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THE INTERPRETATION OF CPT DATA FROM HYDRAULICALLY PLACED PFA.
By
D.l. Stewart, T.W. Couserfs and C.A. Charles-Craz

ABSTRACT
Cone penetration test (CPT) results on anyey old, hydraulically placed pulverised fuel ash
(PFA) deposit are reported, along with tesults of oedometer compression tests on
‘undisturbed’ specimens recovered duringghte investigation and resedimented PFA
samples. The latter showed that aged B&A undergo significaisiecondary compression.
The correlation between volume comgsiility and cone resistance,¥/(a.qc), is fitted to
compressibility data from undisturbed samples to determin€he resulting CPT
compressibility profile shows good agreemeithwompressibility trends for aged PFA
estimated from the tests on resedimented #sh.therefore recommended that a valueiet1
should be used for normally consolidated, agEé. The danger of biased sampling in very
loose non-cohesive materials and the needédpth profiling by in-situ measurement are

highlighted.

INTRODUCTION

Pulverised fuel ash (PFA) is a by-product of ¢bal fired generation adlectricity. In the UK
this has historically been the main sourcéhefgeneration of electrigiand so very large
guantities of PFA have been produced. PFAfiseaparticulate solichow usually collected by
electrostatic precipitation from the combustiarefgases. Fly ash particles are typically
spherical, ranging in diameter fromgth to 15Qum (the type of dust collection system used

largely determines the range of particle siz&4)e chemical composition of the PFA depends
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on the types and relative amountsrafombustible matter in the coal used but, for example, a
typical ash produced in Yorkshire, UK, frdotal bituminous coal is about 50% $jQ5%

Al,0O3 and 10% FgD3;. Calcium, magnesium and psstum compounds and carbon make up
most of the remainder (Yorkshire ash typicalbntains 2-3% carbon)Owing to the rapid
cooling of burned coal in power stations, PFsists primarily of non-crystalline particles or
glasses (about 80%), and only a small amountystalline material (Cabrera et al., 1986;

Helmuth, 1987).

Some PFA is used as a secondary materiagXample as a replacement for cement or as bulk
fill, but much has been disposed of by prodgca water based slurry which is pumped to fill
voids, for example old open-cast mine workingsuteng in a sedimented fill within the void.
Where the void is water filled, pluviation of fine particles can result in a very loose material
with a high water content, especially for pdegcsuch as PFA where the specific gravity can
be relatively low (typically it is in the range 1®2.6; Cabrera et all986; Joshi and Lohtia,
1997). The behaviour of such unusual very safirsents is of interest both academically and

more generally because the PFA filled lagoons have development potential.

To exploit the development potential of PFAmtisal sites, it is necessary to determine the
geotechnical properties of the hydieally placed PFA. Howevett is the authors’ experience
that it is generally very difficult to takendisturbed samples of hydraulically placed PFA
because any disturbance (including stress religtfeabottom of a cased borehole) can lead to
strength loss in loose non-cohesive depositsjrastdbility of the basef any borehole. Where
the PFA is very loose it is impossible to reepeven notionally undisturbed samples. Thus,
unless an in-situ method has been used to metmireaterial propertiethere is a danger that

the results of the laboratory test programnilebe biased towards the zones within the PFA



that could be sampled (i.e. predominantly frismmer layers), which may give an unrealistic
picture of its geotechnical propes. As other in-situ tesiy methods have their draw-backs
and difficulties (for example the pressureméseexpensive to deploy and measures soil
properties only in the horizontal plane which t&@misleading if the material is anisotropic),
the relatively low costs and ease of use makectine penetration test (CPT) a very attractive

method for testing very loose hydraulically placed PFA.

A major site investigation hdseen carried out on a 50m deepA disposal lagoon in West
Yorkshire to determine its gability for redevelopment as a landfill site. During this
investigation the CPT was extensively used, pdnigause it represented an economical way of
determining the depth of the PFA (the boundaetween the hydraulically placed PFA and the
underlying coal measures produced a sharp csintradhe CPT output), and also because in-
situ tests were the only way to estimatedhetechnical propertiesf the PFA where it was

very loose.

