dialog and observe the new analysis results.

Note that the thickness of shotcrete (or steel set) support is not
drawn to scale in the Tunnel Section View. If desired, it can be
drawn either with a specified thickness in mm or as a percentage
of tunnel radius, as selected in the Display Options dialog (use the
Thickness of Support Layer option in the Section View tab of the
Display Options dialog). This is left as an optional exercise for the
user to experiment with.

Analysis Results (With Combined Support)

As we did after adding rockbolt support, examine the information
in the Tunnel Section View and the Ground Reaction / Support
Reaction View. The following table summarizes the results with
No Support, Rockbolt Support, and Combined Rockbolt / Shotcrete

Support.

No Support Rockbolts Rockbolts +

Shotcrete

Factor of n/a 1.8 3.2
safety
Mobilized
support n/a .19 21
pressure
(MPa)
Plastic zone 13.8 10.0 9.7
radius (m)
Tunnel 2.0 1.0 0.9
convergenc
e (%)

Table 2-1: Summary of Example 1 analysis results.

It can be seen that the addition of shotcrete support did not have a
great effect on the plastic zone radius, tunnel convergence or
mobilized support pressure, compared to the rockbolt support
alone.
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This is because the additional support capacity, in this case, has
not significantly changed the intersection point of the Ground
Reaction and Support Reaction curves, which determines these
values. Compare Figures 2-14 and 2-16.

However, the Factor of Safety for the combined support has been
significantly increased, from 1.8 to 3.2. This might now be
considered an adequate safety factor for the support system.

Keep in mind that we used the 28-day shotcrete strength. The
support pressure provided by the shotcrete at early ages is much
less than the 28-day strength, and this must be taken into
consideration when considering the actual combined safety factor,
at different stages of the shotcrete curing.

(Note that 3-day and 0.5-day 50 mm shotcrete support, is also
available in the Support Parameters dialog).

RocSupport - [exampled.rsp: - Ground Reaction *]

i File Edit View Analysis Statistics Window Help

O0-H & MRTlalo - R e 8B Deterministic nalysis v |Factor of Safety: 3.17

Ground Reaction
and Support Reaction

Comvergence attunnel face: 0.62 %

Support Pressure (MPa)

o0 01 02 03 04 05 06 07 08 03 10 14 12 13 14 15 16 17 18 13 20
Tunnel Convergence (%)

Final convergence: 0.93 %, Factor of Safety: 307
Convergence attunnel face; 0.62 %, Convergence at support 0.88 %

Fer Help, pressF1

Figure 2-16: Ground reaction and combined rockbolt / shotcrete support
reaction curves.
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i

Finally, let’s look at the Info Viewer option. The Info Viewer
option provides a well-formatted summary of all input and output
data.

Select: Analysis — Info Viewer

RocSupport - [exampled.rsp:3 - InfoViewer] EEX
-8 x

U8 Fle Edt View Anclysis Shatistis Window Help

DF-d & MR- AN E | s 88

Deterministic Analysis v |Factor of Safety: 3.17

RocSupport Project Information

[Project Settings:
Project Title: ROCSUPPORT Example 1
Solution Methad: Duncan Fama solution
|Analysis Type: Deterministic

(Analysis Results:

Factor of Safety © 317
Mobilized Support Pressure © 021 MPa

With suppont instaled
Radius of Plastic Zone rp © .74 m
wiall Displacement up : 5556 mm
Tunnel Corvergen %

Deformation at the turmef face
Wall displacement : 37.42 mm
Tunnel Convergence © 0.62 %

[Tunnel and Rock Parameters:

Tunnel Radius 7o : 6 m
In-5itu Stress po : 162 MPa

odulus £ : 353 MPa

Poisson Ratio v : 0.3

Compressive Strength of Rock Mass i : 0.47 MPa
Friction Angle ¢ : 25.64°

Support Parameters:

For Help, press F1

Figure 2-17: Info Viewer display.

If necessary, scroll down to view all of the information in the Info
Viewer. The font size can be changed in the View menu.

Notice that the Support Parameters information lists the Total
Combined (Maximum Support Pressure and Maximum Average
Strain), as well as the contributions from each individual support
type used in the model (in this case, rockbolts and shotcrete).

The Info Viewer text can be copied to the Windows clipboard, by
selecting the Copy option from the Edit menu or the toolbar, or by
right-clicking in the Info Viewer and selecting Copy. From the
Windows clipboard, the text can be pasted into other applications
for report writing, presentations, etc.

The Info Viewer text can also be saved to a file, by right-clicking in
the view and selecting Save As .rtf file or Save As .txt file. A Rich
Text Format file (.rtf file) preserves the formatting of the text, as
it is displayed in the Info Viewer. A plain text file (.txt file) saves
the text only, with no formatting.

That concludes this tutorial. To exit the program:

Select: File — Exit
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Example 2 — Heavy Support

RocSupport - [example2.rsp:2 - Tunnel Section Yiew]
% Fle Edt View Analysis Statistics Window Help - F x

DE-H & M5 [RCHONIE N TS « Deterministic Analysis = |Factor of Safety: 24.87

20
St

]
.
-

1 |Project Title:  ROCSUPPORT Example 2 —
1 [Project Settings:  Deterministic Analysis, Carranza-Torres Solution[~ — — _— —
E 1 |Tunnel Radius: &m

| [In-situ Stress: 2.02MPa

1 |Factor of Safety: 2487

1 [Mobilized Support Pressure: 0.05MPa

7 |Radius of Plastic Zone:  18.13m, 26.35m (unsupported)
1 [Tunnel Convergence: 6.03%, 13.11% (unsupported)

anm a0 20 -10 i 10 20 an a0

For Help, press F1

Example 2 will model a tunnel with much more serious stability
problems than Example 1, requiring heavier support. The
Carranza-Torres solution method will be used to determine the
Ground Reaction Curve. Analysis will be Deterministic (all
parameters assumed to be exactly known).

MODEL FEATURES:

e A 10 meter diameter tunnel is to be constructed at a depth of
75 meters in a rock mass whose strength is defined by the
Hoek-Brown criterion with an intact rock strength c. = 4 Mpa,
constant m; = 12 and a Geological Strength Index = 17.

NOTE: the finished product of this tutorial can be found in the
example2.rsp data file in the EXAMPLES folder in your
RocSupport installation folder.

If you have not already done so, start the RocSupport program,
and create a new file to begin working with.

