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EXECUTIVE SUMMARY 

A detailed examination and analysis of SRA monitoring data was conducted. In 
spite of the high volume of field observations, there exists significant 
uncertainties in the ground movements; primarily because the measurements 
commenced only after significant damage was registered on the structure. The 
analyses do show with some certainty that the ground in the vicinity of the 
structure had undergone uplift and the distance between the two abutments 
had shortened. The inclinometers indicate significant relative movement 
beneath the floor of the valley. These findings indicated that the Hargraves 
Fault, located beneath the viaduct, may have contributed to the viaduct 
impairment. 

The viaduct has suffered some degradation due to "ageing" and the additional 
loads due to electrification and increased ballast. The damage suffered by the 
Lapstone Viaduct confirms that such damage can become significant, but 
unlikely to be debilitating. It is concluded from analyses that the mechanisms 
of self-destruction and slope mobilisation did not play a major role in the 
impairment of the Stanwell Park Viaduct. 

Three-dimensional numerical stress analyses were performed to quantify the 
influence of mining on the area surrounding the viaduct. The interaction 
between mining and high horizontal stresses was proposed as the most likely 
explanation of the impairment by several experts. The numerical stress 
analysis reveals that this scenario does not produce anywhere near enough 
displacement to have caused the damage to the viaduct. Thus, the existence 
of the valley, even in the presence of high horizontal stresses, is not sufficient 
to cause damage to the viaduct. 

The interaction between the Hargraves Fault, mining and horizontal stresses 
was raised as an additional mechanism in this study. The recognition of the 
role that the Hargraves Fault may have played has altered the possible 
outcome of the investigation. The numerical studies appear to explain, at least 
qualitatively, most of the phenomenon observed on and in the vicinity of the 
viaduct. The uplift of the surface, the closure of the two sides of the viaduct, 
that is the crucial elements of ground movement that have been identified as 
the main culprits in the impairment, are all there. 

Thus it seems that a combination of a major fault, horizontal stresses and some 
mining in the neighbourhood is required to explain the impairment of the 
viaduct. It is important to note that while the viaduct did suffer some 
deterioration due mainly to "ageing", and additional loads, it probably would 
have provided uninterrupted service if mining activity did not take place in the 
area. 
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1. 	INTRODUCTION 

1.1 Background 
fl 

The Stanwell Park Viaduct over Stanwell Creek, which is owned and operated 
by City Rail, State Rail Authority of NSW (SRA) was seriously damaged during 
1985. The first damage was reported on 14 August 1985, although some 
impairment was noted earlier in July 1983. The viaduct had to be taken out of 
commission for a period and could only be put back into service after 
considerable repair work. The damage was sufficiently serious to require the 
replacement of Span 6 of the eight spans of the structure. Significant repairs 
had to be carried out on Span 4 as well. After some earlier but relatively minor 
cracking, the major damage to Span 4 occurred in February 1986, that is, after 
the cutting and demolishing of Span 6 during the early part of the previous 
month. In addition, fairly extensive remedial work had to be carried out on 

other parts of the viaduct. 

On 24 March 1986, the SRA submitted a claim for damages to the Mine 
O 	Subsidence Board (Board). The Board engaged two experts, Drs W.A. Kapp 

and L. Holla to investigate the substance of the claim. As the viaduct was 
protected by a conventionally sized pillar, both consultants reported that it is 
highly unlikely that the cause of the damage was mining induced subsidence. 
They argued that the pillar ensured that coal extraction was kept a sufficiently 
large distance away from the structure, therefore, mining induced ground 
movement was negligible at the location of the viaduct. The Board accepted 
the conclusion of these reports and rejected the claim of the SRA, in December 
1985. The State Rail Authority expressed concern with respect to this decision. 
However, the Board stood firm and reconfirmed its rejection in March 1987, but 
agreed for the SRA to make a technical presentation on its interpretation of the 
event that led to the impairment of the viaduct. 

After the presentation in May 1987, the SRA requested access to the technical 
basis for the Board's refusal of the claim. In July 1987 the Board reviewed the 
case and did not agree to the release of the consultants' reports, but agreed to 
form a Working Party consisting of representatives from the Board, Department 
of Minerals and Energy, Chief Inspector of Coal Mines, the mining companies 
and the State Rail Authority. The Working Party met on six occasions, but it 
was unable to reach a consensus on the technical issues in dispute. The 
Board dissolved the Working Party in July 1989. 

In March 1989 the Board, presumably seeing the lack of progress by the 
Working Party, already agreed to engage the services of Coffey and Partners 
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(CAP) and again of Dr L. Holla with the request that the old and new 
information be re-evaluated. The reports of both CAP and Dr Holla were 

received in July 1989. 

Dr Holla, while still dismissing two of the SRA's three possible mechanisms 
through which mining, according to the Authority, may have damaged the 
viaduct, concedes that their third hypothesis might have to be accepted as the 
possible cause of the impairment. The third mechanism invokes the presence 
of high pre-existing horizontal stresses that were disturbed by mining causing 
unusual ground movements. The report by Coffey and Partners concludes 
unequivocally that mining was responsible for the damage of the viaduct. 

After a consideration of these reports, the Board decided to engage one of the 
present authors, M.D.G. Salamon, to review the situation. It was stated in the 
Consultant's Brief (20 March 1992) that the consultant is required to (i) make 
an independent assessment of all relevant reports and technical information 
and (ii) if necessary, recommend a course of action to substantiate any 
conclusions by mathematical modelling or other proven demonstration 
techniques. The report arising from this investigation was submitted in early 

November 1992. 

1.2 	Conclusions and Recommendations of the Salamon Report 
S 

In order to establish the appropriate background to the present report it will not 
be out of place to restate the conclusions and recommendations of the 
November 1992 report. Let us start with the conclusions first. 

1. 

	

	The viaduct by 1983 had suffered some impairment due most likely to 
non-external causes. 

The cause of both initial and subsequent major damage was longitudinal 
compression and, possibly, pier uplift. 

The damaging longitudinal compression was associated with an inward 
relative movement of the abutments. 

"Normal" or "conventional" mining subsidence was not responsible for 
the damage. 

Three possible mechanisms can be considered as the possible cause of 
the deterioration of the viaduct. These are: 
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self-destruction, 
slope mobilisation, and 
interaction between mining and residual stresses. 

6. 	So far only conceptual cases have been made in favour of the proposed 
mechanisms. No attempt has been made to quantify them and to check 
whether they can produce the magnitude of displacements necessary to 
damage the viaduct. 

Obviously, the likelihood that one or another of the proposed mechanisms 
played a role in the impairment of the viaduct is not equal. The evidence "for" 
or "against" is too "soft" to allow the computation of their relative probability of 
importance. However, merely in an attempt to provide some guidance to the 
Board, percentages are put forward to indicate the author's opinion with regard 
to the likelihood of responsibility of each of the mechanisms for damage. 
These percentages could and, in fact, should change if and when more 
evidence becomes available. 

fl 

Mechanism: Likelihood % 
Self-destruction 10 
Slope mobilisation 20 
Interaction with mining 40 
As yet unknown 30 

Total 100 

These conclusions clearly indicate that the information available during this 
investigation was insufficient to arrive at firm conclusions. 	Hence, 
recommendations suggesting a study in greater depth seemed appropriate. 
The recommendations of the November 1992 report were formulated against 
this background and they are quoted in full next. 

It would appear that no case has been established to implicate convincingly 
any of the mechanisms considered as the possible cause of Stanwell Park 
Viaduct's damage. Also, it seems that mechanisms mentioned in Section 8 (i.e. 
of the Salamon report) are reasonably novel in the sense that they have not 
appeared to have been diagnosed before as the sole source of structural 
damage. In the circumstances, therefore, it is incumbent on all involved to 
ensure that the investigation is thorough and when eventually a decision is 
made, it is based on the correct interpretation of the evidence. 

• 
3 
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With this objective in mind, the following four steps are recommended to the 

Board: 

1. 	The Board should require the SRA to make available the following 

information: 

All reports and data (including survey results relevant to the 
evaluation of the state of the viaduct since 1986). 
All data arising from the monitoring program of the SRA that was 
initiated in December 1985, and detailed in document No. (ix) in 

Section 3.1. 

The Board should commission an appropriate consultant to carry out a 
thorough geotechnical survey of the site. The object of this exercise 
would be to assess the conditions under which the walls of the valley are 
likely to move and/or the floor of the gorge would bulge. 

The Board should commission an appropriate consultant to perform 
numerical stress analysis in an attempt to establish the feasibility of the 
proposed mechanisms. The aim of this investigation would be to model, 
in three dimensions, the conditions around the viaduct. The modelling 
should test the feasibility of the "self-destruct" mechanism and then the 
others in sequence. The first computation would simulate the pre-mining 
conditions. Next, three or four mining steps would be simulated in order 
to trace the changes in conditions and the interaction between pre-
existing and mining induced stresses. 

The objective of this exercise would be to establish the relative feasibility 
of the proposed mechanisms. 

4. 	Finally, if mining remains implicated in the impairment of the viaduct, the 
Board should negotiate, in view of the uncertain future of the structure, 
the design and execution of a long-term displacement program. 

1.3 	Proposal for the Present Project 

The Board accepted this report in November 1992 and requested a proposal 
for the execution of the earlier listed recommendations. This proposal was 
submitted on 3 December 1992, and involved a proposed cost of US$46,100, 
and 2 August 1992 as the date of completion (Appendix A). The proposal was 
accepted by the Board on 17 December 1992. 

EI 



Unexpected hold-ups in the progress of the project have been experienced. 
Due to the delays in the immigration of Ms Hieta, and in the capturing of data 
from the SRA, a request was made to the Board to condone an overrun in time 
(to November 1993) and costs. The Board approved the delay and an 
additional expenditure of US$8,900 (this sum excludes the US$1,100 approved 
to cover the cost of the presentation of the report to the Board by Professor 
Grant Hocking). Unfortunately, this was not the end of our problems. Due to a 
serious illness in the family of one of the authors, further delays occurred. It is 
now expected that the report will be presented to the Board at its June 1994 

meeting. 
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. 
2. 	TASKS AND OBJECTIVES 

2.1 	Philosophy of the Investigation 

The basic philosophy of the proposal (Appendix A) was to tackle the problem of 
elucidating the mechanism(s) responsible for the impairment of the viaduct by a 
systematic study of the factors that may contribute to the problem. Earlier 
studies by the staff of the SRA and other consultants were able to identify 

possible mechanisms that may have harmed the viaduct, but none of the 

investigators so far has been able to quantify their likely contributions. This 
meant that the earlier conclusions have had to remain tentative. On this 
occasion, an attempt was made to move the diagnosis to a more quantitative 
plane, within the limitations of a relatively modest investigation, by analysing in 
detail the available field data and performing specific numerical investigations. 

At the same time it must be recognised that the investigation is hampered by 
serious lack of data concerning, for example, the properties of the rock mass 
and the state of the viaduct's structure at the time of the initiation of its 
impairment. Moreover, virtually no information appears to be available with 
regard to ground movement prior to December 1985. This state of affair puts 
the full quantification of the problem beyond the reach of the investigation. 

In the light of these shortcomings, a realistic aim of the study could only be 
made somewhere between a qualitative discussion and a full quantitative 
analysis. The approach chosen involves a judicious combination of analysis 
and engineering judgement to establish the plausibility or otherwise of the 
possible mechanisms of impairment. 

0 
2.2 	Task Definitions 

The proposal defined four tasks, which are briefly outlined below. 

• 	Analysis of field data collated by the SRA. After the realisation in 
December 1985 that the viaduct was seriously threatened, the State Rail 
Authority had commenced the installation of a wide range of measuring 
systems and started to collate observations. In our opinion, at an 
unsustainable pace. The range of measurement types was vast and it 
would have required a large team of observers to obtain useful and valid 

results. 
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It was realised from the outset that virtually all of the measurements 
were initiated after the structure was obviously effected. This meant that 
the full history of the ground and viaduct behaviour was not available. 
Another limitation of the value of the observations arose from the lack, in 
most instances, of redundant measurements. 	Redundancy in 
observations means that more than the minimum number of quantities 
required to solve a given problem, are surveyed. It is an elementary 
principle in the observation of small ground movements, especially when 
done over a long period of time, to design the scheme of measurements 
with as high a degree of redundancy as practicable. Without such 
precaution, the results obtained are subject to uncontrolled errors. In 
spite of these obvious shortcomings of the scheme of measurements, it 
was imperative to subject the huge data of the SRA to a detailed study. 

S 
This analysis has been performed and will be reported on later in this 
report. 

. 	Geotechnical site survey. The aim here was to collate all relevant 
geological, geotechnical and hydrological data concerning the site of the 
Stanwell Park viaduct. 

While this investigation was disappointing in a sense that it has yielded 
much less data than expected, it has provided perhaps the most 
important single piece of evidence. It has led to the discovery of a fault 
in the area, which the presence of may provide the most plausible 
explanation of the damage to the viaduct. 

Stress analysis. The Conclusions of the Salamon report suggested that 
the most likely explanation of the harm suffered by the viaduct is related 
to the interaction of pre-existing high horizontal stresses with the 
stresses induced by mining. Such complex interaction cannot be 
clarified descriptively, it requires formal stress analysis. 

S 	 Before such computations can be carried out, it is necessary to (i) 
choose the method of computation, (ii) select the model of the rock mass 
and (iii) determine the boundary conditions that will provide the most 
informative results. These steps have been taken and these, together 
with the obtained results, will be reported later. 

Long-term plans. At the time of writing the proposal, it appeared that the 
ground movements were continuing almost unabated. This meant that 
the viaduct would remain in danger, regardless whether or not Span 6 

7 



was rebuilt. As it happened, while the movement of the ground has 
slowed down, the presence and the possible role of the fault have made 
the continuation of some monitoring activity even more important. 

Recommendations for long-term monitoring will be discussed later in the 

report. 

2.3 Objectives of the Investigation 

The tasks outlined in the previous section were designed to obtain the best 
understanding of the circumstances and changes leading to and prevailing 
during the deterioration of the viaduct. The objectives of this report are: 

. 	collate all relevant survey and monitoring observations from the SRA, 

analyse the obtained data to see whether a consistent picture of ground 
movement emerges from the results, 

study the site with the goal of identifying all visible and previously noted 
geological and related factors that may have a bearing on the behaviour 
of the area, 

• 	formulate the appropriate numerical model of the problem, 

carry out a series of numerical studies to investigate the plausibility of 
mining induced changes harming the viaduct, 

0 	• 	define the circumstances under which mining could have had damaged 
the structure and, 

devise, if the viaduct is deemed to be subject to further menace, plans to 
provide timely warning of the impending threat and identification of the 
source of this threat. 

As it will be seen later, it has been possible to achieve most of the goals set by 
these objectives. 

• 
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3. METHODOLOGY OF THE STUDY AND THE OUTLINE OF THE 
REPORT 

The investigation started with an attempt to obtain all relevant information 
gathered by the SRA. From a practical point of view, the most important 
information would have been the measurement of ground movements, or lack 
of it, during the years and months prior to impairment of the viaduct. While the 
SRA has attempted to collate much information after the problem of the viaduct 
became obvious, almost no data has been uncovered corresponding to this 
earlier critical period. This scarcity of factual quantitative data has seriously 
hampered the effectiveness of this study and may even have undermined the 
credibility of its conclusions. 

From August 1985 onwards, the effort devoted to the gathering of observations 
had accelerated. Unfortunately, the planning of the field investigation reveals a 
serious lack of experience. Consequently, the obtained information is notable 
more for quantity than quality. It is impossible to put together a pattern of 
movement into which all or even most of the observations would fit in 
consistently. Considerable time and energy have been devoted to the analysis 
of the data. Unfortunately, the value of the results arising from this work have 
been less than commensurate with the effort. 

The site investigation suffered from the effects of some seven years gap that 
elapsed between the second half of 1985 (when most of the damage to the 
viaduct took place) and 1992-93 when the site visits took place. Many of the 
surface signs noted by earlier visitors have eroded and could not be identified 
any longer. However, these visits and the study of other evidence have led to 
some useful information. 

One of the possible mechanisms of damaged that had been identified by Dr 
Holla and in the Salamon report (see Section 1.2 in this report) was "self-
destruction". The site visits have identified some evidence of slope, or perhaps 
more accurately, talus movement. This movement provided some contributory 
evidence to support the idea that the viaduct has deteriorated due to changes 
associated with not only its own design and age, but possibly some load 
resulting from talus movement on the wall(s) of the gorge. This possibility will 
be examined later in some detail. 

The description of numerical studies represents probably the most important 
part of this report. In the original proposal it was envisaged that the premining 
state will be examined first and this study will be followed by analyses of the 
effects of various mining steps on the ground movement around the viaduct 



(see Section 1.2 of this report). The results of this study reveal that high 
premining stresses and the effects of mining are insufficient to explain the 
damage suffered by the viaduct. At this stage, however, the results of both the 
site investigation and the analyses of field observations were available. The 
site investigation revealed the existence of a fault in the vicinity of the viaduct. 
The inclinometer data suggested that some significant movement may have 
occurred along the fault. The combination of evidence gave the impetus to the 
decision to extend the numerical studies to an examination of the joint 
influences of premining stresses, mining and the fault. This study appears to 
have led to the most probable explanation of the viaduct's deterioration. 

Having identified the fault as an important factor in controlling the behaviour of 
the region, the task involving long-term planning has gained an added 
importance. It has not been possible to propose a specific field study plan 
without the collaboration of the interested parties, that is, of the Board and the 
SRA. Instead, an attempt is made to specify the minimum requirements that 
such a survey scheme should meet. 

The report is organised to reflect the work done during the investigation. 
Section 4 contains the description of the data obtained from the SRA, and the 
analyses to which this information was subjected to. Section 5 of the report 
provides an account of the site investigation and the analysis of the "self-
destruct" hypothesis. The following Section 6 represents an account of the 
complex numerical studies. Since the ideas presented here are complex, an 
attempt is made to make the presentation as straighiforward as possible. Since 
ground movement has not stopped and the fault could be the subject of an 
unexpected slip, in Section 7 the minimum requirements for a long-term 
monitoring program are proposed for consideration. 

0 
The final two sections of the report, that is Sections 8 and 9, contain the 
Conclusions and the summary of the Recommendations, respectively. 

0 

0 
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4. 	ANALYSIS OF FIELD DATA OBTAINED BY THE SRA 

This chapter describes the analysis of the SRA monitoring and survey data of 
the Stanwell Park viaduct. The data includes both interpreted data as analysed 
by SRA personnel and unprocessed field data and notes collected by SRA 
personnel. A list of the documents and field notes utilised in this analysis is 
detailed in Appendix B. The documents range from final reports to original 
unprocessed computer files of tape extensometer readings. 

The collection of the data detailed in Appendix B required a number of visits to 
SRA offices, both in Sydenham and Wollongong. Some of the early survey 
data, prior to 1985, had not been processed or interpreted by the SRA in their 
submission of claim for viaduct impairment as presented to the Board. 
Wherever possible, extensive efforts were made to extract as much data from 
the records as possible, especially in regards to redundancy and multiple 
verification of the data. 

The actual type of data received from the SRA is detailed in Section 4.1. Much 
of this data was received either in the form of computer files or raw survey 
notes. The SRA interpretation of this data is discussed at length in Section 4.2. 

The results of the analysis of the SRA monitoring and survey data are 
presented in Section 4.3. Analysis of each instrumentation system's readings 
are discussed along with verification of this data and error bounds. All 
available data has been processed and analyses presented in this section. In 
all cases the analyses describe all relevant data, and do not selectively choose 
particular data or data sets, as was the case in the SRA claim submission 
document. 

Finally, the major movements and events that emerged from the data analysis, 
around and on the Stanwell Park Viaduct are summarised in Section 4.4. 
Conclusions on the trends and error bounds of the monitoring program are 
detailed in this section. The field measurements do conclusively demonstrate 
that the ground movements, as reported by the SRA around the viaduct are 
verifiable. 

Unfortunately, the monitoring data of most credibility is the levelling data. This 
data has been combined with pre-1985 survey data associated with 
electrification of the rail system and conclusively demonstrate the uplift of 
portions of the viaduct. Pre-1985, horizontal ground movement data is limited 
to a small database of coordinate readings associated with the main 
benchmarks in the area. However, this data does show that the horizontal 
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ground movements near the viaduct abutments have moved towards each 
other, resulting in a shortening of the viaduct. 

4.1 	Data from the SRA 

SRA monitoring and survey data were supplied by the company's Geotechnical 
and Concrete Services Section and by its Survey Section, respectively. The 
monitoring data was provided on computer files, and the survey data was 
handed over in survey note books. Those data sets are presented separately 
in Sections 4.1.1. and 4.1.2. 

4.1.1 SRA MONITORING DATA 

The computer files furnished by the SRA contain, among other things, the raw 
data and some interpretations for the following monitoring programs: tape 
extensometer monitoring; movements of pins on the eastern face of the viaduct; 
levelling of brass bars on piers; creek traverse levelling; inclinometer 
monitoring; and tiltmeter monitoring. 	Each of these are presented and 

discussed below. 

Tape extensometer monitoring across the spans near ground level 

Tensioned steel bands with a dial gauge were used to measure length changes 
across all eight spans near ground level. Eight eyebolts, marked A to H, were 
installed on the piers between each span to monitor the movements across the 
span near ground level (see Figure 1). 

Eight eyebolts installed on the piers allow for 16 possible combinations of 
measurements across the span. However, SRA has measured only a 
maximum of 10 combinations across a span at any occasion, with an average 
of only 4. 	Since March 1986, SRA monitoring was reduced to the 
measurement of only the length changes between the eyebolts on the eastern 
side of the viaduct (eyebolts E, F, G, and H). 

The computer files from SRA contain measurements taken on 63 occasions 
across each span from November 1985 to February 1993. Each reading has 
been corrected for temperature variations. The length change between two 
eyebolts is calculated by subtracting the initial reading (November 1985) from 
the current reading between the eyebolts. 

12 



Note that if it is assumed that the piers act like rigid bodies, then there are six 
unknown displacement components (three translations and three rotations) to 
be found across the span. To determine the six unknowns at least six distance 
measurements would be required, across the span, on each occasion. 
However, as mentioned earlier, on average, only four measurements were 

taken by SRA. 

It would appear from the computer files, that SRA has also attempted to 
calculate horizontal and vertical displacement components across the span on 
the eastern side of the viaduct. However, results from these calculations have 
not been presented by the SRA, thus, these displacements are not dealt with in 
this report. 

Tape extensometer monitoring across Span 6 at corbel level 

Four eyebolts (two on pier 5, SD and 5U, and two on pier 6, 6D and 6U, were 
installed at approximately one meter above the corbel level to monitor the 
displacement across Span 6 (See Figure 2). Tensioned steel bands with a dial 
gauge were used to measure the length changes across Span 6. 

The computer file from SRA contains measurements taken on 29 occasions 
across Span 6 from October 1985 to February 1993. Each reading has been 
temperature corrected. The length change between two eyebolts is calculated 
by subtracting the initial reading (October 1985) from the current reading 
between the eyebolts. Two eyebolts installed on each of the piers between 
Span 6 allow for 4 possible combinations of measurements across the span. 
SRA has measured all four distances on each occasion. 

Again, the number of measurements across the span is insufficient to solve for 
the unknown displacement components. 

Tape extensometer monitoring between pier centre lines at parapet level 

Two eyebolts over each pier centreline were installed on the inside of the 
parapet walls. Tensioned steel bands with a dial gauge were used to measure 
length changes on the parapet level between pier centre lines. Four readings, 
two transversal and two diagonal, were taken across the span (See Figure 3). 

The SRA computer file contains measurements taken on 23 occasions for 
Spans 1, 2, 3, 4, 5, and 8, from January 1986 to February 1993. All readings 
have been temperature corrected. 
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It appears from the computer file, that SRA has calculated the span on the 
eastern and western sides of the viaduct, using only one transverse and one 
diagonal reading and assuming that the angle between the calculated span 
and the orientation of the transverse measurement remains 90 degrees through 
the investigation. The change in span, on both the eastern and western sides 
of the viaduct, is calculated by subtracting the initial span (calculated from the 
initial readings taken in January 1986) from the span calculated from the 
current readings. 

Note, that the procedure used to calculate the span may be incorrect. SRA 
makes the assumption that the only movements on the parapet are along the 
viaduct since the assumed initial angle of 90 degrees never changes in SRA's 
calculations. No proof is provided to substantiate this assumption. 

It is noted again that the number of measurements across the span is 
insufficient to determine the unknown displacement components. 

Precise levelling of brass bars on piers near ground level 

Precise levelling surveys were conducted by the SRA to check for 
uplift/subsidence of the piers. A total of 26 marks were installed on the eastern 
side of the piers near ground level. In general, three brass bars on each pier 
were installed. Some 21 out of these 26 marks have been surveyed regularly. 

[-J 
The line of survey runs from a benchmark at the Stanwell Park Tunnel, down 
and up the valley (along the marks on the piers), to a benchmark at Stanwell 
Creek Tunnel, and back across the viaduct to the benchmark at Stanwell Park 
Tunnel. The survey's closure error is typically I to 2 mm (SRA, 1993). 
Branches to the north and south survey pillar were also included in the survey. 

The SRA computer file contains reduced levels for marks surveyed on 44 
occasions between early December 1985 to May 1992. However, only 14 of 
the 26 marks were still surveyed in May 1992. In the SRA computer file, the 
change in reduced level is calculated by subtracting the initial reduced level 
from the current reduced level. For marks that were installed in the latter part 
of December 1985, the initial reduced level is extrapolated back to the date 
when the first marks were installed (in early December). The computer file also 
contains reduced levels for the north and low (south) survey pillars. 
Calculations for the change in reduced level for the survey pillars are also 
included in the SRA computer file. 
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Creek traverse levellinQ 

Precise levelling surveys were conducted to check for uplift/subsidence along 
the creek bed (valley floor). A total of 19 marks were installed in April 1986. 
The marks are studs in shale or sandstone, except for Marks 8A and 1. Mark 
8A is installed on Pier 4. This mark is also included in another survey, the 
precise levelling of the piers. Therefore, this mark provides a control between 
the two surveys, i.e., the creek traverse and the precise levelling of the piers. 
Mark 1 was installed on a boulder resting on the creek bed. See Figure 4, for 

the location of the marks. 

The survey line starts at Benchmark 6B, 150 meters downstream of the viaduct, 
and runs along the creek to approximately 250 m upstream of the viaduct, well 
over Coalcliff Collieries mined out panels. The survey then returns to the 

starting Benchmark 6B. 

The SRA computer files contain reduced levels of the benchmarks measured 
on 23 occasions between April 1986 to May 1992. The changes in reduced 

levels, i.e., uplift or subsidence, are calculated by subtracting the initial reduced 

level from the current reduced level for each mark. 

Pin movements 

Pins were installed on the eastern face of the viaduct. The initial coordinates of 
these 36 pins were surveyed on February 2, 1986. By observing the pins from 
the north and low survey pillars, the current coordinates of the pins are 
calculated and compared to their initial coordinates. 

The data for the pin movements were received in two forms from SRA. The first 
was in a computer file from SRA Geotechnical and Concrete Services Section, 
and the second was in a table from SRA Survey Section. The table with the pin 
movements contains the magnitude and direction (azimuth) of the horizontal 
movement, as well as the vertical movement of each pin. The movements of 
each pin were measured on 48 occasions between February 1986 to October 
1990. The horizontal and vertical distance between the north and low survey 
pillars are also included in the table. The initial coordinates of the pins are not 
included. 

The SRA computer files contain the same data as the SRA table except for the 
vertical distance of the pins, and the movement of the two survey pillars. This 
data has not been included in the SRA computer files. In the SRA computer 
file, the horizontal movement tangential to the viaduct is calculated from the 
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magnitude and azimuth of the horizontal movement of the pin, and the azimuth 
of the viaduct at the pin. The horizontal movements of the pins tangential to 
the viaduct are summarised in another computer file. 

Inclinometer monitorinQ 

A total of seven inclinometers were installed close to the viaduct in vertical 
boreholes ranging from 6 to 50 m in depth. The readings of the instruments 
started in January 1986. See Figure 4 for the location of the boreholes. 

