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ABSTRACT

In 1995, drilling in the foundation of Arapuni Dam, New Zealand encountered high water
pressures in a geological feature. The feature coincided with a structure recorded on the
rock foundation drawings during the 1924 to 1927 construction period. The drilling
allowed the high pressures to be relieved, and the flow from and pressure in the fissure
were monitored. In September 2000, pressures were found to be rising significantly,
indicating a deteriorating foundation condition with a risk of major leakage occurring
from the fissure daylight downstream of the dam. Investigations confirmed the extent and
nature of the deterioration and, following the establishment of upstream relief drainage,
the feature was successfully grouted in December 2001 without lowering the reservoir.

THE DAM

Arapuni Dam forms the reservoir for the 186 MW Arapuni Power Station located on the
Waikato River, 55 km upstream of Hamilton City in the North Island of New Zealand.
Construction was started in 1924 and lake filling was completed in 1928. The Arapuni
Power Station is owned and operated by Mighty River Power Ltd., a State owned
electricity generation company. The dam is a 64 m high curved concrete gravity dam
(Photograph 1) with a crest length of 94 m. Original concrete cut-off walls extend 20 m
and 33 m into the left and right abutments respectively. On the left abutment (Figure 1) a
headrace channel takes water to the power station intakes. A diversion tunnel runs
through the right abutment, beyond the cut off wall and has two gate shafts, both
upstream of the project of the cut off wall.

Following lake filling and in the first 2 years of operation, there was considerable leakage
from the reservoir both from the dam drains and from springs in the downstream rock.
Flows typically varied between 2200 liters/min and 4200 liters/min.

In May 1929, a large crack opened in the headrace channel due to tilting of the left bank
cliff face. The diversion tunnel was re-opened and the lake lowered. The lake was not
refilled until April 1932 while the headrace was lined. During this time a single row
cement grout curtain was constructed along the full length of the dam and both abutment
cutoff walls.

After refilling the reservoir in 1932, leakage flows had been reduced to 420 liters/min. In
the period 1932 to 1943, the records indicate that there were several instances of sudden
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Photograph 1. Arapuni Dam, New Zealand, looking west.
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Figure 1. Plan view of Arapuni Dam, New Zealand. The position of the foundation
defects (“the feature™) as determined during construction is shown. The diversion tunnel
curves to the south of the cut off wall.



flow increases and a number of holes on the right abutment were injected with hot
bitumen grout. The bitumen grouting had no long-term influence on the leakage flows.

From 1943 to 1950 leakage was typically about 750 liters/min but this declined to about
75 liters/min by 1950. Leakage flows of about 75 liters/min were typical through the
period 1950 to 1995.

In 1995 the dam toe area was cleaned up and seepage monitoring arrangements
rejuvenated. Also at this time, eight holes were drilled into the dam foundation to explore
seepage conditions. Two of these holes, referred to as OP05 and OP06, encountered high
water pressures at discrete depths and each flowed at several hundred liters per minute
after drilling. These holes were drilled with “blind” methods, i.e., no core was retrieved.

THE DAM FOUNDATION

The dam is located in a region with extensive ignimbrite (welded tuff) flows which
erupted during the last 2 million years. At the dam site (Figure 2), three principal
ignimbrite flows are recognized. The dam foundation is located on the Ongatiti
Ignimbrite dated at 0.9- 1.1 million years. In the abutments the Ongatiti Ignimbrite is
overlain by Powerhouse Sediments, a mixture of alluvial and airfall tephra deposits, the
Ahuroa Ignimbrite and the Manunui Ignimbrite.

Hydraulically, the Powerhouse Sediments act as an aquiclude with seepage in the
Ongatiti Ignimbrite isolated from the overlying units. The dam cutoff walls extend down
through the overlying units into the Ongatiti Ignimbrite appear very effective in
controlling abutment seepage through the upper units, and the foundation seepage in the
Ongatiti Ignimbrite is therefore largely isolated from the abutment seepage even though
the valley is very narrow.
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Figure 2. Elevation of Arapuni Dam, New Zealand.



