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ABSTRACT

Tunnelling projects in the weak Kalahari rock masses of the Northern Cape, South Africa present
significant design challenges for both large and small-scale excavations. Most of the design of
tunnelling and support carried out at present in the Kalahari is based on experience, analytical and
empirical methods. The approach typically makes use of limited geotechnical information from the
project site.

The Kalahari basin is a complex geotechnical environment. Tunnelling projects are sensitive to the
variable ground and groundwater conditions. A detailed site investigation to establish the geological
and geotechnical model is critical in the selection of the appropriate excavation method and tunnel
design. A review of early tunnelling projects revealed that in situ stresses and water infiltration is a
long-term stability concern for inadequately lined tunnels through the red clay and weathered rock
masses.

This project explores the use of numerical modelling to predict the expected failure modes of the
weak rock masses, with emphasis placed on concrete liner support for maintaining stability. The
support models are analysed using 2D numerical models to determine the Factor of Safety of the
liner. A support design criterion for reinforced and unreinforced concrete is introduced and applied
to the models to evaluate the lining thickness. The effect of using 2D plane strain models instead of
3D analysis was also investigated. The total displacement of numerical models built in RS2 was
compared to RS3 models.
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1.1

INTRODUCTION
Background

The mining industry represents a significant component of the South African economy and
this has been the case for over 100 years. In 2017, statistics indicated that the industry
made up 6.8% of the economy (Chamber of Mines South Africa, 2017). However, South
Africa is host to some of the world’s deepest and most challenging mining conditions. There
is a demand to progressively improve the industry’s safety performance to equal that of
international standards (zero harm). A study of fatal accidents by commodity between 2004
and 2018 is shown in Figure 1. The gold mining sector has the greatest number of fatalities.
There has been a substantial progressive improvement in safety performance except for
the relapse in 2017, which culminated in 90 fatalities. The statistics stated in Figure 1
(Minerals Council South Africa, 2019) show that South Africa still has a long way to go in
attaining world safety performance targets of zero fatalities.

Number of Fatalities by Commodities (2004 to 2018)

Frequency

=)

| llu. ‘lu. ||u. ||u| Illul IIuI |Iu| ‘Iul kbl

2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

Year

@Gold WPGMs MCoal EOther

Figure 1: South African Mine Fatalities by Commodity
(Minerals Council South Africa, 2019)

Manganese ore is used in the manufacture of steel. It gives the steel strength and hardness.
South Africa accounts for about 78% of the world’s identified manganese reserves, with
Ukraine in second place accounting for approximately 10% (Chamber of Mines, 2016). The
Transvaal Supergroup rocks host some of the largest deposits of iron and manganese in
the world. A large iron ore mine near the town of Kathu in the Northern Cape (Sishen Iron
Ore) possesses a potential of 1000 Mt of ore in its high grade (65% iron) haematite deposit
(Van Schalkwyk and Beukes 1986). The Kalahari Manganese Field, the northwest of
Kuruman, is one of the biggest occurrences, with the Hotazel formation (Voelwater
subgroup) containing over 13,600 Mt of ore with a manganese content of over 20% (Beukes
and Dreyer, 1986).
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The Kalahari Basin is rich in mineral deposits and has great potential for further mineral
exploration and exploitation. In the manganese field, the Mamatwan low-grade deposit is
viable for open pit operations, whilst the high-grade Wessels type of deposit is viable for
underground operations. South Africa plays a leading role in the mining and supply of
manganese. An analysis of the production statistics revealed that the production of
manganese and iron ore increased substantially over the past 10 years (Figure 2). Timely
mine infrastructure development is required for the production growth to enjoy the
increasing commodity prices. However, tunnelling in the Kalahari rock masses has
challenges that are to be addressed and risks mitigated for future growth. There is no
satisfactory replacement for manganese and new projects are envisaged to benefit from the
high cyclic prices.

Commodity (Tonnes)
90 000 000
80000 000
70000 000
60000 000

50000 000

Tonnes

40000 000 o —9

30000 000

20000 000

10000 000 — o
0

2002 2004 2006 2008 2010 2012 2014 2016 2018
Year

—@— Manganese —@—lron Ore

Figure 2: Annual Production per Commodity,
June 2004-June 2016 (Chamber of Mines, 2016)

Figure 3 shows the distribution and thickness of the Kalahari Group across southern Africa.
The entire Early Proterozoic (2300 to 2100 Ma) Kalahari manganese field (Gutzmer et al.,
1997) in the Kuruman area is covered by calcretized sediments of the Cenozoic Kalahari
Group (Key et al., 1998; Gutzmer et al., 1997; Thomas & Shaw, 1990; Jennings, 1986; Nel
et al., 1986).
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Figure 3: Distribution and Thickness of the Kalahari Group of Southern Africa
(after Thomas and Shaw, 1990 and Thomas and Shaw, 1991).

The Kalahari Group has a basal soft, clay gravel of fluvial origin (Wessels Formation),
followed by calcareous claystone with interlayered gravel (Budin Formation), overlain by
clay-containing calcareous sandstone (Eden Formation) and calcrete of the Mokalanen
Formation with the surface Aeolian sand of the Gordonia Formation (Haddon and McCarthy,
2005). The red clay layer in turn unconformably blankets the Olifantshoek Supergroup.

The northern part of the Dwyka Group is characterised by a highly variable lithology, low
massive diamictite (£ 20 %) and high mudstone/sandstone (+ 40 %) content (Visser et al.,
1990). The Dwyka consist of diamictite with subordinate vorved shale and mudstone
bearing scraped and facetted pebbles, fluvio-gracial gravels, and conglomerate (Johnson
et al., 2006). The Ecca Group consists of dark-grey shale and carbon-rich shales with
interlayered sandstone (Johnson et al., 2006).

The Voelwater Formation and the underlying Ongeluk Andesite Formation form part of the
Cox Subgroup, which in turn form part of the Griqualand West Supergroup. The Ongeluk
lavas, which form the basal lithology of the area, formed as a thick shallow-marine volcanic
sequence of pillow lavas, massive flows and hyaloclastite (Cornell et al.,, 1996). The
volcanics attain a thickness of approximately 900 m (Jennings, 1986). Both the Griqualand
West Supergroup, and the Lucknow and Mapedi Formations of the Olifantshoek
Supergroup, are Vaalian in age (Visser, 1984).
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Figure 4 provides a simplified stratigraphic column of the geology present at Black Rock,
Gloria mine.

THICKNESS
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Figure 4: Simplified Stratigraphy (Council for Geoscience, 2012)

Operational manganese mines in the Northern Cape have been dealing with some
geotechnical challenges in and around underground accesses in the past few years. This
can somewhat be related to the age of the underground infrastructure and also the complex
nature of the geology and geotechnical environment. The Kalahari group sediments cover
the entire Kalahari manganese field. The group comprises unconsolidated sands of the
Gordonia Formation, calcretes, calc-arenites, conglomerates and a thick unit of Clay
(Tankard et al., 1982). Major weakness zones of Red Clay or weathered rock formation with
water inflow present one of the most complex conditions in Kalahari tunnelling. This is
significant when the clay is expansive and extremely hygroscopic.

Hygroscopic clay may cause excavation problems, and in severe cases, has caused tunnel
collapses resulting in added costs and delays in project delivery. Lengthy delays have been
experienced when excavating through the Kalahari formation, especially in the water-
bearing gravels, conglomerates and expansive clay horizons. In one operation, flooding of
the shaft bottom in Red clay resulted in the failure of the shaft walls (cave-in) creating an
enormous void. The void required a tedious and costly corrective process. On another
operation, the concrete lining failed in the Red clay section.
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1.2

1.3

In many cases, the assessment of rock support requirements is based mainly on
experience, since there are no clearly defined guidelines for the design of tunnels in the
Kalahari. Rock mass classification may be applied for empirical estimation of support
requirements. In most tunnelling projects it is applied as the practical basis for tunnel
support design. Weakness zones containing swelling clay are however not fully covered in
any of the most commonly used classification systems e.g. Q system, Rock Mass Rating
system and the new Austrian tunnelling method (NATM) (Palmstrom and Broch, 2006). It is
recommended that in such ground, special investigations and measurements should be
performed and special analyses conducted to evaluate the results with respect to
excavation and ground support (Palmstrom and Broch, 2006).

Definition of the Problem

Tunnelling through the challenging Kalahari rock formation is becoming increasingly
common, with new mines such as Tshipi, Kalagadi, and Kudumane being developed to
access the rich manganese orebodies. The importance of delivery of tunnelling projects on
schedule and on cost cannot be overemphasised in this challenging economic environment.
Recent instances of cave-in illustrate that tunnelling instabilities are not incidents that
belong to the past alone.

The problem identified is that there is insufficient knowledge on support design in weak
Kalahari formations containing swelling clay. Therefore, there is a need to effectively
discuss swelling and squeezing rock mass failure in the design process for reliable tunnel
design. The way experience and empirical support design methods are applied to tunnelling
in the Kalahari is largely misunderstood and, in most cases, inappropriate. This is because
of the lack of agreed support design concepts for the Kalahari formation and a resulting
inadequacy of acceptable design criteria, which are critical in evaluating support
performance. The absence of recognized pre-cementation methods for the Kalahari has
resulted in the lack of defined evaluation parameters. These parameters are relevant for
determining the quality and performance capabilities of grouting materials for the Kalahari.

The research described in this dissertation is aimed at investigating support design criteria
that can be implemented. This is done by integrating geotechnical and structural design
concepts to optimise the support design and excavability of tunnelling projects. The
assessment of geotechnical and hydrogeological parameters upon shaft sinking
performance after pre-cementation is aimed at facilitating the determination of the
appropriate pre-cementation process and materials to produce satisfactory results. This
could enable an informed, unbiased selection of pre-cementation method and grout material
that can be used.

Objective and Scope of Research

The objective of this research is to enhance the knowledge of the effect of Red Clay and
weathered Kalahari rock formations on ground support using numerical modelling. The main
goal was to establish easy to follow practical procedures for estimating ground support in
the Kalahari by integrating geotechnical and structural design components into a single
package.
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1.4

The research seeks to meet the following objectives:

To assess and discuss the relevance of pre-cementation of the unconsolidated
Kalahari formation on tunnelling projects.

To study the applicability/reliability of Two-dimensional (2D) numerical modelling for
tunnel support design in a weak and weathered Kalahari rock mass.

To assess the impact on stability / risk of using 2D plane strain models instead of
Three-dimensional (3D) models.

To outline a support design criterion that integrates geotechnical and structural design
components into a single package in the design of shaft lining support.

To outline a detailed geotechnical risk assessment method for tunnelling in the
Kalahari formation.

To analyse the combined effects of swelling and squeezing of rock mass on tunnel
stability in weakness zones containing swelling clay and weathered rock.

Research Methodology

An investigation of pertinent parameters required to understand the geotechnical
environment of the Kalahari was carried out. This included a geotechnical site investigation
and review of literature on available geological and geotechnical properties. Further, to build
a better understanding of tunnel support design in the weak Kalahari formation, numerical
modelling was carried out to determine the support requirements. The methodology
adopted can be summarized as follows:

Past research on available geotechnical and geological published literature was
reviewed.

Past research on previous tunnelling projects and experience in the area was
reviewed.

Geotechnical site investigation, borehole drilling and core logging for rock mass
characterisation and rock/soil sample laboratory testing to determine parameters for
design.

Study of groundwater conditions was done to quantify the risk of mud rush or cave-in
during tunnelling.

The execution of pre-cementation of the unconsolidated Kalahari rock mass to fill
voids and increase the strength of the rock mass.

Small scale tunnelling project stability and support design evaluation (Case study).

Comparison of the assessed Factor of Safety (FOS) and deformation, using 2D vs.
3D models.
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1.5

Content of Dissertation

Chapter 1, the present chapter, provides an overview of the problem, and the work carried
out. Chapter 2 details the concepts and literature about the geotechnical design of small
scale tunnels through the Kalahari rock masses. Covered in this Chapter is a discussion on
site investigation, rock mass classification, swelling rock mass, and pre-cementation.

The design criteria, based on integrating geotechnical and structural design components,
are also covered in this chapter. Chapter 3 presents the methodology used to define the
geotechnical setting and numerical models analysed in the study. Chapter 4 discusses the
numerical analysis of small scale tunnelling through the weak Kalahari formation with a
focus on the selection of appropriate lining thickness. It also includes a discussion of the
results in the chapter. A discussion of the principal findings of this research is presented in
Chapter 5, as well as conclusions and recommendations for future work. Finally, the
appendices include detailed information on various items covered in the research.
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2.1

2141

LITERATURE REVIEW

Chapter 1 summed up the problem, the objectives of the research and the research
methodology. It was established in Chapter 1 that the geotechnical risks and support design
criteria of tunnelling in the Kalahari formation cannot be overlooked. This prompted a review
of the literature to better predict the behaviour of the rock mass during and post excavation.
Various design tools have been developed for geotechnical engineering, these include the
construction of a geological and rock mass model from site investigation and the application
of rock mass classification systems. The geotechnical theories relevant to site investigation,
rock mass classification, rock mass behaviour, rock mass strengthening, and tunnel support
design are outlined in Chapter 2. A summary of the literature survey is given at the end of
the chapter.

Site Investigation

Unforeseen geological conditions and the associated geotechnical problems are a major
contributor to cost and schedule overruns on large civil engineering projects (Hoek &
Palmeiri, 1998). The best solution is to define the geological and geotechnical conditions
early and as accurately as possible through a detailed site investigation. A site investigation
provides means through which geological, geohydrological and geotechnical information is
acquired to develop a model of the rock mass. A geological or geotechnical model provides
a 3D view of the subsurface for a project site or area of study. The basis for any tunnel or
underground work design hinges on an accurate geological and geotechnical model
(Fookes, 1997; Hoek & Palmeiri, 1998; Knill, 2003; Baynes, 2010).

The fact that an investigation has been carried out and reported can offer a false sense of
confidence. Unless the information collected is of high quality, uncertainty within the rock
mass model will, therefore, arise both from inadequacy and error (Clayton et al., 1995). Site
investigation should be an integral part of the construction process. Unfortunately, it is often
seen as a necessary evil — a process which must be passed through by a designer if he or
she is to avoid being thought incompetent, but one which shows little of value and takes
precious time and money (Clayton et al., 1995). This is an unfortunate way in which site
investigation is viewed and, if it is not targeted to precise geotechnical issues, then it is of
little value.

Phase | Study- Preliminary Site Review

A desktop study and walkover survey are two essential components of a site investigation.
They are performed at the onset of a site investigation to provide as much information on
the expected ground conditions and the possible challenges they will pose to the project.
This information is also necessary for the development of a strategic site investigation plan.
A desktop study provides invaluable information pertaining to site conditions, previous
experiences and land use, at a minimum cost (Hoek & Palmeiri, 1988; Hoek, 1999). A
thorough desktop study will also allow for a more focused field investigation which lowers
overall site investigation costs (Clayton et al., 1995). The walkover survey is carried out
after a desktop study has been completed, and once preliminary plans have been made for
any ground investigation site work. This is done to gain valuable information on the geology,
likely construction problems and to assess access for the investigation team and equipment
(Clayton et al., 1995).
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2.1.2

A Phase 1 review should incorporate the study of all published data for the region. It should
be used not only to look at the project site (which will usually be in the control of the client)
but also at its surrounding areas. Phase | results should be properly presented in a report
which brings together the details of:

. Site topography

. Geology

. Hydrogeology

° Geotechnical problems and parameters
o Existing works and services

o Previous land use

. Expected project risk and

. Proposed ground investigation methods

Review of previous works in the region as well as existing laboratory and field testing data
provides local insight into the geotechnical behaviour of the subsurface. Local experience
may also provide insight into the predictability of conditions, the ability for subsurface data
correlation and the minimum amount of additional ground investigation required to develop
the complete model (Fookes, 1997).

Phase Il Study- Subsurface Investigation

The Phase Il subsurface investigation is used to substantiate the initial rock mass model
developed from the desktop study and walkover review. Subsurface investigations involve
direct (drilling, probing and trial pitting) and/ or indirect methods (geophysical methods)
(Clayton et al.,, 1995). In most cases, a direct method of investigation which involves
subsurface drilling coupled with in situ or laboratory tests is primarily used. Direct ground
investigations, in conjunction with field testing and subsequent laboratory testing constitute
most of the subsurface investigation scheme (Clayton et al., 1995).

The primary functions of any ground investigation process are:

. Locating specific ‘targets’, such as voids and geological features.
° Determining the lateral variability of the rock mass.

o Profiling, including the determination of groundwater conditions.
° Rock mass classification and parameters determination.

Rock coring provides a one-dimensional profile of the subsurface, which under appropriate
circumstances, may be correlated with additional nearby boreholes to develop a two or
three-dimensional section or model (Knill, 2003). Borehole core is logged for geological and
geotechnical details including rock type; discontinuity spacing and condition; qualitative
strength; core recovery and Rock Quality Designation index (RQD). Sampling is carried out
on the rock types for laboratory testing.
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RQD was developed by Deere to provide a quantitative estimate of rock mass quality from
drill core logs (Deere et al.,1967). In geotechnical core logging, the RQD value for each unit
of the core (run) is recorded together with core recovery values. RQD is defined as the
percentage of intact core pieces greater than 10 cm in length over the total length of the
core run (Figure 5) (Deere, 1989). RQD provides a way of correlating natural fracturing
intensity with engineering performance of a rock mass. It is required for the application of
classification systems, as discussed in Section 2.2.

Drilling break

R lfM\“@M N t

No—‘— 20 cm —‘?cm‘— 16 cm + Pieces + 15cm —‘—‘ 24 cm

< 10cm
recovery

Total length of Core Run = 115¢cm

Length of core pieces > 10 cm length
RoD = 2lengthof corep 97« 100

Total length of core run

20+ 16 + 15 + 24
RQD = T:ﬁﬁ%

Figure 5: Procedure for Measurement and Calculation of RQD (After Deere, 1989).

For tunnelling projects in the Kalahari formation, geophysical methods may be used to
delineate the upper layer topography of Red clay unit (vertical profiling), identify potential
cavities and areas where groundwater may accumulate causing favourable conditions for
potential influx during construction or development. Commonly applied geophysical
techniques include seismic refraction and ground penetration radar surveys (Hoek, 2007).
The success of a geophysical survey will depend upon the choice of the best geophysical
method, and the best geophysical method is likely to be the one which is most sensitive to
the variation in the ground properties associated with the target (Clayton et al., 1995).
Geophysical methods are often used together with a drilling scheme, to allow far more
precise interpolation between boreholes (Knill, 2003).

