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1 THTRODUCTION

The extraordinary physilcal properlties of =zoils of
voleanic origin were significant in the construc-~
tion of a 3.3 km earthlined headworks canal for the
20 MW Ruahihi hydro-electric power project. The
scheme is the final stage of hydro-electric develop-
ment on the Wairoa River for the Tauranga Joint Gen-
eration Committee.

Soils at the site were found to have high natural
watey content, high plasticity, high sensitvivity
and low bulk density. These physical properties
gave rise to problems during earthworks construc~
tioni namely, difficulties in excavation and com-
paction. These problems have sinece been attributed
to the presence of the clay mineral allophane; simi-
lay difficulties have been reported by Northey and
Schafer (1974). Perhaps the most perplexing proper—
ty is that the solls undergo irreversible changes on
drying. Hence compaction control values were found

to be dependent on the treatment of the soils before
testing.

~This paper describes the engineering characteristics
of the soils encountered at the site and the work
carried out to establish parameters for cempactiocn
control. A range of laboratory tests were carried
out to investigate the effects of pre-treatmont of
the soils encountered,

2 THE CANAL

The canal passes through rugged topography, travers-
ing ridges and deeply incised river gorges necessi-
tating cuts of 40 m depth and embankments of up to
15 m in height. At the downstream end, the canal

is constructed on the top of a narrow ridge and
styuctural f£ills are required on either side for
stability. The canal is 8 m deep with 1 on 2 side
slopes {(in both cut and £ills) and has a 4.5 m wide
invert. The flow under maximum operating conditions
Is 28 cumecs. EFarthwerks design required the utlili-
sation of all 2 million eubic melres of cut materi-
al,

3 GEOLOGICAL SETTING

The dominant feature of the project area is =z

broad plateau (the north-western margin of the
Mamaku Plateau) that has been deeply incised by the
Wairoa River and its tributaries. The ignimbrite
forming the basement in Lhe vegion is the middle
Pleistocene Waiteariki Ignimbrite. Overlying the
ignimbrite is a massive grey pumice breccla. This
pyroclastic flow material was extensively eroded
and redeposited within small lakes and vrivers giv—
ing rvisc to highly varfable and discontinuous lacu-
strine/alluvial sedimentary units. A further fguim-
brite flow overlying the pumice breccia has been
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deeply weathered into a crear to reddish-browm
silty elay. The present topography manties the
upper surface of these deposits.

Two sequences of volcanic tephras form a covering
deposit 2 - 4 m thick, cver the whole region. The
older tephras are the higily-weathered andesite
Hamilton ash beds (approx. 0.3 my) while the young-
er tephras range in age fro. 41,000 years (Rotoehu
Ash) teo the present.

4 WEATHERING OF ALLOPHANE 5ulL3

Allophane soils are products of weathering of par-—
ent volcanie material. Fieldes 71966) has shown
that the gceurrence of allephane in soils is fav-
oured by conditions that lead to the formation and
persistence of random struetural hydrous alumno-
silirates such as:

i) Weathering of besic sillcate materilal.

il) Weathering of glaszes in rhyolltic and
andesitic voleanic ashes.

11i) Weathering of feldspars.

This weathering produces disordered structures with
no discernible regular arrangement. The materials
known collectively as allophanes appear under X-Ray
diffraction as disordered fluffy formless substances
termed geis.

Fieldes (1966) and Fieldes and Furkert (1966) state
that the properties of these gels depend upon the
sxtent to which dehydration has progressed. In
their hydrous condition the a2llophane consists of
gel-like fragments of ajumnosilicates held together
by random eross-linking at a small number of peoints.
Large amounts of water are often enclosed in the
open structure and these allophanic substances are
termined hydrogels. Upon dehydration progressive
isometric shrinkage occurs as ilncreasing condensa-
tion and eross—linking Teads to more compuct sbruc-—
Lures termed xerogeis.  This process s larpely
Lrreversible and alr drying of these [ine gratned
cohesive soils tends to produce non-plastic sllty
sonds. The effect of this irreversible drying is
discussed further in Sectioms 5 and 6. K

Fieldes and Furkert (1966) veport great differences
in the physical properties of allophane solls that
are permanently wet and theose which have been dried.
This is very marked at the Ruahihi site where the
surface ash iz more friable due to periodic wetting
and drying while the lower ignimbrites, which are
permanently beneath the ground water level, exhibit
a characteristiec greasy consistency due to the
presence of hydrogels.