The Ongatiti Ignimbrite in the dam foundation is a very weak, coarse pumice breccia
with an unconfined compressive strength of between 1 and 5 MPa. Joints are rare,
subvertical where present, and spaced at greater than 6m. A set of three sub-parallel
cracks or fissures (Figure 1) were recorded on the dam foundation as-built drawings
forming a feature that runs obliquely across the foundation from the upstream right
abutment to the downstream left abutment.

The dam is founded directly on the Ongatiti Ignimbrite with a cutoff trench located at the
upstream face of the dam and a circumferential porous concrete drain located
downstream from the cutoff. Some additional, similar contact drains are located along or
across the fissures. A series of radial drains conduct drainage flows to the downstream
face of the dam where the flows are monitored by weirs (Figure 3).
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Figure 3. Cross section of Arapuni Dam, New Zealand. (Note the spatial separation of the
original grout curtain from the dam or its concrete cutoft.)

There was no blanket grouting, curtain grouting or drainage curtain in the dam foundation
as originally constructed. The grout curtain constructed during the 1929-1932 lake
lowering was a vertical single row curtain with holes at 3m centers. It was constructed
just upstream from the dam and cutoff walls, and was not structurally connected to them
(Figures 1, 2, and 3). In the valley bottom, a fill platform for drilling was constructed to
above the river level and the grout curtain was constructed through the fill. In the steep
gorge walls a bitumen plug was constructed between the dam and the gorge wall
interface. Grouting was by descending stages with grout injection undertaken at points of
lost drill water return. Injection pressures and grout takes were modest with an average



take of about 50 bags per 100 feet, although far higher takes were locally recorded
coinciding with elevations of lost flush return. The grout curtain does not continue for
the full depth of the Ongatiti Ignimbrite sheet. In general the grouting methodologies
reflected contemporary practice in the United States.

During the construction of the grout curtain it was found that several holes drilled in the
upstream right abutment area and at the downstream end of the left bank cutoff wall had
good hydraulic connections with the dam porous drains. Also, following the later
construction of a second diversion tunnel gate shaft and the operation of that gate, it was
found that that flows from the dam drains increased markedly when the tunnel between
the two shafts was dewatered. This was also confirmed in tunnel dewatering in the 1980s
and in 1999. This is an unusual observation.

DETECTION OF HIGH PRESSURE SEEPAGE

In 1995, eight inclined non-core holes were drilled from the downstream dam toe through
the dam concrete and into the foundation. The purpose of the holes was to investigate
groundwater conditions under the dam. Two of the holes, referred to as OP05 and OP06,
intersected a zone of high water pressure and flowed at several hundred liters per minute
after drilling. The zone of high pressure coincided with the feature mapped on the
foundation drawings (Figure 1). The other six holes encountered low ground water
pressures consistent with normal design assumptions and indicative of satisfactory
conditions. Following this drilling, the flows from the dam drains increased indicating a
connection with the feature.

Hole OP05 was subsequently used to measure the pressure in the feature and hole OP06
was used as a relief well. With OP06 flow shutoff, the pressure in the feature in 1995
was about RL 97 m, 14 m below reservoir level. With OP06 flowing at about

380 liters/min, the feature pressure dropped to RL 87 m. OP05 and OP06 pressure and
flow were included in the monthly dam surveillance monitoring program thereafter.

By September 2000, pressures and drainage flows were assessed and found to be rising
relatively rapidly. This indicated a deteriorating foundation condition with a
consequently increasing risk of leakage occurring from the fissure daylight downstream
from the dam. The deterioration in seepage conditions was considered to be due to the
erosion of fissure infill material. The seepage from OP06 was throttled to reduce flow
velocities in the feature in the expectation that this would reduce the rate of deterioration
while further investigations were carried out. Another immediate response was to install
telemetry on the key seepage monitoring instruments with a 24 hour alarm warning
capability.