The design of excavations in rock involves, among other things, the evaluation of the
mechanical properties of rock materials. For reasons of economics, it is never feasible to
measure fully the characteristics of a complex rock mass (Bieniawski, 1974). Different
laboratory testing methods exist depending on the rock type and quality of core obtained.
The most common laboratory strength tests are intact compressive strength, deformability,
and degradability. Unconfined Compressive Strength (UCS) tests and point load index tests
are regularly used for the determination of intact material strength, while abrasive tests are
used to assess the material “hardness” for the determination of appropriate mechanical
excavation tools. Deformation constants are the most important parameters in design as
they are used in numerical evaluation. In the case of swelling rock units, swelling and slaking
tests may be performed to quantify the behaviour of the rock when exposed to water and/or
air.
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2.2

2.21

Rock Mass Classification Systems

Site investigation provides an insight into the properties of the rock mass present at the site.
The behaviour of the rock mass during excavation is not certain and will not be until
completion of the project. Uncertainty in ground conditions, whatever the origin, contributes
to the jeopardy that the project will not meet cost or programme targets, or proving on
completion to be inadequate or could fail (Knill 2003). To minimize this uncertainty of rock
mass behaviour, it is common practice in engineering design to use various classification
systems to predict the rock mass behaviour.

Classification systems are empirical correlations between various quantifiable rock mass
properties and the observed mechanical behaviour during excavations (Crockford, 2012).
The three most widely used classification systems are Rock Mass Rating (Bieniawski,
1989); Rock Tunnelling Quality Index (Barton et al., 1974); and Geological Strength Index
(Hoek et al., 1992). When applying empirical systems to a given project, it is imperative that
the systems are being applied in conditions for which they were developed (Bieniawski,
1989). A classification system loses relevance and reliability when applied in a field for
which it is not designed, or when it is applied to a site with conditions which were not
analysed in the empirical development of the system (Hoek, 2007). By reviewing the
development and source of the classification system’s empirical data, the relevance of a
given system can be determined for a given project.

Rock Mass Rating System

The Rock Mass Rating (RMR) system, or the Geomechanics Classification system, was
developed by Bieniawski during 1972 to 1973 in South Africa to assess the stability and
support requirements of tunnels (Bieniawski, 1973a). Since then, it has been successfully
refined and improved by Bieniawski and other authors to apply the RMR system in other
geotechnical fields such as mining, slopes, and dam foundations. In the process of
developing alternative applications, the RMR system benefitted from the inclusion of
numerous additional case studies which enabled Bieniawski to refine the system further, to
RMR89 commonly used today. Initially 49 case histories were used for the formulation of
the system, adding 62 coal mining cases in 1984, and 78 tunnelling and mining cases in
1987. For the revised RMR in 1989, the system had been applied to 351 cases. The
distribution of applications, rock types, span ranges, depth ranges, and RMR ratings are
shown in Figure 6 (Bieniawski, 1989).
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Figure 6: Empirical data used in the development of the Rock Mass Rating system,
l.-Rock types recorded, Il.-Case history project types, lll.- The range of case
excavation spans, IV.- Range of case histories excavation depths and
V.-Range of calculated RMR values (after Bieniawski, 1989)

The RMR system uses a few basic parameters relating to the geometry and mechanical
conditions of the rock mass. Six parameters are used to classify the rock mass, and these
are characterized during site investigation. These six parameters are the UCS of the rock,
RQD, the spacing of discontinuities, the condition of discontinuities, the groundwater

conditions, and the orientation of discontinuities.
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The parameters are assigned values using Bieniawski’'s RMR chart shown in Table 1, and
appropriate RMR values for each parameter (Section A and D of the chart) are selected and
summed. The summed values are then assigned a rock mass class (Section E of the chart),
which then may be used to determine the average standup time, the cohesion of the rock
mass, and the friction angle of the rock mass (Section F). From the classification of the rock
mass, Bieniawski provides suggested support options for a 10.0 m span drill and blast
tunnel, as shown in Table 2 (Bieniawski, 1989).

In applying this classification system, the rock mass is divided into a number of structural
units, and each unit is classified separately. The boundaries of the structural units usually
coincide with a major structural feature such as a fault or with a change in rock type. In
some cases, significant changes in discontinuity spacing or characteristics, within the same
rock type, may necessitate the division of the rock mass into a number of small structural
units (Bieniawski, 1989).

Table 1: Rock Mass Rating System (Bieniawski, 1989)

(a) Five basic rock mass classification parameters and their ratings
Parameter Range of Vaules
Point load for this low range uniaxial
strength index >10 4-10 2-4 1-2 compressive strength is
Strength of (MPa) preferred
":f';;?ﬂﬁk Uniaxial
i Compressive
= - = 5_ 22
Strength >250 100-250 50-100 25-50 5-25 1-5 <
(MPa)
Rating 15 12 T 4 2 1 0
Drill Core Quality RQD (%) 90-100 75-90 50-75 25-50 <25
Rating 20 17 13 8 3
Joint Spacing (m) >2 0.6-2 02-06 0.06-0.2 <0.06
Rating 20 15 10 8 5
NEI::O:.:“U_ Slightly weath-  Slightly rough g:i:g’;‘;f;”:d
P hISLJr‘?‘IC- ered surfaces, surfaces, SUHatas : OF Continuous joints, soft
Condition of Joints 9 i 1‘|h_ slightly weath-  highly weath- ; 2 E;mm gouge > 5mm thick, or sepa-
bl Pabifces ered, separation ered, separa- gotge-s ration > 5 mm
ered, no sepa- <A tion < 1 mm thick, or separa-
ration tion 1-5 mm
Rating 30 25 20 10 0
Inflow per 10 m_
tunnel length none <10 10-25 25-125 >125
(1/min)
Grotindwalar Joint water
pressure / ma- 0 0-0.1 0.1-0.2 0.2-05 >0.5
jor in situ stress
General condi- dry damp wet dripping flowing
tions
Rating 15 10 7 4 1]
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(b) Guidelines for classification of discontinuity conditions

Parameter Ratings
Discontinuity <1lm 1-3 m 3-10m 10-20 m >20 m
length (persis- [ 4 2 1 0
tence)
Separation None <0.1 mm 0.1-1.0 mm 1-5 mm >5 mm
(aperture) 6 5 4 1 0
Roughness Very rough Rough Slightly rough Smooth Slickensided
6 5 3 1 0
Infilling Hard filling Soft filling
(gouge) None <5 mm >5 mm <5 mm >5 mm
6 4 2 2 0
Weathering | Unweathered Slightly Moderately weat- Highly weat- | Decomposed
weathered hered hered
6 5 3 1 0

(c) Effects of joint orientation in tunneling
Strike perpendicular to tunnel axis

) it ) ) ) Strike parallel to tunnel axis Dip 0" - 20’
Drive with dip Drive against dip
Dip45 —90° Dip20°-45  Dip45-90" Dip20°'-45 Dip45 -90 Dip 20" - 45 Irrespective
of strike
Very favorab- favorable fair unfavorable  Very unfavor-  fair fair
le able
(d) Rating adjustment for joint orientations
Strike and dip orientation of joints Very favorable favorable fair unfavorable Very unfavorable
Ratings Tunnels 0 -2 -5 -10 -12
Foundations 0 -2 -7 -15 -25
Slopes 0 -5 -25 -50 -60
(e) Rock mass classes determined from total ratings
Rating 100-81 80-61 60-41 40-21 <20
Class no. | Il i v Vv
Description Very good rock Good rock  Fair rock Poor rock Very poor rock
(f) Meaning of rock mass classes
Class no. | Il Il [\ V
Average stand-up ?gr 5;%&;: 1 year for 1 week for 10 hours for 30 minutes for 1 m
time 10 m span 5 m span 2.5 m span span
span
SOl o >400 300400  200-300  100-200 <100
mass (kPa)
Friction angle of
rock mass (de- >45 35-45 25-35 15-25 <15
grees)

RMR = Z (classification parameters) + discontinuity orientation adjustment
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Table 2: Guidelines for excavation and Support of 10 m span rock tunnels in accordance with

the RMR system (After Bieniawski, 1989).

Rock mass Excavation Rock bolts Shotcrete Steel sets
class (20 mm diameter, fully
grouted)

|- Very good Full face, Generally no support required except spot balting.
rock 3 m advance.
RMR: 81-100
Il - Good rock Full face , Locally, bolts in crown | 50 mm in None.
RMR: 81-80 1-1.5 m advance. Complete 3m long, spaced 2.5 crown where

support 20 m from face. m with occasional required.

wire mesh.
Il - Fair rock Top heading and bench Systematic bolts 4 m 50-100 mm None.
RMR: 41-60 1.5-3 m advance in top heading long, spaced 1.5-2m | in crown and
’ " | in crown and walls 30 mm in

Commence support after each with wire mesh in sides.

blast. crown.

Complete support 10 m from

face.
IV - Poor rock Top heading and bench Systematic bolts 4-5 100-150 mm Light to medium ribs
RMR: 21-40 1.0-1.5 m advance in top m long, spaced 1-1.5 in crown and | spaced 1.5 m where

héadi.ng m in crown and walls 100 mm in required.

) with wire mesh. sides.

Install support concurrently with

excavation, 10 m from face.
V = Very poor Multiple drifts 0.5-1.5 m Systematic bolts 5-6 150-200 mm | Medium to heavy ribs
rock advance in top heading. m long, spaced 1-1.5 in crown, 160 | spaced 0.75 m with
RMR: <20 Install support concurrently with m in crown and walls mm in sides, | steel Ialggirjg and_

excavation. Shotcrete as soon mthr\txvlre mesh. Bolt anc: 50 mm fcc;::lrepohng :ftrequlred.

as possible after blasting. invert. ontace. ose invert.

Rock Tunneling Quality Index

The Rock Tunnelling Quality Index, commonly known as the Q-System, was developed to
quantitatively classify a rock mass to facilitate the design of a tunnel support system. The
system was developed in 1974 by Barton, Lien, and Lunde at the Norwegian Geotechnical
Institute (NGI), Norway, using 212 case records (Barton et al, 1974). These case histories
were predominantly sourced from Scandinavian projects in hard rock conditions using 13
types of igneous rock, 26 types of metamorphic rock and 11 types of sedimentary rock. Of
the 212 cases, 21 of the cases were within gneiss, and 48 of the cases were within granite
(Barton, 1988). Among these, 180 were supported excavations and the rest permanently
unsupported. The Q-system has since been adapted from a drill and blast tunnelling tool
for use in TBM tunnels (Barton & Abrahao, 2003).

Similar to the RMR system, the Q-System uses six parameters characterized during the site
investigation process in order to classify the rock mass. The six parameters are the RQD,
the joint set number (Jn), unfavourable joint conditions (roughness and alteration), water
inflow and the stress condition. The six parameters are assigned numerical values based
on field observations, whether outcrop or core log, using Table 3 to Table 8. (Barton et al.,
1974; NGI, 2015). NGI has continuously improved and updated the system and produced
the Q-system handbook in 2012 and 2015 as a summary of NGI's Best Practice.
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The numerical value of the rock mass quality Q is defined by the six parameters grouped
into three quotients:

o =FReo I

v Jdw

Equation 1
Jn Ja SRF

Where:
o RQD is Deere’s Rock Quality Designation
o Joint Set Number (Jn)

. Joint roughness (Jr)
. Joint Alteration (Ja)
. Joint Water Factor (Jw)

o Stress Reduction Factor (SRF)

The first quotient (RQD/J,) represents the structure of the rock mass, a crude measure of
the block or particle size. The second quotient (J,/Ja) represents the inter-block shear
strength. The third quotient (Juw/SRF) is a complicated empirical factor describing the 'active
stress'. SRF can be regarded as a total stress parameter. The parameter Jy, is a measure
of water pressure, which has an adverse effect on the shear strength of joints due to a
reduction in effective normal stress. Each of the six parameters is determined according to
a description found in Table 3 to Table 8.

Table 3: RQD-values and volumetric jointing (NGI, 2015)

1 RaD (Rock Quality Designation) RaD
A Very poor (> 27 joints per m*) 0-25
B Poor (20-27 joints per m*) 25-50
C Fair (13-19 joints perm*) 50-75
D Good (8-12 joints per m*) 75-90
E Excellent (0-7 joints perm®) Q0-100

Note: ) Where RQD is reported or measured as < 10 (including 0) the value 10 is used o evaluate the Q-value

iy RQD-intervals of &, i.e. 100, 95, 90, etc., are sufficiently accurate
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Table 4: Jn - values (NGI, 2015)

2 Joint set number

A Massive, no or few joints 0510
B One joint set 2
C One joint set plus random joints 3
D Two joint sets 4
E Two joint sets plus random joints 6
F Three joint sets 9
G Three joint sets plus random joints 12
H Four or more joint sets, random heavily jointed “sugar cube”, efc 15
J Crushed rock, earth like 20
Note: i) For tunnel intersections, use 3x J,
i) For portals, use 2 x J,

Table 5: Jr — values (NGI, 2015)

3 Joint Roughness Number

a) Rock-wall contact. and
b) Rock-wall contact before 10 cm of shear movement

A | Discontinuous joints 4
B | Rough orirregular, undulating 3
C | Smooth, undulating 2
D | Slickensided, undulating 1.5
E | Rough, irregular, planar 1.5
F | Smooth, planar 1
G | Slickensided, planar 0.5

Note: i) Description refers to small scale features and intermediate scale features, in that order

¢) No rock-wall contact when sheared

H | Zone containing clay minerals thick enough to prevent rock-wall contact when sheared 1

Note: i) Add 1 if the mean spacing of the relevant joint set is greater than 3 m (dependent on the size
of the underground opening)

i) J, =0.5 can be used for planar slickensided joints having lineations, provided the lineations are oriented
in the estimated sliding direction
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Table 6: Ja — values (NGI, 2015)

4 Joint Alteration Number
a) Rock-wall contact (no mineral fllings, only coatings)
A Tighily healed, hard, non-soffening, impermeable filling, 0.75
l.e., quanz or epidote. ’
B | Unaltered joint walls, surface staining only. 25-35* 1
~ | Shightly alfered joint walls. Non-softening mineral coatings; sandy particlas, "
C - . 25-30 2
clay-free disintegrated rock, eic.
Sty or sandy clay coatings, small clay fraction o
D | (non-softening). -t E
Softening or low friction clay mineral coatings, i.e., kaolinife or mica.
E | Also chilorite, falc gypsum, graphite, efc., and small guantities of swelling a-146* 4
clays.
b) Rock-wall confact before 10 cm shear (thin mineral flings)
F | Sandy paricles, clay-free diintegrated rock, etc. 25-30° 4
c Strongly over-consolidated, non-softening, clay mineral 16-24° 6
fillings (confinuous, but <5 mm thicknass).
H Medium or low over-consolidation, softening, clay mineral fillings (continuous, 12-16° 8
but <5 mm thickness).
Swelling-clay fillings, i.e, montmorillonite {(continuous, but <5 mm fhickness). - .
J . ) - ) &12 812
Vialue of J; depends on percent of swelling clay-sike parficles.
c) Norock-wall contact when sheared (thick mineral filings)
K Fones or bands of disinfegrated or crushed rock. 16-240 6
Strongly over-consclidated.
L fones or bands of clay, disintfegrated or crushed rock. 19-16° 8
Medium or low over-consolidation or soffening filings.
M Zones or bands of clay, disinfegrated or crushed rock. 120 812
Swelling clay. J, depends on percent of swellng clay-size particles.
M Thick confinuous zones or bands of clay. 19-16° 10
Strongly over-consolidated.
o Thick, continuous zones or bands of clay. 19-16° 13
Medium to low overconsolidation. i
Thick, confinuous zones or bands with clay. Swelling clay. . .
P ) &-12 320
Jo depends on percent of swelling clay-sze particles.
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Table 7: Jw — values (NGI, 2015)

Joint Water Reduction Factor

A | Dry excavations or minor inflow ( humid or a few drips) 1.0
B | Medium inflow, occasional outwash of joint fillings (many drips/“rain®) 0.66
C | Jetinflow or high pressure in competent rock with unfilled joints 05
D | Large inflow or high pressure, considerabie outwash of joint fillings 0.33
E Exceptionally high inflow or water pressure decaying with time. 0.2-0.1
Causes outwash of material and perhaps cave in ERot
F Exceptionally high inflow or water pressure continuing without 0.1-0.05
noficeable decay. Causes outwash of material and perhaps cave in i
Note: i) Factors C fo F are crude estimates. Increase J,, if the rock is drained
or grouting is carried out
i) Special problems caused by ice formation are not considered
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Table 8: SRF-values (NGI, 2015)

& Stress Reduction Factor
a) Weak zones infersecting the undsarground opsning which may cause loosaning of rock mass
Multiple cocumences of weak zones within a short section containing clay or chemically
A | disintegrated, very looss surmounding rock {amy depth), o long sections with incompetant 10
fweak) rock (any depth). For squeaeazing, ses 6L and &h
B Multiple shear zones within a short secticn in competent clay-fres rock with looss 75
surcunding rock (any depth) :
C | Single waak zones with or without clay or chemical disintegrated rock (depth < 50m) 5
D | Loosa, open joints, heavily jointed or “sugar cubs”, efc. (any depth) 5
E | Single weaak zones with or without clay or chemical disintegrated rock (depth > 50m) 25
Mote: ) Reduce these values of SRF by 25-50% if the weak zones only influsnce but do not
infarsect the underground opening
b) Compefant, mainly massive rock, siress problams C. /oy | G:/0, SRF
F | Low stress, near surface, open joints =200 <0.01 25
= | Medium stress, fovourable stress condifion 200-10 | 0u01-0.3 1
High strass, wary tight structure. Usually fovourable to stability. 0.52
H | May also be unfavourable fo stability dependent on the oiientation of 10-5 | 0.3-04
stressas compared to joinfing/weakness planss® 2-5*
J | Moderate spalling and/or slabbing after > 1 hour in massive rock 53 050685 550
K | Spaling or rock burst after a few minutes in massive rock 3-2 0651 50-200
L | Heavy rock burst and ilmmediate dynamic deformation in massive rock: o - 200-400
Maote: iy For strongly anisotropic virgin strass fisld (if meoswed) whan 5< o, /o, < 10 reduce o_to 0.75 0,
Wheon g, fo,> 10 reduce o_fo 0.5 o where = unconfined compression strangih, & and =, arg
tha major and minor principal strosses, and G, = Mmaximum tangential strass {Qsﬁmclmc] from elastic
fheacny)
iy When the depth of tha crown balow the surfacs & less than the span; suggeast 3RF increasa
from 2.5 to 5 for such coses (sea F)
¢} Eguesring rock: plasfic deformafion in incompefent rock undsr fhe influsnce of 6, /o SRE
high priessure ¢
M | Mild squasazing rock pressure -5 510
M | Heowy squeezing rock pressure =5 10-20
Mote: i) Detemination of squeazing rock conditicns must be mode aoccording to relewant literature (L.a. Singh
at al., 1992 and Bhasin and Grimstad, 1994)
1Y L+ i ITH AL £ x £ SRF
d}) Swalling rock: chamical sweling activily depending on the presence of walar
O | Mild swslling rock pressura 510
P | Heavy swelling rock prassure 10-15
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Using the Q-system, the rock mass quality is rated on a logarithmic scale where each order
of magnitude represents a class of rock quality. High Q-values indicate good stability and
low values mean poor stability. To relate the Q value to the stability and support
requirements of underground excavations, Barton et al. (1974) defined an additional
parameter called the Equivalent Dimension, De, of the excavation. This dimension is defined
as:

__ Span
ESR

De Equation 2

Where;
ESR = Excavation Support Ratio

The value of ESR is a quantity, related to the use of the excavation and to the degree of
safety which is demanded of the support system installed to maintain the stability of the
excavation. Barton et al. (1974) and NGI (2015) suggested the following values in Table 9.
A low ESR value indicates the need for a high level of safety while higher ESR values
indicate that a lower level of safety will be acceptable. It is recommended to use ESR = 1.0
when Q < 0.1 for the types of excavation B, C and D. The reason for that, is that the stability
problems may be severe with such low Q-values, perhaps with risk for cave-in (NGI, 2015).