The CPT is not ideally suited to the relialgstimation of the eopressibility of low

permeability soils (De Ruiter, 1982; Lunne et 8897). However, empirical correlations with
cone resistance have been developed that gigbroximate values of volume compressibility
(Senneset et al., 1982; Robertson and Carljzari983a &1983b; Meigh, 1987; Lunne et al.,
1997). The difficulty with such correlationstisat soil deformationsvhich around the cone

tip are similar to those caused by hemisphegealty expansion, are primarily the result of
shear strains. Indeed, in saturated low permeabiilg, the rate of cone advance is such that
there is insufficient time for drainage and th& deforms at constant Wame. Thus, empirical
correlations that determine volencompressibility from cone sestance rely on there being a

correlation between yrand other soil parameters such asasistrength and shear stiffness. As



with any empirical correlation, is therefore essential thatropressibility correlations be
calibrated for the particular sdipe. Lunne et al. (1997) dorther and suggest that site

specific correlations be develap® give greater reliability tthe compressibility correlation.

This paper is about the interpretation of CPT redtoi® this investigation. A total of thirteen
CPT probes were conducted on the PFA depasit samples of PFA were recovered from the
site. PFA recovered from the site was re-sedited and then consolidated in the laboratory,
replicating the stress history of the véwgse zone of PFA found on the site. The
compressibility measured for this vepoke resedimented PFA and that measured on
notionally undisturbed PFA samples recoverediffomer zones on site is compared with
compressibility values estimated from cdatmns with the CPT data. Values are
recommended for the constant in that corretatiThe work may also be of interest for
researchers and engineers wogkwith other very loose patilate systems, both natural

deposits and man-made, for example mine tailings.

THE SITE

Details of site have been reported by CousensSéedart (2003) but, brigf] the area of interest
is a 50m deep PFA disposal lagoon (lagoon 1fjcadht to a river. A large void was created
during the 1950s and 1960s by opencast coal mamagthe extraction of sand and gravel. This
was partially backfilled with colliery spadind embankments of the same material were
constructed to form a series of lagoons for Rigposal. PFA was pumped into lagoon 19 as a
water-based slurry, allowed to sediment, ancksx water was allowed to overflow a series of
weirs into the nearby river. During filling, lagod9 would have rapidly filled with water from
the slurry until the water levet the lagoon exceeded the rivevdg and thus the PFA would

have settled-out within a laegoody of essentially stationamater (the neighbouring lagoon was



still being operated in this mammiato the 1980s, with a water Idabout 3m above river level).
Once the PFA level reached the initial overfliewel, the overflow height would have been
raised incrementally using weir-boards on thelowutfstructure. During this stage of filling the
water and PFA levels will have been similaatmid impounding water. PFA disposal into
lagoon 19 took place from 1970 to 1994, with masturring during the early to mid 1970s,

none in the early 1980s, and adi 2-3m added before 1994.

GROUND INVESTIGATION

In July 1999 a ground investigati was carried out on the sitesdabed above to determine the
depth, variability, strength and compression charatics of the PFA. The main investigation

was performed by Norwest Holst Soil Engineering Limited, and consisted of five boreholes
advanced by cable percussieetiniques, with the collection bbth disturbed and undisturbed

samples for laboratory testing. As part of theestigation thirteen CPprobes were undertaken
by Fugro Limited. In addition, further butksturbed samples were taken in 2003 by the

University of Leeds so thatbaratory testing of resedimented samples could be undertaken.

DESCRIPTION OF THE PFA

Figure 1 shows the particle size distributioracfample taken from a depth of 14.5m in
borehole 1B, which was located near the centtbefagoon. The particze distributions of
most of the samples taken from the site were very similar to that shown in Figure 1, which
suggests that the PFA is relatiyeiniform over the site with 30% clay sized particles and 60-
80% silt sized. Occasional thin coarse layers were detected in the PFA, but their extent is
unknown although they appear tolmited. Scanning electron microscopy on the silt and clay
sized fraction of a near surface sample of PF@wshthat it consists primarily of very rounded,

almost spherical particles withzsis predominantly in the range 1:29 (see Figure 2). Some



micrographs also showed a weak open mékigure 2b) which probably represents unburned

carbon in the ash.