Select: File — New

If necessary, maximize the application window and the Ground
Reaction View.
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Project Settings

For this example, we will use the Carranza-Torres solution
method, which must be selected in the Project Settings dialog.

ﬂ* Select: Analysis — Project Settings

Project Settings

Froject Title
|F|DEISUF'PDF|T Exarple 2

Solution Method Analyziz Tope
" Duncan Fama Solution {+ Determiniztic
+ Camanza-Tomes Solution [2004) " Probabiliztic

[ Plot Long-Term Curve

o = .

Ok Cancel

Figure 3-1: Project Settings dialog.

In the Project Settings dialog, select the Carranza-Torres Solution
Method. Enter a Project Title— ROCSUPPORT Example 2. Select
OK.

Immediately, the Tunnel and Rock Parameters dialog comes up.
Anytime you change from one solution method to the other this
dialog is automatically invoked. This is because the input rock
parameters for the two methods differ, making it necessary for
you to verify that you are using the right values for analysis.

Remember that:

e The Carranza-Torres (2004) solution method uses the Hoek-
Brown failure criterion, to determine the Ground Reaction
Curve and plastic zone radius.

o The Duncan Fama (1993) solution method uses the Mohr-

Coulomb failure criterion, to determine the Ground Reaction
Curve and plastic zone radius.
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Tunnel and Rock Parameters

Our tunnel diameter is 10 meters, so the default Tunnel Radius of
5 meters is already correct and does not need to be changed.

In-Situ Stress

The In-Situ Stress can be estimated from the Tunnel Depth.

1. Select the Estimate button beside the In-Situ Stress edit box.

ﬂ 2. Enter Tunnel Depth = 75 meters. Select OK in the Estimate
In-Situ Stress dialog.

3. The estimated In-Situ Stress is 2.02 MPa.

Rock Parameters

Enter the following Rock Parameters:

Intact Rock Constant mi = 12, GSI = 17 and Compressive Strength
of Intact Rock oci = 4.

Tunnel and Rock Parameters 7 aX
General
Tunnel Radius [m] : B 3:
In-Situ Stress [MPa) ; 202 EI:
Elastic Properties
Young's Modulus (MPa] - 299 3:
Poigzon Ratio : 03 3:
Peak Strength Properties
Dilation Angle [degrees] : 0 EI:
Compressive Strength of Intact Bock [MPa) : 4 3:

Defire peak strength parameters a5 & GSLmi D ™ mb. s a

Gsl: [17 = 5 w12 =38 D o =

Calculated mb=0E13, s=159.8813-005, a= 0553

[ Residual Strength Properties

li ooooi o5
Apply | Close |

Figure 3-2: Tunnel and Rock Parameters for Example 2.
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NOTE: built-in tables for selection of appropriate m; , GSI, intact
UCS and D can be accessed by selecting the “pick” buttons in the
Tunnel and Rock Parameters dialog. This is left as an optional
exercise for the user to explore. See the previous tutorial for a
discussion of these tables.

Young’s Modulus

You will notice that there is a calculator button beside the Young’s
Modulus edit box.

Tunnel and Rock Parameters ? aX

General
Tunnel Badius [m] :

In-Situ Stress [MPa) :

Elastic Properties

Young's Modulus [MPa)

=

ek culaticE [Estimate from UCS, GSI, D

Figure 3-3: Estimation of Young's Modulus from strength parameters.

If you select this button, the rock mass Young’s Modulus will be
automatically calculated from the current values of GSI, intact
UCS and Disturbance Factor. The equation used to calculate
Young’s Modulus can be found in Hoek, Carranza-Torres and
Corkum (2002).

For this example, the rock mass Young’s Modulus is calculated to
be 299 MPa.

Apply

Now select Apply to save the Tunnel and Rock Parameters you
have entered, and run the analysis with the new parameters.
Then select Close.
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Analysis Results (No Support)

The Ground Reaction curve should appear as follows.

RocSupport - [example2.rsp:1 - Ground Reaction *]
i File Edit View Analysis Statistics Window Help -8 %

O0-H & MRTlalo - R e 8B Deterministic Analysis v |Factor of Safety: W&

Ground Reaction

Support Pressure (Pa)
s

Tunnel Convergence (%)

Final convergence: 13.11 %, Faclor of Safety. M/A

Fer Help, pressF1

Figure 3-4: Ground Reaction curve, no support, Example 2.

The final Tunnel Convergence = 13.1 %

This is a very high value of Tunnel Convergence. As discussed in
the Appendix, a tunnel with these input parameters would have
very serious stability problems. Very heavy support, installed as

close as possible to the advancing face, would be necessary.

Select the Tunnel Section View.

'n' Select: Analysis — Tunnel Section
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RocSupport - [example2.rsp:2 - Tunnel Section Yiew *]
#% Fle Edt View Analysis Statistics Window Help

De-H S8R MD2E o~ B e VE el Deterministic Analysis + |Factor of Safety: Nfa
_ ot .
e ~
- ~
o < N
= e ~
e b
/ Y
/ )
= / \
f \
/ |
! |
-] ! |
| f
| [
\ /
Y /
B \ /
\ /
N /
] N e
£ [Project Title:  ROCSUPPORT Example 2 -
%) |Project Settings: Deterministic Analysis, Carranza-Torres Solution /
1 [Tunnel Radius: &m s
1 |in-situ Stress: 2.02MPa —~
| |Radius of Plastic Zone: 26.35m —_—
1 |Tunnel Convergence: 13.11% -
B R R R R R TR T N

Fer Help, pressF1

Figure 3-5: Tunnel section view, no support, Example 2.

Notice the very large plastic zone radius (26.3 m) around the
unsupported tunnel.
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Example 2 — Heavy Support

v

For support, let’s start with I section steel sets (254 mm depth,
203 mm width, weighing 82 kg / m), spaced at 1.5 m, and installed

at a distance of 3 m from the face.

Select: Analysis — Support Parameters

Support Parameters T aX
Rockboks ¢ Stesksts ] Shotcretel Eustoml
Type Out af Plane Spacing [m]
W Add Support |1 section b ~ N5 =

Fropertiez

Flange width [rm) Section depth [mm] | weight [kg/m]

® 203 254 82
182 203 52

Max. Support Pressure [MPa); 0.602

Suppaort Installation

* Distance fram tunnel face:
EI 4
" when tunnel wall displacerment is: EI i

" Wwhen tunnel convergence is

Apply | Cloze

Max. Average Strain [%);  0.26

_t Advanced...

