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SYNOPSIS

Research into collapse settlemnent in compacted soils is
described, with special refarance to recent cases in
southern Africa where collapse settlement ocourred in
road embankments following wetting of the soil,

The laboratory work described consisted largely of
osdometer tesis over a range of saturations, on soils
tram four of thesa road embankments, compacted in a
mould espectally designed for this purpose, The
influence of variations in initial dry density, compac-
tion moisture content, applied pressure and panticle
size distribution, is discussed.

Examination of these four soils and two naturaily-
occurring collapsing soils with the electron micro-
scope showed fundamental diiferences In the strug-
ture of natural and recompacted soils.

The Bulletin copcludes with a brief raview of the
princlples of soil compaction.
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SINOPSIS

Navorsing oor swigting by vardigte grand word beskryt
an daar word verwys na gevalle wat onlangs in 3uider-
Afrika voorgekarn het waar padopvullings geswig het
nadat die grond nat geword het,

Die labaratoriumwerk wat beskryf word, het hoofsaak-
lik bestaan uit konsolidometerioetse by 'n recks versa-
digingspunte op grond wat uit vier van hierdie padop-
vullings verkry is en in 'n spesigalontwerpte vorm
verdig is, Dia uitwerking van die wisseling van die aan-
vanklike drod digtheid, verdigtingsvoginhoud, aange-
wande oruk en partikelgroctteverspreiding  word
beapreek,

Ondersoek van die vier grondsoorta en twee soorte
natuurlike swiggrond met die elektronmikrogkoop hot
fundamentele verskille in die struktuur van natuurlike
en herverdigte grond san die lig gebring,

Die Bulletin word afgesiuit met 'n Kort corsig van dle
beginsels van verdigting.
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RLATE 1

Road 548, Tzanewen o Hagnertsburg,
Sfip failura ar mileage 17,4 fn 1968,
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1. INTRODUCTION

Failure in a road embankment may be considered to
have occurred when there has been suffictent move-
ment to render the pavement unserviceable, Such
movement may take the form of excessive settlement or
sliding due to inadequale shear strength. Both types of
fallure can be minimized hy applying the known prin-
ciplos of compaction (reviewed later in Chapter 3).
Erosional darmage may also take place but, sincethisis
seidom severe enough to render the pavement unus-
able, It cannot be classifled as fallure and is not consi-
dered here.

In southern Africa failures such as those mentionad
above have occurred on a number of oceasions in
recent years, and many of tharm have been investi-
gated by the National Institute for Transpart and Road
Research. Concurrently with thesze investigations, a
great deal of basic research into the factors Influen-
cing collapse settlement has besn done at the Insti-
tute. it this Bulletin all the data obtained, including
those already published elsewhere, are gathaered to-
gether to demanstrate the fundamental importance of
adequate compaction,

It is not vsual for excessive settlement or shear failure
to occur under dry conditions, and it should be under-
stood from the cutset that all the falures described
have occurred during arimmediately following periods
of heavy rainfall. It is practically impossible to keap
water out of embankments allogether, but the infiltra-
tion of water can caertainly be raduced.

1.1 FAILURES CAUSED BY SETTLEMENT

Settlament may take place inthe embankment, or in the
undisturbed soll baneath it. Consolidation of the sub-
50il can be predicted and treated in exactly tha same
way as that baneath any other type of foundation and,
as it is Independent of the compaction conditions in the
empankment itzelf, it will rrot be considered hare.

Settlement within the embankment may take several
torms: h
immadiate settlernent is clearly 8 minor problem, singe
itis complate before the road pavement is laid, Primary
conselidation is only significant if itis numerically large
and occurs over a long period; the magnitude of tho
conaolidation is very mueh a function of the initial state
of compaction of tha soil, but sfow rates of consalida-
tion only eceur in very fine-grained soils which are
seldom used for road embankments in southern Africa.
Secondary consoiidation is usually so small that it can
b ignored.

Collapse seitiernant, which is similar to collapse in
naturally occurring solts, Js another matter. [t takes
place in compacted earthworks under certain condi-
tions {Jenntngs and Knight™'). It is one of the major
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causes of settiament failure in road sembankments in
southern Afrlca, and may ocour in inadequately com-
pacted earthworks following periods of prolonged rain.
This has been the subject of an extensive programrme of
research which is summarized In this report,

1.2 SHEAR FAILURES

Shear failure can occur slong a surlace wholly within
the embankment, or along ane that is partly in the sub-
g0il - the latter is usually attributabie to weaknesses in
the subsoll as, for exampie, was the case inthe failure of
the Rickivy embankment at Pletermaritzburg (Mauran-
brecher®?) and other failures in Matal {Maurenbrecher
and Booth®™}, In such cases no amount of compaction
of the embankment will improve stability.

A comprahansiva investigation into the influence of
compaction conditions on the shear strength of fill
material has yet to be carried oul. Initial work was
carried out {Pells et al ¥*) to determine the varigtions
in effective stress parameters due to ditferent methods
of measurement. Typical shear strength parameters for
southern African soifs have also been published (Pells
and Booth*®), Subsequently testing has proceeded on
an ad hoe basis, and the information obtained to date is
briefly described in Section 3.6 of this Bulletin,

2. SOME EXAMPLES OF FAILURE IN
ROAD EMBANKMENTS

Only a few of the failures that have ocourred in road
embankments in southern Africa in recent years have
been the subject of investigation, the thoroughness of
which was in each case limited by the time and
resources then available, The cases considersd here
are therefore only examples, chosen because they
were fairly well documented and becadse each failura
was largely due 1o inadequate compaction.

21 CASE 1:HAENERTSBURG

Road 548 from Tzaneen to Haerertsburg was built in
1984 as.an alternative to the vary steep route via Magoe-
baskioof. MNear the Haenersburg end there are
numerous large embankments, seme of them gver forty
metres high measured from 0@ (o crasl. As most of
these are built on steep side slopes, the maximurn
thickness of the fitl material in any embankment is pro-
bably no mare than twenty metres,

The early months of 1969 were the wattest since the
construction of this read, and fourteen embankments
near Haenerisburg wara damaged (Williams and
Clauss'?), In most cages the damage consisted of
erosion and & litHe settlement, but at Mileage 17,4 the
sudden slip failura shown in Plate 1 (Frontispiece)
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PLATE 2

Aoad 548, Tzaneen io Haenertsburg.
FProbable sattiement at mileage 17,4 in 1972,

occurred. An investigatlon was carried out into this
failure (Maurenbrechar®), and meanwhile the damage
was repaired.

Further and more extensive damage began during
heavy rains in January 1972, and continved until the
fultowing April, Janpary 1972 was the wettast month at
Haenertsburg since 1958, and the period
January/February 1972 was the wettest in the area
since 1823, An analysis of the records showed that
seasonal rainfall similar to that experignced in 1971/72
could be expected about once inbwenty years, and rain
of the intensity of that in January 1972 as frequently as
every ten years (Booth®t).

The damage caused was 50 extensiva that an eight-
kilometre length of road had to be closed to traffic.
Deformation recurred at most of the places affected in
14968 - Plate 2 shows what happened at Mifeage 17,4. At
first it appeared that slip failure was again taking place,
but since movement soon siowed despite continued
hoavy rzin the deformation was [ater attributed to
collapse seltlemeant,

The most widespread damage was caused by erosion
and collapse settlement, though there were a (ew slope

2

failures auch as that shown in Plate 3. The erosional
damage took various forms, including sheet erosion
which could be regarded as a form of shear failure. The
influence of compaction conditlons on the erodibility
of soil raquirgs a separate major investigation, and is
not considered in this Bulletin. Moreaver, much of the
erpsion could not properly be classified as failure,
singe the road continued to serve its purpose, although
failure was imminent unless urgent repairs were Undetr-
laken immediately.

Failures thought to be due to settlerment were wide-
spread, and a furtherexampie is shown in Plate 4 where
vertical detormation eventually reached about half a
metre. Such failures were slearly caused by the water,
which even pongded uphilt of the embankmants in some
places, and are therefore regarded as collapse settle-
ment, Asthaere was apparently little natural soil beneath
the fill material, it must be concluded that collapse took
place in the embankiments themselves.

