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The effect of mechanical remoulding on the
compression and strength characteristics of
Mercia Mudstone

L'effet de remaniement mécanique sur les caracteristique
compression et la force d'un mudstone Mercia

S. E. Stallebrass
City University London

L. J. Seward
ETH Zurich

ABSTRACT

A series of laboratory tests have been undertakenrasfpmlarger study into the effect of continuought auger pile insted:
tion on the soil-pile interface in the Mercia MudstoBroup [1]. This paper reports the results of streds tpakial tests o
bulk samples of the mudstone which have been subjéstedrying amounts of mechanical remoulding represgrttie e-
moulding that occurs due to the action of the augienddition, the water content at which remouldiakes place has beenrx
ied. The tests were undertaken to investigate whetigesilt sized aggregates of clay particles that ¢R]stvithin this soi
could be broken up by the mechanical remoulding anetiver this would affect the compression and strengtpepties of th
mudstone. It was found that both mechanical remoulgimjthe water content at which this is carriedadtect the subseque
response of the soil.
RESUME

Une série de tests de laboratoire a été entrepriselel@adre din plus grande étude sur I'effet de l'installation de pfeves ¢
la tariére sur l'interface sol-pieu dans le mudstone Méscoup [1]. Cet article présente les résultats des tested@rcde ca-
trainte triaxiale sur des échantillons en vrac de ldstane qui ont été soumis a des quantités variables deieanesih méa-
niques représentant les remaniement qui se produisenisen de I'action de la tariére. En outre, la teneuganau cours |
laquelle a lieu remaniement a été modifiée. Les essaiséphirepris afin de déterminer si les agrégats decplasi de limo
argileux qui existent [2], dans ce sol pourraiont étwesé par le remaniement mécanique et si cela afféckesgpropriétés ¢
compression et la force du mudstone. Il a été constetdes deux remaniement mécanique et la teneur enueeouss d
laquelle ces opérations sont effectuées affectent lasépiu sol.

Keywords Mudstone, stiff clay, strength, volumetric compressiemaulding, disaggregation

1 INTRODUCTION interface in the Mercia mudstone group [1].
About a week after installation the upper halves
In June 2007 a field trial was carried out at theof all four piles were excavated in sectioms t
Ibstock Brick Pit in Leicestershire. Four testgether with substantial samples of the surtbun
piles were installed at a test site in the brick piting soil. These sections and the soil surrounding
using a continuous flight auger piling rig. The them were transported back to City University
aim of the trial was to study the effect of conti London for examination and testing. In addition,
uous flight auger pile installation on the soil-pile a large bulk sample of the soil was also retrieved

! Corresponding Author.



and it is this bulk sample which has been usedbeds. At certain depths these were interbedded
for the tests reported in this paper. with hard, olive green/grey sandy silt [1]. The
It has been suggested [2] that the Merciabulk sample of soil which was obtainedneo
Mudstone has an aggregated structure, whickained material from all three of the beds-d
means that clay minerals in the Mercia Mudstonescribed above.
are bonded together into silt size particles, such A mineralogical XRD analysis of soil from
that a particle size distribution test will tend to around the piles [1] showed that the clay fraction
greatly underestimate the proportion of claynmi  ranges from 8- 28% with an average of 15% and
erals actually present in the mudstone. If thes¢hat in most samples, illite is the most abundant
aggregations are broken up the clay minerals wilmineral, making up to 98% of the clay fraction,
be released and it is possible that this will affectand on average between 50-60%. lllite-smectite
the mechanical response of the mudstone. interlayers were present in approximately 50% of
The effect of breaking up aggregations of claysamples tested. The method used to test these
particles on index properties has been investiga samples requires the soil to be ground to a fine
ed for Mercia Mudstone for other sections of thepowder and it is thought that this would have
stratigraphy [3] [4] and differing results have caused any silt sized aggregates of clay particles
been obtained both in term of the energy requiredo have been broken down. Consequerithg
to disaggregate the particles and the effect on thaverage values obtained from these mineialog
index properties. It is likely that the later is cal analyses should give a reasonably accurate
strongly dependant on the clay minerals presenpicture of the clay fraction in the bulk soilrsa
which varies significantly across the Mercia ple used in these tests. It should noted that the
Mudstone group. bulk sample contains a representative amount of
This study looked at the effect on strength andhe sandy silt material which is unlikely to have a
compressibility of subjecting samples of soil to significant clay content.
varying amounts of mechanical remoulding and Particle size distributions for this soil werke-o
also of varying the water content at whick r tained using wet sieving and sedimentation.
moulding takes placeThe mechanical remodd  Samples were prepared by soaking the soil and
ing was undertaken to replicate the remouldinghen by gentle agitation to separate uncemented
effect of the auger used in continuous flight a aggregates. Typical particle size distribution
ger piling and the water content was variedto i curves are given in Figure 1. The distributions
vestigate the effect of ground water entering thesary due to the variability of the bulk sample.
pile bore from more permeable water bearingThis shows that in its natural state the mudstone
layers. In the field trial water was added artif appears to be sandy silt with a clay fraction of
cially during the excavation of two of the piles. around 10%.
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2 SOIL TESTED