Figure 3-6: Steel set support parameters.

In the Support Parameters dialog:

1. Select the Steel Sets tab, and select the Add Support checkbox.

2. Select I section rib from the Type drop-down list. We will use
the default selection 203 mm Flange Width.

3. Enter Out of Plane spacing = 1.5, and Distance from Tunnel

Face = 3.

4. Select Apply to save the support parameters you have entered

and re-run the analysis. Select Close.
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Analysis Results (With Support)

Select the Ground Reaction view. The Ground Reaction and
Support Reaction should appear as follows:

RocSupport - [example2.rsp:1 - Ground Reaction *]

o File Edit View Analysis Statistics Window Help -8 x

De-HB Sh MEE - RE |G e 8 Deterministic Analysis v |Factor of Safety: 11,03

Ground Reaction
and Support Reaction

Tunnel Face

]swvona«:m

=
Convergence at tunnel face: 4.04 %

Support Pressure (MPa)
s

Tunnel Convergence (%)

Final convergence: 6.05 %, Faclor of Safety. 11.03
Gonvergence atfunnel face: 4.04 %, Canwergence at support 6.03 %

For Help, press F1

Figure 3-7: Ground reaction and support reaction.

Select the Tunnel Section view, and view the analysis summary in
the Project Info Textbox.

'ﬁ Select: Analysis — Tunnel Section

Compared to the unsupported results, the Steel Set support has:

e decreased the plastic zone radius (26.3 to 18.2 m)

e decreased the final Tunnel Convergence (13.1 to 6.0 %)

e Factor of safety for the support is 11.0

Note:

Even with support, the tunnel is still surrounded by a large plastic
zone radius, and final convergence is still high. However, the

Factor of Safety for the Steel Sets indicates that the loading is
well within the support capacity.

RocSupport Tutorial Manual 49



Additional Support

Example 2 — Heavy Support

v

Let’s now see the effect of adding a layer of shotcrete in addition to
the steel set support.

Select: Analysis — Support Parameters

In the Support Parameters dialog, select the Shotcrete tab, select
the Add Support checkbox, and select 100 mm thickness shotcrete.
Note the combined Maximum Support Pressure (1.366) and
Maximum Average Strain (0.18 %), of the shotcrete and the steel
sets.

Select Apply.

NOTE:

e The safety factor of the combined support system has more
than doubled (11.0 to 24.9).

e However, this has not significantly reduced the final Tunnel
Convergence (which remains at 6.0 %) or the Plastic Zone
Radius.

Let’s look at the Ground Reaction / Support Reaction plot, to
examine why the shotcrete support has not affected the final
convergence or Plastic Zone Radius.

Select: Analysis — Ground Reaction

If we compare the combined Support Reaction curve, to the curve
for the Steel Sets alone (Figure 3-7), you will note the following:

e the additional shotcrete support, has approximately doubled
the Maximum Support Pressure, hence the Factor of Safety
increase from 11.0 to 24.9.

e However, the intersection point of the Ground Reaction and
Support Reaction curve, has not changed significantly, hence
there is no significant change in the final Tunnel Convergence
or Plastic Zone radius.

In this example, the intersection of the Ground Reaction and
Support Reaction is affected primarily by the Distance From Face
(entered in the Support Parameters dialog). We did not change
this value when we added the shotcrete support.
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RocSupport - [example2. rsp:1 - Ground Reaction *] EEX
i File Edit View Analysis Statistics Window Help -8 %

O0-H & MRTlalo - R e 8B Deterministic nalysis v |Factor of Safety: 24.87

Ground Reaction
and Support Reaction

Support Pressure (MPa)

Tunnel Convergence (%)

Final comvergence: 6.03 %, Factor of Safety. 2487
Convergence attunnel face: 4.04 %, Convergence at support 6.03 %

Fer Help, pressF1

Figure 3-8: Combined support reaction, steel sets and shotcrete.

Support Installation

As a final exercise, enter different values for the Distance from
Face in the Support Parameters dialog (e.g. 2 meters, 1 meter etc),
and select Apply to re-calculate and view the results.

Notice that changing the Distance from Face shifts the origin of
the Support Reaction curve. This DOES have an effect on final
Tunnel Convergence, Plastic Zone Radius, and Factor of Safety for
the Support. The Factor of Safety decreases as the Distance From
Face decreases, because the Support takes a greater load as it is
installed closer to the face.

Note: support installation can also be specified directly as a value
of tunnel convergence or wall displacement. In this case, the
longitudinal deformation profile function is not used.

Support Installation

" Distance fram tunnel face: 3 Tl
f* ‘when tunnel convergence is: ] 3: 4
7 When tunnel wall displacerment iz 3 T

Figure 3-9: Specifying support installation by tunnel convergence.
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The user is encouraged to experiment with the Support
Parameters dialog. Parametric analysis can be performed very
quickly, by adding or removing support, changing support
parameters, and selecting Apply to re-calculate the results.
Observe the effects on the Support Reaction Curve.

Comment on Example 2

A tunnel with the input parameters used for this example, would
certainly require very detailed final support design, which would
include numerical analysis such as finite element.

A rock-support interaction analysis of such a tunnel, as
demonstrated here using RocSupport, would not be adequate for
final design purposes. See the guidelines in the Appendix
(“category E ), for the expected support design issues for this
tunnel.

Nonetheless, valuable insight into the tunnel behaviour can be
gained from the use of RocSupport even in such cases. Quick
parametric analysis is very easy to perform in RocSupport,
allowing the user to vary all input parameters, and view the effect
on the results.
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Example 3 — Probabilistic Analysis

RocSupport - [example3.rsp:1 - Histogram Plot 7]
[ File Edit Wiew Analysis Statistics Window Help _ 8 x

DE-H & 0REa - NI - 3 " (M (S [ | Probabiistic Analysis + [Probabilty of Faiure: 19%

Prabability

1 125 15 1.74
Factor of Gafety

SAMPLED: mean=1.13, s.d=016, min=0.77, max=1.89, PF=198%
BESTFIT: dist= Lognormnal, mean=1.13, s.0=0.16, min= 077, max=1.99

For Help, press F1

This tutorial will demonstrate how to carry out a Probabilistic
analysis with RocSupport.

