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ABSTRACT

A cement bentonite slurry cutoff wall was constructed at Central Dam, Hail Creek Mine, Central 
Queensland to minimise seepage into a coal mining pit located downstream of the dam and to 
improve lowwall spoil pile stability.  The 270m long cutoff wall with a maximum depth of 20m was 
constructed from the crest of the completed zoned earthfill dam to penetrate highly permeable 
alluvial sand in the foundation of the dam and to key into the underlying weathered sedimentary 
strata.

The findings and outcomes of the investigation, design, construction and monitoring phases of the 
project are presented.  The focus of the paper is on the practice of selecting a slurry mix design by 
way of off-site pre-construction mix trials and the problems that may be encountered when 
attempting to replicate such a design mix on a large scale during construction.    

A discussion on the merits of the wall performance monitoring systems installed during construction 
is also presented.  Key features of the monitoring system were the installation of “drive–in- 
piezometers” in the fluid slurry and monitoring bores downstream of the wall.  Seepage modelling 
indicates a close agreement with recorded water levels and a 70% reduction in underseepage from 
the dam. 

1 BACKGROUND
Hail Creek Mine, an open cut coal mine, is located approximately 130 km south west of Mackay in 
Central Queensland and is operated by Rio Tinto Coal Australia (RTCA).  Central Dam, located on 
Brumby Creek, is a water recycling dam at Hail Creek Mine.  The dam is an 11.5 m high, zoned 
earthfill embankment with a crest length of approximately 820 m.  The dam was constructed in late 
2002 using clay for the central core and weathered mudstone for the outer shoulders of the 
embankment.   

Geotechnical investigations conducted prior to the design of Central Dam intersected alluvium up to 
14.5 m in thickness with sandy gravel / gravelly sand comprising a 5 m thick basal layer to the 
alluvium.  

A positive cut-off excavated through the alluvium to weathered rock and backfilled with impervious 
clay was considered as an option during the design to minimise seepage losses from the dam.  
However, in view of the relatively low height of the dam embankment in comparison to the 
anticipated depth of alluvium this option was considered both impractical and costly.   

In lieu of a positive cut-off through the alluvium, a key trench and a one metre thick 100 m wide 
upstream clay blanket was incorporated into the design to minimise seepage losses from the dam. 
Seepage analyses indicated that under worst-case conditions seepage of between 5.7 and 11 l/s 
could be anticipated. 

Subsequent to the construction of Central Dam, a 50m deep mining pit was excavated 
approximately 500 m downstream of the dam.  Where the mining void intersected the 150 m wide 
Brumby Creek floodplain, seepage occurred at the base of the alluvium and resulted in slumping of 
the lowwall.  The initial inflow into the pit was rapid but quickly diminished to a relatively constant 
flow estimated at 3l/s.  Although this inflow could easily be handled by in-pit dewatering, the 
adverse impact of the seepage on the lowwall stability and future in-pit spoil piles in an area of 
steeply dipping pit floor was not acceptable to the ongoing mining operations.  Investigations were 
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7initiated to define the seepage zone and provide geotechnical data for the design of remedial works 

to minimise seepage. 

2 GEOTECHNICAL INVESTIGATION 
The field investigations were undertaken in January 2004 and consisted of seventeen (17) drillholes 
drilled from the Central Dam embankment crest. Piezometers were installed in each of the 
drillholes.  Investigation holes were initially drilled on a wide spacing to gain a broad appreciation 
of the alluvium and to establish the extent of higher permeability layers.  The hole spacing was then 
reduced to confirm areas of low permeability.  

The investigations indicated that the principal source of under-seepage was the basal layer of 
gravelly sand / sandy gravel alluvium located near the central section of the dam between Chainage 
290 and 410 m.  Along the dam axis the gravelly sand / sandy gravel layer was up to 5m in thickness 
and was blanketed by clayey sand and sandy clay.  To the north and south of these chainages, the 
alluvium was generally more clayey and less permeable, although thin layers of clayey sand and 
sandy gravel were intersected at the base of the alluvium. 