70

Ibstock Brick Pit is in the Gunthorpe member of «
the Mercia Mudstone. The typical lithology of £

this member at Ibstock comprises red, andesom 3 ;
times green and grey mudstones and siltstones * s
ranging from finely laminated to structureless, | .~ <
with thin beds of coarse siltstone and very fine |
Sandstone Iﬁ 0.001 0.01 .0.1 ) 1 10

The stratigraphy logged at the site wasi-co partcesze o

sistent with this description with centimetre-scaleFigure 1. Typical particle size distribution curves the un
laminated brick red/brown silty clay beds, inte remoulded bulk sample

spersed with centimetre-scale red/purpledhar
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Comparing the clay fraction observed irgFi simulate the same churning action that migtt o
ure 1 with the average clay fraction of 15%-0 curin continuous flight auger pile construction.
served from XRD analyses supports the ssgge All the soil specimens tested were prepared using
tion that the Mercia Mudstone tested contains silthe same approach as described below.
sized aggregations of clay particles [2], that can
broken up under the action of mechaniced r 3.1  Preparation of test specimens

moulding, but is not conclusive due to the gari A sub le of soil f the bulk .
bility of the soil. Further evidence was obtained, . sub sampie of Soil from ne bulk Sampe T
trieved from site was prepared by soaking is di

from particle size distribution tests carried ofit a illed water f fow d d then bei laced
ter the soil represented by the solid line in FigureI ed water for a few days and thén beéing place

1 was remoulded, leading to a clay fraction of'tn ? mixer. .Thz ?Ub sath1pIe us;ad tm ]Ehfsos/e”(hjl‘:shA
just over 20%. ests was mixed to a water content o b. e

. ; . sub sample used in the series B tests was mixed
o I O o S201® P10 water contntof 195, Thissoi was hen
limit was 27.7%, and the plastic limit 10.0%, vided into three batches and in “’YO of these
giving a plasticity index of 17.7% and an Adtiv bagches the Owater contents were increased to
ty of 1.42, which compares to the typical Aétiv 22% and 26/‘.’ respect|'vely. Al thrge batches
ty for illite of 0.9, were then mixed again befor'e being pas;ed
through the meat mincer three times. The soil at
26% was at too high a water content to pask eas
ly through the mincer and soil became stuck in
the flights of the screw used in the mincer. All
the soil used in the Series A tests was passed
ﬂ]rough the mincer twice. A third of the soil was
set aside and the remainder was passed through

the mincer a further two times. Another third

ous section. In both series of tests an effort Was s set aside and the final third was passed
made to start with a representative sample of thﬁﬁrough the mincer two more times. This left six

soil. Iln test Se”ei A.thle soil :steéj It;] the teStbatches of soil as described in Table 1 and these
samples was mechanibalremoulded, by pas gere all separately mixed to a slurry with a water

3 EXPERIMENTAL METHOD

Two series of stress path triaxial tests have bee
carried out on samples of Mercia Mudstonk- ta
en from the bulk sample described in the prev

ing through a meat minger, at the average natur_ ontents of 4B0% The procedures outlined

0 .
water content of 18%. In test series B the soi bove were designed to ensure that the tests in

usedl dm d thf ;(_ef?t sa{nplef, was {netchanlﬁa:)ﬁy rleach series are comparable despite the variability
moulded at different water contents. Table o]the base bulk sample.

summarises the processes undergone by the soi The 38mm diameter cylindrical specimers r

used in the various tests. quired for testing in the stress path triaxial @pp
Table 1. Summary of mechanical remoulding and waief ¢ ratus were prepared from slurry using Perspex
tents for soil samples tested. floating ring consolidation tubes. The specimens
TestlD  No "I‘;t"é‘%s soil e- Wﬁtf Co_rl“e”t at were consolidated under a maximum vertical
moulde Yy passing whnicnh soill ie- . .
through meat mincer moulded stress of 60kN/ﬁ1 Because of the high silt and
sand content in the Mercia Mudstone it wak di

Test A2 2 18% . L L .
TestAd 4 18% ficult to minimise friction between the pistons
TestA6 6 18% and the tube and consequently many of the-spe
TestB3L 3 19% imens created did not have uniform waten<o
TestBBM 3 22% tents

