BROWN LEES DEVELOPMENT

SETTLEMENT RISK ASSESSMENT

for

ADVANTAGE WEST MIDLANDS

THE DEVELOPMENT AGENCY

IMC Consulting Engineers

PO Box 18

Common Road

Sutton-in-Ashfield

Nottinghamshire

NG17 2NS

D5249/E
August 2001

Prepared By
Checked By
Verified By
Status
Date
Issue No

AB / SC


AB

Draft

1

This is a controlled copy

This report has been prepared for and on behalf of Advantage West Midlands in response to their particular instructions and any duty of care to another party is excluded.  Any other party using or intending to use this information for any other purpose should seek the prior written consent of IMC Consulting Engineers.

The conclusions reached are those which can be reasonably determined from the sources of information referred to in the report and from our knowledge of current professional practice and standards.  Any limitations resulting from the data are identified where possible but both these and our conclusions may require amendment should additional information become available.  The report is only intended for use in the stated context and should not be used otherwise.

Copyright in this report is owned by IMC Consulting Engineers and may not be published, reproduced or adapted without their consent.

CONTENTS

(*Saved on CD)

51.0
INTRODUCTION

1.1
Monitoring And Previous Reports
5
2.0
SITE CONDITIONS
6
3.0
REVIEW OF MONITORING DATA TO DATE
8
3.1
Groundwater Levels
9
3.2
Settlement Markers
9
3.3
Extensometers
11
3.4
Inclinometers
12
4.0
FUTURE DISPLACEMENTS
14
4.1
Creep Settlement
14
4.2
Differential Creep Settlement
17
4.3
Horizontal Movement
17
5.0
SUMMARY AND CONCLUSIONS
18
6.0
CONTINUING MONITORING AND FURTHER INVESTIGATIONS OF SETTLEMENT
19
7.0
REFERENCES
20


Tables

Table 1
Movement of Settlement Markers

Table 2
Estimate of Movement of Settlement Markers

Figures

Figure 1

Site Location Plan (*Paper copy)
(*Saved on CD)

Figure 2

Groundwater Level E1 and E2 

Figure 3

Settlement Graph. Zone 1

Figure 4

Settlement Graph. Zone 2

Figure 5

Settlement Graph. Zone 3

Figure 6

Settlement Graph. Zone 4

Figure 7

Settlement Graph. Zone 5

Figure 8

Extensometer E1

Figure 9

Extensometer E1- Vertical Displacement of Magnets

Figure 10

Extensometer E2

Figure 11

Extensometer
E2- Vertical Displacement of Magnets

Figure 12

Inclinometer 1 Profile A/B

Figure 13

Inclinometer 1 Profile C/D

Figure 14

Inclinometer 2 Profile A/B

Figure 15

Inclinometer 2
Profile C/D

Figure 16

Total Strain Zone 3

Figure 17

Total Strain Zone 4

Figure 18

Total Strain Zone 5

Drawings

(*Saved on CD)

Drawing 1

Topographic Survey. (IMC Drawing No D5249/01)

Drawing 2

Contours of Base of Opencast, Sections Lines and Settlement Markers. (IMC Drawing No D5249/17)

Drawing 5

Contours of Estimate Creep Settlement and Western Perimeter Development Exclusion Zone. (IMC Drawing No D5249/18)

(*Paper Copy)

Drawing 3

Cross Sections Along Settlement Markers 1 - 4

Drawing 4

Cross Sections Along Settlement Markers 5 - 8

Appendix

(*Saved on CD)
Appendix A

Monitoring Data

1.0
INTRODUCTION

IMC Consulting Engineers have been appointed by Advantage West Midlands to carry out an estimate of the future settlement of the backfill of the former Brown Lees Opencast Site.  A report on the monitoring of the instrumentation installed in the zone of compacted fill at the Brown Lees Opencast Coal Site was prepared for Staffordshire Moorlands District Council (SMDC) by Scott Wilson Kirkpatrick & Co. Ltd. (SWK) in November 2000.  Since the completion of that report two additional sets of monitoring data have been obtained which have been incorporated into the assessment by IMC.

In this report a reappraisal has been made of all the data obtained from the monitoring exercise and estimates given of the future creep settlement to the year 2026 based on extrapolation of the last three years and ten months’ data for each settlement marker position.  This approach has been adopted to maximise the usefulness of the monitoring exercise.  The results obtained, bearing in mind the relatively short period of the monitoring, its accuracy and the possibility of a change in prevailing site conditions, should be regarded as indicative of the magnitude of the vertical creep settlements of the opencast overburden which will occur.  In the design of individual buildings it will be necessary to take into account settlements due to other causes such as imposed load and inundation effects.

1.1
Monitoring And Previous Reports

The SWK report provided an account of the measurements made variously by British Coal Opencast, SWK and MS Surveys Ltd, an interpretation by SWK of the data and provides comment and recommendations assuming a proposed development date of May 2001.