3 REMEDIATION OPTIONS 
Following completion of the geotechnical investigation and subsequent analysis, a study was 
conducted into the options available to reduce the seepage from Central Dam.  Based on current 
industry practice and experience, the range of viable solutions was narrowed to jet grouting, a 
chemical grout injected barrier or a slurry trench cut off wall. 

A risk assessment workshop was held to identify the major risk issues associated with the various 
remedial options.  A key outcome of the risk assessment process was the need for a robust solution.  
The cement-bentonite slurry cut-off wall was selected as the optimum remediation method as 
neither the chemical injected barrier nor the jet grouting method would allow for easy performance 
verification during the construction process.   

4 DESIGN
Seepage analysis of Central Dam was carried out using the finite element seepage analysis program 
SEEP/W.  The analysis was undertaken to confirm the magnitude of seepage under the existing 
situation, the potential magnitude of seepage under full supply conditions and the likely impact on 
seepage of the slurry trench cut-off wall.   

The permeability values adopted for the model were based on in situ falling head permeability 
testing, material gradings, previous experience with similar material and back calculation of 
permeabilities using Darcy’s Law.  The approach adopted was to calibrate the seepage model by 
adjusting the downstream boundary conditions until the model replicated known groundwater levels 
recorded within the dam embankment and downstream of the dam.   

The seepage model determined total seepage flows into the mining void were of similar magnitude 
to the 3l/s observed.  The seepage analyses indicated that a seepage reduction of approximately 
70% could be achieved by a slurry cut-off wall if an effective seal was achieved into the underlying 
weathered bedrock and between wall panels.  A sensitivity analysis suggested the effectiveness of 
the cut-off wall was relatively insensitive to wall thickness and wall permeability but more sensitive 
to the continuity of the barrier and the permeability and thickness of the bedrock layer into which 
the cut-off wall is keyed.   

Design parameters for the cut-off wall including wall thickness, key depth, panel overlap, slurry 
permeability and slurry rheological properties were selected to provide a robust solution that would 
ensure a very high degree of cut-off effectiveness.  Strength criteriion were specified for the slurry 
to provide a cut-off wall with strength and consistency similar to very stiff clay, which would allow 
some movement of the wall without inducing cracking.  The specification for the cut-off wall was 
based on the Institution of Civil Engineers (1999) specification for the construction of slurry trench 
cut-off walls as barriers to pollution migration. 

5 PRE MOBILISATION MIX TRIALS 
As slurry trials conducted after contract award frequently delay the commencement of 
construction, the two prospective slurry wall Contractors were independently engaged by RTCA to 



314 embANKmeNts ANd dAms

c
O

m
m

O
n

 g
r

O
u

n
d

 0
7

Common Ground ProCeedinGs 10th AustrAliA new ZeAlAnd ConferenCe on GeomeChAniCs BrisBAne 
c

O
m

m
O

n
 g

r
O

u
n

d
 0

7 conduct laboratory and field trials during the tender and award process.  In addition to expediting 
the construction, the field trials also enabled RTCA and Hatch Associates to observe and assess first 
hand the Contractors Safety Management Plans.  The aim of the trials was to determine the 
optimum mix constituents for the cement-bentonite slurry that would comply with the specified 
rheology, design strength and permeability requirements.  The Contractors nominated design mixes 
comprised varying proportions of high slag blend (HSB) cement and bentonite.  Thinners and 
retarders were also added to the mixes as required to control the rheology and the set time of the 
mixes.  A significant outcome of the two trials was the vastly differing set slurry strengths achieved 
with slag of different origin and production (slag ground with clinker or ground separately and 
mixed with cement afterwards)  

The Contractor ultimately selected to construct the Central Dam cut-off wall nominated mixes 
ranging from a 50 kg/m3 bentonite and 125 kg/m3 cement mix up to a 60 kg/m3 bentonite and 150 
kg/m3 cement mix.  A single batch of each mix was produced using the same mixing apparatus, 
materials and methodologies that would be used on site during construction.  For each batch 
rheological tests (viscosity, specific gravity, pH and free water) were conducted on fluid samples of 
the mixes and samples were taken for laboratory strength and permeability tests.   

