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1. INTRODUCTION 

The critical issue of slope stability was identified by the Yamba Coastline Management 
Study undertaken by Manly Hydraulics Laboratory (MHL 2002a,b, 2003).  The study area 
(Figure 1), from the northern end of Pippi Beach to Turners Beach adjacent to the Clarence 
River breakwater, features several dunes and bluffs backing sandy pocket beaches.  
 
The Water Research Laboratory (WRL) team includes geotechnical engineers from Jeffrey 
and Katauskas Pty Ltd (J&K) and monitoring services by Groundwater Data Collection 
Services (GDCS).  This study is funded by Clarence Valley Council (CVC) who have 
received a grant from the Natural Disaster Mitigation Program 2003/04 as part of 
implementing the Coastal Management Strategy (CVC, 2004).  
 
This report should be read in conjunction with the first project report (WRL Technical 
Report 2005/34), which provided information on monitoring installations.  This report 
presents the following information: 

• Monitoring results for the period 26th May 2005 to 25th May 2007 (project managed by 
WRL) 

• A hydrogeological assessment and a coastal processes and hazards assessment (by 
WRL)  

• A geotechnical stability analysis and an overall landslide risk analysis (Appendix A 
includes the associated report by J&K).   

 
This report shows that groundwater levels respond to major rainfall events, with the 
potential to trigger landslides.  No ground movement was detected except for one site 
where 5 mm of movement indicated a slow creep at the toe of the slope.  A revised 
hydrogeological conceptual model, on the basis of observed conditions was very similar to 
a preliminary conceptual model.  The revised assessment found landslide risk was 
unacceptably high for rapid to very rapid movements in some areas, with tolerable and 
acceptable risk levels in other situations.  Emergency management strategies should remain 
in place until more permanent stabilisation measures are adopted, while groundwater level 
and inclinometer monitoring should continue. 
 
Another project report will be issued in the future if CVC decide to continue monitoring. 
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1.1 Background  

Landslide Risk Zones (LRZs) and stability strategies were defined based on existing data as 
part of the Yamba Coastline Management Study (MHL 2002a, 2002b and 2003).  
Subsequent geotechnical investigations have focused on the slopes above Yamba beach and 
on the Pacific Hotel grounds.  Detailed site investigations and monitoring have not been 
carried out at northern Convent Beach (Jeffrey and Katauskas 2000).  At the time of this 
report, subsurface drainage works and site specific groundwater monitoring had been 
implemented by the Pacific Hotel.  
 
The objective of this project was to obtain site specific investigation and monitoring data 
and to undertake a review of the LRZs.  The response of groundwater levels to major storm 
events was a major focus, having been identified as a likely trigger mechanism for hill 
slope instability (AGS, 2000).   
 

1.2 Structure of this Report  

This report should be read in conjunction with WRL Technical Report 2005/34 which 
presents details of piezometer and inclinometer monitoring installations, included detailed 
bore logs, elevation survey, and particle size analysis.  Community information newsletters 
No. 1, 2 and 3 were provided in an Appendix to this previous report.  Newsletter No. 4 is 
attached as Appendix D. 
 
This report is comprised of a groundwater assessment and geotechnical assessment 
(Appendix A).  Section 2 of this report is a summary of monitoring installations while 
Section 3 summarises monitoring data available.  Details of groundwater response to a 
major rainfall event is provided in Section 4, followed by a coastal processes and hazard 
assessment in Section 5.  All of this information is used in the hydrogeological assessment 
(Section 6) and geotechnical assessment (Appendix A, summarised in Section 7).  The 
report concludes with recommendations for continued monitoring and slope stabilisation 
(Section 8).  
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2. MONITORING SITE INSTALLATIONS 

The Yamba Hill site is located in northern New South Wales (Figure 1), above Main Beach 
and the Yamba Surf Life Saving Club.  Yamba Hill is a coastal dune approximately 30 m 
high.  The dune overlies weathered sandstone and a cliff approximately 6-8 m high above 
Main Beach (Figure 3).  The slopes above the cliff line toe are between 18-35°, and 
vegetated by scrub/bushes (Jeffrey and Katauskas, 2000).  Residential lots and the Pacific 
Hotel are located above a flatter bench area which rises from Marine Parade behind the Surf 
Life Saving Club.  This Yamba hillslope was identified as the highest LRZ in the Yamba 
Area (Jeffrey and Katauskas 2000, MHL 2002a, 2002b and 2003).   
 
Piezometers and inclinometers were installed to monitor groundwater levels and hill slope 
stability.  A summary of the installations is shown in Table 1 and the locations are shown in 
Figure 2.  Three monitoring transects were orientated perpendicular to the beach as follows: 

• Transect 1 (southern) was located on a reserve south of the Pacific Hotel, with 
installations at the top, mid and base of slope 

• Transect 2 (middle) was located on Crown Land, with installations at the top and base 
of the slope 

• Transect 3 (northern) was located on Crown Land including an access pathway, with 
installations at the top, mid and base of slope. 

The piezometers and inclinometers installed along each transect are detailed in Section 2.1.  
Groundwater level loggers were also installed in three existing monitoring bores on the 
Pacific Hotel Property (MSA1, MSA5 and MSA9).  The approximate locations of these 
bores are indicated on Figure 2.  
 

2.1 Piezometers and Inclinometers  

A network of 8 piezometers and 6 inclinometers were installed in April 2005 with 
assistance from North Coast Drilling (formerly Craig Pullman Site Investigations).  A 100 
mm diameter auger system was used in washbore style, with sampling of sediments by SPT 
(standard penetrometer testing) and coring of sandstone.  
 
Piezometers were constructed using 50 mm Class 18 PVC, with a 0.75 m screened interval 
at the base of the hole.  Holes were allowed to collapse naturally and no backfill or gravel-
pack was used.  Where washbore methods were used, holes were completed by 
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backflushing with a mild bleach to aid in breakdown of the drilling mud to allow natural 
collapse. 
 
Inclinometer casings were installed using 70 mm casing and grouted from the base to the 
ground surface using a tremmie pipe system.  The base of the inclinometer casings were 
anchored in cored holes within sandstone.  
 

Table 1 
Summary of Installations 

Location 
RL 

Surface 

RL 
Base of 
Piezo* 

Depth 
of 

Piezo# Type Site 

mE mN mAHD mAHD mBGL 

Drill Method 

1A 535239.34 6743756.73 29.47 17.90 11.58 Washbore 
1B 535257.60 6743754.70 21.37 17.64 3.73 Hand Auger 
1C 535279.74 6743753.97 11.96 8.02 3.95 Auger 
2A 535229.52 6743849.19 33.13 23.93 9.20 Washbore 
2C 535284.18 6743843.10 14.62 13.23 1.39 Auger 
3A 535238.17 6743883.30 30.21 24.90 5.31 Washbore 
3B 535264.08 6743882.30 23.87 20.07 3.80 Hand Auger 

Piezometers 

3C 535283.81 6743865.97 15.62 13.67 1.95 Auger 
        

1A 535240.19 6743756.10 29.41 10.355 19.05 Washbore / NMLC Core 
1C 535279.59 6743755.19 12.14 6.394 5.75 Auger 
2A 535230.52 6743850.19 33.18 19.331 13.85 Washbore / NMLC Core 
2C 535284.17 6743842.06 14.67 8.868 5.80 Auger / NMLC Core 
3A 535239.28 6743883.50 30.24 18.942 11.30 Washbore / NMLC Core 

Inclinometer 

3C 535283.56 6743867.00 15.78 11.533 4.25 Auger 
* All piezometers screened from 0.75 m above base, BGL is below ground level, 
# Note drilled depth on bore logs is greater than piezometer depth.  

 
Bore logs for each of these locations are provided in Appendix B of WRL Technical Report 
2005/34.  Department of Natural Resources (DNR) test bore license numbers were 
allocated as follows: 

• Piezometers 1A, 1B and 1C are 30BL183586 

• Piezometer 2A is 30BL183587 

• Piezometers 3A and 3B are 30BL183588 

• Piezometers 3C and 2C are 30BL183589. 