SWK were retained by British Coal Opencast Central Region (BCO) in April 1995 to provide engineering consultancy services in connection with the design, installation and monitoring of ground movement instruments within a controlled compaction zone at Brown Lees Opencast Coal Site, Biddulph, Stoke-on-Trent, Staffordshire.

The deep instrumentation, comprising inclinometers and combined extensometer - piezometer, was installed by Geotechnical Instruments Ltd. and the surface movement markers were established by mining contractors, Miller Mining Ltd.

Two inclinometers were installed to monitor any horizontal ground movements resulting from the relatively steeply inclined basal surface.  Two combined extensometer - piezometers were constructed to monitor vertical movement within the controlled backfill;  piezometer tips were installed at the base of each of the extensometers to enable direct groundwater monitoring.  In total 39no. settlement markers were established within a grid across the controlled zone to monitor vertical movements at the surface.

In April 1998, following transfer of the site ownership from BCO to SMDC, SWK were commissioned to provide further services in connection with extended monitoring at the site.  Data was obtained between May 1995 and November 2000 though the records were intermittently obtained during parts of this period.

The SWK final report ‘Brown Lees Restoration: Final Instrumentation Monitoring Report (May 1995 to November 2000)’ contains a record of the data obtained though that for the surface monitoring stations is only quoted as the settlement relative to the original installed level.

In March 2001, as part of a Desk Study carried out by IMC Consulting Engineers (IMC),  the results of the monitoring and the report prepared by SWK were reviewed.  It was concluded at that stage that most of the site could be considered to be available for development immediately.  However, in the central and western parts of the site there were areas within which settlement was continuing at rates greater than elsewhere and a buried opencast wall which could lead to potential differential settlements.  The area affected was identified on the Proposed Development Plan, the boundaries of which were determined to include the relevant monitoring points and also took account of proposed road and building plot layout.
It was recommended that monitoring installations should be preserved and readings taken and  the reasons for the unusual behaviour of the replaced settlement markers along the western boundary should be investigated.

In May 2001 an investigation using dynamic probing was carried out by IMC.  The object of this investigation was to determine the state of compaction of the backfilled opencast overburden within and adjacent to the area of tree planting on the western perimeter slope.  During the tree planting works in 1999 the settlement markers in this area had been disturbed by contour ploughing and had been replaced in July 1999.  These markers had subsequently shown substantially greater settlements than were being monitored elsewhere on the site and it was suspected that they were installed in loosened fill.  A report on the dynamic probe investigation was submitted to AWM in July 2001.

Additional readings of all the monitoring installations since the issue of the report by SWK have been obtained in January and May 2001.  It is recommended that monitoring and analysis should continue, and as far as possible the site works should respect the monitoring positions.

2.0
SITE CONDITIONS

The Brown Lees opencast coal site was worked and reinstated by Miller Mining Ltd.  Reinstatement of the compacted zone began in July 1993 and generally proceeded from north to south.  The reinstatement of the controlled zone was completed by the end of April 1995.  The Specification for the compaction of the engineered fill was prepared by BCO and was based on Department of Transport Specification for Road and Bridge Works (5th Edition) 1976, Series 600.

The surface topography of the site is shown on the Drawing No D5249/01.  The proposed development area merges into existing ground levels to the east.  The elevation in the northern half of the site is about 200m AOD and falls gently in the southern half to about 190m AOD with a surface gradient of about 1 in 10.  To the west of this plateau area there is the revegetated slope of the fill which overlooks a valley created in the fill which falls from north to south.

The geometry of the basal pavement of the filled opencast void was shown on a BCO plan and section of the base of the compacted opencast backfill contained in the SWK Final Report.  Since the preparation of Desk Study Report in March 2001 the Completion Plans associated with the opencast workings have been obtained from the Mining Records Office, Bretby.  The spot levels of the floor of the extracted Ten Feet and Bellringer seams shown on these drawings have been digitised and contours interpolated, as shown on Drg. No. 2.  Although the toe of the internal opencast walls are well-defined at the horizon of the Ten Feet seam the geometry of the wall which runs north-west to south-east to the west of the development boundary is not.  It has been assumed that the overall slope of this wall was, in line with usual BCO practice,  excavated to a gradient of 2 : 1 (64 degrees to the horizontal).

The floors of the seams were benched prior to placing of the fill in the compaction zone.  This was necessary due to the relatively steep dip of 22 degrees (1 in 2.5) of the coal seams to the south-west at this site.  The BCO Plan shows the benching to be up to 15m wide but is not sufficiently detailed to enable the levels of the benches to be taken into account.  Where the internal opencast wall between the Ten Feet and Bellringer seams swings to an east-west line the toe and crest of the wall are well-defined.  However the wall was benched and the resulting slope was about 1 in 1.3 overall.  The actual profile would have been a series of horizontal benches with very steep faces between.