The inclinometers read tilt at 0.5 m intervals along two perpendicular axes, i.e., 
the A-axis and the B-axis (The A-axis is usually parallel to the viaduct and the 
B-axis is usually perpendicular to the viaduct). An incremental horizontal 
movement (over the 0.5 m base length) is then calculated from the angular tilt. 
The drill hole's induced deviation from vertical is then the sum of the 
incremental movements from the bottom to the top of the drill hole. The 
displacements are calculated relative to the bottom of the borehole. The 

change in deviation of the drill hole is calculated by subtracting the initial drill 

hole deviation from the current drill hole deviation. 

The computer files from the SRA do not contain much data on the inclinometer 

readings. Only the change in deviation (mm), called deflection, in the A-axis for 
Borehole No. 1786-9 is summarised in a computer file. The readings for 
Borehole No. 1786-9 ended in November 1991, after the borehole was blocked. 
SRA also has computer printouts of the readings for each of the boreholes. 
Some of these have been collected from the SRA for analysis. 

Tiltmeters on piers and abutments 

A total of 19 tilt plates were installed on the piers and abutments near ground 
level. One plate in the north-south direction and another plate in the east-west 
directions were installed generally on each pier and abutment. Electronic 
tiltmeters are used to measure angular tilt of the structure. 

The SRA computer files contain measurements of the tilt from vertical of the 
structure between August 1985 to February 1993. In the computer files, SRA 

calculates the change in tilt angle by subtracting the initial reading of tilt from 

the current reading. The horizontal movement at the top of the piers (actually at 
rail level), resulting from this change in tilt angle of the piers at ground level, is 
calculated by multiplying the vertical distance from the tilt plate up to rail level 
with the tangent of the change in tilt angle (See Figure 5). The horizontal 

C 
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movements at rail level in both the north-south and east-west direction are 
summarised in a computer file by the SRA. 

Other miscellaneous data 

The computer files from the SRA also contain some other data, including 
mechanical extensometer and expansion joint monitoring data. The computer 
files also include monitoring reports by SRA Geotechnical and Concrete 
Service Section, plans, cross sections, and graphs. These data have only 

been reviewed briefly. 

4.1.2 DATA FROM THE SRA SURVEY SECTION 

The data from SRA Survey Section were received in the form of notes and 
consist of the following: 

Levels of top of parapet 

The notes contain levels of the highest points of the parapet along the viaduct 
obtained from a survey conducted in late 1981 (probably 16.11.81 according to 
lan Jones, SRA Surveyor). The points were surveyed on both the eastern and 
western sides of the viaduct. 

These levels were surveyed again, as part of a detailed survey of the viaduct, 
in December 1985. These 1985 levels of the highest points of the parapet, 
along the viaduct, can be found on SRA Drawings No. 1055-50,985 and No. 
1055-50,986. 

Levels of brass bars on parapet 

The survey notes contain levels of brass bars installed on the inside walls of 
the parapet. The bars were surveyed on both the eastern and western side of 
the viaduct at every ten meters along the viaduct. The first levels were 
surveyed in late 1983 when the bars were installed (probably December 1983 
according to Ian Jones, SRA Surveyor). A total of 15 levelling surveys were 
conduced since the original survey in December 1983. The brass bars were 
last surveyed in December 1992, but only on the eastern side of the viaduct. 

• 
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Survey control marks 

Survey control marks were placed by SRA surveyors in November 1981 
(according to Ian Jones, SRA Surveyor). The marks were located inside and at 
the end of Stanwell Park Tunnel and Stanwell Creek Tunnel, as well as on and 

around the viaduct. 

Some of these control marks have been surveyed and have had their 
coordinates updated regularly from August 1985 to the end of 1986. 
Thereafter, it has not been possible to obtain more data on their coordinates 

from the SRA. 

The SRA survey notes contain data from (i) eleven control survey checks from 
August 1985 to November 1987, (ii) original coordinates of the marks (Installed 
16.11.81), and(iii) coordinates from the survey in December 1992. 

The survey control marks included in this analysis are shown in Figure 6. BM 
1231 is a lead plug in a manhole in the Stanwell Park Tunnel, and BM 1234 is 
a lead plug in concrete at the portal of this tunnel. BM 1235 is a bolt on the 
inside of the parapet wall at the Sydney Abutment. BM 1236 is a tripod plate 
fastened on top of the parapet wall at the buttress of the Wollongong Abutment. 
BM 1237 is a lead plug located 36 m south of the Wollongong Abutment along 

the railroad track. 

EDM distances 

A number of EDM (Electronic Distance Meter) distances have been measured 
between the survey pillars, the abutments, and the portals. A summary of the 
following chord distances were obtained from the SRA: North-to-Low Pillar 
distance; North-to-West Pillar distance; Abutment-to-Abutment distance; and 
Portal-to-Portal distance. See Figure 7 for location of the marks. 

The North-to-West pillar distance, and the North-to-Low pillar distance are 
direct measurements with an EDM. The SRA survey notes contain 34 
measurements of the North-to-Low pillar distance from March 1986 to October 
1990, and 25 measurements of the North-to-West pillar distance from 
November 1986 to October 1990. It has not been possible to obtain data from 
an earlier date from the SRA. 

The Abutment-to-Abutment distance and the Portal-to-Portal distance are not 
direct measurements. The Portal-to-Portal distance is the length between pillar 
plates P2 and P3, which are located at the Stanwell Park Tunnel and the 
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Stanwell Creek Tunnel, respectively. These pillar plates were drilled and 
grouted on top of the portals by BHP Engineering in November 1985. The P2-
to-P3 distance is calculated from the measurements of two angles and two 
lengths (See Figure 8). SRA Survey Section estimates the accuracy of the 
calculated distance, P2-to-P3, to be ±7 mm. The SRA survey notes contain 18 
calculated distances of P2-to-P3 from January 1987 to October 1990. It has 
not been possible to obtain any earlier data. 

The Abutment-to-Abutment distance was determined from two set-ups near the 
abutments. From a first set-up close to one abutment, an angle and two 
distances are measured. The abutment-to-abutment distance is then 
calculated from these measurements (See Figure 9). The same procedure is 
then used to calculate the same distance from a second set-up close to the 
other abutment. The distance between the abutments is then averaged from 
these two calculations. SRA Survey Section estimates the accuracy of the 
calculated abutment-to-abutment distance to be ±6 mm. The SRA survey notes 
contain 36 calculated abutment-to-abutment distances from May 1986 to 

• 	October 1990. It has not been possible to obtain any earlier data. 

Pier verticality and span width measurements 

The measurements of pier verticality and span widths were conducted by SRA 
surveyors on one single occasion in December 1985. These measurements 
are presented on two plans received from SRA Survey Section. Pier Verticality 
and Span Widths from the corbel level down to ground level (at 5 m intervals) 
were measured on both the eastern and western faces of the viaduct. The pier 
verticality measurement is presented as a centreline deviation (mm) compared 
to the centreline at ground level. The span width is a tape measurement 
between pier centre lines. 

4.2 	SRA Interpretation of the Data 

SRA's interpretation of the monitoring and survey data has been presented, in 
the form of tables, graphs, and drawings, in their claim submission either 
directly to the Mine Subsidence Board or through the Working Party. In this 
Section, the SRA interpretation is discussed. References are made to specific 
materials (tables, graphs, drawings, etc) presented by the SRA 

• 
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4.2.1 TAPE EXTENSOMETER MONITORING ACROSS THE SPANS NEAR GROUND 

LEVEL 

The results of this monitoring program are presented by SRA in a table of 
results called "Summary of length changes of spans at lowest horizontal level" 
(See Table 1 in Appendix C). The length changes shown in the table 
correspond only to one distance across the span on the eastern side of the 
viaduct. However, SRA measured an average of four distances across the 
span on each occasion (see Section 4.1.1). Thus, the results in this table 
provide only an incomplete representation of the movements across the spans. 

The same applies to some graphs produced by the SRA See, for example, 
Figures 1 to 3 in Appendix C. Again, only one of the measured distances is 
plotted to represent the change in length across that span. 

Also, note in Table 1, Appendix C, that the length change at the north end 
represents the sum of the length changes across Spans 1 to 4, and the length 
change at the south end represents a sum of the length changes across Spans 
5 to 8. The total length change is then the sum of the length changes across 

span 1 to 8. 

A table of results of the measurements on the eastern side of the viaduct is 
shown in Table 1, Appendix E. The length selected by the SRA to represent 
the change in span is also shown here. 

4.2.2 TAPE EXTENSOMETER MONITORING AT PARAPET LEVEL 

SRA presents a table of results, called "Tape Extensometer Distances along 
Parapet - Calculated Change in Span Length", for both the eastern and the 
western side of the viaduct. The change in span length on either side of the 
viaduct is calculated from one transversal reading, one diagonal reading, and 
an assumption of a constant 90 degree angle, as explained in Section 4.1.1. 

The SRA table of results is shown in Table 1 in Appendix D. 

Note that SRA has measured two diagonal and two transverse distances for 
each span. Hence, it is possible to calculate the same change in span from 
two sets of readings using the assumption employed by SRA The results from 
this exercise are shown in Table I and in Figures 1 to 12 in Appendix F. Note, 
that there is no agreement between the results of these two calculations, 
except for the eastern side of the viaduct for Spans 4 and 5. 
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This deduction raises considerable doubt about the validity of the measured 
changes in span along the parapet. These data include the SRA results in 
Table 1, and the SRA graphs shown in Figures 1 and 2, in Appendix D. 

4.2.3 PRECISE LEVELLING OF BRASS BARS ON PIERS NEAR GROUND LEVEL 

The results from the precise levelling of the brass bars on the piers are shown 
by the SRA in a table called "Precise levelling of brass bars at the bases of the 
piers" (See Table 2, Appendix C). 

One of the brass bars on each pier has been selected by the SRA to represent 
the change in reduced level for that pier. However, a total of 26 marks 
(approximately 3 marks on each pier) were installed and at least 14 of them 
were still surveyed in 1993. A table of results for all the marks surveyed 
regularly is shown in Table 2 in Appendix E. The SRA's selection of one brass 
bar to represent the change in reduced level of each pier is hatched in the 
table. 

4.2.4 Tiltmeter Monitoring 

The results from tiltmeter monitoring is presented by the SRA in two tables, one 
for the tilt in the north-south direction and one for the tilt in the east-west 
direction (See Tables 3 and 4, Appendix C). Results are also presented in 
Figures 4 and 5 in Appendix C. 

The horizontal movement is the displacement at rail level calculated from the 
rotation of the pier at ground level, as explained in Section 4.1 .1. 

Note, that this calculated horizontal movement at rail level is not a suitable 
measure of how much the piers and abutments are tilting. A large horizontal 
movement does not necessarily indicate that the pier or abutment is tilting 
severely. A large vertical distance from the tilt plate up to the rail level will 
cause a fairly large horizontal movement even if the tilt is small. Note, that the 
vertical distance from the north-south tilt plate to rail level for the Sydney 
Abutment, Piers I to 7, and the Wollongong Abutment are as follows: 9 m; 13 
m; 21.7 m; 31 m; 36.5 m; 38 m; 29 m; 21 m; and 15 m. The vertical distance 
from the east-west tilt plate to rail level for the Sydney Abutment, Piers 1 to 7, 
and Wollongong Abutment are, as follows: 2 m; 14.75 m; 23.5 m; 30 m; 36 m; 
37.5 m; 28 m; 22 m; and 10 m. 
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4.2.5 OTHER MISCELLANEOUS DATA PRESENTED BY THE SRA 

The SRA has combined results from several monitoring programs on various 
drawings. Two of these drawings are discussed below. 

Structural movements and subsidence uplift - June 1990 

SRA has presented a drawing called "Structural movements and subsidence 
uplift- June 1990". This drawing is shown in Figure 6 in Appendix C. On this 
drawing, SRA includes monitoring results from the tape extensometer 
monitoring near ground level, the pin movement monitoring, and the levelling of 
the brass bars at ground level. Data from the inclinometer monitoring of Hole 
No. 1786-9 (under Span 4) and the expansion joint monitoring is also included. 

For Inclinometer No. 1786-9 under Span 4, SRA claims, on the drawing, that 
"Borehole inclinometer indicates 21.4 mm (9.8.90) compression at 6 m depth". 
This deductions seems erroneous since an inclinometer can only show 
displacement and the direction of displacement. The inclinometer in Hole No. 
1786-9 indicates a northward movement of 21.4 mm from January 1986 to 
August 1990 (It is implicitly assumed that the displacement is relative to the 
bottom). This movement is identified for a four meter long section of the 
borehole between 5 and 9 metres from the collar (see Section 4.3.12.). 
Whether this movement creates a compression or tension in the bedrock is not 
possible to determine from only one borehole inclinometer. 

The change in dimensions between the piers from the tape extensometer 
monitoring on the eastern side of the viaduct is also shown on the drawing. 
Here, SRA has selected only one of the measured distances across the span to 
represent the change in length. 

On the illustration, the movements of the pins on the eastern face of the viaduct 
are shown as vectors. The vectors on the piers are calculated by the SRA 
using the horizontal component of the- pins parallel to the viaduct (see Section 
4.1.1.) and the vertical component obtained from the levelling of the pier bases. 
Note, that the surveyed vertical component of the displacement of the pins 
have been ignored. However, for the pin movement vectors located above the 
arches, the surveyed vertical components for the pins are used. 

It is important to point out that there are discrepancies between the vertical 
movement of the pins and the vertical movement of the pier bases. The 
levelling of the pier bases shows an uplift of about 18 mm for Pier 4 from 
February 1986 to October 1990. The pin movement survey, on the other hand, 
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indicates an average uplift of only 11 mm for the pins on Pier 4 from February 
1986 to October 1992. Also, on the SRA drawing, the pin at Arch 8 is showing 
an downward movement of around 20 mm, while Pier 7 and the Wollongong 
Abutment have suffered virtually no uplift or subsidence. One reason for this 
discrepancy is because the accuracy of the movement of the pins at the 
Wollongong end is poor. This is due to the poor visibility from the survey 
pillars (SRA Survey Section, 1988). The standard deviation of the horizontal 
and vertical movements of the pins at the Wollongong Abutment and above 
Arch 8 is ±20 mm and ±10 mm, respectively (SRA Survey Section, 1988). The 
standard deviation for the pins on Pier 7 is ±4 mm, and for all the other pins ±2 

mm. 

Another reason for the discrepancies may be that the surveying pillars used for 
determining the coordinates of the pins are not stable. The north and low 
survey pillars were used to observe the movement of the pins. The coordinates 
and levels of the survey pillars used as the base for the pin movement 
observation were last updated in November 1986 (according to the survey 
notes for the pin movements). Since then and until October 1990 (when the 
movements of the pins were last observed), the horizontal distance between 
the survey pillars has decreased 28 mm, and the vertical distance between 
them has decreased about 10 mm (see Section 4.3.10. and List of Available 
information, Appendix B, item h.6). Therefore, the movements of the pins are 
believed to be inaccurate. 

Drawing No. CS 86-786 SI 23 - Pier Verticality and Span Dimensions 

SRA has presented Drawing No. CS 86-786 SI 23 - Pier Verticality and Span 
Dimensions, in their claim submission to the Mine Subsidence Board. This 
drawing is shown in Figure 3 in Appendix D. Only measurements on the 
western face of the viaduct are shown on the drawing. However, SRA Survey 
Section measured both the eastern and the western face of the viaduct in 
December 1985. For the complete span width measurements, see Figures 13 
and 14 in Appendix E. • 
SRA Survey Section (1986) estimated the accuracy of the measured span 
dimensions to be ±20 mm. This would mean that the accuracy of the sum of 
the span widths (Span 1 to 8) is ±57 mm, implying that this is not a very 
accurate survey. The accuracy of the pier verticality measurements is 
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estimated to be ±5 mm (SRA Survey Section, 1986). This is very important 
information that should have been included on Drawing No. CS 86-786 SI 23. 
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SRA claims that the dimensions of spans ito 8 has changed 37 mm, -13 mm, - 
7 mm, -67 mm, 1 mm, -75 mm, -67 mm, 4 mm, and -41, respectively. It is 
important to note, that this is compared to the 1920 design dimension. It is not 
possible to determine whether the design dimension was achieved when the 
viaduct was constructed. Also, on the plans received from SRA Survey 
Section, the 1920's design dimensions are given in feet and inches to an 
accuracy of half an inch (12 mm). It is, therefore, unreasonable to expect that 
the accuracy of the 1920 span widths should be better than ±12 mm. 

S 
The pier verticality measurements shown on the SRA Drawing No. CS 86-786 
SI 23 do not agree with the pier verticality measurements on the plans received 
from the SRA Survey Section. The pier verticality measurements on Drawing 
No. CS 86-786 SI 23 are presented as a deviation (mm) of the pier centreline 
from the centreline at corbel level. However, on the original plans received 
from SRA Survey Section (see Section 4.1.2.) the deviation of the pier 
centreline is referenced to the ground level instead of to the corbel level. 
These two data sets are in conflict, and it is believed that the correct 
measurements are shown on the plans from SRA Survey Section. It is possible 
that a miscalculation was made when changing the reference level from the 
ground level to the corbel level. The pier verticality measurements on Drawing 
CS 86-786 SI 23 are, therefore, doubiful (See Figure 3 in Appendix D). 

The pier verticality measurements and span widths measurements as 
measured by SRA Survey Section in December 1985 are presented in Figures 
13 and 14 in Appendix E. 

4.3 	Results of the Data Analysis 

S 
The results of the analysis of the raw SRA monitoring and survey data are 
presented below. 

4.3.1 TAPE EXTENSOMETER MONITORING ACROSS SPANS NEAR GROUND LEVEL 

The measurements taken since November 1985 indicate a closure of about 15 
mm for Spans 4 and 6, and a closure of 7 mm for Span 5 (See Figures 10, ii, 
and 12). The closures did not change significantly over the last two years. The 
other spans have not shown any significant movement. Note that since March 
1986, measurements were taken only on the eastern side of the viaduct 
between Eyebolts E, F, G, and H. 
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The measurements for Span 4 range from 8 to 20 mm, giving an average 
closure of 15 mm. For Span 6 the measurements range from 14 to 24 mm, 
yielding a mean (best estimate) closure of 15 mm (See Table 1). The best 
estimate or mean is the average of all measurements, or the average of the 
measurements between eyebolts that do not appear to have been bent. It is 
suggested that the eyebolt is bent when there is a sharp length change that 
can not be confirmed by other measurements across the same span. A 
complete table of length changes across the spans is shown in Table 1 in 
Appendix E. The length changes across Spans 1, 2, 3, 7, and 8 are also 
graphed in Figure 1 to 5 in Appendix E. 

Table 1. Change in span from November 1985 to 1992/1993 

Span No. 1 2 3 4 5 6 7 8 

Best estimate of change 0 
in span width (mm)  

-2 +4 -15 -7 -15 0 -3 

No. of distances 3 
measured  

4 4 4 4 3 4 4 

Change in Span -3 
Ranging from (mm)  

-4 +1 -8 -7 -14 -5 -6 

to (mm) +3 +3 +7 -20 -7 -24 +4 0 

Note: a negative sign indicates shortening or closure of the span. 

4.3.2 TAPE EXTENSOMETER MONITORING ACROSS SPAN 6 AT CORBEL LEVEL 

The measurements taken from October 1986 to February 1993 indicate an 
average closure of 35 mm for Span 6 at corbel level. During the last two years, 
a movement of only 3 mm has been registered. However, it appears that the 
movement is still ongoing (See Figure 13). 

It is most likely that Span 6 also has suffered some closure during 1986, after 
the viaduct was cut. However, this monitoring program did not start until 
October 1986 and does not account for much of the closure during 1986. 
Therefore, it can be assumed that the average closure from January 1986 to 
February 1990 is somewhat larger than 35 mm. 

It is interesting to note in Figure 13, the cyclic behaviour of closure during the 
year. Note that every summer, the closure reaches a minimum, and around 
August every year, the closure reaches a maximum. This is likely to be the 
effect of temperature over the metal structure inserted across Span 6. 
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4.3.3 TAPE EXTENSOMETER MONITORING AT PARAPET LEVEL 

This tape extensometer monitoring data has been rejected for reasons given in 
Sections 4.1 .1. and 4.2.2. However, from the SRA computer files and from the 
spreadsheet presented in Table 1 in Appendix F, it is possible to conclude that 
Spans 4 and Span 5 at parapet level have opened up from January 1986 to 
February 1993. Unfortunately, it is not possible to quantify these movements 
(see Section 4.2.2). For the other spans, the measurements do not even show 
whether the spans are opening or closing. 

4.3.4 PRECISE LEVELLING OF BRASS BARS ON PIERS NEAR GROUND LEVEL 

The levelling of the piers surveyed since December 1985 shows an uplift of 
Piers 4 and 5. None of the other piers or abutments show a significant uplift or 
subsidence. The uplift of Mark 8A on Pier 4 is 21 mm to date and appears to 
be continuing at approximately 3.3 mm per year (See Figure 14). 

The uplift of Pier 5 had reached 10 mm in July 1989 when the levelling of this 
mark was discontinued. However, until then, the uplift of Pier 5 followed a 
trend similar to that of Pier 4 (See Figures 14 and 15). Thus, the total uplift of 
Pier 5 is probably in the order of 18 mm to date. 

The best estimates of the changes in reduced levels of all piers and abutments 
are shown in Table 2. The best estimate is the average of the changes in 
reduced level for all the marks on the pier, or the average of the marks that 
does not appear to have been bent or damaged. Here again, a bent or 
damaged mark is defined as before in Section 4.3.1. 

A complete table of changes in reduced levels for the marks surveyed regularly 
is shown in Table 2, Appendix E. Graphs for the changes in reduced levels for 
Sydney Abutment, Wollongong Abutment, Piers 1, 2, 3, 6, and 7, are shown in 
Figures 6 to 12 in Appendix E. • 
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Table 2. Change in Reduced Levels of Piers and Abutments from 
December 1985 to 1992/1993 

Pier No. Syd 1 2 3 4 5 6 7 Wol. 
Ab.  Ab. 

Best estimate of -5 0 0 0 +22 +18*  +5 +2 +1 
change in reduced 
level (mm)  
No. of marks 1 3 3 3 2 1 3 3 2 

surveyed regularly  
Change in Reduced - -6 -2 -2 +21 - +4 0 -1 

Level Ranging from 
(mm)  
to (mm) - +3 +2 +2 +23* - +7 +4 +2 

Note: a positive sign indicates uplift, and a negative sign indicates subsidence. 

* Estimates 

4.3.5 CREEK TRAVERSE LEVELLING 

Precise levelling of 19 survey marks installed along the creek floor has been 
conducted since April 1986. These marks are located between 150 m east and 
250 west of the viaduct. Their location is shown in Figure 4. 

The precise levelling reveals that the marks located between the viaduct and 
the mining limits (Marks 8A, 7, 8, 9, 10, 11, 12, and 13) have suffered an uplift 

ranging from 8 to 23 mm from April 1986 to May 1992 (See Figures 16 and 17). 
It appears that the uplift of the valley floor accelerated between June 1988 and 
January 1989 (See Figure 17). Since then the rate of uplift has remained 
approximately constant. 

Marks 1, 2, and 3, just east of the viaduct, show no movement at all. However, 
further east of the viaduct at Marks 4 and 5, an uplift of 11 and 30 mm is 
measured (See Figure 18). Further east of these marks, at Marks 6 and 6A, no 
significant movement has been recorded. 

Marks 15, 15A, and 17, are located over the mined out area. Marks 15 and 
15A have not shown any movement since April 1986. Mark 17 shows a 
subsidence of 50 mm to date, which has remained virtually unchanged during 
the last two years (See Figure 19). Note that between June 1988 and March 
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1989, the subsidence over Mark 17 accelerated, changing from 20 mm to 45 
mm. 

S 	The results for the creek traverse levelling are shown in Table 3, Appendix E. 

4.3.6 ACCURACY OF CHANGES IN LEVELS FOR PIER BASES AND CREEK TRAVERSE 

BENCHMARKS 

S 
Mark 8A on Pier 4 is included in both the creek traverse survey and the precise 
levelling survey of the piers. This mark will, therefore, provide an independent 
control over how accurate these two surveys are. The change in reduced level 
for Mark 8A for the two surveys are plotted in Figure 20. The creek traverse 
survey shows an uplift of 15 mm for Mark 8A from April 1986 to May 1992, and 
the precise levelling survey of the piers shows an uplift of 21 mm for Mark 8A 
from December 1985 to May 1992. Notice, that the uplift trend is very similar 
for the two independent surveys. 

The difference in reduced level between the two surveys provides a measure of 
their accuracy, and is also plotted in Figure 20. Ideally, the difference between 
them should be nearly constant. However, it has increased by 4 mm between 
April 1986 to May 1992. Therefore, it can be said that the change in reduced 
level for each mark in the creek traverse survey and the precise levelling 
survey of the piers are accurate to ±2 mm. 

4.3.7 LEVELS OF BRASS BARS ON PARAPET 

Profiles along the viaduct (56,727 km to 56,872 km) show an uplift of about 40 
mm for Span 4, and an uplift of 50 mm for Spans 5 and 6 from December 1983 
to January 1986 (See Figures 21 and 22 for the uplift of the eastern and 
western side of the viaduct, respectively). 

Note that over Span 6 (at 56,820 km) an uplift of 147 mm on the eastern side, 
and an uplift of 91 mm on the western side was measured. This difference in 
uplift between the eastern and western sides of Span 6 can probably be 
attributed to the buckling of the viaduct when this span was damaged in 
December 1985. 

The uplift of the viaduct at parapet level seem to have accelerated from August 
1985 to December 1985. This is shown in Figures 23 to 27. 
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Note that the levels of the brass bars are accurate to ±5 mm according to Ian 
Jones, SRA Surveyor. That means that the accuracy of the change in reduced 
level of the brass bars are accurate to ±7 mm. 

4.3.8 LEVELS OF ToP OF THE PARAPET 

The levels of the highest point of the parapet along the viaduct was surveyed in 

0 	November 1981 and again in December 1985. A comparison of these levels 
reveal an uplift of Spans 5 and 6 from November 1981 to December 1985. A 
hump over these two spans is clearly shown in Figures 28 and 29. 

The uplift of Span 5 and 6 is approximately 60 mm (See Figure 30). Also, 
Spans 4 and 7 have suffered an differential uplift of about 60 mm and 50 mm, 
respectively. The data also indicate an uplift of approximately 40 mm over the 
Wollongong Abutment, and an uplift of about 20 mm for Spans 1 and 2. 
However, this data has to be treated with caution since not the same points 
were surveyed in 1981 and in 1985. Linear interpolation has been used to 
match 1981 levels with 1985 levels. The levels surveyed are accurate to 
approximately ±5 mm, according to Ian Jones, SRA Surveyor. 

4.3.9 SURVEY CONTROL MARKS 

0 
The coordinate history of five survey control marks on and around the viaduct 
has been analysed. The locations of the marks are shown in Figure 6. 

Benchmarks (BM) 1231 and 1234 were usually used as the base for the control 
survey, so their coordinates have been kept constant by the surveyors. The 
other benchmarks (BM 1235, BM 1236, and BM 1237) were surveyed as part of 
a closed traverse starting at the base coordinates and finishing on benchmarks 
in the Stanwell Creek Tunnel. Their coordinates were calculated and adjusted 
for the closure error of the survey. The adjusted coordinate distances between 
the benchmarks have been compared to the direct measurements between 
them. The direct measurements are believed to be more accurate then the 
adjusted coordinate distances and are, therefore, quoted whenever possible. 
However, the adjusted coordinate distances show the same trend, and are all 
within 12 mm of the direct measurements between the survey marks. The 

• 	accuracy of the direct measurements are believed to be ±3 mm. 

A review of the variation of coordinates reveals that the horizontal distance 
between BM 1236 (located at parapet level on the Wollongong Abutment) and 
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BM 1237 (located approximately 36 m south of the Wollongong Abutment) has 
shortened by about 48 mm from August 1985 to December 1985 (see Figures 
31 and 32). From December 1985 to January 1986, that is the time when the 
viaduct was cut, the distance increased by about 20 mm. 