The in-situ denszity of the embankments was sub-
sequently found G ba of the order of 80 per cent mod.
AASHO. The {ill materlal consisted of decomposed
granite which, although it showed some variations in
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PLATE 3

Aoad 548 Tranaen to Maenertsburg,
Blip failurs at mileage 12,6 in 1872

properties, cauld be identified as of two baskc types,
They ware sither red or yellowish-white in ¢olour, the
latter containing less fines and being less plastic. This
soil has been designated Sail A and wag used fora can-
siderable number of laboratory tests. s properties are
given in Section 3.1. Oedometer tests were carried out
on undigturbed block samples taken from within each
cmbankment. It was found, as demeonstrated in Figure
1, that considerabie collapse could ocour at low satu-
ratiens. No collapse took place when the s0il was tested
at initial saturations of the order of seventy per cent.

2,2 CASE 2 ; MELSETTER

Road improvements near Mefsetter in Eastern
Rhodesia during the late 1850s led to the construction
of a large number of embankments, In 1863, towards
the and of a surmmer that was wetter than usual, much
setllement took place in these embankments, and this
has been experienced at intervals evar since.

The fill matariai consists of a red silty soil, which is
more fully dascribed in Section 3.1 as Soit I3, Block
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samples ware ohtained from the embankment shown in
Flgure 2, and shearbox tests were carried out to dater-
mine the effective strength parameters of the soil
Meanwhile standpipa piezomaeters were installed as
shown in Figure 2, but even &t the end of the rainy
seazon in April 1972 no water was reported. Stability
analyses were carried out using the SLOP2 program for
etreular alip (Szendrel and Pells™) and a factor of safety
of 1,75 was determinad for zero pore pressure, An
average pore-pressure ratio of 0,44 would have been
necessary forfailure, and It was concluded that this was
highly improbable for the critical fallure cirele shown in
Figure 2.

Double oedometer tests were also carried out on undis-
turbed sampltes of the. fill material, the results of which
are shown in Figure 3, The dry density of the soil variad,
but at 80 per cent mod. AASHO considerable collapse
setttement was shawn {0 be possible. Since shear
failure was highly imprabable, it seemed likefy that the
defarmation in this particutar embankment was due (o
golitapse settlemeant,

2.3 CASE 3 :50UTH WEST AFRICA

Approximately twenty kilometres of road in Khomasg-
hoogland were reconstructed between 1971 and 1873.
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PLATE 4

Rogd 548, Tranoan to Hagnertsburg.
Seftrament at miteage 15,8 it 1972,

During the winter of 1972 it was found that cracks such
as those shown in Plate 5§ had ocourred on abowt
twenty embankments. Typlcally the cracks ran parallet
and cloge to the road shoulder, often in groups of three
or more. Similar problems recurred in April 1973 aftera
period of rmoderate rainfall, Investigations led 1o the
conclusion that these cracks were caused by move-
ments of the slope due to shear fallura at shallow depth.
‘There was also one case of collapse setflement when a
culvert became blocked and water was impounded by
Ihe embankment. Callapse may have contributed 1o
other fallures.

Al the embankments were built of aimost identical soil,
a decomposed mica schist, the properties of which are
given in Section 3.1, under the beading Soil C. It was
shown that In this soil, which is substantially cohe-
sionless, the angle of frictlon |s dependent on the den-
sity. Instability occurred close to the slope because of
the low density of the soil there, Though stable under
dry conditicns, when there was probably a significant
soil suction as well, the factor of safety fell to unity
when seepage forces were set up by percolating rain-
water.
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PLATE &

South Wast Alrica
Several open fongitudinal aracks cavsed by stope Instability in

3. DESCRIPTION OF SOILS AND

TESTING PROCEDURES

A comprehensive series of oedometer tests-was carried
out to examine the factors influencing collapse settle-
ment, the results of which are considered in Chapter 4.
A few tests on undisturbed samples from various
embankments were considerad in Chapter 2, All othar
tegts, however, wers carried out on soil recampacted in
the laboratory. This was necessary since the main
purpose of the investigation was {0 assess the Influence
of initial conditions on the behaviour of the soil. Therse-
fora, several ditferent soils were studied in consi-
derable detail to examine all the major variables. Stan-
dard preparation and testing procedures were adopted
thraughout to eliminate as many other variables as pos-
sitale.

3.1 PROPERTIES OF QILS TESTED

Tests were carried out on six soils, four of which were
actually sampied from road embankments and may bea
regarded as typical, at least for the areas trom which

]

1972,

they were obtained. (Solls A, C and D have already
been introduced in Chapter 2.) The fifth and sixth soiis,
Solls E and F. were introduced |ater because undis-
turbad samples of natural collapsing soils were
required for the investigation reported In Section 4.7.
The location, geclogical origin artd mingralogy of these
soils ara given in Tahle 1.

The typical fill materials, which were all residual, came
trom different gealogical saries. Quariz is predomi-
nant in all tha soils, and they all contain some kaolinite.
All these sails could fairly ba described as silty sands
though, as shown in Figure 4, there are considerable
differerices in the particle size distributions, (It should
be nated that gravel, cobbles and boulders were
removed from the materials usedin the laboratory tests
- with the exception of Soils &, E and F which cantained
negligible amounts - and that the gradings used apply
to the material finar than 2 mm.) Standard compaction
tests ware carried out on each soll {(on material finer
than 19 mm) using both the Proctor and mod. AASHO
tests, and the results are surmmarized in Table 2. The
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TABLE

Location and origin of 30/ls.

Eoll No, A B c D E F
Loeation Hasneriaburg | Durban South Wast Africa | Melaatter Pretorla | Durban
Latinrds (5} 20" 59 28" 51 g ar 19 52 25° 45 29* 52
Longltude (E) 237 &g 30" 56 16" 48 age 41 28° 16 |30 59
Parent rock Granlle Sangstone Schist Quartzile Drifl pritl
Seologlcal Serles | Basament Table Mountain Khixmas Lmkando
Geological Aye Archean Early Palneozcls | Froterozole Pre-Cambripn
Mingrals = 20% Quariz, Quartz Quanz, Cuartz, Cuartz Quartz

Kaniinita Mica Kaolinita
Mimeralz 5% - 20% | Felapar Kaolinita, Falzper
Felspar
Minerals < 5% lite Mite, Mica Kaolinita, Felspar. Kaolinite, | Kaotinite
Chlarita Mlca ite

resulls of some of the standard index tests are also
given in Table 2, andit can be sean that the soils all have
low plasticity,

Soil A was separated Into particle sizes and then
remixed to give the four LISPR classes shown in Figure
5. Compaction tests were carried out on each of thase
classes, and the results shown in Figure 6 were
obtained, Subsequently the particles coarser than
2mm were remaved, and consolidation tests were
carried out on thé remainder as dis¢ussed in Section
4.5.

3.2 PREPARATION OF SOIL FOR COMPACTION

The preparation and storage of the six soils was the
same in each casa, Soil for the standard compaction
tests was oven-dried overnight 8t 110°C and then
sipvad through a 19 mm screan. Graval ratained on the
screen was discarded and the compaction tests were
carried out on the remainder,

Soil intended for cedometer and shearbox tests was
also oven-dried, but was sleved dry through-a 2 mm
screen. The gravel retained an this screen usually had 8
considerable amount of fine soil adhering to it which
was gently washed off the gravel and through the
screen. All tha matarial which had passed the screen
was agaln oven-dried and thoroughly mixed before
being stored in galvanized iron bins.

3.3 COMPACTION OF QOEDOMETER AND SHEAR-
BOX SPECIMENS

it was decided to compact the oedometer specimens
directly into the ring using static pressure. (A similar
method was later used o compact sefl into the shear-
box eutting rings for subsequent extrusion into the
shearbox Itself.) The decision to use this approach has
been justified elsewhere {Booth™), based on a review of
published findings such as those by Gau and Olson'™
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‘

and Shackel®. It has heen shown that static compac-
tion gives the moest uniform specimens, especially
where the height {o diametar ratios of the gpecimens
are one third or less. No attampt was made to verify this
during the present investigation.