For a given tunneling problem, many of the input parameters are
not known with accuracy, particularly those describing the rock
mass characteristics. Therefore it 1s very useful to be able to input
statistical distributions for input parameters, in order to obtain
statistical distributions of the analysis results.

MODEL FEATURES:

This example will be based on the Example 1 problem, with
statistical distributions entered for some of the input variables.

NOTE: the finished product of this tutorial can be found in the
example3.rsp data file in the EXAMPLES folder in your
RocSupport installation folder.
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W

Open the Example 1 file.

Select: File — Open

Look jr: |L'f} Examples j e B
_2. Qexamplel.rsp
- QexampleZ.rsp

ry Recent Qexample&rsp
Documents

=]
|

Degktop

My Metwork File hame: |eHam|:-Ie'| 13p ﬂ Open |
Flaces
Files of bype: | FocSupport Projects [*.rsp) j Cancel

Navigate to your RocSupport installation folder, and open the

Examplel.rsp file. Note that RocSupport files have a .RSP filename
extension.
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Example 3 — Probabilistic Analysis

A

First we need to change the Analysis Type in the Project Settings
dialog from Deterministic to Probabilistic.

Select: Analysis — Project Settings

Project Settings

Project Title
|HDCSUPPDHT Example 3

Solution Method Analyziz Tope
&+ Duncan Fama Solution " Deterministic
" Camanza-Tomes Solution [2004] + Probabiliztic
™ Plot Long-Term Curve Sampling Method

* Monte Carlo Method
]

" Latin Hypercube Method

Murmber of Samples; 1000 _|:I

0K Cancel v Pzeudo-Bandom Sampling

Figure 4-1: Project Settings dialog, Example 3.

In the Project Settings dialog, change the Analysis Type to
Probabilistic, and change the Project Title to ROCSUPPORT
Example 3. Select the Pseudo-Random Sampling option and click
OK.

We will examine the Pseudo-Random sampling option and its
purpose later on in the tutorial.

NOTE: the Analysis Type (Probabilistic or Deterministic) can also
be selected from the toolbar, as shown below.

rministic Analvsis
wura

Figure 4-2: Selecting the Analysis Type in the toolbar.
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Tunnel and Rock Parameters

Now select Tunnel Parameters from the toolbar or the Analysis
menu.

Select: Analysis — Tunnel Parameters

Notice that the Tunnel and Rock Parameters dialog is presented
in a grid format for a Probabilistic analysis. This simplifies the
input of statistical parameters, and allows you to easily define
random variables and keep track of which variables have been
assigned statistical distributions.

Probabilistic Tunnel and Rock Parameters 7 aX
# Froperty Distribution Mean | Std. Dev. | Rel. Min | Rel. Max
1 | Tunnel Radius {m]) * None &
2 | In-Situ Stress (MPa) * Naone 1.62
3 |Young's Modulus {MPaj) * Mone 353 X
4 | Poisson Ratio * None 0.3 (Y]
5 | Compressive Strength of Rock Mass (MPa) » None 0.47
& |Friction Angle {degrees) * Maone 25.64

Apply | Close

Figure 4-3: Tunnel and rock parameters dialog, probabilistic analysis.

Random Variables

To define a random variable, first select a statistical distribution
for the variable (e.g. Normal) in the Tunnel and Rock Parameters
dialog. Then enter the mean, standard deviation and relative
minimum and maximum values, which define the statistical
distribution for the variable.

e It is important to note that the Minimum and Maximum
values are specified as RELATIVE distances from the mean,
rather than as absolute values. This simplifies the data input
of these values.

For example: if the mean Friction Angle = 25 degrees, and the
minimum = 20 and maximum = 30, then the relative minimum
= 5 degrees and the relative maximum = 5 degrees.

e See the RocSupport Help system for details about the various

statistical distributions that are available in RocSupport, and
the significance of the input parameters for each distribution.
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For this example, we will define the following variables as
random:

o In-Situ stress

e  Young’s Modulus

e Compressive Strength

e Friction Angle

Enter the following data:

Property Distribution | Mean | Std.Dev. Rel. Min. Rel. Max.
In-Situ Stress Normal 1.62 2 .6 .6
Young's Normal 353 50 150 150
Modulus
Compressive Normal 0.47 1 3 3
Strength
Friction Normal 25.64 2 6 6
Angle

Table 4-1: Statistical input for random variables, example 3.

The Tunnel and Rock Parameters dialog should appear as follows.

Probabilistic Tunnel and Rock Parameters ? a X
# Property | Distribution Mean | Std. Dew. | Rel. Min | Rel. Max
Tunnel Radius {m) * Maone 3]

2 |In-Situ Stress (MPa) A Normal 1.62 2 0.6 0.6

3 | Young's Modulus (MPa) A Normal 353 50 150 150 35
4 | Poisson Ratio = Mone 0.3 |/§}J
5 | Compressive Strength of Rock Mass (MPa) A Mormal 0.47 0.1 0.3 0.3

& | Friction Angle {degrees) A Normal 25.64 2 & &

Apply | Cloze

Figure 4-4: Tunnel and Rock parameters, example 3.

RocSupport Tutorial Manual 57



Example 3 — Probabilistic Analysis

Automatic Minimum and Maximum Values

You may have noticed that the relative minimum and maximum
value we entered for each variable, was 3 times the standard
deviation. For a Normal distribution, this ensures that a complete
(non-truncated) distribution is defined (i.e. since 99.7% of all
samples fall within 3 standard deviations of the mean, for a
normally distributed random variable).

In the Tunnel and Rock Parameters dialog, the following shortcut
can be used for this purpose (this is left as an optional exercise to

experiment with, after completing this tutorial):

1. Enter the standard deviation for a random variable.

2. Select the L button in the dialog, and the relative
minimum and relative maximum for the variable will be
automatically set to 3 times the standard deviation.

You can use this shortcut for multiple variables simultaneously —
just use the mouse to first select all of the desired variables in the
dialog, and then select the 3x button.

Apply

Now select Apply. This will save the parameters you have just
entered, and run the RocSupport Probabilistic analysis. The
analysis should only take a few seconds or less (remember that we
used the default Number of Samples = 1000 in the Project Settings
dialog). Close the Tunnel and Rock Parameters dialog, and we will
view the analysis results.