The local bituminous coals in Yorkshire usugllypduce Class F PFA (low calcium ash that
doesn’t self-harden) upon combustion (Cabegral., 1986). Helmut(iL987) categorises PFA
produced at the site in the eatly60’s as Class F. None of the PFA had exhibited any self-
hardening while in the lagoon confirming this cgigsation. In low-cleium ashes, complete
removal of carbon is rare. The measured spegrawvity of the PFA is 2.3, which is in the

middle of the range of 2.23 to 2.40 reported by Cabrera et al. (1986) from ashes produced by

burning local bituminous coals Workshire power stations.

The average liquid limit of the PFA was 46%n@a 38-56%) with an average plastic limit of
42% (range 32-54%). The average plasticidex was 4% with some samples showing no
plasticity. The PFA classifies as an inorganicwith slight plasticity. The in-situ moisture
content of the PFA showed argeal pattern of a central banath a very high moisture
content (55% to 78%) with lowealues above and below (38%44%). These values suggest
loose material, especially in the central bande ifhsitu bulk density igstimated as varying
between 1.54 and 1.66 Mginwhich correspond to void ratios of approximately 1.28 to 0.88
assuming full saturation, the foemvalues corresponding with the soft zone. A void ratio of
1.28 corresponds to a moisture content of 55%tatag#on, thus either thvery high moisture
content samples contained additional water froenbibrehole, or it was not possible to obtain a
sample sufficiently intact tobtain a bulk density from the velgose material. These voids
ratios are quite high; for example, in theéesded Casagrande soiaéskification system void
ratio values for silt at maximum dry densége given as less than 0.7 (Road Research

Laboratory, 1952).



METHODOLOGY

Cone Penetration Testing

The CPTs were made using twenty tonne ciéypagdraulic penetrometer equipment mounted
in a crawler ballasted to providereaction weight of about 1dnnes. A 7.5 tonne capacity
electric cone was used throughout, with a rateesfetration of approximately 2cm per second.
Load cells measured the cone end resistancéoaabside friction and # data were recorded

at 2cm depth intervals.

Oedometer Testing of Re-sedimented PFA

A series of one-dimensional compressionst@gtre conducted on PFA recovered from lagoon
19 and re-sedimented in the laboratory. A 70dmameter fixed ring oedometer was used with
top and bottom drainage. To avoid the neetidwe the specimen, with the inherent risk of
sample disturbance, sample preparation wasrtaida with the oedometer within the lever-

arm loading apparatus.

To replicate the very high void ratios deteredrfor the PFA deposit on site, and to reproduce
the primary feature of the depiien process on site, the sp@ens were prepared by water
pluviation. During sample preparation an exiensube made from acetate film and adhesive
tape was fitted to the water-bath. Only aalirhead of water wassed, and a perfectly
adequate water seal was achieved by ensargigse fit between the water bath and the
extension tube and by coatingtbontact surfacesith silicon grease. A second, slightly
shorter, extension tube made from acetate\iis close-fitted insidthe top of the oedometer
collar. An equal water level was establishefath the inner and osit tubes about 120 mm

above the oedometer cell, and approximately@@FA was sprinkled sivly into the inner



tube. The PFA had been air-dried, passed thra@mm sieve, and then disaggregated with
light pressure from the flat surface of a pdnife. Once the required amount of PFA had
been added, it was left to settle for at Iddmst after which only alight discolouration was
visible in the water in the inner tube. At tistsge the inner tube was carefully removed, the
water level was lowered to the top of the waiath, and the outer exteos tube was removed.

This technique resulted in a specimen of venske PFA initially just over 20 mm in height.

The top-cap, with a porous stone and filter pap@s placed very carefully on top of the
specimen and a seating load applied (the coaabstress due to the top-cap and seating load
was equivalent to 13 kPa). The sample lsadged in incrementypically of 13, 25, 52, 104,

208, 415, 832 and 1788 kPa to a maximum verticadswéabout 3.5 MPa. Each loading step
was monitored for a period 30 minutes, whiclsvi@nd experimentally to exceed the time for
90% consolidation for all loading incrementg (¥as found in the conventional way by plotting
the settlement againstime). After some loading increments the specimen was monitored for
up to 3 days to observe any secondary (eeg)y compression. Small stress increments were
used initially on reloadig after a creep period. Unloadingsaandertaken in two or three large
increments because the rebound was very smdlttee response was essentially instantaneous.
After unloading the specimen was extruded antddatght measured. After weighing, the whole
sample was oven dried so tlitatdry weight and moisture ntent could be determined.
Disturbance during extrusion meant that the sarmeight could not be determined accurately,
and the final void ratio of the specimen was determined from the final moisture content

(assuming that the specimen was fully saturated).