Table 9: ESR-values (NGlI, 2015)

7 Type of excavation

A | Temporary mine openings. efc. ca. 3-5
Vertical shafts™: i) circular sections ca. 2.5
B i) rectangular/square section ca. 20

* Dependant of purpose. May be lower than given values.

c Permanent mine openings. water tunnels for hydro power (exclude high pressure 1.6
penstocks), water supply tunnels, pilot funnels, drifts and headings for large openings. -

D | Minor road and railway tunnels, surge chambers, access tfunnels, sewage tunnels, etc. 123

£ Power houses, storage rooms, water freatment plants, major road and railway tunnels, 1.0
civil defence chambers, portals, intersections, etc.

F Underground nuclear power stations, railways stations, sports and public facilitates, 08
factories, etc. :

G Very important caverns and underground openings with a long lifetime, = 100 years, or 0.5

without access for maintenance.

* The degree of confidence in these figures will be roughly in proportion to the number of relevant case records, hence the ca. (approximately) for few or

no records (Barton et al., 1974)
The chart, where equivalent dimension, D. is plotted against the value Q, is used to define
several support categories. Grimstad and Barton (1993) updated the support chart based
on 1050 examples mainly from Norwegian underground excavations. In 2002, an update
was made based on more than 900 new examples from underground excavations in
Norway, Switzerland, and India. This update also included analytical research with respect
to the thickness, spacing, and reinforcement of reinforced ribs of sprayed concrete (RRS)
as a function of the load and the rock mass quality (Grimstad et al., 2002).
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The updated chart for rock support design reflects the increased use of fibre reinforced
shotcrete and the wide application of the reinforced ribs of sprayed concrete. The updated
Q support chart based on numerical analysis and deformation measurements of RRS from
recent case histories in Norway is shown in Figure 7 (NGI, 2015).

(@ Unsupported or spot bolting

@ Spot bolting SB

@ Systematic bolting, fibre reinforced sprayed concrete, 5-6 cm, B+Sfr

@ Fibre reinforced sprayed concrete and bolting, 6-9 cm, Sfr (E500)+B

® Fibre reinforced sprayed concrete and bolting. 9-12 cm. Sfr (E700)+B

(® Fibre reinforced sprayed concrete and bolting. 12-15 cm + reinforced
ribs of sprayed concrete and bolting. Sfr (E700)+RRS | +B

(@ Fibre reinforced sprayed concrete >15 cm + reinforced ribs of sprayed
concrete and bolting. Sfr (E1000)+RRS 11+B
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CI> Si30/6 @16 - @20 (span 10m)
D40/6+2 @16-20 (span 20m)

PN Si35/6 @16-20 (span 5m)
(1) D45/6+2 @16-20 (span 10m)
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@ Special evaluation Si30/6 = Single layer of 6 rebars,

30 cm thickness of sprayed concrete
D = Double layer of rebars
@16 = Rebar diameter is 16 mm
c/c = RSS spacing. centre - centre

Bolts spacing Is mainly based on @20 mm

E = Energy absorbtion in fibre reinforced sprayed concrete
ESR = Excavation Support Ratio

Areas with dashed lines have no empirical data

Figure 7: Guidelines for Excavation and Support of Rock Tunnels
in accordance with the Q-System (NG, 2015).

Geological Strength Index (GSI)

Geological strength index (GSI) varies significantly from the RMR and Q systems, where
the rock mass is classified for the estimation of underground excavation and support design.
Hoek introduced the GSI to facilitate the determination of rock mass properties of both hard
and weak rock masses for use in rock engineering (Hoek, 1994). It was developed for the
estimation of rock mass properties, to capture the influence of structures within a rock mass
on the strength of the material.
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The GSI index was developed out of a need for a quantifiable characterisation of the rock
mass for use in the Hoek-Brown failure criterion (Hoek and Brown, 1988). GSI| was
developed on the recognition that a rock mass failure criterion would have no practical value
unless it could be related to geological observations that could be made quickly and easily
in the field.

In the early days, the use of modified RMR classification worked well because most of the
problems were in reasonable quality rock masses (30<RMR<70) and under moderate
stress conditions (Marinos et al., 2005). However, it became obvious that the RMR system
was not appropriate for weak rock masses due to its dependence on RQD, wherein such
rocks RQD approaches zero (Marinos et al., 2005). The relationship between RMR and the
constants of the Hoek-Brown failure criterion begins to breakdown for severely fractured
and weak rock masses. GSI does not include RQD, but places emphasis on the rock mass
characteristics such as lithology, structure, geological history and discontinuity surface
conditions. GSI was developed for use in the Hoek-Brown failure criterion for hard rock
cases in Canada (Hoek et al., 1992); work which was further refined in the late nineties
(Hoek, 1994; Hoek et al., 1995; Hoek & Brown, 1997). In 1998 the system was expanded
to apply to weak rock masses from extensive tunnelling work through incredibly difficult
ground in Greece (Hoek et al., 1998; Marinos & Hoek, 2000; 2001).

The GSI of a rock mass is determined using one of several GSI charts, with the general
chart for jointed rocks shown in Figure 8. Charts associate the rock mass structure and the
discontinuity conditions for a rock mass to determine the influence of the structure on the
rock mass by assigning an index value. A high GSI implies that the structure degrades the
rock mass to a lesser extent from measured intact properties; whereas a small GSI value
indicates the structure largely influences the rock mass strength and intact values are not
representative. It is highly recommended by the authors that a range of values be selected
to represent a rock mass, and not one individual value (Marinos et al., 2005).
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GEOLOGICAL STRENGTH INDEX FOR
JOINTED ROCKS (Hoek and Marinos, 2000)
From the lithology, structure and surface
conditions of the discontinuities, estimate
the average value of GSI. Do not try to
be too precise. Quoting a range from 33
to 37 is more realistic than stating that
GSI = 35. Note that the table does not
apply to structurally controlied failures.
Where weak planar structural planes are
present in an unfavourable orientation
with respect to the excavation face, these
will dominate the rock mass behaviour.
The shear strength of surfaces in rocks
that are prone to deterioration as a result
of changes in moisture content will be
reduced is water is present. When
working with rocks in the fair to very poor
categories, a shift to the right may be
made for wet conditions. Water pressure
is dealt with by effective stress analysis.

STRUCTURE DECREASING SURFACE QUALITY

INTACT OR MASSIVE - intact 4 / /
90

rock specimens or massive in
A /
80

e AN

NS
77
A
// /j"/
iy

[

LAMINATED/SHEARED - Lack / 10

of blockiness due to close spacing N/A N/A / /
/

Slickensided, highly weathered surfaces with compact
coatings or fillings or angular fragments

VERY POOR
Slickensided, highly weathered surfaces with soft clay

coatings or fillings

Rough, slightly weathered, iron stained surfaces
Smooth, moderately weathered and altered surfaces

SURFACE CONDITIONS

GOOD
POOR

FAIR

Very rough, fresh unweathered surfaces

VERY GOOD

b

N/A N/A

\\

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
5] discontinuity sets. Persistence
4 of bedding planes or schistosity

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

«<—= DECREASING INTERLOCKING OF ROCK PIECES

] of weak schistosity or shear planes

Figure 8: General chart for GSI estimates from the
geological observations (Hoek & Marinos, 2000)

As mentioned earlier, GS| was adapted to apply to weaker rock masses using case histories
from Greece. The modifications are illustrated by the development of the flysch and molasse
GSl charts (Marinos & Hoek, 2001; Hoek et al, 2005). The flysch chart, Figure 9, is designed
for weak heterogeneous rock masses which have evidence of tectonic fatigue or shear
loading; whereas molasse charts are designed for similarly weak heterogeneous rock
masses with no tectonic disturbance.
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GSI charts for molasse are subdivided into confined or unconfined applications, Figure 10
and Figure 11 respectively. The flysch and molasse charts were designed for specific units
and behaviour and should not be broadly applied.

GSI FOR HETEROGENEOUS ROCK MASSES SUCH AS FLYSCH ;g' g
(Marinos.P and Hoek. E, 2000) 2 2 |E ] 8 @
From a description of the lithology, structure and surface conditions (particularly & 2 g |[258 %58
of the bedding planes), choose a box in the chart. Locate the positioninthebox O & | = § >€ é‘ 3 |s3s
that corresponds to the condition of the discontinuities and estimate the average = o gt > ] 0 Eg 5
value of GSI from the contours. Do not attempt to be too precise. Quotingarange © 3§ 3 = 88 |=£ £ g a
from 33 to 37 is more realistic than giving GSI = 35. Note that the Hoek-Brown ’5" @ E 53 2o g 3 gg = e®E
criterion does not apply to structurally controlled failures. Where unfavourably =& o o § =5 €2 2 §
oriented continuous weak planar discontinuities are present, these will dominate 8 3 % a % 5t £ g @ = P
the behaviour of the rock mass. The strength of some rock masses is reducedby £ 8 | OF 32 gs $35, ‘:_%3
the presence of groundwater and this can be allowed for by a slight shift to the g ZE 8 F - E {,E, S =i §f
right in the columns for fair, poor and wery poor conditions. Water pressure does w 8 -] > 2 o E R s _S°°E’ s §
not change the value of GSI and it is dealt with by using effective stress analysis. 5@ g z % 8 ® % ‘g‘ 8 3 g olx B
COMPOSITION AND STRUCTURE o | 38 | 3¢ £2 [ew8E|5TE
| A. Thick bedded, very blocky sandstone / /
% | The effect of pelitic coatings on the bedding 70
A planes is minimized by the confi t of
| the rock mass. In shallow tunnels or slopes

these bedding planes may cause structurally 60

controlled instability. y
—— e AT 77 E k
A4 B. Sand- || C. Sand- V001 D. Siitstone ‘fw 0 gm::::e / .

< stone with stone and |/ or silty shale /5077 or clayey T B D
/ | thin inter- | ! siltstone in [ with sand- P % /ﬁ-/ shale with
B P layers of similar stone layers |~ 7 1 sandstone
/ .| siltstone amounts /i’fa:,‘ layers 40
-

less folded than llustrated but F. Tectonically deformed, intensively / 30
this does not change the strength. W folded/ffaulted, sheared clayey shale
Tectonic deformation, faulting and 22 ? or siltstone with broken and deformed
loss of continuity moves these ' | sandstone layers forming an almost
categories to F and H.  +| chaotic structure / 0

G. Undisturbed silty H. Tectonically deformed silty or

or clayey shale with clayey shale forming a chaotic

or without a few very structure with pockets of clay.

thin sandstone layers Thin layers of sandstone are

transformed into small rock pieces.

———p> : Means deformation after tectonic disturbance

Figure 9: GSI estimates for heterogeneous rock masses such as Flysch
(Marinos & Hoek, 2001)
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GSI| No 1 FOR CONFINED MOLASSE
{Mainly applicable for tunnels)

{(Hoek E, Mannos, P and Marines V., 2004)

From the lithology, structure and surface
conditions of the discontinuities, estimate
the average value of GSI Do not try to
be too precise. Quoling a range from 33
te 37 is more reslislic than stating that
GS| = 35 Mote that the lable does not
apply to structurally controlled failures.
Where weak planar structural planes are
present in an unfavourable orentation
with respect to the excavation face, these
will dominate the rack mass behaviour
The shear strength of surfaces in rocks
that are prone to detenorstion as & result
af changes in moisture contant will be
reduced I water is present When
working with rocks in the fair lo very poo
calegories, a shift to the right may be
made for wet conditions. Water pressure
is deailt with by eHective stress analysis.
STRUCTURE

SURFACE CONDITIONS

Vary rough, fresh unweathered surfaces

VERY GOGD

CECREASING SURFACE QUALITY —=——>

Rough, slightly weathered, iron stained surfaces

GoOD

lickensided, hignly weathered surfaces with compact

coatings of fillings or angular fragments

VERY POOR

8

o w

Smaooth, moderately weathered and altered surfaces

FAIR

Slickensided, highly weathered surfaces with soft clay

coatings or fillings

/ INTACT OR MASSIVE - intact
rock specimens of massive in
/ situ rock with few widely spaced

discontinuities

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

v

20
4

4

70

MNA

MiA,

/

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

BLOCKY/DISTURBED/SEAMY
- folged with angular blocks
formad by many intersecting
discontinuity sets Persistence
of bedding planes or schistosity

/|
/

/
7
/|

T

DISINTEGRATED - poorly inter-
locked, heavily broken rock mass
with mixture of angular and
roundad rock pleces

<— DECREASING INTERLOCKING OF ROCK PIECES

£

LAMINATEDYSHEARED - Lack
of blockiness due to close spacing
of weak schustosity or shear pianes

NIA

NFA

/

/

" i

MNotes: When there are no discontinuities, use laboratory test reaults directly

M1 - Cenfined molasse, sither homogenaous or with sandstone and sillstone alteralions
M2 - Heavily broken or brecciated molasse in fault zones
The 331 chart should not be used for loose conglomerates - treat as weakly cemented river gravel

Figure 10: GSI chart for confined molasse; mainly applicable
for tunnels (Hoek et al., 2005)
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GSI No 2 FOR FISSILE MOLASSE (Mainly applicable for surface excavations)
(Hoek. E, Marinos. P and Marinos. V., 2004)

From a description of the lithology, structure and surface conditions (particularly
of the bedding planes), choose a box in the chart. Locate the position in the box
that corresponds to the condition of the discontinuities and estimate the average
value of GSI from the contours. Do not attempt to be too precise. Quoting a range
from 33 to 37 is more realistic than giving GSI = 35. Note that the Hoek-Brown
criterion does not apply to structurally controlled failures. Where unfavourably
onented continuous weak planar discontinuities are present, these will dominate
the behaviour of the rock mass. The strength of some rock masses is reduced by
the presence of groundwater and this can be allowed for by a slight shift to the
right in the columns for fair, poor and very poor conditions. Water pressure does
nol change the value of GSI and it is dealt with by using effective stress analysis.

COMPOSITION AND STRUCTURE

slickensided surfaces with compact
coatings or fillings with angular
sided or highly weathered surfaces
with soft clay coatings or fillings

fragments

] VERY POOR - Very smooth slicken-

(Predominantly bedding planes)
weathered and altered surfaces

SURFACE CONDITIONS OF

DISCONTINUITIES
fresh unweathered surfaces

VERY GOOD - Very rough,
GOOD - Rough, slightly
weathered surfaces

FAIR - Smooth, moderately

5
~J POOR - Very smooth, occasionally

{_>c| M3 Thick bedded, very biocky sandstone or strongly
— cemented conglomerates. The effect of pelitic coatings 70
_#] on the bedding planes is minimized by the confinement
-| of the rock mass. In shallow tunnels or siopes these
_-\| bedding planes may cause structurally controlled instability 60

[T

M 6. Fissile D
siitstone or i
silty shale
with sand-
stone layers

M 7. Undisturbed silty /
shales with or without 0

a few very thin sand- / /
/ 10

stone layers
Figure 11: GSI chart for fissile Molasse where bedding planes of siltstones-mudstones are
frequent and well defined. (Surface excavations and slopes, Hoek et al., 2005)

= M 5. Sandstone
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] with fissile siltstone 5
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7| M 4. Sandstone or
_\| strongly cemented |
AZ| conglomerates with
thin inter-layers of
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N
S

1]
o

o

Swelling Rock Masses

Based on the results of literature review of swelling rock masses, it has been revealed that
there is often a misconception in definitions of swelling and squeezing time-dependent
deformations as a result of tunnelling (Gioda, 1982). It is, therefore, crucial to realise their
differences before considering background information on swelling. Both squeezing (as a
result of shearing of the ground) and swelling (as a result of volume increase in the ground)
cause inward movement of the tunnel perimeter with time (Gioda, 1982). In principle, both
processes, and the corresponding deformations, may occur simultaneously. The
deformation and its magnitude may vary depending on the geological conditions, state of
stress, tunnel shape and geometry, etc. (Barla, 1999).

Rocks composed of particular minerals such as clay minerals exhibit swelling behaviour
while squeezing may occur in any type of mineral. Squeezing occurrences depend on the
rock strength and stress, and this may occur anywhere, even simultaneously with swelling
in weak rocks (Anagnostou, 1993), especially in the presence of rich clay minerals
(Whittaker & Frith, 1990). Moreover, time-dependent deformation as a result of squeezing
starts during excavation and can be controlled by the support system installed, whereas
swelling deformation may require a significant time to occur (Whittaker & Frith, 1990). In the
Kalahari formation, the weathered rock is expected to behave in a squeezing manner and
the red clay is susceptible to swelling behaviour.
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2.3.2

Swelling Process

According to International Society for Rock Mechanics (ISRM Commission, 1983) the
swelling process is generally defined as a combination of physicochemical reactions
involving water and stress relief, where stress changes usually have a significant effect.
Swelling results in volume increase and takes place only in the presence of water and of
particular mineral composition (Anagnostou, 1993). This composition includes the minerals
that are capable of a physicochemical reaction with water such as the clay minerals of the
Kalahari Red clay.

For clay minerals to expand and further cause instability problems in tunnels, certain factors
must be fulfilled. There must be a potential for swelling and the potential need to be
activated. The chemical composition of the clay minerals, the structure, conditions and
processes forming them, and the existence of water, will influence the degree of expansion
and swelling characteristics. The clay minerals’ capacity to swell (Brekke & Selmer-Olsen,
1965) and the cause of swelling are thus of great importance regarding the extent of the
stability issues and problems. The swelling potential presupposes, in most cases, wet
conditions and the material undergoes both shrinkage and swelling because of drying and
wetting cycles from water content changes (Pusch, 2012). Various clay minerals behave
differently to the water content changes and will thus be a source of different volume
changes which in turn might affect stability.