The same trend is seen for the horizontal distance between BM 1231 (in 
Sydney Tunnel) and BM 1237 (See Figure 31). First the distance had 
shortened about 60 mm between August 1985 and December 1985 and later, 
at the time when the viaduct was cut, the distance increased by a small 

amount. 

The distance between BM 1234 (Sydney Portal) and BM 1235 (at parapet level 
Sydney Abutment) increased about 7 mm from August 1985 to December 1985. 
This distance increase had reached about 15 mm by April 1986 (see Figure 
33). The last direct measurement was taken in November 1987. The total 
distance change was then 12 mm. 

It has not been possible to obtain sufficient data on the benchmarks at the 
Wollongong Tunnel and Portal to check whether the distance from the 
Wollongong Abutment to Wollongong Tunnel actually increased or decreased. 
The stable benchmarks (at Wollongong Tunnel or Portal) used for the control 
survey changed from survey to survey, making it impossible to compare 
distances from the tunnel to the abutment for more than a few occasions. 

The distance between BM 1235 (at parapet level Sydney Abutment) and BM 
1236 (at parapet level Wollongong Abutment) has increased by about 18 mm 
from August to December 1985. Thereafter, the distance decreased about 24 
mm within a two month period. The distance continued to decrease at a 
moderate rate until November 1987 (see Figures 34 and 35), reaching a total 
closure of 27 mm. 

4.3.10 EDM DISTANCES 

The horizontal distance between the north and low survey pillars has 
decreased about 36 mm from March 1986 to October 1990 (see Figure 36). 
The horizontal distance between the west and north survey pillars shortened 
approximately 18 mm from November 1986 to October 1990. The location of 
the survey pillars are shown in Figure 7. It is believed that the accuracy of 
these measurements is about ±3 mm. 
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The calculated horizontal distance between the Wollongong and Sydney 
abutments shortened 33 mm from May 1986 to October 1990. SRA Survey 
Section (1988) estimates the accuracy of this measurement to be ±6 mm. 

The calculated horizontal distance between the pillar plates at the tunnel 
portals has decreased about 12 mm from January 1987 to October 1990. SRJA 
Survey Section (1988) estimates the accuracy of this measurement to be ±7 

mm. 

From these measurements it is possible to infer that the valley sides appear to 
have moved closer together. The rate of movement for these distances varies 
from 3 to 8 mm per year. 

It is interesting to note in Figure 36 the cyclic behaviour of the distance 
changes over the year. Note, for example, that the abutment to abutment 
distance increases during the period December to June. This happened both 
in 1987 and in 1988. Unfortunately, in 1989 the bracket was destroyed, 
necessitating a new initial reading. However, the measured change in distance 
between the north and west pillar indicates the same cyclic behaviour for 1989 
and 1990. The last available measurements were obtained in October 1990. 

4.3.11 PIN MOVEMENTS • 
The movements of the pins, as observed from the north and low survey pillars, 
are not believed to be accurate measurements for reasons given in Section 4.2. 
However, these measurements indicate that Piers 1, 2, 3, 4 and 5 have moved 
towards the Wollongong Abutment, and that Piers 6 and 7 have moved towards 
the Sydney Abutment since February 1986. The movement of the pins are 
basically in line with that of the viaduct (see Figure 13 in Appendix E). 

The pin movements also show that Pier 5 has tilted to the south, towards Pier 
6, from February 1986 to October 1990. 

4.3.12 INCLINOMETER MONITORING 

The inclinometer monitoring of seven boreholes located around the viaduct has 
shown movement only in Borehole No. 1786-9 and in Borehole No. 1786-10. 
See Figure 4 for the location of the boreholes. In this analysis, it is assumed 
that the displacement of the borehole is relative to the bottom of the borehole. 
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Borehole No. 1-786-9, under Span 4, show a movement of 21 mm in the north 
direction from February 1986 to November 1991 at which time the borehole 
became blocked. A 5 m section of the borehole (Between 4 and 9 m from the 
collar) has bent north towards the Sydney Abutment (See Figure 37) The 
movement in time is shown in Figure 38. This bedrock movement is associated 
with a purple claystone bed between the levels 29 to 34 m A.H.D. (Australian 
Height Datum). The rate of movement was largest during 1986 and 1987, but 
continued until the last measurement in November 1991, when the borehole 
was blocked. 

Borehole No. 1786-10, under Span 7, show a northerly movement of about 20 
mm (at the collar) from February 1986 to November 1992. A shear plane has 
been localised about 39 meters from the collar of the borehole at a level of 12 
m A.H.D. At the shear plane, a northerly movement of about 13mm is detected 
(see Figure 39): The shear plane is located in a grey sandstone bed. 

4.3.13 PIER VERTICALITY AND SPAN WIDTH MEASUREMENTS 

The span width measurements, taken in December 1985 on both the eastern 
and western face of the viaduct, show that Span 4 and Span 6 have shortened 
the most when compared to the 1920's design dimensions. Span 4 has 
shortened an average of 72 mm on the eastern face of the viaduct, and an 
average of 66 mm on the western face of the viaduct. Span 6 has shortened an 
average of 68 mm on the eastern face of the viaduct, and an average of 74 mm 
on the western face of the viaduct. Table 3 shows the average shortening of 
each span when compared to 1920's design dimension. Note that the 
information available on the design dimension is accurate to half an inch (12 
mm) (see Section 4.2.5.) 

The sum of the spans (for Span I to 8) at any level is not a very useful indicator 
of the change in the viaduct length. This is because the accuracy of the span 
measurements is poor. It is estimated that the span is measured with an 
accuracy of only ±20 mm (SRA Survey Section, 1986). This means that the 
error for the sum of the spans at any level is as large as ±57 mm. 

However, the sum of the spans (for Span I to 8) at ground level indicates that 
the viaduct compression is larger at ground level than at corbel level. This 
trend is also shown by the pier verticality measurements (see Figures 13 and 
14 in Appendix E). 
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The pier verticality measurements, taken in December 1985 on the western 
face of the viaduct, show that Pier 7 is leaning toward the Wollongong 
Abutment. On the other hand, a much smaller tilt towards the Wollongong 
Abutment of Pier 7 is obtained at the eastern side of the viaduct (see Figure 13 

in Appendix E). 

Piers 4, 5 and, 6 have tilted toward the Wollongong Abutment from both the 
eastern and western sides of the viaduct. According to these measurements, 
Piers 1, 2, and 3 have remained virtually vertical. 

The pier verticality and the span measurements by SRA Survey Section are 
presented in Figure 13 in Appendix E. 

Table 3. Spans compared to 1920 Design Dimensions 

Span No. 1 2 3 4 5 6 7 8 

Average Span Change +6 +6 +9 -72 +16 -68 -4 -14 

(mm) Eastern side of 
Viaduct  
Average Span Change +35 -12 +8 -66 +2 -74 +5 -40 
(mm) Western side of 
Viaduct  

A negative sign indicates closure. 

4.3.14 TILTMETER MONITORING 

The tiltmeter measurements are believed to be inaccurate. However, the 
general trend shown by these measurements is that Piers 1, 2, 3, and 4 have 
tilted south toward the Wollongong Abutment, and that Pier 6 and the 
Wollongong Abutment have tilted north toward the Sydney Abutment since late 
1985 to 1992/1 993. 

44 	Summary of the Data Analyses 

The main conclusions obtained from the analysis of field data are as follows: 

The valley walls, on the opposite sides of Stanwell Park Viaduct, have 
suffered a closure of 50 to 60 mm from August to December 1985. 

S 
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It appears that the movements that caused this closure came mainly 
from the Wollongong side of the valley. 

• 	The viaduct has suffered an average uplift of 50 mm at parapet level 
over Spans 4, 5, and 6 from December 1983 to late December 1985. It 
appears that a major part of this uplift took place between August and 
December 1985. 

• 	The data shows that both the uplift of the parapet level of the viaduct, 
and the closure of the valley walls accelerated between August and 
December 1985. 

Span width measurements in December 1985 indicate that Spans 4 and 
6 had suffered the largest closure. Also, tape extensometer monitoring 
at ground level indicates the largest rate of closure for these spans 
occurred between November 1985 and February 1993. These rates of 
closure have been fairly constant over the last two years. 

• 	EDM measurements have shown that the valley walls have continued to 
move closer together from early 1986 to October 1990, when the 
measurements were discontinued. 
An uplift of about 20 mm at the bases of Piers 4 and 5 has been 
measured from December 1985 to May 1992. There is no indication that 
this uplift is tapering off. 

The valley floor, west of the viaduct, has suffered an uplift ranging from 
8 to 23mm from April 1986 to May 1992. 

• 	Two borehole inclinometers indicate that there have been bedrock 
movements in the claystone and sandstone beds under the viaduct, with 
these movements continuing, albeit much reduced, to date. 

The measurements leading to each of these conclusions are summarised 
I 	below. 

4.4.1 CLOSURE OF SPANS 

From the span measurements in December 1985 (Section 4.3.13.), it is 
possible to conclude that Span 4 and Span 6 have suffered some closure. The 
widths of Spans 4 and 6 are less than the average span width of the viaduct, 
and about 70 mm less than 1920's design dimension. 
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However, there are two reasons that prevent the accurate determination of the 
magnitude of viaduct closure from these measurements. First, the accuracy of 
the span measurements is poor (±20 mm). Secondly, the actual construction 
dimensions achieved in 1920 are unknown. 

It is worth noting that the tape extensometer monitoring at ground level (Section 
4.3.1.) reveals a 15 mm closure for Spans 4 and 6 from November 1985 to 
February 1993. Only small movements (±1 mm) have been measured since 
1990. 

44.2 VALLEY WALLS MOVING CLOSER TOGETHER 

In Section 4.3.9., it has been shown that the distance between BM 1231 
(Sydney Tunnel) and BM 1237 (36 m south of Wollongong Abutment) has 
decreased about 60 mm between August and December 1985. Since the 
viaduct is located between these two benchmarks, it is reasonable to assume 
that the viaduct also has suffered a compression during this time. 

The horizontal distance between BM 1236 (Wollongong Abutment) and BM 
1237 shortened about 48 mm between August and December 1985 (see 
Section 4.3.9.). 

After December 1985, i.e., just about when Span 6 of the viaduct was cut, an 
increase of about 10 to 20 mm is seen for both of these distances. This is not 
unexpected, since there would be a rebound of the valley sides when a span of 
a viaduct under compression is cut. 

It is interesting to note, that the distance change between BM 1231 and BM 
1237 is almost identical to the distance change between BM 1236 and BM 
1237. This suggests that most of the compression occurred between BM 1236 
and BM 1237, which in turn implies that the major part of the compression (48 
mm) took place on the Wollongong side. 

The distance between BM 1234 (Sydney Portal) and BM 1235 (at parapet level 
Sydney Abutment) increased by about 7 mm between August and December 
1985. This distance has continued to increase and by the end of 1986 the 
movement had reached 15 mm (see Figure 35). It is, therefore, likely that the 
viaduct has also suffered a slight compression of about 7 mm between August 
and December 1985 from the Sydney side. This deduction also confirms the 
earlier conclusion that the total closure between the valley walls during this 
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period was about 50 to 60 mm, to which the Sydney side contributed 7 mm and 
the Wollongong side about 48 mm. 

The distance between the two abutments on parapet level (BM 1235 and BM 
1236) increased by about 18 mm from August to December 1985. Thereafter, 
the distance decreased about 24 mm within a two month period. The distance 
continued to reduce at a moderate rate until November 1987 (see Section 

4.3.9.). 

Note, that both BM 1235 and BM 1236 are located on the parapet of the 
viaduct. It is known that the viaduct has undergone a compression of the 
arches and spandrels and suffered shearing at the dogtooth level relative to the 
parapet (SRA, 1987; and Coffey Partners, 1989). This process may have 
caused the parapet extension, as shown by the measurements between BM 
1235 and BM 1236. Then when Span 6 had been cut, i.e, after December 
1985, a rebound was observed. 

The EDM measurements confirm that the valley walls have continued to move 
closer together at least since early 1986 (see Section 4.3.10.). The distances 
between the abutments and the distance between the north and low survey 
pillars have both decreased about 35 mm between March 1986 and October 

1990. 

Also, note that the EDM distance measurement between the abutments should 
be compared with the distance measurement between BM 1235 and BM 1236. 
These two observations both show a shortening between the abutments since 

1986. 

4.4.3 VALLEY FLOOR COMPRESSION 

From the evidence given above, it is possible to conclude that there are 
bedrock movements, and possibly compressions, in the valley floor. 

The inclinometer monitoring indicates a northerly movement of about 21 mm 
from February 1986 to November 1991 under Span 4, about 6 m below the 
ground level (see Section 4.3.12.). Also, under Span 7, about 39 m below 
ground level, a northerly movement of about 13 mm is indicated from February 
1986 to November 1992. However, since only two inclinometers (out of seven 
inclinometers installed) have shown any significant movement, and due to the 
limited coverage of depths from the various inclinometer installations, it is not 
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possible to conclude conclusively what bedrock compressions are taking place 
in the valley floor under the viaduct. 

The results from the tape extensometer monitoring between the piers near 
ground level (Section 4.3.1) substantiate the possibility of compressions in the 
valley floor under the viaduct (under Spans 4 and 6). These measurements 
indicate a closure of 15 mm of Spans 4 and 6 from November 1985 to 
1992/1993. Also, Span 5 has suffered a closure 7 mm while the other spans 
did not show any significant movement. 

Both the span and the pier verticality measurements in December 1985 
(Section 4.3.13.) indicate that the compression of the viaduct is larger at 
ground level than at corbel level. This is probably because the low lateral 
stiffness of the piers relative to the stiffness of the viaduct. 

4.4.4 DiREcTIoN OF MOVEMENTS 

It appears that the movements that caused the closure of the valley walls came 
mainly from the Wollongong side. 

The pier verticality measurements taken in December 1985 show that Piers 4, 
5, 6, and 7 are tilting with their upper parts towards Wollongong and with their 
lower parts towards Stanwell Creek. This suggests that the Wollongong side of 
the valley has moved toward the Sydney side, thrusting the lower parts of Piers 
4 5, 6, and 7 towards the creek. Piers 1, 2, and 3 are almost vertical (See 
Section 4.3.13.). 

The distances between the survey control marks, as discussed in Section 
4.4.2., indicated that the movement came mainly from the Wollongong side. 

A total of seven inclinometers were installed to monitor any instability around 
the viaduct from both the Sydney side and the Wollongong side of the valley. 
The inclinometers were installed in February 1986, after the damage to the 
viaduct. However, five of them have not been able to confirm any movements 
from either side of the valley. Only two of them have shown any significant 
movement, i.e., Borehole No. 1786-9 under Span 4, and Borehole No. 1786-10 
under Span 7 (see Section 4.3.12.). 

The inclinometer monitoring of Borehole No. 1786-9 under Span 4 has 
indicated a movement towards north, i.e., from the Wollongong side toward the 
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Sydney side of the valley from February 1986 to November 1991, with 
continuing movement, but much reduced movement in the past few years. 

The inclinometer monitoring of Borehole No. 1786-10, under Span 7, has also 
indicated a northerly movement from the Wollongong side toward the Sydney 
side of the valley from February 1986 to November 1992. 

4.4.5 UPLIFT OF VIADUCT AT PARAPET LEVEL 

The levels of brass bars on the parapet, discussed in Section 4.3.7., indicate 

an uplift of 40 to 50 mm over Spans 4, 5 and 6 from December 1983 to 
December 1985. A major part of this uplift took place between August and 

December 1985. 

Levels of the highest point of the parapet (Section 4.3.8) show an uplift of about 
60 mm over Spans 5 and 6 from November 1981 to December 1985. 

It is, therefore, possible to conclude that there was an uplift of the parapet of 
about 40 to 50 mm over Spans 4, 5 and 6 from December 1983 to December 
1985. Also, an uplift of the parapet of about 10 mm for Spans 5 and 6 between 
November 1981 and December 1983 is indicated. 

Precise levelling of the pier bases (Section 4.3.4.) since December 1985 has 
shown an uplift of Piers 4 and 5. To date, the uplift of Pier 4 has reached 21 
mm and the movement appears to be continuing. However, it can not be 
determined from the data analysis whether the entire uplift at parapet level is a 
result of a pier uplift, and indirectly a result of the uplift of the valley floor, or a 
result of a compression of the arches and spandrels caused by the closure of 
the valley walls, or both. 

4.4.6 UPLIFT OF VALLEY FLOOR 

The creek traverse levelling has indicated that there is an uplift of the valley 
floor of about 8 to 23 mm from the viaduct to the mining limits from April 1986 to 
May 1992 (See Section 4.3.5). The rate of uplift has reduced since 1989. 



SITE INVESTIGATION AND VIADUCT STABILITY 

5.1 	Notable Observations Arising from the Site Investigation 

The intention of this investigation was; 1) to confirm site related observations 
previously reported, and 2) to explore the possibility of finding new or hitherto 
unobserved features of the area that may have a bearing on the issues being 
studied. The first goal of the site examination was achieved only partially, due 
to the long elapsed time since the initial studies were carried out, mostly in 

1985 and 1986. 

Nevertheless, it has been possible to confirm, in general terms, the earlier 
reports. Unfortunately, due to weathering, the evidence, especially those 
relating to ground damage, have often disappeared. In spite of this, the signs 
of abnormal ground movement were still unmistakable. 

Four notable new observations were made during the site visits: 

1. 	Stanwell Creek has changed its course under the viaduct in relatively 
recent times. During this change the channel for the water flow has 
moved one span to the south, that is, closer to the Wollongong bank of 
the gorge. This change in water flow has resulted in the undercutting of 
the talus on this bank, facilitating the downward movement of this 
partially consolidated material. 

2. 	Some evidence of such downward movement could also, in fact, be 
found on the Sydney bank of the gorge. Several pipes protecting survey 
points contained water, and showed signs of tilting. The orientation of 
the water surface clearly indicated that the pipe was tilted out of its 
originally (presumably) vertical position, since its upper part had moved 
downward relative to its bottom, which was anchored beneath the talus. 
Thus, evidence of some movement of the talus, relative to the base rock, 

appears to exist. 

A clear trace of a relatively fresh crack could be followed for some 
distance near to the foot of the north bank of the gorge, beneath Span 3 
of the viaduôt. The crack was clearly visible under, and on both the east 
and west sides of the viaduct's pier 3. Undoubtedly, this fracture was 
due to some ground movement in that vicinity. 

Perhaps the most significant aspects of these investigations was the 
appreciation of the potential significance of the "Hargraves Fault". This 
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fault is a prominent geological discontinuity in the area with a throw of 
about 12 m. It is shown in illustration Nos. CS86-786 SI 18, (included 
here as Figure 40), SI 21, SI 22 (included here as Figure 41), and SI 32 
(included here as Figure 42), of the SRA Submission. Obviously, it had 
been responsible for abruptly cutting off workings in Panel 12 (or White 
Panel) of Coal Cliff Mine. The plans indicate that the fault runs towards 
the viaduct. Projecting on the basis of estimated strike and dip, it should 
outcrop somewhere between Piers 5 and 6. It is noteworthy that 
Borehole No. 9, drilled between Piers 3 and 4, revealed a zone of open 
horizontal fractures (see No. CS86-786 SI 26, included here as Figure 
43). The same illustration indicates that Borehole No. 10, drilled 
between Piers 6 and 7, intersected "severely faulted rock" in two places. 
There can be little doubt that the area of the Stanwell Park Viaduct is 
effected, perhaps even severely effected by a major geological 
weakness. The presence of this feature requires the extension of the 
numerical modelling to explore the possible influence of the Hargraves 

Fault. 

5.2 	Stability of the Viaduct 

In 1983 some impairment of the Stanwell Park Viaduct was noted. Also, a 
similar structure, the Lapstone Viaduct suffered limited damage, without any 
mining in its vicinity. Moreover, extra ballast was introduced and electrification 
was carried out on the line. It has been argued by Dr Holla, and in the 
Salamon report that due to the self-weight, increased loading, seasonal and 
climatic cycling, longitudinal compressive forces built up in the structure. 
During the same time the quality of the masonry structure deteriorated 
gradually. 

Eventually the two processes reached the stage that the longitudinal stiffness 
of the deck started to diminish, permitting the development of some "elastic 
rebound" of the valley sides in the vicinity of the abutments. The inward 
movement of the valley sides caused a further decrease in stiffness and this, in 
turn, allowed the development of additional rebound, and so on. It had been 
suggested that such a process may eventually lead to a kind of "self-
destruction" of the structure. The curvature of the deck would aggravate this 
deterioration. 

• 
An elementary analysis has been carried out to check whether such self-
destruction is plausible. The deck was assumed to be an axially loaded elastic 
beam with a small initial curvature (see S. Timoshenko: Strength of Materials, 
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Part II, 3rd Edition, Van Nostrand Co.; 1960; PP.  54-57), which is loaded 
through linearly elastic springs. The springs correspond to the valley sides. 
Postulate that the "beam" and the "springs" are in equilibrium under the action 

of axial force T and corresponding displacement w. Next, assumed that one or 
both of the contact points between the beam and the springs move a small 
amount, without any external energy being imparted to the system (i.e., there is 
no large scale ground movement, we are simply checking on the feasibility of 
whether structural deterioration and elastic rebound can cause the self- 
destruction of the viaduct). 

If the stiffness of the valley sides is k then the relationship between the force 
and displacement is given by 

T=kw 

The change in the length of the beam is a function of the ratio a = T I 7;, where 

cr 
is the critical force that causes buckling of a straight bar of length L. The 

critical force is given by 

= itEI / L2  

where E is the Young's modulus and / is the relevant moment of inertia. Let the 
force ratio in the state of equilibrium be denoted by a.,,. Assume that the ends 
of the beam approach each other by an amount Aw. This change in length 
corresponds to a reduction of Aw = kAw in the force acting on the springs. Let 
us now determine the change in the length of the beam due to the same 
reduction in force, but take into account the deterioration of the stiffness due to 
the further deformation. To do this, assume that the beam's stiffness here is 
measured by the product El. In this case the altered alpha ratio is given by 

a =a0(1—Aw/w)I(1—cAw/w) 

Here the multiplier c (C> 0) determines the deterioration of the beam's stiffness 
as a result of the deformation Aw. 

Parameter c can assume various values. First let us assume that c is less than 
unity. If this is the case, then a > a0  which means that the beam will lengthen 
instead of shorten. This change is not compatible with the lengthening of the 
springs, since the sum of the lengths of the springs and that of the beam must 
remain constant if the system is not to lose or gain external energy. Thus, such 
change in the system cannot occur. 
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A more detailed analysis shows that there is a critical value of c, say c0 , at 
which the ratio Aw/w is compatible with all components of the system. In 
general, two situations can arise: 

If c < c0  then the deformations of the springs and that of the beam 
cannot be compatible without the addition of the external energy, hence 
the system is stable and self-destruction cannot take place. 

• 	If c > co  then again the deformations are not compatible, but in such 
instances the springs contain sufficient energy to drive the change. 
Thus, if the state of equilibrium is disturbed, no new stable equilibrium is 
possible, the system is unstable and self-destruction will take place. 

A detailed numerical study has revealed that the value of c0  decreases from 
two to one as the value of the force ratio in the equilibrium state, that is TI Tcr  
increases from zero to unity. In practical terms this means that when the load 
is small in relation to the critical buckling load, self-destruction can occur only if 
the relative deterioration of stiffness is nearly twice as large as the value of the 
ratio Aw/w (e.g. 1 % additional deformation would need to cause almost 2% 
reduction in stiffness). This is unlikely to occur. The reduction in stiffness 
required to cause self-destruction is comparable to Aw/w only when the load in 
the equilibrium state is approaching the critical force. 

* 	There is no evidence to suggest that the viaduct was loaded anywhere near to 
its critical load, therefore, it is unlikely that the required rate of stiffness 
reduction would have taken place to allow the development of an unstable 
equilibrium. Also, according to the discussion in this section, a prerequisite of 
failure by self-destruction is some elastic rebound in the abutments. As the 
discussion in Section 4.4.2 indicates, no such rebound had been observed 
prior to the cutting of Span 6. Thus, it must be concluded that self-destruction 
was not the mode of the structure's impairment. 

5.3 Slope Mobilisation 

No evidence has been found of slope movement in the bed rocks. This finding 
confirms the observation of earlier investigations. The site visits, however, 
revealed some evidence of talus movement. 

Mobilisation of the talus on the slopes is likely to have contributed to the 
loading of the viaduct deck by developing compressive forces on the 
abutments. Hence talus movement has been a factor in the potential 
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degradation of the integrity of the viaduct's structure. The talus has moved 
downslope by small amounts, as indicated by the tilting pipe's etc. These 
movements would have mobilised resistive forces against the viaduct 
abutments, resulting in a talus stress state slightly about the active state (Ka ) 

but significantly below the passive state (K,,), where 

K. 
1—sin 

= 	and K 
1+sin 	 ' K. 

and 0 is the angle of friction of the talus material. 

Assuming this resistance on the abutments mobilises a three-dimensional 
wedge of talus material, taking K = 1/2 and from Figure 42 an average free talus 
height of 15 m, then the maximum horizontal thrust generated by the talus is 6 
MN. This thrust would be shared by both the viaduct superstructure and the 
abutment foundation. Assuming half of this thrust is transmitted to the viaduct 
superstructure, then this loading by the talus is a very small percentage of T. 
Therefore, it is reasonable to conclude that the movement of the talus had been 
only a secondary factor in the deterioration of the viaduct. 

Li 
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6.0 	NUMERICAL STUDIES 

6.1 	Numerical Method and Validation 

The boundary element program, BE3D, was used to solve the three 
dimensional ground movements induced by mining. The boundary element 
method involves mapping of the problem onto its respective boundaries and 
solving a boundary constraint equation, as given by: 

Cu =j [Gu(x,)tc(x)_Fu(x,)uc(x)]ds 

where 	C 	is the Cauchy principal value at the singular load point, 
u C is the vector of complimentary functions for nodal 

displacements, 
,C 	is the vector of complimentary functions for nodal tractions, 

GY 	is the displacement influence coefficients due to the singular 
load function, 

Fij 	is the traction influence coefficients due to the singular load 
function, and 

s 	is the surface of the body. 

The boundary element method involves moving the load point to the boundary, 
then discretizing and integrating the functions 	(x,) and G(x,E) over the 
entire surface of each discrete region. These integrations require sophisticated 
integration procedures to accommodate the singular and non-singular cases 
and also provide a sufficiently accurate scheme to minimise integration errors. 

The total solution for displacement u1  and traction t, are: 

=uc +up  
= t1c + t1  

where ur and  tr are the particular integral functions for displacement and 
traction respectively. 

Upon discretization and integration, the boundary constraint equation can be 
written in matrix form for a discrete region as: 
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By introducing the earlier equation, the complimentary function can be 

eliminated, to yield: 

[G][t] - [F][u] = [G][t 1 - [F][u] 

The particular integral terms on the right hand side of this equation are 
functions of known body forces. 

In a multi-region system, a set of complimentary equations are generated 
independently for each region. Likewise, the particular integrals of each region 
are derived independently, leading to a set of equations for each region similar 
to the above equation. Interface conditions, expressing the interaction of real 
quantities between regions, are applied, and after assembling the unknown 
boundary quantities and corresponding coefficients on the left hand side, and 
the known boundary conditions on the right, the final system can be written as: 

[A][x} = [b]+[b] 

where A is either a fully populated or banded matrix, x represents the unknown 
boundary conditions, b is the contribution of the known boundary conditions 

and b" is the contribution of the particular integral. This equation system can 
then be solved for the unknowns, x. 

S 	The problem can be subdivided into multiple regions by constructing the above 
boundary constraint equation individually for each region, and then satisfying 
interface contact conditions between the regions. The boundary element 
geometry and functional representations are isoparametric functions and the 
element types include both finite and infinite element. The boundary element 
method is ideal for infinite and semi-infinite geomechanical problems, because 
it constructs the system of equations on the boundary of the problem. 