It was also found that the method chosen gave a high
degrae of contral over the average dry density of a
specimen. Of 544 pedometer specimens made, it was
shown (Booth'®} that less than eight per cent had an
average dry density which deviated mora than -+ one
per cent from the mean for the series of whick it formed
part, whereas of the 66 natural samples {ested, as many
as 58 per cent fell outside these limits, [t should also be
borng In mind that these dry densittes were deter-
mined after the soil had been subjected to wetting or
drying which might have caused small changes in
volumae.

Compaction was carried out fn a specially made brass
mauld, stiown schematically in Figure 7. Itconsists of a
3 inch {76,2 mm) diameter cylinder split along both the
horizontal and vertical axes. Into thiz the standard
oedomater ring fits in such a way that the inner faces
are flush. Flanged pistons slide into each end of the
eylindar, and are arranged so that when the flanges
stop against the body of the mould the faces of the
pistons ara exactly at tha ands of the cadometar ring.
Plate 6 shows the mould partly assembiad, demonstra-
ting the position of the oedometar ring. Later, a second
mould, which works on the same principle, was made to
compact the 60 mm-square x 20 mm-thick shearbox
spegimens.

The testing programme for each 50il required sets of
specimens, each with a particular compaction mois-
ture contert and |nitial dry density. Dry soil from the
storage bin was therefore mixed with watar o the
speci{led moisture content. The mould, fully assern-
bled with an cedometer ring, was placed on the bench
with the bottorn piston In position. Then tha exact

7
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TABLE 2

Summary af index properties of goils,

SOIL A B c D E F
Sand fraction % iz} 8o 75 56 a2 aa
il fraction % 2 12 por] a4 5 9
Clay fraction U ] 8 3 B a3 3
Mod, AASHO a5k
yd kg/m? 19686 2140 2007 1815 2060 2087
0.m.c. Ya 10,5 7.0 BS 12,0 6.2 10.8
Proctor tost
4 kg/m? | 1846 2085 1942 1750 1985 1975
a.m.o. Yo 13,0 2.4 9.5 13,0 8.0 11,8
Liquid Limit % ao.1 24.1 27.0 23.9 7.0 Mon
Plastic Limlt % 2.4 213 27.0 214 15,2 pastic:
Plasticity Index % 1,3 3.1 0 2.8 1.8
Linear Shrinkage % 1.7 2.7 0 1,3 4] 4]
Activity aq 04 o 0.3 0.6 0
Speciflc gravity 2,625 2,614 2,716 2,661 2.844 2.B51

arnount of soil required to give the specified dry den-
sity was welghed out, put carefully into the mould and
spread as evenly as possible, The top piston was then
inserted and pressed home under a static. pressure
applied by hand, by a dead load or by & hydraulic
press, as necesgary, The oedometer ring, now cor-
taintng the compacted soil, waes removed from the
mould and placed on a perous disc to obviate damage
during handling.

The specimens compacted in this way appeared, on
visual examination, to be of unifarm consistency. As
already noted it was not considerad part of this work to
make guantitative measurements 1o justify this, Thera
was no evidence of either deformation of the oedo-
meter rings or failure of the soils when the rings had
been removad from the mould. It should be stressed
that the densities wsed were relatively low, 50 much so
that there was some risk of the compacted specimens
slipping from the ringa if not very carefully handled.

CSIR Research Report 324, NITRA Bultetin 13, Pretoria, South Africa, 1977

3.4 CONINTIONING OF QEDOMETER SPECIMENS
FOR TESTING

The testing programme required that each set of
initlally ldentical specimens should be tested over a
range of moisture contents. Therefore, the possible
range of initial saturation, which was the parameter
used for cantrol in the laboratory, was zere to 100 per
cent, As the latter specimens were fully saturated, thay
could be tested under water inthe normal way. All other
specimens were partly saturated, and were tgsied
sealed in polythone as for the partly saturated part of
the double cedometer tes! (Jennings and Knight®'). it
was assumed that there was no loss of moisture during
pach tost.

In any one set, all specimens ware initially compacted
at the same molsture content, and normally It was
necessary either to increase or decrease the satura-
tion (0 obtain the required range. To incraasa the satu-
ration the specimen was placed in a humid room until it

9
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PLATE &

Mould for comnpaction of oedomater samples.
Mould partly rssembled showing position of ring.

was a little wetter than required, it wasthen dried to the
specified saturation in the same way as those speci-
mens which had bean compacted wetiter than thay were
to be tested. The drying was achieved by placing the
specimen, ring and porous disc in the open iaboratery,
and altowing moisture to evaporate stowly. By detor-
mining the total mass at intervals, the saturation could
be estimated quite accurately, since the mass ol the
ting and porous discwas knawn, and that ot the dry soil
could be aszumed. Once the required saturation was
reached the specimen was placed In a double poly-
thene bag and storad in the humid room ready for tes-
ting. The axact thickness and rmass of each specimen
were delermined Immediately prior to testing, but
volume changes were found to be minimal.

It should e stressed thatthis conditioning of the speci-
mens duplicates fairly closely what happens in an
embankment, The major difference is that in the field
the soil may already be under load when itundergoes a
change in moisture content. Morgover the sofl in the
field does not necessarily reach a higher moisture con-
tent and then dry, In each cage there was no practical
labaratary method of reproducing these changes more
closely.
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Shearbox specimens were tested as compacted, and
therefore required no special conditioning.

3.5 TESTING OF OEDOMETER SPECIMENS

The six nedometers used for this testing are calibrated
in imparial units. The work was therefore carrieg out
using pressures measured in pounds per square inch,
and Is reported in those units here, Some |atar work
used two osdometers callbrated in {ons per square
fool.

In general, cedometer specimens were joaded in six
logarithmic increments starting with a loed of 2 Ib/in®
(13,8 kN/m® and finishing with one of 84 Ih/in?
(441,3 kN/m?), at which pressure the partly saturated
specimens wara soaked. This procedure was varied in
the tests reported in Section 4.4, where the effect of dif-
ferant maximum applied pressures was being specifi-
cally studied, and in which final pressuras ware varied
between 16 Ib/in2 {(110,3 kN/m*) and 256 Ib/in? {1 7651
kMN/m?). In some of the tests described tha six logarith-
mic increments were increased from 0,125 T/ (13,4
kN/m¥) to 4 T/ft? (429,0 kN/m?),

11



In some of tha carliest oadometar tesls each load was
applied as soon as primary consolidation under the
previous load was complate. Far mastof thework, how-
aver, loads were applied at the beginning and end of
each working day. so that no load was applied for much
legs than eight hours. The compression under each
load Increment was measured 30 seconds after the
application of the load, and thereafter at logarfth-
mically-increasing time intervals. An identical proce-
dure was usad when the specimens wars inundated,

3.6 SHEAR STRENGTH OF COMPACTED S0OIL

Muast, if not all, road embankments In southern Africa
ara galdom fully saturated, and in many cases (such as
those mentioned in Section 2.3) the degree of satu-
ration is Jow. In these circumstances the total stress
methods of stability analysis are not recommended
(Bishop and Bjerrum?®), and effective stress methods
should be used. The shear strength is therefora dater-
mined in saturated specimens by means of aither
drained tesis or consolidated undrained tests with pore
pressure measurement.

Recent work (Peliz et aP**) has shown that in practice
there I3 littla difference betwsen the effective streangth
parameters whether measured In the triaxial or the
diract shear apparatus, and becausea of its greater sim-
plicity the direct shear (shearbox) test has beon used
here. Drained tosts ware necossary as it is impracti-
cable to measure pore presaura using this method.

The shearbox tests were carrled out using a standard
procedure throughout. Specimens in any set were
saturated and consolidated under different normal
pressures in the range 18,5 kN/m® {the towesi that
eould be conveniently applied) to about S0 KN/m?®. The
consclidation versus time curve was measurad on a
continous recording device, and the maximum rate of
shearing was then determined by the US Corps of Engi-
neers method (Bowles}. The rate actually used was
always several times siower than the maximum, but,
because the soils were all very permeabls, little time
was lost by tasting more slowly. In ona instance where a
check was carried out by testing at a rate 25 times
slower than usual, the same effactive stress para-
meters were obtained.

It should be emphasized that this work was not carried
out as an extension of the study of consolidation which
has already been discussed, as tasts could only be
done when there was sufficient soil and wher there was
adequate tima and apparatus available. Although this
tezting was nat, therefore, as comprehensive as ltmight
have been, such data as have been obtained are
presented here.