TestBBH 3 26% :

The use of a meat mincer to mechanicatly r -2 Testing procedure

mould soil was proposed by Atkinson et al. [4] The reconstituted specimens were carefully
and was adopted for these tests. The aim was {Qaced in computer controlled Bishop and dA/e



ley [6] type stress path triaxial cells as describedt was estimated that the final water content of

by Atkinson [7]. All specimens were ©B the specimens may vary due to water entering the

pressed isotropically to the states given in Tablesample at the base of the specimen by as much as

2 and then sheared under undrained conditions &5%. This gives a potential error in the specific

a constant strain rate. volume which is indicated by the vertical line
Water contents were obtained at the start ohown in Figure 2. This error will not only-a

the tests from trimmings from the specimen andect the position of the curves in terms of afi of

at the end of the test. Due to the problems irset to the specific volume but also to a lesser e

specimen preparation outlined above, the finatent the gradient of the curves.

water content was considered to be the most rel

able and was used to calculate specific volumes. o Test B3H
Table 2 Test details —=—TestB3M
- - 1.75 - -+ Test B3L
Test ID p' after isotropic X 0RO~ .. e TestAd
compression e TostAS
(kN/mz) 17 | +,H+WM
TestA2 100 2 =
Test A4 180 2 A;:\:Ek .
TestA6 155 5 165 ENYY
TestBL 150 = y
Test BM 150 &
Test BBH 150 16 -
1.55 - potential error in specific volume
4 RESU LTS caused by 0.5% error in water content e
Because of the variability of the soil in the bulk ~ * o5 .5 s os
sample each series of tests was effectively unde Lnp'

taken on a unique soil. The compression curves

presented in Figure 2 should therefore be treateigure 2 Compression data for Series A and Series B tests
as two sets of data; Series A tests for which there

are two reliable compression curves and Series B Despite the potential inaccuracy in the speci
tests for which three Compression curves aee pr ic volumes it is clear that the two Series B tests
sented. The curve for Test B3H starts from aSubjected to mechanical remoulding in the meat
higher value of mean effective stress because th@incer at 19 and 22% water content haveyver

first stage of this test was a one step conaelid Similar normal compression lines whereas the
tion. normal compression line for the soil remoulded

In all cases the soil was only lightly overco at a higher water content (26%) characterises a

solidated at the start of isotropic compressiorSoil with a lower specific volume or more closely
and all samples reached a normal compressiopacked grains. It also hasawkr value of 2, in-
line during the compression stagés shown in ~ dicating the presence of a greater proportion of
Figure 1 the mudstone has a very high sift-co silt and sand sized particles. The gradients of the
tent and low clay fraction, so it is not surprising hormal compression lines obtained in the Series
that the values fol derived from the normal A tests are similar, but for these tests it appears
compression lines in Figure 2 are relatively low.that the gradient and specific volume increase
They vary from 0.077 and 0.080 for Testd A with greater mechanical remoulding in the meat
and A6 respectively through 0.068 for Tests B3LMINCEr. _
and B3BM to 0.046 for tests B3H. Data from the undrained shear stages aee pr
The low compressibility of the soil means thatsented in Figures 3 and 4 as g/p' against axial
the compression behaviour is very sensitive tcéstrain. Figure 3 shows data for the Series A tests
the measurement of water contents in the sampl@nd in these the value of stress ratio at failore i



creases steadily with number of passes through The results from the Series A tests are slightly
the meat mincer from 1.11 through 1.22 to 1.43counter intuitive as it might be expected that if
In all cases the soil has reached a critical statthe mechanical remoulding is causing particles to
and these values of the critical state frictionfecoe disaggregate from silt sized to clay, the stress r
ficient are consistent with angles of friction of tio at failureshould decrease from a valuerco
27.9°, 30.5° and 35.3° respectivelyfFigure 4  sistent with a silt, which would be greater than
shows stress ratio against axial strain for the S 1to a value consistent with a clay which would
ries B tests. The stress ratio against stramn r be 1 or less. This is in contrast to the values of
sponse is not affected by the water content af/p' at failure reported earlier.However, this
which remoulding takes place. All the data formay be explained with reference to the data from
the Series B tests are very consistent and give the Series B tests

value of stress ratio at failure of 1.31, equivalent The data from the Series B tests appear very
to a critical state angle of friction of 32.5°. consistent when plotted as normalised stress
strain data as in Figure 4, they are less consistent
when the stress paths followed during the tests
are plotted in g:p' stress space as shown in Figure
5.