The program, BE31D, is an extensively modified version (Hocking, 1992, 
unpublished report) from the original NASA version of BEST31D, (National 
Aeronautics and Space Administration, Cleveland OH, Contract NAS3-23697, 
BEST31D, Version 2.0, 1987). The program has undergone extensive validation 
for a range of test problems, including static and dynamic analyses, including 
both elastic and non-linear material behaviour. The comparison of the program 
with the analytical solutions of stress and displacement around a circular tunnel 
in an isotropic and anisotropic material are given in Appendix G. In all cases 
the solutions by the boundary element program BE3D were in close agreement 
with those from the analytical solutions. 
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To model the subsidence due to mining the Bulli seam, appropriate large scale 
rock mass material constants are required. Available mine subsidence data is 
limited in the area around Coal Cliff, therefore measured subsidence from 

0 

	

	nearby mines was utilised. The measured and back-analysed computed 
subsidence above Appin Colliery longwalls is given in Figure 44. The back-
analysis of this data yielded the following rock mass moduli, as being 
reasonably representative of the strata surrounding the Bulli seam. 

E1 =7000MPa v1 =0.2 

E2  =8000MPa v2  =0.2 and G2  =970MPa 

where the subscript I refers to the horizontal plane and the subscript 2 refers to 
the vertical plane. The moduli ratios for % and G/G  were 0.88 and 3.0, 

respectively. 

The above material elastic moduli must satisfy the positive definite character of 
the stain energy density [see Salamon, M.D.G. (1968) Elastic Moduli of a 
Stratified Rock Mass, Int. J. Rock Mech. & Min. Sc., Vol. 5, pp.  518-527] as 
given by the following conditions: 

E1 >0 E2 >0 G2 >0 

1-  v12 >0 >0 
E2  1—v 1  

0 
The rock mass moduli selected do satisfy the above conditions and therefore 
are suitable quantities for representing the rock mass. 

These rock mass moduli, while providing a good representation of ground 
subsidence when the mining panel width to depth is critical to super critical, i.e. 
>0.8, they tend to overestimate subsidence for sub-critical cases. Since the 
objective of the numerical analysis was to investigate trends of mining induced 
subsidence, these rock mass properties were considered reasonably accurate 
to model the rock mass for all cases, sub- to super-critical. 

0 

6.2 	Problem Formulation 

The viaduct is located in a moderately steep sided valley, as illustrated in 
Figures 40, 41 and 42. The mining in the vicinity of the viaduct consisted of the 

0 	"White" panel located south of the viaduct, and the "283" panel, located to the 
west. These panels were last mined in 1972 and 1985, for the "White" and 
"283" panels, respectively. 

rii 



The topography of the valley is shown in Figure 43. In the model, the valley 
geometry has to be input to adequately represent the impact of the topography 
on subsidence and the concentrating of stresses beneath the valley floor. 

The geological strata beneath the viaduct is given in Figure 41. The Bulli coal 
seam was the seam extracted in the White and 283 panels. Overlying the Bulli 
seam is the Coalcliff sandstone, with next in the sequence being the Wombarra 
claystone, then the Scarborough sandstone, the Stanwell Park claystone and 
Bulgo sandstone. Material properties of intact specimens of the Stanwell Park 
claystone are available from the SRA investigations. 	To model mine 
subsidence, the rock mass properties of these geological stratum are required. 
Since such data is not available, the back-analysis of mine subsidence data in 
the area was used to quantify these rock mass modulus properties. 

The insitu primitive stress field have been measured in the nearby mines, 
Coalcliff and Westcliff, with Hilleard [1989, reference g2 in Appendix B] 
containing a summary of such data, plus others in the Sydney Basin. The 
regional trend of stress measurement data indicates a strong correlation of the 
maximum principal stress being horizontal and aligned N to NNE, with a basis 
towards NNE near the coastal escarpment. The ratio of the maximum principal 
horizontal stress to the vertical overburden stress varies from 1 to 2.5. At 
Coalcliff and Corrimal Collieries this ratio was measured to be approximately 
1.5. The insitu stress selected for the analysis as being most representative 
was 

= vertical overburden stress = 0.025 x Depth MPa 
CrX 	= = maximum horizontal stress (020°-2000) 

CrX 	= 0.5 + 1.5 az  MPa, and 
a 	= a3  = minimum horizontal stress (11 0- 2900) 

a, 	=O.33a 

The minimum horizontal stress a)  at Coalcliff and Corrimal Collieries was 
similar in magnitude to the vertical stress with the ratio of the principal 
horizontal stresses being 1.5. At Appin Colliery the ratio of the principal 
horizontal stresses was 3:1. Therefore a reduced minimum horizontal stress 
Cry  was chosen to yield a moderate contrast between the two principal 
horizontal stresses. The analyses were conducted to enable different 
combinations of horizontal stress to vertical stress load cases to be computed. 
Without stress measurements at the viaduct site, the insitu primitive stress 
state can only be estimated. The above assumed stress state is considered a 
reasonable approximation, with a moderate, and not high, horizontal to vertical 
stress ratio. 
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The mining in the White and 283 panels consisted of pillar extraction resulting 
in total extraction. Small coal pillars, "stooks", are left in the mining operation. 
The extent of collapse, caving and consolidation of the overlying strata is 
unknown. In the model, it was assumed that the mined out regions were 
completely extracted and had caved to a maximum height of 20 m above the 
mine floor. The caved material was assumed to be unconsolidated goaf, and 
was therefore not carrying overburden load from the superincumbent strata. 
Since mining induced displacements and stress were required, tractions 
corresponding to the insitu primitive field stresses were applied to the mined 

out regions. 

The boundary element discretization of the valley and mined out regions is 
shown in Figure 45. The boundary elements are all of the isoparametric type, 
with the outer elements being infinite elements, and thus extending to infinity. 
The elements representing the valley are all traction free, with displacements 
being unknown. The problem is linear and therefore various load cases of 
horizontal to vertical insitu field stresses could be combined, if necessary. The 
results from this boundary element mesh is described in the next section and is 

denoted as the No-Fault case. 

A number of faults and dykes are known from surface, or sub-surface, 
exposures, and are given in Figure 40. The most significant feature in the 
vicinity of the viaduct, and the mined out regions, is the 12 m throw Hargraves 
Fault. This fault strikes 0501-2300, has a dip direction of 3200  and a dip of 

approximately 830. Surface exposure of this fault has not been reported. The 
throw of this fault appears to have diminished up the geological sequence, see 

Figure 41, with more definitive details not being available. Obviously, the fault 
is a major feature at the Bulli coal seam horizon, and is capable of modifying 
the mining induced stresses and displacements. 

Since this fault is a major feature, it was included in the model as a linear 
feature, as shown in Figure 46. The fault was assumed to extend throughout 
the geological sequence. The fault is modelled by boundary interface elements 

0 	with infinite elements at the extremities of the fault, and these elements are 
mapped to extend to infinity. 

Interface contact conditions must be satisfied by the interface elements, with 
normal tractions being equal and opposite, and in the case of slip zero shear 

tractions. 	This slip condition represents a frictionless interface for the 
increment of mining induced stresses and displacements. The assumption of 
incrementally frictionless is not overly conservative, since if the fault, prior to 
mining, had much of its shear strength mobilised, then with an incremental 
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increase in shear stress, with no change in normal stress, the fault would 
behave as incrementally frictionless. In other incremental loading stress paths, 
the incrementally frictionless assumption would not be conservative. 
Considering the lack of initial field stress data, shear strength properties of the 
fault, etc, the incrementally frictionless assumption is a reasonable selection. 
One advantage of the incrementally frictionless assumption is that the problem 
remains linear, and different vertical and horizontal load cases can be 

combined. 

6.3 	Effects of Mining without the Fault 

The boundary element mesh for this case, -i.e. without the Hargraves Fault is 
O 	shown in Figure 45. The mining area was modelled as two separate mining 

events; 1) the first involved mining the White panel, and 2) the second included 
extraction of both the White and 283 panels. For each mining event two load 
cases corresponding to horizontal and vertical insitu primitive stresses were 
analysed for each mining geometry. These load cases were then summed to 
yield the mining induced displacements and stresses for that mining sequence. 

The mining induced displacement in the vicinity of the viaduct are shown in 
Figure 47 for the case of an extracted White panel. The displacements are 
positive in the directions of the axes, with the x axis horizontal towards 0200, 

the y axis horizontal towards 2900  and the z axis vertical, as detailed in Figure 

45. 

The contours of mining induced displacement in Figure 47 are labelled in mm's 
of movement. The x displacements are a maximum beneath the viaduct of 95 
mm, see Figure 47a). The gradient of x displacement is greatest at the lowest 
portions of the valley in the vicinity of the viaduct. The y displacements, shown 
in Figure 47b), are positive of approximately 20 mm and are almost constant 
over the viaduct region. The z displacements, Figure 47c) indicate that the 
viaduct is at the edge of the subsidence trough with a vertical subsidence of 10 
mm. (Note: subsidence is plotted as negative z displacement). 

The relative horizontal displacements experienced at the ground level by the 
viaduct are presented in Figure 48a) along with the vertical subsidence in 
Figure 48b) for the case of an extracted White panel. These relative 
movements have been determined from the mining induced displacements 
given in Figures 47a) and b) assuming the centre of the viaduct base does not 
move. From Figure 48, it is apparent that the viaduct base has undergone 
minimal shortening from the Sydney abutment to the viaduct base centre, with 
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some minimal extension of the Wollongong abutment from the viaduct base 

centre. 

The mining induced displacements and stresses around the viaduct were 
computed for the case of extracting the White and 283 panel. The mining 
induced displacements are presented in Figures 49a), b) and c) for x, y and z 
displacements, respectively. The maximum x induced displacement is 
approximately 100 mm as given in Figure 49a) and is not that different to the 
case of mining only the White panel. In the y direction, the analyses indicate 
the viaduct has moved as a rigid body towards the 283 panel with a total that 
displacement of approximately 40 mm. The viaduct base is on the edge of the 
subsidence trough of the 283 panel, see Figure 49c), with a vertical subsidence 

of 40 mm. 

The relative horizontal mining induced displacements are shown in Figure 50 
for the case of extracting both the White and 283 panels. Figure 50a) clearly 
indicates that the analysis computed the viaduct has undergone minimal 
compression, with the Sydney abutment moving towards the centre of the 
viaduct base. The viaduct is shown to be at the edge of the subsidence tough 
experiencing a subsidence of approximately 40 mm. 

6.4 	Effects of Mining in the Presence of the Fault 

The boundary element mesh for the valley, including the Hargraves Fault and 
the mining panels White and 283 was presented in Figure 46. The mining was 
modelled as two separate load cases; 1) being the extraction of the White 
panel, and 2) the extraction of both the White and 283 panels. The mining 
induced displacements are presented for the various cases as contours of 
displacement in the x, y and z directions as devoted in Figure 45. 

The contours of mining induced displacement for extraction of the White panel 
are given in Figures 51a), b) and c) for the x, y and z displacements, 

0 	respectively. The mining induced x horizontal displacement, Figure 51a), 
shows the Sydney abutment has moved towards Wollongong by 100 mm. The 
Wollongong abutment is indicated as moving towards Sydney by approximately 

80 mm. 

The mining induced y displacement, for White panel extraction, shows a high 
gradient of y displacement movement towards the SE, see Figure 51b). The 
Sydney abutment experiences only minimal movement in the y direction. The 
model predicts a vertical subsidence of the ground in the vicinity of the viaduct, 

50 



1] 

Figure 51c), ranging from 10 mm to 70 mm from the Wollongong to Sydney 
abutments, respectively. 

The calculated relative horizontal mining induced displacements for White 
panel extraction are given in Figure 52a). The ground near the viaduct base 
experiences a shortening of approximately 150 mm with relative displacement 
of the Wollongong abutment towards the east. The model calculates 
subsidence in the vicinity of the viaduct, without any sign of uplift. 

The results from the analyses for extraction of both the White and 283 panel 
are given in Figures 53 and 54 for the mining induced displacements. 
Extraction of the 283 panel lessens the movement of the Sydney abutment 
towards Wollongong, Figure 53a), compared to the case of White panel only 
extraction, Figure 51a). However, the model computes from 283 panel 
extraction, a greater horizontal movement of the Wollongong abutment towards 
Sydney. The model also calculates that the viaduct base moves almost as a 
rigid body in the y direction towards the 283 panel. 

The vertical subsidence computed for extraction of both the White and 283 
panels, including the influence of the fault, is shown in Figure 53c). The model 
computes an uplift of the northern section of the viaduct base of 100 to 140 mm 
with a subsidence of the Wollongong end. Upstream of the creek, i.e. west of 
the viaduct, an uplift high is observed in the results, followed by a gradual drop 
towards the 283 panel. 

The calculated relative horizontal movement of the viaduct base is presented in 
Figure 54a) for the case of extraction of the White and 283 panels. Axial 
shortening of approximately 200 mm is computed, with approximately 140 mm 
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	concentrated in the central third of the viaduct base. The model computes the 
Wollongong abutment as moving relatively towards Sydney, and the Sydney 
abutment moving relatively towards the 283 panel. 

Isometric projections of the x, y and z ground displacements for the case of 
mining the White and 283 panels are given in Figures 55a), b) and c), 
respectively. The viewing direction in these figures is 050°, i.e. along the 
Hargraves Fault looking towards the NE. The steep change in mining induced 
displacement profiles is evident in these figures. This distinction is very 
apparent in the x induced displacement, Figure 55a), where ground SE of the 
fault is all moving positively in the x direction (i.e. towards 0200) and ground 
NW of the fault is moving negatively in the x direction. The y induced mining 
displacements, Figure 55b), indicate a moderate to steep change near the fault 
but not as pronounced as the x induced displacements. 

0 
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The vertical subsidence is shown in isometric view in Figure 55c) for extraction 
of both the White and 283 panels. The view is along the Hargraves Fault. An 
uplift (positive z value) is seen along the fault with subsidence troughs towards 
the White and 283 panels. As noted earlier, this analysis, which included 
extraction of both panels, the inclusion of the Hargraves Fault and moderate-
high horizontal stress was the only case in which any ground uplift was 
computed. 

6.5 	Effects of Low Horizontal Stress and Presence of the Fault 

In order to highlight the influence of horizontal stress on the resulting mining 
induced ground response, a lower insitu horizontal stress case was considered. 
In this analysis, both the White and 293 panels were extracted, the Hargraves 
Fault was included, but the insitu primitive horizontal stresses were reduced to 
one third of what was assumed for the analyses presented in Section 6.4. In 
this case, the insitu horizontal primitive stress state would be considered low 

for this region. 

The contours of the x and y mining induced horizontal displacements as 
computed are illustrated in Figures 56a) and b), respectively. The relative 
mining induced horizontal displacements and vertical subsidence computed for 
this case are given in Figures 57a) and b), respectively. The relative axial 
shortcoming of the viaduct is small, approximately 20 mm from the Wollongong 
end and 30 mm from the Sydney end. The analysis do compute a small uplift 
at the Sydney end of the viaduct, with subsidence elsewhere. These ground 
displacements, the relative axial shortening and uplift, are much smaller than 
those determined from the analysis of a moderately high insitu horizontal 
primitive stress as described in Section 6.4. 

6.6 	Summary and Deductions 

* 	The numerical analyses are shown to be applicable in modelling the ground 
subsidence due to mining. 	From back-analysis of subsidence profiles, 
appropriate rock mass properties were determined for the geological strata 
overlying the Bulli coal seam. Reasonable estimates of insitu primitive stresses 
in the Stanwell Park area were made from nearby mine data. The insitu 
primitive field stresses chosen consisted of a moderately high horizontal stress 
orientated 0200-2000  with a magnitude 1.5 times the vertical overburden stress. 
This horizontal stress is considered moderate for this region, and is much less 
than the maximum horizontal stress that some data suggest. 

0 
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The analyses highlighted that conventional subsidence could not have given 
rise to mining induced displacements of the order required to damage the 
viaduct. Even with the steep valley topography, a moderately high horizontal 
stress did not result in mining induced displacements sufficiently large to 
damage the viaduct. It is concluded that without any major discontinuities (i.e. 
major fault) that the nearby mining would not have produced ground 
displacements of the order needed to damage the viaduct. In all analyses, 
without a major fault, only ground subsidence was computed with no uplift 

noted. 

The Hargraves Fault was incorporated into the numerical studies, as a 
continuous linear feature. 	The fault was assumed to be in a stable 
configuration before mining, with a majority of its shear strength mobilised by 
the insitu primitive field stresses. The fault was assumed to behave as an 
incrementally frictionless interface for the mining induced changes. This 
assumption is described as not overly conservative, and was selected as a 
reasonable choice, considering the lack of insitu stress and fault strength data. 

The analyses including the fault, computed an axial shortening of the viaduct 
ground base of approximately 150 mm following extraction of the White panel. 
Vertical ground subsidence was computed for this extraction phase, ranging 
from 20 mm to 70 mm subsidence from the Wollongong to the Sydney 

abutment. 

Upon extraction of the 283 panel, the model predicted an increased shortening 
of the viaduct ground base to a total of 200 mm, with 140 mm of the shortening 
concentrated in the middle third of the viaduct base. Ground uplift was 
computed over the Sydney half of the viaduct base, with up to a maximum of 
140 mm of uplift. This uplift reduced to zero at the centre of the viaduct with 
increasing subsidence towards the Wollongong abutment. A ground uplift high 
was computed immediately west of the viaduct, with reducing ground uplift 
closer to the 283 panel and subsidence over the respective mined panels. 

It is concluded that the presence of the major continuous Hargraves Fault and 
a moderately high insitu primitive horizontal stress state can give rise to ground 
displacements sufficient to yield axial shortening of the viaduct base by 200 
mm and give rise to 100+ mm uplift over part of the viaduct, with subsidence 
over the remainder of the viaduct. 

0 
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7. 	LONG-TERM MONITORING 

The main damage to the viaduct occurred in 1985 and 1986. In spite of the 
lapse of several years since mining activities ceased, the area still has not 
stabilised completely. As the illustrations in Section 4 indicate ground 
movement is still continuing (at least it was continuing at the stage when the 
last available data was measured, i.e. December 1992), although the rates of 
displacement have decreased. 

The Salamon report strongly recommended that "...if mining remains implicated 
in the impairment of the viaduct, the Board should negotiate, in view of the 
uncertain future of the structure, the design and execution of a long-term 
displacement and strain monitoring programme." Maunsell & Partners, in a 
report to the SRA, entitled "Structural Analysis Progress Report - September 
1986", conclude in respect of "...the overall capacity of the structure to resist 

possible future ground movements: 

Now that Span 6 is severed, it is not expected that large longitudinal 
compression will ever build up in the structure. 

Future ground movements may cause some additional loading in the 
piers but to a limited extent. It is expected that relatively simple remedial 
measures will be adequate to deal with this situation should it arise." 

It is reassuring to read the confident words of Maunsell & Partners. However, 
now that the Hargraves Fault has been implicate in the damage of the viaduct, 
perhaps their views should be re-evaluated. Prudence dictates that when the 
integrity of an important structure depends on the stability of a fault, the worst, 
but plausible case scenario should be taken into account. In any event, it is the 
requirement of this assignment to design a monitoring scheme on the lines 
suggested in the Salamon report. 

0 	7.1 	Quantities to Observe 

Future changes can assume two very different forms. It is likely that ground 
movements, if they continue to occur, are likely to be small and gradual. 
However, the possibility of a sudden activation of the Hargraves Fault cannot 
be excluded. Present evidence suggests strongly that this fault has moved in 
recent years. In the light of this evidence, further relative movement along the 
fault plane is probable. This movement can be either gradual, as it has been 
so far, or sudden. 
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Sudden movement can be triggered by various mechanisms, including slow 
ground movement in the region, the wetting of the fault plane, or increase pore 
pressures, causing a reduction in frictional resistance which may lead to a slip 
along the contact. The moisture for the wetting of the fault may originate from 
the surface or may even be supplied by the flooding of the old mine workings. 

It would appear, therefore, that the monitoring scheme should cater for the 
eventuality of both gradual and sudden changes. Let us deal first with the case 
designed to monitor displacements occurring at a slow rate. 

Experience has shown in other situations that the best results are obtained in 
observing the development of the gradual displacements by carrying out simple 
measurements. Here the word "simple" implies the type of observations where 
the interpretation of the data is straight forward and does not require the 
employment of assumptions concerning the behaviour or the properties of the 
rock mass. The measurements of relative displacements, relative elevations, 
strains and tilts fall into this category. In these cases simple, virtually everyday 
instrumentation can be used where the long-term viability of the instruments 

and instrumentation can be assured. 

It appears to be in the Board's interest to observe the following: 

1. 	the relative displacement of the two ends of the viaduct at the deck 

horizon, 

2. 	vertical relative displacement of the gorge floor in the vicinity of the 

viaduct, and 

3. 	inclination out of the vertical of vertical boreholes, preferably intersecting 

the fault plane. 

In order to implement item (3) an attempt should be made to locate the fault so 
as to ensure that the inclinometer is properly located. 

Catering for the sudden movements will require a different strategy. It will be 
necessary to borrow technology from seismologists or from mines that are 
burdened by rockbursts. The instrumentation is based on seismometers. 
These instruments facilitate the observation of the noise generated by 
movements on the Hargraves Fault and on other discontinuities in the area. 

0 
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7.2 	Design of Instrumentation 

Again it will be advantageous to discuss the instrumentation for the 
measurement of gradual displacements and sudden slips separately. 

Gradual displacements. Apart from the inclinometer measurements, all other 
observations for slow displacements are to be performed on the surface. 
Although visibility is often obscured by vegetation and the topography on the 
site, every attempt should be made to design a proper ground displacement 
survey (see M.D.G. Salamon: 	"Least-Squares Analysis of Ground 
Displacement Observations", in Large Ground Movements and Structures. Ed.: 
J.D. Geddes; PENTECH PRESS, 1977; pp.  3-59). The main features of such 

surveys are five-fold. 

All points between which observations are made form the frame of the 

survey. 	This frame will be referred to as one-, two-, or three- 
dimensional, depending on whether it is designed to determine 
displacements parallel to one, two or three of the Cartesian coordinate 
axes, respectively. 

The displacements can be divided into rigid-frame displacements and 

displacements causing deformation of the frame. As in practice only the 
latter is of importance, the frame must be fixed by boundary conditions 
which, at least, prevent rigid frame motion. Unless this is done the 
problem is ill defined. 

Distances, angles and elevation differences, or changes in these 
quantities as a function of time, are measured. More than the minimum 
number of quantities required to define the displacements are measured. 

These redundant observations facilitate the use of the method of least-
squares, which adjusts the survey so as to minimise the residuals and 

provide the best estimates of the displacements. 

0 	 • 	The survey is repeated several times and often the total duration of the 
investigation is measured in years. 

Perhaps the most important feature of the method is its ability to provide 
an estimate of the accuracy of the obtained displacements. Moreover, 
provided the precision of individual observations is known and the 
terrain permits it, it is possible to design the frame and the scheme of 
observations to achieve some desired accuracy, or at least to reach the 
best accuracy commensurate with the available resources. 

0 
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In the present instance it would be advantageous to install two frames: a two-
dimensional frame to determine the relative horizontal components of 
displacements and a one-dimensional frame to obtain the relative vertical 

displacements. 	Modern, but conventional survey instruments would be 

employed to execute observations. 

As far as practicable, an attempt should be made to locate the Hargraves Fault 
in the vicinity of the viaduct. Once this is achieved two or at most three holes 
should be instrumented for measurements with an inclinometer. These 
measurements would be useful compliments of the earlier discussed 
displacement surveys and could yield direct evidence of the activities on the 

fault. 

Sudden displacements. Seismic instrumentation is a highly specialised field. It 
requires special skills and expensive instrumentation. A practical way of 
accomplishing this task is to do it in collaboration with one of the universities 
where the required skills and instruments are already available. 

The task here is two-fold. First the aim is merely to determine whether seismic 
noise can be detected in the general area of the viaduct. If the answer to this 
question is affirmative then the next step is to determine the location of the foci 
of the events. If both of these tasks can be accomplished, the next task is to 
maintain a seismic watch over the area until the conclusion is reached that 
seismic hazard is no longer a realistic threat to the viaduct. 

Initially a network consisting of only three geophones will suffice, but later when 
the aim is to locate the events, the number of instruments should be increased 
to at least to six. 

0 
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8. 	CONCLUSIONS 

On the basis of a detailed examination of evidence available and after the 
performance of a number of detailed analyses certain conclusions have been 
reached. It is unfortunate, but in spite of the huge volume of field observations, 
it is impossible to obtain virtually any firm quantifiable facts concerning the 
process of impairment of the viaduct. It is known with some certainty that the 
ground in the vicinity of the structure has undergone some uplift but the full 
picture of vertical ground movement is unknown. The damage to the viaduct 
confirms that the distance between the two abutments must have shortened 
and this deduction is supported by some survey results, but the details of the 
data are confused and nothing is known with certainty or quantitatively. It is 
also reasonably certain that two of the inclinometers indicate significant relative 
movement beneath the floor of the valley, but again the full magnitude of the 

movement is not available. 

These uncertainties are essentially due to two factors. 	Firstly, the 

measurements were commenced only after significant damage was registered 
on the structure. There is no way to know with a reasonable degree of 
certainty what portion of the movement has been missed. It is important to 
remember that the lost part of the displacements was significant since it was 
sufficient to cause a large part of the damage. 

The second factor is a little less clear, but nevertheless it is obvious to those 
who have had significant experience in performing field displacement surveys. 
Without intending to be unnecessarily critical of those who had the 
responsibility for designing and executing the survey, it needs to be stated that 
that too many things were undertaken, without a clear indication of purpose and 
a strive for accuracy and clarity. Also, the resources made available to the 
over ambitious project were inadequate to achieve success. As a result, many 
measurements taken are fairly unreliable due to a lack of redundancies in the 

measurements. 

In the light of these disappointing inadequacies in the data, the conclusions 
reached cannot be supported by much quantitative measurements. 
Nevertheless, the combined weight of observations (even if they have proved 
to be of limited value), analyses, logic and experience allow the presentation of 
reasonably firm conclusions. These conclusions are presented next in the form 

of comments on the 	mechanisms of impairment and some of the 
recommendations in the Salamon report. 
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Self-destruction mechanism. Undoubtedly, the viaduct has suffered 
some degradation of its integrity during the 63 years of its existence up 
to 1985. Also, it has been subjected to additional loads due to 
electrification and increased ballast. The damage suffered by the 
Lapstone Viaduct confirms that such damage can become significant, 
but unlikely to be debilitating. The analysis presented in Section 5, 
however, arrives at the conclusion that a self driven destruction could 
happen only if either the viaduct, (prior to mid 1985) was loaded fairly 
close to its critical buckling load, or the reduction in its stiffness 
progresses much more rapidly than the rate of its shortening. As neither 
of these is a likely scenario, it must be concluded that self-destruction is 

an untenable mechanism. 

2. 	Sloge mobilisation. The discussion in Section 5 presents evidence that 
talus movement has occurred on probably both sides of the valley in the 
vicinity of the viaduct. Such movement, however minor it may have 
been, has developed a force on the abutments of the viaduct that did 
contribute to a general increase in the axial load on the deck. An 
attempt was made to quantify this additional load with a reasonable 
estimate being a very small fraction of the critical buckling load. It must 
be concluded that this mechanism has not played a major role in the 
impairment of the Stanwell Park Viaduct. 

3. 	Interaction between mining and high horizontal stresses. This is the 
mechanism, with minor modifications, that was proposed as the most 
likely explanation of the impairment by several experts. These have 
included L. de Ambrosis, the authors of the SRA Submission and of the 
report by Coffey and Partners. It was also rated as the most probable 
mechanism in the Salamon report. All of these comments were made on 
the basis of purely qualitative reasoning. The numerical analysis in 
Section 6 reveals that this scenario does not produce anywhere near 
enough displacement to have caused the damage to the viaduct. Thus, 
the existence of the valley, even in the presence of high horizontal 
stresses, is not sufficient to cause damage to the viaduct. 