A summary of test bore stratigraphy (based on bore logs presented in Appendix B of WRL 
Technical Report 2005/34), is provided in Table 2.  This summary indicates that aquifer 
geology is dominated by silty sand and that the depth to clay or weathered sandstone varies 
from 1.7 to 16.4 m below ground.  Drilling terminated in sandstone at six of the eight sites. 
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Table 2 
Summary of Test Bore Stratigraphy 

Depth to clay/ 
weathered 
sandstone 

Depth to 
sandstone 

Site Aquifer geology 

m bg* m bg 
1A silty sand 16.4 17.4 
1B clayey sand (orange) 3.6 # 

1C sand (grey) 4.2 5 
2A silty sand (grey/iron) 9.2 12 
2C sand to sandy clay (mottled) 3.8 4 
3A sand (grey) 5.2 8.5 
3B sand to silty sand (grey) 3.9 # 

3C silty sand to sandstone 1.7 2.6 
                  *m bg is metres below ground    
                  # not drilled to sandstone 
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3. RAINFALL, WATER LEVEL AND INCLINOMETER MONITORING 

Rainfall data was sourced from two locations.  Daily rainfall data was provided by Bureau 
of Meteorology from a pluviometer located at Yamba Pilot Station, on Pilot Hill adjacent to 
the study area.  The Manly Hydraulics Laboratory (MHL) was also contracted by Council 
to provide rainfall intensity data at 5 minute intervals from a pluviometer also located on 
Pilot Hill.  Records of antecedent rainfall are maintained by Council for the purpose of 
advising local residents of risk periods for hillslope instability, according to thresholds 
determined by Jeffrey and Katauskas (2000).   
 
Submersible ODYSSEY pressure transducers and loggers were used to record water levels 
in each of the piezometers at 30 minute intervals.  A WRL barometric transducer and 
DIVER transducer has also been installed in piezometer 3A to allow barometric corrections 
of the water level data.  Hydrographs for each site are presented in Appendix C.  
 

Vertical land movement is detected with an inclinometer probe which measures changes in 
tilt of the inclinometer tubing.  The method of testing includes lowering the probe to the 
base of the tubing and taking a reading every 0.5 m as the probe is extracted from the 
tubing.  The tilt at each 0.5 m depth increment is related back to the initial base-line 
reading, and a plot of movement is produced.   
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4. RESULTS FROM MONITORING 26TH MAY 2005 TO 25TH MAY 2007 

4.1 Rainfall Events 

A summary of major rainfall events during the monitoring period is provided in Table 3.  
Approximately 9 rainfall events (69.3 to 385.1 mm total), each of several days duration 
occurred during the monitoring period.  However, only one event (around 30th June 2005) 
was rated as a 1 in 10 year ARI (annual recurrence interval) event, for a 2 hour duration.  
For 18 hours duration, this event was a 1 in 94 year ARI event.  
 
Daily rainfall was plotted with groundwater levels (Figures 4 to 7), and rainfall intensity 
data (5 minute interval) was used to analyse lag times for groundwater level response.  
Rainfall intensity during events averaged 17.4 mm/hr, with a maximum of 270 mm/hour 
(median 10 mm/hour).  
 
Antecedent rainfall levels for warning levels was maintained during the project period by 
Council.  Additional detailed rainfall analysis was carried out specifically for the 
geotechnical assessment (Section 4.1.2 of Appendix B).  
 

Table 3 
Rainfall Events During Monitoring Period 

Event 
No. Event date 

Rainfall 
daily max 
(mm) 

Total 
rainfall 
(mm) 

No. 
consecutive 
rain days 

9 6-Jun-07 27.8 69.3 4 
8 9-Nov-06 68.4 122 9 
7 30-Aug-06 155.8 215.6 8 
6 18-Jun-06 5 128.6 8 
5 4-Mar-06 66.4 162.4 10 
4 9-Jan-06 62.4 141.9 9 
3 24-Nov-05 75.8 100.2 4 
2* 1-Jul-05 73.1 385.1 8 
1* 30-Jun-05 250.4 385.1 8 

                        * These storms included a 2 hour duration, 1 in 10 yr ARI event, and an 18 hour duration,  
                           1 in 94 yr ARI event. 

 

4.2 Groundwater Levels 

Groundwater levels and daily rainfall for Transect 1, 2 and 3 and for MSA monitoring wells 
on the Pacific Hotel site are presented in Figures 4 to 7.  Where no groundwater level is 
shown during other periods, the piezometer was dry or the water level was below the base 
of the logger (see Appendix E for details).  Logger sensors were located a few centimetres 
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above the base of the piezometers.  Due to logger failure, data was not recorded at Site 2A 
between 6/7/2006 and 13/10/2006 or at Site 2C between 10/10/05 and 11/1/06.  The faulty 
loggers were replaced by GDCS.   
 
A more detailed hydrograph for the major rainfall event around 30th June 2005 is presented 
with 5 minute rainfall data (Figure 8).  The lower piezometers across the study area (i.e. 
sites B and C) showed greater response to this June 2005 event than the upper piezometers 
(Table 4).  Sites 1A, 2A and 3A showed 0.6 to 0.95 m rise in level over a period of 
approximately 3 to 7 days.  Sites 1B, 1C, 2C, 3B and 3C displayed rises of 1.12 to 1.74 
metres over a period of between 12 and 24 hours.  However, it is noted that the initial rise 
rate of piezometer 3A was fast but delayed by unknown processes.   
 
The lower piezometers all began to respond to the event before the upper piezometers.  This 
data reflects the fact that there is a limited catchment area upslope of the study area.  As a 
result, piezometers located near the base of the slope are characterised by a larger response 
to rainfall infiltration over a larger, upslope area.  
 

Table 4 
Groundwater Level Response to Rainfall Event 29th June – 7th July 05 

Incipent Levels Peak Levels Statistics 
Water Level 
Immediately 

Prior To 
Response 

Maximum 
Water 
Level 

Magnitude 
of Rise Lag 

Maximum 
Rate of 

Rise 
Location 

m AHD 

Date/Time 

m AHD 

Date/Time 

m hours mm/hr 

1A 21.38 30/06/2005 
9:00 22.13 7/07/2005 

17:30 0.75 176.50 21 

1B 17.60 30/06/2005 
7:30 18.72 30/06/2005 

19:30 1.12 12.00 222 

1C 8.49 30/06/2005 
6:30 10.22 30/06/2005 

23:30 1.74 17.00 58 

2A 24.41 1/07/2005 
0:00 25.05 5/07/2005 

20:15 0.63 116.25 18 

2C 13.25 29/06/2005 
11:15 14.41 30/06/2005 

10:00 1.17 22.75 117 

3A 25.30 30/06/2005 
16:45 26.26 3/07/2005 

20:15 0.95 75.50 219 

3B 19.80 30/06/2005 
6:45 21.11 30/06/2005 

16:15 1.31 9.50 265 

3C 14.25 29/06/2005 
4:00 15.44 30/06/2005 

14:15 1.19 34.25 122 

* Lag time for each piezometer is the difference between time of first response and time at which peak levels were recorded. 

 
Groundwater level data and cross section for Transect 3 is shown in Figure 9.  This 
illustrates the time lag responses of the piezometers/transects after major rainfall events.  
The upper plot shows piezometric levels and four time markers.  The lower plot shows an 
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elevation cross section of the slope at each transect with piezometric levels at the times 
shown by the markers. 
 

4.3 Inclinometer Monitoring 

Inclinometer monitoring was carried out during the period of 29th April 2005 (initial 
baseline setup reading) to 8th March 2007 (Section 4.2 of Appendix A).  
 
All inclinometers with the exception of Location 2C indicated little or no significant 
movement.  However, Location 2C showed 5 mm of movement with the plane of 
movement at a depth of about 3 m.  Sandy clays exist at 3 m depth in Borehole 2C, 
therefore the movement is occurring within the sandy clays.  
 