The trial confirmed that the set slurry strength increased with increasing cement content and the 
permeability of the slurry decreased with increasing bentonite content.  The strengths achieved in 
the slurry mix trials with 125 kg/m3 of cement indicated that the slurry would provide a 90 day 
strength comparable to a very stiff to hard clay, similar to the existing dam clay core.  The strength 
results achieved with mixes containing 150 kg/m3 of cement were generally twice that of the mixes 
containing 125 kg/m3 and were thought to be excessive for the intended application.   

The mixes with 55 kg/m3 of bentonite typically provided a permeability half an order of magnitude 
lower than the permeability recorded for the mixes with only 50 kg/m3 of bentonite.  However, 
when attempting to mix a slurry with 60 kg/m3 of bentonite, problems were encountered with high 
viscosity and large amounts of thinner had to be added to the slurry to provide a workable slurry 
with an acceptable viscosity. 

Hatch Associates selected the 125/55 cement-bentonite mix as the optimum mix based on the 
rheological and laboratory test data from the trials and discussions with the Contractor.  The design 
mix selected prior to mobilisation is summarised below: 

High Slag Blend Cement 125 kg/m3

Bentonite 55 kg/m3

Water 933 L/m3

Thinner < 1.0 L/m3

Retarder 0.8L / 100kg of cement  

As it was anticipated that the alluvial material beneath the Central Dam embankment would be 
incorporated into the slurry, a series of separate trials were undertaken to assess the likely impact 
that the alluvium would have on both the strength and permeability of the design mix slurry.  
Coarse concrete sand was used to simulate the alluvium in the trials and was added to the design 
mix in varying proportions ranging from 0% to 30% by weight.   

The results indicated, as expected, an increase in compressive strength of the slurry proportional to 
the increase in alluvium within the slurry.  The strength of the design slurry was observed to 
increase by between 20% and 50% at an age of 28 days for sand contents ranging from 5% to 30%.  
Laboratory testing revealed a decrease in the permeability of the slurry associated with an increase 
in the proportion of alluvial material within the slurry.  This was considered to be a function of the 
available flow path area through the slurry sample reducing as the proportion of impermeable sand 
particles within the slurry increased.    

6 SLURRY PRODUCTION 
During the first cement bentonite slurry production run on site, “flash setting” of the slurry 
occurred after only a fraction of the total cement had been added to the hydrated bentonite in the 
mixer.  Additional quantities of thinner well above that stipulated in the design mix had to be 
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7added to reduce the viscosity of the slurry to allow it to be pumped out of the mixer.  The 

production process was repeated again with the same result.   

Following the problems experienced during the first slurry production run, numerous mixing trials 
were conducted on site to determine why the design mix which had been successful in the pre 
mobilisation trials was unable to be replicated on site. The site trials assessed variables including 
the age of the hydrated bentonite slurry; the type of mixer and mixing energy; rate of cement 
application; slurry temperature; potable water versus raw water and separate mixing of bentonite 
and cement slurries before combining the two.  The trials demonstrated that the aforementioned 
variables had only a relatively minor effect on the rheological properties of the design cement 
bentonite slurry.  Material testing was also conducted and confirmed that the materials on site were 
the same materials used for the pre mobilisation mix trials. 

Flash setting of the slurry had been noted during the pre mobilisation trials.  However, this was only 
observed when mixing slurries with bentonite concentrations as high as 60 kg/m3.  To assess 
whether the flash setting on site was indeed a function of the bentonite concentration the 
proportion of bentonite in the slurry was reduced from the design mix of 55 kg to 50 kg, 45 kg and 
finally 40 kg.  Even at the lowest bentonite concentration (40 kg/m3) the slurry was still flash 
setting with only a fraction of the design cement content added to the mix. 

Some success was achieved with the design slurry mix using hydrated bentonite slurry mixed in a 
larger mixer than what was originally used.  The larger mixer was observed to produce hydrated 
bentonite slurry with a Marsh Funnel viscosity up to three seconds slower than that achieved with 
the smaller mixer.  With the larger mixer, the full amount of cement could be added into the 
hydrated bentonite without flash setting occurring in the mixer.  However, subsequent mixes 
resulted in much higher cement bentonite slurry viscosities until the cement bentonite slurry stored 
in the agitation tank began setting after 30 minutes. It was considered that the phenomenon of the 
viscosity increase of subsequent mixes was a result of cement contamination of the mix due to 
latent cement residing in the pump and the lines. 