The stress path for Test B3H is characteristic
of a soil where the dominant particle fraction is,
sand or silt, whereas the stress paths for Tests
B3M and B3L are characteristic of soils where
the clay fraction is dominating.

Stress ratio, g/p'
o
©

081 ez This indicates that despite the consisteri va
—=-TestA4 . . .
04 T ues of stress ratio at failure, in the samme r
* moulded at the highest water content there has

02 | been less disaggregation of particles. It is poss
ble that in the other two samples the disagareg

O e e s 10 1w tion of the silt into clay has not been sufficient to

axial strain, % reduce the angle of friction at failure, but h#&s a

fected the pre-failure deformation.
Figure 3 Stress ratio against axial strain for Series A tests
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Figure 4 Stress ratio against axial strain for Series B tests



Stress paths for the three Series A tests arthe specimen retains the characteristics of the
given in Figure 6. These tests were alineo natural bulk sample. However, the other two
pressed to different initial states before shearingspecimens are not sufficiently affected by the
The curves are a little uneven due to lack of-co remoulding for the critical state friction coeff
trol of the stresses, but nevertheless are alhessecient to change. Pre-failure deformations dre a
tially the same shape and similar to the strestered by the remoulding resulting in stress paths
paths in test Series B where it appeared that prehich appear more typical of normally roe
failure deformations were dominated by the claypressed clay.
fraction but failure was dominated by the sandy Further testing is required to establish how
silt fraction. It may be that when the soil i®m sensitive the remoulding is to water content and
chanically remoulded to low levels, aggregationswhether prolonged mechanical remoulding
of clay particles are not split up but aggregationsvould lead to a clay content that would start to
of silt particles are resulting in the higher anglesaffect the critical state friction coefficient.
of friction.

140

" jzztﬁi ACKNOWLEDGEMENT
/‘ ‘S@"&E\q —=Test A6 .

100 The authors would like to acknowledge thesu
= \\x& port of Tony Suckling and Balfour Beatty
é \Hﬂ“’x Ground Engineering who funded the PhB-r
o 60 /é_ Yy ] search undertaken by the second auth®hey

o i ? E would also like to acknowledge the contributions

]} g 3 of Alexandros Galatoulos, Athingreskita Konti
20 47 ; / and Andreas Trapezaris who undertook much of
0 the laboratory testing reported here.
0 20 40 60 80 5 (k"?‘(jmz) 120 140 160 180 200
Figure 6 Stress paths for Series A tests REFERENCES
[1] Seward, L.J. The Effect of Continuous Flight Auger
5 CONCLUSIONS Pile Installation on the Soil-Pile Interface in tkiercia
Mudstone Group. PhD thesis, City University, London,
UK, 2009.

Two _series of tests have been undertak.en 0 Davis, A.G. The mineralogy and phase equilibrium of
Mercia Mudstone from a bulk sample retrieved Keuper Marl, Quarterly Journal of Engineering geol
from the Ibstock Brick pit. The data show that gy, 1, 2538, 1967. o _
mechanical remoulding does affect the strengtﬁ3] Atkinson, J.H; Fookes, P.G.; Miglio, B.F. & Pettifer,

d . h . f th il b G.S. Destructuring and disaggregation of the Mercia
and compression characteristics of the soll, but  \\4stone during full-face tunnellinguarterly Jot-

not by solely breaking up aggregations of clay nal of Engineering Geology and Hydrogeolpd,
particles. The latter would result in a greatergl] 2?13-3&3 2003. § S _
clay content and to the Specimen behaving mor Chandler, R.J. and Forster, A. Engineering in Mercia
. . . oo mudstone (C570), Pub; CIRIA, ISBN: 0-86017-570-7
like clay. The increase in the compressibility of 2001. (C570)

the soil with increased mechanical remoulding[s] Howard, A.S., Warrington, G., Ambrose, K. and Rees,
(Series A tests), observed during isotropicneo J.G. A formal framework for the Mercia Mudstone

; ; ; ; ; ; Group (Triassic) of England and Wales; BritishoGe
pression is consistent with this hypothesis. :
. . " S logical Survey Report RR/08/04, 2008.
However the increase in critical state frictiam c [6] Bishop, AW. and Wesley, L.D. A hydraulic triaxial

efficient with mechanical remoulding is not. apparatus for controlled stress path testing. Ghetec
The Series B tests demonstrate that if tle w nique,25, 1, 657670, 1975.
ter content at which remoulding takes place is[7] Atkinson, J.H Simple and inexpensive pressure control

. . L .. equipment for conventional and stress path triaxé te
sufficiently high, remoulding is not efficient and inqg Opf soils. Geotechniquas, 1 6163 198p5