Drained shearbox tests ware carried out on specimens
of Soils A, B and D which had been compacted at dry
densities of 75, 80, 85 and 90 per cent of mod, AASHO
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maximurm. In each case three different moisture con-
tents were used for compacting specimens, and the co-
hesions and angies of friction measured in these tesis
are givan in Table 3, Specimans of Soll C were alzo
tested with initial dry densities ranging from 80 per cent
to 95 per cent mod. AASHO, and the results showed
that betwean these densities the cohesion incraases
from about 2 kN/m?® 1o 14 kN/m? and the angle of {rig-
tion from about 36 ° 10 43°,

Two major difficulties arise in interpreting these
resufts. In the first place the plots of peak shear stress
versus normal stress are invariably curved, as in the
examplas shown in Figure 8, The parameters given in
Table 3 have therafore baen determinad from the parts
of these curves above about 100 kKN/m? normal strass
wharn they approximate to straight lines.

The second probiem Is that the dry density, which iz ini-
tially very low, increases during the consolidation stage
of sach test- these increases wera In many cases consi-
derabie, Moreover, the amount of increaze differs for
aach normal load, o that the elght or ten tests used to
determine the cohesion and angle of friction all had to
bé carriad out on specimens sheared at different dry
densities,

Refarence to Figure 9, which is discussed in Section
4.2, shows that specimens with initial dry densities in
the range 75 to 85 per cent mod. AASHO consolidate to
similar densities under aload of 64 Th/ind (441,3 kKN/m?).
The lack of significant changes in the shear strengths
of these particular specimens (see Tabie 3) I8 there-
fore not surprising, nor is the slight rise in coheslon at
higher initial dry densities. The results given for Soil G
aiso show the same trend.

There iz a vary slight tendency for the cohesion to rise
with Increasing compaction maisture content, but the
angle of friction is unaffectad for all practical pur-
poses. This rige in cohasion Is most noticeable In Sol B
{particularly at high initial dry density) and virtually
non-existent in Soil 0. It was notad during the testing
that spacimens of Soit B waere much less friable when
compacted at high rather than low moisture contents.

Observations reporied later in Section 4.7 show that the
clay particles were more evenly distributed among the
sand graing when higher compaction moisture con-
tents were used. Presumably this caused greater cobe-
sive bonding, as watl as the lower compressibility noted
in Saction 4.3,

4. COLLAPSE SETTLEMENT IN
COMPACTED SOIL

Tha soil used az fill material for road embankments in
southern Africa is typically sandy. As such it hasahlgh

CSif Researth Report 324, NITAA Bulletin 13, Pretoria, South Africa, 1977



‘TABLE 3
Effactive shear strangth of soif compactad undar differsnt conditions.

Compaction Dry density (per cent mod. AASHO)
maolsture
contait (%) 75 B0 a5 0
S0Il. A
Dry density {g/ce) 1.475 1.573 1,671 1,768
4 Cohesion {kM/m?) 22 26 24 a2
Angle of friction  (deg.) 253 4.8 348 4.3
] Cohasion (eN/m2) 23 a7 33 3
Angle of frictjon  (deg.) 352 4.8 33,3 33.2
13 GCohaslon {kh/m?) 22 25 29 kil
Angle of friction  (deq.) 36,3 34,7 33,3 3.4
s01L A ‘
Dry density (g/ce) 1,605 1,712 1.819 1,928
2 Cohesion {kMN/m?) pirg a8 27 1l
Angle of friction  {deq.) 34.8 35,2 B0 34,8
] Cohagion (kN/m?) a1 3z 28 43
Argle of friction  (deg.) 340 34,1 333 352
10 Cahasion (kN/m?) i5 az az 47
Angie of friction  [deg.} 338 35,0 321 35,0
S0IL D
Dy denaity {g/ce) 1,436 1,532 1,628 1,724
4 GCohesion (ki) a7 26 20 29
Angle of friction  (deg.) 53,7 337 a3z2 .6
g Coheston {kN/m") 23 24 2 23
Angle of fricticn  (deg.) 34,5 340 34,3 34,2
13 Cuohasgion {kN/m?} 24 26 23 26
Angle of friction  (deg.) 33,8 333 33,2 a2e

permeahility and, as already remarked, primaty con-
solidation settement usually takes place in a relatively
short space of time. It is therefore suggested that
collapse settlemnant within the fill material due to sub-
sequent wetting is of more significance.

The coliapse settlement depends on a number of vari-
ables, and each has been investigated in turn whilst the
others have been kept conslant. For each set of speci-
mens the results have been plotted in terms of the
degree of saturation (or moisture content) which is
already known to be an important variable in itsaelf
{Jennings and Knight?®!).

The cedometar testing pregramme, which is sum-
marizad in Table 4, was carried out on S5oils A, B, Cand
© in turn. As Soit C was considered not to be a typical
soil, testing was curtailed when sufficient resuits from
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the road in South West Africa were availablefor the pur-
pose of the investigation. The tull set of tests shown in
Table 4 was therefore only carrted cuton Soils A, B and
D. Oedometer tasts were also performad on Soils Eand
F, but only for the specific purposes discussed in
Section 4.7.

4.1 COLLAPSE SETTLEMENT IN GENERAL

Collapse satilemant may be defined as the settlerment
that oceurs ina partly saturated soit solely because of
an increase in the degree of saturation. The pheno-
menon has bean recognized for some time as ocour-
ring In undisturbed sofls (Terzaghi and Peck™, for
gxample), The term ‘collapse’ was first used by
Jennings and Knight® who conducted the first
comprehensive studies on collapse settlemant on the
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TABLE 4
Summary of cadometer testing programme,

Condttlons applied durlng tests
Segtion Inltial Compactlon molsture
nele | 25" |5 vty | comoith st | 70t | san | son
g Bulletin (% mod. at 80 per cent mod. mint 9 | Grading struciure
AASHO) AASHO) {i0/in’)
Inltlal dry a0 A 70758085 .
density . BCD o0 60 64 Matural | Recompacted
Compaction
moigture 4.3 ABD i) 8.7 %g 500 64 MNatural | Recompactied
content '
Pressura at 18 32 64
welting 4.4 ABD 60 S0 198 955 Matural | Recompacted
80
Suil grading 4.5 A B {for gra- 50 64 A B D { Recompacted
ding used) '
Undizturbed,
Soll 47 | EF As for un- 33 and 40 84 Natural | récempactsd,
structure disturbed after wetting/
drying cyéles

windblown gands of southern Africa (Jennings and
Knlght2a2t Knight 24, This work was soon extended to
residual granite solls (Brink and Kantey'; Knight )
and cases have now been reported in various soils from
many parts of the world (Dudley).

Ag 2 first attemptto quantify the collapge, Jennings and
Knight 2 2 yzed the double cedometar tast in which
one specimen was tested partly saturated and the other
fully saturated. At any specified pressure the partly
saturated specimen was inundated, 50 that the collapse
settlement at that particular pressure could he deter-
mined. The same technigue has heen extended to a
number of partly saturated specimens in this present
work. Knight™ found that the coflapse reduced as the
degree of saturation increased, and that there was a
critical saturation above which collapse did not oceur.

Qther factors ara khown to influence collapse. One of
the most important of these is the dry densify (or initial
voids ratio), It appears that only soils with an initially
low dry density are vuinerable to collapse. It was sug-
gasted (Williams*t; Jennings'®) thal significant collapse
only occurs when the dry density is below 100 Ib/it?
(1600 kg/m?). Collapse {s also thought to increase with
the applied pressure until the pressure reaches a maxi-
mum vafue of the order of 5 kg/ecm? (480 kN/m?)
(Aitchison'), above which collapse reduceas,

‘That caoltapse can occour in recompacted soils was
never seriously studied, although the possibility had
teen suggested from time to time (Haitz'?; Knight®').
However, in recent years Wagener®, Barden et al* and
Barden” have shown that recompacted soils do
collapse under certain  circumstances.  Although
Barden® and Barden et al* state that clays did not
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collapse when they were wetter than the Proctor opti-
murm molsture content at the time of compactian, they
do not maka it clear whether or not they were tested at
the compaction moisture content,

The mechanism of collapse was postulated by Knighe*
in terms of the observed structure of the soils. The
natural collapsing soils studied consisted predomi-
nantly of sand grains with a small proportion ot siltand
clay particles, The latter were found to concentrate at
the points of contact betwean the sand graing, forming
‘clay bridges’, Although the hypothesis suggests that
most of the interparticle stresses are transmitted
through these clay bridges, the strugture remains
stable under overburden pressure, even if inundated
trom time to time, |If additional stresses are imposed the
clay bridges may stili be capable of transmitting them
with a minimal change of volume, provided the satu-
ration of the =oil iz below the critical value, Anincrease
in gaturation ta above tha eritical value causos the clay
bridges to fail, and collapse settlement then oeours.