When the conditions for a swelling potential are present, a mobilisation of this potential will
initiate the swelling process. For most expandable clay minerals, the swelling process first
takes place as hydration, where water minerals are attached to the negatively charged clay
surfaces. A transition of highly bonded water molecules on the clay surface to free pore
water is gradually taking place and eventually major swelling might occur (Nilsen & Broch,
2009). The hydration field is followed by an osmotic swelling where water will flow in the
direction of the highest ion concentration due to differences in the ion concentration
between the unit layer and in the pore water (Nilsen & Broch, 2009). A significant factor
limiting the volume increase when clays are subjected to swelling is the cementation of clay
minerals caused by attractive forces between the clay particles and organic/ inorganic
adhesives, such as carbonates and hydroxides (Nilsen & Broch, 2009; Pusch, 2012). The
cementation of the particles entails the formation of molecular bindings making interlayers
in the clay minerals impenetrable for cations and water molecules which impair the clay’s
ability to expand.

Laboratory Testing of Swelling

Historically, an oedometer test has been one of the most important swelling tests and is in
use in tunnelling projects (Barla, 1999; Einstein & Bischoff, 1975). This is because the test
simulates the tunnel invert in small scale conditions. However, there has been research into
the use of triaxial tests, as this allows for a better understanding of swelling mechanisms
which occur around an excavation (Steiner, 1993). Through the triaxial tests, it is possible
to study the effect of pore pressure, lateral stressing, changes in stiffness and strength of
the specimen under drained and undrained conditions (Barla, 1999). Triaxial tests can map
the entire three-dimensional stress path, allowing simulation of an excavation life cycle.
Despite these advantages, triaxial tests are costly, time-consuming and are not easy to
conduct in comparison to one-dimensional oedometer test.
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According to the suggested methods given by ISRM, three different tests which are used to
measure swelling parameters are briefly explained (ISRM Commission, 1999). All the
following laboratory techniques can be used for swelling rock as well as clay (ISRM
Commission, 1999):

1. In the first test, a conventional oedometer test is used to determine the axial swelling
stress, when the sample is literally confined and immersed in water. The test
continues until the axial force reaches its maximum value or no further displacement
occurs. Then, the axial stress is calculated using the measured axial force divided by
the cross-section area of the sample.

2. The second test is used to determine the axial and radial free swelling strain. The test

is carried out in a simple free swell cell where lateral deformation is allowed, and water
can be added to the cell. The axial strain is measured and recorded as a function of
elapsed time and therefore an axial swelling strain versus time curve can be obtained
through this (Barla, 1999). The radial swelling strain is calculated using the measured
radial displacement divided by the initial specimen diameter.

3. The third test which is an improved version of the oedometer test originally proposed

by Huder and Amberg (1970) is employed to determine the axial swelling strain
necessary to reduce axial swelling stress. First, the sample is loaded in a conventional
oedometer while it is restricted laterally and is not immersed in water. The load is
increased up to a certain level (desired level for the relevant application) and then
water is added to the cell. The load is reduced in a stepwise manner until there would
be no displacement for any load increment (Barla, 1999).

Stability and Lining Principles in Swelling Rock

Swelling of clay minerals may cause stability problems in tunnels, and further, resulting in
time delays and cost overruns. The stability problems might occur during construction of the
works, after completion and throughout the entire operational life (Selmer-Olsen &
Palmstrom, 1989).

Essential factors influencing the stability of tunnels include factors such as rock mass
quality, rock stresses, the influence of groundwater and the orientation, location, size, and
shape of the construction work (Panthi, 2008).

These factors may vary from project to project, making it difficult to provide real correlations
between them (Panthi, 2008). Clay formation is causing the greatest concern with regards
to stability threats on tunnelling projects. The swelling character of clay minerals, highly
disturbed rock mass of low quality and the interaction with high water pressure represent
the most difficult conditions (Selmer-Olsen & Palmstrom, 1989). The combination of these
conditions and an underestimation of swelling pressure may result in inadequate rock
support and problems with lateral movement, collapse, and sliding of the rock mass. Some
tunneling projects had to go through some form of repair work. This is because of either
significant floor heave or failure of the lining as a result of swelling deformation (Figure 12).
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a) b)

a) Bottom heave
b) Swelling pressure on the invert with or without heave of the tunnel

Figure 12: Effects of rock swelling in tunnelling (Kovari, Amstad & Anagnostou, 1988)

It should be noted that the swelling pressure is linked to support pressure, hence the tunnel
lining design. In principle, the tunnel lining design is governed by long term deformations
and is based on the ground in which the tunnel is driven. Consequently, the swelling process
should be fully understood before designing the tunnel lining (Anagnostou, 2007). This
requires a good understanding of rock/support interaction, i.e relationship between swelling
and support pressure and the support pressure and different lining principles. However,
there are still a lot of uncertainties regarding different lining principles within such rocks
(Anagnostou, 2007).

When designing for tunnels excavated in potentially swelling rocks, the resisting (stiff) and
yielding (flexible) support principles are applied (Wittke-Gattermann and Wittke, 2004). In
the case of stiff support, the internal concrete lining of high bearing capacity is used to resist
against swelling, and this will limit internal movement significantly. In the case of yielding
support, construction of a yield zone can effectively reduce the swelling pressure. The yield
zone (Figure 13) consists of a gap/ space between the lining and the rock mass so that the
tunnel floor can heave without affecting the tunnel operation (Wittke-Gattermann and
Wittke, 2004). A modern technique to allow floor heave to occur is to have a deformable
layer which is installed between the invert arc and excavation boundary (Anagnostou,
1993). The concept of the flexible lining was seriously debated in the beginning; but it is
becoming more accepted at least for shallow tunnels within weak rock (Wittke-Gattermann,
1998; Anagnostou et al., 2010). Based on the experiences from investigating tunneling
within anhydrite rock formations in Spain, resisting support pressure stabilises the
phenomenon while yielding support allows deformation to continue (Berdugo, 2007).
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Figure 13: Yielding support principle (Kovari, 2007)
Integration of Geotechnical and Structural Design Components

Traditionally, the design of civil engineering tunnels in weak rock was divided into two
separate activities. The site investigation, determination of rock mass characteristics,
calculation of tunnel stability and the determination of “rock loads” were carried out by a
geotechnical engineer (Hoek, 2003). The design of the final concrete lining was then carried
out by a structural engineer using the information provided by the geotechnical engineer. In
present day weak rock tunnelling the distinction between these two activities has become
blurred because of the need for structural design at various stages in the construction
process and because this construction process has a direct impact on the final lining design.
Hence, there is an increasing tendency to integrate the geotechnical and structural design
components into a single package (Hoek, 2003).

There are no universally accepted guidelines on how to assess the safety of a tunnel or the
acceptability of design and this means that engineering judgment and experience play a
very large role in the design of tunnel reinforcement and lining (Hoek et al., 2008). There is
a general desire to define a Factor of Safety (FOS) for tunnel design but this has proved to
be an extremely difficult task and there are very few methods that are considered acceptable
(Hoek et al., 2008). One of these methods, described by Kaiser (1985) and Sauer et. al
(1994), involve the use of support capacity diagrams and there are indeed a few tunnel
design companies that use this methodology. However, there is no mention of this method
in design guidelines such as the Tunnel Lining Design Guide published by the British
Tunnelling Society (2004). As a result, the average tunnel designer is left with few options
other than the use of tunnel classification systems (Barton et al., 1974; Bieniawski, 1973b),
general empirical guidelines, and the advice of experienced tunnel consultants. The main
difficulty of this approach is to decide when the design is acceptable (Hoek, 1992).
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To remedy some of these problems, Hoek et al. (2008) presented two relatively complex
case histories in sufficient detail from which tunnel designers can follow the use of support
capacity diagrams as a tunnel design tool. The support capacity diagrams are based on
elastic analysis of the support elements, and this implies that no tensile cracking or
compressive crushing of the shotcrete and concrete is acceptable. A family of factor of
safety plots in the support capacity diagrams is adapted to present a clear picture of the
performance of the lining being designed in the support capacity calculations. It is
recommended to adopt a policy of using the ultimate uniaxial compressive and tensile
strengths of shotcrete or concrete and calculating a range of FOS (Hoek et al., 2008).

The final concrete lining is installed in a stable tunnel and carries no initial load except self-
weight hence only 28-day properties are relevant in the support capacity diagrams. Loads
are imposed on the final lining as a result of stress changes, changes in the groundwater
conditions, changes in the characteristics of the initial support system and deterioration of
the rock mass surrounding the tunnel (Hoek et al., 2008). The participation of temporary
lining has been a matter of contention for many years. Tunnel designers in some countries
are required to ignore the contribution of all initial reinforcement and shotcrete lining in
calculating the support capacity of the final lining (Hoek et al., 2008).

However, this very conservative approach has changed and the International Tunnelling
Association (1988) guidelines for the design of tunnels gives the following recommendations
“An initial lining of shotcrete may be considered to participate in providing stability to the
tunnel only when the long-term durability of shotcrete is preserved”. The long-term loads
are induced by the reduction of the residual strength of the failed rock surrounding the
tunnel, the elimination of temporary support and changes in groundwater conditions. In
designing the final lining these changes have to be accommodated and a FOS in excess of
2.0 has to be provided by the lining for these “normal” loading conditions (Hoek et al., 2008).

Temporary lining may tolerate cracking or crushing and a factor of safety of 1.0, can be
applied (Hoek, 2003). Where tensile cracking becomes an important consideration, more
sophisticated non-linear structural design approaches, which allow for crack development
should be used. All the loads that can occur during the operational life of the tunnel have to
be taken into account and an appropriate factor of safety has to be used for the design
(Hoek, 2003). According to German standard DIN 1045 (1988), the factor of safety that
should be applied to unreinforced concrete is 2.1 while more ductile reinforced concrete can
be designed with a factor of safety of 1.75 (Sauer et al., 1994).

Grouting (Cementation)

Costs for shaft sinking or tunnelling operations are extremely high. Therefore, precautions
must be taken to avoid unproductive standing time of the working crews. Water inrushes
and unconsolidated ground often cause stoppages to tunnelling operations because the
walls are unsafe and must be stabilised. Pre-grouting can to a large extent be employed to
avoid such delays. Grouting is one of the efficient ways to seal and strengthen the ground
in geotechnical projects. It is used in both soil (Karol, 1990) and rock (Houlsby, 1990)
environments with the same main purposes but with different methods.
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Types and Purpose of Grouting

The primary purpose of any grouting project is to alter to the desired degree, the properties
of an existing medium by the most economical means (Guyer, 2009). Some purposes of
grouting are (Houlsby, 1990):

1.

To reduce the flow of seepage through dam wall foundations. Under concrete dam
walls, most of the foundation seepage is stopped by a grout curtain. Water decreases
the stability of the dam wall foundation and blocking pore and fracture space to inhibit
water flow is an important aspect of grouting.

To assist tunnelling or mining by reducing water inflow or strengthening the formation
ahead of a tunnel or shaft. This is usually done by grouting a ring of holes ahead of
the face.

To fill voids behind a concrete lining. Concrete pumped in a tunnel and used to line
the tunnel will frequently slump away from the roof of the tunnel and will not fill high
spots of the excavation. Grouting can be used to fill the resulting overbreak voids
using existing holes formed in the concrete or drilled after. This type of grouting is
known as backpack or contact grouting (Figure 14).

Grouting can be used to increase the strength of joint surfaces in several ways. This
can be achieved by increasing normal stress across joint planes and thereby
increasing joint shear strength. Increasing cohesion of joint planes, through the
removal of infill material and then cementation or binding of the joint surfaces. The
identified joint planes are connected by hydrofracturing followed by grouting of the
joints for strengthening.

‘_ONRS.A‘!&K vo:!D
_/ GROUTED

TUNNEL

CONCRETE
LINING

Figure 14: Overbreak Void filled by Grouting (after Houlsby, 1990)
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There is a difference between grouting of cracks in rock formations and the grouting of voids
in gravel or sands (Houlsby, 1990). Permeation grouting of gravel or sands can be done
using cement based or chemical grouts. Cement grouting can be used in coarse gravel free
of finer material, where it can penetrate reasonably well. Cement grout can only travel well
in the larger voids, and in finer sized materials voids are too small to accept cement grout
(Houlsby, 1990). In rock formations, cement grout is used as it gives a more economical
and durable result. The decision about the type of grout depends on many factors, including
the type of sail, the purpose of grouting, or even financial matters (Houlsby, 1990).

In cementitious grouting, the main ingredients are cement, bentonite, and water (Gustin et
al., 2007). Cement is the main ingredient of cement-based grouts and its type should be
determined according to the grain size distribution in the site-specific project. This means
that in coarse soils, Portland cement may be considered efficient, but as the soil grains
become fine, other types of cement such as ultrafine, microfine, and superfine cement may
be applicable. Portland cement is hydraulic cement mainly composed of hydraulic calcium
silicate (Warner, 2004). This kind of cement is hardened by the chemical reaction known as
hydration in contact with water (Warner, 2004). Bentonite is colloidal clay from
montmorillonite group with high water absorption. Some bentonites absorb water up to five
times their own volume. They are used to increase the viscosity and cohesion of the grout
and cause the bleeding of the grout to be lessened (Brady and Clauser, 1986).

Chemical grouting can also be used when the target soil is cohesionless and its stability is
the main aim of the grouting. The primary advantages of chemical grouts are their low
viscosity and good control of setting time (Guyer, 2009). These grouts do not have any
particles to restrict flow through fine voids. Only two types of the more widely known types
of chemical grouts are discussed briefly. With regard to precipitated grouts, precipitation is
a process where the chemicals are mixed in liquid form for injection into a soil. After
injection, a reaction between the chemicals result in precipitation of an insoluble material.
Filling of the soil voids with an insoluble material results in a decrease in permeability of the
soil mass and may, for some processes, bind the particles together with resulting strength
increase. The most common type precipitation grouts utilize silicates, usually sodium
silicate, being the primary chemical (Guyer, 2009).

Polymerized grouts: polymerization is a chemical reaction in which single organic molecules
(monomers) combine to form new complex molecules which are cross linked, resulting in
rigidity of the product (Guyer, 2009). In this process, the soluble monomers, mixed with
suitable catalysts to produce and control polymerization, are injected into the voids to be
filled. The mixture generally has a viscosity near that of water which it retains it for a fixed
period, after which polymerization occurs rapidly. Because of the low viscosity, polymer
grouts can be used in soils having permeability as low as 10-° cm/sec, which would include
sandy silt and silty sand. The resulting product is very stable with time (Guyer, 2009). The
monomers may be toxic until polymerization occurs after which there is no danger. Some
of the more common polymer type grouts utilize the following chemicals as the basic
material: Acrylamide, Resorcinol-formaldehyde, Calcium Acrylate, and Epoxy Resin.
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Figure 15 compares the suitability of various grouts in different formations. Figure 15 is only
to give an indication of the uses of the various grouts. It is deliberately vague because
anything more precise would be deceptive (Houlsby, 1990). Clay grouts are usually used
with both chemical and cement grouts.

ROCK GRAVEL SAND SILT CLAY

Coarse Fine Coarse Fine Coarse

CEMENT GROUT I
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Figure 15: Suitability and comparison of grouts (after Houlsby, 1990)
Modelling Methods

Numerical simulation is a powerful tool for geotechnical engineering design, especially
when complications and uncertainties are expected in excavations. Numerical methods can
be used to predict the response of rock masses to disturbances or changes in ground
conditions. Various numerical tools exist, and these differ in complexity and application.
Generally, the numerical methods in the fields of civil and rock engineering can be
categorized as below (Figure 16):

| Numerical methods |

[ |

Continuum model I [ Discontinuum model I I Subgrade model |

l I I

Finite element method | Discrete element method | I Beam element method I
Finite difference method
Boundary element method

Figure 16: General Classification of Numerical Methods

These numerical methods are based on different theories and assumptions, and this makes
each of them suitable for particular types of problems. Details of the strengths and
weaknesses of each method are discussed by Pande et al. (1990) and Jing and Hudson
(2002).

The numerical methods can be primarily divided into continuum and discontinuum methods.
This review will focus on the continuum, Finite Element Methods (FEM), as this is the most
widely used numerical method in science and engineering. The method uses constitutive
models which govern the stress-strain behaviour of the material to determine the response
of a medium to field stress changes.
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In FEM, the model sphere is discretised into small scale elements which intersect at their
nodes (Bobet, 2010) as shown in Figure 17. The method assumes that displacements at
any point within an element can be approximated using interpolation functions by the
displacements of nodes (Bobet, 2010; Jing, 2003). A Global Stiffness Matrix is used to
define material behaviour at each node and the interaction of individual nodes with
neighbouring nodes. By defining boundary conditions, the model will attempt to re-
equilibrate by allowing nodal displacements, the magnitude, direction and dispersion of
which are controlled by the Global Stiffness Matrix. In the case of inelastic material, this
process is iterative (Jing, 2003).

Advantages of FEM analysis methods include: flexible mesh development/discretization
which enables the representation of complex structures and boundaries with variable
resolution, ability to handle material heterogeneity, and highly sophisticated codes using the
method have been developed for the field of geomechanics (Jing & Hudson, 2002).
Disadvantages of FEM analysis methods include; sensitivity to discretization, large memory
requirements, long computation times in the case of iterative non-linear behaviour, and the
progression of deformation is not captured (Jing & Hudson, 2002).

node

G-node tnangular element

domamn Q

Figure 17: 2D Finite Element domain discretisation (Bobet, 2010)

3D geotechnical problems are often simplified and evaluated using 2D models, where plane
strain conditions are assumed. In tunnelling, the third dimension is not uniform as it changes
with the advance of the tunnel face. Several methods have been developed to simulate
tunnel advance in two-dimensional models with the two most common being the Stress-
Vector method and the Core-Softening method. The Core softening or replacement method
is used in the 2D models (Rocscience, 2018).
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2.7.2

Challenges Associated with the Kalahari Rock Formation
Geological Model Development

Site investigation involves gathering all relevant information concerning the site of a
proposed development and its surrounding areas (Simons et al., 2002). The investigation
process also includes analysing and assessing data that has been gathered, to be
presented in the form of a report. The purpose of the geotechnical investigation is amongst
others to determine the sequence, thickness, and extent of soil and rock types and
groundwater conditions (Simons et al., 2002). In situ field testing to assess soil or rock
characteristics and obtain representative samples for laboratory testing is also done during
the investigation. Even with the most detailed site investigations, knowledge and
understanding of the rock mass formation in the subsurface is spatially incomplete (Simons
et al., 2002).

