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Maroon Dam Embankment and Foundation

by

K. D. NUTT, B.E., M.l.E.Aust.
Senior Engineer, Irrigation and Water Supply Commission, Queensland

1 INTRODUCTLON

Maroon Dam is an earth and rockfill embankment
on Burnett Creek, a tributary of the Logan River,
about 100 km south-west of Brisbane, storing 39 000
megalitres of water at full supply level, 34 m
above stream bed level. The wide unlined spillway
10.4 m above full supply level is expected to dis-
charge only once in 50 years, lesser flocds from
the 105 km~ catchment being absorbed in the 43 000
Ml flood storage. Outlet valves gapable of evac-
uating stored flood water at 30 m”/s are located in
a concrete conduit near bed level which initially
served for diversion during construction.

Burnett Creek near the dam has cut into the
mainly sedimentary rocks of the Walloon Coal
Measures, which were shown by drilling and shaft
excavation before and during the design of the em-
bankment to consist at the dam site of almost
horizontally bedded clay shales, siltstone, and
fine argillaceous sandstone, all of only low to
moderate styength when fresh. Badalt sills vary-
ing in thickness from about 0.5 m to 2.5 m have
intruded along some bedding planes. In the stream
bed, sedimentary rocks and basalt are only slight~
ly weathered, but on the abutments are generally
very weathered, especially near the surface. The
bed and most of the abutments are covered by al-
luvial or colluvial material, generally shallow,
but up to 9 m deep where they fill an old stream
channel. Overlying the sedimentary rock from a few
metres above full supply level on both sides of the
creek 1s a jointed cap of slightly to very weather-
ed porphyry, in which the spillway has been cut.

To suit site conditions the embankment was
designed with a thick core placed wet of optimum
to ensure flexibility to follow foundation settle-
ments, the minimum rockfill zones needed to give
adequate safety against failure within the embank-
ment, and modest welghting zones, cheaply con-
structed from material stripped from spillway or
borrew areas, to prevent fallure through the rathex
low-strength foundation.

2 THE FOUNRDATION PROBLEM

At an early stage of construction several
slips occurred on the bank side of the excavation
in clay shales for the diversion conduit. Move-
ment was along well defined lines above conduit
foundation level which were shown by exposures in
this trench and in a number of short exploratory
trenches in the bank te be in thin extensive layers
of soft very weak clay which were almost horizon-
tal, in a dark clay seam overlying a weathered
basalt sill. Tlattening the slope to 1 on 3
removed disturbed material and prevented further
movement, and condult construction proceeded.

129

The discovery of these seams showed how incom-
plete our knowledge of the foundatlon was, and when
a brief investigation revealed other seams the sit-
uation was reviewed. As the low strength seams
would have a major effect on dam stability, the
nature, extent and properties of the seams would
have to be investigated and any other foundation
defects found, and the embankment design would need
to be modified. Construction should proceed if at
all possible while investigatilons and design mod-
ifications were being made,

To assist in investigations, to provide the
geologlcal expertise which the Commission at that
time lacked, and to give engineering advice, a
consulting firm experienced in foundations was en-
gaged. Throughout the protracted investigation,
information and opinions on interpretation and
design significance were exchanged between consult-
ant's and Commission staff. In the few areas where
differences in opinion were not resclved, this
paper presents the views finally adopted and acted
upon by the designers.

3 FIELD INVESTIGATIONS

Preliminary investigations suggested, and
later ones confirmed, that foundation strength is
controlled by surfaces of wvery low shear strength
occurring within some clay seams, and most work was
concentrated on establishing the location and ex-
tent of these surfaces and finding the shearing
strength along them.

The most important Information was obtained by
studying and obtaining undisturbed samples from the
gurfaces where these were exposed on the abutments
by foundation preparation, and in backhoe trenches.
Numerous soft clay seams were found in the clay
shales, and within some were surfaces of great ex-
tent parallel to the stream, showing clear evidence
of considerable movement in the cross-stream diz-
ection - probably sufficlent to reduce strength to
residual. Tor the distance into the bank which
could be studied the slip surfaces showed no irreg-
ularities which would increase effective shear
strength in the cross-stream direction, but in the
direction parallel to the stream irregularitieg
exigted which were estimated to add at least 2 to
the effective stremgth. The slip surfaces were
very inconspicuous until prepared for clese inspec-
tion, but were often found in clay strata distinct-
ive in appearance, often associated with dark car-
bonaceous shales, and often close to basalt sills.
This provided a uwseful, though not infallible,
gulde in finding slip surfaces.

