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Microstructural study of the deformation zones around a penetrating
coned tip in silty soll

P. Paniagua, A.S. Gylland & Sordal
Norwegian University of Science and Technology (NTNU), Trondheim, Norway

J. Fonseca
City University London, London, United Kingdom

ABSTRACT: The change isoil microstructureroundthe penetratingrobe duringa cone penetration test
investigatel. Backscattered electron images of polished thin sections prepared from frozgessainthe end

of penetration e used. The images have a spatial resolution of 0.4 umtpatehllow a clear identification

of grains and pore spacéhe statistical distribution of the change of parsdédentation is analyzed for the
zones around the cone tip and the shaft. Quantitatigysis of the change in porosity near the penetrating
object is investigatedAn increasen porosity anda decrease in thanisotropy oparticle orientationfrom the
coneand furtherout mnfirm that thesoil deformationduring CPTUin silt is acombiration of compactin

and dilative behavior that might influence the pore pressure distribution during penetrati

1 INTRODUCTION The present study investigates the changéhén
1.1 Motivation and scope microstructurgor fabric)of the soil surrounding the
' probe during CPTU penetratioRabric quantifia-
The ®ne penetration test (CPiE)a field test which tion based on particle orientation actthnges in @
consists on pushing a cone on the end ofliadri-  rosity near the penetrating object pexformedThe
cd probeinto the ground.The conventional probe aim is to improve our understanding of the micro
diameter is35.7 mmand theconventional pushing mechanisms underlying soil deformation during
rate is 20 mm/s. Measurements of cone tig- r CPTU and the drainage condition duringi@ation
sistance to penetration and shaft friction are icor in silts.
ed. If in addition the pore water pressure is snea
ured behind the cone shouldep fiosition),the test
is called CPTU.The objective of the test areto
identify soil material layering and geotechnical-p The soil displacemerdérourd a penetrating object
rametersfor design has been studied before by different techreg in
Interpretation methods fa€PT or CPTU, using plane strain (Muromachi974; White et al. 2004),
continuum mechanics conceptse based on enof  semicylindrical (Roy et al. 1974; Liu 2010) and-a
two extremes: drained behavior in sands and u isymmetri@ conditions (Robinsky & Morson
drained behavior in clay. In the case of intermediat&é964; Yasafuku & Hyde 1995; Kobayash Fuka-
soils like silts penetration occurs under partially gawa 2003; van Nes 200MpanTillard et al.2005
drained conditions (Lunne et al. 199@nderstad-  Morita et al. 2007 Kikuchi et al. 2019. A general
ing the partial drainage behavior of silts frahe  compression failure mode for shallow peation is
particlescale physicsanhelp todeteminethe m&-  observed in contrast to a more radial failure pattern
roscopic behavior ahis granular material for deep penetrationlohnson & Schneebeli (1999)
andJohnson (R03) presented a statistical micrem
chanical theory of cone peanation in granular ra-
terial after studyng the mechanical response of
snow during microcone penetration.
Paniagua et al. (201pyesented observations and
measurenm@s of soil(silt) behavioraround aCPT
in laboratory testsusing two e&perimental setups
Figure 1. (a) Incremental volumetric strains and (b) increme one involving freezm-g the sample afte( penetration
tal shear strains for a penetration ement of 5 mnm(Paniagua to preserve def_ormatlon patt_erns and failure features,
et al. 2013)C: canpaction and D: dition. and one involving computerized tomographriti4

1.2 Deformation zone around a penetrating probe



cal compession below the tip and volumetrig-e Figure 2 shows a backscattered electron image
pansion behind the shoulder was obseriadtinct  from an eleabn probe micro analysis (EPMA) scan
shear structures appear along the shaft of the Vassfjellet silt.