To combat the possible effects of cement contamination, sodium bicarbonate was added to trial 
mixes to neutralise the cement.  However, even with the addition of sodium bicarbonate and three 
times the design amount of thinner and retarder, only a mix with 40 kg/m3 bentonite concentration 
could be sustained without the mix beginning to set in the agitation tank.  The use of sodium 
bicarbonate in the slurry was abandoned as there was no data on what affect the neutralisation of 
some cement in the mix would have on the long term strength and permeability properties of the 
slurry.

An authority on cement bentonite slurries in the United Kingdom was contacted for an insight into 
the problems with ‘flash setting’ (Jefferis, 2005).  It was advised that the retarder being used was a 
lignosulphonate that would also act as a thinner and that using this retarder in combination with the 
thinner could be having an adverse effect on the mix.  Also if a thinner were added to the mix too 
early it would act to disperse the bentonite and not the cement, as was the intent.  Bentonite 
dispersion would exacerbate the thickening so it was recommended that only one thinner be added 
and that it be added as late as possible in the mixing cycle.  A reduction in the bentonite content to 
improve the repeatability of the mix during production was also advocated.  It was argued that 
although this might increase the permeability of the slurry wall, a well mixed slurry with a lower 
bentonite concentration may achieve a better result than a poorly mixed slurry with a higher 
bentonite concentration.   

As the specification of very low permeability cement bentonite cut-off walls has been driven by 
their use to prevent contaminant migration and our analyses suggested that the effectiveness of the 
cut-off wall to minimise under-seepage was (within reason) relatively insensitive to slurry 
permeability, the Contractor was instructed to commence cement bentonite slurry production at a 
lower bentonite concentration with only one thinning agent.  After a short trial period, during which 
the bentonite and retarder concentration in the slurry was adjusted, the following cement 
bentonite mix design was adopted successfully for the remainder of the project. 
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7 High Slag Blend Cement 125 kg/m3

Bentonite 40 kg/m3

Water 938 L/m3

Retarder 1.5 L/m3

7 CONSTRUCTION
A track mounted crane with a Kelly bar mounted, 600mm wide, clam-shell grab was used to 
excavate the slurry cut-off wall.  The crane sat on a working platform at dam crest level and the 
wall was excavated down through the dam core and the alluvial material beneath the core before 
being founded on the underlying bedrock.  Typically the grab penetrated between 300 and 500 mm 
into rock before encountering refusal.  Cement bentonite slurry was pumped into the open trench 
as excavation proceeded.  Typically the slurry was kept at a level between 0.5 m and 1.0 m below 
the top of the trench to ensure stability of the trench.  There were no observed instances of trench 
cave-in throughout the duration of the project. 

Typically a 6.2 m panel, consisting of two outside primary cuts (2.5 m wide each) and an 
intermediate secondary cut (1.2 m) to complete the panel, was excavated each production day.  As 
the secondary cut in the middle of the panel was excavated, mixing of the fluid slurry contained in 
each of the primary cuts occurred.  The movement of the Kelly bar and grab during excavation of 
the secondary cut aided in creating a uniform mix throughout the panel. 

A distance of 1.2 m was left between each 6.2 m panel.  This ensured that when excavation of the 
primary cut on the subsequent 6.2m panel commenced, the ground pressure on either side of the 
grab was roughly equivalent.   

8 MONITORING 
Monitoring of the slurry wall consisted of five monitoring bores located approximately 25 m 
downstream of the wall and twelve piezometers within the wall.  The intention of the monitoring 
bores was to provide an indication of the effectiveness of the wall by monitoring the downstream 
water level before, during and after the construction of the cut-off wall.  The immediate impact of 
the cut-off wall was evidenced by a 1m drop in the downstream water level at the northern 
monitoring bores just two days after the completion of the final panels at the northern end of the 
wall.  Long term water level monitoring results show the water levels downstream of the wall 
continued to fall until a steady state was reached, some 5m below the pre-cut-off groundwater 
level.