The depths of compacted opencast backfill at the site have been re-assessed based on the interpolated contours shown on Drg. No. 1.  However, due to the benching of the sloping floor and east-west part of the internal wall they may not be absolutely accurate.  If, as would be expected, the benching was carried out by excavation into the solid then the actual depths of fill at any point could be between 0 and 6m deeper than assessed, depending upon location.  It was noted in the IMC Desk Study Report that the depth of fill in the vicinity of settlement markers V4 and V5 appeared to have been underestimated.  It is confirmed that this is the case.  The depths of fill estimated to exist at the settlement marker locations are reviewed below in Section 3.2.  It should be noted that there is varying fill to the east of the opencast excavation which have not been fully investigated or depths proved.  During previous IMC investigations the fill was noted to in excess of 3 m depth across the majority of this part of the site and was found to be of variable nature and engineering characteristics.

The only physical check on the actual depth to rockhead should be provided by the boreholes which were made through the fill to install Extensometers E1 and E2 and Inclinometers I1 and I2.  The table below summarises the available data relating to these installations provided in the SWK Final report and gives the estimated depth at the relevant locations from the reinterpretation of floor levels made by IMC.

Borehole
Recorded Depth
Estimate of depth
Comments


to rockhead (m)
(m) (IMC)







E1
57
51.75


E2
35.5
34.5


I1
48.5 (45)
42.5
Depth in brackets shown on SWK data plot

I2
39.4
23.3


The depths shown for E1, E2 and I1 are broadly similar.  The depth to rockhead recorded by SWK for E1 and E2 and the depths of the magnets shown on the drawings in their report are believed to be the proposed installation depths and do not represent the actual installation details.  Quite apart from the possible inaccuracy of the depth estimate the actual depth could be affected by the benching described above and the possibility that rockhead at the floor of the seam was not easily discernible in the boreholes.  This latter point tends to be confirmed by the quoted depths for Inclinometer I2 where the recorded depth of rockhead is said to be 39.4m which on any interpretation would be well below the floor of the Ten Feet seam.  The actual depth to rockhead at this point is believed to be 25m, as this is the depth above which downdip movement has been recorded in the instrument.

At the western boundary where the zone of controlled compaction abuts uncontrolled loose-tipped backfill an interface at a slope of 1 in 0.5 (63 degrees) was formed.  The exact location of this interface has not been positively identified but is believed to be indicated on the Base of Compacted Backfill Plan by a line with spot levels at the west of the area.  The loose fill was brought up at the same rate as the engineered fill to provide continuous support.  However, the upper part of the controlled backfill extends above top of the loose fill by up to 16m and this upper slope has a gradient of 1 in 4 or 5.
The investigation by dynamic probing of the in situ densities of the fill carried out in May 2001 showed that in general the density of the compacted fill was “medium dense”.  However, locally it was found that the surface one to two metres were “loose” and that the density of the fill forming the slope to the west of the designated development area was very variable, even in those areas which would be expected to fall within the compacted zone.  The apparent density in the slope area was found to vary from “very loose” to “medium dense” but was mainly “very loose” or “loose” in the depth of probing of 3.6m.

Cross-sections through the compacted fill showing the geometry of the floor of the opencast void, the existing surface profile, the nominal boundary between compacted and uncompacted fill, the maximum recorded water level and the locations of the instrumentation installations have been drawn on the numbered rows of the settlement markers 1 - 4 and 5 - 8 respectively.  The location of the cross sections and the contours of the base of the opencast are shown on Drawing No 2 (IMC drawing No D5249/17), the cross sections are attached as Drg. Nos. 3 and 4.  

3.0
REVIEW OF MONITORING DATA TO DATE

An account of the installation of the instrumentation, the monitoring programme and the results to November 2000 are given in the SWK Final Report to which reference should be made.

Since the issue of the SWK Final Report two further sets of monitoring data have been obtained in January and May 2001.  The updated tables of data are given in Appendix A.  As the monitoring period has been extended plots of all the data have been made for the sake of completeness and are discussed below.

3.1
Groundwater Levels

The records of water levels in Piezometers E1 and E2 are presented in Appendix A.  The plots of the data are shown on Figure 2.

In Piezometer E1, which is located in the deepest area of excavation, water levels remained at or below the seam pavement level until May 1997.  In the ensuing twelve months the water level recorded rose by about 26m to 165.71m AOD.  Between May 1998 and May 1999 the water level rose a further 7m to 172.69m AOD.  Subsequent readings show seasonal variations with water levels in the range 168.77 - 174.95m AOD.

In Piezometer E2, which is installed at a shallower depth, the water levels remained at or below the seam pavement until May 1998.  The onset of the rise in P2 correlates well with the recorded elevation in P1.  By May 1999 the water elevation in P2 had reached 172.48m AOD.   Subsequently the level has varied with the season with levels between 168.72 and      177.68m AOD.