The collapse mechanism has subseguently been consi-
dered from other angles, For instance it has been sug-
gested that before a soil can collapse it must have a
basically unstable structure, a high imposed stressand
high suction. If the latter is lost due to wetting, collapse
occurs (Barden et al°), The removal of the suction from
the clay bridges constitutes a reduction in the normal
gtregs on the clay, and it is thought that the con-
gaquent reduction in shear strength causes failure
{Burland'). itis generally accepted that the principle of
aifective stress cannot be applied to collapse on the
macro scale (Jennings and Burtand'®; Blight”) but that
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TABLE 5
Avaraga dry donsities achigved

in  recorpacted  Oadomator
samplas,
Conditions specifisd Condlfions achiaved Conditions specilled Conditfons schieved
Compactlon Compaction
Percentage molsture Parcentage M;m;vw Percentage molsture Percentage l:,::::;v
mod. AASHD | content | oy AasHO mod. AASHO | coplent | qag AASHO
(%) {g/cc) %) {g/ee)
SOIL A" SOIL €
70 12,75 70,6 1,386 i 12,72 Ba.8 1,380
75 12,75 75,8 1,486 75 12,72 738 1,480
80 4,25 79,8 1,568 B0 12,72 78.4 1,574
80 8,50 80,1 1575 B5 12,72 g2.6 1,657
(0] 12,75 80,0 1572 a0 12,72 86,8 1,742
B0 17,50 80,2 1,578
g5 12,75 84,8 1,664 SOIL D
80 12,75 89,4 1.757 70 13,86 £9.8 1,337
B0{A-1-a) 12,75 a1 1,578 75 13,86 74,6 .'1,429
B0{A=1-h) 12,75 805 1.584 an a8z 78 8 1510
GC(A-2-4) 12,75 m7 1,567 HO 9,24 78,9 1,511
BOU\-‘” 12,75 TB,B 1,545 ao 13.35 79.1 1‘514
80{B) 10.08 8,7 1,684 a0 18,48 78,1 1515
BO{D) 13,88 76.5 1,503 85 13,86 84,0 1,608
80 13,86 a7 1,698
SOIL B
SOIL Et
0 10,08 70.2 1.502 Undisturbed | — 78,4 1,616
75 10,08 75,0 1,605 7770 0) 7,50 77,8 1,602
80 3,36 7ai9 1.690 777 ( 7) 7.50 77'4 1'595
80 8,72 79,2 1,695 7 (17) 7.50 70 1,588
80 10,08 79;3 1,705 77'7 (56) 7.50 76'3 1.532
80 13,44 79,9 1,710 ' i :
a5 10,08 84,9 1,817 S0IL Ft
a0 10,08 89,3 7,910 Undisturbed _
BO(A) 12,74 80,0 1,573 A0 10,00
80{D) 13,86 78,7 1,508 76,3 (56) 10,00

The figures in brackets refer to the regrading of the acll - see Section 4.5.

t Tha figures In brackets refer to the numbar of wetting and drying cycles - sao Seclion 4.7,

this principle may still be valid when considering
microsheaar {Aitchison'). :

4.2 INFLUENCE OF INITIAL DRY DENSITY

It has already been mentioned that the intitial dry
density of & sall is known 1o affect its potential collapse.
Although some arbitrary crileria have besr proposed to
obtain some idea of this coltapse (Jennings and
Knight 2 Anan'ev and Gil'man?, for example, there s
virtually no quantitative information available. This Is
presumably due to the difficulty and improbability of
finding undisturbed samples of identical soif having a
sufficiantly wide range of dansities. Inthis present work
specimens wera used which had been compacted in
tha laboratory, and because of this it was passible to
eblain any density desired,

Specimens of Soils A, B, C and D were tested at dry
densitias of 70, 75, B0, B5 and 20 per cent of mod,
AASHO maximum. Specimens of each =0l were com-
pacted at identical mofsturg contents, aguivalent to 50
per cent saturation at B0 per cent mod. AASHC dry den-
sity, which is normally cloge to the Proctor optimum.
Because of differences in specific gravity and maxi-
mum dry density, the compaction moisture content
varies from soil to soil, The actual mean dry density
achieved for sach series of specimens was not always
exactly that nominally required. The latter (expressed
as a percentage of mod. AASHO maximum) are. for the
most part, used in the following discussion, but the
actual values can be obtained from Table 5.

For each oedometer test a plot of voids mtio versus the

logaritbm of pressure can be drawn in the conven-
ttonal way. Typical plots are given In Flgura 9, This
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does, in fact, demonstrate that specimens compacted
to initial dry densities of betwesn 75-and 85 per cent
mod, AASHQO all congolidate to similar final dansities
undar a prassure of 64 Ib/in? (441,3kN/m?2), It also
shows that specimens that were tested fully saturated
(soaked) actually compress rather more than initially
identical spacimens which were tested partly satu-
rated and then inundated. However, int this type of pre-
sentation only selacted results can be used (inthis case
8 out of the 58 avaiiable) and, since inevitably there is
soma scatter of results, other more genaral methods
must be used to summarize the data obtained.

Foreach soil and initial dry density a curvewas drawn to
relate collapse {(expressed as change in voids ratio) at
B4 1b/in? (4413 kN/m?) to moisture content. These are
grouped together in Figures 10 {0 13 for Sails A to D
respectively. (For the 70 per cent mod. AASHO speci-
mens it was not always possible 1o draw a satisfactory
curve, and this has been omijtted attogather from Figura
12.) As these figures are very simliar for all four soils,
some geneéral conclusions can be drawn. Both the mod,
AASHO and Proctor optimum  melsture content
(though this has, in fact, been compacted at a lower
maistura contant}. Secondly, it is evident that the cri-
tical moisture content increases as the dry densily
reduces, and reaches a maximum value for densities of
the order of 78 per cent mod. AASHQ, after which the
value hegins to fall again,

It is obvicus that the amount of collapse rises rapidly at
lower Initial dry densities. It is not, howsevar, very aasy
to determing the dry density below which this rapid rise
commences. Figures 10 and 11 would suggest that it Is
below B5 per cent mod, ASSHQO, but for Soil D in Figure
13 it would fall between BS per cent and 80 per cent
mod, AASHOQ, (Soil C is ignored in tha following mare
detailed discussion, since the effect of the high mica
content is not propery understood.) Since Soil D has
the lowest maximum dry dansity, this leads Lo the-¢on-
clusion that density must not be considered only in
termg of the mod, AASHQ test. For this reason Figure
14 was drawn to show collapse versus initial saturation
for Soils A, B and D in terms of the absolute-densities.
The curves separate into two groups: those for initial
dry denslities above about 1 650 kg/m? and those fordry
densities below this value, Coltapse in the latter was
savaral times that of the denser soil, The influence of
the relative density can still be sean, and same dual
standard would be required to prescribe an initiat dry
density which would procuce only a srmall collapse,
This dry dansity might have to exceed both 85 per cent
mod. AASHO and 1650 kg/m?,

In Figures 10 to 13 collapse was refated to moisture
content. Similar curves can be obtained by plotting
collapse against either the initial saturation (before the
cormmencement of leading) ot the saturation prior 1o
collapse, These are shown, for example, for 2ell D in
Figures 15 and 16 respectively,

The data alraady presented can be raplofted in several
different ways. This has been done for Soils A, Band D,
but only Seil D is considerad here by way of axample.