RESULTS

Cone Penetration Testing

Typical CPT data from the deeper part & thgoon are shown in figures 3, 4 and 5 (of the
three CPT shown, 4C was the northernmost and closest to, and 7C was the southernmost and
furthest from the PFA slurry input point). Ale tests clearly indicated the bottom of the PFA
deposit, and characterize the PFA as eithaarfglar” or “cohesivetiepending on the cone
resistance (g and friction ratio (R. Much of the PFA can be described as a very loose to
loose granular material or soft to firm colvesmaterial, although themare dense/firm zones
and inter-layering is common. Astiparticle size distribution dasiow little variation in the
silt sized PFA over the site, the \atrons in classification using @nd R must reflect variation
in density rather than compositi. Thus there are considerabépths of loose/soft material
but it is very difficult to discer a pattern in the variation tfe PFA, either vertically or
laterally, from the gand R data except for an increasingptle of loose material towards the

south of the site.

Figure 6 shows plots of the relative densityief PFA against depth which have been produced
using the relationship for high compressibility gaazands described by Mé (1987). In this
relationship between relative density art{ay’)”, the in-situ vertical stress,’, has been
calculated assuming a tbtanit weight of 15.5 kNnf and that the water tabls at a height of

19m AOD (6m below average groundéd). It is inappropriate tplace too much faith in the
absolute values of relative density from sadtelationship (the fationship between cone
resistance, in situ stress amdhtive density is significantly fluenced by soil compressibility;
Campanella et al., 1984), but thariation of relative density veals an interesting pattern.

The data suggest an upper relatively dense kayeve a height of 15m AOD over a far looser



zone. In the middle of the lagoon the PFAoisdest at a height about 10m AOD and the

relative density increases gradually with depth.

Given the levels of the lagoon (present grolavel about 25m AODand river (about 15m
AOD) and the filling procedure used to depdisé PFA the density pattern might have been
created in the following waylnitially the void, whose deepigoint is about -30m AOD,

would either have been watelidd, or would have rapidly have become so as the PFA slurry
was pumped in, resulting in the PFA sedimamtihrough water. This would have continued
with the excess water overflowing through seglponds into the river once the water level
reached about 17m AOD. As the inlet point was at the northern edge of the lagoon, the PFA
would tend to sediment from the north, possitglsulting in slumping failure of the PFA
underwater, which would give a very loose packiAg.the depth of sedimented solids reached
17m (i.e. the water level in the lagoon) thétga of deposition would have changed to one
where the slurry would have dewatered whibaving over the ground surface (i.e. the water
would have drained downwards out of the PRA)her than particle sedimentation through
water, which would have given a denserdiute, an effect possibly increased by surface

drying.

Therefore it would appear théite PFA below 15m AOD is close to a normally consolidated
state, as it has been deposited throughntatachieve a very loose state, and then
subsequently compressed by the material depositede. It is also likely to have undergone
secondary compression over the time since demogapproximately 20 years). The stress
history of the material above 15m AOD appedarbave been more oplicated, with surface

deposition and subsequent pore suction variaticngtineg in a denser s&than that resulting



from sedimentation through water, and titusan be generally described as “over-

consolidated”

Oedometer Testing of Re-sedimented PFA

The variation in void ratio witkertical effective stress of wexr pluviated PFA is shown in
Figure 7. Three tests are shown in this figurae tests presented were all very loose on first
loading and exhibit normally consolidated beloavialmost from the start of testing (the
specimens exhibited large plastic strains ffost loading, and the relationship between void
ratio and the logarithm of vertical effectiveests is highly linear frora surcharge stress of 100
kPa to one exceeding 3 MPa). Upon udiag the relationship between e anddggvas also
linear but the responsefar stiffer than that exhibited ondding. All the tests conducted gave
very similar values of both{&nd G (the average values are 0.27 and 0.036, respectively), and
the only significant difference between the tegs the value of the initial void ratio. The
method of sample preparation meant that tit@irspecimen height is unknown and the final
specimen height can only be measured after kaexprusion. Thus there is some uncertainty
in the measured specimen dimensions. Theiwtid ratios of the specimens were determined
from their final water contents by assuming ctetg saturation, and the measured change in
specimen height. This introduces a small unggstanto the absolute values of void ratio
presented in Figure 7. Thus it is believed thiaha test specimens were exhibiting essentially
the same behaviour with most of the differencesoid ratio being due tslight inaccuracies in

measurement and saturatminthe end of the test.