The mode of movement was consistent with the stability results for Transect 2 (Section 
5.4.3 of Appendix A), which showed that the lowest factor of safety occurs for slip circles 
at the toe of the slope when higher groundwater levels exist during rainfall periods.  The 
movement in inclinometer 2C tends to suggest a slow moving (creep) type movement 
occurring at the toe of the slope.  
 
Additional elevation surveying is not required after 2 years of inclinometer monitoring 
since only 5 mm of movement was detected at one of the six sites, compared to elevation 
survey accuracy of 1-2 cm.  Efforts were instead directed at more comprehensive 
assessment.  
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5. COASTAL PROCESSES AND HAZARDS 

5.1 Coastal Hazards Affecting the Beach 

Both extreme rainfall events and beach erosion may be caused by the same meteorological 
system, that is an “east coast low” or an ex tropical cyclone.  MHL (2002a) estimated the 
following beach hazard design parameters for Yamba Beach: 
 
Typical dune height:      4.0 m 
Upper limit storm demand volume:    50 m3/m 
Volumetric loss due to ongoing recession:   0.4 m3/m/year  
[Historical] Linear shoreline recession (all data):  0.1 m/year 
Linear recession due to future sea level rise (100 years): 18.1 m 
Inundation levels due to wave runup    5.9 m AHD. 
 

5.2 Effect of Stratigraphy and Structures 

Both storm erosion and future recession (i.e. long-term processes) will erode sand from the 
toe of the slopes fronting Yamba Beach, however, much of the beach (particularly the 
northern end) is fronted by rock cliffs/shelves which would limit short term erosion.  This is 
why the low storm demand volume (of 50 m3/m) was adopted by MHL (2002a), compared 
with typical values of 150 to 200 m3/m adopted for open coast NSW beaches. 
 
Transect 1, if extended seawards (Figure 2) is likely to have rock shelves which limit 
erosion, but the location of these below approximately 7 m AHD is not known.  It is 
recommended that the rock-sand interface be properly determined.  Rock cliffs are evident 
for other geotechnical Transects. 
 

5.3 Cliff Erosion 

Although the rock cliffs and ledges would resist short term beach erosion, when exposed 
they are likely to suffer from long term weathering and erosion.  Detailed studies would 
need to be undertaken specifically for Yamba Beach.  Studies for other NSW sites are 
summarised below.  These reported mean rates need to be interpreted with regard to the 
episodic nature of cliff collapse events – that is, many years elapse between major events. 
 
Chapman et al. (1982) gave the following commentary on cliff erosion in NSW: 
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Rates of cliff erosion are highly variable and actual measurements are virtually non-
existent. …cliff retreat is highly erratic, with localized and infrequent rock falls separated 
by long periods of weathering. 
 
For the purposes of estimating sediment supply to beaches, Chapman et al. (1982) 
suggested an order of magnitude estimate of cliff erosion rates for Sydney to be 5 mm per 
year. 
 
Sunamura (1983) presented a model for cliff recession and collated recession rates from 
numerous locations around the world.  The only Australian locations cited were for 
limestone at Point Peron near Perth (0.2 to 1 mm per year) and aeolianite at Warrnambool 
Victoria (14 mm per year).  Sunamura also presented results of physical model studies on 
cliff recession and platform formation. 
 
Dragovich (2000) estimated erosion rates of Sydney sandstone in locations with a high salt 
load to be 1 to 5 mm per year – though this related to dimensioned construction stone rather 
than sea cliffs subject to wave action.  Dragovich (2000) also quoted Roy (1983) who 
estimated that the softer beds near the base of sandstone cliffs in the southern Sydney 
region were weathering at rates of 2 to 5 mm per year. 
 

5.4 Beach Amenity and Cultural Heritage 

In addition to the risk to public safety, a landslip event could potentially reduce useable 
beach width, block public beach access for an extended duration and/or damage the historic 
Yamba Surf Lifesaving Clubhouse. 
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6. HYDROGEOLOGICAL ASSESSMENT 

6.1 Conceptual Model 

The observed behaviour of groundwater levels in response to rainfall during the monitoring 
period was consistent with the initial conceptual hydrogeological model (Jeffrey and 
Katauskas, 2000).  Detailed analysis of borehole stratigraphy and groundwater monitoring 
data was used to verify and refine the hydrogeological model shown in Figure 10.  
 
Groundwater parameters of relevance to slope stability assessment are summarised in Table 
5, comparing the initial model with observations from the site.  Observed saturated 
thickness, depth to groundwater, groundwater level rise, lag times and drainage times were 
all within the range of values allowed for by the initial hydrogeological model.  
 
In summary, observed conditions were consistent with the simplified hydrogeological 
model, and observed groundwater level response (0.75 to 1.74 m) to rainfall events were 
within the range (1 to 2 m) that was predicted.  The hydrogeological model that was 
adopted is therefore considered to be conservative and appropriate for the Yamba Hill site.  
 
However, the hydrogeological model (Figure 10) could be improved by allowing for a 
lower rather than higher lateral hydraulic gradient after rainfall events.  A lower hydraulic 
gradient suggests that the toe of the slope becomes saturated during rainfall events.  The 
hydrographs near the toe of slope had two distinctive recovery rates – early rapid decline 
(i.e. 77 mm/day) then slower decline (i.e. 6 mm/day) while the average drainage rate was 
close to the 19 mm/day in the initial conceptual model.  The two stage drainage curves were 
attributed to local drainage immediately after the rain period, followed by a slower 
groundwater level decline due to additional infiltration from further up the slope arriving at 
the toe of the slope. 
 

6.2 Lag Times and Groundwater Flow 

A detailed assessment of groundwater level response was completed for the largest event 
during the monitoring period (June 2005, 1 in 94 year ARI, up to 18 hours duration).  The 
most rapid groundwater level response to rainfall event occurred at mid-slope (~10 to 12 
hours), followed by groundwater level response at the toe of slope (17 to 34 hours).  There 
was a considerable lag before groundwater levels responded to rainfall at the top of the 
slope (76 to 177 hours).  Piezometer 1A has a much longer response time than other 
monitoring sites at the top of the slope.  Since the travel distance for recharge is about the 
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same, it appears the recharge is inhibited by impermeable cover, although the final 
magnitude of recharge is similar across the tope of the slope.   
 

Table 5 
Summary of Conceptual Groundwater Models 

Parameter Initial model 
(J&K 2000) 

Revised model 
(June 2005 event) 

Groundwater level rise (m) 1 to 2  0.75 to 1.74  

Saturated zone above silty clay or bedrock (m) 0.5 to 1 m 0.3 to 3.5  

Depth of sand at crest of slope (m) 3  3.8 to 16.4  

Depth of sand at toe of slope (m) 1 to 2 3.8 to 4.2 

Depth to clay (m) 9 to 10  1.7 to 16.4  

Thickness of clay (m) 2 to 4  0.2 to 3.3  
Vertical flow to crest of slope –  time lag 
between rainfall and groundwater level rise 
(days) 

3  3 to 7.4  

Vertical flow to toe of slope – Time lag 
between rainfall and groundwater level rise 
(days) 

0.7  0.7 to 1.4 

Lateral flow - time lag between rainfall and 
groundwater level rise (days) 

8 to 40* 11 to 67  
(Piezo 1C) 

Time to drain after event (days) 10 to 80  
(av. 19 mm/day) 

96  
(Piezo 1C) 

Average rise in groundwater levels for 100 mm 
event (mm) 

375#   
(or 300 to 400 mm)  

286  
 

* assuming K lateral is 2 to 10 times vertical K    
# assumes 75% average permeable area and 0.2 effective porosity 

 
Darcy’s Law which describes the relationship between groundwater flow, hydraulic 
gradient and hydraulic conductivity (Equation 1).  
 

Qh = A.dh/dL. Ksat-h    (1) 
 
Where Qh is lateral flow rate (m3/s), A is area (nominally 1 m2), dh/dL is the hydraulic 
gradient (m/m) and Ksat-h is saturated horizontal hydraulic conductivity (m/s).  
 