NOTE: because we selected Pseudo-Random sampling, the
Probabilistic analysis will always generate exactly the same
results, for a given set of input parameters. To generate true
random sampling, we can turn OFF the Pseudo-Random Sampling
option, as described later in this example.
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Example 3 — Probabilistic Analysis

o

Select the Tunnel Section View.
Select: Analysis — Tunnel Section

The Tunnel Section View, for a Probabilistic analysis, appears the
same as for a Deterministic analysis. However, in the analysis
summary provided in the Project Info Textbox, note that:

e The results are the MEAN values from the statistical analysis.
In general, these MEAN values will NOT NECESSARILY be
the same as the Deterministic analysis results, based on the
mean input data.

e A Probability of Failure, for the support, is listed, as well as
the MEAN safety factor. The Probability of Failure represents
the number of analyses, in which the Factor of Safety for the
support was less than 1, divided by the total number of
analyses (1000 in this case).

RocSupport - [example3.rsp:2 - TunnelSection Yiew] EEX
#% Fle Edt View Analysis Statistics Window Help -8 %

O0-H & MRTlalo - B e RE et (M (S [ | Probbiistic Analysis ~ |Probabilty of Faiure: 0%

1|Project Title:  ROCSUPPORT Exarmple 3
7 |Project Settings: Probahilistic Analysis, Duncan Fama Solution
1 |Tunnel Radius:  Bm

1 |In-situ Stress:  1.62MPa

| |Prabability of Failure: 0%

7 [Mean of:

{| Factor of Safety. 3.27

1| Mobilized Support Pressure: 0.21MPa

1| Radius of Plastic Zone: 9.95m, 14.1m (unsupparted)

1| Tunnel Convergence: 1.03%, 2.26% (unsupported)

10

e Y Y o B L Bt
20m 15 -10 5 i 5 10 15 20

Fer Help, pressF1

Figure 4-5: Tunnel Section view, probabilistic analysis.

The Probability of Failure is currently zero (i.e. Factor of Safety is
greater than 1 for all cases analyzed).
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After a Probabilistic analysis, the user can plot the results in the
form of Histograms, Cumulative Distributions or Scatter Plots of
input and output variables.

Histogram Plots

To create a Histogram plot, select Histogram Plot from the toolbar
or the Statistics menu.

Select: Statistics — Histogram Plot

(Alternatively, you can also activate the Histogram Plot dialog by
pressing F7.)

Plot Histogram E|g|

Yariable to Plot

Factor of 5afety Mumber of Bing: |30 3:
Tunnel Corvergence Mwith Support)

Wall Dizplacement Mwith Suppart]

Flastic Zone Fadiuz Mwith Support) I

Turnel Convergence (No Support] ¥ Show Fitted Distribution

W all Dizplacement (Mo Support) N
Plastic Zane Radius (N Support) v Attach Markers to Distribution

Mobilized Support Prezsure I
In-5itu Stress

Toung's Moduluz

UCS of Rock Mazz

Friction Angle

ak. | Cancel

Figure 4-6: Plot Histogram dialog.

Note that both input and output variables are listed in the
Variable to Plot list.

e The output variables will always include Factor of Safety,
Tunnel Convergence, Wall Displacement and Plastic Zone
Radius.

e The input variables listed, will only be those for which you
have entered a statistical distribution, in the Tunnel and Rock
Parameters dialog. For our current example, this includes In-
Situ Stress, Young’s Modulus, UCS of Rock Mass and Friction
Angle.

RocSupport Tutorial Manual 60



Example 3 — Probabilistic Analysis

Let’s plot a histogram of Factor of Safety. Since this is the default
selection in the Plot Histogram dialog, just select OK to generate
the plot.

RocSupport - [example3. Histogram Plot]
[0l Fie Edt view analysis Statistics window Help -8 x

DE-H &Sk MTE - - REE | 88 (Mt (5 (| probabiistic Analysis ~ |Probabilky of Faiure: 0%

Prababilty

6.66 B.52

Factor of Safety

SBAMPLED: mean=327 sd=087, min=213 max=653, PF=0%
BESTFIT: dist= Beta, mean=3.27, s.0= 0.57, min=2.13, max=6.53

For Help, press F1

Figure 4-7: Factor of safety histogram.

As you can see in this plot, there were no analyses with a Factor of
Safety less than 1. The Probability of Failure is therefore zero.

For calculated output variables such as Factor of Safety, a
FITTED distribution can be displayed on a histogram, as shown in
the above figure. The fitted distribution can be toggled on or off in
the right-click menu, the Statistics menu or in the Plot Histogram
dialog (select the Show Fitted Distribution option).

The Fitted Distribution represents a best-fit distribution for the
output variable, and is automatically determined by RocSupport.
Note that the Fitted Distribution can be any one of the statistical
distributions used in RocSupport (i.e. normal, uniform, triangular,
beta, exponential, lognormal or gamma).

Now let’s generate a histogram of one of our input variables, for
example, In-Situ Stress.

Select: Statistics — Histogram Plot

In the Plot Histogram dialog, select In-Situ Stress from the
Variable to Plot list. Select OK.
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RocSupport - [example3.rsp:4 - Histogram Plot]
[l File Edit Wiew Analysis Statistice Window Help _ 8 %

O0-H & MRTlalo - R |2 b 8B (M (S [ | Probbiistic Analysis ~ |Probabilty of Faiure: 0%

Prohability

1.26 1.48 171 1.94 247
In-Situ Stress (MP3)

SAMPLED: mean=1.62, 5.d=02, min=1.03, max=217, PF=0%
INFUT. dist=NMormal, mean=1.62, s.d=02, min=1.02, max= 222

Fer Help, pressF1

Figure 4-8: In-Situ stress histogram.

For input variables, the Input Distribution can be displayed on the
Histogram plot, as shown in the above figure for In-Situ Stress.
Also a statistical summary of the simulated values, and the
parameters of the Input Distribution are provided at the bottom of
the plot.

e The Input Distribution is the distribution defined by the input
data you have entered in the Tunnel and Rock Parameters
dialog.

e The Sampled data statistics are derived from the raw data
generated by the statistical sampling (Monte Carlo method in
this case) of the Input Distribution you have defined.

This explains why the SAMPLED and INPUT statistical
parameters listed at the bottom of an input variable histogram,
will in general differ slightly, especially if the Number of Samples
is small.