In Figure 17 the collapse In Soil D has been plotted
against the initial dry density for various initia) satura-
tions. This shows vary clearly how collapse becomes
minimal in soil above a particular dry density, in this
case about 85 per cant mod, AASHO. Itis aiso interes-
ting 10 note that for any saturation there is a density at
which collapse is 2 maximum, and that this density
rises with increasing saturatian.

Another way of considering the same data is shown in
Figure 18, where the percentage recuction invalumein
Sofl O during collapse has been plotted in terms of the
initlal dry dengity and the moisture content. during the
test. This demonstrates the previous comment that the
critical moisture conten{ has a maximqm value for an
tnitial density of between 75 and 80 per cent mod,
AASHO.

tnitially, all specimens in any set had virtually the same
voids ratio, The reduction in voids ratio in those
Inundation) there was a considerable variation in the
voids ratio. The reduction in voids ratio in those
specimens tested fully saturated, was invariably about
ten per gent greater than that of the samples tested
partly saturated and then soaked,

It was also found that the final voids ratio was not the
same for all initial densities, but had & maximum value
for soil with an Initial dry density of the order of BO par
cent mod. AASHQ, This is shown in Figure 19, where
voids ratio. The reduction in voids ratio in those
against initial dry density. The veoids ratios imme-
dtataly prior to collapse have alsé been included in this
figure, expressed as & function of the moisture con-
tent.

4.3 INFLUENCE OF COMPACTION MOISTURE
CONTENT

Almost all of the published work on collapse settle-
meant has been In relation 10 natural solls, where the
guestion of compaction moisiure content does not
arise, 3ome of the few rafercnces (Barden et a5, Barden
et a/*) 1o laboratory tests on compacted soils suggest
that collapse does not oceur when the soil is com-
pacted wetter than the Proctor optimurn moisture con-
tent. It is not, however, clear whaether these specimens
were also loaded at the compaction moisture content.
The results of the tests discussed in Section 4.2 show
that collapse can ocour in some soils when the
moisture contents are a liittle above the Proctar
optimum, but only within a gertain range of densities.

Specimens of Soils A, B and D were compacted 1o a
density of 80 per cent mod, AASHO at moisture con-
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tents equivalent to saturations of 16,7; 33,3; 50,0 and
86,7 per cent, Each sat of specimens was tested in the
cedometer over the same range of saturations as
betore, and ail ware lInundated at64 h/in? (441,3 KN/m?)
applied pressure. The curves of collapse versus initial
saturation are given in Figures 20, 21 and 22 for Soils A,
B and D. These show very little variation in collapse
settlement with changes in compaction meisture
cantent. There is, parhaps, a tendeancy for specimens
(particularly of Seoil B} compacted at the higher
maisture contents to collapse rather less, In practical
terms there is no significant change in cotlapse or in
critical saturation with compaction moisture content.

The mean total consolidation of sach set of specimens
was determined and is shown in Figure 23. Once again
those specimens tested fully saturated conzolidated
rather more than those tested partly saturated and then
soaked. it was also apparentthatsoil compacted below
the Proctor optimum maolsture cantent (given in Table
2) consolidated appreciably more than  when
compacted wetter.

4.4 INFLUENCE OF APPLIED PRESSURE

It is already known (Knight*; AHchison') that the
ameunt of collapse that may occur Is dependent on the
pressure applied at [nundation. The relationship
botween collapse and pressure is nol, however,
understood.

Series of tests were carriad out on Sofls A and D with
final pressures of 16, 32, 64, 128 and 256 Ib/in® (110,3;
220,6: 441.2: BBZE and 1765,1 kN/m?) respectively,
Tests were also carrfed out on Sail B at the three
highest pressures but, although the results were
entirely consistent with those for the other sails, there
were not sufficient of them from which ta draw conclu-
sivns and they are not presented here. In ail cases the
specimens were compacted to a dry density of 80 per
cent mod. AASHC at a saturation of 50 per cent.

The curves of collapse versus ipitial saturation are
given in Figures 24 and 25 for Soils A and D regpec-
tively, (These curves would be identical if plotted in
terms of moisture content, since the initial dry densi-
ties wergall the same.) Two curves do not fit the general
pattern, that for a load of 64 Ib/in® (441,3 kN/m?) in
Figure 24 and, to a lesser extent, that for 2 load of 32
Ib/in® (220,6 kN/m?) in Figura 25. Thesetwo zets ofdata
ara anotialous and correct curvas can be conjectured,
Discounting the anomalies, Figures 24 and 35 show
that the critical initlal saturation falls with ingreasing
pressure. At ihitial saturations close to the eritical
values the amount of collapse is actually less at higher
pressures, bot at tow saturations the position is
reversed, However, the curve for a pressure of 256 [h/in?
(1 765,71 kN/m?) does nolcross that fora pressura of 128

Ib/in? (BB2,6 kN/m?) in Figure 24. There is therefore
some ground for believingthat {for these soils and den-
sity) collapse reaches a maximumn at prassures of this
order,

The same data can be replotted in terms of collapse
against pressure (to a logarithmic scale) for various
moisture contents, as in Figure 26. This shows clearly
how at any rmoisture content there is a maximum
amount of collapse, and how this occurs at higher pres-
sure for drier soils, Selecied plots of voids ratio versus
logarithm of pressure ilfustrate the same point In
Figure 27 the specimen with an initial saturation of 57,3
per cent would have collapsed at any pressure below
128 |b/in® (882,6 kN/m?),

4.5 INFLUENCE OF S0iL. GRADING
AND TYPE '

The tests discussed so far were carried out on Solls A,
B, Cand D at the gradings sampled in thefield after the
removal of particles aver 2 mm in size. Variations in
behaviour have been noted which can only be attri-
buted to differences between the sofls, These could be
due to the soil types, exemplified by the rineralogical
differences summarized in Table 1, or the variations in
particle-size distribution shown in Figure 4. Tests wara
therefare carried out to assess the significance of these
factors,

Initially Soil A was divided into USPR classes, as
already mentioned in Section 3.1, and shown in Figure
5. Specimens of each grading were compacted 1o the
same dry density, B0 per cent mod. ASSHO for the
original grading, at the moisture cuntent equivalent to
50 per cent saturation for the orlginal grading, and
tested as before, The collapse versus initial saturation
curves obtained are shown in Figure 28, and lead to the
conclusion that these relatively small changes in
grading did nat significantly alter the behaviour of the
s0il.

More radical differonces in grading were made to Soils
A and B, the former being reconstituted to Gradings B
and D (as shown in Figure 4) and the latter to Gradings
A and D, (Grading D, far instance, means the origina)
grading of Soil D was finer than 2mm ) ODedometer lests
wore carried out on specimens campacted to 80 per
cent mod. AASHO atthe moisture contentgiving 50 per |
cent saturation, in both cases for the soll whose
grading was being used. The results can be compared
in tarms of either the soil type (Figure 29 for example)
or grading (Figure 30), Thase results, of which only
examples are shown here, suggest that the amount of
collapse is a complex function of soil type, grading and
dry density. [t appears from Figure 28 that the initial dry
density is the dominant factor, It is, indeed, reported
(Barden gt al* Bragkley': and Barden®) that any soi!
may collapse under the right conditions.
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4.6 RATE OF CONSOLIDATION AND
COLLAPSE

Throughout the testing reportad so far in Chapter 4,
measurements af consolidation were taken at intgrvals
of ime frem 30 seconds upwards. This was done both
for primary consolidation (in fully and partly saturated
specimens) and for collapse, The average times for 90
per cent consolidation {determined by the root time
method) in sets of fully saturated specimans are given
in Table 6 and it can be seen that thesa times are very
short, and do not ditfer much batween the variables
investigated. It has also been found that the partly satu-
rated specimens consolidated up to three times mare
rapidly than those tested fully saturated,

It was observed that when the specimens were inun-
dated there was a distinct ‘reaction time™ before
collapse commenced. Time curves obtained from
continuous readings areshown in Figura 31 to illustrate
this.