Mineralogical analyses have been undertaken by the
Geological Survey of the DSIR on typical samples of



both soils (see Table 1). The absence of recognisa-—
ble volcanic glass in samples P26 and P27 is probab-
ly the result of more intense weathering of these
soils and 1s consistent with the relative gquantities
of allophane and halloysite present. Fieldes {1935)
distinguishes between the wvarious forms of allophane
and indicates that with increasing age clays derdiv~
ed from the weathering of parent volcanic material
pass through a typical sequence allophane B -
allophane AB ~+ allophane A + meta-halloysite -
kaolinite. This mechanism is consistent with the
data contained in Table 1. Other minerals recorded
in small amounts were quartz, plagloclase feldspar,
cristobalite, illite and gibbsite.

TABLE 1

MINERALOGICAL ANALYSILS

Sample Glass Allophane| Halloysite
P17 Ash Present Abundant Minor
P18 Ash Present Abundant Minoyr
P20 WI Present Abundant Hinor
P26 WI* - Abundant Common
P27 WI - Common Abundant
*Weathered Ignimbrite
5 CLASSIFICATION TESTS

5.1 Atterberg Limits

A number of Atterberg Limlt tests have been perform-
ed on soils recovered during the preliminary inves-
tigaticns and subsequently during construction

(see Table 2). These tests were performed on mater—
ials which had not been subjected to drying before
testing and the data relate only to samples on
which Liquld and plastiec limit tests were performed.
Many other water content tests have been performed
and values in the ash as high as 221% have been
measured.

TABLE 2

ATTERBERG LIMIT VALUES

Material Index Average Range
w (%} 63 45-~85
LL (%) 85 64-115

Brown Ash PL (%) 67 42-97
PI 18 7=-37

< 75 ym (%) 56 32-84
w é%g 86 36-240
LL{% 83 54-170
Heathered PL(%) 68 31-130
& PI 15 2-57
<75 mm (%) 58 45~72

Note: w = natural water content
5.2 ~ Presence of Allophane

The test for presence of allophane as described in
Test 13 NZS 4402P Pt 1: 1976 has been carried out
on a number of samples. In general the test re~
sults Indicate that few samples contain less than
5% allophane, while approximately equal numbers of
tests show allophane contents in the range 5% - 7%
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or exceeding 7%.
5.3 Particle Size Distribution

A nunmbeyr of wet sieve tests were carried out accord
ing to Test 9A of NZS 44027 Pt 1: 1976 vo investi~
gate the effect of pre-treatment by drying back
from the natural water content. Samples were wash-
ed through a nest of sieves down to the 63 um sileve.
For this comparative work the hydrometer test was
not carried out.

Test results presented in Figure 1 show a marked
change in particle size distribution depending upen
whether the soils have been maintained at their
natural water content before testing or pre-treated
by drying.
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6 COMPACTION CHARACTERISTICS

The physical propertiles of the in-gitu soils have
been described briefly in the preceding sections.
in essence, the solls exist at relatively high
water contents with high void ratios and low bulk
densities.

Substantial drying of the soils is necessary to
produce satisfactory earthfill materials. Table 3
presents average data compilled from laboratory
compaction testing during construction. The ash
had to be dried fyrom an average water content of
63% to an optimum value of 46% while the weathered
ignimbrite from 96X to 52% to achieve maximum dxy
densities of 1.0% and 1.06 tonnes/m> respectively.

The characteristic irreversible changes brought
about by drying the allophane soils were signifi-
cant in establishing the compaction properties of
the solls at Ruahihi. Test results were found to
be very dependent on the pre-trveatment of the soils.
In many cases, if specimens for compaction testing
were prepared by drying back from thelr natural
water contents, an ill-defined relationship be~
tween water content and maximum dry density was
found with no clearly defined optimum water content



TABLE 3

S0il Type Property Average Range
. w (%) 63 36-123
Joleante pq (t/m%) 1.09 | 0.83-1.55
oWC (%) 46 23-66
w (2 96 33-178
?Zizgﬁiife pd (£/m) 1.06 | 0.72-1.42
. OWC (%) 52 32-88
W = Natural water content
Pd = Maximum dry density
OWC = Optimum water content
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FIG. 2. SAMPLE P18: COMPACTION

Froat (1967) has reviewed the behaviour of a waber
of tropical solls and examined the behaviour of
some soils found in Papua New Guinea. His work
showed that soils containing allophane, halloysite
and gibbsite, exhibit irreversible changes in nor-
mal air drying which can significantly affect the
engineering properties of the soils.