The controls on groundwater levels at the site were described in Section 9.3 of the IMC Desk Study Report.  These are briefly summarised as follows:-

Prior to and during the opencasting at the site groundwater water levels were depressed due to the pumping of mine water such that water levels at the site were below the floor of the excavation.  With the closure of all local collieries it is conjectured that the Victoria minewaters have amalgamated with and are controlled by the minewater system that includes the mined areas of the neighbouring Chatterley Whitfield, Wolstanton, Sneyd, Hanley Deep and Norton Collieries which recovered to approximately 160m AOD in early 1999.  Since that time only seasonal fluctuations have been recorded and it is most likely that this system is discharging to the surface in the valley of the Head of Trent to the south-east of the site.  It is thus most likely that in the future water levels will be essentially static except for seasonal variations.

The monitoring at Brown Lees is consistent with this scenario; the ground water levels appear to have fully recovered following cessation of minewater pumping and the range of water levels monitored at the site between May 1999 and May 2001 is likely to be representative of long term conditions.

3.2
Settlement Markers

The full record of monitored settlements until 3 May 2001 is tabulated in Appendix A.  Two further sets of survey data have been obtained since the publication of the SWK Final Report in November 2000.

The movements are summarised in Table I.  This table includes the depths of compacted backfill assessed by SWK, as detailed in their Final Report, and those recently estimated by IMC from the available plans, as described in Section 2.0 above.  Following the procedure adopted by SWK, the settlements are quoted for the periods 31 May 1995 to 21 July 1997 (S1), from 31 May 1995 to date (3 May 2001) (S2).  The difference ((S), for the period post 21 July 1997 to date, is also shown.  The date of 21 July was chosen to represent the time from which the majority of the markers have shown a reducing rate of settlement and from which those markers located on the shallower older fills have shown heave.  For the replaced settlement markers located at the western perimeter of the site, where the settlement record dates back only to 1999, the figures quoted in parenthesis are the total settlements which have occurred between 15 September 1999 and 3 May 2001 and 13 July 2000 and 3 May 2001 respectively.

Verbal reports with MS Surveys stated that the survey was based on two permanent benchmarks, one located just outside the boundary of the site and the second within the site boundary on the unexcavated section of the opencast site.  The closing error on the survey was expected to be within 5mm which is less than the observed movements.

The settlement markers have been assigned to one of five zones, indicated by the colour shading in Table 1.  The zoning has been determined based upon the settlement (S which has occurred since 21 July 1997.  The settlement record for each of the markers, grouped according to the zone within which they fall, is plotted on Figures 3 to 7.  In these plots the survey data which was considered unreliable has been excluded.

The behaviour of the fill within the five zones is summarised below:-

Zone 1, which includes settlement markers X2 and 3, Y1 - 3 and Z2 - 4, is located in the north-eastern part of the backfilled area.  In this zone the markers have since 27 July 1997 either not settled or heaved by up to 15mm.  The depths of fill in this zone varies from 2m to 31m.

The plot of the settlement of the markers in this zone is shown on Fig. 3.  For the markers where the depth of fill is rather less than 10m (Z2 - 4) very little movement has occurred since monitoring began.  Where the fill is a little deeper at 9.5m to 16.9m (Y1 - 3) settlement of 25 - 27mm had occurred by mid-1997 but subsequently there has been no downward movement.  Marker Y3 has shown no significant subsequent movement but Markers Y1 and 2 heaved slightly between 1997 and 1999 but subsequently there has been negligible settlement or heave.  At markers X2 and X3, where the depth of fill is about 30m, the initial settlement up until mid-1997 amounted to 48mm and 39mm respectively but their subsequent behaviour has been similar to other markers in this zone.

Zone 2, which includes settlement markers T8 and 9, U8 and 9, V7 and 8, W7 and 8, X7, Y6 and Z6, is located in the southern part of the backfilled area.  The behaviour of the markers in this zone is similar to that in Zone 1.  The depths of fill in this zone varies from zero to 39.7m.

The plot of the settlement of the markers in this zone is shown on Fig. 4.  As in Zone 1 magnitude of the initial settlement occurring up until mid-1997 was roughly proportional to the fill depth.  Between mid-1997 and mid-1999 several of the eleven markers showed a modest amount of heave since when, to date, most have recorded a very slight heave.

Zone 3 includes those settlement markers which have shown actual settlement but at a rate, since 27 July 1997, of less than 3mm per year i.e. ((S < 11.5mm).  The markers involved are U7, V6, W6, X6, Y4 and 5 and Z5.  The depths of fill in Zone 3 ranges from 8.9m to 31.2m.

The plot of the settlement of the markers in this zone is shown on Fig. 5.  As in Zones 1 and 2, the initial settlement up until mid-1997 roughly reflected the depth of fill beneath the marker.  However for these markers settlement has subsequently continued up to the present, albeit at a reduced rate.