The material along the tunnel alignment will only be completely understood upon completion
of the tunnel excavation (Hoek, 1998). The amalgamation of regional geology, structural
data, surface mapping, and drilling profiles can often lead to the development of a
reasonably accurate geological model, if not completely exact (Fookes, 1997). However,
the ability to correlate between borehole profiles and regional data depends on matching
the geological conditions to an appropriate scale for the borehole spacing.

In the Kalahari formation, if the geological setting is not adequately defined in the data
interpretation stage, or borehole correlation is assumed to be direct, inaccurate geological
sections may result as shown in Figure 18. In the Kalahari, a balance between increased
site investigation and increased flexibility in the design must be met to develop an
appropriate geological model. An increased borehole density at the area of study often
reaches a threshold, after which the value added by each borehole is minimal in comparison
with the associated drilling costs.

The Kalahari formation is prominently heterogeneous at a small scale and it is often not
possible to correlate regularly spaced drill core profiles, as shown in Figure 18. In this case,
the construction of geological sections is not reasonable. However, site conditions
encountered based on other investigations such as geophysical surveys and local
experience may be used to develop a rough model for rock mass conditions and the
expected variability.

Laboratory Testing

The heterogeneity of the Kalahari sedimentary sequences means that an accurate estimate
of the rock types and material behavior is often difficult to obtain. As a result of gradational
lithology change, strength and behaviour of the rock material can vary significantly as a
function of grain size, type and degree of cementation and the alteration of the material from
weathering processes. Consequently, the same lithology is not guaranteed to behave
similarly, and the geotechnical properties can be widespread.
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The Kalahari weak formations such as weathered calcrete and clay present further
challenges as geotechnical testing is typically intended for competent rock or non-fractured
soil units. The weathered units are often found to be extremely fractured in situ, in part due
to coring methods and/or due to time-dependent behaviour of the rock. The standard rock
testing procedure requires a core sample of intact rock with a sample length to diameter
ratio between 2.5 and 3.0 (International Society for Rock Mechanics (ISRM), 1979). Due to
the high fracture density within weathered units, it is often difficult to find a completely intact
piece of core adequate for UCS testing. When laboratory tests are not possible, especially
in weaker units, Point Load index tests (PLT) are commonly used by geotechnical
engineers. However, the uncertainty of the correlation between PLT results and UCS
increases the challenge of adequately determining appropriate rock properties for the
weaker and weathered sedimentary formations (Hoek & Brown, 1977).

Projected Geological Section G

*This sections assumes a direct correlation of borehole logs

Figure 18: Simplified representation of the challenges with
direct borehole correlation in heterogeneous ground (after Crockford, 2012)
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2.7.3

Rock Mass Classification Systems

The use of classification systems in tunnel design is one of the most used empirical design
methods. It is crucial to review the ground conditions and project details to determine the
applicability of each system to a given project site. The most commonly used classification
systems are more relevant for ground conditions within the bounds of dominant case
histories.

Using the Q-system, though there are options of rating the joint alteration number and the
stress reduction factor SRF with consideration of swelling, the effects of swelling clay in
weakness zones have not been satisfactorily included in the system (Barton, 2002;
Palmstrom and Broch, 2006). Furthermore, a very important factor of the size (thickness)
of zones is not considered, although several features of weakness zones have been
included in the Q-system when rating the SRF parameter for zones in competent rocks
(Barton, 2002; Palmstrom and Broch, 2006). It should also be noted that the strength
reduction of the rock mass with water absorption cannot be accounted for by any parameter
in the Q-system. This is of significance for the weathered and weak rock masses containing
clay and the clay section of the Kalahari formation.

The support pressure caused by swelling in weakness zones containing swelling clay can
be substantial and this type of ground can be complicated to define. The swelling pressure
in such cases cannot be considered with the original empirical diagram published by Barton
et al. (1974), nor in later revisions of Q-system (i.e. Grimstad & Barton, 1993; Barton, 2002)
nor in research on support pressure (Sheorey, 1985; Singh et al., 1992; Goel, 1994; Goel
et al., 1996; Singh et al., 1997). It should also be noted that empirically very few cases of
registered support pressure are within the area corresponding to the Q value range of 0.002
— 0.2, which represents rated rock mass quality of most of the weakness zones in the
Kalahari formation.

In the case of GSI, throughout the development of the system, sedimentary sequences were
often excluded from application due to prevalent controlling structures (Marinos et al.,
2005). However, a further extension of the system for the case of tectonically undisturbed
lithologically varied sedimentary rock, molasse, was developed (Hoek et al. 2005). The
molasse rock type refers to a rock composed of Alp origin sediments which were deposited
in a basin behind the mountain chain and are undisturbed. Molasse is also associated with
material that behaves similarly, whether in Switzerland or Greece and the world over. The
challenge becomes the adoption of the system for cases of variable sedimentary rocks
outside of the two highlighted zones, M1 and M2 in Figure 10 for tunnels, yet that appears
in the M3-M7 descriptions in Figure 11 which is not designed for use in tunnels. An
approximate GSI value may be applied, using the descriptors of structure and surface
conditions in Figure 8, though descriptions may not completely capture the material
conditions. As the structure is often unique for each lithology present in the Kalahari
sequence, an “average” GSI is not recommended, instead, rock type specific GSI is
suggested.
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3.1.2

TUNNELLING THROUGH THE KALAHARI — A PRACTICAL EXAMPLE

A review of the rock engineering characterisation for excavations in the Kalahari was
covered in Chapter 2. Also covered was the review of the design principles and ground
strengthening measures that can be applied to the rock masses. The reviews provide
invaluable information in identifying objectives for appropriate site investigation procedures
for a better understanding of the rock mass. An ideal excavation design is one where
minimal disturbance is made to the surrounding rock mass and as little external material is
added to the system; using the rock itself as the principal structural medium (Bieniawski,
1984).

The Kalahari formation has a history of tunnelling projects which provide access to the deep
rich manganese resource. There have been challenges associated with the tunnelling
projects, and competitive design options are progressively being implemented with each
project. However, due to the highly variable and complicated geology, advance rates and
execution of some of the recent projects have suffered major setbacks.

This chapter contains a description of the methodology used to define the geotechnical
setting and numerical models analysed for this project. The assessment of existing
excavations to understand the long-term stability issues of tunnels in the Kalahari is also
covered. The model geometries, material properties, loading conditions, and modelling
assumptions are all included. Also covered in this chapter is a brief description of the Gloria
ventilation shaft project. The results that were obtained from these assessments will be
discussed in Chapter 4.

Site Investigation

To better understand the conditions expected during excavation and underground
construction a good knowledge of the geological and geotechnical setting is required. A
detailed site investigation was carried out at the Gloria ventilation shaft.

Geotechnical Logging

The geotechnical data collection involved drilling and geotechnical logging of the Gloria
ventilation shaft (GLV-01) centre line borehole. The geotechnical logging used the
geotechnical sheet (Appendix A) and procedures acceptable for a Feasibility Study.

The collection of data entailed logging per drill run for each geotechnical domain identified.
Supplementary to the logs and for record purposes, core photographs were taken by the
geologist onsite. The geotechnical logs were processed for rock mass classification.

Laboratory Sample Collection

Sample collection for laboratory testing was carried out on-site. A total of 55 samples were
collected, 13 of these were soil samples, and 42 were rock samples.
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3.1.2.1 Soil Sample Testing

3.1.2.2

3.1.3

3.2

A total of 13 soil samples were taken and sent for laboratory tests. The following tests were
conducted on the samples:

° Grading Analysis: This test determines the soil particle size distribution and the
classification of the soil mass for engineering purposes.

° Moisture Content: This test determines the amount of water in a mass of material.
The water content assists in the interpretation of the effects of pore water pressure
that may exist within the soil.

. Atterberg Limits: This test determines linear shrinkage, plasticity and the liquid limit
of the soil mass. The results are used to classify the soil mass for engineering use.

. Dispersive Grading: This test determines the amount and degree to which a soil
mass can be dispersed. This is useful in the calculation of differential settlement when
the soil mass is subjected to loading. The results are used to classify the soil mass
for engineering use.

o Falling Head Test: This test determines the rate at which water may flow within a soll
mass, which ultimately defines soil mass permeability.

. Direct Shear Test: This test determines the soil or rock mass shear strength
parameters, namely cohesion and friction angle.

. Free Swell Test: This test determines the amount and degree at which a particular
soil mass can swell. This is particularly useful in the calculation of heave when the
soil mass is subjected to loading.

Rock Sample Testing

A total sum of 41 hard rock samples were sent for laboratory testing. 24 samples were
tested for Uniaxial Compressive Strength (UCS) and 17 samples were tested for Uniaxial
Compressive Strength with Elastic Modulus and Poisson’s ratio (UCM).

Hydrogeology

A hydrogeological study was carried out for conceptualisation and estimating inflows during
shaft sinking. Air percussion and core drilling activities of boreholes within the vicinity of the
ventilation shaft were monitored. Boreholes GL130-VVS, GL129 VMS and four exploration
boreholes were assessed, and hydrogeologically logged.

Geotechnical Inspection of Early Tunneling Projects

For the complete understanding of the long-term behaviour of a rock mass, it is important
to review previous tunnelling projects within the Kalahari Formation. Most of the early
tunnelling projects through the Kalahari used conventional tunnelling methods in the weak
rock masses, albeit with immense difficulty. However, two tunnelling projects do exist and
provide insight into the long-term behaviour of the rock masses.
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Two early projects, a decline and vertical shaft, through the Kalahari formation, which are
used to access the mine and provide ventilation at Black Rock Mines were developed during
the late 1970s. The decline tunnel has a quasi-rectangular cross section of 4.5 m wide by
2.5 m high, with a steep dip of 15°. The tunnel is approximately 600 m long, intersecting
hard rock at approximately 160 m below surface. The vertical shaft is 120 m deep, circular
with a radius of 5.0 m. Limited information is available with respect to excavation methods
of either tunnel.

However, due to the dimensions and shape of the tunnels along with the support systems
used, it can be inferred that the excavation and temporary support methods used for the
tunnels were similar to the methods used in hard rock mining, which are well known. The
final support used in the decline is a reinforced concrete lining (concrete with steel sets),
which was cast in place using timber forms. In the shaft, an unreinforced concrete lining and
shotcrete were used.

The decline was inspected in 2015 to determine its condition and to note any visible
damage. The rock types intersected along the decline were inspected and recorded. The
geological cross-section of the decline is shown in Figure 19.

NCHWANING | DECLINE GEOLOGICAL SECTION

Decline
/

sut ML LS AR L y A

Figure 19: Geological cross section for Nchwaning | Decline (Steenkamp, 2013a)

The old ventilation shaft was inspected in 2016 to determine the condition of the shaft and
to note any visible deterioration. The geological cross section of the shaft is shown in Figure
20.
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GS6: Old Gloria Vent Shaft
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Figure 20: Old Vent shaft Stratigraphy (Steenkamp, 2013b)
Numerical Modelling

Empirical and numerical methods are often used to analyse excavation stability and to
determine appropriate support systems for a given excavation. The common numerical
methods in use include two-dimensional (2D) and three-dimensional (3D) FEM. Complex
geotechnical conditions can be numerically assessed for potential instabilities using these
powerful computational tools. The suggested support system designs for the excavations
can also be tested using the numerical codes.

Numerical investigations were conducted using the 2D FEM software RS2 v. 9.0 and 3D
FEM software RS3 v. 2.018 by RocScience. Linear isotropic material was assumed in all
analyses, with the deformation properties of the materials being defined by the Young’s
modulus and Poisson’s ratio.
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Rocscience RS2

RS2 is a two-dimensional elasto-plastic finite element stress analysis program for
underground and surface excavations in rock or soil. It is used to calculate stresses and
displacements around underground openings and can be used to solve a wide range of
mining, geotechnical and civil engineering problems. RS2 incorporates a 2-dimensional
automatic finite element mesh generator, which can generate meshes based on either
triangular or quadrilateral finite elements. For all the analyses that were carried out, 6 noded
triangular elements were used. Figure 21 shows typical elements that can be used in RS2.

4 T

3-noded triangle, 4-noded quadrilateral

4 T

6-noded triangle, 8-noded quadrilateral

Figure 21: Elements for Finite Element Analysis

In general, elements with mid-side nodes (6-noded triangles or 8-noded quadrilaterals) will
improve the accuracy of the results; however, computation time and file size will also
increase. A uniform mesh was used throughout the model avoiding high aspect ratio (long
"thin") elements since they can have adverse effects on the analysis results.

Often three-dimensional geotechnical problems are simplified and modelled using two-
dimensional numerical models. In such problems, plane strain conditions are assumed (i.e.
no deformation out of plane). In the case of tunnelling, the third dimension is not uniform
and changes significantly with the advance of the tunnel, and this invalidates the plane
strain condition. Several methods have been developed over the years to simulate tunnel
advance in two-dimensional models. The two most common are the Stress-Vector and the
Core-Softening method. The Core softening method was used in RS2 and this is detailed
in RS2 tutorials (Rocscience, 2018). A Gaussian Elimination solver was used in solving the
matrices produced in the finite element analysis.

The following sentences briefly describes the settings used in all RS2 models, unless
specified otherwise. In all the RS2 models, the field stress represents the only loading
imposed on the model except where swelling pressure was investigated. A constant field
stress was applied to the models. The locked in stresses were kept at zero in all models,
both in-plane and out-of-plane directions. The initial element loading was set as “field stress
only”. All boundaries had their displacements set at zero. Figure 22 shows the displacement
boundary conditions imposed on all the RS2 models.
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Figure 22: Displacement boundary conditions used in all 2D numerical models

3.3.2 Rocscience RS3

The basis for RS3 is the numerical formulation used by the two-dimensional program, RS2.
The Finite Element scheme is the same in both programs, with RS3 extending the logic into
3-dimensional space. RS3 allows users to generate a 3D tetrahedral mesh with a single
click or customize it to user specifications based on 4 or 10 noded tetrahedral finite
elements. RS3 was used to evaluate the maximum displacement of the excavation. Figure
23 shows the displacement boundary conditions imposed on all the RS3 models.

Excavation Boundary

Model Boundary

Figure 23: Displacement boundary conditions used in all 3D numerical models
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3.3.3.1

3.3.3.2

3.3.3.3

3.3.34

3.4

Analysis Conducted
Material Representation

A 5.5 m diameter vertical excavation from the surface to a depth of 170 m was used for the
analysis, applying the core softening method to simulate the advancing face in RS2. The
excavation passes through the Kalahari sands, calcrete, red clay, weathered and fresh tillite
and manganese of variable thickness. For simplicity, each rock unit was represented by a
model.

Stress Regime

Weak formations such as calcrete and clay are encountered in the shaft, and the risk of
failure (or squeezing) as a result of the local stress regime is an important consideration.
An unconformity exists between the clays and underlying tillite, and a second unconformity
exists at 105 m depth between the Karoo-age tillite and much older manganese and Banded
Iron Formation rocks. It is likely that different in-situ stress regimes occur above and below
the unconformities, primarily influencing the horizontal stress components. Detailed stress
measurements are not available, and it is assumed that the vertical component of stress is
equal to the weight of overlying strata. The horizontal component of field stress is equal to
the vertical stress, multiplied by a factor, the k ratio. In the deeper rock units, tillites and
manganese, it is assumed that the worst case would be, k =1.5. Above, in the clays, it is
assumed that stress is at worst hydrostatic, and k = 1. It is considered unlikely that the weak
formations are strong enough to retain any locked-in tectonic stresses.

Swelling Pressure

In the RS2 and RS3 models, the effect of swelling pressure on the concrete lining is
simplified from an engineering perspective as uniformly distributed loads. Swelling pressure
measured in the laboratory is not comparable with the in-situ swelling pressure. To quantify
the swelling pressure on the concrete lining, numerical simulations have been carried out
for the clay section with different swelling pressures ranging from zero to 2.2 MPa at an
interval of 0.2 MPa.

Support Design

The concrete lining evaluation was carried out in RS2 using support capacity diagrams.
Support capacity diagrams give the geotechnical engineer an easy method for determining
the FOS of the concrete liner. In RS2 and RS3 the support capacity plots can only be used
for elastic support material. Support capacity envelopes of 1.0, 1.2, 1.6, 1.75 and 2.1 were
used in the RS2 analyses. Design FOS values of 2.1 and 1.75 were used to evaluate
unreinforced and reinforced concrete lining thickness (Sauer et al.,1994).

Tunneling Works: Ventilation Shaft

This section is relevant to the stability of the ground during sinking of the ventilation shaft.
Stable and competent ground conditions in the shaft are essential, not only for a higher
advance rate but also to ensure a safe working environment. Groundwater management is
critical in shaft or tunnelling projects, especially sinking while handling water in excess of
1000l/hr. The methodology implemented during shaft sinking is briefly outlined:
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3.4.2

3.4.3

Groundwater Management

The groundwater management interventions applied to the ventilation sinking shaft process
are:

° Pre-cementation of the area around the shaft perimeter using grout prior to sinking.
The grout provided a thick impermeable sheet thus preventing water inflow into the
shaft perimeter. Pre-cementation holes were established down to 79 m below surface.
Figure 24 shows the position of the pre-cementation holes relative to the shaft
perimeter.

o Dewatering boreholes which were depressurised during the sinking phase. Figure 24
shows the layout of the dewatering holes used. The boreholes can also be used to
depressurise the aquifers as a long-term dewatering strategy to minimise water inflow
into the shaft.

o Cover drilling was implemented during sinking. Where the cover holes are dry the
holes are plugged with cement and sinking continues. Where the holes are wet, the
holes are pre-treated with microfine cement or chemical grouts.

Temporary Support

As means of temporary support for sinking through the Kalahari sands, 1180 mm diameter
reinforced oscillator piles were installed up to 29 m below surface. The as-built layout of the
piles is shown in Figure 25. The piles provide a robust means of holding back the sands
while maintaining the required outer shaft diameter during sinking. There is no risk of the
sands caving during sinking as shown in Figure 26.

In the Red Clays, ARMCO ring barriers with mass concrete backfilling were used (Figure
27). This method was selected as it provides areal coverage and maintains structural
integrity of the excavation in the clays. The rings will be installed in 1.2 m lifts up to a depth
of 6.0 m below lining.

Geotechnical Shaft Inspection

The shaft was monitored for deviations and conditions. These daily inspections were logged
and recorded the following:

o Advance of shaft bottom.

. Discontinuity properties.

o Water inflow.

. Position of lining above shaft bottom.

° Temporary support installed.