At this point in the investigation the conclusion might have been reached 
that mining is not a contributory cause of the viaduct's damage. The 
inevitable lack of depth of all investigations up to that stage was 
recognised in the Salamon report by allowing that perhaps another "as 
yet unknown", mechanism may have had a major role in damaging the 
viaduct. 
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4. 	Interaction between the Hargraves Fault, mining and horizontal stresses. 
The recognition of the role that may have been played by the Hargraves 
Fault has altered the possible outcome of the investigation. The 
numerical studies appear to explain, at least qualitatively, most of the 
phenomenon observed on and in the vicinity of the viaduct. The uplift of 
the surface, the closure of the two sides of the viaduct, that is the crucial 
elements of ground movement that have been identified as the main 
culprits in the impairment, are all there. It is tempting to speculate that 
there is even some agreement with the magnitude of displacements that 
have been measured or have been suggested (by Maunsell & Partners) 
to be responsible for the failure of the deck. Such temptation though 
should be resisted. As it was stated earlier, there is no reliable data 
concerning the magnitude of total displacement that caused the 

structure's damage. 

Thus it seems that a combination of a major fault, horizontal stresses 
and some mining in the neighbourhood is required to explain the 
impairment of the viaduct. It is important to note that while the viaduct 
did suffer some deterioration due mainly to "ageing", it probably would 
have provided uninterrupted service if mining activity did not take place 
in the area. At the same time, miners could have carried on mining at 
the same distances and in identical topographical and horizontal stress 
environments without causing any damage, provided there is no major 
fault directly under the viaduct. One may well ask which party should 
have anticipated the significance of the Hargraves Fault? Perhaps an 
even more pertinent question would be to ask; which party would have 
the responsibility to locate an important structure in such a critical 
location directly over the Hargraves Fault? 



fl 

9. 	RECOMMENDATIONS 

Due to the implication of the Hargraves Fault in the impairment of the viaduct, it 
is recommended that a suitable monitoring program be implemented as 

outlined in Section 7.0. 	This monitoring scheme should cater for the 
eventuality of both gradual and sudden changes 

It is recommended that the monitoring program observes the following: 

the relative displacement of the two ends of the viaduct at the deck 

horizon, 

vertical relative displacement of the gorge floor in the vicinity of the 

viaduct, and 

inclination out of the vertical of vertical boreholes, preferably intersecting 

the fault plane. 

To cater for the possibility of sudden movements it is recommended that a 
series of geophones be installed first to monitor any noise generated by 
movements on the Hargraves Fault, and other discontinuities in the area. 
Depending on the level of seismic noise activity, a seismic watch may need to 
be implemented until the seismic hazard is considered no longer a threat to the 

viaduct. 
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98 



S 	 S 	 S 	 S 	 S 	 S 	 S 	 S 

rj 

CD 	 Inclinometer Hole No. 786-9 at 5.5 m depth 

in 
ILl 

p 

CD  5 

CD 

p 

0 

E 
h 

C 
OQ 

-10 
°0 C) 
qt. 

0 
-15 

-20 

0 

-25 

_____ _____ _____ _____ 

- 
SPA interpretaflon. Amplitude of  
deflection measured from uniaxial 
printouts (peak to peak between 6.5 
and 9.5 m). Northerly movement 

- 

-t 

CO 

8 
CO 

8 
CO 

a 
CO 

o 
0 

U) 

a. 

01 
CO 

o 
0 

a 
8 

- 
a 

- 
o 
0 

a 
0 

a. 

0 

0 
CD 



Sc 
4 

8 

12 

16 

20 

24 

28 

32 

36 

40 

44 

48 

rt h 

S 

S 

S 

S 

173 

S 
BOREHOLE NO. 1786-10 

Depth (m) 	Deflection (mm) 
—20 —10  0  10 20 

S 

Figure 39. Change in deviation, i.e., deflection of Borehole No. 1786-10. 	 5 

100 



m 

Es 
n) 

CD 

0 —h 

LU 
a 

LU 

a 

CD 
a 

1 
CD 
LU 

Cl) 
CD 
CD 

-o 
CD 

ci 
x 
w 
1 

CD 
—h 
LU 
- 

Q 
i ......  $ 

4 

71 • 	S 

-. 

-- 
z, . 

-'-- ---I4r ;' 	£' 	/ 	 . 	- 	I 	-• 

	

- 	.-.<------/---: 	 . 	Ill 
-2-I 	 - 

h-- 

F 

----- 	
--- 	 N 

- 	 >2-' 	---- 	—.- 	-- 	 - 
.-- 

/ 	- 	, 	 t 	-•---.L___. 	 - -. 	-. 	 -1 	•- 

/ 

--- 
- 

---< 	
7__ — / -- 

,- 
------------- 

- 

4-1  
I / 

/ 

Tr- 

o 	 -- 
- 

LL 

12 PANEL 	 -- 	GE\:- PN VIEW 

- 	.- - 
- 	 - 

-- -- 



1- 	 CIDIiC 

N 
Co.- 	

c: 

I I 

It 

11 
CD 
C 
1 

CD 

- 

C) -' 
0 
C') 
C) 
C') 
CD a 
0 

0 -9 
Cl) 
0) 

CD 
0 — 
1\) 	-u 

B) -.' 

C-) -' 
CD 
CD 

(I) 

CD 
CD 
> 
-D 
-o 
CD 

a x w 
1 

CD -4' 
B) 

= - — — - - - - 

-. 77,  
"K • 

0 	
F 	 I 	 '.. 

:-\ 
\\ 

.. 	 P* 

__- 

C.S.Afl1O4.gL 

- 

-i 

P.0 



S 
	

S 	S 	S 

-Ti 

Cl) 
C 
a- 
C,) 

0) 
C, 
CD 

0 
CD 
0 
0 

CD 

Cn 
CD 
CD 

0 

CD 

Q. 
x 
w 

CD 

B) 
F) 

C 

U 

I 	 I 
I RAt 	C( _*At 	3A10. 

$TAHWELL --_ _vAc*.tr 





0.5 

0.0 

eE' Computed 
F** Measured 

—1.5 

fl 

. 

I 

I 

I 

I 

Horizontal Distance (m) 

Figure 44 Comparison of Measured and Computed Subsidence - Appin 
Colliery Longwalls. 

I 

105 



kn 

1750.9 1657.1 

m 
Co 
c 
(D 

th 

WOR 

cn 

Boundary Element Mesh 

Stanwell Viaduct Analysis 

S S 0 S 



-Ii 
Co 
C 
1 

CD 

a) 

F.Jw 
a) 0 
0) c 

a 
Wfl) 

CD 

CD 
B 
CD 
'-I- 

CD 
U) 

- 	:,- 
cD 	- 

0 -' 

S 	S 	 S 	S 	S 	S 	S 	S 	S 	S 

CD 

I 

Co -a 

CD 
C') 

m 
D) 
C 

3-

CD 
0) 
3 a 

Boundary Element Mesh 
ME 

'1 
N 
\0 

-2653.8 2057.1 



Horizontal Movement X(mm) White—Combined 
-175 -150 -125 -100 -75 -50 -25 0 	25 	50 	75 100 125 150 175 

	

150 
	

3') 

	

125 
	 125 

	

100 
	 100 

	

75 
	

75 

	

50 
	

50 

	

25 
	

25 

	

0 
	

0 

	

-25 
	 -25 

	

-50 
	 -50 

	

-7' 	 -75 
-175 -150 -125 -100 -75 -50 -25 0 	25 	50 	75 100 125 150 175 

Horizontal Movement Y(mm) White—Combined 
-175 -150 -125 -100 -75 -50 -25 0 	25 	50 	75 100 125 150 175 

150 

	

125 
	

125 

	

100 
	

100 

	

75 
	

75 

	

50 
	

50 

	

25 
	

25 

0 
	

0 

-25 	 -25 

-50 	 -50 

-75 
-175 -150 -125 -100 -75 -50 -25 0 	25 	50 	75 100 125 150 175 

	

Figure 	47 	Mining Induced Displacement Contours 
a) horizontal x movement, b) horizontal y movement, and C) 

vertical subsidence z - White Panel No Fault. 
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Figure 47 	Mining Induced Displacement Contours 
a) horizontal x movement, b) horizontal y movement, and C) 

vertical subsidence z - White Panel No Fault. 
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Figure 48 	Relative Mining Induced Horizontal Movement and Vertical 
Subsidence - White Panel No Fault. 
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Figure 49 	Mining Induced Displacement Contours 
a) horizontal x movement, b) horizontal y movement, and c) 
vertical subsidence z - White and 283 Panels No Fault. 
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a) horizontal x movement, b) horizontal y movement, and c) 
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Subsidence - White and 283 Panels No Fault. 
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Figure 51 	Mining Induced Displacement Contours 
a) horizontal x movement, b) horizontal y movement1  and C) 
vertical subsidence z - White Panel Hargraves Fault. 
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Figure 51 	Mining Induced Displacement Contours 
a) horizontal x movement, b) horizontal y movement, and c) 
vertical subsidence z - White Panel Hargraves Fault. 
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Relative Horizontal Movement White—Combined Fault 
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Figure 52 	Relative Mining Induced Horizontal Movement and Vertical 
Subsidence - White Panel Hargraves Fault. 
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Figure 53 	Mining Induced Displacement Contours 
a) horizontal x movement, b) horizontal y movement, and C) 
vertical subsidence z - White and 283 Panels Hargraves Fault. 
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Figure 53 Mining Induced Displacement Contours 
a) horizontal x movement, b) horizontal y movement, and c) 
vertical subsidence z - White and 283 Panels Hargraves Fault. 
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Figure 54 

	

	Relative Mining Induced Horizontal Movement and Vertical 
Subsidence - White and 283 Panels Hargraves Fault. 
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Figure 55 	Isometric View of Mining Induced Displacement 
	

I 
a) horizontal x movement, b) horizontal y movement, and C) 
vertical subsidence z - White and 283 Panels Hargraves Fault. 
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Figure 55 Isometric View of Mining Induced Displacement 
a) horizontal x movement, b) horizontal y movement, and c) 
vertical subsidence z - White and 283 Panels Hargraves Fault. 
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Figure 56 	Mining Induced Displacement Contours 
a) horizontal x movement, b) horizontal y movement, and C) 
vertical subsidence z - White and 283 Panels Hargraves Fault 
Low Horizontal Stress. 
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Figure 56 	Mining Induced Displacement Contours 
a) horizontal x movement, b) horizontal y movement, and c) 
vertical subsidence z - White and 283 Panels Hargraves Fault 
Low Horizontal Stress. 
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Relative Horizontal Movement All—Low Fault 
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Figure 57 	Relative Mining Induced Horizontal Movement and Vertical 
Subsidence - White and 283 Panels Hargraves Fault Low 
Horizontal Stress. 
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U.S.A. 
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0 ' : ?--2i- 	
Dececher 3, 1992. 

STANELL PA:( Vi2t13JCT : ?EO?CSAL 

xrc rlecech o rote c your letter of orcrber 20, 1992 that the 
Poara accoriea crz rercrt in respect of t:ce Starixeil Park Viaduct 
arid reruectod that i should subc'Jc a proposal for the 

or of the recocrrecdat ions in chat report - 

Strict the reca:rt of rceir letter = have rev:exed the tasks involved 
arid secured the ac-al ltbilitv of t.:o rofcceicna1s wkt are WIll lriO 
tc• t ti2i7a:t 	tiit 	teCt. 

	

c_c 	e 	o_ cc cc fo_os 

arc:: 
'i: Prrfesccr Grace keckicc' CC. 	:i:tc:bch'; 

h horca Qcrntciro. ESC 	v:_ Ecr:ceerr::g, 	i'.'eCieri:, 	ç 

rirrec_cr, Cc..orace ecnec_ 	7erics) 

Es 3c:creiro 	the xl foci Pr - 	ecics Quin:e:ro xho xas 
red 	t:c Ur -;r_ .:-: of 1C: South hhlec cc a research engineer 

to 	 :c:c 	:hc 	c-  Cccl Scard Secret Control Project. Thv 
are cc cr-rtcc: Ic Ccle:ahc. 	.IEA. but hare beer c eaced by the 

exCiErtict 	et:cc cc Australia 

	

CC 	T 	 fl 

c cr:eoc - cc ccd cciertcs  vcura ace ceer, i -bc is eace:-  to 

0 

0 
A2 



2. TASZ DEFINITIONS fD 

Po'ar recommendations were made in the repoct. The work content and 
rc' of eac 	- ccd f s:ccc n e 

(1) Analysis of chc data a faba cc 

The obiccaive f chs task 'ccd be to COC1YSC the mass 
cf data avaifabie to S.A. in order to cfarifv the 
çrocnd mooe!acnt desecpment and its chrono cical  
acormetricci rolationshia to rrinna. 

The excu::ori f be rask oiIi ia,-  cIve 
a) cvio--' selection 	or-atcac or oaoetic form) ci 
S.iA. faic -------------4 weeks 

'h) Ana - sis oi rho etc ---------3 weeks 

---------------- 

	

Cr'isreilizatico of coociasions - - - 	I ek 

• 

	

	 Toaa_ Task .,i 	8 weeks 

(1i Geotco ica Sit-c 

This 	serve-i 	'o: ncI'cde 	:ho 	colla:ioc from P.R.I. 	and 
cober sources cli relevant reciccical, reotechnical 	and 
croocoa - r 	-'-- 	s 	to c_ 	'e 	fto- 	e. • Park Viaduct. 	The r:rve-' :eotarclli uculi icc.iud 	a 	field 

The 	ohec:i. or 	of 1:o 	looks 	ore 	firs :v 	or 	ass cc 	the 
woo cc oar wc_ .s or roe or: 	oa'.v 00 

:rc-ie 	oar 	or 	:oe 	:.o•cr co oo'r rcrco ar.re. 	secorv 
oo 	or a 	or 	r 	a'co c1 - co crrc 

Task 	'cc:: 	be 	croon atod 	to 	rome ::,hsi  rd 	o: fecce 
L; 

era 	C.LO30 

• cct1:oria ------------ 3 weeks 
'a, 	arIa 	:.:vns------------------------ I 
)c' 	Por:rrli.ronicr: of 	c:rlrsoao 	------- 

---------------- 

Ike cbec :.rr hero- _s 	:o car: woorhar pet oCc!OrS:25 
cf the 

Thcuiuot 	..n. s-of-:cstracafco. c- .:0.:5000: end 
1k 	:r:oac-' 	Ore 	lo*bi2. 

2 :'cooa.5s..s 	uoco 	:. c 	su 
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enid.eto cause rho observed damage to the structure? 
Acoordinc cc Yaunsell!s CCl1t±CflS a relative 
disc cemon in the order of 50 - 100 mm had occurred 
het!:een the veulov alis to cause the failure of the arch 

Scan c. S. 

The chree 	sionalanalysis ;hich is required here can 
be renamed econcmically by usine the aroropriate 

eachace available cc the team. 

The ::odel I ln 	 frsr simulate are-mining conditions 
usne aepmooniece. erc:md stresses. Next, 	the feasibility 
of various reechanisos .':cu1d he evalveted. First the self- 
ron.-uc rccg- 	the compuLat.o-1 
of rho M,  enitude of 	he 	'elstic rebound" of the valley 
scdes 	d 	to 	a 	reduction 	c-f 	the 	Viaduct! s 	stiffness. 
YThis scec '.-:iII require the study of 	:aunsell 	s reports. 
he:: 	• 	a 	secacence 	o f 	c'.•:c or 	eossiblv 	three mmmc steos 
:ccu.d be 	siouleted 	and their effaces on the valley and 

fleer accessed. It is mite possible that during this 
inves liea icn tIre need becomes ar-cerant to oerforrc one or 

cc 	nr.:'c 	tr:-a: 	:ris 	is 	a 	comele:: 	and 	!leavv 
mourn :nr I s-nc 1 	cccl: 	uhich 	needs 	me 	be 	arepared 	very 

rcc 	crrrcrtl:u 	of 	eric: 	:reh 	-;:onid 	invelve 
a, 	IIIara 	orcicering 	(tconraehic, 	necicoical, 

each 	c--mrie- , 	nine 	gemnetr-- 	. 	. 	. 	2 	ueeks 
cur testcnc- 
.............. 
.................1 	r'eehs 

---------------- 

20 0 

urns succeed uc-;emen cant moos 	so occur 
the Viadect . 	Ic is 	I ikolv 	in 	Lhese 

-'--- 	...-, --------- 
the 	:una sr:OrC :i:n and 	even 	the 
al 	1l- 	Thaduce. To c-rear for chic aucemuallty 

C 	:1-coat cal 	cc eslablish 	c-cod 	and 	cbective 
rho 	earned behaviour 	and 	the 

cc: 	care: 	.rrcasucour. 

of 	cicis 	tas-: 	uculd be 	in dsien 	a 
-- car-- c -c- 	 :creuene cccl 	Ctrain 	::oeiconinr arcoramne 

-- 	-v----c- 	- 	c 	... r_t-,_-: r._! ---'i-,-- 	•-a 

. 	-. 	ecren-cce . 	In 	:auc.::cc. ac::r aececacen. 
cc 	cc 	c- i --ac 	fo lb-a 	:,orhancsc......... c-h 	racy 	lead, 	ccc 

0 

0 
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this area, to long delayed but mining induced ground 
movements - 

Theexecution of this task would iflVO1VE 

Desin of the 	survey ........0.6 week 
Discussions 	............0.4 week 

Review of possible mechanisms for 
long-term mining induced 
displacements 	...........1.0 week 

--------------- 

Total Task (iv) : 2.0 weeks 

• 	
Feort :riting ................2 weeks 

Thus, the estimated total duration of the project is 25 weeks or, 
aroroximately 6 months. 

The followinc time cable is prceosed 

A. In view of the enrected date for the 
arrival cf 'is Quinteiro, the date of 
commencement would be ...........February i, 19f3. 

2. Tasks (i) and (ii) CCC lin-:d and 
should be c a r r i e d out parallel. T h e 
escirnated cocci-orion date for these 

......................-ay 	, 

me came a: camoec:cn a-:: as 	: 

is stimted me be ................fulv 5, 193. 

--: 	 -.-___c-___ 	_C_D. 	 •, 	_--L' 

merus: a, 

ic ci she h ::acad thac 1 e:meecteo be beck In Accerel Ia dun: 	ehe 

rae era 

US $ 

* 

0 

C 

I-hD.g. Salacon 	IIdas) 

C 
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If some unforeseen turn of events would require my presence ifl 
Australia before July 1993, it miaht be necessary (with the 
approval of the Board) to make a special trip from Colorado. No 
provision has been made in the budaet for this eventuality. 

4. 	GENE RA L 

If the Board agrees to comrission this work regular imonthly 
procress reports will be submitted for information. 

I alan to return to the U.S.A. on Jecomber 23, 1992. If rho work is 
to cc ahead, it would be advantageous to visit the relevant offices 	0 
ci S.R.A. before my departure in order to get better acquainted 
with the data the- hold. 

Please do not hesitate to contact me if you recuire any further 
clarification or information. 

Until Pecember 28 1 con be reached: 

Yedina Apartments 
3-65 St. Parks Poad 
Panch:ick, YSY 2031 

Pa::: 3-•o:9 

9ros iclen 
S.aiamon Ccnsuirinp Inc. 

to 

[1 

0 

0 
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List of Available Information 



LIST OF AVAILABLE INFORMATION 

a. 	Reports from the consultants engaged by the Mine Subsidence Board to 
assess the damage to the Stanwell Park Viaduct. The reports were 
received from the Mine Subsidence Board as part of an initial briefing. 

Report on Findings and Investigation into the Cause of 
Damage of the Stanwell Park Viaduct: A submission to the 
Mine Subsidence Board by the State Rail Authority of NSW - 
June 1987. 

Stanwell park Viaduct: Assessment of Technical Information - 
July 1989- Coffey and Partners Pty. Ltd. 

Stanwell park viaduct: Review of Reference Material on Valley 
Bulging - September 1991 - Coffey and Partners Pty. Ltd. 

Mine Subsidence effects on the Railway Viaduct at Stanwell 
Park - July, 1989- L. Holla. 

The Mine Subsidence Effects on the railway viaduct at Stanwell 
Park and Addendum - October! November 1986- L. Holla. 

Pillar Extraction at Coal Cliff Colliery in Relation to the Stanwell 
Park Railway Viaduct and Addendum - September/November 
1986- W. A. Kapp. 

Site Inspection of Stanwell Park Viaduct - May 1986 - L. de 
Ambrosis. 

Additional ground movement data received from Mr. To under 
the cover of a letter dated 24 August, 1992. 

Possible Causes of the Impairment of the Stanwell Park 
Viaduct, 1 November 1992, report to Mine Subsidence Board - 
M.D.G. Salamon. 

b. 	Documents received from Mr. E. M. To under the cover of a letter to Dr. M. 
Salamon, dated 23 October, 1992. 

b.1. 	Lapstone 61.00 km Brick Viaduct: A memorandum by R. E. 
Best, Bridges and Structures Engineer of SRA to the Principal 

0 
B2 



Geotechnical Engineer of SRA on the damage to the Lapstone 
Viaduct, dated 22 March, 1989. 

b.2. 

	

	List of Monitoring Activities - Stanwell Park Viaduct: Contains 
extensive information concerning the type and nature of 
monitoring activities carried out in conjunction with the 
impairment of the viaduct, dated 13 February, 1987. 

b.3. 

	

	Letter with attachments from H. D. Christie, Principal 
Geotechnical Engineer of SRA to E. M. To, Chief Executive 
Officer, Mine Subsidence Board, dated 22 March, 1989. 

C. 	Documents received from H.D. Christie, during a meeting in his office on 
21 December 1992. 

Stanwell Park Viaduct - Geotechnical Investigation and 
Monitoring. Summary Report by SRA of New South Wales, 
Geotechnical and Concrete Laboratory, dated 20 June, 1986. 

• 
Illawarra Electrification Project - Geotechnical Report and 
Recommendations on Stabilisation of the Coalcliff Slip with 
particular reference to Stage I of the Coalcliff Yard 
Redevelopment - December 1982. 	Prepared for G.H.D. 
Transmark Joint Venture by P. R. Hilleard, Engineering 
Geologist SRA 

c.3. 	Letter report from H. D. Christie, Principal Geotechnical 
Engineer SRA to Dr. L. Holla, Department of Mineral 
Resources, dated 16 January, 1989. 	The letter report 
summarises possible causes of failure of the viaduct 
investigated by the State Rail Authority of New South Wales. 

c.4. 	Progress Report No. 2 - Stanwell Park Railway Viaduct 
following SRA/G.H.D. Transmark/Maunsell Meeting on 17 
December, 1985. Maunsell & Partners Pty. Ltd., 18 December, 
1985. 

c.5. 	Report on Replacement options - Draft copy - January, 1986. 
Maunsell & Partners Pty. Ltd. 

c.6. 	Structural Analysis and Replacement Options - Progress 
Report - September, 1986. Maunsell & Partners Pty. Ltd. 



Report on support options for Span 4 - October, 1986. 
- 	 Maunsell & Partners Pty. Ltd. 

Appendix 3. Minutes of Special Discussions between Mr. P. R. 	S 
Hilleard and invited delegates Regarding Stanwell Park 
Viaduct, International Symposium on Engineering in Complex 
Rock Formations, Beijing, China, 2-7th November, 1986. 

Letter report from G.H.D. Transmark to R. Schwartzer, Chief 
Civil Engineer SRA, dated 20 December, 1985. The letter 
report contains information about the initial damage to the 
viaduct, and a hypothesis of movements that would have 
caused the damage. 

d. 	Documents received from H. D. Christie, Principal Geotechnical Engineer 
of SRA, during a meeting with him in his office on 29 April, 1993. 

Examination of Survey Data for Monitoring of Stanwell Park 
Viaduct - May 1991. Report by the State Rail Authority of New 
South Wales City Rail Capital Development Projects - 
Surveying Services. 

Examination of Survey Data for Monitoring of Stanwell Park 
Viaduct - April 1992. Report by the State Rail Authority of New 
South Wales City Rail Capital Development Projects - 
Surveying Services. 

Stanwell Park Viaduct Illawarra Line 56.8 km - Investigation 
Report March 1992. 	Report No. 8405-R-1, Volume 1. 	5 
Prepared by McMillan Britton & Kell Pty. Ltd. for SRA 

Letter from Mr. H. D. Christie, Principal Geotechnical Engineer 
SRA to Mr. Ian Jones, Regional Surveyor SRA requesting 
information about bench marks used by the surveyors when 	0 
monitoring the Stanwell Park Viaduct. The letter is dated 23 
December, 1992. 

Letter from Mr. Ian Jones, Regional Surveyor SRA to Mr. H. D. 
Christie, Principal Geotechnical Engineer, SRA in response to 
H. D. Christies request 23 December, 1992. The letter is 
dated 24 January, 1993, and contains information about 

0 



survey control of Stanwell Park Viaduct by the Surveying 
Section of SRA - Illawarra Region. 

d.6. 	Letter from Mr. H. D. Christie, Principal Geotechnical Engineer 
SRA to Mr. Ian Jones, Regional Surveyor SRA requesting 
additional information about the monitoring of the Stanwell 
Park Viaduct by the Surveying Section. The letter is dated 18 
January, 1993. 

Facsimile from Mr. Mark Butler, Survey Technology Officer 
SRA Design Consultancy, to Mr. Ian Jones, Regional Surveyor 
SRA, about relating the new photogrammetry data with the 
older photogrammetry data of the viaduct. The facsimile is 
dated 28 April, 1993. 

Numerous photographs dating from the time of construction of 
the viaduct to the present. 

e. 	Document received from Mr. P. R. Hilleard, Slips & Flood Manager 
Illawarra, under the cover of a letter to Professor C. Hocking, dated 13 
May, 1993. 

e.1. 	Copy of P. R. Hilleard's field note book pages about a mine 
inspection in the Coal Cliff Colliery, adjacent to Stanwell Park 
Viaduct, in early 1986. 

f. 	Documents received from Mr. E. To under the cover of a letter to 
Professor G. Hocking, dated 25 June, 1993. 

L.4 
f.1. 	Two reports (Attachment A and Attachment B) under the cover 

of a letter from D. R. Noble, Manager Supply Kembla Coal and 
Coke Pty. Ltd., to Mr. E. M. To, dated 24 January, 1989. The 
two reports was prepared by ACIRL. Attachment A - Notes on 
visit at Coal Cliff Colliery - October/November 1983. 
Attachment B - Kembla Coal and Coke Pty. Ltd. on 
investigations of creep conditions in roadways of the 2NW 
District at Coal Cliff Colliery - March 1984. 
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g. 	Conference papers by P. R. Hilleard. 

Damage to the Stanwell Park Viaduct. Presented at mt. Symp. 
on Engineering in Complex Rock Formations, Beijing, China, 	0 
1986, pp. 1- 

Bedrock Movements and the Failure cf the Stanwell Park 
Railway Viaduct, in Collected Case Studies in Engineering 
Geology, Hydrogeology and Environmental Geology. 1989. 
2nd Series, Ed. McNally, Knight and Smith. A. A. Balkema, p. 
1-27. 

h. 	Survey notes and miscellaneous surveying information received from Mr. 
lan Jones, Regional Surveyor SRA, 8 June, 1993. 

h. 1. 	Details of Tunnel and Viaduct Alignments. Document contains 
levels of highest point of parapet. Measurements taken late 
1981 (16/11/81) according to Ian Jones, Surveyor SRA 

Detail Survey of Stanwell Park Viaduct by SRA Survey Section, 
dated 26-31.12.85. 

Stanwell Park Viaduct - Summary of Survey Activities by 
Survey Section, Way and Works Branch, dated 15 February, 
1988. The document explains the surveying activities at 
Stanwell Park undertaken by the Survey Section. Includes 
SRA Survey Sections estimates of accuracies and standard 
deviations of measurements. 

0 
SRA Viaduct Stanwell Park NSW - Report relating to the 
placement and control of survey marks undertaken for the State 
Rail Authority by BHP Engineering, Survey Department 
Wollongong - December 1985/February 1986. 