(Note: if you use Latin Hypercube sampling, and a large number
of samples, the Sampled and Input statistical parameters should
be equal, or very nearly equal. This is because the Latin
Hypercube method samples the input data distributions more
uniformly than Monte Carlo sampling. This is left as an optional
exercise to explore, after completing this tutorial).
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Cumulative Plots

A cumulative distribution is, mathematically speaking, the
integral of the normalized probability density function. Practically
speaking, a point on a cumulative distribution gives the
probability that a random variable will be LESS THAN OR
EQUAL TO a specified value.

To generate a Cumulative distribution, select Cumulative Plot
from the toolbar or the Statistics menu.

Select: Statistics — Cumulative Plot

Note that the list of Variables to Plot, is exactly the same in both
the Plot Histogram and Plot Cumulative dialogs.

Let’s plot the Factor of Safety cumulative distribution. Since this is
the default selection in the Plot Cumulative dialog, just select OK
to generate the plot.

RocSupport - [example3.rsp:4 - Cumulative Plot] EEX

L5 File Edit Wiew Analysis Statistice Window Help _ 8 %
De-HSRIM=2TE o - R E L e 8B [ 1S [ | Probabiistic Analysis + |Probabiliey of Failure: 0%

10 i

// -
//
08
/ -
08 /
07 /

Curnulative Probability
&

212 201 3.88 477 565 6.53
Factor of Safety

SAMPLED. mean=327, sd=087, min=213 max=653, PF=0%

Fer Help, pressF1

Figure 4-9: Cumulative plot of Factor of Safety.

It is worthwhile noting that for the cumulative distribution of
Factor of Safety, the cumulative probability at Factor of Safety =
1, is equal to the Probability of Failure. In this example, the
Factor of Safety is greater than 1 for all cases, therefore the
Probability of Failure = 0.
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Scatter Plots

e L

Scatter plots can also be generated after a probabilistic analysis.
Scatter plots allow you to plot any two random variables against
each other, to view the correlation (or lack of correlation) between
the two variables.

Select; Statistics — Scatter Plot

In the Scatter plot dialog, select Factor of Safety versus UCS of
Rock Mass.

Plot Scatter

= Ao D atazet; Factar af 5 afety -

T iz Datazet: IJCS of Rock Mass hd

I Plot Regression Line

W Show Failed Ok | Cancel

Figure 4-10: Scatter plot dialog.

RocSupport - [example3.rsp:5 - Scatter Plot] EEX
[l File Edit Wiew Analysis Statistice Window Help _ 8 %

O0-H & MRTlalo - R |2 b 8B (M (S [ | Probbiistic Analysis ~ |Probabilty of Faiure: 0%

UGS of Rock Mass (MPa)

2 3 4 g B
Factor of Safety

Cuorrelation Coefficient=-0.938578, alpha = 0.985315, beta =-0.156944

Fer Help, pressF1

Figure 4-11: Scatter plot of Factor of Safety versus rock mass UCS.

It can be seen that there is a strong correlation between the input
variable UCS of Rock Mass, and the Factor of Safety for the
support. The best fit linear regression line can be displayed using
the right-click menu shortcut, if desired.
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Computing the Analysis using True Random Sampling

iy

For this tutorial, we selected the Pseudo-Random Sampling option
in Project Settings. Therefore, when the Apply button is clicked in
the Tunnel Parameters or Support Parameters dialogs,
RocSupport uses PSEUDO-RANDOM numbers to generate the
statistical sampling of the input variable distributions. Pseudo-
random sampling generates the SAME RESULTS each time the
analysis is run. This allows the user to obtain reproducible results
for a Probabilistic analysis.

To run a Probabilistic analysis using TRUE RANDOM sampling,
then you must de-select the Pseudo-Random sampling checkbox in
the Project Settings dialog.

With Pseudo-Random Sampling turned OFF, different random
numbers are used to generate each sampling of the input variable
distributions. This means that EACH TIME COMPUTE or APPLY
is selected, different results will be generated.

We will re-run our example using true random sampling and
observe the results.

Select: Analysis — Project Settings
De-select the Pseudo-Random Sampling option and click OK. The
analysis is immediately recomputed, and results different from

the previous ones are displayed.

To observe the effect on the Scatter Plot, select the Compute
button several times.

Select: Statistics — Compute

The graph is updated after each Compute, to reflect the latest
results.

To further illustrate the results of using Compute with true
random sampling, let’s tile the views.

Select: Window — Tile Vertically

If you have followed the steps in this tutorial, and did not have
any other RocSupport files open, you should have six views open.
Close two of the views (for example, close the Ground Reaction
View and the Tunnel Section View, so that only the statistical plot
views are open).

RocSupport Tutorial Manual 65



Additional Exercise

Example 3 — Probabilistic Analysis

Select the Tile option again, and your screen should look similar to

the figure below.

RocSupport - example3.rsp

Fie Edt View Analysis Statistics Window Help

DE-H &R MRk © -

RE e 8 (M (1S (£ Frobabiistic Anslysis + |Probability of Faiure: 0%

ok

= ;s
Pl
=
E s =
é £
& i
= E
=04 . 2
= i, =
EE whREe L,
0
o
=3 g

0 241 293 375 458 5.4 6.3

8 8 d 8 8 Factor of Safety
Factor of Safety
SAMPLED: mean=3.3, $.d=06, min=21, max=623, PF=0%
Comelation Coefiicient=-0.936467, alpha= 0.877222, heta=-0.154084 BESTFIT: dist=Beta, mean=3.3, s.d=0.6, min=21, max=6.23

Cumulative Probability

21 283 375 458 54 6.23
Factor of Safety

SAMPLED: mean= 3.3, s.d= 06, min=21, max=6.23, PF=0%

Prabability

)
=)
5

=
=
2

=
=
=

=
=
=

1.08 1.3 1.52 174 1.96 218
In-Situ Stress (MPa)

SAMPLED: mean=1.62, £.d=019, min="1.08, max=218 PF=0%
INFUT: dist= Normal, mean=1.62, s.d=0.2, min=1.02, max=2.22

Fer Help, pressF1

Figure 4-12: Tiled views, Example 3.

Now again re-select Compute several times. Notice that all views
are updated to reflect the latest results.

Although we demonstrated the Probabilistic analysis features of
RocSupport in this Example, the Probability of Failure was zero!

As a final suggested exercise, we will create an example with a
Probability of Failure greater than zero, in order to demonstrate
some additional graphing features of RocSupport.

1. In the Support Parameters dialog:

e remove the Shotcrete support completely, by clearing the

Shotcrete checkbox

e change the Rockbolt type to 19 mm rockbolt. Select Apply

and Close.