° Condition of the installed lining and deviations.
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Figure 25: As-built layout of Oscillator piles
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Figure 27: Use of ARMCO back shutters as temporary support in the red clay
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3.5

Delimitations

This study confined itself to the assessment of concrete lining using 2-dimensional, RS2
models. 3-dimensional, RS3 models were used to verify the maximum displacement around
the excavation. Support capacity plots were used in the RS2 models to evaluate the
concrete lining requirements. In this case, the researcher is aware of the differences
between 2D vs 3D modelling assessments. The main aim was to establish a criterion for
concrete lining design in the Kalahari formation.
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RESULTS AND DISCUSSION

Chapter 3 outlined the methodology followed in the collection of information that was used
to define the geotechnical setting of the project. It also outlined the numerical models
analysed for the project. This Chapter presents the results of the geotechnical investigation
and analyses conducted on the models described in Chapter 3. The results have been
organised according to the following structure:

. Project Setting

o Geotechnical Characteristics

o Rock mass classification

° Inspection of Early Tunnelling Projects
o Numerical Modelling

. Tunnelling works: Ventilation Shaft
Project Setting

The area of the Kalahari in which the manganese field is situated is referred to as the
Gordonia region. The average annual rainfall is in the range of 150 to 250 mm, of which
some 60% occurs in the months of January to April (Thomas and Shaw, 1990). Monthly
evaporation rates can exceed the precipitation by a factor of six or more (Meyer et al., 1985).
Due to the low rainfall patterns, no permanent surface water is found in the Kalahari.

Geological Setting

The primary formations of interest in the Kalahari rock masses tunnelling are the uppermost
sedimentary formations: the Kalahari, Dwkya, and Olifantshoek groups. Only the geological
units encountered from the investigations carried out by the author for a small-scale shaft
sinking project are described in detail in the sections that follow. The ventilation shaft at
Gloria Mine is located near the eastern sub-outcrop margin of the deposit. The shaft is
developed through the unconsolidated Aeolian sand of the Gordonia Formation and the
clasto-chemical sediments of the Kalahari formation. It is also excavated through the highly
oxidized horizon of the Dwyka Formation before it encounters fresh tillite.

Gordonia Formation: The top 5 m of the Gordonia Aeolian sand has a light orange-red
colour and is very fine grained. The red colour is due to a very thin haematite coating of the
sand grains. The typical colour of the Kalahari sand is illustrated in Figure 28. The bottom
contact of the Gordonia Formation is usually gradational with the underlying hard calcrete
layer. In the setting of the ventilation shaft, there is a sand lens in the upper part of the hard
bank calcrete. The sand and calcrete are cemented, with calcrete becoming dominant over
the sand with depth. Gravel beds are irregularly developed in this formation. The gravel
beds represent paleo-river or stream beds. The gravels are local ironstone and quartzite
and range in size from dominantly pebbles up to minor cobbles. Figure 28 also shows
gravels recovered in the sand horizon.
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Figure 28: The range of Kalahari sand colours, orange in the top row and
darker red-orange in the second and third row. A calcrete lens is visible in
the fourth row and gravels in the bottom row on the right-hand side of the photo.

Kalahari Formation: The top of the Kalahari formation is marked by hard calcrete. The
lower portion of the hard calcrete unit contains pebbles and cobbles of ironstone and
quartzite. The contact between the conglomerate layer and the underlying red clay unit is
gradational (Figure 29). The top contact of the red clay unit has been calcified, but the
original clay texture and structures, such as slickenside surfaces has been preserved.

The red clay unit is very dense and has a massive texture with a deep red colour.
Slickenside surfaces are evident on core samples. The red clay is prone to expansion upon
wetting but quickly dries up resulting in large desiccation cracks. The red clay unit has a
very sharp contact with the bottom conglomerate layer. The conglomerate is a mixture of
ironstone and quartzite pebbles and cobbles in a calcrete matrix (Figure 29). The lowermost
calcrete layer is fine grained and has a light beige-yellow colour. It also contains small
fragments of highly weathered tillite.
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The red clay unit in the top row and the sharp bottom contact with the calcreted conglomerate is visible
in the bottom row.

Figure 29: The Calcreted Conglomerate and Calcreted red clay contacts.

Dwyka Formation: Forms part of the Karoo Supergroup and represents a glacial tillite
deposit. The Dwyka Formation is preserved erratically around the ventilation shaft position.
The top contact is highly broken with oxidised tillite gradually becoming dominant over hard
calcrete. The oxidised tillite material has a very distinctive yellow colour, where the matrix
clay material has been oxidised (Figure 30). The tillite contains ironstone and quartzite
dropstones ranging in size from pebbles to cobbles. The oxidised horizon represents a
paleo-land surface where the younger Karoo rocks were weathered and eroded away. With
depth, the tillite has a light brown colour and becomes more competent.

The fresh tillite material has a dark blue-gray matrix with pebble to cobble-sized dropstones
of quartzite and ironstone. No structure, such as joint sets or fault material was observed in
the core examined. There are siltstone beds present in the main tillite succession, with very
distinct lamination. The siltstone units are prone to disking along the bedding after exposure
to the atmosphere. Near the bottom of the tillite interval, there is a distinct gritstone bed
(Figure 30). The bottom of the Dwyka Formation is marked by a sharp contact.
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Typical fresh tillite is in the top row, the dropstones visible are quartzite and ironstone. The bottom row
shows the gritstone.

Figure 30: Highly weathered and fresh tillite

Hotazel Formation (Transvaal Supergroup): The sharp top contact of the Manganese
Seam 1 (Mn1) unit is indicative of a glacial discontinuity (Figure 31). The overlying chemical
(Banded Ironstone Formation) and clastic (shale and quartzite) sediments were eroded
away. The Mn1 shows sub-vertical faulting with secondary calcite and iron-hydroxide
staining of the smooth fault surface.
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Figure 31: The sharp discontinuity (centre of photo) between
tillite (left) and manganese seam 1 (right).

Hydrological Properties

The calcareous sands have a good porosity and permeability characteristics. Limited
surface runoff occurs in the Kalahari area due to the high porosity and permeability of the
Kalahari sands. The previous logging of core and aquifer testing undertaken in this area
identified that the calcrete breccia zone forms the most significant aquifer in the area. The
breccia zone overlies and underlies the red clay layer. The calculated average depth of the
water table below surface in the boreholes found at Black Rock Mines is 69.6 metres below
ground level, with a maximum depth of 110 m below surface. Figure 32 shows the
hydrogeological log of the ventilation shaft indicating the zones where shaft inflows are
expected during shaft sinking (Chironga, 2012).

Page | 54



=k | Inflow Zones

Casng J:r!hbm

4 = 20

.. Porous zone: 71.0-74.0m

1204 Cavity: 125.0-126.0m

_ Fractured zone: 208.0-212.0m

Porous zone: 47.0-50.0m

65 L]

167.15 167.15

a

Eiev
LI
o &)
Kalahari sand. locse 3
reddish orange.highly - 780
weathered below 20m 3
Calorete,pale grey to white, _. TEQ
slightly weathered, 3
£ 740
Red clay.stiff slickensides, hard, _ 720
100% drilling fluid return E
E- 700
Caloretised red clay, "
fine grained to and sandy base.aquiclude _ [5]
E 650
Tillite,BIF and shale cobbles 2
in marble lava slightly weathered, F &0
hard and fresh
E 620
Banded ironstone. ferruginous shale at top, 3 &0
very hard and unweathered, _
unfractured —
. 530
E 560
BIF =
£ 500
Manganese seam - 520
BIF =
Manganese seam E- 500
BIF E

Figure 32: Hydrogeological log of the ventilation shaft (Chironga, 2012).

The conglomerate layer is the aquifer with the highest potential for inflow of water during
the shaft sinking. A series of interconnected fractures are suspected to be the main conduits
for groundwater movement and storage in the other lithologies (Chironga, 2012). The
anticipated water inflow in the ventilation shaft is shown in Table 10.

Table 10: Ventilation shaft water inflow

Unit Dra\(fvn?)o wn Aquifer c;‘::idlrztl;\llii(t:y, Inﬂo:'];;zte Q, Cumfl::lvtive
K (m/d) (m3/d)
1 10 Conglomerate 0,42 48,9 48
2 30 Red clay 0,1 104,9 152
3 39 Calcrete breccia 0,42 744.6 897
4 77 Tillite 0,02 138,2 1035
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4.2

Geotechnical Characteristics

Geotechnical data from the ventilation shaft borehole GLV 01 and data from numerous field
investigations are used to characterize the rock mass properties. The data consists of
geological core logging of GLV 01, as well as the results of laboratory testing for the
individual rock units. For geotechnical classification, the Kalahari rock masses at the
ventilation shaft are divided into two domains based on distinct geotechnical behaviours:
sand, calcrete, red clay (weak formation); weathered tillite, fresh ftillite, and manganese
(competent formation).

The simplified lithology of borehole GLV 01 drilled on the shaft centre line is shown in Table
11. For the ‘Kalahari’ units, laboratory testing involved the grading analysis, Atterberg limits
and van der Merwe’s activity of the soil (Van der Merwe, 1964). The samples were also
classified in terms of both the Highway Research Board (HRB) (AASHTO, 2012) and the
Unified Classification System (USCS) (ASTM, 2006). A few samples of the Gordonia
Formation sands and Kalahari red clay were obtained at incremental depths from
geotechnical boreholes around the area of study. In the calcrete/conglomerate and Dwyka
formation, samples were tested for the UCS and UCM. These samples were tested (at
Civilab and Rocklab Laboratories, Johannesburg) and the results are summarised in the
following section. All original test results are contained within Appendix B.

Table 11: Simplified Stratigraphy of GLV 01

From (m) To (m) Rock Type UCS (MPa) Q RMR GSI
0.00 4.22 Red Kalahari Sand
4.22 5.20 Kalahari Sand 0 N/A N/A N/A
5.20 26.00 Red Kalahari Sand
26.00 32.92 Calcrete 20.7 1.5 42 37
32.92 35.22 Kalahari Sand 0 N/A N/A N/A
35.22 40.00 Calcrete 0.7 0.7 30 25
40.00 43.00 Calcreted Conglomerate
43.00 50.75 Calcreted Red Clay 295 N/A N/A N/A
50.75 71.00 Red Clay
71.00 73.90 Calcreted Conglomerate
73.90 77.40 Calcreted Conglomerate 20.7 1.2 40 35
77.40 86.64 Calcrete
86.64 88.90 Weahtered T!II!te 49.5 27 50 45
88.90 103.10 Weahtered Tillite
103.10 106.90 Tillite
106.90 150.60 TII!Ite 74.7 79 59 54
150.60 151.86 Gritstone
151.86 162.03 Tillite
162.03 166.90 Manganese 170.8 16.4 62 57

The summaries of the soil testing laboratory results for the ‘Kalahari’ units are shown in
Table 13 and Table 14. The sample particle size distribution based on HRB material
classification is shown in Figure 33. The Foundation indicator, moisture content and activity
laboratory results show that the sand has a moisture content of between 11% and 15% and
exhibits no swelling. The sand is however expected to exhibit dispersiveness when
subjected to loads and groundwater changes. In terms of the van der Merwe’s Activity
analysis (Figure 34), the sand shows very low activity. Clays show moisture content of
between 22% and 35%, and a swelling percentage of between 6% and 52% and show no
dispersiveness. The clay is very active as shown by their very high activity in terms of the
van der Merwe’s activity analysis (Figure 34) (Van der Merwe, 1964).
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In terms of shear strength test results, sand has no cohesion, and friction angle ranges from
31° to 35°. The clay has cohesion of between 0 and 25 kPa, with a friction angle of between
31° and 33°. Two clay samples were tested for free swelling and swelling pressures of 500
and 1200 kPa were recorded. A summary of the cohesion, frictional properties and swelling
pressure for the clay is given in Table 12.

Table 12: Summary of Geotechnical Properties of Sand and Clay

Property Sand Clay
Minimum 0,0 0,0
Cohesion (C) (kPa) Average 0,0 12,5
Maximum 0,0 25,0
Minimum 31,0 31,0
Frictional Angle (¢) Average 33,0 32,0
Maximum 35,0 33,0
Minimum - 500,0
Swelling Pressure (kPa) Average - 850,0
Maximum - 1200,0
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Figure 33: Sample particle size distribution based on HRB material classification
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Figure 34: Potential Expansiveness graph of Red clay (After van der Merwe, 1964)
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Table 13: ‘Kalahari’ Laboratory results for the Grading Analysis, Atterberg Limits, Activity and material classification

Depth (m) Grading Analysis (%) Atterberg Limits Activity Material Classification
BHID Geotech Lith GM NMC % Swell (%) | Despersiveness
Sample No. [ From | To Clay Silt Sand Gravel LL PI LS van der Merwe HR.B. Unified
GL130VVS 1203 2.00 [ 8.25 Sand 5 11 78 7 SP SP 1 1.0 - - - Low A-2-4(0) SM
GL130VVS 1204 14.28 [15.78 Sand 5 14 82 0 SP SP 1 0.8 15 - - Low A-2-4(0) SM
GL130VVS 1205 19.53 120.28 Sand 5 12 83 0 SP SP 1 0.9 11 - - Low A-2-4(0) SM
GL130VVS 1206 24.28 [25.28 Red Clay 52 40 6 2 85 50 21 0.1 31 13 Non Dispersive | Very high [ A-7-5(20) CH
GL130VVS 1207 81.28 | 82.28 Red Clay 48 40 11 1 63 31 17 0.1 25 6 Non Dispersive High A-7-5(20) MH
GL130VVS 1208 61.00 |62.00 Red Clay 51 32 17 0 83 50 18 0.2 35 10 Non Dispersive [ Very high | A-7-5(20) CH
N100VMS 1209 66.48 |67.38 Red Clay 64 33 3 0 94 53 18 0.0 22 52 Intermediate Very high | A-7-5(20) MH
N100VMS 1210 74.28 |75.18 Red Clay 52 43 5 0 64 37 17 0.0 - - - Very high | A-7-6(20) CH
N100VMS 210A 74.28 |75.18 Red Clay 51 43 6 0 61 35 18 0.1 - - - Very high | A-7-6(20) CH
N100VMS 1211 89.28 190.18 Red Clay 28 55 15 1 59 32 14 0.2 - - - Very high [ A-7-6(20) CH
Table 14: ‘Kalahari’ Laboratory results for the Shear Box
Depth (m) Shear Box
BHID Geotech Lith
Sample No. From To Cohesion (C) - kPa Friction Angle () - °

GL130VVS 1204 14.28 15.78 Sand 31

GL130VVS 1205 19.53 20.28 Sand 0 35

GL130VVS 1206 68.28 69.28 Red Clay 33

GL130VVS 1207 81.28 82.28 Red Clay 25 31
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The rock strength testing was done by conducting Uniaxial Compressive Strength (UCS)
and Uniaxial Compressive Strength with Young’s Modulus and Poisson’s Ratio (UCM),
where both the ‘Kalahari’ and ‘Pre-Kalahari’ units were tested. Testing of the ‘Kalahari’ units
was done on the calcretes and conglomerates. The Pre-Kalahari testing was done on
weathered tillites, tillites, and manganese. The laboratory results are summarised in Table
15.

Calcretes/conglomerates show a UCS range of between 6.70 and 72.48 MPa. These
lithological units also show Young’s Modulus (E) of between 3.12 and 25.70 GPa and
Poisson’s Ratio (v) of between 0.14 and 0.38.

Tillites show a UCS range of between 6.07 and 245.4 MPa with weathered tillites having a
low UCS range of between 6.07 and 17.3 MPa. The Young’'s Modulus (E) values are
between 20.4 and 58.7 GPa and Poisson’s Ratio (v) of between 0.10 and 0.30. Manganese
shows a UCS range of between 129.75 and 392.68 MPa, a very strong to extremely strong
rock; Young’'s Modulus (E) values of between 60 and 83 GPa and Poisson’s Ratio (v) of
between 0.20 and 0.33.

Table 15: Summary of Geotechnical Properties of Calcrete, Tillite and Manganese

Property Calcrete Tillite Manganese
Median 20,7 74,7 170,8
Uniaxial Compressive Strength (MPa) | Q1 10,6 495 153,5
Q3 32,0 96,3 194,5
Median - 8,3 11,7
Uniaxial Tensile Strength (MPa) Q1 - 7,4 11,4
Q3 - 12,3 12,5
Median 9,9 40,7 66,3
Elastic Modulus (GPa) Q1 6,5 23,6 63,9
Q3 17,8 44,0 71,3
Median 0,17 0,19 0,25
Poisson's Ratio Q1 0,16 0,15 0,23
Q3 0,27 0,24 0,28

Rock Mass Classification

The RMR classification system and Q-system, as described in the literature review, have
been previously applied to Tunnelling projects in the Kalahari. There has been an attempt
to apply rock classification systems to the red clay of the Kalahari. The clay layer is
homogeneous and consists of very stiff heavily slickensided silty clay, with carbonate
alteration along individual polished surfaces. This makes the clay vulnerable to the
inappropriate application of rock mass classification systems such as RMR. The red clay
must be appropriately classified as soil and tested to gather the relevant parameters for
tunnel design.
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The shaft borehole GLV-01 was geotechnically logged and the rock mass classification
values are shown in Table 11. Values between 30 and 62 have been determined for RMR,
and 0.7 and 16.4 using the Q-System. Using both the RMR system and Q system, the rock
mass rates between ‘Very Poor Rock’ and ‘Good Rock’. The large spread of classification
values represents a significant challenge when applying the system for support or
excavation design, even at preliminary stages of the design.

Inspection of Early Tunneling Projects
Decline

The decline was mapped from the entrance to the bottom and the findings of the mapping
exercise are summarized in Table 16 and detailed in Appendix C.

Table 16: Summary of findings of mapping exercise at the Decline

Depth along o
- Decline Support Type Observations
Decline (m) Length
0-50 9% Concrete lining Good condition
= Fair to poor condition - peeling out,
Shotcrete of vehicle damaged, cracked and water
50-270 37% variable thickness damaged.
[5 cm-10 cm] = Large water inflow into decline at 230
m-240 m.

= Fair to poor condition — voids mainly
confined to this area.

. = Voids (~0.3-1.2 m deep) visible through
270-530 449, | Steelarches with existing holes.

concrete slabs

= Signs of previous rehabilitation -
planks, cardboard and empty cement
bags.