Lateral groundwater flow rates below Yamba Hill were calculated by applying Equation 1.  
The hydraulic head driving flow through the slope decreased following a rainfall event 
because groundwater levels rise more at the base than the top of the slope.  This 
groundwater level behaviour differs from that assumed in the initial conceptual model 
(Jeffrey & Katauskas, 2000).   
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As discussed in Section 6.1, groundwater behaviour was observed as follows: 

• Rapid response to rainfall event 
- decreased dh/dL between A and C (as per Equation 1), therefore, decreased flow 
- increased dh/dL between C and cliff top, therefore increased flow. 

• Delayed response to rainfall event 
- increased dh/dL between A and C, therefore, increased flow. 

 
Lateral groundwater flow rates for Transect 1 were calculated to be 0.18 m3/day (Table 6), 
similar to the 0.2 m3/day projected by the hydrogeological model (Figure 10).  These flow 
rates assumed a saturated hydraulic conductivity value of 10-5 m/s or 36 mm/hr (Douglas 
Partners, 1996).  These values are considered to be realistic for silty sand, and are unlikely 
to be improved by site specific testing.  It is noted that infiltration of rainfall is determined 
by vertical hydraulic conductivity of semi-saturated sands (i.e. below the soil zone), which 
may be 1-2 orders of magnitude less than saturated hydraulic conductivity.  
 
Rates of groundwater drainage for Site 1C are presented in Table 7.  Limited drainage rates 
mean that groundwater levels below the crest of the dune remain high for 2 to 3 months 
after a major rainfall event.  Therefore, antecedent rainfall will be the most critical element 
in producing groundwater levels which may cause instability of the slope.   
 

Table 6 
Lateral Groundwater Flow (Transect 1) 

 
Infiltration along the transect 
(m3/hr) Total infiltration 

Hydraulic 
gradient 

Groundwater 
Flow 

Infiltration 
rate (mm/hr) 

Part 1* 
(20 m) 

Part 2 
(24.5 m) 

Part 3 
(25.5 m) 

Total 
(m3/hr) (m3/day) m/m m3/day 

36 0.72 0.882 0.918 2.52 0.105 0.21 0.18 
*Parts of the transect as indicated by Figure 8 

 
 

Table 7 
Rate of groundwater drainage (Site 1C, Event 1-2) 

 Period of groundwater level decline 
 1st period 2nd period Total 
Date start 3-Jul-05 1-Aug-05 3-Jul-05 
Date finish 14-Jul-05 7-Oct-05 7-Oct-05 
Days 11 67 96 
SWL decline 
(m) 0.85 0.43 1.6 
mm/day 77.2 6.3 16.3 
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6.3 Groundwater Level Response at the Pacific Hotel Sites (MSA Monitoring 
Wells) 

Groundwater level responses at existing monitoring sites in the Yamba Hotel area were 
distinctly different from the new monitoring transects.  Response in groundwater levels 
observed in MSA1 and MSA9 occurred rapidly after rainfall events, possibly due to long 
intake screens.  Intake screens were observed in these existing monitoring bores up to 
ground level, rather than a short intake screen within the silty sand.  Groundwater level 
recovery (i.e. declines) in MSA9 also appeared to be distinctive to other sites, and may be 
attributed to the drainage system installed in the mid to lower slope at this site (Section 
4.1.1 of Appendix A).  

 

6.4 Recharge Coefficients 

Calculated recharge coefficients, while not of direct relevance to geotechnical analysis, 
were considered as part of the verification process for the hydrogeological conceptual 
model (Figure 10).  The proportion of rainfall that recharges groundwater depends on many 
factors including land surface/vegetation type, surface slope, depth to groundwater, and 
storage capacity or porosity of the unsaturated zone.  Recharge coefficients, the proportion 
of rainfall that reaches the water table, were estimated for Yamba Hill transects 1 and 2, 
located at the base of slope.  Median and average rainfall intensity for the monitoring 
period was 10 and 17.4 mm/hr, less than the 36 mm/hr maximum infiltration rate assumed 
for unsaturated sandy materials.  
 
Average recharge coefficients for Transects 1 and 2 were 42% and 34% respectively, 
assuming a porosity of 0.2 for silty sand (Tables 8 and 9).  Average recharge coefficients 
were based on at least 3 major rainfall events.  The total recharge along the transect 
assumed 60% of Transect 1 was permeable and 44% of Transect 2 was permeable, with the 
remainder of the transect impervious surfaces such as pavement and roofing.  
 
The range of recharge coefficients, and values greater than 100% reflected the uncertainty 
in assumed porosity values and permeable sections of the Transects.  Low or high 
anomalous values were not included in average estimates (Table 8).  These estimated 
recharge coefficients were somewhat higher than the 30% value often assumed for 
groundwater management in coastal sand aquifers.  However, considering the possible 
range in porosity values, the recharge coefficients are considered to broadly consistent with 
expected hydraulic behaviour of these types of sediments.  
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Table 8 
Recharge Response from Various Rainfall Events (Site 1C) 

Event 
No.  

SWL 
rise m 

SWL 
rise mm Event date 

Daily max 
(mm) 

Total 
(mm) 

No. 
consecutive 
rain days 

Recharge 
(mm) 

% of 
rain 

1 1.74 1740 30-Jun-05 250.4 385.1 8 208.8 54.2 
3 0.864 864 24-Nov-05 75.8 100.2 4 103.7 103.5 
6 0.287 287 18-Jun-06 5 128.6 8 34.4 26.8 
7 0.813 813 30-Aug-06 155.8 215.6 8 97.6 45.3 
8 0.046 46 9-Nov-06 68.4 122 9 5.5 4.5 
       Average 42.1* 

* Average of Event 1, 6 and 7. Assumes porosity of 0.2, and 60% of transect is permeable. 

 
 

Table 9 
Recharge Response from Various Rainfall Events (Site 2C) 

Event 
No.  

SWL 
rise m 

SWL 
rise mm Event date 

Daily 
max 
(mm) 

Total 
(mm) 

No. 
consecutive 
rain days 

Recharge 
(mm) 

% of 
rain 

1 1.17 1170 30-Jun-05 250.4 385.1 8 103.0 26.7 
5 0.575 575 4-Mar-06 66.4 162.4 10 50.6 31.2 
6 0.56 560 18-Jun-06 5 128.6 8 49.3 38.3 
7 0.901 901 30-Aug-06 155.8 215.6 8 79.3 36.8 
8 0.506 506 9-Nov-06 68.4 122 9 44.5 36.5 
       Average 33.9 

* Average of Events 1 and 5-8.  Assumes porosity of 0.2, and 44% of transect is permeable. 
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7. SUMMARY OF GEOTECHNICAL ASSESSMENT (APPENDIX A)   

The following sections are summarised from the report by Jeffery and Katauskas (2007) 
that is presented in Appendix A.  
 

7.1 Geotechnical Stability Analysis 

The slope stability analysis considered surface conditions, sub-surface conditions, including 
suitable material properties (eg. effective cohesion, effective friction angle), together with 
groundwater level response to rainfall.  A computer program SLOPE/W was used to 
analyse slope stability by considering circular failures through the sandy silt overlying 
bedrock.  Although circular failure is not always the case, it is considered to be a reasonable 
approximation for many failures.  
 
A factor of safety (FOS) is used for traditional stability analysis as follows: 

FOS 1   = incipient instability 
FOS > 1   = failure should not occur 
FOS < 1  = failures should have occurred. 
 
Overall the stability analysis of three subsurface models (Transects 1, 2 and 3) showed the 
slopes have low factors of safety (FOS) particularly for higher groundwater levels and the 
slope close to the Pacific Hotel.  Calculated FOS values ranged from 1.0 to 1.6 for varying 
locations, types of failures and groundwater level conditions.  These FOS values were 
generally less (i.e. higher risk) than the usually accepted values of at least 1.5 for 
“reasonable design case” and as low as 1.25 that may be tolerated for transient short term 
conditions.  
 