At selected loading increments during teséd 6 the loading was held constant after the

consolidation response haddm observed (i.e. aftep had been reached) so that the secondary



compression (or creep) response could be obseiMeel data have been fitted with straight-
lines of the form:

A€creep= Cy 10010(tcreedtan) (1)
whereAegeepis the change in void raturing secondary compressiog,is the time taken for
90% consolidation anddepis the time elapsed since a chann the loading. The average
value of G measured over 5 creep stages was 0.003&kwhionly slightly less than would be

anticipated for normally consolidatethy; Lambe and Whitman, 1979).

DISCUSSION

The oedometer data can be used tinade the volumetric compressibility,,nof the PFA for
comparison with that estimated from correlationth the CPT data (see Bjerrum, 1967). For
PFA that is normally consolidated upon firsading, the starting voichtio after a period of
creep can be estimated by combining equatiaitii the equation of the normal consolidation
line to give;

& = @kpa- Cc10g10(0v'0) — G 10G10(tereedtoo) 2)
where expais the void ratiamn the normal consolidation line wheg=1kPa (see Figure 8). If
the PFA is then subjected tstess increment that is suffictdn bring it back onto the normal
consolidation line, the compressibiliby reloading can be estimated from;

_ 1 Ae _ 1 C Ioglo(cv'llﬁv’ncl)
rnV B 1+Q) AGVI a 1+Q) Gv’l'c\/’o (3)

where g is the void ratiafter creep, and,’n is the effective stresst the point on the normal
consolidation line where ezéhe value ot/ can be estimated frong and the equation of
the normal consolidation line. If the stress @ment is insufficient to bring the PFA back onto
the normal consolidation line, the compressibitin be estimated from the void ratio after

creep, g and the slope of the rebound line from;



1 G logio(cv'1/ov'0) 4)
1+ o/1-0V0

The m, profiles shown Figure 9 have been cédbted using equatiorand 4 by assuming a

unit weight of 15.5 kN/mfor the PFA, ground surface at 25m AOD and a water table at 19m
AOD. The NCC (normal consolidation, creéq@nd is given by equation 3 using average.e

C. and G, values from the oedometer data and asstiecrease of 100kPa. All the oedometer
tests gave essentially the samev@lue, and mis not particularly sensitive to small errors in
eikpa SO Void ratio errors in the consolidation data have a small effect,dyutrihe amount of
creep consolidation controls how far the initiandition of the specimen is from the normal
consolidation line and potentigltan have a big effect on,mThe PFA level was close to its
current level by the late 1970’s and filling ceasadraddding a further 2-3m in the mid to late
1980’s. Thus the upperyprofile for sedimented PFA shown in Figure 9 has been estimated
by assuming a creep duration of 20 years. However thalde has been evaluated over a
time period more than 3 orders of magnitudss flnan this and thus must be treated with

caution.

The OC (over-consolidation) tnd on Figure 9 is based on equation 4 and approximates to the
situation where there has been sufficient cfeephe reloading stress-path to remain on a
rebound line. It has been cdiaed for a stress incrementd0 kPa using the average C

value from the oedometer tests. It can be §@en equation 4 that variations in the initial void
ratio have only a fairly small effect on,for stress-paths followg a rebound line (for the

entire range of gexhibited by the PFA of 0<&,<1.4 the 1/(1+g term only varies between

0.59 and 0.42), and so thgwvalue used to calculate,for specimens that undergo sufficient

creep to remain on a rebound line on renewed hgadias that calculated for 20 years of creep.