0 
List of December 1992 coordinates of survey control marks and 
brass bars on and around the viaduct. 

Summary of Horizontal and Vertical Movement - Stanwell Park 
Viaduct . Summary sheet of movement of pins on the eastern 
face of the viaduct from 3.2.86 to 22.10.90. 

0 
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Results from monthly checks. Summary sheet with expansion 
joint measurements, abutment-to-abutment distances, north-to-
low pillar distances, west-to-north pillar distances, and Sydney-
to-Wollongong portal distances. Last measurements 15.10.90. 

Survey control checks of survey control marks on and around 
the viaduct. Check I to 11 from August 1985 to November 
1987. Original coordinates of marks dated 16.11.81. 

Levels of brass bars and mast nails. Check I to 15 from August 
1985 to 13 October 1986. Bars installed late 1983 (December-
1983). 

Horizontal movement of brass bars (off centre line) - Graph of 
movements between 1985-1986. 

Brass bar heights before, during, and after first train. Survey 
notes dated 3.2.86. 

Horizontal movement of mast nails (off centre line). Summary 
sheet by A. Fletcher, SRA Surveyor, dated 23.1.86. 

Pier Verticality and span widths on eastern and western face of 
Stanwell Park Viaduct (two drawings). Measurements taken 
immediately when a problem became apparent (December 
1985). 

i. 	Drawings and plans received from H. D. Christie 21.12.92 and 29.4.93. 

Location of Geotechnical Investigations - Drawing No. CS-786 
S120, Scale 1:500. 

Mine Subsidence Traverse - Summary of Changes in R.L. and 
Cross Section - Drawing No. CS87-786 S118, Scale 1:500, 
dated 13.4.87. 

Surface Topography - Drawing No. CS87-786 SI 33, Scale 
1:5000. 

i.4. 	Surface Geology - Drawing No. CS86-786 S 119, Scale 1:500. 

I 	
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Control Survey at site of viaduct for measurement of geological 
movements (Macro Survey), Drawing No. 480-1379, Scale 
1:2000. 

Control Survey at site of viaduct for measurement of geological 
movements (Macro Survey) - Drawing No. 480-1380, Scale 
1:1000. 

Plan of Stanwell Creek Viaduct for investigation of pier 
movement (Detail Survey) - Drawing No. 671-50,989, Scale 
1:50, Surveyed 31.12.85. 

Down side elevation of Stanwell Creek Viaduct for investigation 
of pier movement (Detail Survey) - Drawing No. 1055-50,985, 
Scale 1:50, Surveyed 31.12.85. 

Up side elevation of Stanwell Creek Viaduct for investigation of 
pier movement (Detail Survey) - Drawing No. 1055-50,986, 
Scale 1:50, Surveyed 31.12.85. 

j. 	Miscellaneous information. 

IRAD Gage Manual. Manual of the tape extensometer used in 
SRA monitoring at Stanwell Park Viaduct. Received 11 May, 	10 
1992, from Mr. Matthew Barrett, SRA Geotechnical and 
Concrete Services Section. 

DIGITILT Inclinometer Manual - SINCO Slope Indicator Co. 
Manual of the inclinometer used in SRA monitoring at Stanwell 
Park Viaduct. Received 23 July, 1993, from Mr. Matthew 
Barrett, SRA Geotechnical and Concrete Services Section. 

Numerous computer disks containing raw and processed 
monitoring data files. 
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Data Presented by the SRA 
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TAPE EXTENSOMETER - SUMMARY OF LENGTh CHANGES OF SPANS AT LOWEST HORJZ. LEVEL 

DATE SPAN 1 SPAN 2 SPAN 3 SPAN 4 SPAN 5 SPAN 6 SPAN 7 SPAN 8 NORThENDSO(JTHENDTOTAL 
9-Nov-85 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
8-Dec-85 0.0 0.2 0.5 -1.1 0.1 0.0 0.4 -0.6 -0.4 -0.1 -0.5 

11-Dec-85 0.2 0.1 0.6 -1.3 0.5 0.2 0.1 0.0 -0.3 0.8 0.5 
• 12-Dec-85 0.2 -0.1 0.4 -1.5 0.3 0.2 0.2 -0.9 -1.0 -0.2 -1.3 

13-Dec-85 0.0 -0.3 0.4 -1.6 -0.6 0.0 0.3 -0.5 -1.5 -0.8 -2.3 
16-Dec-85 0.5 0.1 0.5 -1.9 0.2 0.5 0.2 -1.0 -0.8 -0.1 -0.9 
17-Dec-85 0.5 0.0 0.0 -2.0 -0.9 0.5 0.2 -0.8 -1.6 -1.0 -2.6 
18-Dec-85 0.6 0.0 0.1 -1.6 -0.9 0.6 0.0 -1.0 -0.9 -1.3 -2.2 
19-Dec-85 0.9 -0.4 -0.6 -2.1 -0.9 0.9 0.9 -0.6 -2.2 0.3 -1.9 
20-Dec-85 0.0 -0.5 0.4 0.0 -0.9 0.0 0.6 -0.3 -0.1 -0.6 -0.7 

• 22-Dec-85 0.0 -0.3 0.8 -2.0 -0.9 0.0 0.6 -0.5 -1.5 -0.8 -2.3 
30-Dec-85 0.1 -0.7 0.2 -2.5 -0.9 0.1 0.6 -0.6 -2.9 -0.8 -3.7 

2-Jan-86' 0.4 -1.2 0.0 -2.3 -0.9 0.4 0.8 -0.4 -3.2 -0.1 -3.3 
7-Jan-86 0.0 -0.2 -0.2 -2.6 -0.9 0.0 0.1 -0.3 -3.0 -1.1 -4.1 

15-Jan-86 1.8 3.2 1.4 -3.1 -1.7 1.8 -0.7 0.5 3.4 -0.1 3.3 
13-Feb-86 0.0 2.3 2.2 -4.2 -2.3 0.0 2.7 0.0 0.3 0.4 0.7 
24-Feb-86 2.7 2.2 2.4 -3.6 -1.5 2.7 2.7 0.0 3.6 3.9 7.5 

5-Mar-86 2.5 1.2 2.8 -3.6 -1.4 2.5 2.3 0.2 3.0 3.6 6.6 
O 18-Mar-86 2.5 1.7 2.2 -4.3 -1.6 2.5 2.1 0.5 2.2 3.5 5.7 

3-Apr-86 3.6 2.1 2.0 -4.1 -1.6 3.6 2.1 -0.2 3.5 3.9 7.4 
8-Apr-86 3.4 2.3 2.2 -4.4 -1.2 3.4 2.1 -0.4 3.5 3.9 7.4 

15-Apr-86 2.6 2.1 2.4 -4.6 -1.5 2.6 2.2 -0.7 2.4 2.6 5.0 
6-May-86 3.0 2.2 2.7 -4.4 -1.4 3.0 2.5 0.1 3.5 4.2 7.6 

28-May-86 2.2 2.3 2.5 -4.9 -1.5 2.2 2.3 -0.4 2.1 2.6 4.6 
18-Jun-86 2.0 1.8 2.5 -4.6 -1.3 2.0 2.2 -0.4 1.7 2.5 4.2 

• 20-Aug-86 - 0.0 1.9 -4.9 -2.0 - 1.6 0.0 -3.0 - - 
19-Sep-86 - 0.0 3.3 -4.2 -1.1 - 2.5 0.0 -0.9 - - 
22-Oct-86 - 0.0 3.0 -4.1 -1.4 - 2.0 0.0 -1.1 - - 
6-Nov-86 - 2.1 2.6 -5.3 -1.8 - 1.3 0.9 -0.6 - - 

10-Dec-86 3.6 2.8 3.2 -5.4 -1.2 3.6 2.6 0.0 4.2 5.0 9.2 
6-Jan-87 3.7 1.8 3.0 -6.7 -1.7 -9.4 0.5 0.7 1.8 -9.9 -8.2 
3-Feb-87 3.6 1.7 3.3 -7.1 -1.5 -9.0 1.4 0.7 1.6 -8.3 -6.8 

• 10-Apr-87 3.3 2.1 3.4 -7.2 -1.7 -9.1 1.9 0.0 1.6 -8.9 -7.3 
1-Jul-87 2.5 2.3 3.4 -7.5 -1.3 -10.2 1.8 0.0 0.7 -9.6 -8.9 

30-Sep-87 2.4 1.2 2.9 -8.1 -2.2 -10.6 0.7 0.0 -1.6 -12.0 -13.6 
15-Dec-87 2.4 1.1 2.9 -8.9 -3.4 -11.2 0.2 0.0 -2.5 -14.4 -16.9 
23-Mar-88 2.6 1.2 2.5 -9.1 -3.1 -11.0 0.4 -0.1 -2.8 -13.7 -16.6 
14-Dec-88 2.3 0.3 4.0 -10.4 -4.1 -11.6 -0.7 -0.4 -3.7 -16.8 -20.5 
18-Apr-89 3.5 1.6 3.7 -11.5 -5.1 -12.2 -0.1 -0.8 -2.7 -18.3 -20.9 
23-Aug-89 1.7 1.0 3.1 -12.6 -5.0 -13.6 -0.9 -0.8 -6.9 -20.3 -27.2 

• 30-Nov-89 2.1 0.8 2.6 -12.6 -5.9 -12.8 -1.9 -1.9 -7.1 -22.5 -29.7 
30-Jan-90 2.8 1.3 3.3 -13.1 -6.5 -12.5 -1.5 -1.3 -5.8 -21.7 -2.7.5 
10-Apr-90 2.1 0.8 2.5 -13.8 -7.0 -13.0 -2.3 -0.7 -8.4 -23.0 -31.4 
9-Aug-90 1.6 0.8 2.5 -14.8 -7.0 -13.1 -0.5 -0.8 -10.0 -21.4 -31.4 
1-Nov-90 2.7 1.0 2.7 -14.1 -7.2 -12.6 -1.8 -1.0 -7.8 -22.7 -30.5 

14-Feb-91 3.0 1.2 3.2 -14.0 -7.9 -13.2 -2.6 -2.1 -6.5 -25.8 -32.4 
1-May-91 2.5 1.4 3.9 -14.1 -7.1 -13.6 -1.2 -1.4 -6.3 -23.4 -29.7 

• 9-Jul-91 2.2 1.4 3.3 -14.4 -7.0 -14.0 -0.9 -0.2 -7.4 -22.1 -29.5 
25-Oct-91 2.8 1.0 2.8 -14.8 -7.0 -13.3 -1.6 -1.3 -8.2 -23.2 -31.4 

5-Feb-92 2.8 1.6 3.8 -15.1 -7.4 -14.3 -1.5 -0.1 -6.9 -23.4 -30.3 
15-May-92 2.2 1.3 4.2 -15.0 -7.0 -13.9 -1.3 -1.8 -7.2 -24.0 -31.2 

18-Aug-92 2.1 1.2 4.1 -14.7 -6.4 -14.3 -1.3 -0.8 -7.2 -22.7 -30.0 
19-Nov-92 2.6 3.1 3.0 -14.3 -7.1 -14.3 -0.9 -0.6 -5.5 -22.9 -28.4 
9-Feb-93 2.9 1.1 3.3 -14.7 -7.6 -14.3 1.7 -1.6 -7.3 -21.8 -29.1 

NOTE: A new Tape was installed on the Extensometer for the 15-May-92 readings, 
as the previous Tape snapped. 

NOTE: The reading for span 6 (9-Feb-93) is presumed to be the same as the previous 
readings as no field reading was taken at this date. 
Pin in Span 7 has been bent, which explains the abnormal reading for 9-Feb-93. 

Table Cl 
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C-) 

Geotechnical Services Section - Stanwell Park Viaduct 

Change in Level Of Brass Bars on Bases of Piers 

CHANGE IN 1A CHANGE 1N2 CHANGE IN 4A CHANGE IN 6A CHANGE IN 8A CHANGE IN I 1A CHANGE IN 13&14 CHANGE IN 15&16 CHANGE TE Syd Abut Pier 1 Pier 2 	Pier 3 Pier 4 Pier 5 Pier 6 Pier 7 
1N17\14B 

WoIl. Abut 

3-Dec-85 0.0 0.0 0.0 0.0 0.0 0.0 - 19-Dec-85 0.0 -0.2 2.1 1.1 2.6 0.0 3.1 
0.0 0.0 

2-Jan-86 0.0 0.5 1.2 1.6 0.0 1.4 
2.3 0.0 

14-Jan-86 -1.0 1.9 1.3 -0.3 -2.9 -1.0 
1.4 0.7 

7-Feb-86 -1.8 0.0 0.0 -0.9 -0.3 
-0.5 -0.5 

10-Mar-86 -4.1 -0.5 -1.0 -0.5 3.7 -0.4 2.5 
-0.6 -3.6 

23-Apr-86 -2.9 0.7 -0.4 0.0 4.7 1.8 2.0 
2.4 -0.7 

7-May-86 -1.8 1.3 0.4 2.2 7.0 2.9 2.7 
1.7 -11 

21-May-86 -2.1 0.7 0.1 0.8 5.7 2.4 2.1 
2.4 0.0 

3-Jun-86 -1.5 1.4 0.2 1.5 5.1 1.3 1.2 
0.8 -1.3 

17-Jun-86 -2.2 -0.1 -0.3 0.2 4.8 0.4 0.4 
0.5 -1.3 

15-Jul-86 -2.8 -0.4 -0.8 0.3 5.3 1.3 1.1 
-0.1 -2.2 

18-Aug-86 -1.1 0.4 0.3 0.9 6.3 2.9 1.8 
0.5 -2.1 

15-Sep-86 -2.7 -0.4 -0.3 0.1 6.4 2.2 1.1 
1.0 -1.2 

12-Oct-86 0.0 -0.1 2.1 -0.6 5.9 2.4 1.0 
0.5 -2.2 

18-Nov-86 0.3 -0.9 0.1 6.5 2.9 2.0 
0.7 -2.3 

4-Dec-86 -1.6 1.0 0.7 1.0 7.3 5.0 3.8 
1.7 -0.7 

8-Jan-87 -3.3 -0.6 -1.6 -0.5 5.6 3.4 1.6 
3.2 0.6 

2-Feb-87 -8.1 -0.2 - -0.6 6.6 0.0 1.6 
0.8 -1.5 

4-Mar-87 -4.5 1.2 0.1 0.6 7.5 4.3 2.4 
1.0 -1.0 

30-Mar-87 - 0.2 -0.4 1.3 7.7 5.1 3.8 
2.0 
3.2 

- 
27-Apr-87 -4.4 1.1 -0.2 -0.5 7.0 3.9 2.0 1.2 

- 
26-May-87 -5.2 0.4 -0.7 -0.4 7.4 3.6 1.4 

-1.2 
22-Jun-87 -5.7 0.0 -1.5 -1.0 6.9 3.5 1.8 

1.1 -1.6 
21-Jul-87 -5.4 0.3 -0.3 0.1 7.5 3.6 2.0 

0.9 
1.2 

-1.7 
18-Sep-87 - 2.2 1.3 1.8 10.3 5.7 3.5 2.1 

-1.2 
16-Nov-87 -5.9 -0.3 -1.5 0.2 9.2 5.8 3.0 

0.0 
5-Jan-88 -4.7 1.3 0.3 1.6 11.0 6.3 3.5 

1.2 -2.6 
29-Feb-88 -4.9 0.8 -0.3 0.4 10.4 6.9 4.1 

2.0 -1.7 
26-Apr-88 -5.6 0.3 -1.2 0.6 10.5 6.7 3.8 

2.7 -1.1 
28-Jul-88 -5.7 - 0.0 0.6 12.0 7.4 2.9 

2.3 -1.4 
20-Oct-88 -5.5 - -0.2 0.8 13.1 8.0 3.2 

1.6 -2.2 
21-Dec-88 -5.3 1.6 0.1 2.4 15.6 11.0 5.1 

1.6 - 
30-Mar-89 - 1.6 -0.7 1.8 15.8 10.7 4.9 

3.4 
3.0 

-0.5 
12-Jul-89 - 0.9 -0.6 1.3 15.6 10.0 2.5 2.0 

-0.8 
23-Jan-90 -5.0 - 0.7 2.3 19.5 14.0 4.2 2.7 

- 
30-Mar-90 - 2.7 0.4 3.0 20.4 - 4.4 2.2 

0.0 
4-Jun-90 - 2.0 -0.3 1.5 19.7 - 4.0 1.5 

- 
21-Aug-90 - 2.6 -0.3 0.8 19.3 3.8 

- 
30-Oct-90 - 4.5 -1.3 0.9 20.0 

- 
3.8 

1.4 - 
1-Jan-91 - - 1.2 - 

30-May-91 - 3.0 0.5 2.5 21.3 - 4.7 3.0 31-Oct-91 - 3.2 1.1 2.9 22.2 - 5.1 
- 

28-Jan-92 - 3.2 0.7 2.9 23.6 5.5 
2.7 -1.4 

- 
Syd abut woll abut and pier 

40 
5 extrapoIatei due to missing data 

0.0 
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STANWELL PARK VIADUCT - SUMMARY OF 11LTMETER RESULTS 

MOVEMENT IN THE NORTH-SOUTH DIRECTION 

DATE NTH. ABUT. PER I PIER 2 PIER 3 PIER 4 PIER 5 PIER 6 PIER 7 STH. ABUT. 

30-Aug-85 0.0 0.0 0.0 0.0 

2-Sep-85 -0.5 4.7 -5.0 3.6 

6-Sep-85 -3.2 -1.3 -5.6 0.9 

10-Sep-85 0.0 -4.7 -Li -0.3 

9-Nov-85 -3.6 -8.3 0.0 -8.1 0.0 00 0.0 0.0 0.6 

15-Nov-85 0.2 -10.9 -22 -13.0 18.3 -0.8 4.6 2.1 18 

7-Dec-85 -0.9 -14.3 -3.5 -11.2 1.5 12.9 -33.7 3.8 21.3 

11-Dec-85 -1.3 -12.2 -1.7 -16.8 5.8 76 1.2 0.4 8.1 

16-Dec-85 -2.3 -15.1 0.9 -8.7 -4.4 0.8 99 0.4 13.2 . 6-Jan-86 -0.5 -14.6 -2.2 -14.3 -2.9 0.8 -4.6 2.1 16.2 

16-Jan-86 -3.1 -18.5 -6.5 -16.1 -5.1 13.7 3.5 4.8 21.6 

26-Jan-86 -3.2 -18.0 -4.8 -19.9 -0.7 9.9 5.2 2.9 25.5 

31-Jan-86 -3.2 -21.6 -2.2 -16.1 -11.7 14.5 13.9 3.8 23.1 

13-Feb-86 -2.9 -26.6 -8.7 -21.7 1.5 3.0 18.6 14.7 23.1 

26-Feb-86 0.5 -27.9 -17.4 -32.3 15 -13.7 11.0 18.9 18.6 

21-Mar-86 0.0 -32.0 -16.1 -31.0 -4.4 -15.2 11.0 21.0 18.3 

26-Mar-86 -4.1 -31.3 -12.2 -32.9 -5.8 -13.7 10.5 21.9 15.3 

6-.pr-86 -0.9 -31.8 -13.5 -29.8 -7.3 -9.1 5.2 21.9 17.4 

14-Apr-86 0.4 -31.3 -14.8 -28.5 -5.1 -0.8 5.8 22.3 20.1 

24-Apr-86 0.2 -32.0 -14.3 -28.5 -8.8 -0.8 4.6 20.2 17.7 

1-May-86 -1.4 -297 -13.9 -25A -3.7 2.3 3.5 20.2 17.1 

8-May-86 -0.7 -27.6 -13.5 -21.7 -37 -1.5 5.2 21.0 17.1 

13-May-86 -0.9 -28.7 -13.5 -22.3 -8.8 3.0 1.7 20.2 19.2 

19-May-86 0.4 -17.5 -13.0 -23.0 -8.0 -0.8 9.3 18.4 19.8 

12-Jun-86 0.2 -30.7 -10.9 -22.3 -8.8 -2.3 2.9 16.0 21.6 

18-Jun-86 0.9 -30.2 -15.6 -18.0 -7.3 -1.5 4.1 17.7 19.5 

11-Jul-86 -2.2 -28.4 -15.2 -12.4 -10.2 2.3 0.6 19.8 19.2 

20-Aug-86 -3.1 -25.8 -4.3 -06 -22.7 6.8 13.4 9.7 24.6 

18-Sep-86 -4.9 -24.5 0.0 14.3 -23.4 18.3 27.9 2.1 29.7 • 15-Oct-86 -4.7 -27A -5.2 14.9 -17.5 12.9 27.9 5.5 24.9 

13-Nov-86 -6.5 -20.8 -0.4 211 -344 12.2 33.1 -17 27.9 

10-Dec-86 -4.5 -25.3 -1.3 27.3 -25.6 - 26.1 21.0 26.4 

6-Jan-87 -5.2 -25.5 -0.4 27.3 -19.7 12.2 27.9 4.6 27.6 

3-Feb-87 -3.8 -26.8 -6.1 21.1 -19.7 9.9 32.0 2.9 30.9 

7-Apr-87 -4.3 -25.5 -2.2 7.4 -19.0 -6.1 32.0 1.7 27.9 

1-Jul-87 -4.7 -25.5 -2.2 13.7 -15.4 -9.9 33.7 0.0 28.8 

30-Sep-87 -4.9 -22.3 -4.8 34.7 -22.7 -6.1 33.1 -1.7 30.6 

15-Dec-87 -6.1 -24.7 -0.4 49.0 -21.2 -28.1 34.9 4.6 27.6 

23-Mar-88 -7.7 -20.1 4.3 37.2 -16.1 -35.0 42.4 -8.4 34.6 • 15-Dec-88 -5.8 -24.2 -6.5 68.2 -21.9 -36.5 32.0 3.4 25.8 

18-Apr-89 -4.0 -26.8 3.9 35.4 -25.6 -28.1 21.5 7.2 26.1 

23-Aug-89 -4.5 -25.5 -3.9 21.7 -23.4 -25.9 22.1 7.6 27.9 

30-Nov-89 -6.8 -26.0 12.6 45.9 -22.7 -34.2 30.8 -4.6 26.1 

30-Jan-90 -4.9 -25.3 3.0 38.5 -36.6 -17.5 38.9 -9.7 32.5 

10-Apr-90 -4.9 -24.4 2.8 - -32.2 - 40.7 -3.4 29.1 

9-Aug-90 -4.0 -22.8 2.2 43.1 -33.6 -24.3 38.1 -2.1 32.0 

1-Nov-90 -5.4 -22.9 4.3 48.4 -30.0 -30.4 41.5 -4.0 27.0 

15-Feb-91 -4.9 -26.6 3.5 25.4 -16.8 -55.5 42.4 -13.0 27.6 . 2-May-91 -4.1 -23.7 4.8 254 -28.1 -17.9 42.4 -13.0 24.3 

10-Jul-91 -6.5 -23.2 1.7 0.0 -19.7 -21.3 40.7 -4.4 23.3 
25-Oct-91 -4.9 -24.0 7.8 0.0 -34.0 -32.0 47.6 -16.6 24.5 

5-Feb-92 -5.3 -26.2 4.6 destroyed -35.8 -27.4 46.5 -15.6 28.8 
15-May-92 -2.9 -23.2 5.2 destroyed -46.4 -22.4 45.0 -17.7 38.2 

18-Aug-92 -5.4 -20.1 8.3 destroyed -32.9 -26.2 61.9 -9.9 28.7 
17-Nov-92 -1.1 -24.4 59 destroyed ?? ?? 54.9 -12.4 31.6 
8-Feb-93 -5.4 -22A 7.4 destroyed -27.8 57.5 -9.7 31.9 

[1 
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MOVEMENT IN THE EAST-WEST DIRECTION 

DATE NTH. ABUT. PIER 1 PER2 PIER 3 

30-Aug-85 0.0 0.0 

2-Sep-85 -1.6 6.0 

6-Sep-85 -2.7 4.8 

10-Sep-65 -4.0 9.6 

9-Nov-85 -2.2 0.0 0.0 23.4 

15-Nov-85 -7.9 -5.5 5.2 25.8 
7-Dec-85 -4.1 -4.7 -5.6 23.4 

11-Dec-85 -4.0 -4.9 0.0 17.4 

12-Dec-85 -6.3 -2.6 3.8 19.8 

13-Dec-85 -4.1 -2.6 4.2 18.6 
19-Dec-85 -2.9 0.0 0.9 13.2 

30-Dec-85 -4.5 -2.9 3.8 10.8 
6-Jan-86 -4.7 -3.1 0.5 7.8 
16-Jan-86 -3.8 -3.9 -1.4 12.6 
22-Jan-86 -4.5 -6.0 1.9 16.8 
31-Jan-86 -2.7 -4.4 1.9 17.4 

13-Feb-86 -5.6 -6.8 -7.1 18.0 
19-Feb-86 -8.5 -6.0 -8.5 15.0 
6-Mar-86 -10.8 -26.5 -9.9 27.6 
12-Mar-86 -10.8 -9.1 -8.5 28.8 
21-Mar-86 -10.1 -10.9 -7.5 31.8 
26-Mar-86 -9.0 -9.1 -2.8 26.4 
6-Apr-86 -9.7 -10.7 -2.8 25.8 
24-Apr-86 -9.0 -10.1 0.0 24.6 
1-May-86 -8.8 -9.6 0.5 24.0 

8-May-86 -8.6 -12.0 -1.9 23.4 
13-May-86 -7.9 -11.2 -3.3 24.0 

19-May-86 -10.1 -9.9 0.9 22.2 
18-Jun-86 -11.5 -12.2 0.9 25.8 
11-Jul-86 -9.4 -11.7 1.4 23.4 
20-Aug-86 -9.2 -6.2 11.8 14.4 
18-Sep-86 -8.8 -6.2 17.9 9.6 
15-Oct-86 -5.9 -4.7 14.6 15.0 

13-Nov-86 -6.5 -2.1 23.0 15.0 

10-0ec-86 -8.3 -3.1 30.6 17.4 

6-Jan-87 -9.2 -2.3 25.9 12.0 

3-Feb-87 -9.9 -2.3 32.4 12.0 
7-Apr-87 -12.2 -2.1 24.4 12.6 
1-Jul-87 -8.6 0.3 27.3 12.6 

30-Sep-87 -8.5 0.4 25.4 15.6 
15-Dec-87 -9.2 0.8 28.2 4.2 
23-Mar-88 -6.3 5.2 33.8 1.8 
15-Dec-88 -9.5 destroyed 29.1 12.0 
18-Apr-89 -8.8 destroyed 26.8 16.8 
23-Aug-89 -9.0 destroyed 32.4 11.4 
30-Nov-89 -8.6 destroyed 38.1 -2.4 

30-Jan-90 -6.8 destroyed 33.8 9.0 
10-Apr-90 -7.5 destroyed 37.4 7.2 
9-Aug-90 -6.2 destroyed 35.7 10.8 
1-Nov-90 -6.3 destroyed 42.1 6.0 

15-Feb-91 -6.1 destroyed 42.8 9.0 
2-May-91 -6.7 destroyed 39.0 17.4 
10-Jul-91 -7.2 destroyed 41.4 9.0 

25-Oct-91 -7.4 destroyed 50.3 12.0 
5-Feb-92 -8.2 destroyed 40.7 9.9 

15-May-92 -6.7 destroyed 43.2 16.2 
18-Aug-92 -8.3 destroyed 47.2 15.0 
17-Nov-92 -5.5 destroyed 47.0 12.3 