7.2 Landslide Risk Analysis 

The risk analysis included rainfall analysis and probability assessment, in accordance with 
the AGS (2000) Risk Management Guidelines.  The earliest known landslide occurred in 
May 1938, with several recorded events since then.  A historical search for landslide events 
identified 11 dates between 1921 and 1999 (Jeffrey and Katauskas, 2000).  Landslide 
events were categorised as:  

• Scour – high intensity rainfall 

• Earthslides 

• Earthflows. 
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There were no landslides in the study area during the monitoring period for this project.  
 
The probability of a landslide occurring was estimated by J&K to be as follows: 

• For earthslides and scour at the toe of the slope – 1 in 10 years to 1 in 125 years.  
However, considering that a landslide occurs only 50% of the time a ‘trigger’ level is 
reached, the probability equates to 5×10-2 to 4×10-3 (or 1 in 20 years to 1 in 250 years).  

• For earthslides encompassing the steeper hillslide slopes – 1 in 10 years to 1 in 100 
years.  For a 50% trigger, this probability equates to 5×10-2 to 5×10-3 (or 1 in 20 years to 
1 in 200 years).   

 
Risk was then determined as a function of probability and consequence.  Risk estimates 
were determined in relation to the suggested criteria in AGS (2000), with 10-4 tolerable risk 
and 10-5 as acceptable risk for loss of life of person most at risk.  It will be up to the owners 
to decide whether these values are appropriate and the conclusions regarding the risk 
estimates reasonable.  
 
The highest risk values identified were associated with Landslide Risk Zone 1a (LRZ1a, 
Figure 11).  This zone was characterised by steepest slopes, a history of movement and 
expected high occupancy rate.  In this zone the results of the risk assessments were: 

• For slow to very slow movement, probability = 5×10-5   (tolerable) 

• For rapid to very rapid movement, probability = 10-3    (unacceptable). 
 
For LRZ1b which includes residential dwellings to the north of the Pacific Hotel the risk 
assessments were: 

• For slow to very slow movement, probability = 10-5    (acceptable, just) 

• For rapid to very rapid movement, probability = 4×10-4   (unacceptable). 

 
The data obtained from investigations and monitoring during this project do not allow any 
adjustment to the LRZs.  
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8. RECOMMENDATIONS 

These recommendations confirm and expand upon interim recommendations provided to 
Clarence Valley Council by email 2nd April 2007 and WRL Letter 24th April 2007.  
 
On the basis of the revised assessment, it is considered that emergency levels and 
management strategies that were put into place in October 2000 should remain in place 
until more permanent stabilisation measures are adopted.  Two warning levels were set up 
as an interim measure (Jeffrey and Katauskas 2000) - an Orange level which was based on 
a 1 in 3 year rainfall and a Red level which was based on a 1 in 10 year rainfall, taking into 
account antecedent rainfall over periods of 1 to 90 days.  
 
Various slope treatment/stabilisation options should be investigated in more details with a 
view to implementation as a matter of priority. 
 
Groundwater monitoring should continue in the same method and frequency used in this 
study.  The specialist groundwater and barometric pressure loggers deployed at site 3A by 
WRL has been replaced by a standard groundwater level logger serviced by GDCS. 
 
Inclinometer measurements may be extended to an annual basis unless significant rainfall 
events occur and/or movements of the slope are observed.  In such a case, the inclinometers 
should be read as soon as possible.  
 
An assessment of groundwater levels and slope stability should be undertaken if a 
significant rainfall event occurs.  It is recommended that a significant event should not be 
limited to single day events and should include antecedent events.  In particular, any longer 
term antecedent events that result in a red zone management alert should be addressed. 
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APPENDIX A 

UPDATED GEOTECHNICAL ASSESSMENT BY JEFFERY AND KATAUSKAS 
PTY LTD (11TH SEPTEMBER 2007) 
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APPENDIX B 

INCLINOMETER MONITORING REPORTS BY JEFFERY AND KATAUSKAS 
PTY LTD  
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APPENDIX C 

GROUNDWATER LOGGER HYDROGRAPHS 
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Mathew Baker 
Groundwater Data Collection Services Pty Ltd 
ABN:16 083 771 242 
PO Box 371  
Casino   NSW   2470 
 
Phone: 02 66 675164 
Fax: 02 66 675184 
Mobile: 0418 104 234 
Email: matgdcs@nor.com.au 
 
 



 
 

Groundwater Data Collection Services HYPLOT V125  Output 30/05/2007

Period 3 Year Plot Start 00:00_01/01/2005 2005-08
Interval 2 Day Plot End 00:00_01/01/2008

YAM1A    115.01 Max & Min AHD Bore Level (m)
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Groundwater Data Collection Services HYPLOT V125  Output 30/05/2007

Period 4 Month Plot Start 00:00_01/02/2007 2007
Interval 4 Hour Plot End 00:00_01/06/2007

YAM1A    115.01 Max & Min AHD Bore Level (m) B
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Groundwater Data Collection Services HYPLOT V125  Output 30/05/2007

Period 3 Year Plot Start 00:00_01/01/2005 2005-08
Interval 2 Day Plot End 00:00_01/01/2008

YAM1B    115.01 Max & Min AHD Bore Level (m)
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Groundwater Data Collection Services HYPLOT V125  Output 30/05/2007

Period 4 Month Plot Start 00:00_01/02/2007 2007
Interval 4 Hour Plot End 00:00_01/06/2007
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Groundwater Data Collection Services HYPLOT V125  Output 30/05/2007

Period 3 Year Plot Start 00:00_01/01/2005 2005-08
Interval 2 Day Plot End 00:00_01/01/2008

YAM1C    115.01 Max & Min AHD Bore Level (m)

8.2

8.7

9.2

9.7

10.2

10.7

2005 2006 2007



 
 

Groundwater Data Collection Services HYPLOT V125  Output 30/05/2007

Period 4 Month Plot Start 00:00_01/02/2007 2007
Interval 4 Hour Plot End 00:00_01/06/2007

YAM1C    115.01 Max & Min AHD Bore Level (m) B
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Groundwater Data Collection Services HYPLOT V125  Output 30/05/2007

Period 3 Year Plot Start 00:00_01/01/2005 2005-08
Interval 2 Day Plot End 00:00_01/01/2008

YAM2A    115.01 Max & Min AHD Bore Level (m)

23.9

24.15

24.4

24.65

24.9

25.15

2005 2006 2007



 
 

Groundwater Data Collection Services HYPLOT V125  Output 30/05/2007

Period 3 Year Plot Start 00:00_01/01/2005 2005-08
Interval 2 Day Plot End 00:00_01/01/2008

YAM2A    115.01 Max & Min AHD Bore Level (m)

23.9

24.15

24.4

24.65

24.9

25.15

2005 2006 2007



 
 

Groundwater Data Collection Services HYPLOT V125  Output 30/05/2007

Period 4 Month Plot Start 00:00_01/02/2007 2007
Interval 4 Hour Plot End 00:00_01/06/2007

YAM2A    115.01 Max & Min AHD Bore Level (m) B

24.04

24.09

24.14

24.19

24.24

24.29

24.34

Feb Mar Apr May



 
 

Groundwater Data Collection Services HYPLOT V125  Output 30/05/2007

Period 3 Year Plot Start 00:00_01/01/2005 2005-08
Interval 2 Day Plot End 00:00_01/01/2008

YAM2C    115.01 Max & Min AHD Bore Level (m)

13
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14

14.5

2005 2006 2007



 
 

Groundwater Data Collection Services HYPLOT V125  Output 30/05/2007

Period 4 Month Plot Start 00:00_01/02/2007 2007
Interval 4 Hour Plot End 00:00_01/06/2007

YAM2C    115.01 Max & Min AHD Bore Level (m) B

13.31
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13.51

13.61

13.71

13.81
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Groundwater Data Collection Services HYPLOT V125  Output 30/05/2007

Period 3 Year Plot Start 00:00_01/01/2005 2005-08
Interval 2 Day Plot End 00:00_01/01/2008

YAM3B    115.01 Max & Min AHD Bore Level (m)