= High excavation (Height of 4.5 mto 5.5

Spot bolting or m)

530-587 10%
none

= No systematic support

A square reinforced concrete lining was installed in the Kalahari sands and upper calcrete
formation. The gravel, conglomerate and remaining calcrete formations were shotcreted.
Water ingress point along the gravel-red clay intersection had a corrugated iron lining along
which the water is channeled to flow along the sides of the decline to the bottom where it is
pumped. Below the clay, the underlying rock types are not exposed but are indicated to
consist of weathered to fresh tillite overlying shale and possibly quartzite and Banded
Ironstone Formation (BIF). The tunnel support in these units is cast concrete and steel
ribbing. Large portions appear to contain voids above the centreline of the decline, with
limited cribbing observed. At the decline and manganese seam intersection, Thin Spray-on
liner (TSL) and spot bolting was observed.
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The major issues identified at the decline are the large water inflow into the excavation, from
about 230 m to 240 m. Voids are clearly visible through small holes from about 220 m to
530 m. These voids (Figure 35) were mostly observed in areas supported using steel arches
and concrete slabs. In some areas collapsed loose material was observed behind the slabs
through the small holes. From 280 m-330 m in the clay section below the gravels which
contain water, damage to the concrete lining was observed (Figure 36). In this area, cracks
were observed in the concrete lining between the 1.0 m spaced steel sets (Figure 36).
Blocks of concrete lining could dislodge between the sets. The fallout of concrete blocks
would also result in the unraveling of the hanging wall.

Figure 35: View inside a void showing cribbing support
along the red clay section of the decline.

\‘ Damaged concrete lining

1

Figure 36: Damaged concrete lining in the clay section.
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Old Ventilation Shaft

At the clay horizon, additional concrete lining was applied possibly to minimize the effects
of squeezing conditions which are evident from the bent shaft guides in this area. The
concrete restriction could also be a result of a massive concrete backfill to control cave-in
failure during sinking. The additional concrete resulted in a smaller cross-sectional area
than was originally designed. A 3D scan was carried out in the shaft to determine the
restriction as shown in Figure 37. The 3D scan results are shown in Appendix C.

Additional Concrete
Lining

Concrete Lining

Figure 37: Additional Lining Installed in Red Clay Horizon

The shaft is concrete lined with the portion above the restriction being competent concrete
which is approximately 350-400 mm thick. The thickness was confirmed by drilling into the
shaft sidewalls. The area of the restriction is significantly thicker as the additional concrete
that forms the restriction varies from 500 mm to about 1.1 m beyond the original lining.
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The major issues identified in the shaft were the large water inflow from about 25 m to 75
m and voids that are clearly visible on shaft walls. At 65 m below the collar in the red clay,
the shaft lining scaled off. The lining thickness where the sidewall scaled off (Figure 38 and
Figure 39) is 50-100 mm, which is significantly less than 450 mm observed above the
restriction.

Figure 38: Shaft lining scaling off exposing the Red Clay
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Figure 39: Location where signs of instability were observed
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With the two inspections of the decline and the ventilation shaft, it can be inferred that in
situ stresses and water infiltration are a long-term stability concern for inadequately lined
tunnels through the red clay and weathered rock masses. The early tunnelling methods in
these formations proved to be problematic and probably of high cost, associated with
schedule overruns. The workmanship also proved to be poor as the lining thickness was
not consistent in the same formation. There is also no record of the strength of materials
used in tunnel lining, indicating that quality control was not done or was superficially
conducted.

Numerical Analysis of a Small-Scale Shaft

The material properties of the units are shown in Table 17. The sand was not evaluated in
this study as the design of piles is not included in this scope. The derivation of Drucker
Prager, k and g constants from Mohr Coulomb parameters is attached in Appendix D. The
Drucker Prager constitutive model was used for clay instead of Mohr-Coulomb since it is
more suitable for the analysis of cohesive plastic materials. The Hoek and Brown
constitutive model was used for calcrete, weathered and fresh tillite, and manganese.

The best constitutive model for clay is the Modified Cam Clay model (MCC). However, this
model requires more input parameters, and these are not easy to get from simple tests. For
estimating the MCC model parameters, a series of laboratory tests are to be performed.
The tests which are required for this purpose are (Devi, 2014):

° Strain-controlled consolidated drained (CD) triaxial tests
. Or consolidated undrained triaxial tests (CU) with pore pressure measurements and
. Load-unload-reload consolidation tests

The abovementioned tests were not carried out due to time and budget constraints.

Table 17: Rock mass properties of Kalahari units

Rockmass Properties Calcrete CRIZ c:, We_ﬁtl::ged Tillite | Manganese
Unit Weight (MN/m?) 0,0216 | 0,0194 0,0265 0,0265 0,0412
Poisson's Ratio 0,38 0,20 0,20 0,20 0,25
Intact Young's Modulus (E) (MPa) 9900 75 23600 40700 66300
Intact Compressive Strength 20,7 2,95 49,5 74,7 170,8
(MPa)
Geological Strength Index 37 - 45 54 57
Intact Rock Constant (mi) 5 - 9 10 20
k (MPa) (Drucker Prager) - 0,02 - - -
q (Drucker Prager) - 0,5 - - -

For the weathered tillite, fresh tillite and manganese, large scale convergence or failure of
the model is not expected. Failure is expected in the weak units of calcrete and clay. This
section focuses on the results of the weak formations.
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441 Rocscience RS2
4.4.1.1 Displacement
In the case of calcrete the model incurred a maximum deformation 0.0022 m and a plastic

yield of 4.7 m as shown in Figure 40.

The clay experienced a greater extent and magnitude of deformation than calcrete, as
expected. The model incurred a maximum deformation of 0.71 m and a plastic yield of 10.3
m as shown in Figure 41.

Page | 66



Total
Displacement

min (all): 0.000000 m
min (stage): 0.000000 m
0.000000

0.000220
0.000440
0.0006€0
0.000880
0.001100
0.001320
0.001540
0.001760
0.001580

0.002200
max (stage): 0.002115 m
max (all): 0.002116 m

X Shear
o Tension

Figure 40: Total displacement in Calcrete zone
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4.4.1.2 Support Design

RS2 has an inbuilt ability to test suggested support system designs for excavations. Support
capacity plots were used to evaluate the liner thickness requirements. Design FOS values
of 2.1 and 1.75 were used for unreinforced and reinforced concrete liner. The minimum
permanent support requirements were a 300 mm thick, 30 MPa UCS concrete liner. The
support capacity plot of a 300 mm thick, 30 MPa concrete liner in clay is shown in Figure
42. The plot shows that the liner meets the design FOS of 2.1 for unreinforced concrete.
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Figure 42: Support Capacity plot for a 300 mm liner in Clay
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Swelling pressure is a potential risk in clay. The concrete liner support was assessed for
different swelling pressures. The results of the assessment are shown in Figure 43.

FOS vs Swelling

14

Factor of Safety

Design FOS - Unreinforced Lining: 2.1 —

Design FOS- Reinforced Lining: 1.75

0 0.5 1 15 2 25
Swelling Pressure (MPa)

—— 300 mm Thick Lining 400 mm Thick Lining

500 mm Thick Lining

Figure 43: FOS vs Swelling Pressure for the different liner thickness in Clay.

From Figure 43, the 300 mm thick, 30 MPa UCS concrete liner fails to meet the unreinforced
liner FOS of 2.1, at a swelling pressure of 1.6 MPa. For the 400 mm thick liner, it fails at a
swelling pressure of more than 2.0 MPa. The 500 mm thick liner can withstand a swelling
pressure in excess of 2.2 MPa. The support capacity plots for a 300 mm thick concrete liner

in clay at 1.6 MPa swelling pressure is shown in Figure 44 and the plot for a 400 mm liner
at 2.2 MPa is shown in Figure 45.
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Figure 44: Support Capacity plot for a 300 mm liner in Clay at a Swelling Pressure of 1.6.
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Figure 45: Support Capacity plot for a 400 mm liner in Clay at a Swelling Pressure of 2.2.
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44.2

The benefit of using a reinforced concrete liner as compared to an unreinforced concrete
liner was assessed by evaluating a 500 mm thick, 30 MPa UCS liner at a swelling pressure
of 2.2 MPa. The results of the assessment are shown in Figure 46. From the figure, there
is no benefit in using a reinforced liner as compared to an unreinforced liner. The project
owner has the honor of deciding on the reinforcement requirements, reinforced or
unreinforced liner.

FOS of 500mm at 2.2 MPa

2.45

2.35
@)
O 225
=
> Design FOS -
@ 215 Unreinforced Lining: 2.1
& 2.05
©
5 1.95
S

L2 Design FOS-

165 Reinforced Lining: 1.75

0 10 20 30 40 50 60 70 80 90 100
Data
—— Unreinforced Lining FOS Reinforced Lining FOS

Figure 46: Reinforced liner vs Unreinforced liner FOS
Rocscience RS3

In the case of calcrete, it was found that the total displacement predicted by the RS2 model
is 57% more than the displacement of the RS3 model. The total displacement predicted by
RS3 model was 0.0014 m and the RS2 model predicted 0.0022 m.

The clay incurred a total displacement of 0.45 m in the RS3 model and 0.71 m in RS2. This
is 58% more than the displacement of the RS3 model. Such a difference in simulation
results may be mainly due to the different types of model elements. RS2 used 6 Noded
Triangles and RS3 uses 10 Noded Tetrahedral elements. The total displacement of clay is
shown in Figure 47.
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4.5

4.6

4.6.1

Recent Tunnelling Works: Ventilation Shaft

The project used as a case study in this section is the development of a ventilation shaft
whose geological and geotechnical environment has been already discussed. The
groundwater control measures implemented prior to shaft sinking were evaluated during the
excavation of the shaft. The shaft was logged daily, and the following was observed:

° The temporary support of oscillator piles installed in the Kalahari sands was effective
in minimising the risk of the shaft walls caving in during sinking (Figure 26).

. The temporary support of ARMCO ring barriers used in the clay section was effective
in providing areal coverage and maintaining the structural integrity of the shaft.

° Minimum water inflow was experienced in the shaft during sinking due to the ground
control measures implemented.

The planned average advance rate of 1.2 m per day was achieved in the red clay, and
excavation of the shaft was completed within the proposed schedule without any setback.
No major water inflow was reported.

Implication on Future Projects

The detailed review of the geological and geotechnical settings and review of recent
experience in tunnelling within the Kalahari formation allows for an evaluation of current
excavation methods and the development of recommendations for future works. In similar
projects in the Kalahari, cave in failure has been reported in the red clays due to hydration.
The concrete lining has also failed in the red clay in a recent shaft sinking project not
reviewed in this study. At Black Rock mines, no tunnelling project reported surface
subsidence for the length of the decline, indicating that though the projects encountered
several setbacks and recently stability issues, the ultimate goal of stability is still being met.

Key Lessons from Recent Project

The recent tunnelling project reviewed provides key lessons upon which future projects may
build in order to improve tunnelling progress and limit setbacks.

. Detailed geotechnical investigations are of supreme importance in the development
of a tunnel design. Geotechnical boreholes should be drilled to intercept the proposed
excavation location as a minimum requirement. All the data obtained from the
investigation must be incorporated into the design.

o A method to mitigate the adverse effect of groundwater inflow should be incorporated
into the design. An impermeable curtain around the tunnel or shaft will not only
prevent groundwater inflow but also strengthen the weak rock masses by improving
cohesion.

. The medium through which a tunnel passes largely controls the water inflows and in
transitioning from calcretes/ conglomerates to red clay, water inflow changes
drastically. Most of the water is contained in the gravels and conglomerates and on
the interception of these lithologies dewatering measures must be modified to improve
removal of the increased water quantities.
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When passing through the different lithologies, variable temporary support measures
are required, and ability to easily change and install the appropriate support would be
beneficial, so as not to slow down the tunnel advance rate.

Shaft sinking experience has a significant impact on advance rates in challenging
ground, and experienced operators should at least be available for consultation when
inexperienced operators are used.

Dry months, though challenging for workers, were thought to have greatly reduced
water inflows which was critical for shaft sinking. The projects must be planned in
such a way that possible water intersections are excavated in the dry season.

Page | 77



CONCLUSIONS AND RECOMMENDATIONS

The impact of weak Kalahari formation on the design and tunnelling of structures is
significant for both large scale and small-scale excavations. Currently, tunnel design and
support is based on experience and empirical methods. The work carried out in this report
focused on the impact of the Kalahari geotechnical environment on a small-scale project.
The work also involved the use of a concrete lining design FOS in the assessment of support
requirements. The effect of swelling pressure on the concrete lining in clay was assessed
by applying a varying uniform load on the concrete liner and using support capacity plots to
determine the FOS. Conclusions have been drawn from the use of unreinforced and
reinforced concrete liner design FOS.

The major conclusion from the research is that the Kalahari rock masses present unique
challenges to empirical designs and tunnelling methodologies with special considerations
regarding swelling clay. Excavation sizes, geotechnical and geohydrological properties, and
failure mechanisms all influence the initial stability of an excavation and the required support
systems to maintain stability. Excavations through weak and challenging ground conditions
are often evaluated with numerical models to better understand and predict expected
conditions. The following is concluded on support design using numerical models:

. A design criterion for the unreinforced and reinforced long-term concrete liner is
presented. Support capacity plots are easy to interpret, and they are a powerful tool
for the designer.

. For the weak Kalahari rock masses, 2D modelling may result in a large deviation from
the 3D results as shown by the total displacement of the RS2 models which is 1.6
times those obtained with RS3. The lower the strength of the weak formation the
larger the deviation will be.

. For RS2 to be realistically used for analysing the effects of a weak formation which is
perpendicular to the tunnel, the thickness of the zone has to be much wider than the
excavation span.

° Using 2D models, it is a challenge to establish the stage for liner installation, using
the core softening method. It is difficult to define the amount of deformation before the
installation of the liner. Computing displacement prior to support installation using the
Vlachopoulos and Diederichs (2009) method is not easy. If support is installed close
to the face a higher support demand is required, therefore overestimating the liner

thickness.
. There is no significant difference between the reinforced and unreinforced liner FOS.
o Swelling pressure may considerably increase the support demand on a liner and is

simplified as a uniform load on the excavation in the model. The loading on the tunnel
liner support is far less than its compressive strength, even for an unreinforced
concrete liner. This suggests that the Kalahari weak formations may be excessively
supported when the swelling clay is not very active.

° The laboratory results of swelling pressure and free swelling tests indicate the relative
swelling potential, which is valuable for the evaluation of potential stability problems
and tunnel support design. The swelling pressure measured in the laboratory is not
representative of the in situ swelling pressure on tunnel support. This presents a
challenge as to which maximum swelling pressure to use in the support evaluation.
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It is critical that the expected failure mode of the rock mass be adequately captured
in the model. The appropriate constitutive failure model applicable to clay should be
used for the correct evaluation of support.

The following is recommended for future projects:

Due to the geological history of the Kalahari manganese field, the lithology is highly
variable in nature, from cohesionless aeolian sands of the Gordonia Formation, red
clay and relatively weak weathered formations to competent Cox formation
(manganese). These rock units are significantly interfingered, laterally and vertically
discontinuous. For each tunnelling project, it is important to complete a detailed site
investigation, including geotechnical strength laboratory testing to determine the
variation of in situ material properties. A significant number of samples should be
collected and sent for the appropriate type of test to determine the correct parameter
for assessment in the design process used to identify potential risks.

Due to the presence of water-bearing rock mass formations, water inflow or discharge
into the excavations can be catastrophic. A detailed hydrogeological investigation to
gain an understanding of the pore water and groundwater conditions expected during
shaft sinking must be done. To avoid setbacks related to water control, tunnelling in
the red clays and water-bearing strata must be scheduled in the dry months of the
year.

Due to the discontinuous nature of the formations, it is important to always allow a fair
amount of variability into the expected conditions during the excavation design
process. Itis important for contractors to use and incorporate the information provided
by the geotechnical reports in the selection of the method of excavation and
equipment for the project. The method of excavation must be tailor-made for each
project and must not be a copy and paste exercise.

Due to the fact that, the Red Clay deteriorates on exposure to the atmosphere and
water, it is important that work stoppages in this horizon are avoided.

For tunnel support estimation in the weak Kalahari formation containing swelling clay, it is
recommended to follow the flow chart shown in Figure 48 as a complement to empirical
design. Empirical design is not sufficient since swelling effects are not fully accounted for in
the Q-system or other commonly used rock mass classification systems.

Suggested areas for further research into the use of the 3D model include the comparison
of 2D and 3D model support requirements in the weak formations. Additional studies
evaluating the RS2 and RS3 models available in alternative numerical software, including
but not limited to Itasca software (FLAC, FLAC3D, UDEC and 3DEC), are highly
recommended.
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SAMPLING

Client: Page (s):
Site: Black Rock Sample type: Rock/ Soil
Project No: 120266 Sample date:
Logged by: Submission date:
Sample Interval
From To Sample No Borehole No Lithology Test Rocklab Civilab
8.00 11.00 78 GLV-01 Kalahari Sand ALT & Grading Analyses X
16.00 17.00 79 GLV-02 Kalahari Sand ALT & Grading Analyses X
25.00 26.00 80 GLV-03 Kalahari Sand ALT & Grading Analyses X
29.82 30.12 81 GLV-04 Calcrete ucs X
32.00 35.00 82 GLV-05 Kalahari Sand ALT & Grading Analyses X
41.27 41.45 83 GLV-06 Conglomerate ucs X
59.10 60.02 84 GLV-07 Red Clay ALT & Grading Analyses X
73.45 73.72 85 GLV-08 Calcrete ucs X
85.70 85.90 86 GLV-09 Calcrete ucs X
97.15 97.50 87 GLV-10 Weathered Tillite ucs X
101.36 101.74 88 GLV-11 Slightly Weathered ucs X
Tillite
104.12 104.40 89 GLV-12 Tillite ucs X
107.35 107.57 90 GLV-13 Tillite ucs X
164.68 165.00 91 GLV-14 Manganese ucs X
ALT = Atterburg Limits Test




Appendix B: Laboratory Test Results




TABLE 2 RESULTS OF UNIAXIAL COMPRESSIVE STRENGTH TESTS WITH MODULUS & POISSON'S RATIO ROCKIAB
MEASUREMENTS BY MEANS OF STRAIN GAUGES o7 SRS PIATD
Tel: 0124813894
Fax: 0124813812
E-mail: Chenj@rocklab.co.za
Client: TWP Projects (Pty) Ltd. Sampling Location:
16-Jul-10
SPECIMEN PARTICULARS SPECIMEN DIMENSIONS SPECIMEN TEST RESULTS
Rocklab Borehole Sample Sample Rock Diameter | Height | Ratio of Mass Density Failure | Strength | Tangent Secant Poisson's | Poisson's Linear |Failure
Specimen depth Height Load (UCS) Elastic Elastic Ratio Ratio Axial Note
No No No Type to Modulus Modulus Tangent Secant Strain at | Code
From... To... Diameter @ 50% UCS | @ 50% UCS | @ 50% UCS | @ 50% UCS | Failure
3992- m mm mm g g/lcm? kN MPa GPa GPa mm/mm
UCM-02 LEX 1A LEHO02 296.47 - 296.90 BIF 47.68 120.91 2.5 745.7 3.45 937.4| 525.0 114.0 113.0 0.19 0.17 0.004605 | YB
UCM-10 LEX 1A LEH10 311.99 - 312.37 BIF 47.66 124.95 2.6 1013.8 4.55 522.4| 292.8 135.0 135.0 0.27 0.26 0.002194 | 2B
UCM-39 LEX6 LEH39 240.46 - 240.85 BIF 47.57 121.96 2.6 875.6 4.04 948.1] 533.5 162.0 159.0 0.24 0.24 0.003447 | YB
UCM-17 LEX3 LEH17 259.09 - 259.70 Manganese | 47.58 123.58 2.6 976.5 4.44 318.5| 179.1 89.0 83.1 0.27 0.24 0.002096 1B
UCM-22 LEX3 LEH22 264.53 - 264.82 Manganese | 47.52 123.60 2.6 932.7 4.25 288.3| 162.6 717 65.2 0.23 0.20 0.002620 1B
UCM-44 LEX5 LEH44 316.69 - 316.93 | Manganese 47.49 124.55 2.6 913.2 4.14 327.2| 184.7 69.2 67.4 0.32 0.26 0.002870 | YA
UCM-46 LEX5 LEH46 318.90 - 319.44 | Manganese 47.85 125.97 2.6 931.9 4.11 278.3| 154.8 60.5 59.9 0.48 0.33 0.002876 | 3B
UCM-26 LEX4A LEH26 289.08 - 289.55 47.26 126.90 2.7 502.2 2.66 102.6| 58.5 23.9 24.2 0.17 0.14 0.002432 | XA
UCM-27 LEX4A LEH27 292.71 - 293.06 47.46 127.10 2.7 613.9 2.73 142.5| 80.6 44.4 41.9 0.25 0.20 0.002045 | XA
UCM-33 LEX6 LEH33 224.56 - 224.82 47.44 124.16 2.6 596.7 2.72 407.0] 230.3 53.5 58.7 0.34 0.30 0.004521 | XB
UCM-34 LEX6 LEH34 229.70 - 230.00 47.42 127.29 2.7 596.9 2.66 112.8] 63.9 19.5 20.4 0.21 0.15 0.003402 | XA
UCM-40 LEXS LEH40 303.60 - 303.90 Red Shale 47.27 125.43 257 815.4 3.70 464.1| 264.5 55.9 59.4 0.37 0.31 0.005047 | YA
UCM-41 LEX5 LEH41 304.58 - 304.74 Red Shale 47.50 124.69 2.6 764.3 3.46 459.0] 259.0 72.6 76.8 0.31 0.28 0.003625 | YA
UCM-42 LEX5 LEH42 304.88 - 305.06 Red Shale 47.56 123.95 2.6 808.6 3.67 400.6| 225.5 87.3 90.4 0.28 0.26 0.002593 | YA

Note: All tests were conducted according to the ISRM's specfications.