8-Feb-93 -7.0 destroyed 53.1 6.0 

PIER4 PIER 5 PER6 PIER 7 STH. ABUT. 
0.0 
-4.8 
-1.6 
-1.8 

0.0 0.0 0.0 -4.6 
0.8 -4.5 -4.4 -6.6 
-0.8 2.8 -3.1 -4.2 
-3.0 3.9 -0.4 -4.8 

0.0 0.8 2.8 1.3 -6.0 
-0.7 3.0 -1.1 0.9 -3.2 
-2.2 3.0 6.7 4.4 -1.0 

S 5.0 10.5 2.8 6.6 -1.4 
11.5 18.0 11.2 11.0 0.8 
16.6 12.8 12.9 9.2 0.6 
23.0 9.0 9.5 10.6 0.0 
13.0 12.0 12.3 8.4 0.0 
23.8 6.0 11.2 2.6 -2.8 
31.0 2.3 3.9 3.5 -1.6 
39.6 -4.5 -5.6 1.3 0.4 
40.3 -5.3 -2.8 13.2 -0.4 
40.3 -1.5 -0.6 17.6 -1.0 
43.9 -2.3 -3.4 19.4 0.8 
38.9 -1.5 -3.9 18.5 0.2 
40.3 -9.8 2.8 21.6 0.2 
40.3 -3.0 -2.2 18.9 -1.0 
47.5 .9.0 -7.3 20.2 -1.8 
45.4 -6.0 -5.0 21.1 -3.2 
46.8 -2.3 -1.7 22.0 -1.2 
47.5 -3.0 -1.7 0.4 -4.8 
49.7 0.8 -4.5 0.4 -4.2 
34.6 6.0 5.0 11.4 -0.8 5 
36.7 17.3 9.5 18.9 2.2 
35.3 9.8 5.6 11.0 2.4 
31.7 -0.8 6.2 8.8 -0.6 
43.2 6.0 11.2 11.9 0.4 
48.2 9.0 8.4 11.0 0.4 
51.1 9.0 12.3 11.0 -2.6 
56.2 8.3 19.0 10.1 1.4 
64.1 6.8 13.4 13.6 0.0 
73.4 6.0 10.6 11.0 0.6 
77.8 -2.3 16.8 12.3 0.8 5 
85.0 9.8 16.8 16.3 3.2 
74.9 -3.0 41.4 10.1 0.4 
82.1 -12.0 53.2 10.6 1.6 
72.0 -17.3 61.0 5.7 -0.6 
59.0 -12.0 65.0 9.7 3.0 
54.0 -2.3 75.6 15.8 - 
52.9 - 84.7 7.7 2.1 
63.4 - 102.2 4.8 2.8 
42.5 -23.6 110.0 11.0 2.7 

5 49.3 -28.5 108.6 2.6 1.4 
49.0 - 67.2 -3.1 2.4 
61.2 0.0 71.1 -3.1 -0.6 
48.2 0.0 87.9 0.0 1.4 
56.5 destroyed 106.1 destroyed 2.9 
42.5 destroyed 102.5 destroyed 5.6 
44.6 destroyed 120.7 destroyed 2.7 
41.0 destroyed 120.4 destroyed 3.5 

destroyed 116.5 destroyed 2.4 

Li 
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STATE RAIL ALJTHORIrr' OF N.S.W - GEOTECHNICAL SERVICES SECTION 

TAPE EXTENSOMETER SUMMARY 
CHANGE IN DISTANCE BETWEEN PIERS NEAR GROUND LEVEL 
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STATE RAIL AUTHORITY OF N.S.W - GEOTECHNICAL SERVICES SECTION 

HORIZONTAL CLOSURE BETWEEN PIERS 3 AND 4 

-16 

-14 

-12 

-10 
-Ti 

C 
 mm 

(D 	-8 
C) r\) 

-6 

.4 

-2 

0 

 

,, 	 1990 	 1991 	 1992 

STAN WELL PARK VIADUCT - ENGINEERING GEOLOGICAL JNVESTIGATION (MB - NOVEMBER 92) 



rl 	 I 

STATE RAIL AUTHORITY OF N.S.W - GEOTECHNICAL SERVICES SECTION 

TAPE EXTENSOMETER SUMMARY 
CHANGE IN DISTANCE BETWEEN PIERS NEAR GROUND LEVEL 
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STATE RAIL AUTHORITY OF N.S.W. - GEOTECHNICAL SERVICES SECTION 

TILTING OF PIERS 
MOVEMENT OF PIER TOP INFERRED FROM TILTMETER ROTATIONS OF PIERS AT GROUND LEVEL. 
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STATE RAIL AUTHORITY OF N.S.W. - GEOTECHNICAL SERVICES SECTION 

TILTING OF PIERS 
MOVEMENT OF PIER TOP INFERRED FROM TILTMETER ROTATIONS OF PIERS AT GROUND LEVEL. 
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BEDROCK 

STATE RAIL AUTHORITy OF NEW SOUTH WALES 

	

Regional Engineering Manager Iflawarra 	
I 

STANWELL PARK VIADUCT 

	

STRUCTURAL MOVEMENTS 	I 

	

AND SUBSIDENCE! UPLIFT 	I 
June 1990 	 P.RHIfleardj 

SPAN SPREADING 	

Emonitodnng 

dosure thown by 
de expansi on lnt

Spans 2 to 5 +32mm
(81mm on upside) 

ABCNCROWNLEVEL ? 	 ? 
(?) 	 -77mm 	 ? mm 	 ?mm 

CORBEL LEL 	(?mm) 	 (mm) 	 (7) 	 — 	(?) 

LD 	E1J 4— SYDNEY 	 (I) 	 WOLLONGONG—+ (Spans 2 to 5 - 1-20mm) 	 2 
[iD r [I] 

25 25  
---- 	7 	 28 	 31 	46 ,_-" 44 	 note 1)  

h..211 	 -244 	 h-3D 2 3  
71 

22 	 26 

- 

7 43 

h-42 

23 	 25 3 32 
23 	 25 h-26 h-3D  

23 
I 	 (+2.0) • 	 24

—+ -1.4 	h-3D 	 h-24 

23 

I 	 I h-21 

I 	 (-4.3) 17 
I 	 24 

I 	 I 	h-24 27 
h-Ia 

h-13 

I 	 I 	I 
o 	 I 	I 	 (4.3 	-o i -.- 

14 

I 	 I -'S 

--.--.--.-. 
7 	 '- 	 ------- 

BEDROCK 	 (+2.3) 
11.2 

.5.5+- 
1 1+15)1 

0 	5 	10 	
(7) 	

(+19.7) 	(7) (7) 
Movement Sie (mm) 	 (7) 

—* -21 4 
LEG END Borehole Inclinometer' 

(REFERENCE - Calculations of movement are based on data provided by SRA Survey as 
and SRA Geotechnicaj and Concrete Services Section) 

compressIon 	6n1 depth. 

so 	- Surveyed relative movements (mm) 01 pinS in downside lace of Viaduct calculated cemponent 
tangernial to viaduct, between 2/2/86 and 4/6190. Change in level adopted from bars at base of piers. 
except for arch crowns; where value is obtained from dilacement relative to piers. 
(h-42 indicates horizontal component.) 

(*30) 	- Change in R.L. (mm) of Brass Bars at bases 01 piers between 7/2/86 and 4/6/90 (by precise 
levelling). Note that level datum has been altered in Jan. 1987. 

—., -1.9 #.— - Change in dimension (mm) between piers as measured by tape extensomeler from 24/2186 to 9/8/90. 

NOTE 1: No survey value avaable for 6/0 (pier 6 at arch crown level), however deducting 58mm from downside 
expansion joint closure of 77mm (obtaIned on 13/6190 by dial caliper), gives indicated 19mm for northward 
movement of pier 6 at arch crown level. 
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STATE RAIL AUTHORITY OF NSW - GEOTECHNICAL SERVICES SEC11ON 

Stanwell Park Viaduct -Engineering Geological Investigation. 

TAPE EXTENSOMETER DISTANCES ALONG PARAPET 
- CALCULATED CHANGE IN SPAN LENGTh (UPSIDE) 

DATE SPAN 1 SPAN 2 SPAN3 SPAN4 SPAN5 SPAN8 
8-Jan-86 0.00 0.00 0.00 0.00 0.00 0.00 

30-Jan-86 2.71 1.94 1.30 4.45 10.93 - • 1-Oct-86 1.86 3.79 3.73 16.67 16.37 2.33 
16-Jan-87 4.67 2.13 4.37 18.18 18.36 3.98 
16-Jul-87 5.65 1.10 2.84 19.03 18.71 4.25 
7-Apr-88 7.98 2.35 5.16 20.71 20.95 4.39 
1-Mar-89 8.34 0.60 5.54 20.46 22.19 2.97 

18-Apr-89 7.81 -0.07 4.33 20.92 21.49 3.06 
23-Aug-89 7.95 -0.98 4.30 18.91 20.46 3.06 
22-Nov-89 8.45 -1.54 3.65 20.73 21.68 2.90 
30-Jan-90 9.58 -1.45 3.75 21.74 22.24 3.10 
11-Apr-90 11.72 -2.05 3.45 21.48 22.52 3.23 
9-Aug-90 10.72 -3.94 3.26 19.81 21.49 1.90 
1-Nov-90 12.68 -3.52 4.77 22.37 22.54 3.30 
14-Feb-91 13.09 -3.31 5.71 22.42 24.29 1.26 

• 30-Apr-91 12.86 -3.99 4.51 21.74 23.39 -0.07 
9-Jul-91 13.67 -4.44 4.40 21.44 22.40 -1.18 

23-Oct-91 14.25 -3.86 5.90 22.78 23.99 0.56 
6-Feb-92 15.68 -2.92 7.01 23.39 25.49 1.36 

15-May-92 13.98 -6.38 4.76 21.44 23.18 -0.86 
18-Aug-92 13.82 -6.03 3.64 21.61 22.75 0.24 
19-Nov-92 13.93 -5.95 4.58 22.60 22.82 0.07 • 9-Feb-93 15.30 -4.55 6.08 23.77 25.19 -0.79 

TAPE EXTENSOMETER DISTANCES ALONG PARAPET 
- CALCULATED CHANGE IN SPAN LENGTh (DOWNSIDE) 

DATE SPAN 1 SPAN2 SPAN3 SPAN4 SPANS SPAN8 

• 8-Jan-86 0.00 0.00 0.00 0.00 0.00 - 
30-Jan-86 1.54 0.67 1.86 3.55 6.49 - 
1-Oct-86 0.83 3.79 6.11 12.86 13.64 - 
16-Jan-87 3.08 4.20 6.28 12.69 14.84 0.00 
16-Jul-87 3.62 5.09 4.72 14.91 14.15 -1.84 
7-Apr-88 4.01 6.00 6.88 15.67 15.47 -2.46 
1-Mar-89 3.15 12.59 6.77 16.01 17.10 -4.41 • 18-Apr-89 2.62 11.46 5.24 15.68 15.77 -3.35 

23-Aug-89 1.98 10.60 5.18 14.75 14.81 -1.13 
22-Nov-89 1.63 - 	11.73 5.00 15.38 16.02 -4.79 
30-Jan-90 2.88 11.31 4.95 16.63 17.11 -4.84 
11-Apr-90 2.78 12.26 4.70 16.48 17.26 -3.54 
9-Aug-90 1.64 10.75 4.65 15.15 15.25 -5.06 

• 1-Nov-90 1.33 12.31 6.45 16189 17.70 -7.90 
14-Feb-91 2.56 12.54 6.89 17.76 18.47 -7.92 
30-Apr-91 2.85 11.56 5.42 17.06 17.31 -10.21 
9-Jul-91 2.30 12.13 5.67 15.95 16.32 -7.56 

23-Oct-91 3.55 12.88 6.71 17.61 18.36 -7.39 
6-Feb-92 4.75 13.79 7.90 18.47 19.58 -5.78 

15-May-92 - 11.78 5.99 16.76 17.85 -6.49 
18-Aug-92 2.08 11.39 4.63 16.25 17.12 -6.00 
19-Nov-92 0.98 12.13 5.47 16.43 17.18 -8.20 
9-Feb-93 4.12 11.16 7.69 18.62 19.83 -6.22 

-Pin Loose(Span 8) 
-Pin Loose(Span 8) 
-Pin Loose(Span 8) 
-Pin Loose(Span 8) 
-Pin Loose(Span 8) 
-Pin Loose(Span 8) 
-Pin Loose(Span 8) 
-Pin Loose(Span 8) 
-Pin Loose(Span 8) 

NOTE: A new Tape was installed on the Extensometer for readings after the 6-Feb-92 readings, 
as the previous Tape snapped. • 	
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APPENDIX E 

Additional Tables and Figures 
from Data Analysis 

Section 4 
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Dote 	F-E FZ 

____ 

WE H-G 	F-E F-G 

TAPE E)CTEN84ETZR 

CtJLATIVE 

WE H-G 	F-E F-G WE H 

Io,.r 1985 

CEANGE IN DISTANCE 

F-E F-G WE 

)ONITORXNG - Trry 
AT GROUND 

1993 

BETWEEN EYE BOLTS 

F-E F-G WE H-G 

LZVEL  

() 

v-

F-E F-G WE F-E F-G HE F-E F-G H-E -G H-G H-G 
9-Nov-85 	0.0 02 0.0 	0.0 	02 0.0 0.0 	00 	0.0 0.0 0.0 00 09 	0.0 	00 0.0 - 

16-Nov-85 0.0 	0.0 	0.0 0.0 0.0 	0.0 	0.0 0.0 0.0 	0.0 	0.0 0.0 0.0 	0.0 0.0 0.0 
7-Dec-85 - 	1.0 	1.3 	0.3 	0.5 -1.2 	0.7 	-1.9 -1.1 - 
8-Dec-85 	0J0040.31 -Oi0.2-0.5-Oi -0.30.10.101 -22 	-3.1 	-2.0-2.5 040.3104 -Q23.6-0.7 

11-Dec-85 	- 	0.2 - 	- 	- Ui - 	- 	- 	- 	04 - 	- 	- -1.3 - 	- 	- 02 - 	- 	- -2.9 - 	- 	- - 	- - 
12-Dec-85 	02 - -0.1 - 	- 	- 	- 	04 - 	- 	- -1.5 - 	- 0.3 - 	- -3.1 - 02 - 	- -0.9 - 
13-Dec-85 	09 - -0.3 - 	- 	- 	- 	0.4 - 	- 	- -14 - 	- -0.6 - 	- -3.3 - 0.3 - 	- 40.5 - 
16-Dec-85 	0.5 - Ui - 	- 	- 	- 	05 - 	- 	- -1.9 - 0.2 - 	- -3.8 - 02 - 	- -1.0 - 
17-Dec-85 	as - 0.0 - 	- 	- 	- 	0.0 - 	- 	- -2.0 - 	- 49 - 	- 44 - 0.2 - 	- .8 - 
1 8-Dec-85 	03 - 02 - 	- 	- 	- 	Ui - 	- 	- -14 -6.0 - 09 - 	- -1.0 - 
19-Dec-85 	09 - -04 - 	- 	- 	- 	-04 - 	- 	- -2.1 -3.9 - 0.9 - 	- -04 - 
20-Oec-85 	0.0 - -0.5 - 	- 	- 	- 	04 - 	- 	- 72 - (34 - 	- 403 - 
22-Dec-85 	1.0-0.00.0 -043-06-04 1.1140508 -1.9-1.2-2.8 -2.0 05-0.3 -6.7-6.5-6.3-6.7 1,104180.6 -0.50203-0.9 
30-Dec-85 	Di - -0.7 - 	- 	- 	- 	02 -2.8 	- 	- -25 0.7 	- -80 	- -6.7 - 04  

2-Jan-86 	0.4 0.0 - 	- 	- -23 0.8 - 	- .04 - 
7-Jan-86 	0.0 - -02 - 	- 	- 	- 	-0.2 -3.0 	- 	- -24 0.3 	- 9 -7.5 	- -6.5 0.7 Ui - 	- -0.3 - 

15-Jan-86 	1.8 - 32 - 	- 	- 	- 	14 - 	- 	- -31 - 	- -1.7 - 	- -7.1 - .03 - 	- 0.5 - 
13-Feb-66 - 2.3 - 	- 	- 	- 	2.2 - 	- 	- -.42 - 	- -2.3 -7.5 	- -7.1 - 23 - 	- 0.0 - 

-0.5 	- 	- -34 -Ci 	0.1 	- -12 -5.3 	- -74 0 
24-Feb-86 	10 27 -14 	- 	0.5 22 -0.5 09 	34 44 2.0 2,4 3.5 	02 	5.6 2.7 -1.1 	-2.9 0.0 -13 
3-Mar-86 - -6.3 	- -74 32 0.5 	54 23 -1.1 	-24 02 -14 

3.3 4.3 2.2 	2.8 1.8 	-22 	-5.5 -34 -Ui 02 -04 -14 

- ------ --- 

5-Mar-86 	-1.7 2,5 -1.9 	0.2 	08 12 -08 04 

02 ------------- 
04 	------------- 

17-Mar-86 	- 
 

20-Feb-86 	-------------- ----- 

.............. 

-  	0.2 	-0.8 -14 

-0.3 	------------- 

- 	- 3.3 	04 	5.2 2.1 -LU -22 0.5 -14 
18-t/cr-86 	-1.7 2.5 - - -2.1 	-Ci 	0.9 1.7 - -0,7 	05 	32 44 1.7 	2.2 -4.7 	-1.9 	-6.5  -4.3 -0.5 

3-Apr-86 	34 - 2.1 - 	- 	- 	- 	2.0 -44 	- 	- -4.1 -08 	- -14 

----------------- 

-107 	- -5.3 - 3.1 - 	- -02 - 
8-APr-86 	34 - 2.3 - 	- 	- 	- 	2.2 -4.4 	- 	- -44 -Ci 	- -12 -10.7 	- -5.5 - 2i - 	- .04 - 

15-Apr-86 	2.6 - 2.1 

- 
--- 

 
 ------- 

24 -44 	- 	- -44 

- ------ ---------- 

-03 	- -1.5 -108 	- -14 - 22 - 	- -0.7 - 6-May-86 	3.0 

4-Mar-86 	----------- 

- 22 - 	- 	- 	- 	2.7 -4.7 	- 	- -44 1 	- -14 -109 	- -1.7 - 24 - 	- Ui - 

---- 

28-May-86 	22 - 2.3 - 	- 	- 	- 	2.5 -5.5 	- 	- -4.9 04 	- -1.5 -114 	- -14 - 2.5 - 	- -04 - 
18-Jun-86 	2.0 - 1.8 - 	- 	- 	- 	2.5 

---------------------- 

-Si 	- 	- -44 -0.1 	- -1.3 -11.1 	- -8.7 - 3.3 - 	- 04 - 
20-Aug-86 	2.3 Ui 	04 - - 	0.8 	2.8 	- 	1.9 - 	- 	- -4.0 -0.5 	- -2.0 -109 	- -74 2.5 2.2 -1.2 	- - -24 
19-Sep-86 	2.6 -0.2 	08 - - - 	1.0 	3.7 	- 	3.3 -5.9 	- 	- -42 

-- 

-0.1 	- -1.1 -11.1 	- 4.1 3.0 2.2 -1.0 	- - -1.8 
22-Oct-86 	2.9 0.5 	04 - - 	04 	14 	- 	3.0 -5.9 	- 	- -41 -0.2 	- -14 -114 	- -92 2.9 14 -19 	- - -2.2 
6-Nov-86 	-3.2-2.00.5 1.12.1-0.8 3.64.8-24 -6.74.1 	- -5.3 -0.4-0.8-1.8 -11.5 	--87 3.3-5.93.5 -(13-09-1.9 

10-Dec-86 	-3.6-04 142.8--CA 5.44.7-3.2 6.4-3.0 	- -54 -C.404--L2 -114-172- -9.3 3.20.0-22 -19-2.8--lA 

------ - -- 

11.9 	-17.1 	- -0.7 2.8 	-0.9 	Si 1.3 - 	- - - 24 - 	- - - 
6-Jan-87 	33-2.1 14 	0.91.8-0.0 5.01.8 	3.0 -6.5-3.5 	- -6.7 -(12-19-1.7 -11.7-17.7-94 34.0,25407 -1.5-3.10.7-3.1 
3-Feb-87 	34-2.21.8 141.7-0.3 54 5.7-3.3 -6.844 	- -7.1 -(17.04 	--1.5 -115-172-92 2.7-1.34.3 0.5 -124.307-12 
7-Apr-87 	-1.03.3 1.7 	1.3 3.1 -0.5 	5.054-34 - 	- 	- -04-0.5 	- -1.7 -10.9-17.5-9.1 2.9-0.5 	-14 -1.7-2.2 --1.8 

	

22-Dec-86 	-------- ---------- ----------- - 

	

1-Jan-87 	-------- ---------------- 

7.2 1.9 - 	- - - 
1-Jul-87 	-0.0 	2.5 - 	1.22.3-0.5 4.954-34 -74-4.3 	- -7.5 020.3 	--1.3 -12.5-18.1 	--102 32-04-1.8 -1.5-3.5--lb 

30-Sep-87 	-2.224-3.3 - 	-0412-2.10.1 4.24.9 	2.9 -74.1.9 	- -8.1 -14-0.3-1.9-22 -13.1-18.9 	--104 1.7-14-0.7 -14-3.8 --24 
15-Dec-87 	-1.824-1.9 - 	081.1-2.4-0.5 3.04.9 	2.9 -1.5-4.1 	- -8.9 -24-1.9-2.3-34 

.04 -------------- 

-14.0-192 	--112 10-24 	-02 -29-44 - -3.1 
23-Mar-88 	-1.7244.3 - 	0.212-1.7.0,3 4.04.5-2.5 9.2-54 	- -0.1 -2.0-14-224.1 

----------------- 

-13.5-18.9 	--11.0 1.5-2.1 	-04 -2944-0.1-2.0 
14-Dec-88 	-2.42.342- -0.90.3-2.7-1.5 447.31.942 -102-5.5-14.3-10.4 -34 	-3.3-4.1 -14.2-20.0 	--114 0.54233-0.7 -1.744.04-3.5 
18-Apr-89 	-2.03.54.1 - 	0.0 14-14.0.3 3.97.11.73.7 -12.5-72-16.0-113 -15-3.7-43-S1 -144-212 	--12.2 0.8-2.84.0 -0.1 -2.5424M -33 

23-Aug-89 	-30 1.7 34 	- 	405 12 

10-Apr-87 	----- - --------- ----- 

-2.5 -09 	2.9 6.0 	12 	3.1 -124 	-7.9 	-17.1 -124 47 4.0 -47 -5.0 -15.3 -214 	- -134 0.8 	4.2 	3.3 4a9  -24 44 0.8 -32 
30-Nov-89 	-1.8 2.1 4.1 	- 	040.8-2.5-1.5 3.16.21424 -124-72-15.9-123 4.84.34.9-5.9 -15.3-212 	- -122 0.3.4.054-1.9 -24-6.1-1.9-8.7 
30-Jan-90 	-22 2.6 -24 	- 	.04 13 -34 -0.8 	34 6.7 	IA 	3.3 -12.9 	-74 	-15.2 -13.1 -64 -64 49 -65 -154 -22.2 	- -12.5 -0.1 	-4.1 	2.7 -15 -31 	-61 -1.3 - 
10-Apr-90 	-242.14.7 - 	-0.70.842-12 336.40925 -134-7.9-19.1 -13.6 -7.1-6.2-6.3-72 -154-23.5 	- -13.0 02-3.839-22 -22457-.t1 
9-Aug-90 	-32 14 -3.2 	- 	9 08 4.0 -14 	2.9 Si 09 2.5 -14.6 	-8.0 	-192 -14.6 -72 -6.0 -6.1 -72 -15.5 -23.3 	- -13.1 04 	-3.9 3.3 As -24 49 4M 43 
1-Nov-90 	-102.74.8 - 	-1312-3.1-1.1 3.95.9062.7 -132-7.9-19.7-14.1 -7.1-6.5-64-72 -15.3-222 	--124 -0.8-4.82.3-14 32-3.2-12-3.7 

14-Feb-91 	-223234 - 	-2212-39-1.5 32720.832 -13.9-8.1-20.7-14.0 -8.8-72-74-7.9 -16.5-232 	--132 -1.5-6223-24 41-64-2.14.8 
1-May-91 	-2.52,54.7 - 	-1.7l4-2.5-12 3.77.31.73.9 -14.5-6.2-20.8-14] -7.9-6.5-6.9-7.1 -15.6-22.9 	--134 40.5432.9-12 -32-64-14-3.9 

9-Jul-91 	-2.722-25 - 	-1.3 14-2.8-19 3.87.31.33.3 -15.3-15-20.8-144 -6.5-5.8-72-72 -17.1-232--14.0 02-32 34 9 -2444-02-28 
25-0ct-91 	-2.22.6-2.9 - 	-3.1124.3-1.2 326.71.1 	2.8 -149-64-209-142 -74-64-7.2-7.0 -15.8-232 	--13.3 -0.34.832-14 -2.3-6.5-1.34.9 

5-Feb-92 	-1.826-22 - 	-14 143.2-1.3 327.312 	3.8 -142-82-212-15] 42-6.5-74-74 -16.0-243 	--18.3 -04-4.722-1.6 -2A4.41-3.3 
154Aay-92 	-232242- -1.71.3-22-0.9 3.97.3144.2 -14.7-8.8-212-152 -7.5-74-7,0-7,0 -16.3-23.9 	--13.9 -0.4-4.730-1.3 4.9-64-1449 
18-Aug-92 	-24 2] -24 	- 	-1.3 1.2 -2.7 	-0.8 	4.0 	7.7 	2.1 	4.1 -142 -87 -204 -14.7 -6.1 	-6.1 	-6.7 -64 -15.9 -232 	- -143 402 -4.3 32 -13 -2.9 -6.0 4a.3 4.5 
19-Nov-92 	-22 24 -24 	- 	-1.8 3.1 3.2 	-14 	8.1 	7.1 	14 	30 -13.7 	4L1 	-19.9 -14.3 47 -6.3 -72 -7.1 -16.1 	-24.0 	- -143 19 44 34 Q9 32 43.06 -4.5 

9-Feb-93 	2.9-2.5 - 	-14 1.13.1-14 4.06.9-3.3 -13.9-7.9 	- 44.7 -74-64-7.1-74 -162-23.8 	- 1.81.3341.7 4249-1433 

DISTANCE SELECTED BY THE SPA TO (?EPRESENT THE CHANGE IN SPAN WiDTH 

Tab'e El 
. 