SEEPAGE INVESTIGATIONS

The seepage investigations were initiated with the broad objective- “to safely and
economically establish acceptable, long term, stable seepage conditions at the Arapuni



Dam.” The seepage investigation therefore looked wider than the immediate vicinity of
the feature. Investigation activities included:

Installation of an external filter on OP06 relief well flows

Drilling and piezometer installation from the dam galleries to establish the area of
foundation adjacent to and within the feature subject to the high pressures observed at
OPO05 and OP06

Drilling, Lugeon testing and instrumentation from the two abutments to assess rock
properties and seepage conditions adjacent to the grout curtain, particularly in the
area of the mapped foundation defects.

Remote Operated Vehicle inspection and mapping of the lake bed in front of the dam.
Dye testing from the lake and within boreholes and the diversion tunnel.

Temperature testing and groundwater sampling from seepage flows and boreholes.

A final series of non-core holes drilled from the downstream toe into the OP05/OP06
feature to establish relief wells and grout injection points (Figure 4).
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Figure 4. Elevation on defect showing intersections by investigation and grout holes
drilled from the galleries and the downstream face.

Key findings included:

High piezometric pressures were only observed in some parts of the feature (Figure 4)
and had little effect on the adjacent foundation. They were not present in the other
mapped foundation cracks.

OPO06 flows were carrying bitumen fragments, clay fragments from the fissure, snails
(small), and lake biota.

Dye traces were observed in drainage flows from releases in the lake, the headrace
channel, right abutment boreholes and the diversion tunnel. Average dye velocities in



the rock foundation were typically between 0.8 and 2.0 m/minute. Special attention
was devoted to analyzing and rationalizing the data from the dye testing, using
instrumentation capable of detecting dye concentrations of a few parts per billion.

¢ No flow entry points were observed in the lake bed, the cliff/dam face bitumen plugs
were in good external condition, and the steep uneven lake bed terrain was unsuitable
for constructing an upstream blanket.

e The nature of the infill materials (nontronite — a clay mineral derived from the
weathering of airborne material deposited almost contemporaneously into shrinkage
cracks in the ignimbrite) observed in cores from the lower part of the Ongatiti
Ignimbrite was indicative of discontinuities existing through the whole depth of the
sheet.

e There was evidence that groundwater in the Ongatiti Ignimbrite was hydraulically
isolated from that in the underlying pre-Ongatiti Ignimbrite.

e There was a particularly strong flow connection between the flooded portion of the
diversion tunnel and the defect.

e The high pressure area of the defect averaged about 80 mm in width.

e The hydraulic connection between the dam drains and the feature was probably
limited to a porous drain contact near OP05 (Figure 4).

The results of the investigations showed that the seepage sources included both the lake
bed and the diversion tunnel, that the existing grout curtain was not effective in
influencing present seepage, and that the flow paths were most likely within the Ongatiti
Ignimbrite.

GROUTING THE FEATURE

When sharply rising pressures were identified in OP05 in September 2000, a possible
mitigation measure was to attempt to grout the feature using OP05 and OP06. There
were two main concerns with this concept. First, little was known about the nature of the
flow paths within the foundation and so the grouting operation and its effectiveness
would be very uncertain. Also, there was concern that the high grouting pressures
necessary to inject grout through OP05 and OP06 could blow out the infill and so
significantly increase flow rates.

It was therefore considered that while fissure pressures remained within previously
observed limits, investigations and preparations necessary for a high quality, planned
feature grouting operation should be completed. Grouting equipment and materials were
assembled at the site to enable feature grouting to be carried out at short notice during the
investigation period if conditions warranted.

Grouting was planned and initiated once the primary seepage investigations were
complete and additional relief wells and grouting holes were drilled into the high pressure
area of the fissure (Figure 4). The grouting plan required that upstream relief wells
would be used during the grouting operation to lower fissure water pressures such that the
added pressure of the grout injection would not exceed previously observed pressures in
the fissure. This minimized the risk of infill blowout and increased downstream leakage.