Zone 4 is the zone within which the largest settlements have been recorded since 27 July 1997 with average settlements in excess of 3mm/year.  The markers in this zone, V4 and 5, W3 - 5 and X 4 and 5 are located in the western central area of the area.  The depths of fill in Zones 4 varies from 33.3m to 62.0m.

The plot of the settlement markers in this zone is shown on Fig. 6.  The pattern of displacement recorded is similar to that described for Zone 3 except that the magnitude of the settlements throughout the monitoring period is greater.  Although part of this larger movement can be ascribed to the greater depths of fill which are present in this zone, it appears that the fill in this zone is more compressible than that elsewhere at the site. 
Zone 5 contains the replaced markers at the western perimeter of the monitored area and which are located at or near the crest of the western slope.  These markers, U4a - 6a, V3a, W2a and X1a, have shown relatively large settlements of between 54mm (U6a) and 197mm (W2a) since they were installed in 1999.  The depths of fill in this edge zone ranges from 23.2m to 54.2m. 

The initial readings on the replaced markers are not regarded as reliable.  Therefore the plot of the settlement of the markers in this zone is based only on the monitoring since 13 July 2000 as shown on Fig. 7.  This is the date from which information has been obtained using a precise level.

3.3
Extensometers

The behaviour of the fill recorded by the two extensometers is presented in Figs. 8 to 11.  The data for the extensometer readings is given in Appendix XXX.  Comments on the installation and fill behaviour were given in Section 5.3.2 of the SWK Final Report.

The near surface settlement recorded by the extensometers is similar in magnitude to that of the neighbouring surface markers.  Extensometer E1 shows a settlement of the uppermost magnet of 123mm (cf. Markers V5 - 135mm, W5 - 124mm) and Extensometer E2 with a settlement of 63mm (cf. X3 - 36mm, X4 - 80mm).  A summary of the rates settlement which have occurred during specified time periods for the extensometers and the neighbouring surface marker for comparison is given below:-

Extensometer Magnet Number (Surface Marker)
Fill Depth

(m)
Movement per Month (mm) up to 05/97
Movement per Month (mm) from 05/97 to 07/99 (06/99)
Movement per Month (mm) from 07/99 (06/99) to 05/01

E1 - Magnet 12
53.3
4.2
0.9
0.1

(V5)
(58.4)*
(4.2)
(1.5)
(0.3)

E2 - Magnet 9
30.8
2.0
0.7
0.2

(X4)
(33.6)*
(2.7)
(0.4)
(0.2)

* - from IMC reappraised fill depths

This table illustrates the diminishing rates of settlement which have been recorded and confirms the similarity of the behaviour of the upper magnet of the extensometers and surface markers.

This similarity of behaviour is also well illustrated by comparing of the settlement plots for surface marker V5 (Fig. 6) and Magnet 12 of Extensometer E1 (Fig. 8) and surface marker X4 (Fig. 6) and Magnet 9 of Extensometer E2 (Fig. 10).  

It is apparent from the gradients of the lines plotted on Figs 8 and 11 that the settlement occurring between magnets in both extensometers is reasonably consistent throughout.  However at Extensometer E1 (Fig. 8) rather more settlement has occurred between Magnets 6 and 8 (depths 31m - 21m) and Magnets 3 and 4 (depths 55m - 47m) than at other depths.  This trend began before the water levels rose and therefore is possibly related to the nature of the material or the degree of compaction achieved in this range of depths. Likewise the plots for Extensometer E2 (Fig. 10) indicate that the amount of settlement occurring between Magnets 2 and 3 (depths 38m - 32m) and Magnets 8 and 9 (depths 6 and 4m) is greater than found at other depths in this location.

3.4
Inclinometers

The inclinometers were installed to monitor anticipated movements of the backfill down-dip to the south-west.  Plane AB is orientated along the line of dip and CD is perpendicular to the dip.

Inclinometer I1 is located in the northern part of the site area midway between surface markers W2A and W3 and within 10m of the western site boundary and therefore adjacent to the crest of the western perimeter slope.  It lies about 50m up dip of the potential buttress of the internal opencast wall between the Ten Feet  and Bellringer seams.  The depth to bedrock at this location is about 45m.

Inclinometer I2 is in the southern area of the site about 45m from the site boundary and therefore well away from the crest of the perimeter slope.   The recorded depth of fill at the instrument location is 39.5m but based on the IMC reappraisal of fill depths the base of fill at this location is about 23.3m at this location.  It lies about 110m up dip from the potential buttress of the internal opencast wall between the Bellringer and Hams seams.

The records of the horizontal movements recorded have been updated to May 2001.  The tabulated results are contained in Appendix A and are plotted in Figs. 12 to 15.

At I1 there has been a lateral movement down-dip of 72mm and at I2 about 30mm. 