Only one soft clay seam was found below the
stream bed, and this was studied and sampled where
exposed by the slight dip of the strata, and in two



shafts. Though the seam was found to be wvery ex-
tensive, no evidence was detected to suggest any
shearing movement.

Diamond drill cores from both old and freshly
drilled holes were used to help determine extent,
strike and dip of seams detected at the surface.

It was rarely possible to detect actual slip sur-
faces in cores, even in the few cases when the
position could be accurately determined from nearby
surface indlcations., However, the stratum in which
a slip surface was detected at the surface could
usually be traced with certainty in diamond drill
cores. AsS no cases were found in surface exposures
of slip surfaces moving from one stratum to another
1t was assumed, though it could not be positively
established, that the slip surfaces extended in
from the surface within the clay seam unchanged in
properties, at least as far a8 was Important for
stability calculatiens.

The difficulty in finding slip surfaces, even
on stripped surfaces and in coves where they were
known to exist, explains why they were not known
and allowed for in the original design. However,
available information on reglonal geology, if found
at that time and read carefully, would probably
have alerted the deslgners to the poasibillities at
the correct time.

&4 GEQLOGY OF THE FOUNDATION

The geology of the immediate dam area is
shown in a somewhat idealised and simplified way in

Drainage of the clay seams will influence
foundation pore pressures. The basalt is jointed,
and the shales and sandstones fissured, joints and
fissures being sufficiently open te provide drain-
age. BSome settlement of the foundation was expected
under dam loading, mostly during constructlon, with
a possible reduction In permeability of the sedi-
mentary rocks,

5 TESTING I'OR SHEAR STRENGTH

Laboratory testing consisted mainly of direct
shear tests on 51 mm samples, at rates slow enough
to avoid pore pressure generatlon. Tests on
samples from the abutments were usually run in the
direction of slip shown by striations, and indie-
ated a residual strength of 8°. At commencement of
testing the slip surfaces were already at or very
close to residual strength, Limited testing across
the striations confilrmed the same residual strength
of Bo, which was adopted for analysis.

Testing of the seam helow thg creekobed gave
peak and regidual strengths of 13~ and 9 respect-
ively, and showed that very substantial shearing
movement was needed to reach residual stremgth.

No pre-existing slip planesg had been detected in
the seam, so a value of 13° was adopted for design.

6 EMBANKMENT DESIGN
(a) Design Procedure.

To facilitate continuing with conatruction of
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Fig. 1 Cross—sectlon of foundations

the cross-section shown in Fig. 1.

The slip surfaces shown are diagrammatic only
to indicate their known and assumed characteristics
and their importance in considering dam stability.
For the purposes of design, 1t was assumed that
undetected slip surfaces could occur at any level,
but that they would be parallel to those known, and
would have a strength not lower than those tested.

The orientation of slip surfaces is of great
importance to design. From careful matching of
strata in surface exposurxes and cores, and from the
dip and strike seen over limited areas at the sur-
face, it was concluded that all strata are bedded
almost horizontally, striking parallel to the dam
axis and dipping upstream at approximately three
degrees.
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the dam during investigation and re-design, an
early declsion was made to retain the original
cross—-section of the main zoned ewbankment and
achieve stability by increasing the relatively in-
expensive weighting zones. The method of analysis
was an adaptation of the normal limit equilibrium
methods in which total shear strength under ulti-
mate conditions along selected possible failure
gurfaces 1s compared with shearing forces actually
developed along such surfaces, with the low
strength slip surfaces having a dominant role in
determining the fallure surfaces to be analysed,
as shown in Figure 2.

The method of analysis developed applies the
method of slices, and allows for the effect of
interslice shears. The shears used affect the
calculated position of the "pressure line" of



Potential Failure Surface

eighting
Zone
NS
7 5 } v

Fig. 2 Typical surface for analysis

normal forces across interslice faces, and are ad-
justed to cbtain a satisfactory pressure line.
The factor of safety is dependent on the interslice
shears adopted, but is not sensitive over the range
of values which give reasonable pressure lines.