TABLE 2

RESULTS OF UNIAXIAL COMPRESSION TESTS WITH ELASTIC MODULUS AND POISSON RATIO MEASUREMENTS BY MEANS OF STRAIN GAUGES

ROCKWAB

MBON OF S0RLAS PTTIATS

Tel:

0124813894

Fax: 0124813812
E-mail: Chenj@rocklab.co.za

Client: TWP Projects Sampling site: Black Rock
27-06-2012
SPECIMEN PARTICULARS SPECIMEN DIMENSIONS SPECIMEN TEST RESULTS
Rocklab Borehole Sample Depth Depth Rock Diameter| Height | Ratio Mass Density | Failure | Strength | Tangent Secant Poisson's | Poisson's Linear Failure
Specimen of Height Load (UCS) Elastic Elastic Ratio Ratio Axial Note
No No No. From To Type to Modulus | Modulus | Tangent Secant Strain at | Code
diameter @50% UCS | @50%UCS | @50%UCS | @50%UCS Failure
4878- m m mm mm g g/cm? kN MPa GPa GPa mm/mm
UCM-30 30 20.28 20.68 Calcrete 82.37 123.9 1.5 1384.4| 2.10 302.7 56.8 7.8 9.9 0.20 0.14| 0.007628| YA
UCM-31 31 41.80 42.30 Calcrete 81.00 145.4 1.8 1586.7] 2.12 44.0 8.5 2.1 3.1 0.31 0.17| 0.003656| 6B
UCM-37 37 98.50 99.00 Calcrete 61.37 129.2 2.1 971.8| 2.54 97.2 32.9 22.3 25.7 0.62 0.37| 0.001573| XA
UCM-38 38 104.15 104.65 Siltstone 61.12 95.9 1.6 629.3| 2.24 17.4 5.9 3.5 3.0 0.11 0.11]| 0.002365| XB
UCM-41 GL129-VMS 41 146.15 146.65 Tillite 61.10 86.9 1.4 666.3| 2.61 317.2 108.2 24.8 21.9 0.15 0.10| 0.004664| XB
UCM-43 43 203.00 203.40 te 50.21 128.7 2.6 690.9| 2.71 184.2 93.0 36.9 39.5 0.23 0.18]| 0.002721| XA
UCM-45 45 227.00 227.57 Ironstone 50.50 93.9 1.9 685.3| 3.64 1098.0 548.2 121.0 125.0 0.25 0.21| 0.004493| YB
UCM-54 54 310.71 311.11 Ironstone 50.39 131.3 2.6 998.4| 3.81 1095.0 549.1 105.0 108.0 0.28 0.25| 0.005181| YB
UCM-56 56 356.82 357.37 Andesite 49.95 138.0 2.8 796.2| 2.94 506.3 258.4 87.0 89.7 0.25 0.28| 0.002919| YA
UCM-57 57 397.78 398.35 Andesite 49.83 129.6 2.6 739.6| 2.93 469.1 240.5 83.8 86.3 0.29 0.28| 0.002938| YA
UCM-58 58 106.65 107.15 Siltstone 63.13 48.7 0.8 299.0| 1.96 13.6 4.3 0.4 0.4 0.25 0.16] 0.011036| XB
UCM-59 59 115.40 115.90 Siltstone 57.98 58.4 1.0 314.4| 2.04 31.7 12.0 1.3 1.4 0.29 0.34| 0.007692| XB
UCM-62 GL130-VVS 62 154.52 155.15 Tillite 60.87 157.8 2.6 1232.7| 2.68 275.9 94.8 39.6 43.4 0.35 0.24| 0.002332| YA
UCM-63 63 172.44 172.98 Tillite 50.37 121.0 24 643.1| 2.67 149.7 75.1 41.0 45.7 0.24 0.24| 0.002106| YA
UCM-69 69 252.34 252.85 Banded Ironstone 50.71 119.2 2.4 797.0] 3.31 1045.0 517.4 106.0 84.9 0.19 0.13| 0.005646| YB
UCM-75 75 14.35 14.77 Andesite 49.80 130.7 2.6 734.6| 2.89 624.1 320.4 78.0 81.4 0.28 0.27| 0.004143| YB
UCM-76 | N100-VMS-UG 76 41.56 42.08 Andesite 50.04 133.7 2.7 766.7| 2.92 482.4 245.3 77.3 81.8 0.30 0.28| 0.003161| 2B

Note: All tests were conducted according to the ISRM's Specification.




TABLE 1 RESULTS OF UNIAXIAL COMPRESSIVE STRENGTH TESTS ROCKIAB
Tel. 0124813894
Fax: 0124813812
E-mail: Chenj@rocklab.co.za
Client: TWP Sampling Site: Kalahari
30-04-2013
SPECIMEN PARTICULARS SPECIMEN DIMENSIONS SPECIMEN TEST RESULTS
Rocklab [Borehole Depth Depth Rock Diameter | Height Ratio of Mass Density | Failure | Strength | Failure
Specimen Height to Load (UCS) Note
No. ID From to Type Diameter Code
5286- m m mm mm g g/cm?® kN MPa
UCS-01 | GLV-04 29.82 30.12 Calcrete 83.59 156.4 1.9 | 2154.30 2.51 198.50 36.2] XA
UCS-02 | GLV-06 41.27 41.45 Conglomerate 60.83 122.2 2.0 845.67 2.38 19.46 6.7] XA
UCS-03 | GLV-08 73.45 73.72 Calcrete 61.10 98.2 1.6 609.75 2.12 31.82 10.9] XB
UCS-04 | GLV-09 85.70 85.90 Calcrete 50.32 134.0 2.7 658.00 2.47 59.68 30.01 XA
UCS-05 | GLV-10 97.15 97.50 Weathered Tillite 50.35 133.6 2.7 563.53 2.12 12.09 6.1] XB
UCS-06 | GLV-11 101.36 101.74 |Slightly Weathered Tillite 50.10 132.4 2.6 607.69 2.33 34.18 17.3] XB
UCS-07 | GLV-12 104.12 104.40 Tillite 50.38 139.1 2.8 652.99 2.35 45.22 22.7] XB
UCS-08 | GLV-13 107.35 107.57 Tillite 50.36 118.1 2.3 558.84 2.38 39.17 19.7] XA
UCS-09 | GLV-14 164.68 165.00 Manganese 50.55 106.0 2.1 781.18 3.67 | 788.08 392.7] YA
Note:  All tests were conducted according to the ISRM's (International Society for Rock Mechanics) specification.




TABLE 1

Client:

RESULTS OF UNIAXIAL COMPRESSION STRENGTH TESTS

TWP Projects (Pty) Ltd.

Site:

ROCKIAB
pbp—
Tel: 0124813894
Fax: 012481 3812

E-mall: Chenj@rocklab.co.za

21-07-10

SPECIMEN PARTICULARS

SPECIMEN DIMENSIONS

SPECIMEN TEST RESULTS

Rocklab | Borehole | Sample Depth Rock Diameter | Height | Ratio Mass Density | Failure | Strength |Failure
Specimen of Height Load (UCS) Note
No No No From.. To.. Type to Code
diameter
3992- m mm mm g g/lcm?® kN MPa
UCS-01 LEX 1A LEHO1 | 291.91-292.18 Tillite 47.68 117.06 2.5 562.3 2.69 179.9 100.8] XA
UCS-15 LEX 3 LEH15 | 250.70 - 251.00 Tillite 47.40 124.35 2.6 606.9 2.77 433.0 245.4| YA
UCS-26 | LEX4A LEH26 | 289.08 - 289.55 Tillite 47.32 123.12 2.6 574.2 2.65 130.5 742 1B
UCM-34 LEX6 LEH34 | 229.70 -230.00 Tillite 47.42 127.30 2.7 596.9 2.65 112.8 63.9] XA
UCS-05 | LEX1A LEHO5 | 301.45-301.82 BIF 47.66 122.57 2.6 1040.2 4.76 4101 229.9| XB
UCS-06 | LEX1A LEHO6 | 302.18 - 302.46 BIF 47.64 124.54 2.6 1049.5 4.73 782.8 439.1| YB
UCS-24 LEX 3 LEH24 | 267.82 - 267.98 BIF 47.52 124.65 2.6 1057.0 478 440.3 248.2| 2B
UCS-48 LEXS LEH48 | 321.30 - 321.46 BIF 48.11 121.95 2.5 1038.0 4.68 256.0 140.8| 2B
UCS-32 LEX4A LEH32 |305.88 - 306.149| Manganese 47.48 125.27 2.6 940.6 4.24 229.7 129.7| 2B
UCS-43 LEX5 LEH43 | 313.35-313.58 | Manganese 47.62 123.80 2.6 992.5 4.50 398.7 223.9] XB
uCcs-47 LEXS LEH47 | 319.44 - 319.70 | Manganese 47.79 125.01 2.6 917.8 4.09 268.6 149.8| XA
UCM-46 LEX5 LEH46 | 318.90 - 319.44 | Manganese 47.85 126.00 2.6 931.9 4.11 278.3 154.8| 3B
Note: All tests were conducted according to the ISRM's Specification.
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A SANAS accredited testing laboratory No T0062
36/38 Fourth Street, Booysens Reserve, Johannesburg 2091
P O Box 82223, Southdale 2135
Tel: +27 (0)11 835-3117 « Fax: +27 (0)11 835-2503

Email: jhb@civilab.co.za « Website: www.civilab.co.za

Civilab

civil Engineering Testing Laboratories

Foundation Indicator Test Data

Project BLACK ROCK
Project No. 1039/F42/04/2012 [Date |4 May 2012
Sample No. 1203 1204 Sample No. 1203 1204
Field Ref. No. |GL 130 VVS|GL 130 VVS %Gravel 7 0
Depth 2.0-8.25 |14.28-15.78 %Sand 78 82
Sieve size %Passing |% Passing |% Passing %Silt 11 14
75 100 100 %Clay 5 5
63 100 100 NMC % Not Tested 14.6
53 100 100 Liquid Limit SP SP
37.5 100 100 Plasticity
26.5 100 100 Index SP =P
19.0 100 100 Linear Shrink. 1. 1.
13.2 100 100 Overall P.1. SP SP
4.75 97 100 Grading
2.00 93 100 Modulus ik 0.84
0.85 91 100 H.R.B. A-2-4 (0) A-2-4 (0)
0.425 86 95 Unified SM SM
0.250 76 83 Weston swell
0.150 47 56 (%) at 1 kPa
0.075 18 21 Analysis as per method D422 of ASTM of 1985
0.04 12 15 The results reported relate only to the
0.02 10 13 samples tested.
0.006 8 10 Documents may only be reproduced or
0.002 5 5 published in their full context.
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Civilab

Civil Engineering Testing Laboratories

Foundation Indicator Test Data

Project BLACK ROCK
Project No. 1039/F42/04/2012 [Date [11 May 2012
Sample No. 1205 1206 Sample No. 1205 1206
Field Ref. No. |GL 130 VVS|GL 130 VVS %Gravel 0 2
Depth 19.53 - 20.28|24.28 - 25.28 %Sand 83 6
Sieve size %Passing |% Passing [% Passing %Silt 12 40
75 100 100 %Clay 5 52
63 100 100 NMC % 11.4 31.2
53 100 100 Liquid Limit SP 85
37.5 100 100 Plasticity
26.5 100 100 Index SP 50
19.0 100 100 Linear Shrink. 1. 20.5
13.2 100 100 Overall P.1. SP 48
4.75 100 99 Grading
2.00 100 98 Modulus G50 0.12
0.85 100 97 H.R.B. A-2-4 (0) | A-7-5(20)
0.425 96 96 Unified SM CH
0.250 84 95 Weston swell 125
0.150 60 95 (%) at 1 kPa '
0.075 19 94 Analysis as per method D422 of ASTM of 1985
0.04 14 88 The results reported relate only to the
0.02 11 79 samples tested.
0.006 9 . 59 Documents may only be reproduced or
0.002 5 52 published in their full context.
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Civilab

Civil Engineering Testing Laboratories

Foundation Indicator Test Data

Project BLACK ROCK
Project No. 1039/F42/04/2012 [Date [11 May 2012
Sample No. 1207 1208 Sample No. 1207 1208
Field Ref. No. |GL 130 VWWS|GL 130 VWS %Gravel 1 0
Depth 81.28 - 82.28| 61.0-62.0 %Sand 11 17
Sieve size %Passing |% Passing |% Passin %Silt 40 32
75 100 100 %Clay 48 51
63 100 100 NMC % 25.0 34.8
53 100 100 Liquid Limit 63 83
37.5 100 100 Plasticity 31 50
26.5 100 100 Index
19.0 100 100 Linear Shrink. 17. 18.
13.2 100 100 Overall P.1. 30 50
4.75 100 100 Grading
2.00 99 100 Modulus 0.13 0.18
0.85 98 100 H.R.B. A-7-5 (20) [ A-7-5(20)
0.425 97 99 Unified MH CH
0.250 95 96 Weston swell
0.150 93 89 (%) at 1 kPa 6.3 10.0
0.075 91 83 Analysis as per method D422 of ASTM of 1985
0.04 83 83 The results reported relate only to the
0.02 78 75 samples tested.
0.006 62 59 Documents may only be reproduced or
0.002 48 51 published in their full context.
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Civilab

Civil Engineering Testing Laboratories

Foundation Indicator Test Data

Project BLACK ROCK
Project No. 1039/F42/04/2012 |Date [11 May 2012
Sample No. 1209 1210 1210A  ||Sample No. 1209 1210 1210A
Field Ref. No. [ N 100 VMS | N 100 VMS | N 100 VMS %Gravel 0 0 0
Depth 66.48 - 67.38|74.28 - 75.18(74.28 - 75.1§ %Sand 3 5 6
Sieve size %Passing |% Passing [% Passin %Silt 33 43 43
75 100 100 100 %Clay 64 52 51
63 100 100 100 NMC % 21.7 Not Tested | Not Tested
53 100 100 100 Liquid Limit 94 64 61
37.5 100 100 100 Plasticity
26.5 100 100 100 Index = l 35
19.0 100 100 100 Linear Shrink. 18. 17. 18.
13.2 100 100 100 Overall P.1. 53 37 35
4.75 100 100 100 Grading
2.00 100 100 100 Modulus %08 0.04 0.05
0.85 100 100 100 H.R.B. A-7-5 (20) | A-7-6 (20) | A-7-6 (20
0.425 100 100 100 Unified MH CH CH
0.250 99 100 99 Weston swell 523
0.150 99 99 98 (%) at 1 kPa '
0.075 98 96 96 Analysis as per method D422 of ASTM of 1985
0.04 95 92 91 The results reported relate only to the
0.02 90 82 82 samples tested.
0.006 72 62 62 Documents may only be reproduced or
0.002 64 52 51 published in their full context.
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Foundation Indicator Test Data
Project BLACK ROCK
Project No. 1039/F42/04/2012 [Date [11 May 2012
Sample No. 1211 Sample No. 1211
Field Ref. No. | N 100 VMS %Gravel 1
Depth 89.28 - 90.18 %Sand 15
Sieve size %Passing |% Passing [% Passing %Silt 55
75 100 %Clay 28
63 100 NMC % Not Tested
53 100 Liquid Limit 59
37.5 100 Plasticity 32
26.5 100 Index
19.0 100 Linear Shrink. 14.
13.2 100 Overall P.1. 32
4.75 99 Grading 015
2.00 99 Modulus '
0.85 98 H.R.B. A-7-6 (20)
0.425 97 Unified CH
0.250 95 Weston swell
0.150 92 (%) at 1 kPa
0.075 89 Analysis as per method D422 of ASTM of 1985
0.04 73 The results reported relate only to the
0.02 58 samples tested.
0.006 38 Documents may only be reproduced or
0.002 28 published in their full context.
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Appendix C: Early Tunnelling Projects

Inspection
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Appendix D: Derivation of Drucker Prager

Constants




Calculating Drucker-Prager strength parameters from Mohr-Coulomb strength
parameters for use in Phase2:

For associated flow:

_ sing ccos¢
LR 1,
1+ ~sin? 1+ ~sin?
3 ¢ 3 ¢

For non-associated flow (O dilatancy):

k =

g=sing k = ccos¢g
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