A summary of the monthly movement rates up until November 2000 was provided in SWK Table 5.4 which is reproduced below:-

Inclinometer Number
Movement per Month (mm)

06/95 to 05/97

(23 month period)
Movement per Month (mm)

from 05/97 to 10/99 (29 month period)
Movement per Month (mm)

 from 10/99 to 11/00

 (12 month period)






I1 Face A
1.63
0.42
1.42






I1 Face C
0.42
-0.01
0.03






I2 Face A
0.29
0.06
1.35






I2 Face C
0.50
0.29
-0.55

SWK noted that at I1 there has been an increased rate of lateral displacement down-dip during the twelve months to November 2000.  This inclinometer is located close to surface marker W2A, which along with other surface markers near the edge of the plateau, has shown unusually high vertical settlement since installation.  Reference to Figure 12 indicates that the two readings taken in January and May 2001 show small continuing displacement relative to the November 2000 reading but other than very near the fill surface the displacement remains less than was recorded in October 2000.  Therefore the rate of down-dip displacement over the last six months is apparently less than was recorded in 1999/2000.  The movements at right angles to the dip are small and erratic. 

The two readings of I2 carried out in the last six months show little further displacement.  The down-dip movement of I2 is about half that for I1.  A rotation of the displacement pattern occurs at 25m depth which is the level of rockhead.  The displacement of I2 at the surface is very similar to the displacement recorded in I1 at a point 25m above rockhead i.e. 20m below ground level.  The difference in measured surface movement can probably be largely ascribed to differences in the fill depth though there are indications of larger lateral movements in the upper 18m of I1.  Buttress support provided by buried internal high walls to the west lies closer to Inclinometer I1 than to I2 but possibly the behaviour of the upper fill at I1 may be being slightly influenced by the close proximity of the western perimeter slope and/or the interface between the compacted and uncompacted fills.

The magnitude of the horizontal displacements is relatively small and therefore it is not surprising that the inspections by SWK in June 1997, March 1999 and November 2000 showed no evidence of surface cracking.

4.0
FUTURE DISPLACEMENTS

4.1
Creep Settlement

The settlements monitored at the settlement markers in the main body of the proposed development area and the two extensometers have shown similar patterns, as shown on Figures 3 - 7, 8 and 10 and described in Sections 3.2 and 3.3 above.  After an initial period of relatively rapid settlement lasting until July 1997, the total magnitude of which was broadly proportional to the depth of fill, the rate of settlement reduced markedly and subsequently has shown very consistent behaviour bearing in mind the inevitable inherent survey error.

The displacements of the settlement markers over the three years and ten months between 27 July 1997 and the most recent survey on 3 May 2001 have therefore been considered to give  the best available indication of the likely future settlement behaviour of the fill.  In order to maximise the usefulness of the monitoring exercise at the site, it has been decided to use the data from the individual surface markers to make estimates of future creep settlement at each marker location.  This is regarded as a more relevant and helpful approach than a generalised assessment based on the average creep coefficients for the site.  However, in applying the derived estimates of future creep settlement in the design of developments at the site, it must be recognised that they are based on extrapolation of the available data and an allowance should be made for possible variation of the actual creep settlement from that estimated based on recent monitoring of vertical settlements.  It would be prudent to allow for the possibility that the creep settlement at any point may be +/- 25% that estimated.  In the design of the proposed structures account would also have to be taken of settlement due to other causes such as imposed loads, inundation effects and local differential settlement.

As explained in Section 2.2 the magnitude of settlement which has occurred since 27 July 1997 ((S) has been used as the criteria for grouping the settlement markers into the zones shown in Table 1.

In Zones 1 and 2 there has been no settlement over this period and indeed most of the surface markers have shown a small heave.  Based on the monitoring record no further creep settlement is expected in these areas. 

For Zones 3, 4 and 5, in which continuing has occurred since 27 July 1997, plots have been prepared in which the vertical strain ((S/d) is plotted against the logarithm of the time in days since fill at the surface marker location reach half depth.  The plots for each zone are presented separately on Figs. 16 to 18.  On each plot the strain associated with various values of creep coefficient (() have been superimposed to allow representative values of this parameter to be assessed. 

The values of the creep coefficient obtained for each surface marker location in Zones 3, 4 and 5 are given in Table 2 from which, using the assessed depth, the estimated future settlement at that marker over the next 25 years (until May 2026) has been calculated.  In Zone 3 the adopted ( values vary from 0 to 0.1 giving estimated settlements ranging from 0 to 16mm.  In Zone 4 the ( values vary from 0.1 to 0.2 giving estimated settlements of between 32mm to 83mm.  In Zone 5, in which the replaced surface markers at the western perimeter occur, the ( values are generally substantially higher with values between 0.05 and 2.9 leading to much higher estimated settlements.  At surface marker U6a the estimated future creep settlement is only 11mm but at the other markers in this zone the estimates vary between 93 and 912mm.