The same trends have been observed in the ash and
igninbrite soils found at Ruahihi. In one particu-
lar case (shown graphically in Figure 4), thres
samples were allowed to partially dry in the field
during earthworks operations. Sampie E was then
subjected to complete air drying in the laboratory
before preparation of specimens by wertiag up and
curing. Samples F and G were prepared by uwetting
up from the partially dry state. Sample E,which
has been air dried, shows a significantly higher
meximum dry density and lower cptimum water content
than samples F or G.

as shown in Figure 2.

Wesley (1973) reported ithat optimum water contents
of two allophane soils found in Indonesia were not
well defined if the seils were prepared in this
marmer. He also showed that if the soils were air
dried to various water contents and then prepared
for compaction by wetting up from those intermedi-
ate values, any value of optimum water content and
maxlnum dry denslty could be obtalned. An [1lus-
tration of Wesley's data is glven (n Figure 3 where
decreasing initial water contents result in decrea-
sing eptimum water contents and increasing maximum
Zryv densities. : :
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FIG. 3: COMPACTION CURVES FOR
ALLOPHANE SOILS (from WESLEY 1979}
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Further studies were undertaken to investigatz tha
cffects of dryling and curing In the pro-iprestment
of soll for compactlen testlng. The deylag edreer |
described above was investigated by romparing pre-
treatments according to two standard rest nethods,
The draft New Zealand Standard {DZ &4&GIP Fr. 2:1978,
Tests 14 and 15) precludes a drving and wettiung
cycle prior to compaction. This Ig in recogrition
of the changes allophane soils can undsigo when
subjected to cyclic drying and wetuing. In this
standard test method specimens ate prepsred by dry-
ing back or wetting up from the "zt raceived" water
content with ne other ryclic chaiages in water con-
tent. ‘Ihis method is referred to hereafter as the
drying back method.
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On the other hand Test 12 of BS 1377: 1975 allows
complete air drying of the soil in certain circum-
stances and the specimens are further prepared by
wetting up to the required water contents. This
method 1s referred to hereafter as the air drying
method.

Figure 5 presents data from compaction tests on
sample P29, a weathered ignimbrite. Compaction
tests using the 2.5 kg vammer have been carried

out using both the drying back and alr drying meth-
ods. The effects of curing have also heen investi-
gated. Samples H and I were prepared by drying
back. Sample B was compacted immedlately after
drying, whilst sample I was c¢ured for 24 hours
after drying before compaction. The difference
between the two curves is negligible and s to be
expected as the drying process in this case was
slow and curing took place essentially as the sam-
ple was drying.
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FIG 5: SAMPLE P 2%: COMPACTION

Further tests were carried out by complete air dry-
ing, wetting up and then compacting immediately or
curing prior to compaction. The resulting curves
labelled J and K in Figure 5 show the non-cured
specimens, J,gave a substantially higher dry den-
sity and lower optimum water centent than the

cured specimens, K,

Figure 5 also shows the curve L, for specimens pre-
pared by drying back from the natural water content
and compacting with the 4.5 kg rammer without cur-
ing. The increased energy of compaction is reflec-
ted in & higher maximum dry density and lower opti-
mum water content than specimens prepared in the
same manner but compacted according to the 2.5 kg
ryammey method.

Similar series of tests carried out on sample P38
are shown in Figure 6 and the trends above are
again evident.
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Rammer
Curve Mgss Pretreatment
g
M 245 Orylng back, nof cured
N 2.5 Air drying, cured
G 25 Alr drying, not cured
P 4.5 Drying back, not cured
1420
]
1E
Lol
l&
-ﬂ140—
1 &
[
[~
bl
S
1:00
050
20 30 40 50 60
Water Content (%}
FIG. 6: SAMPLE P 38 COMPACTION
7 COMPACTION CONTROL

The most widely used and accepted method of earth-
£111 compacticn centrol is based on the comparison
of the dry density and water content of the field
compacted soil with the laboratory determined valuea
of maximum dry density and optimum water content.