The method is basically similar te the now
well~known Morgenstern and Price method, and com~
parative tests conducted after that method became
available to us gave similar results.

(b) Foundation Shear Strength

For analysing the deepest section 13° was
adopted for the effective friction angle @', this
being determined from tests on the clay seam under
the creek bed. For slip surfaces in the abutments
the residual strength of 8% was increased to 10
to allow for the effect of irregularities, as de=
scribed in Section 3. However, Fig. 3 shows that
a failure would necessitate shearing through rock
between adjacent slip surfaces. As a three~
dimensional analysis would be impossibly complic-
ated, allowing for this effect by modifying @' for
use in the two-dimensional analysis is a realistic
alternative.

3laverage)

Slip Surtaces

Typical Failure
Surface

Fig. 3 Failure surface on abutment

Fig. 3 shows that the minimum ratio of
length of fallure surface through the rock to that
through the seam 1s 0.33. Adopting a ratioc of
horizontal stress to vertical stress within the
foundation of 0.6, and 2 ¢' for the rock of 20°,
it iz seen that for a vertical force of P on the
slip surface the normal force on the vertical
plane in rock is 0.6 x 0.33 P or 0,2 P, and the
total shear resistance is P tan 10° + 0.2 P tan
20° = 0.25 P. The value of @' required to give a
shear resistance of 0.25 times the normal force is

14°, but 13° was adopted for the stability analysis.

(c) Pore Pressuras

Pore pressures in the core and the glip surf-
aces are particularly important in the stability
analysis. TFor steady seepage and drawdown analy-
ses, core pore pressures were conventlonally

determined. For the steady seepage case, it was
assumed that drainage provided by the rockfill zone
and drilled foundation drains would prevent seepage
from the reservoir from affecting pore pressure in
the dowmstream slip suxrface, taken as being hydro-
static pressure with the water table at the natural
surface. Effective connection to the reservoir was
assumed for the upstream slip surface, and pore
pressure was taken as hydrestatic pressure due to
the reservoir.

Weighting zone configurations designed to sat-
isfy steady seepage and drawdowvn requirements were
checked for end of comstruction factor of safety,
Core pore pressure was determined by assuming a B
value of 0,6 in a core placed wet of optimum, and
even to achieve a factor of safety of oaly 1.10,
pore pressure on the slip surface had to be very
low, corresponding to a B of only 0.04 for the
section founded at El. 166.2, and about 0.10 for
that founded at El. 173.8, Because it was consid-
eved that drainage to the jointed basalts and
shales could keep pore pressures low, construction
was allowed to proceed, but pore pressure measure-
ments were taken regularly in the core and seams
as discussed more fully later, to provide a basis
for predicting ultimate pore pressure and for
stability checks.

{d)adopted Design

The cross-section shown in Fig. 4 is that for
the maximum section. The weighting zone herm
widths and batters wetre maintalned constant over
the width of the dam, but the berms sloped upwards
as foundation levels rose up the abutment, finally
rising to El. 207.26 to join the natural surface.
Fig, & shows also some of the drainage provisions
intended to emsure that the foundation pore
pressures would not exceed the design values.

Tactors of safety determined during design
are shown in Table 1.

TABLE I

FACTORS OF SAFETY

Factors of safety
for foundation levels

Type of Failure

E1l. 166.2|Ei. 173.8{El. 182.9

Steady seepage 1.44 1.42 1,42
Rapid drawdown 1.20 1.19 1.19
End of construction| 1.10% 1.10% -

% See section 6 (c) for pore pressure conditions.

They are lower than are commonly accepted, but
are regarded as acceptable because:

(1) the foundations were ultimately investigated
more thoroughly than is common, removing much
of the usual uncertainty about the actual
strength and conditions;

(11) adopted shear strengths are regarded as being
alightly conservative;

(111) the instrumentation discussed Iin Section 7
1s sufficiently comprehensive to allow dam
performance to be monitored closely, both
during and after construction;
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(iv)large capacity outlets will allow rapid lower-
ing of the reservoir if desired.

7 LAYOUT ANRD PERFORMANCE OF INSTRUMENTS IN DAM

Compared with the instrumentation provided for
other Commission dams of a comparable size, that
for Marocon 1s unusually complete, and it played an
important role during the design and censtruction
of the dam. TFig. 4 shows the typical location of
instruments.