Before the grouting operation, the seepage properties of the foundation were baselined to
enable improvements to be determined following the grouting and any subsequent
improvement works. Water and dye tracer was also pumped into each of the grouting
holes prior to grouting to give an indication of likely flow paths and assist in determining
the likely sequence of grouting.

To protect the drainage function of the porous concrete foundation drains during
grouting, two fundamental precautions were taken. First, plumbing was installed to
enable flushing of the drain in such a way that the drain would not backflow into the
feature and so disrupt the setting grout. Secondly, small wood chips were injected into
the feature close to the contact with the foundation drain to help prevent grout entry. The
drain pressure was lowered to increase the flow and draw the wood chips onto the
drain/feature contact. These precautions proved very successful, and the cement based
grout did not subsequently enter the drain.

The grouting operation was managed and coordinated by Mighty River Power’s
engineering staff utilizing very detailed preprepared procedures and checklists. The grout
mixing and injection was undertaken using local labor and equipment under the direction
of foreign grouting supervisors. Key dam safety parameters were monitored and the
relief wells operated by the Owner’s dam safety consultants. The project was a classic
example of practical and effective partnering in action.

The grout mix was designed to be placed in either static or flowing water conditions in a
fissure conceived to average 80 mm wide. It incorporated anti-washout and dispersant
additives, and a water/cement ratio (by weight) of 0.8, plus 9% of bentonite (by weight).
The mix had been designed and experimented with to ensure it would be stable, durable,
and possessed of appropriate rheological and hydration properties.

Grouting took 12.5 hours during which 11.5 cubic meters of grout was placed. At the
start of grouting, relief well discharge was transferred to the most upstream well so that
grout being injected at the downstream end was in still water. After about 2.5 hours,
grout was detected at the relief well. The relief well was closed after 6 hours and a
further 4.4 cubic meters of grout was injected to refusal at 8 bar. Minor modifications
were made to the mix during injection in response to the field observations.

It was recorded that the quantity of grout injected was about one third the quantity
estimated assuming that fissure infill had been totally removed in the high pressure area.
This piece of information, plus an analysis of the observations made during grouting
strongly suggested there were considerable areas of intact nontronite infill remaining
within the feature.



VERIFICATION OF GROUTING EFFECTIVENESS

The immediate response to the grouting was that drainage flows from the dam drains
dropped from a total of 600 liters/min to 50 liters/min. Piezometric pressures in other
parts of the foundation and in the other mapped cracks either dropped or remained
constant. The only pressure increase under the dam foundation was in a deep piezometer,
which indicated no effect on dam stability.

Four holes drilled into the grouted area retrieved drill core showing three natural infill
zones and one grouted zone. The grouted zone had good quality grout across the fissure
with only minor surface traces of clay infill against the fissure sides. This drilling,
combined with the other data and observations, led to the development of a model for
envisioning treated feature (Figure 5).

Further verification work is planned using dye tracing, temperature measurements and
dewatering of the diversion tunnel to determine if dam foundation flows and pressures
increase as they have in the past.

FINAL REMARKS

This case history illustrates several key factors which contribute to assuring ongoing dam
safety conditions:

e A comprehensive, reliable, and routine dam instrumentation, data monitoring, and
interpretation program.

e Access to detailed historical dam construction and performance data and the
provision of resources to analyze them in the light of contemporary developments.

e The commitment to conduct focussed contemporary site investigations in support of
working hypotheses.

e The provision of a professional forum in which the situation can be comprehensively
reviewed and remediation plans logically evolved.

e The execution of the requisite remedial measures by properly qualified human
resources using state of practice means, methods, and materials.

e Appropriate verification of remediation performance and long term effectiveness.
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Figure 5. Conceptual interpretation of the grouted feature conditions after treatment.
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