A certain proportion of the maximum dry density

must be achieved in the f£ill and the water content
of the soil must lie within a specifled range,

which usually encompasses the optimum water content.

The main shortcomings cof such a method for use in
highly variable solls is that each time a new soil
type is exposed in the cut or borrow area, a new
laboratory compaction curve must be obtained, which
could result in unacceptable time delays in the
earth works.

Other methods of compaction control were considered
at the time the earthworks specification was pre=
pared. Control based on minimum shear strength and
maximum alr voids criteria such as reported by
Pickens (1978) has certain advantages. Perhaps the
maln advantage of the method is that even in soils
of variable compaction characteristics the need to
establish compaction curves for each material type
is eliminated. The air velds determination depends
mainly on the field dry density and is Insensitive
to small variations in the solid density of soil
particles.

This latter parameter was assessed during investi-
gations and is checked from time to time during
censtruction. At Ruahihi however, even values of
solid density of soil particles were found to vary
widely. This would have necessitated providing new
values of solid density of soll particles for each
scll type and hence the advantage of the method
over the conventilonal dry density/water content
method of coatrol would have been largely negated.




A contrel methed based on the 'compastion ratio',
vhere field densities are compared with the labora-
tory density of the soil compacted at the £ield
water content (an attempt to negate the irrevers-—
ible changes on drying) was rejected because of 1ts
lack of general acceptance.

The specification for compacticn control of the
earthworks contracts at Ruahlhi was written to BS
1377: 1967, as the draft New Zealand Standard (DZ
4602: Part II: 1978) was not published at that
stage. Preliminary compaction testing of the soils
adhered strictly to Test 11 BS 1377: 1967. To ob-
tain consistent results the following procedures
were adhered to as allowed with the BS test method:

a) the soil was air-dried to zero water content;

b) sub-samples for compaction testing were wet
up to the required water contents;

c) sub-samples were cured for a minimum of 16
hours prior to testing;

4) the soil was not re-uscd;

e) . at least 300 g wmass of each compacted speci-
men was taken for water content determina-~
ticn.

This practice has been adhered to for all construc—
tion phase testing. It is recognised that the air
drying method (not allowed by Test 14, DZ 4402,

Pt. 2: 1978) changes many of the physical proper-
ties of the soil, but it is considered that this
change is somewhat irrvelevant to the question of
compaction control as the laboratory testing merely
sets the standard against which values achieved in
the earthfill are compared. In addition, the val-
ues of maximum dry density and optimum water con~
tent achieved by the air drying wmethod are conser—
vative when compared with values obtained by drying
back.

8 CONCLUSTONS

The treeversible changes allophane sells undergo on
drving frem their natural water contents were sig-
nificant in establishing the compaction properties
of volcaniec soils encountered at a site in the Bay
of Plenty. In many cases if specimens for compac-
tion resting were prepared by drying back or wet-
ting up from the natural water content, an ill-
defined relationship between water content and max-
imum dry density was found with no clearly defined
optimum water content.

To overcome this problem, and to establish unigue
values for compaction control, specimens were pre—
pared for compaction testing by complete air drying
prior to wetting up and curing.before compaction.
1t has been shown that air drying to intermediate
water contents, between the natural and air dried
states, results in a range of compaction curves
lying under the zero air voids line with no clearly
defined maximum dry density or optimum water con-—
tent.

The rethaed evolved for determination of the .y
densitv/water content relationship at the Ruahihi
site is as follows:

- air dry soil completely and pass threugh
19 mm sieve;

- wet up to range of desired water contents
and cure for 16 hours minimum in sealéd con-
cainers;

- compact without re-using the soil.

It was found that the most practical method of com-
paction control was the comparison of water contents
and dry densities of the field compacted soil {using
the core cutter method)with laboratory determined
values of maximum dry density and optimum water con-
tent. The main shortcoming of this method is the
time delay in proparing n compactlon curve when uew
soils are cxposcd (o borrow nreas.  llowever, by
maintaining closc control on carthworks eperations
it has been possible to foresee changes In materfal
types in sufficient time to avoid delays in obtain-
ing control values from the laboratory.
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