A total of twelve “drive-in” piezometers with brass sheath covered ceramic filter tips were installed 
at approximately 20 m intervals along the cut-off wall centreline at depths ranging from 10 m to  
16 m.  The piezometers were lowered into the fluid slurry when the panel was completed and 
anchored until the slurry had set.  The filter tip was exposed after approximately 7 days by 
advancing the brass sheath using an internal push rod.  The drive-in piezometers were used to 
determine the in situ permeability of the cut-off wall by the falling head method.  The in situ 
permeability testing of the cut-off wall was conducted over a period of thirteen months following 
construction and confirmed the cut-off wall permeability was remaining relatively constant, 
typically ranging between 10-7 m/s and 10-8 m/s.

Although drive–in piezometers have been used to monitor soil bentonite slurry walls (Britton et al. 
2005), this is the first known application of drive-in piezometers for cement bentonite slurry walls.  
Drive-in piezometers proved to be a more cost effective construction verification tool than 
piezocone testing as they can be used for long term monitoring purposes. 

Laboratory permeability tests conducted on samples taken from the slurry wall yielded values 
generally between 10-8 m/s and 10-9 m/s.  This relationship is in line with previous experience that 
suggests that in situ testing methods will typically produce permeability results one order of 
magnitude higher than laboratory testing methods. 

The seepage model developed during detailed design was used to estimate the actual reduction in 
seepage rate that had been achieved following construction of the cut-off wall.  The seepage model 
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7was modified to reflect the cut-off wall toe level and weathered rock level taken from panel 

construction records.  The downstream head boundary condition was adjusted until the phreatic 
surface produced by the seepage model was comparable with the known steady state Central Dam 
groundwater levels recorded at the drive-in piezometers and downstream monitoring bores.  A 
seepage model, without the constructed cut-off wall, was then analysed with the same boundary 
conditions that were adopted for the cut-off wall model. The pre-construction model provided a 
downstream water level at the location of the monitoring bores that was within 0.2 m of the actual 
water level recorded at the monitoring bores prior to construction commencing. 

The results from the two models gave a theoretical estimate of the seepage reduction achieved by 
construction of the slurry cut-off wall.  The results of the seepage analysis indicate that the slurry 
wall has reduced seepage from Central Dam by approximately 68%.  This is comparable with the 
detailed design estimate of an approximate 70% reduction.  Further analyses were conducted to 
determine the sensitivity of the seepage model to the permeability of the slurry wall.  The 
sensitivity analysis indicated that an order of magnitude increase in the slurry wall permeability 
would only result in a 7% increase in the seepage rate and a negligible change to groundwater 
conditions.

9 CONCLUSIONS 
The use of a combination of additives such as thinner and retarder in a cement-bentonite slurry may 
create too many variables in the mixing process.  This can lead to slurry with a complex chemistry 
and extremely sensitive rheological properties.  The pre-mobilisation trials should aim to develop a 
simple and robust mix design.  The trials should also prove conclusively the repeatability of the 
design mix, using identical batch quantities and mixing equipment to that which will be used on 
site.  This will allow a confident prediction of slurry production and wall installation rates and 
reduce the risk of cost and programme overruns from the prospective of the client and rework of 
failed mixes from the prospective of the Contractor. 

The seepage analyses indicate that there is little to be gained by pushing the limits of cement 
bentonite slurry rheology with the objective of achieving the lowest possible cut-off wall 
permeability for water containment structures.   During the trials it is important to achieve a 
technical solution that is acceptable to the Client’s risk profile as well as being constructable. 

To provide a robust solution, emphasis should be placed on developing a panel excavation strategy 
that ensures the continuity of the barrier; determining an adequate penetration depth into the 
underlying bedrock and verifying this depth is achieved on site; and the installation of appropriate 
monitoring instrumentation which will allow verification of the effectiveness of the completed cut-
off wall and the identification of any sections of the cut-off wall that are not performing, rather 
than focusing the cut-off wall design on achieving the lowest possible slurry permeability.   
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