19.89

19.94

19.99

20.04

20.09

20.14

20.19

2005 2006 2007



 
 

Groundwater Data Collection Services HYPLOT V125  Output 30/05/2007

Period 4 Month Plot Start 00:00_01/02/2007 2007
Interval 4 Hour Plot End 00:00_01/06/2007

YAM3B    115.01 Max & Min AHD Bore Level (m) B
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0.8

1
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Groundwater Data Collection Services HYPLOT V125  Output 30/05/2007

Period 3 Year Plot Start 00:00_01/01/2005 2005-08
Interval 2 Day Plot End 00:00_01/01/2008

YAM3C    115.01 Max & Min AHD Bore Level (m)

13.8

14.2
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15.4

15.8

2005 2006 2007



 
 

Groundwater Data Collection Services HYPLOT V125  Output 30/05/2007

Period 4 Month Plot Start 00:00_01/02/2007 2007
Interval 4 Hour Plot End 00:00_01/06/2007

YAM3C    115.01 Max & Min AHD Bore Level (m) B

14.05

14.15

14.25

14.35

14.45

14.55
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Groundwater Data Collection Services HYPLOT V125  Output 30/05/2007

Period 3 Year Plot Start 00:00_01/01/2005 2005-08
Interval 2 Day Plot End 00:00_01/01/2008

YAMMSA1  115.01 Max & Min AHD Bore Level (m)

22.1

22.35

22.6

22.85

23.1

23.35

2005 2006 2007



 
 

Groundwater Data Collection Services HYPLOT V125  Output 30/05/2007

Period 4 Month Plot Start 00:00_01/02/2007 2007
Interval 4 Hour Plot End 00:00_01/06/2007

YAMMSA1  115.01 Max & Min AHD Bore Level (m) B
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Groundwater Data Collection Services HYPLOT V125  Output 30/05/2007

Period 3 Year Plot Start 00:00_01/01/2005 2005-08
Interval 2 Day Plot End 00:00_01/01/2008

YAMMSA5  115.01 Max & Min AHD Bore Level (m)

17.3
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17.4

17.45

2005 2006 2007



 
 

Groundwater Data Collection Services HYPLOT V125  Output 30/05/2007

Period 4 Month Plot Start 00:00_01/02/2007 2007
Interval 4 Hour Plot End 00:00_01/06/2007

YAMMSA5  115.01 Max & Min AHD Bore Level (m) B
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Groundwater Data Collection Services HYPLOT V125  Output 30/05/2007

Period 3 Year Plot Start 00:00_01/01/2005 2005-08
Interval 2 Day Plot End 00:00_01/01/2008

YAMMSA9  115.01 Max & Min AHD Bore Level (m)

13.5

13.9

14.3

14.7

15.1

15.5

2005 2006 2007



 
 

Groundwater Data Collection Services HYPLOT V125  Output 30/05/2007

Period 4 Month Plot Start 00:00_01/02/2007 2007
Interval 4 Hour Plot End 00:00_01/06/2007

YAMMSA9  115.01 Max & Min AHD Bore Level (m) B

14.01

14.11

14.21

14.31

14.41

14.51

Feb Mar Apr May
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APPENDIX D 

NEWSLETTER NO. 4 



  NEWSLETTER  No 4  October 2007 
 
 

   
 

 

 
 
The UNSW Water Research Laboratory is pleased to provide a progress update on this project to stakeholders 
including local residents. This is the latest in a series of newsletters that are available on the project website as 
follows: Newsletter No. 1 (March, 2005) introduced the purpose and background to the study, the scope of work 
and team members.  Newsletter No. 2 (May, 2005) reported on drilling and groundwater monitoring installations 
as part of the landslide risk management process. Newsletter No. 3 (August, 2005) discussed the response 
measured to a 1 in 80 year rain event in June/July 2005.  
 
NEWS 

 
Project reports for the monitoring period May 2005 to 2007 have been presented to council, and a community 
meeting to discuss the project findings was scheduled for 6th November. A summary report (see attached) was 
prepared for the community and the NSW Coastal Conference to be held in Yamba (7-9th Nov).   

 
KEY FINDINGS 

 
No landslides were recorded during the monitoring period between May 2005 and May 2007, although 
inclinometer monitoring showed slow creep near the toe of the slope (Site 2C). High groundwater levels are the 
most common trigger for landslides. A review of groundwater level results for a 2 year period have shown the 
most rapid groundwater level response to a rainfall event occurred at mid-slope (~10 to 12 hours), followed by 
the toe of slope (17 to 34 hours).  There was a considerable lag before groundwater levels responded to rainfall 
at the top of the slope, and for drainage of groundwater from the slope to reduce the risk of landslides. These 
results support the initial conceptual model describing how water moves through the hill (see Figure below).  
 
Jeffery and Katauskas Pty Ltd have used the 
monitoring data to assess hillslope stability. The 
designated landslide risk zones (LRZs) have been 
confirmed by this work. The calculated probability 
of earthslides and scour at the toe of the slope was 
in the range of 1 in 20 years to 1 in 250 years. For 
the steeper hillslide slopes the probability was 
higher at 1 in 20 years to 1 in 200 years. The risk 
of rapid landslides within Zone 1a and 1b is 
considered to be unacceptable.  

 
RECOMMENDATIONS 
 
Various slope treatment and stabilisation options should be investigated in more detail for implementation as a 
matter of priority. In the meantime, monitoring of groundwater levels and inclinometers should continue. WRL 
and Jeffery and Katauskas Pty Ltd have recommended that council should continue with the emergency levels 
and management strategies until more permanent stablisation measures are adopted.  
 
FURTHER DETAILS       www.wrl.unsw.edu.au/yamba 
 
Jim Spencer (CVC): 6645 0253 Email: jim.spencer@clarence.nsw.gov.au 
Water Research Laboratory:  9948 4488 Email: office@wrl.unsw.edu.au 
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LIVING ON THE EDGE – INVESTIGATING LANDSLIDE RISK IN A 
COASTAL COMMUNITY 

 
J. Spencer 
Clarence Valley Council 
 
W. Timms, J. Carley 
UNSW Water Research Laboratory 
 
L. Speechley, B. Walker 
Jeffrey & Katauskas Pty Ltd 
 
 
Introduction and background 
 
 
The coastline is constantly being reshaped by the forces of nature.  As it is also a 
desirable zone for habitation, an important component of any coastline management 
plan includes assessing landslide risk and implementation of appropriate management 
strategies.  
 
A project to review landslide risk on the slope above Main Beach, Yamba Hill was 
initiated by Clarence Valley Council with funding from the Natural Disaster Mitigation 
Program. This paper provides preliminary findings of the project including verification of 
a conceptual model of subsurface processes and groundwater levels that may trigger 
slope instability.  
 
The project was designed specifically to include community consultation (eg. meetings, 
newsletters and a website) in parallel with technical investigations. Meetings with the 
community and individual residents were held prior to investigations. Information flow is 
actively maintained through newsletters and a website, with opportunities for 
community feedback.  
 
Yamba Hill is a coastal dune approximately 30 m high that overlies weathered 
sandstone and a cliff approximately 6-8 m high above Main Beach.  The slopes above 
the cliff line are 18-35° and vegetated by scrub and bushes. Residential lots and the 
Pacific Hotel are located on a flatter bench area which rises from Marine Parade 
behind the Surf Life Saving Club.  
 
Landslide risk zones (LRZs) were ranked as a function of consequence multiplied by 
probability. Higher landslide risk is associated with developed coastal areas due to the 
consequences of potential landslips to people and property. This current study builds 
upon an earlier assessment for the Yamba Coastline Management Study (MHL, 2003) 
which included a geotechnical assessment (J&K, 2000). Evidence of slope instability in 
this area is evident during site walkovers, including fractured pathways and downwards 
creep of retaining walls. The site has a history of slope instability, with known 
landslides used to derive the probability of instability.  
 