E2 



I I I 

CEANCE IN LEVEL OF BRASS BARS ON PIS NEAP. GROOM LEVEL (mm) 

December 1985 to May 1992 

BB2 13132A 	B83 	884 BB4A B85 	886 886A BB7 13138A 889 
0.0 - 	0.0 	0.0 - 0.0 	0.0 - 0.0 - 0.0 
- 0.0 	- 	- 0.0 - 	- 0.0 - 0.0 - 

0.5 0.8 	-0.2 	0.7 -0.9 2.0 	2.0 0.5 1.4 - 3.7 
1.9 1.0 	0.7 	16 -0.8 1.1 	2.2 - - -2.9 0.0 
0.0 0.0 	-1.7 	-0.7 - -0.8 	0.8 -1.1 -1.2 - 2.5 
-0.5 -1.5 	-1.9 	-1.0 -3.1 -1.4 	0.4 -1.6 -1.0 1.1 3.6 
0.7 0.4 	-0.5 	0.0 -2.5 -0.7 	1.0 -1.1 -0.4 2.1 4.9 
1.3 1.0 	0.0 	0.9 -1.7 -0.1 	2.5 1.1 1.5 4.4 6.3 
0.7 0.3 	-0.4 	0.3 -2.0 -0.6 	1.7 -0.3 0.1 3.1 6.1 
1.4 0.7 	0.0 	0.7 -1.9 -0.4 	2.3 0.4 0.5 2.5 4.9 
-0.1 -0.5 	-1.3 	-0.3 -2.4 -0.7 	1.0 -0.9 -0.3 2.2 4.6 
-0.4 -0.7 	-1.5 	-01 -2.9 -1.1 	1.2 -0.8 -0.2 2.7 5.3 
0.4 0.5 	-4.8 	0.4 -1.8 0.2 	2.0 -0.2 0.4 3.7 6.4 
-0.4 -0.3 	-5.8 	-0.3 -2.4 -0.9 	0.8 -1.0 -0.6 3.8 6.6 
-0.1 -0.3 	-5.9 	-03 0.0 -1.2 	0.2 -1.7 -1.0 3.3 6.4 
0.3 0.2 	-5.6 	-0.1 -3.0 -0.9 	1.0 -1.0 -0.8 3.9 6.6 
1.0 0.7 	-4.9 	1.0 -1.4 0.2 	2.2 -0.1 1.2 4.7 8.8 
-0.6 -0.6 	- 	-0.3 -3.7 -1.6 	0.5 -1.6 -1,5 3.0 7.2 
-0.2 -0.7 	-6.3 	-0.9 - - 	0,4 -1.7 - 4.0 5.7 
1.2 -5.0 	0.5 -2.0 -0.3 	1.8 -0.5 - 4.9 7.1 
0.2 - 	-5.7 	0.1 -2.5 0.0 	2.0 0.2 - 5.1 3.8 
1.1 0.5 	- 	0.6 -2.3 -0.4 	1.2 -1.6 - 4.4 - 
0.4 - 	-5.5 	-0.4 -2.8 - 	0.9 -1.5 - 4.8 6.8 
0.0 -0.1 	-5.8 	-1.0 -3.6 -2.0 	0.3 -2.1 - 4.3 6.6 
0.3 0.0 	-5.3 	0.1 -2.4 -0.6 	1.4 -1.0 - 4.9 7.0 
2.2 2.0 	-3.6 	1.5 -0.8 1.1 	1.4 0.7 - 7.7 9,7 
-0.3 -0.9 	-6.2 	-0.8 -3.6 -1.4 	0.9 -0.9 - 6.6 9.2 
1.3 0.8 	-4.8 	1.1 -1.8 0.1 	2.7 0.5 - 8.4 10.4 
0.8 0.2 	- 	0.4 -2.4 -0.7 	1.5 -0.7 - 7.8 10.6 
0.3 -0.3 	-6.1 	-0.6 -3.3 -1.4 	1.4 -0.5 - 7.9 10.2 
- 0.0 	-5.5 	-0.1 -2.1 -0.6 	2.0 -0.5 - 9.4 11.4 
- 0.3 	-6.0 	0.4 -2.3 -0.2 	2.3 -0.3 - 10.5 12.8 

1.6 -0.1 	-5.5 	0.7 -2.0 0.1 	3.4 1.3 - 13.0 14.9 
1.6 0.0 	- 	0.0 -2.8 -0.8 	2.7 0.7 - 13.2 14.9 
0.9 -0.6 	- 	0.0 -2.7 -0.9 	- 0.2 - 13.0 14.7 
- -0.5 	-5.8 	1.2 -1.4 0.2 	3.7 1.2 - 16.9 18.6 

2.7 0.4 	- 	1.4 -1.7 -0.1 	4.2 1.9 - 17.8 - 
2.0 - 	-6.0 	0.2 -2.4 -0.7 	3.1 0.4 - 17.1 - 
2.6 - 	-5.7 	0.5 -2.4 -0.6 	3.6 -0.3 - 16.7 - 
4.5 - 	-3.4 	-0.6 -3.4 -1.5 	2.5 -0.2 - 17.4 - 
3.0 - 	-5.5 	1.7 -1.6 0.4 	-2.5 1.4 - 18.7 - 
3.2 - 	-4.9 	1.9 -1.0 0.6 	-2.6 1.8 - 19.6 - 
3.2 - 	-5.3 	1.4 -1.4 0.2 	-2.4 1.8 - 21.0 - 
2.8 	1 - 	-5.6 	1.4 -1.3 0.3 	-2.4 	1 1.5 - 21.0 - 

8813 BB13A 8814 B815 BB15A 8816 BB17 8817A 
0.0 - 0.0 0.0 - 0.0 0.0 0.0 
- 0.0 - - 0.0 - 0.0 0.0 

1.4 -1.2 1.4 1.4 -0.5 1.5 0.7 -0.9 
-1.5 -4.1 -0.5 -1.3 -2.4 0.4 -0.5 -2.0 
-1.2 -3.3 0.6 -1.0 -2.8 -0.2 -3.6 -4.1 
1.5 -0.2 3.6 1.9 0.2 3.0 -0.7 -1.2 
0.8 - 3.1 1.1 -1.3 2.3 -1.1 -1.8 
1.6 -0.8 3.8 1.8 0.1 3.1 0.0 -0.6 
0.9 -1.0 3.3 0.2 -1.8 1.3 -1.3 -2.6 
0.2 -2.6 2.2 -0.6 -1.6 1.6 -1.3 -2.2 
-0.8 -2.8 1.5 -0.6 -1.8 0.3 -2.2 -3.4 
0.1 -2.3 2.2 -0.2 -1.7 1.2 -2.1 -2.8 
0.6 -1.4 2.9 0.3 -U.S 1.8 -1.2 -2.2 
0.1 -1.9 2.2 -0.1 -1.5 1.1 -2.2 -1.9 
-0.1 -2.2 2.2 0.3 -1.6 1.1 -2.3 -2.7 
1.0 -1.0 3.0 1.0 -02 2.4 -0.7 -1.5 
2.6 0.7 4.9 2.6 1.2 3.7 0.6 -0.4 
0.3 -1.4 2.9 -0.1 -0.8 1.8 -1.5 -2.0 
0.4 - 2.8 0.3 -0.8 1.8 -1.0 -1.8 
1.1 - 3.8 1.2 -0.4 2.9 - -1.5 
2.5 - 5.0 2.5 0.3 3.9 - -0.3 
0.7 - 3.2 0.3 -1.0 2.1 -1.2 - 
0.3 - 2.6 0.5 -1.1 1.7 -1.6 - 
0.6 - 2.9 0.4 -0.7 1.5 -1.7 - 
0.7 - 3.2 0.6 -0.5 1.9 -1.2 - 
2.3 - 4.7 1.3 -0.2 2.8 -1.2 -03 
1.9 - 4.1 0.4 -0.2 2.1 -2.6 -1.4 
2.3 - 4.7 1.3 - 2.6 -1.7 -0.1 
2.9 - 5.4 1.9 1.0 3.6 -1.1 0.4 
2.4 - 5.1 1.5 - 3.1 -1.4 -0.1 
1.7 - 4.1 0.9 -0.1 2.4 -2.2 - 
2.2 - 4.2 0.9 -0.1 2.4 - - 
4.1 - 6.1 2.6 - 4.2 -0.5 - 
37 - 6.0 2.1 - 3.9 -0.8 - 
1.6 - 3.5 - - 2.0 - - 
3.0 - 5.4 - - 2.7 - - 
3.5 - 5.4 1.5 - 2.9 - - 
2.9 - 5.1 0.8 - 2.3 - - 
2.6 - 5.0 0.6 - 2.2 - -0.1 
2.5 - 5.0 0.5 - 2.0 - - 
3.6 - 5.8 2.2 - 3.9 - 2.2 
4.1 - 6.1 2.1 - 3.4 -1.4 2.0 
4.4 - 6.6 3.2 - 4.8 0.0 3.0 
4.0 - 6.6 2.2 - 4.4 -0.7 2.1 

WEi 

BB 1A 

	

3-Dec-85 
	

0.0 

	

19-Dec-85 
	

0,0 

	

2-Jan-86 
	

0.0 

	

14-Jan-86 	 -1.0 

	

7-Feb-86 	 -1.8 

	

10-Mar-86 	 -4.1 

	

23-Apr-86 	 -2.9 

	

7-May-86 	 -1.8 

	

21-May-86 	 -2.1 

	

3-Jun-86 	 -1.5 

	

17-Ju'-86 	 -2.2 

	

15-.Kd-86 	 -2.8 

	

18-Aug-86 	 -1.1 

	

15-Sep-86 	 -2.7 
12-Oct-86 
1 8-Nov-86 

	

4-Dec-86 	 -4.5 

	

8-Jan-87 	 -6.0 

	

2-Feb-87 	 -6.3 
P1 
	

4-Mar-87 	 -4,5 
30-Mar-87 

	

27-Apr-87 	 -4.4 

	

26-May-87 	 -5.2 

	

22-Ju-87 	 -5.7 

	

21-Jul-87 	 -5.4 
18-Sep-87 

	

16-Nov-87 	 -5,9 

	

5-Jan-88 	 -4.7 

	

29-Feb-88 	 '.4.9 

	

26-Apr-88 	 -5.6 

	

28-JJ-88 	 -5.7 

	

20-Oct-88 	 -5.5 

	

21-Dec-88 	 -5.3 
30-Mar-89 

12-Jul-89 
23-Jan-90 
30-Mar-90 

4-Jun-90 
21 -Aug-90 
30-Oct-90 
30-May-91 
31-Oct-91 
28-Jan-92 
8-May-92 

Note: BB Biassbor 	
, 	 I Mark selected by the S.R.A. to represent the change In level of the pier 

Note: For Pier 6 and Pier 7. SPA. has shown an averoge of the bdrs selected 



Subsidence Traverse 

AprIl 1986 - May 1992 

Cumulative Change In Level (mm) 

Date Mark 6 Mark ÔA Mark 5 Mark 4 Mark 3 Mark 2 Morki Bar 8A Mark 7 Mark 8 Mark 9 Mark 10 Mark 11 Mark 12 Mark 13 Mark 15 Mark 15A Mark 17 
10-Apr-86 0 0 0 - 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

13-May-86 -07 -0.1 -0.3 0 -1.5 -0.2 -0.5 -0.9 -0,2 0.1 0,4 -0.1 0.2 0.3 -0.4 -0,5 -0.8 -2.9 
21-May-86 -0.9 0.4 0.4 0.7 -0.8 0.1 -0.4 -0.5 0.9 1.2 1.8 1 1.5 1.6 0.8 1,2 1 -1,7 

4-Jun-86 -1 - -0.1 - -1.2 0.1 -0.3 -0.5 0.9 1.4 2 0.8 1.2 0.7 -0.2 -0.6 -1.5 -4.1 
18-Jun-86 0.5 -0.4 -0.4 0.3 -1.1 -0.4 -1.2 -1.4 0,2 0.4 1.2 -0.2 0.5 0.3 -0.9 -1.3 -2 -5.6 
16-Jul-86 0 0.6 0.9 0.9 -0.7 0.8 -0.6 -0.7 1.5 2.1 3.2 1,3 2.5 2 1.1 0.3 -0.6 -5.4 

20-Aug-86 -0.7 1.5 2 0.9 0.8 0,8 1.2 3 3.7 5.1 2.8 4.4 3.8 2.4 1.6 0.5 -4.6 
17-Sep-86 -0.7 0.3 0.7 -1,2 -0.7 0.8 1.3 1.6 3.4 3.9 5.5 2.7 4.2 3.4 1.9 0.6 -0.7 -7.8 
16-Oct-86 -0.7 0,5 1.8 0 -0.7 0.5 0.5 0.9 3 3.5 5.6 2.4 4.1 3.7 2 0.8 -0.5 -8.6 
10-Nov-86 -0.7 0.5 1.3 -0.6 -1,2 -0.2 -0,1 0.7 2.7 3.2 5.5 2.2 3.8 3.2 1.4 0.4 -1.1 -9.8 
10-Dec-86 -0.7 0,7 1.8 -0.2 -1.3 -0.2 -0.4 3 3.2 4 6.7 2.7 4,7 4 1.9 1.3 -0.2 -9.7 

9-Jan-87 -0.8 0.5 1.3 1 -1.9 -0.6 -0.2 1.3 2.8 3.6 6.4 2.4 4.4 3.5 1.4 -4.6 -6.5 -16.6 
4-Feb-87 -0.4 0.7 2.2 0.5 -1.3 0.3 0.7 2.3 4 4.8 7.8 3.6 5.8 5.1 2.6 1.2 -0.6 -11.6 
6-Mar-87 -0.3 0.5 2.1 0.8 -2 -0.7 -0.2 2 3.9 4,8 8.2 3.9 6.1 5.2 2.9 1.6 -0.4 -11 
4-Apr-87 -0.3 0.9 2.2 0.7 -1.7 -0.3 0.4 2.7 4.4 5.2 8.4 3.5 6.2 5.2 2.6 0.9 -1.1 -13 

12-May-87 -0.5 1.1 1.9 1 -2.1 -0.7 -0.1 2.3 4.2 5.2 8.7 3.6 6.3 5.3 2.5 0.5 -1.9 -13.9 
2-Jun-87 -0.5 1 2.4 0.8 -2.3 -1 -0,1 2.4 4.8 5.6 9.2 3.9 6.9 5.6 2.8 0.4 -2 -13.9 

24-Jun-87 -1.1 1 1.7 1 -2.1 -0.7 -0.1 2.5 4.6 5.8 9.3 4 6.9 5.8 2,7 0.5 -2.2 -14.6 
27-Jul-87 -0.6 1.2 2.3 2.8 -2.4 -0.9 0 2.7 5.4 6.3 10.1 4.4 7.4 6.3 3.3 0.8 -1.8 -14.3 

28-Sep-87 -1.1 0.6 3 3.5 - - - 2.5 5.1 6.4 10.7 4.4 7.5 6.5 3.1 0.6 -1.9 -15.8 
23-Nov-87 -1.2 1 3.6 3.6 - - - 3.3 5.9 6.8 11.7 4.7 7.8 6.3 2,7 0.6 -2.5 -17.1 
11-Dec-87 -1,1 -0.5 3.7 4.2 - - - 2.7 5.5 6.5 11.3 4.2 7.3 5.9 2.4 0.2 -2.8 -17.5 

8-Jan-88 -0.7 -49 4 3.9 - - - 3.6 6.1 7.1 12 4,8 7.9 6.6 3.1 0.2 -2.5 -17.6 
3-Feb-88 -0.9 -4.9 3.9 4.3 - - - 3.7 6.3 7.4 12.5 5 8.3 6.9 3.4 0.7 -2.3 -17.4 
1-Mar-88 -0.8 -4.3 4 4.3 - - - 3.5 6.1 6 11.1 3.6 7.1 5.7 1.9 -0.8 -3.9 -19.6 

30-Mar-88 -1.3 -4.6 4 1.3 - - - 3.5 6.5 7.7 12.8 5.1 8.5 7.1 3.6 0.4 -2.8 -18 
23-May-88 -1.3 -4.6 5.7 2.3 - - - 3.7 6,7 7.8 13.5 4.8 8.1 6.7 2.8 -0.4 -3.6 -19.6 

20-Jul-88 -1.1 -4.6 6.1 3.1 - - - 4.6 7,5 8.3 14.4 5.3 9.2 7.8 3.5 0.2 -3.2 -19,7 
24-Oct-88 0.5 - 5.8 3.7 -1.8 -0.9 0 5.9 8.6 9.9 17.3 7 11.9 10 4.6 0.2 -4.2 -26.1 
13-Dec-88 -1.4 - 6 4.1 -1.5 -0.8 0.1 6.7 9.8 10.9 19.2 8.4 13.7 11.8 - 0.4 -5.9 -37 

4-Jan-89 -1.2 - 6.3 5.3 -1.4 -0.7 0.4 7.3 10.4 11.7 - 9 14.9 12.9 - 1 -5.6 -40.1 
24-Feb-89 -1.4 - 6.7 7.5 -1 -0.1 0.9 8.3 11.5 12.9 22.3 9.9 16.2 14.3 7.6 1.7 -5.2 -43.5 

7-Jul-89 -1.5 - 8.3 - -0.5 0.4 0.9 8.6 12.7 14.1 - 11.2 17.6 16 - 2.5 -5,1 -45,9 
20-Feb-90 -1.2 - 8.8 - -2 - - 11.7 14.9 - - 11.6 18.7 17 - 0.7 -5.6 -482 
29-Mar-90 -1 - 8.9 - -1.8 - - 12.4 15.4 - - 12.5 19.3 17.9 - 1.4 -4.6 -47.5 

7-Jun-90 -1.4 - 8.8 - -2.2 - - 11.9 15.7 - - 12.4 19.2 17.5 - 1.3 -5.1 -48.4 
24-Aug-90 -1.3 - 9 - -1,9 - - 11.7 15.4 - - 12.5 19.3 17.8 - 0.7 -5.7 -49 
18-Oct-90 -1.2 - 9.1 - -1.3 - - 12 15.2 - - 12.5 19.6 17.9 9.2 0.6 -5.6 -49.2 
18-Jan-91 -1.3 - 9.4 - -1.7 - - 12.7 15.8 - - 12.8 20.4 18.4 9.9 1.2 -5.5 -49,7 

28-May-91 -0.9 - 9.6 - -1.6 0 - 13.3 16.8 - - 13.5 20.7 19.2 10.2 1.1 -5,4 -49,4 
29-Oct-91 -0.4 - 11.6 30,3 0.4 0.4 0.9 15.2 18.5 14.1 22.3 15.2 22.8 21 11.8 3,3 -3.2 -47,8 
29-Jan-92 -0.9 - 10.8 29.3 -0,3 0 0.7 15.2 18,6 13.6 22.4 14.7 22.7 20.6 11.4 3.6 -3.5 -48.8 
7-May-92 -0.9 - 11.7 29.5 04 0.8 0.7 15.2 18.9 13.9 22.9 14.8 22.6 20.8 11.4 3.7 -3.3 -48,7 
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EiSTERN SIDE 

Sydney Abutrnen-t \'/ollongong Abutment 

Corbel Level Ji,s1 	 50 	14.98 is as 145 9 15.02  

14 . 

 

14.9-3 14:4 

1920's Design Dimension 	49' 3.5" 	(15.024 m) 

Note, that the span width (m) is measured between pier centre lines 
Pier Verticality = Deviation (mm) of pier centre lire compared 

to 	pier centre 	line 	at corbel 	level 

(+) denotes zero deviation 
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1920's Design Dimension = 51' 2.25" (15.602 m) 

Note, that the span width (m) is measured between pier centre lines 

Pier Verticality = Deviation (mm) of pier centre line compared 

to pier centre line at corbel level 

(+) denotes zero deviation 
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APPENDIX F 

Tape Extensometer at Parapet 
Additional Table and Figures 

Section 4 
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TAPE EXTENSOMETER DISTANCES ALONG PARAPET 
CALCULATED CHANGE IN SPAN LENGTH (UP SIDE) 

DATE SPAN 1 SPAN 2 SPAN 3 SPAN 4 SPAN 5 SPAN 8 
8-Jan-86 0.0 0.0 0.0 0.0 - 0.0 0.0 0.0 0.0 0.0 - - 

30-Jan-86 2.9 2.1 1.9 0.2 0.0 1.3 2.7 4.4 -3.6 10.9 - - 
1-Oct-86 2.1 1.6 3.8 3.2 0.1 3.7 9.8 16.7 4.1 16.4 - - 

16-Jan-87 4.9 1.5 2.1 5.2 1.0 4.3 9.1 18.2 5.7 18.4 0.0 0.0 S 
16-Jul-87 5.9 1.8 1.1 6.3 -0.8 2.8 11.2 19.0 5.5 18.7 0.3 -0.6 
7-Apr-88 8.2 1.0 2.3 7.9 0.6 5.1 12.1 20.7 6.8 20.9 0.4 0.1 
1-Mar-89 8.6 -0.7 0.6 14.7 -7.1 5.5 12.3 20.5 8.6 22.2 -1.0 -1.3 

18-Apr-89 8.0 -0.8 -0.1 13.5 -6.0 4.3 11.9 20.9 7.7 21.5 -0.9 -1.0 
23-Aug-89 8.2 -2.3 -1.0 13.4 -6.4 4.3 11.2 18.9 7.2 20.5 -0.9 0.8 
22-Nov-89 8.7 -3.2 -1.5 15.2 -6.7 3.6 11.6 20.7 8.3 21.7 -1.1 -2.5 
30-Jan-90 9.8 -2.5 -1.4 14.8 -5.9 3.7 12.6 21.7 9.5 22.2 -0.9 -2.1 
11-Apr-90 11.9 -3.6 -2.0 17.0 -6.0 3.4 12.5 21.5 9.8 22.5 -0.8 -0.8 
9-Aug-90 10.9 -5.4 -3.9 16.2 -6.9 3.2 10.9 19.8 7.6 21.5 -2.1 -2.7 
1-Nov-90 12.9 -5.9 -3.5 18.4 -5.8 4.7 12.5 22.4 10.8 22.5 -0.7 -3.0 

14-Feb-91 13.3 -5.4 -3.3 18.8 -5.3 5.7 13.5 22.4 11.1 24.3 -2.7 - 
30-Apr-91 13.1 -4.9 -4.0 17.7 -6.9 4.5 12.9 21.7 9.7 23.4 -4.1 - 

9-Jul-91 13.9 -5.6 -4.4 18.8 -6.9 4.4 11.8 21.4 8.8 22.4 -5.2 - 
23-Oct-91 14.5 -5.1 -3.9 19.7 -5.7 5.9 13.5 22.8 11.3 24.0 -3.4 - 

6-Feb-92 15.9 -4.1 -2.9 20.7 -4.8 7.0 14.6 23.4 12.3 25.5 -2.6 - 
15-May-92 14.2 - -6.4 19.4 -6.7 4.7 12.3 21.4 10.6 23.2 -4.8 - 
18-Aug-92 14.0 -7.2 -6.0 18.9 -8.1 3.6 12.1 21.6 10.3 22.7 -3.7 - 
19-Nov-92 14.2 -8.4 -6.0 20.0 -7.3 4.5 12.2 22.6 9.9 22.8 -3.9 - 

9-Feb-93 15.5 -6.4 -4.6 19,0 -4.5 6.0 13.5 23.8 11.8 25.2 -4.8 - 

TAPE EXTENSOMETER DISTANCES ALONG PARAPET 
CALCULATED CHANGE IN SPAN LENGTH (DOWN SIDE) 

DATE SPAN 1 SPAN 2 SPAN 3 SPAN 4 SPAN 5 SPAN 8 
8-Jan-86 0.0 0.0 0.0 0.0 0.0 - 0.0 0.0 0.0 0.0 - - 

30-Jan-86 1.8 3.2 0.7 1.5 1.9 0.0 3.5 3.5 0.6 6.5  
1-Oct-86 1.1 2.6 3.8 3.2 6.1 -1.6 13.6 12.9 6.6 13.6 - - 

16-Jan-87 3.3 3.1 4.2 3.1 6.3 -0.3 14.6 12.7 9.0 14.8 0.0 0.0 
16-Jul-87 3.9 3.8 5.1 2.3 4.7 -2.1 15.3 14.9 9.9 14.1 -1.8 1.5 
7-Apr-88 4.3 4.9 6.0 4.2 6.9 -0.6 17.1 15.7 12.1 15.5 -2.5 3.0 
1-Mar-89 3.4 4.4 12.6 2.6 6.8 -7.7 16.7 16.0 13.5 17.1 -4.4 2.2 

18-Apr-89 2.9 4.4 . 	11.5 2.0 5.2 -6.4 17.1 15.7 13.2 15.8 -3.4 1.5 
23-Aug-89 2.2 3.6 10.6 1.8 5.2 -6.7 15.3 14.7 12.7 14.8 -1.1 1,1 
22-Nov-89 1.9 3.6 11.7 1.9 5.0 -7.5 16.9 15.4 13.9 16.0 -4.8 1.3 
30-Jan-90 3.1 4.1 11.3 2.0 4.9 -6.6 17.7 16.6 14.5 17.1 -4.8 1.9 
11-Apr-90 3.0 5.3 12.3 2.7 4.7 -6.7 17.5 16.5 14.9 17.3 -3.5 2.0 
9-Aug-90 1.9 3.7 10.8 1.4 4.6 -7.7 15.6 15.1 13.7 15.2 -5.1 0.3 
1-Nov-90 1.6 5.4 12.3 2.5 6.4 -7.0 18.0 16.9 15.5 17.7 -7.9 4,3 

14-Feb-91 2.8 5.1 12.5 2.9 6.9 -5.9 18.1 17.8 16.8 18.5 -7.9 - 0 
30-Apr-91  3.1 5.1 11.6 2.1 5.4 -7.2 17.6 17.1 15.6 17.3 -10.2 - 

9-Jul-91 2.6 5.7 12.1 2.1 5.7 -7.6 17.3 15.9 14.7 16.3 -7.6 
23-Oct-91 3.8 5.6 12.9 2.9 6.7 -5.9 18.7 17.6 16.8 18.4 -7.4 - 

6-Feb-92 5.0 6.8 13.8 4.0 7.9 -5.1 19.5 18.5 18.0 19.6 -5.8 - 
15-May-92 - 4.9 11.8 1.2 6.0 -7.4 17.0 16.8 15.8 17.9 -6.5 - 
18-Aug-92 2.3 4.6 11.4 1.4 4.6 -8.5 17.5 16.3 15.8 17.1 -6.0 - 
19-Nov-92 1.2 4.6 12.1 1.9 5.5 -7.7 18.3 16.4 15.4 17.2 -8.2 - 5 

9-Feb-93 4.4 4.8 11.2 3.3 7.7 -5.5 18.6 18.6 17.0 19.8 -6.2 - 

NOTE: A new Tape was Installed on the Extensometer for readings after the 6-Feb-92 readings, 
as the previous Tape snapped. 
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APPENDIX G 

Comparison of Analytical 
and Program BE3D Results 
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CIRCULAR TUNNEL 

IsOTROPIC - Boundary Stresses & Displacements (mining induced)1  

a. =p[1+2cos2e] 

U r 	[1-(2(1-2v)+1) cos 2O] 

= -Pa  [(2(1-2v)+1)sin28] 

Program & Analytical Results 

Theta (0) o (MPa) Program (mm) Analytic (mm) 
Program Analytic U. U, U,, U 

0 2.95 3.00 67 0 69 0 
22.5 2.38 2.41 62 -78 64 -80 
45.0 0.99 1.00 47 -145 49 -147 
67.5 -0.40 -0.41 26 -189 27 -193 
90 -0.97 -1.00 0 -204 0 -209 

radius a = 1.0 m 

x 	
field stress y., =p=1MPa 

= 0 
E = 8993 MPa 
v = 0.25 

Boundary Element Mesh 

y 

 

6 boundary elements, including 
2 infinite elements with 3 
planes of symmetry. 

x 

G2 



. 

. 

Transversely Isotropic2 

E1,v1 in the plane of the stratification. 
E21v2 G2 perpendicular to the stratification. 

o' ={(p+p)k3 (k1 +1)+(k1 -1)2 -(k1 +k3 +1)k1 -1) cos 2e] 

-p)(k1 +k3 +1)[(k-1)-(k1 +1) cos 28]}/H 

H = (k 2 +2k2 ~1)-2(k -1) cos 2O +(k -2k2 +1) cos' 2e 

r E1 

1-v1 2 
[El 

V

where k1 = 
	

I k 
- 

2G2 

--v: 	
E1 

j 

and 	k3 =j2(k1 +k2 ) 

Program & Analytical Results 

9 c 	(Mpa)forp 09 (Mpa)forp, 
Program Analytic Program Analytic 

0 -1.02 -1.07 4.12 4.19 
22.5 -0.13 -0.14 1.91 1.94 
45.0 0.66 0.68 0.61 0.61 
67.5 1.94 2.01 -0.14 -0.16 
90 3.88 3.99 -0.89 -0.94 

radius a = 10 m 
field stress p =1, py = 0 

p, =0,py=1 
E1 = 7.000, v1 = 0.2, E2 = 8.000, 

V 2 = 0.2, C2 = 0.970 

. 

C] 

. 
G3 



Mining induced displacements are given by3: 

u(e =0)=a[A+B+C] 

u(e =90)=a[A-B+D] 

where 

A 	
S 

=(ld)2 (1+e2  —d 2 )[p+pJ 

B= 
S 

(1-e+d)2 {2e[p +p]+2(1+d)[p -p]} 

c=_('1_P12)v2(1+v1) 
Py  E1 PX E1 

v2(1+v1) _(1_v) 
I- 	PX 	E2 

s--i--y-2- 
E2  E1  

d = k1  +1— k3  
k1  +1+ k3  

2(k1  —1) 
e = k1  + 1 + k3  

Program & Analytical Results 

O 
-. 

0.__.  
Pro ram 	Analytic 

ux 	liv 	Ux 	Uy 

pz=i,px=o. 
Pro ram Analytic 
lix Uy Ux Uy 

00  394. 0. 395 0. -91. 0. -82. 0. 
900  - 0... -92 1 	-0. -108 0. 374 0. 390. 
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