2. View the Safety Factor Histogram. Notice that all bars with a
Factor of Safety less than 1, are now highlighted in RED.

3. View the In-Situ Stress Histogram.
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4. Select Show Failed Bars from the Statistics menu (or the
right-click menu). The percentage of each bar of the
histogram, corresponding to analyses with Factor of Safety
less than 1, is now highlighted in RED.

5. Repeat steps 3 and 4 for other input or output variables.
Notice the distribution of failed analyses, with respect to the
overall distribution of the variable.

RocSupport - [example3.rsp:2 - Histogram Plot *]
[l File Edit Wiew Analysis Statistice Window Help _ 8 %

O0-H & MRTlalo - R S e 8B (M (S (12 | Probbiistic Anslysis ~+ |Probability of Failure: 13.8%

Prohability

13 153 1786 1.99 222
In-Situ Stress (MP3)

SAMPLED: mean=162, s.d= 032, min=108, max=232, PF=198%
INPUT. dist=Normal, mean =162, s.d= 0.2, min=1.02, max= 2.2

Fer Help, pressF1

Figure 4-13: Failed results highlighted on in-situ stress histogram.

The Show Failed Bars option allows the user to examine the
relationship of any given input or output variable, to the failure of
the support system.

That concludes this tutorial. To exit the program:

Select: File — Exit

RocSupport Tutorial Manual 67



Example 4 — Long Term Ground Reaction

Long Term Ground Reaction

RocSupport - [exampled.rsp - Ground Reaction "] [AEE]
s File Edit View Analysis Statistics Window Help - F x
DE-H & 0REa - N IR - Y Deterministic Analysis v |Fackor of Safety 3,17

Support Pressure (MPa)

0 1 2 3 4
Tunnel Convergence (%)

Final convergence: 0.93 %, Faclor of Safety. 3.17
Long term: Final convergence: 0.95 %, Faclor of Safety. 1.8
Convergence attunnel face: 062 %, Convergents at support 0.88 %

For Help, press F1

The long-term behavior of a tunnel and support system is a very
important aspect of tunnel design.

It is often assumed that the long-term properties of the rock mass
surrounding a tunnel, deteriorate over time, to some extent. This
may be due to rock mass property deterioration, re-establishment

of groundwater regimes, creep and similar phenomena (Hoek,
2003).

In RocSupport, this can be accounted for by plotting a Long Term
Ground Reaction curve, as selected in the Project Settings dialog.

For this example, let’s first read in the Example 1 file, from the
Examples subfolder in your RocSupport installation folder.
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Strength Reduction Factor

i\

The Long Term Ground Reaction option is selected in the Project
Settings dialog.

Select: Analysis — Project Settings

Select the “Plot Long-Term Curve” checkbox.

Project Settings

Project Title
|F|DESUF'F'EIF|T Exarnple 1

Salution Method Analysiz Type
* Duncan Fama Solution o+ Deterministic
" Carranza-Tores Solution [2004] " Probabilistic

[v Plot Long-Temm Curve

Strength reduction (%) |30 _|:| g

=]

(] Cancel

Figure 5-1: Long term ground reaction option in Project Settings.

You can now enter a “strength reduction” factor (percent). This is
the percentage by which the following rock mass properties will be
reduced, in order to determine the properties for the long term
ground reaction curve:

e For the Duncan Fama solution method, the reduction factor is
applied to the Compressive Strength of the rock mass, and to
the Young’s Modulus.

e For the Carranza-Torres solution method, the reduction factor
is applied to the Compressive Strength of the intact rock, and

to the Young’s modulus.

For this example, we will use the default reduction factor of 30%.
Select OK in the Project Settings dialog.

RocSupport Tutorial Manual 69



Example 4 — Long Term Ground Reaction

Long Term and Short Term Ground Reaction Curves

In the Ground Reaction view, you will now see two Ground
Reaction curves plotted:

e The original Ground Reaction curve is the lower curve, and is
based on the original (un-reduced) material properties entered
in the Tunnel and Rock Parameters dialog. This can be
referred to as the Short Term ground reaction curve.

e The Long Term Ground Reaction curve is the upper curve, and
is based on the reduction of material properties, as described
in the previous section.

RocSupport - [example.rsp: 1, - Ground Reaction *]
o File Edit View Analysis Statistics Window Help

De-HB Sh MEE - RE |5 e B Deterministic Analysis v |Factor of Safety: 3.17

-8 x

Ground Reaction
and Support Reaction

Support Pressure (Pa)

0 1 2 3 4
Tunnel Convergence (%)

Final convergence: 0.93 %, Factor of Safety: 307
Long term: Final convergence: 0.96 %, Factor of Safety. 1.8
Gonvergence atfunnel face: 0.62 %, Canwergence at support 0.88 %

For Help, press F1

Figure 5-2: Long term and short term ground reaction curves.
As you can see in the above figure, the intersection point of the
ground reaction curve with the support reaction curve, is different

for the long term and the short term ground reaction.

This will result in differing values of Final Tunnel Convergence
and Factor of Safety. In this example:

e The final tunnel convergence is increased slightly from .93%
(short term) to .96% (long term)
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e The greatest difference is in the Factor of Safety, which is
reduced from 3.17 (short term) to 1.8 long term. This is the
most significant result of using the long term ground reaction
curve — the reduction of Factor of Safety for the support
system, due to the greater mobilized support pressure which is
carried by the support over the long term.

Info Viewer

For a summary of all available results for both the short term and
long term ground reaction curves, check the Info Viewer.