The importance of pore pressures to dam stabil:
ity has been mentioned. To measure them, 55 hy-
draulic and 10 electric plezometers were installed,
17 in the core, with most of the remainder in the
foundatlons. The piezometers in the foundations
are intended to measure pore pressure on the slip
planes. They were installed in NX diamond drill
holes which had been cored to locate the slip
planes, or more usually the seams containing them.
Each plezometer tip is installed in a sand envelope
cccupying about 300 mm of the hole, not onrly inter-
secting the slip surface and all or part of the
clay seam, dut often extending into the adjoining
figsured and therefore better drained shale. The
pressure read is therefore probably that in the ad-
jacent material. The assumption made that the
pressure on the slip surface is the same is reason-
able in view of the small thickness of the clay
seam and of the slow rate of loading and possible
movement, but 1t is not proved. Some uncertainty
therefore exists in a factor which has considerable
influence on stabllity. In operation, the hydraul-
ic piezometers have generally performed rellably
despite some de—airing preblems, but electric
plezometers were generally less satisfactory.

Calculated factors of safety are subject to
error through uncertainty in assumed or measured
pore pressures, soll properties, and the method of
calculation. Because the calculated factor of saf-
ety 1s low and its accuracy uncertain, inclinometer
installations were provided as a further independ-
ent check on dam performance. Within each of the
six casings extending into the foundations below
the expected limit of movement, regular readings
are taken at 0.5 m intervals with an inclinometer s
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supplied by Soil Instruments Led., allowing horilz-
ontal movements to be found at all levels in the
dam and foundation, and excessive movements to be
detected. The embankment nalysis did not provide
information about expected movements, but the abil-
ity to measure movement along slip surfaces or
detect any abnormal extent or rate of movement at
any polnt is useful, and the absence of any such
abnormalities would be reassuring.

Inclinometer performance has been disappoint-
ing, failures in the equipment causing the loss of
most readings during the important period late in
the construction and for some time after completion,
in spite of co-operation by the manufacturer in
attempting to rectify the problems. At other times
the instrument served its purpose in indicating
movements with sufficient accuracy.

Electric settlement gauges installed at 3
locations have functlioned satisfactorily, allowing
settlements to be measured at 1% m vertical inter-
vals and consolldation calculated. Surface settle-
ment points at 47 locations on the finished embank-
ment allew surface movements, both vertical and
horizontal, to be determined perlodically by accur-
ate surveylng, and supplement the inclinometers as
a means of detecting dam movement. Two points were
moved by accident during constructionm, but other-
wise the only limitation on performance is the
accuracy of the surveys.

Finally, provision exists for measuring leak-
age Into the drilled foundation drains by piping
flows through 6 pipe outlets to V-notch weirs at
the downstream face.

8 INSTRUMENT RESULTS AND THEIR APPLICATION

In Section 6 the importance of pore pressure
to dam stability was emphasised, and plezometers
have provided information for checking stability
during construction and since completion. Regular
readings during construction provided the current
pressures, and from the response to superimposed
load end of construction values were predicted, a
simplified pattern of pere pressures adopted, and
stability calculated. Table 2 shows predicted
values for the completed embankment for some core
and foundation piezometers, and actual measured
values since completion in June, 1973.



TABLE IT

PREDICTED AND ACTUAL PIEZOMETRIC LEVELS

Piezometer Piezometric Levels for
Number Completed Embankment (m)
Predicted Actual
lAug. [Oct. |Feb. [Jun. |Now. [Oct.
‘72 Y72 73 {'73 ('713 |'74
1(2 similar) {178.0|178.5|180.5[176.0(181,5]192.5
3 179.0|178.0(177.0|176.0|178.5|187.5
4 177.5[178.0(175.5|176.0}176.5(184.C
5 180.5{177.0(174.0|174,01175.5{176.5
7(6 and 8) 175.0|174.5|174.0|173.0]173.5(174.5
(similar)
12 218,5|215.5(214,0|215.0{214.5|215.0
13(14 similar)241.01239.5(227.0|223.5|223,0(222,0
15 215.5|212.0(210.5|210.5(209.5(206.0
16(17 similax)|226.0{217.5(213.0/214.0|212.01213.0
18 214,5/201,5(204,0§204.5|204.5203.5
19 - {211.0201.0§200.5(201.04{205.0
20(21 similax)] - |218.0}208.0|206.0}208.5|210.0
22 - [215.5§213.0(214.0)215.0(215.0
Embankment
Fill Level 197.0/199.54{213.5|22@.0220.0|220,0
Storage Level | - - 179.0{179.01187.0|204,0