The m, values measured on specimens from U100 samples recovered during the site
investigation are also stvn in Figure 9. Theseywalues were for a stress increase of 100 kPa
from the estimated in-situ vertl effective stressWhen reviewing this data it should be
remembered that during the site investigatiomats at sample recovery from the very soft
region between 15 and -10 m AQizre frequently unsuccessfurherefore the reason that
sample recovery was possiblewab locations in this zone mdye due to there being a locally
stiffer region of PFA, and thus the, walues for the two specimens recovered from this depth
range may be unrepresentative. Thevalues measured on the U100 samples from the zone
that was sedimented through water (i.e.zbne that has probably undergone normal

consolidation followed by secondary comgsi®n) fall between thtwo estimated prprofiles.

Two further m profiles are shown in Figure 9 asstiad lines. These profiles are for
comparison with the data for the PFA thatvsarface deposited abowe water level during
the first filling stage (i.e. in the zone tha&s deposited in a denser state and has probably
become over-consolidated due to seasonal vansin the water tabkend the resulting pore
suctions). The initial void ratio and subsewjuesponse of the PFA in this region cannot
easily be estimated by using consolidation dedahe profile has been estimated using an
initial void ratio of 0.9 (a rneresentative value for thiegion) and the rebound indexfGr a
100kPa stress increment. The rebound indeXy&s been used in the estimation ¢fimthis
region on the assumption that the PFA has beanraeconsolidated as described above. The
u=0 trend assumes that there is no pore waessure above the water table, whereas the
SAWT trend assumes the PFA is fully saturaibdve the water tableitlv the pore water in

suction.



The oedometer specimens from the U100 samples from shallow depths were inundated with
water once a seating loadd been applied, thus,malues will not be representative of the

PFA on site, which will have been stiffer due to the effect of pore suction. Thesduas are
comparable with the u=0 trend shown in FE@r Here, despite the uncertainty about the

initial void ratio, the data fits reasonably good. This givess® credibility to using equation

4 and an estimated initial void ratio to estimateimthis region of the PFA.

The coefficient of volume compressibility calso be estimated from CPT data using the
equation:

m, = 1/@.0c) )
wherea is a constant of proportionality thdépends on the soil type (Robertson and
Campanella, 1983a &1983b; Meigh, 1987; Luetal., 1997). Suggested valuesxdbr cone
resistance measured with a reference tip areld for normally consolidated sands, 5 to 15 (or
even 30) for over-consolidated sands, 3.5 to 7.foferto medium plasticity silts, and 2.5 to 10

for organic silt.

The CPT data from CPT4C, CPT6C and CeTas been visually fitted to the, malues

measured in oedometer tests on specimens frbd® samples recovered from the site (for a
100kPa stress increase framyl,) by varying thex-value until there is good agreement. As cone
resistance is primarily a measwfestrength, which in an undrainedhterial will be a function of
the void ratio, it shoulthe anticipated that may vary with OCR as normally and over-
consolidated soils at the savmd ratio have very different capressibility (indeed, different-
values are recommended for normally and owersolidated sands; Robertson and Campanella,
1983a; Meigh, 1987). Therefore only the comprebksilbf specimens recovered from below 15

AOD, where the PFA is thought to be normalbnsolidated, were intentionally fitted by the



CPT correlation. Also, as boreledBHL1 is fairly near to CPT4C, BH2 is close to CPT6C and
BH3 is close to CPT7C, particular emphagés placed on the relationship between the CPT
estimate and the compressibility of specimieasn the nearest borehole when selecting a

suitablea-value for the mcorrelation. The best visual fit of the CPT estimates to the

compressibility of the undisturbed specimens was obtained witlhvatue of 11.

The compressibility profiles estirted from the CPT data using arvalue of 11 are shown in

Figure 10, together with the compressibility of the undisturbed samples and the compressibility
profiles estimated from the oedometer testshe resedimented PFA. Below 15m AOD,

where the PFA is thought to be largely nore@nsolidated, the volume compressibilities
estimated from CPT data fall largely betwéle@ NCC and OC trends calculated from the

consolidation behaviour dlhe resedimented PFA.