The Water Research Laboratory (WRL) team worked in association with Jeffery and 
Katauskas (J&K) Pty Ltd and Groundwater Data Collection Services (GDCS) on the 
Yamba Hill project.   
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A   B  
 
Fig 1  Location map of A) Yamba Hill study area B) Monitoring transects, 
piezometers and inclinometer installations.  
 
 

     
 

Fig 2  View of the study area on Yamba Hill pictured from Yamba Beach 
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Community consultation 
 
 
Community involvement in the project has been invited since the inception using a 
range of communications. This critical aspect of the project is continuing, with the 
current emphasis on sharing the findings of the slope stability assessment completed 
after 2 years of monitoring and seeking feedback from residents and stakeholders. To 
date, the project has included two community meetings held at the Yamba Surf Club, 
development of a website (www.wrl.unsw.edu.au/yamba), three information 
newsletters, regular letter updates from CVC to residents and stakeholders, and a 
phone contact number for information.  
 
 
Site investigations and monitoring methods 
 
 
Site investigations were designed to target high risk areas identified during previous 
studies. Small landslips have historically occurred in dune sands underlain by 
weathered clay and sandstone above Main Beach. Three monitoring transects were 
established on a high dune slope perpendicular to the beach (8 monitoring sites). 
Monitoring sites were located at the top of slope, mid-slope and at the toe of the sandy 
slope on a low sandstone cliff behind the beach (Table 1 and Figures 1 and 2).   
 

Table 1 
Summary of Monitoring Installations 

Site Location RL Surface Depth Type 
 mE mN mAHD mBGL 

1A 535239.34 6743756.73 29.47 11.58 
1B 535257.60 6743754.70 21.37 3.73 
1C 535279.74 6743753.97 11.96 3.95 
2A 535229.52 6743849.19 33.13 9.20 
2C 535284.18 6743843.10 14.62 1.39 
3A 535238.17 6743883.30 30.21 5.31 
3B 535264.08 6743882.30 23.87 3.80 

Piezometer 

3C 535283.81 6743865.97 15.62 1.95 
1A 535240.19 6743756.10 29.41 19.05 
1C 535279.59 6743755.19 12.14 5.75 
2A 535230.52 6743850.19 33.18 13.85 
2C 535284.17 6743842.06 14.67 5.80 
3A 535239.28 6743883.50 30.24 11.30 

Inclinometer 

3C 535283.56 6743867.00 15.78 4.25 
* All piezometers were 50 mm diameter PVC with machine slotted screened from 

0.75 m above base.  
 
 
Drilling, rock coring and testing of sediments were undertaken to determine the 
geotechnical and physical properties of subsurface materials. Inclinometer casings 
were installed to enable monitoring of ground movement at approximately 3 monthly 
intervals. Groundwater levels are monitored at 30 minute intervals with automatic 
loggers installed in piezometers with short screen intakes at the sand-clay interface. 
Monitoring between 26th May 2005 and 25th May 2007 captured a 1 in 10 year storm 
event in June, 2005. Monitoring will continue to observe response to at least three 1 in 
10 year storm events.  
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Monitoring Results 
 
 
Groundwater response to a major rainfall event 
 
The only significant rainfall event that occurred during the monitoring period was the 
385 mm that fell over several days around 30th June, 2005 (250.4 mm maximum daily 
rainfall). This event was a 1 in 10 Average Return Interval (ARI) event for a 2 hour 
duration, and 1 in 94 ARI event for an 18 hour duration.  
 
The lower piezometers across the study area (ie. sites B and C) showed greater 
response to this June, 2005 event than the upper piezometers (Table 2, Figure 3).  
Sites 1A to 3A showed 0.6 to 0.95 m rise in level over a period of approximately 3 to 7 
days.  Sites 1B, 1C, 2C, 3B and 3C displayed rises of 1.12 to 1.74 metres over a period 
of between 12 and 24 hours.  However, it is noted that the initial rise rate of piezometer 
3A was fast but delayed.  The lower piezometers all began to respond to the event 
before the upper piezometers. 
 
This data reflects the fact that there is a limited catchment area upslope of the study 
area.  As a result, piezometers located at near the base of the slope are characterised 
by a larger response to rainfall infiltration over a larger, upslope area.  
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Fig 3  Groundwater levels for Transect 1 (May 2005- May 2007) 
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Inclinometer monitoring of slope movement 
 
 
Inclinometer monitoring was carried out during the period of 29 April 2005 (initial 
baseline setup reading) to 8th March 2007. All inclinometers with the exception of 
Location 2C indicated little or no significant movement. However, Location 2C showed 
5 mm of movement with the plane of movement at a depth of about 3 m. Sandy clays 
exist at 3 m depth in Borehole 2C, therefore the movement is occurring within the 
sandy clays.  
 
The mode of movement was consistent with the stability results for Transect 2, which 
showed that the lowest factor of safety occurs for slip circles at the toe of the slope 
when higher groundwater levels exist during rainfall periods. The movement in 
inclinometer 2C tends to suggest a slow moving (Creep) type movement occurring at 
the toe of the slope.  
 

Table 2 
Groundwater Level Response to Rainfall Event 29th June – 7th July 05 

Statistics 

Location Magnitude of 
Rise Lag* Maximum Rate of 

Rise 

 m hours mm/hr 
1A 0.75 176.50 21 

1B 1.12 12.00 222 

1C 1.74 17.00 58 

2A 0.63 116.25 18 

2C 1.17 22.75 117 

3A 0.95 75.50 219 

3B 1.31 9.50 265 

3C 1.19 34.25 122 

* Lag time for each piezometer is the difference between time of first        
response and time at which peak levels were recorded. 

 
 
Updated Assessment for Yamba Hill 
 
 
Hydrogeological conceptual model 
 
The observed behaviour of groundwater levels in response to rainfall during the 
monitoring period was consistent with the initial conceptual hydrogeological model 
(J&K, 2000).  Detailed analysis of borehole stratigraphy and groundwater monitoring 
data was used to verify and refine the conceptual model. Groundwater parameters of 
relevance to slope stability assessment are summarised in Table 3, comparing the 
initial model with observations from the site. Observed saturated thickness, depth to 
groundwater, groundwater level rise, lag times and drainage times were all within the 
range of values allowed for by the initial hydrogeological model.  
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In summary, observed conditions were consistent with the simplified hydrogeological 
model, and observed groundwater level response (0.75 to 1.74 m) to rainfall events 
was within the range (1 to 2 m) that was predicted. The hydrogeological model that was 
adopted is therefore considered to be conservative and appropriate for the Yamba Hill 
site.  
 
However, the hydrogeological model was improved by accounting for a lower rather 
than higher lateral hydraulic gradient after rainfall events (Figure 4). This result 
suggests that the toe of the slope becomes saturated during rainfall events. The 
hydrographs near the toe of slope had two distinctive recovery rates – early rapid 
decline (ie. 77 mm/day) then slower decline (ie. 6 mm/day) while the average drainage 
rate was close to the 19 mm/day in the initial conceptual model. The two stage 
drainage curves were attributed to local drainage immediately after the rain period, 
followed by a slower groundwater level decline due to additional infiltration from further 
up the slope arriving at the toe of the slope. 
 