The poxe pressure response in the lower part
of the embankment where molsture contents higher
than the specified target of optimum + 1% are
suspected Indicated B values up to 0.75, with 0.3
to 0.45 common at higher levels. This resulted in
core pore pressures higher than designed for, and
though foundation pressures remalned low, factor of
safety based on early predictions of end of con-
struction conditions fell to 1.02, but rose for
later predictions, and actual measurements after
completion gave a value of 1.23. Since completien,
foundation pore pressures upstream have responded
to rising reservoir level, but downstream there has
been little change. Low permeability has resulted
in very slow pore pressure dissipation and change
towards steady seepage conditions in the core, so
the factor of safety is unacceptably low for a full
storage, and full supply level has been temporarily
reduced six metres, which still allows sufficlent
storage for present drrigation needs.

When construction was 15 m below crest level
concern over pore pressures caused us to consider
limiting the rate of construction, but this was
made unnecessary when shortage of funds slowed
construction, The slow rate of pore pressure re-
duction experienced since completion suggests, how-
ever, that the fallure to reach predicted pore
pressures was due to over-estimating the effect on
vertical pressures of adding relatively small vol-
umes of £ill at the upper levels, rather than to
pore pressure dissipation.

The maximum horizontal displacements indic-
ated by the inclinometers up to November, 1974,
have been 30 me in the foundaticns and 80 mm In the
embankment. Surface settlement points have shown
no movements greater than 50 mm, except for the
two moved by accident, and most have been below
25 mm. HNedther method of indicating horizental
displacement suggests any abnormal behaviour, and
they confirm embankment stability.

Readings from electric settlement gauges show
foundation settlements of up to 200 mm in the river

bed. Settlements in the embankment are following
a normal pattern, with a maximum conselidation in
the core of about 5% up to the present, which is
about 1% below laboratory values for the same
vertical pressure.

Foundation leskage varies with reservoir
level, and totalled 6 1l/s in November, 1974, with
the reservoir about 6 m below desipgned full supply
level.

9 CONCLUSIONS

A number of conclusions are suggested by
experience at Maroon Dam.

(a) It is necessary at the start of site invest-—
igation to seek out and study any available
reports on regional geclogy to help with an undexr-

standing of the immediate dam area and to draw
attention to aspects of the geology which could
influence the dam design and comstruction. A
study of surface geology of the area within several
kilometres of the dam can supplement, or if
necessary replace, this study of published
information.

(b) Careful field and laboratory investigations
of inconsplcucus foundation defects take a long
time, and are obviously better made before design
rather than during construction. It is also
poasible that the presence of such defects will
increase the cost so greatly that an early aware-
ness of their presence and significance may in-
fluence the decision on constructing a dam at that
site. Adequate investigation of foundations
should commence at the eaxliest possible time.

(¢) When unusual foundation conditions exist the
design method must be adapted to make proper
allowance for them. In some circumstances comsid-
erable benefit is obtained by making allowance by
some means for the effect on stability of three-
dimensional actlon, even at a site where top-
ography would not normally suggest such congider~
ations to be worth while.

(d) Instrumentation can be used with advantage to
allow less conservative assumptions than usual to
be made, especially for construction pore
pressures, as actual conditions can be monitored.
Means must be available to overcome any problems
detected, and this could involve changing con-—
struction rate or techniques, modifying design or
material specifications, or control of reservolr
£i1ling. Though appropriate provisions may be
ineluded in contract documents, the benefits are
greatest if the flexibility of day labour work is
available. Even in more normal cilrcumstances than
those at Maroon, if end of constructlon stability
seems likely to influence the dam design, or
foundation pore pressures can greatly affect stab-
ility, a provieional plan to improve coenditicns,
and suitable instrumentation to show 1f such
improvements become necessary may be cheaper and
more effective than over-conservative design.
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