Select: Analysis — Info Viewer

RocSupport - [exampled.rsp:3 - InfoYiewer *]

#E File Edit Wiew Analysis Statistice Window Help _ 8 %
be-E & MRha o - R e 68 Deterministic Analysis v |Factor of Safety: 3.17

~
Project Settings:

[Project Title: ROCSUPPORT Example 1
Solution Method: Duncan Fama solution
[Analysis Type: Deterministic

(Analysis Results:

Factor of Safety © 3.17
Mobilized Support Pressure : 0.21 MPa

With suppor installed

Radius of Plastic Zone 7p © 9.74 m
Wall Displacement 4y @ 55.56 mm
Tunnel Convergence : 0.93 %

With no support instafied
Radius of Flastic Zone #p - 13.77 m
Wwall Displacement p © 121,56 mm
Tunnel Convergence © 203 %

Deformation at the tunnel face
Wall displacement © 37.42 mm
Tunnel Convergence © 0.62 %

Analysis Results For Long-Term Ground Reaction:

Factor of Safety : 1.8
Wohilized Support Pressure © 0.38 WPa

With suppor installed
Radius of Plastic Zone 7  8.68 m
wall Displacement up : §7.72 mm
Tunnel Convergence © 0.06 %

With no support installed

Radius of Plastic Zone rp © 16.84 m
Wall Displacement 1y : 256.13 mm
Tunnel Convergence © 4.27 %

Fer Help, pressF1

Figure 5-3: Summary of long term and short term results in Info Viewer.
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Probabilistic Results for Long Term Curve

If you have are carrying out a Probabilistic Analysis in
RocSupport, then all of the probabilistic analysis output will be
available for both the short and long term ground reaction curves.
Try the following:

1. Read in the Example 3 file, from the Examples subfolder in
your RocSupport installation folder.

2. Select Project Settings and turn on the “Plot Long Term
Curve” checkbox.

3. Select the Plot Histogram option. Notice that the list of
variables to plot, now includes all of the analysis output for
the long term curve, as shown in the dialog below.

Plot Histogram E|E|

" ariable to Plot

Factor afety Mumber of Bins: |30 EI:
Tunnel Convergence [With Suppart]

Wall Dizplacement [with Support]

Plastic Zone R adius Mwith Support) ¥

Tunrel Carvergence [No Suppart] ¥ Shaw Fitted Distribution

Wall Dizplacement [Mo Suppart] i
Plastic Zone Radius (No Support) v Attach Markers to Distribution

Mabilized Suppart Pressure ¥
Long-Term Factor of Safety

Lang-Term Tunnel Convergence [with Suppart]
Long-Term 'wall Dizplacement Mwith Support)
Lang-Term Plastic Zone Radius [with Suppart]
Long-Term Tunnel Corvergence (Mo Support]
Lang-Term wall Dizplacement [Mo Suppaort]
Long-Term Plagtic Zone Radiuz (Mo Support]
Lang-Term Mobilized Support Pressure

In-Situ Stress

Young's Modulus

UCS of Rock Mass

Friction Angle

ak. | Cancel

4. In the Plot Histogram dialog, select Long-Term Factor of
Safety, and select OK. You should see the following plot.
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RocSupport - [example3.rsp:2 - Histogram Plot *]
[l File Edit Wiew Analysis Statistice Window Help _ 8 %

O0-H & MRTlalo - R |G e 8B (M (S [ | Probbiistic Analysis ~ |Probabilty of Faiure: 0%
Histogram Plot of Long-Term Factor of Safety

Prabability

169 214 259 3.03 348
Long-Term Factar of Safety

SAMPLED: mean=1.85, s.0=029, min=1.25, max=3.48, PF=0%
BESTFIT: dist= Beta, mean=1.85, s.d=028, min=1.24, max=348

Fer Help, pressF1

Figure 5-4: Histogram of Long Term Safety Factor.

Cumulative plots and Scatter Plots can also be created using the
Long Term probabilistic analysis results. This is left as an
optional exercise.

The plotting of the Long Term Ground Reaction curve in
RocSupport, can be a useful option for estimating the long term
performance of the tunnel and support system.

However, the long term analysis as implemented in RocSupport, is
based on very simplistic assumptions, and should be used with
caution. The value which is entered for the Strength Reduction
factor will not be a well known parameter. And furthermore, the
application of the reduction factor to the rock mass material
properties, is a subject which requires further research and
investigation.
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Appendix

Appendix — First estimate of support
requirements

It has been demonstrated that the stability of tunnels in weak
rock, is controlled by the ratio of the uniaxial compressive
strength of the rock mass to the maximum in-situ stress. This
ratio provides a guide to the first estimate of support
requirements (Hoek, 1998).

The results of the latest studies (Hoek and Marinos, 2000) are
summarized in the following graph and corresponding table.
Although the categories A to E are somewhat arbitrary, they are
based on considerable experience, and are considered adequate as
a first indication of tunneling difficulty.

Note that this relationship is for an unsupported tunnel. Strain is
defined as 100 x the ratio of tunnel closure to tunnel diameter.

15
Strain greater than 10%
4 Exireme squeezing problems

13F
12}
1"f

m

-
o

tunnel closure / tunnel diameter * 100

9k

8F

7k o Strain between 5 and 10%

6 Very sevara squaazing problems

. Strain between 2.5 and 5%

41 Severe squeezing problems
=3t ¢ Strain between 1and 25%
w  Sf Minor squeazing problems Strain less than 1%
£ B Few support problems
= 1 e — .}
9y A L L L )

01 0.2 0.3 0.4 0.5 0.6

G,,./p, = rock mass strength / in situ stress

Figure A-1: Approximate relationship between strain and tunneling issues in
squeezing rock.
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Strain € % Geotechnical issues Support types
Less than 1 Few stability problems and very simple | Very simple tunneling
tunnel support design methods can be | conditions, with

used. Tunnel support rockbolts and shotcrete

recommendations based upon rock typically used for

mass classifications provide an support.

adequate basis for design.

1to 2.5 Convergence confinement methods Minor squeezing

are used to predict the formation of a problems which are

'plastic' zone in the rock mass generally dealt with by

surrounding a tunnel and of the rockbolts and shotcrete;

interaction between the progressive sometimes light steel
development of this zone and different | sets or lattice girders
types of support. are added for additional

security.
25t05 Two-dimensional finite element Severe squeezing

analysis, incorporating support problems requiring rapid
elements and excavation sequence, installation of support
are normally used for this type of and careful control of
problem. Face stability is generally not | construction quality.

a major problem. Heavy steel sets
embedded in shotcrete
are generally required.

5to0 10 The design of the tunnel is dominated | Very severe squeezing
by face stability issues and, while two- | and face stability
dimensional finite analyses are problems. Forepoling
generally carried out, some estimates and face reinforcement
of the effects of forepoling and face with steel sets
reinforcement are required. embedded in shotcrete

are usually necessary.
More than Severe face instability as well as Extreme squeezing
10 squeezing of the tunnel make this an problems. Forepoling,

extremely difficult three-dimensional
problem for which no effective design
methods are currently available. Most
solutions are based on experience

face reinforcement are
usually applied and
yielding support may be
required in extreme
cases.

Table A-1: Approximate relationship between strain and tunneling issues.
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