Because there is no immediate sattlement it is possible
to determine the actual time for 90 per cent collapse
trom the plotted curves, assuming the movemant in 24
howrs Lo ke 100 percent collapse. The average times for
cach set of specimens are given In Table 7, These are
very variable, principally because at saturations just
below the critical (whers theé amount of collapse was
small) the rate of collapse was normally very slow. The
averages have been based on the mean of the sguare
roots, but this has not efiminated the variations. The
conclusion drawn from Table 7 canfirms this observa-
tian, namely that where the amount of collapse was
small, the rale was very slow. At high dry densities it
was 5o slow that a realistic time for 90 percentcollapse
could not be estimated. Itis also interesting {o note that
the rate of collapse was agood deal siower than the rate
of consolidation 10 the same specimen, presumably
because soma time Is required betare clay bridges are
softened to the peint of failure.

The fact remains, however, that where significant
coltapse ocours it takes place quickly, and the rate of
collapse is therefore of minar concern, it does notquite
confirm the statement (Altchison') that the rate of
collapse is unimportant becausge it is instantaneous or
of shart duration,

4.7 STRUCTURE OF COLLAPSING S0IL

in order lo learn morg about the reasons for soil
behaviour it has become fairly commaon to examine the
seil structure microscopically, and this approach is
equally valid with collapsing soils. Early studizs were
made using optical microscopes (Knight™- ™) butmore
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recently the development of the scanning electron
microscope has made maore satisfactory aobgservations
possible {Smart”; Barden’ and Barden et al)
Specimens of the compacted soils used in this wark
have been examined by means of this technigue and
pholographs have been taken to illustrate the findings,

It was found thal in compacted soil the finer silt and
clay particles were distributed all over the coarser sand
graing, as shown in Plate 7 for instance. No particular
difterence was observed between dense and less dense
soils, except for the obviously greater Interparticle
voids in the latter. It was, however, noted that in soils
compacted at a high moisture content the distribulion
of finc particles tended to be uniform, whareas in soil
compacted very dry these aggregated in clurnps. These
two conditions are illustrated in Flates 8 and 0
reapectively, and probably account for the differences
in Behaviour discussed in Section 4.3, '

't iz significant that the clay bridges (Knight™) were not
found in the compacted soils. By way of comparisen,
undisturbed specimens of Solls E and F, which are
naturally-ocourring collapsing sands, were examined.
Clay bridges were found, such as the one shown in
Flate 10, but when the same soitls were recompacled to
the same dry density the clay bridges had disappeared
{Plate 11). There is clearly a fundamental difference in
structure between natural and recompacted collapsing
soll. (See Plates 8 to12.)

it was suggested by Knigh®* 22 that the clay bridges are
formed during the seasonal cycles of wetting and
drying that oceur in spils in the climate of southern
Africa. An attemp! was therefore made to moadel this in
the laboratory. Scils E and F were compacted in the
oedometer rings in the usual way (o the same dry
density as the undisiurbed sampies. Weiling was
achieved by standlng the specimen, securad between
two porous discs, in a bow! and allowing water (o rise
slowly to saturate it, The drying part of the ¢ycie con-
sisted of allowing the water level to fall again slowly,
after which the specimen was placed for at least twelve
hours in an ovan at. 50 to 60 °C. Sets of specimens werg
subjected to different numbers of successive cycles,
and incipient clay bridges were observed after 56
cycles {FPlate 12). Sets of pedometer tests were also
carried out, giving the results in Figures 32 and 33. Sur-
prigingly it was found that, particularly for Soil E,
collapse was greater in the sail after recompaction than
in the undisturbed state. Flgures 32 and 33 show how
the behaviour of tha recompacted specimens tends to
change towards the natural soil as the number of
successive wetting and drying ¢ycles increasns. Theso
effects are much more marked for Soii E than for Sait £,
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FIGURE 30 Soit B = gollapse vertus roal time-curvos for samples
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TABLE &

Averyge time (in munutes) for 90 par gent
conranlidation in fully safuraled samples,

Sall
Variabie
A B o
Initial dry dansily
(refative to mod AASIHO maximum)
70 % .5 1.5 1.2
75 % .7 1.0 1.4
8o % 1.7 1.6 1.7
85 % 0.9 09 11
S0 % 1,0 1.6 1.5
Compaction axtyration
(percentage at BO par cenl mod. AASHO)
16,7 % 1.0 .0 1.5
3a.a % 1.7 1.3 2.8
00 M 1.7 1.6 1.7
EB,7 % 2.3 1.0 2.5
Applied preasure
1§ Iz furnt 1.4 1.2 16
a2 Ietin? 13 1.4 1.6
64 B/in? 1.7 1.6 1.7
128 ibAin? 0.8 1,0 1.2
256 Ibfin® 1.0 10 1.9 J
TABLE 7
Avu(agn' firerls f oy aniedtes ) ior
80 par cent coflapse.
Soll
Varfable
A 8 o
Intizl dry density
{retabwe o med. AASHO maximum)
70 % &.0 a2 33
75 U 57 114 45
80 L 7.4 15.9 7.4
. =120 - £2.2
<1} % - - -
Compachon salurelion
tpercentage at 60 per cenl mod. AASHO)
16,7 L 8.5 245 4.7
B3 % 11,9 146 4.3
50,0 L 7.4 15.9 7.4
B&.7 B -~ 43,0 226 HA
Apried pressyre at collapse
16 Ihfite 20.2 " 18,5
Az Ibfin? 7 - A4
G4 Ib/in® 7.4 1559 7.4
128 Ib/in? 18,3 6.4 9.7
256 o/in? 16,2 - 73

NORTF  Fhnst fenos are based on meas of Sapee (0l
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PLATE 7 PLATE 8

Soil A compaeted 1o 80 par cant mad, AASHO dry denslly at Soil 8 compacted to 80 per cant mod. AASHO dry dengity at
12,75 par cant moisture content, 13,44 per cant moiglura sontant,
x250 enlargement showing clay parifcles. aghering to sand x300) enfargemant showing clay particles adharing 1o gand
grains. grains.

PLATE 9 PLATE 10
S0il B compacted {0 BY per cent mod, AASHO dry dansily at Unaisturhed samplo of Soil E.

.36 per eent MOIsUre contant. x 500 enjargemant showling clay bridge between sand grains,

x400 eniargement showing clay gariiclos tending 1D aggregate
In clumps.
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PLATE 1%
Soil £ recompacted to 1.6 g/ce dry density al 7.5 per cent
moisture content,
x 200 enfargoment showing distribution of fine particles on
sand grains.

5. PRINCIPLES OF COMPACTION
OF SOIL

Campaction may be defined as the application of
mechanical energy to the foil as a result of which the
particles are rearrangad in such a way that the density
is increased, The principles of compaction are not
always properly understood, and a brief review of themn
will tharefore be given, These principles have been
known for many years, but are sericusly negleeted in
the standard soil mechanics text-books.

ft is also necessary 10 stress that there are differences
between the compaction of soil In an embankment and
the compaction of a road pavement. In the latter case
salected granular materials#re laid in thirn layers so thai
a high degree of control over the compaction is
possible. Embankment matarial, on the other hand, is
aften anything butideal, and a good deal of thought has
to be given to the best method of compacting it,

5.1 MECHANISM OF COMPACTION

The mechanism of compactlon depends on the nature
of the soil. in cohensionless soils (sands and gravels)
the compactive effart causes a mechanical rearrange-
ment of the soil particies into a denser packing. A

29

PLATE 12

Soll € recompaciad to 1.8 g/ee dry density al 7.5 par cent
morsture comtent and subfected ta 56 cyelss of welting and
drying,
x200 enlargemant showing possible movement of fing
particies into voids betwesn sand grains.

limited amount of water assists this process, ‘lubri-
cating’ the coarse particles {Practor®®). This concept is
not strictly correct {or a clay soil where the partictes
have & physico-chemical banding rather than a purely
physical structura {lLambe®), For most fill materiais,
which are neither ertirely cohesionless nor pure clay,
the truth lies somewhere in between, However, it wiil be
more convenient here to consider gualitatively the
mechanism for a pure ciay. :

Witheut going inte details of the physlco-chemistry,
tha compaction process can be explained (Lambe®) ax
follows. At low moisture contants the orientation of the
soil particles s inltally random, becausa of flogou-
lation. This occurs because thare are insufficient water
maolecules to neutralize a1l the elecirlcal charges. (n this
condition the density is low. As moisture is added, more
af these charges are neutralized and the strusturs
hecomes less flococulated and the clay particles
hecome partially orientated, As a result, the density
increases to a maximum, As yer more watar i added
the clay particles become fully orientated, but they are
forced further and further apart to rmake room far the
additional adsorbed water, thus again reducing the
density of the soil. This process s illustrated schema-
ticelly in Figure 34, in terms of the familiar moisture
versus density curve.
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Soll E — collapsa versus saturation for samples subjacted to
diffarent numbers af wetlting and drying cyeles.
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FiGURE 33

Soll F — collgpse versus saturation for undisiurbad soli,
recompactad soil and so0il subjected (o wetting and drying
cyclos.
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5.2 TYPES OF COMPACTIVE EFFORT

Soil may be compacted eithar in the laboratory orin the
fiald by applying energy by one of several means. In
many cases in practice the energy applied is a
combination of twa types: for instance in the case ofa
vibrating rotler, the energy is applied as static pressure
as well as vibratory energy.