The estimated creep settlements at each of the surface markers in Zones 3 and 4 from Table 2 have been transferred on to the proposed development plan and used to create the contours of settlement shown on Drg. No. 5.

Due to the large settlements which are anticipated at the western site boundary at surface markers X1a, W2a, V3a, U4a, and U5a it has been necessary to give consideration to the creation of an exclusion zone within which buildings should not be erected.  A close study has been made of the cross-section through the site given on Drg. Nos. 3 and 4 to determine whether there is any factor which appears to be influencing the unusual behaviour of the markers in this zone.  Consideration was given to the possible influence of the western internal opencast wall based on the approach used by Charles and Skinner (2001), the perimeter surface slope geometry, the density of the surface layers as determined by the dynamic probe survey carried out in May 2001, the relative location of the water table and the proximity of the inferred interface between uncompacted and compacted backfill.  None of these factors appeared to provide an explanation which can be consistently applied across all eight sections.

The looseness of the upper layers of fill in some locations at the western perimeter and the ingress of surface water into it may be a partial factor at some of the markers, as reported in the report on the dynamic probe investigation.   Although there was no clear cut common feature which might unequivocally explain the unusual movement of the perimeter surface markers in the north of the site some correlation was noticed between the distance of the affected marker position from the inferred surface location of the interface between uncompacted and compacted opencast backfill, as indicated below.

Surface

Marker
Creep settlement (mm)

15/9/99 to 03/5/01

(13/7/00 to 03/05/01)
Distance from marker

 to edge of compacted

 zone (m)
Remarks

X1a
85* (7)
4 inside


W2a
197* (73)
2 outside


V3a
96* (12)
0
Adjacent to area of ongoing settlement

U4a
71* (7)
7 inside
Adjacent to area of ongoing settlement

U5a
72* (5)
6 inside
Adjacent to area of ongoing settlement

U6a
54* (3)
12 inside
Adjacent to area of ongoing settlement – future settlement of 11mm estimated

U7


45* (3)
15 inside
Marker not replaced, future settlement of 10mm estimated.

T8


54* (0)
5 inside
Marker not replaced.

* Recorded settlement not based on precise levelling.

The general pattern indicates that, at least in the northern part of the site, location relative to the inferred position of the uncompacted/compacted interface appears to correlate roughly with the magnitude of settlement recorded.  Most notably marker W2a, which shows by far the largest settlement, lies outside the indicated compacted area.

It would be expected that the settlement of the uncompacted fill to the west of the site due to creep and partial inundation might be as much as an order of magnitude greater than that of the compacted zone.  It is therefore very possible that the unusual movements noted at the western edge of the compacted zone are associated in some way with the substantial differential settlement which must have been, and probably still is, occurring at the boundary between the fills.  The gradient of the interface is 2 in 1 and therefore if the uncompacted fill settles and moves laterally down-dip there is every possibility of deformation occurring in the edge of compacted fill due to either reduction of support to the steep compacted face or friction between the two types of fill.

The zone of influence of a buried feature in fills is usually assumed to project to the surface at an angle of 45 + /2 degrees to the horizontal, where  is the angle of internal friction of the fill.  For opencast backfill  might be 28 degrees and therefore the value of  45 + /2 would be 59 degrees.  This angle is slightly flatter than the gradient of 2 in 1 (63.9 degrees).  It could be argued that the likely boundary of the influence of the differential movement between the fills could be defined by this line.  The surface position of this line has been added to Section lines 1 - 5 and, due to the depths involved, lies between three and seven metres east of the inferred interface position.

This being so in order to define the eastern boundary of the exclusion zone it is recommended that the exclusion zone should be 10m east of the inferred boundary of the uncompacted/compacted fill interface on Section lines 1 - 5 and should extend from the northern end of the site south as far as the proposed access road south of marker U5a.  The area of the exclusion zone which lies within the development boundary is shown on Drg. No. 5.

It should be noted that although this exclusion zone has been fixed from all known data on the extent of the compacted area and the boundary between the compacted and uncompacted zones of the site.  However it is not possible to be definite that this boundary has been accurately interpretated and therefore it is considered prudent that a second area is defined between the exclusion zone and the initial set of monitoring points for which the settlement is known.  This “zone of uncertainty” is shown on Drg. No 5. and should be considered as a part of the site where construction of units should be discouraged unless they are “tolerant” structures such as car parking, outside storage areas or landscaping placed.  If it is considered imperative that units are to be placed on this part of the site then additional monitoring and assessment on the influence of the ongoing creep settlement should be made.  This could involve such measures as additional settlement monitoring at close spacing to assess the variations in settlement to enhanced foundation designs to accommodate the potential movements.  However, the assessment will be required to be made on an individual development basis.