 Table 3 

Summary of conceptual groundwater models 

 

Parameter Initial model 

(J&K 2000) 

Revised model 

 (June 2005 event) 
Groundwater level rise (m) 1 to 2  0.75 to 1.74  
Saturated zone above silty clay or bedrock (m) 0.5 to 1 m 0.3 to 3.5  
Depth of sand at crest of slope (m) 3  3.8 to 16.4  
Depth of sand at toe of slope (m) 1 to 2 3.8 to 4.2 
Depth to clay (m) 9 to 10  1.7 to 16.4  
Thickness of clay (m) 2 to 4  0.2 to 3.3  
Vertical flow to crest of slope –  time lag 
between rainfall and groundwater level rise 
(days) 

3  
 

3 to 7.4  
 

Vertical flow to toe of slope – Time lag between 
rainfall and groundwater level rise (days) 

0.7 days 0.7 to 1.4 

Lateral flow - time lag between rainfall and 
groundwater level rise  (days) 

8 to 40 ^ 
 

11 to 67  
(Piezo 1C) 

Time to drain after event (days) 10 to 80 days 
(av. 19 mm/day) 

96 days 
(Piezo 1C) 

Average rise in groundwater levels for 100 mm 
event (mm) 

375 mm#   
(300 to 400 mm)  

286 mm 
 

^  assuming K lateral is 2 to 10  times vertical K    
#  assumes 75% average permeable area and 0.2 effective porosity 
 
 
Lateral groundwater flow rates for Transect 1 were calculated to be 0.18 m3/day similar 
to the 0.2 m3/day projected by the initial groundwater model (Figure 4). These flow 
rates assumed a saturated hydraulic conductivity value of 10-5 m/s or 36 mm/hr 
(Douglas Partners, 1996). These values are considered to be realistic for silty sand, 
and are unlikely to be improved by site specific testing.  
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Limited drainage rates mean that groundwater levels below the crest of the dune 
remain high for 2 to 3 months after a major rainfall event. Therefore, antecedent rainfall 
will be the most critical element in producing groundwater levels which may cause 
instability of the slope.  
 
 

 
 

Fig 4  Revised hydrogeological conceptual model (modified from J&K, 2000). 
 
 
Geotechnical stability analysis 
 
 
The slope stability analysis considered surface conditions, sub-surface conditions, 
including suitable material properties (eg. effective cohesion, effective friction angle), 
together with groundwater level response to rainfall. A computer program SLOPE/W 
was used to analyse slope stability by considering circular failures through the sandy 
silt overlying bedrock. Although circular failure is not always the case, it is considered 
to be a reasonable approximation for many failures.  
 
Overall the stability analysis of three subsurface models (Transects 1, 2 and 3) showed 
the slopes have low factors of safety (FOS) particularly for higher groundwater levels 
and the slope close to the Pacific Hotel. Calculated FOS values ranged from 1.0 to 1.6 
for varying locations, types of failures and groundwater level conditions. These FOS 
values were generally less than the usually accepted values of at least 1.5 for 
reasonable design case and as low as 1.25 that may be tolerated for transient short 
term conditions.  
 
Coastal processes and hazards 
 
Consideration of coastal processes indicates that hazards are increasing over time at 
Yamba Beach due to a combination of storm erosion, shoreline recession and long 
term weathering and erosion of the rock cliffs. Both storm erosion and future recession 
will erode sand from the toe of the slopes fronting Yamba Beach, however, much of the 
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beach (particularly the northern end) is fronted by rock cliffs/shelves which would limit 
short term erosion.  
 
The rock cliffs and ledges would resist short term beach erosion, however when 
exposed, they are likely to suffer from long term weathering and erosion.  Detailed 
studies would need to be undertaken for Yamba Beach, but studies at other sandstone 
coastlines in NSW indicated mean erosion rates between 1 and 5 mm/year.  These 
reported mean rates need to be interpreted with regard to the episodic nature of cliff 
collapse events – that is, many years elapse between major events.  
 
Landslide Risk Analysis 
 
The risk analysis included rainfall analysis and probability assessment, in accordance 
with the AGS (2000) Risk Management Guidelines. The earliest known landslide 
occurred in May, 1938 with several recorded events since then (J&K 2000), although 
we are not aware of any landslides during the monitoring period for this project.  
 
The probability of a landslide occurring was determined to be as follows: 
 

• For earthslides and scour at the toe of the slope – 1 in 10 years to 1 in 125 
years. However, considering that a landslide occurs only 50% of the time a 
‘trigger’ level is reached, the probability equates to 5x10-2 to 4x10-3.  

 
• For earthslides encompassing the steeper hillslide slopes – 1 in 10 years to 1 in 

100 years. For a 50% trigger, this probability equates to 5x10-2 to 5x10-3.   
 
Risk was then determined as a function of probability and consequence. Risk estimates 
were determined in relation to the suggested criteria in AGS (2000), with 10-4 tolerable 
risk and 10-5 as acceptable risk for loss of life of person most at risk. It will be up to the 
owners to decide whether these values are appropriate and the conclusions regarding 
the risk estimates reasonable.  
 
The highest risk values identified were associated with Landslide Risk Zone 1a 
(LRZ1a, Figure 5). This zone was characterised by steepest slopes, a history of 
movement and expected high occupancy rate. In this zone the results of the risk 
assessments were: 
 

• For slow to very slow movement 5x10-5   (tolerable) 
• For rapid to very rapid movement 10-3    (unacceptable) 

 
For LRZ1b which includes residential dwellings to the north of the Pacific Hotel the risk 
assessments were: 
 

• For slow to very slow movement  10-5    (acceptable, just) 
• For rapid to very rapid movement  4x10-4   (unacceptable) 

 
The data obtained from investigations and monitoring during this project do not allow 
any adjustment to the LRZs.  
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Fig 5  Landslide risk zones (After J&K 2000 and MHL 2003). 
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Summary and recommendations 
 
In summary, investigations and monitoring at Yamba Hill to date have confirmed 
previous estimates of groundwater level response to major rainfall events and slope 
stability assessments. The hydrogeological conditions and recharge response that was 
observed was within the range expected for a sand dune sediments overlying a 
weathered sandstone slope, however it is noted that only a single 1 in 10 year ARI 
event occurred during the 2 year monitoring period.  
 
All inclinometers with the exception of Location 2C indicated little or no significant 
movement of the hill slope. However, Location 2C showed 5 mm of movement with the 
plane of movement at a depth of about 3 m. The movement in inclinometer 2C tends to 
suggest a slow moving (Creep) type movement occurring at the toe of the slope.  
 
On the basis of the revised slope stability risk assessment, it is considered that 
emergency levels and the subsequent management implications that were put into 
place in October 2000 should remain in place until more permanent stabilisation 
measures are adopted.  
 
Two warning levels were set up as an interim measure: an Orange level which was 
based on a 1 in 3 year rainfall and a Red level which was based on a 1 in 10 year 
rainfall, taking into account antecedent rainfall over periods of 1 to 90 days. Various 
slope treatment/stabilisaton options should be investigated in more detail with a view to 
implementation as soon as possible.  
 
Groundwater monitoring should also continue, and inclinometer measurements 
extended to an annual basis unless significant rainfall events occur and/or movements 
of the slope are observed, in which case the inclinometers should be read as soon as 
possible.  
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APPENDIX E 

GROUNDWATER LEVEL DATA MISSING – LOW WATER LEVEL AND  
LOGGER FAILURE 

 

 

 

 

 



APPENDIX E 
 
Groundwater level data missing - low water level and logger failure 
 
 

Piezo End date Start date Days Dry or failure ? 
Yam2A 6/07/2006 13/10/2006 99 failure 

Yam2C 7/09/2005 11/01/2006 126 
Water level below sensor until 
10/10/2005 (9.16) then failure  

Yam3B 15/07/2005 2/09/2006 414 

Water level below sensor, sensor 
is down in bore as low as it will go 

without being in mud at bottom 
(3.96m) 

Yam3B 14/09/2006 25/05/2007 253 

Water level below sensor, sensor 
is down in bore as low as it will go 

without being in mud at bottom 
(3.96m) 

Yam3C 3/10/2005 27/11/2005 55 

Water level below sensor, sensor 
is down in bore as low as it will go 

without being in mud at bottom 
(1.68m) 

MSA1 22/10/2005 29/12/2005 68 

Water level below sensor, sensor 
is down in bore as low as it will go 

without being in mud at bottom 
(8.60) 

MSA1 10/02/2007 25/05/2007 104 

Water level below sensor, sensor 
is down in bore as low as it will go 

without being in mud at bottom 
(8.60m) 

MSA9 12/11/2005 2/12/2005 20 

Water level below sensor, sensor 
is down in bore as low as it will go 

without being in mud at bottom 
(5.44m) 

MSA5 all missing     All dry (8.00) 
 
 
 


	Report cover PDF.pdf
	Page 1