The principal types of compactive effort are:

{a) Dynamic compactlon. This is used in most stan-
dard laboratory compaction tests. The eommonest
of these tests ara the Proctor (or B.S. Light orstan-
dard AASHO) test and the modifled AASHO (or
8.5. Heavy) test, There are a number of othar ver-
sions of the basic dynamic compaction test. They
all involve different armounts of energy applied toa
given volume of sqil. in the field, dynamlc compac-
tionr is rarely used because of the movement
required to apply sufficlent energy to the much
targer volume of soil involved, Exampies of the
plant used in the field for dynarmic compaction are
the frog hammer (for small volumas of soil), and
the impact roller.

{b) Statlc compaction. This is considered the best
method for the praparation of uniform laboratory
specimens (Gau and Qlson™), Althaugh in the field
this method is seldom used on its own, almost all
other types of field compaction [nclude static
compaction. An example of pure statle compag-
tion wolld be surcharge Ioads applied o an
embankment to expedite consalidation,

{¢) Cydlic applications of static loads. This is probably
the commonest method used for fleld compac-
tion. It is the only way energy is appiied whenusing
smooth-wheeled rollers, and is alzo a factor in all
other rolling technigues.

(d) Vibratory compaction. This type of compaction is
usually only applied to soils which are virtually
cohesionless, aither in the field or in the labora-
tory. Vibratory methods are as a rule not suited o
cohesive 50il8,

(e) Kneading compaction. This type of compaction is
the one usually used to compact elay, Sheepsfoot
ar grid rollers, and to a lesser extent pneumatic-
tyred rolfers, emplay this principle. Kneading is
also used in some [aboratories for the preparation
of clay specimens for testing, The kneading acticn,
Lsed to rework the clay, takes place under static
pressure; thus the old bonding system |5 destroyed
and replaced by one that is better orientated. It i3
not a method recommended for compacting
cohesionless soils.

5.3 MOISTURE-DENSITY RELATIONSHIP

The varlation in dry density with moisture content in a
laboratory compaction test (as already illustrated in
Figure 34} is familiar to most engineers. Figure 35
shows the moisture density refationship for Soil A com-
pacted atihree differentcompactive etforts. it comes as

an

no surprise to find that the maximum dry density
achiaved is increased by applying more energy. H may
not be s0 widely known, however, that the optimum
moisture content (the molsture contant at which the
maximurn dry density Is achieved) is lowear for higher
compactive efforts,

The compactive effort apphed in tha fleld also varigs
from onetype of plant to another and different compac-
tive efforts are required for layers of different thick-
ness. If the thickneass of the sall layer Is kept constant, it
is pogsible to plot moisture-density curves for various
items of plant, in which case the nature of the plant is
the only variable. An example of this is shown in Figure
36, taken from a report {Williams and Maclean®) where
many such relationships are given, Tha maximum dry
density and optimum moisture content vary in exaclly
the same way as thay did for different compaclive
efforts in the [aboratory test.

5.4 FACTORS AFFECTING FIELD COMPACTION

It is widely believed that if a layer of soll is rolled often
encugh, the specified density can be achieved,
Examination of Figure 36 shows that this will not be
achisvad if the wrong plant is chosen. |t has 81so been
shown (Willlams and Maclean®) that there comes a
point where further rolling of a layer of soil achieves
virtually no increase in its density. This is ilfustrated in
Figure 37 in terms of variation in moisture content for
one item of plant, and in Figure 38 for varlous types of
plant each of which was working at its own particular
optimum molsivre contant.

It has also bean shown (Lewis™) in tull-scale field trials
that the maximum densily which can be achieved for
each soil, moisture contentand item of plantvaries with
depth. Figure 39 shows an example of this variation in
dry density with depth, It is theretore apparent that the
thickress of the fayer being compacted must not
exceed a cenain maximum, as beyond this thickness
the specified density will not be achieved at the bottom
of the layer.

A gquarter of a century of study of this subject at the
Transport and Road Research Laboratory in Great
Britain has resulted in the pubiication of a standard
specification for compaction (Ministry of Transport®).
This is written in terms of the type of compaction plant,
the intensity of static loadlng and the nature of the soil.
The maximum depth of the compacted Jayer ranges
from 3 into 12 In (78 mm to 300 mm} and the minimum
number of passes of the rolier varies from 3 to 16

6. CONCLUSIONS AND
RECOMMENDATIONS

The work repered in this Bulletin has shown that the
initial compaction of soil has an imporiant bearing on
ite subsequent oehaviour in road embankments.
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FAelation betwean dry dengity and depth betow the surlace of
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Variations in the moisture content of the sail during
compaction and in the dry density achiavad will deter-
mine the structure of the compacted soil mass. This in
turn will atfect the settlerment that is likely to occur
under any given set of circumstances, and the maxi-
mum shear strength that can be developed.

It is necessary to consider how compaction affects
the soil behaviour, what is the idea! post-construction
condition to strive for, and what steps can be taken
during sonstruction to achieve this end.

The main conclugions reached during the present
study which eould influensce construction practice are:

{8) Collapse settlement can oceur in almost any soil
that has a ralatively low dry density and which hag
bean loaded helow a critical moisture centent
(Section4.2). Collapse can be minimized providing
the =oil is initlally compacted to adry density that is
greater than both 85 per cent mod. AASHO and
1850 kg/m?,

(b} The critlcal moisture content, which is not easy to
determine without a good deal of testing, varies
fram soil to soil and with the initial dry density. For
the typical fili materials tested, the critical moislure
content appears to be one or two per cent in excess
of the Proctor gptimum (Section 4.2}, This could be
used as a rule of thumb criterion particularly when
the dry densities exceed 85 par centmad. AASHO.

{c) There appears to be a tendancy for specimens
compacted at low moisture contents to experignce
both greater collapse and graater total settlerneant
than those compacted wetter (Section 4.3). In
practical terms this difference is not significant.

{d} The amountofcollapse setllement does not neces-
sarily ingcrease with increasing pressure. For any
maoisture conternt there i5 a pressure above which
the amount of callapse reduces (Section 4.4). This
pressure is higher for soils with lower moisture
contents (Figure 26).

() The amount of collapse depends tosomeextent on
hoth the sall gradingand minaralogy (Section 4.5).
The retative importance of these variables is not
clear, bul both appear to be much tess significant
than the initial dry density.

{f} Infully saturated soil, tha rate of collapse is several
times slower than the rate of conseolidation, which
itself is slowear than that in partly saturated soll
(Section 4.8), After wetting ang befare collapse
beging, there is also a brief reaction time which is
so short that for practical purposes it can be
igriored,

{g} There are differences in structure and behaviour
between naturally dccurring collapsing soils and

£5IR Research Report 324, NITRA Bulletin 13, Prelora. South Atrca, 1977

the same soils when recompactad (Section 4.7).
Indeed, there may be a greater tendency Io
collapsa and higher critical saturations in the
recompacted soil.

(h) Throughout the work it was observod that a soil
lested fully saturated almeost invariably eonsoli-
dated more than the same soil ioaded partly satu-
rated and then watted to cause collapse. This
difference is of the order of ten per cent.

From a practical point of view, therelfore, the most satis-
factory results will be obtained if soll is compacted toa
density exceeding both 85 per cent mod. AASHC and
1650 kg/m*, The compaction moisture content should
nol be less than the Proctor optimum, and this should
be maintained at all points in an embankment through-
out the perlod when the load is increased.
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