4.2
Differential Creep Settlement

Based on the estimated settlements plotted on Drg. No. 5 the differential settlements due to creep settlement can be determined.  Several values of tilt have been added to the drawing the steepest of which is 1 in 525 between markers X3 and V3a in the area of proposed Building 4.  Elsewhere the tilt is 1 in 650 or flatter.  It must be noted that these values are based on the settlement profile shown and in the design of individual units at the site an allowance must be made for possible variation between estimated and possible actual values of creep settlement.  In addition settlement due to other causes must also be considered.

The location of the zone of influence of the buried internal opencast wall has been added to the plan for information.  As the settlement estimates have been made for each marker position the influence of the wall has been taken into account in so far as it has been reflected in the behaviour of the markers to date.  In the event of particularly settlement-sensitive structures being contemplated within or adjacent to this zone of influence further detailed consideration of the potential differential settlements will be required when the actual footprint of the building has been decided.

4.3
Horizontal Movement

Inclinometer I1 is located very close to the western perimeter of the site where it is close to the area in which unusually large vertical settlements are occurring.  The increase rate of horizontal displacement noted by SWK in 1999/2000 may have been related to the zone of large differential settlement which is believed to exist immediately to the west of the development boundary.  If this is the case the effect should be very localised.

The general magnitudes of the recorded horizontal movements are relatively modest and it is considered that future horizontal movements are likely to be less significant than the vertical movements and therefore unlikely to affect any but the most sensitive proposed building.

5.0
SUMMARY AND CONCLUSIONS

Two further sets of monitoring data have been obtained in January and May 2001 since the submission of the SWK Final Report in November 2000.  The vertical settlement data from the surface markers and the extensometers has confirmed previous trends and the water levels have remained within the previously measured range.  The accelerating trend of horizontal displacement noted in Inclinometer I1 in 1999/200 has not been noted in the most recent readings though some further movement down-dip has occurred.

The monitoring of the replaced surface markers along the northern part of the western perimeter has shown such large settlements that it is recommended that an exclusion zone should be designated within which building construction should not be permitted, though other site development might be allowed.  The width of the exclusion zone has been kept to the minimum necessary to avoid as far as possible constraint on the development of the site.

Due to the difficulties in accurately assessing the interface between the loose and compacted backfill it is considered that a “zone of uncertainty” should be delimited where less sensitive structures such as car parking and landscaping may be placed and the construction of sensitive buildings should only be undertaken after additional study and monitoring.  This could involve the installation of additional monitoring stations at closer intervals or enhanced foundation and construction designs to accommodate the potential settlement.

In order to maximise the usefulness of the monitoring exercise at the site, it was decided to use the data from the individual surface markers to make best estimates of future creep settlement at each marker location.  This is regarded as a more relevant and helpful approach than a generalised assessment based on the average creep coefficients for the site.  Estimates of the future settlement in the next 25 years have been made for each individual surface marker within the main body of the site and on the basis of these a drawing has been prepared showing contours of settlement from which the estimated tilts have been derived.  The zone which will be affected by future creep settlement, both total and differential, are the part of Phase 1b west of the spine road occupied by proposed Buildings 4, 5 and 6 and the extreme northern western fringe of Phase 2 affecting the area of proposed Building 7A.  The maximum estimated creep settlements of about 80mm occur in the vicinity of surface markers V4 and V5 where the depths of fill are greatest.  The maximum tilt from the creep settlement contour plot is 1 in 525 in the area between surface markers X3 and W3.  In utilising the estimates in the design of the development it must be borne in mind that the estimated creep settlement may be more or less than that which may actually occur.  It would be prudent to allow for the possibility that the creep settlement at any point may be +/- 25% that estimated.  In the detailed design of any particular structure consideration must also be given to the expectation of differential settlement due to other causes such as inundation and imposed loads.

Given the estimated creep settlement contours shown on Drg. No. 5 it is evident that the position and orientation of the proposed buildings in Plots 4 – 7 could be altered to minimise the potential effects of the settlement on them.  The amount of estimated creep settlement and tilt may mean that some of the development plots will only be suitable for flexible structures that can accommodate the future creep settlements.

The whole of the site, with the exception of the narrow exclusion zone at the western boundary, may be considered available for development immediately.  In the design of the buildings it will be necessary to take account of the estimated settlements, both total and differential, and the anticipated tilts particularly where the proposed new buildings straddle the boundary between opencasted and undisturbed ground.

The trial pits dug to recover samples for the assessment of site contamination have revealed the presence of substantial depths of extremely variable fill in the area of the site to the east of opencast excavation.  Geotechnical investigation of the site in general, and of this area in particular, will be necessary to investigate ground conditions to allow foundation design.

6.0
CONTINUING MONITORING AND FURTHER INVESTIGATIONS OF SETTLEMENT

All the existing monitoring installations should continue to be preserved and readings taken at three monthly intervals unless and until the implementation of the proposed development makes this impossible.  The installations should be protected as far as possible from accidental damage or disturbance during the road works and development of the site.
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