In detail, the compressibility estimated fromTZI data straddles the NCC trend at depth, but
between -15 and -8m AOD it falls closer to tbeer, OC trend (the U100 specimen from BH1
recovered from within this depth range hatbanpressibility only slightly above the over-
consolidated trend). Between -8 and 10m ABB® CPT estimate typically falls just below
NCC trend. Generally the trend in the compigBti estimated from CPT6C are similar to

that from CPT4C, except that it falls closethie OC prediction from about -20 and -4m AOD
(although a single peak falls on the NCC treneDat AOD). The compressibility estimated
from CPT6C straddles the NCC trend from the bottd the PFA to 12m AOD. At depths just
below the water level during thedt stage of filling, the CPT estimates of compressibility fall
away from the NCC trend towards the OC trend (the CPT7C estimate even falls slightly below
the OC trend). Given the unta&n history of the PFA sedim&d through water (arising from

the tendency to form underwater mounds neairitet, which then slumto fill the lagoon) it



is quite remarkable that the compressibitifyaged, water-sedimented PFA falls so
overwhelmingly between the NCC and OC tremdsich represent a best estimate and a lower
limit on the compressibility of an originally noally consolidated desit that has become

lightly over-consolidated through creep.

As already stated, it is inapprofgaao assume a-priori that thevalue for PFA that has
undergone surface deposition and subsequent pctiersvariation, and matherefore be in an
over-consolidated state, is the same asftmd®FA that has sedimented through water (i.e.
initially normally consolidated but now lightlgver-consolidated tbugh creep). Also, yrhas

not been correctly measured on the U100 samples from the surface deposition zone, because
the oedometer specimens were inundated wéter once a seating load had been applied
relieving any pore water suction, and so the PHA & different state from that tested during
the CPT. Thus it is difficult to make definitive statements about a suiiaidéue for PFA

that has undergone surface deposi However, it can be observed from the CPT estimate of
m, that surface deposition and subsequent portgosuwariation appears to result in a material
with a far more variable compressibility than seelintation through wateit is also interesting
to note that in the surface deposition zoree@T estimates of compressibility based on-an
value of 11 generally fall around the SAWeEnd line for over-condiolated PFA that is
saturated above the water table except veay thee ground surface where it falls near the u=0
trend line for over-consolidated PFA. A methodology used to estimate the PFA
compressibility in this zonis given some validity by the fit of the u=0 trend to theviadues

from the inundated oedometer tests, it is redslena treat the SAWT trend as a guide to the
compressibility in this region (armhrticularly just above the wattble). Thus it is tentatively

suggested that avalue of 11 is of the correct maitude for over-consolidated PFA.



CONCLUSIONS

In very loose hydraulically placed PFA itnst possible to estabh the variation of
engineering properties within a deposit simipfythe laboratory testing of undisturbed
specimens recovered during a siteestigation. Thiss because it can bmpossible to recover
even notionally undisturbed samples of ibesest, and therefore weakest and most
compressible material. Thus itassential that an in-situ nhetd is used to depth profile the
material, otherwise there is a danger that tkalte of the laboratory test programme will be

biased towards the zones within the PFA that can be sampled.

In the current work the CPT has been successiisigd to establish thariation in the volume
compressibility of aged hydraulically plat®FA deposits by employing the widely used
correlation with cone resistance,¥t/(c..qc). As the CPT is not ideally suited to determining
the compressibility of low permeability soils, it svaecessary to determine the constant in this
correlation for the material being investigat&idvo approaches have been used to determine a
suitable value of.. Firstly the m profile from the CPT cortation was compared withym
measured in oedometer tests on undisturbed PFA samples taken from depth. However, as the
volume compressibility estimated from the CPTsvah some locations more than twice that
measured, further corroboration was consideeszkessary. Therefore PFA was resedimented
in an oedometer cell and itertsolidation response was mesl. It was found to undergo
significant secondary compression, whichsinoe accounted for when estimatingfor aged

PFA deposits. Thus, nprofiles for aged PFA deposits thva¢re in good agreement with the
measured compressibility values, and bounde#E correlations, were derived. In this way
it was establishethat a value ofi=11 should be used for the constant of correlation for

normally consolidated PFA that has aged for 20 years.



Calibration chamber testing has been widelydu® determine the correlation between CPT
data and various soil propertie&n implication of this work is that it is inappropriate to rely
on a correlation derived from chamber testsemglageing cannot beplecated, to determine

the compressibility of a material thabdergoes significant secondary compression.
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