Laboratory scal€PTson Vassfjellet siltinvest-
gated byx-ray computed tomographyniicro CT) :
and 3D Digital Image Correlatn (3D-DIC) were 2.2 Test program and equipment
done by Paniagua et al. (2013)he failure pattern The present study makes use of the experimental
observedhas two clearly distinguishable zones ofwork presented in Paniagua et al. (2012). $jhe-
compaction and dilation respectively under the tigpmen’s sizesare detailedn Table 1 The specimens
with distinct zones of shear along the shatey were prepared bythe modified moist tamping
suggest that the failure mechanismmost likely not (MMT) method (Bradshaw & Bater, 2007) and
just a uniform plastic reshaping. Figura 4&nd Fj-  saturated from the bottom to limit air bubbles-fo
ure 1bshow the incremental volumetric strains andmation. The sampsehad a dry density (pg) of 1.4
the incremental shear strains magspectivly, ob-  g/cms3,60% relative density (Dand47% water co-
tained by 3DPIC analysis. tent. A total of three samplebave been studied.

Their specifications are detailed iafle 1.
In general, the specimens were built inside a

2 MATERIAL AND METHODS Plexiglas cylinder padded with a layer of neoprene
2.1 Vassfiellet silt padding The paddings were used to compensate for

: the dfect of the boundary closeness and actdom
The silt studiedis a nonplastic uniformsilt from  the compressibility of théacking surrounding soil.
Vassfjellet, Kleebu, Norwayt has94% of its grains After preparation, the samples were preloaded on
lower than 74 um and a clay content of 2.5Phe  top and thereafter tested while attempting tormai
material has a maximum void ratid 1.46, obtained tain the vertical top pressures. The samples were
by allowing a slurry to settle in a graduated my$ir  progressively penetratedt a standard rate of02
(Bradshaw &Baxter, 2007), and a minimum void mm/s. Two differentprobes diameters were used
ratio of 0.56, obtained by the modified comapan  (Table 1).After the probe penetration, the samsple
method for fine grained soils (Sridharan & Sivepu werefrozenwith the cone insid following the teb-
laiah, 2005) which resembles a Proctor compactionique proposed b¥aniagua et al. (2012This 4d-
test. A maximum dry densitypgmay Of 1.6 g/cni  lows remaing the molding forms anthe cone, and
was found at 23% optium water content and 95% cutting the frozen sample through its center. After
saturation. Mineralogy testing showed 35% nodsc sample cutting, the frozen blocks were carefully o
vite, 27% quartz, 18% chlorite, 15% feldspar anden dried based on a previous evaluation of drying
5% actinolite. High dilatant behavior was observedechniques.
in samples tested imndrained triaxial tests @s
tropic consolidatedat its maxinum density(Kim,
2012)anda friction anglep’ of 32° was found.

Table 1. Specimens chataristics

Specimen MMT01 MMTO02 MMTO3
Top pressurep[kPa] 0 40 40
Cone diameter §inm] 35.7 35.7 20.0
Soil cylinder diameter [mm] 220 220 100
Plexiglas cylinder diameter [mm] 245 245 140  Figure 2 Backscattered electron image from EPMA scan of the

Vassfiellet silt.

Figure 3. Location of thin sections the specimens studied: (a) MMTO01, (b) MMTO02 and (c) MMTO03. The angl&licates the
reference planéhown as a thicker linddr measuring the particlerientationsn the rose diagram3henumberediots indicatehe
regions where EPMA images werktained.



2.3 Production of thin sections major axislengths, (e.g., ARnere= 1). Bulkygrains

Thin sections of 30 um thickness,»x@8 mm, were ~&'¢ then those that show AR > 0.45 Figure &
preparedrom the died samplesto study the defe  Presents examplesf flaky and bulkygrains. A
mation zones around the cone and stifoxy resin manual technique was used to identify the poiats d
impregnation(Gylland et al.2013)was doneeither g?rzggetsh\?vé?sjgélgggénf%rr 2)§§h0f rtgi?\ %fﬂ'”s- CJ:‘;OS

in carefully carvecsmaller pieces odirectly in the es W 9 smage.

areas around theone and shaff low viscosity re- detailed in Fonseca et al (2013c). The grains that
in was used and it is believed that the soil micr '¢'¢ smaller than fim (which represent a 12% of

structure was not disturbed by impregnation. Resiﬁh(%;%tiwggg?ovrvefrt?gga:ﬁgﬁtrgggnf(gntglezi‘;‘goi
impregnation of soil for fabric inspection wascsu 9 P y

cessful used in previouduslies, e.g. Fonseca et al cide with the zones used for the porosity study. The

: . — ~ coordinates for all the grains in the region of gnal
géalszl)n glgeug%e?’msgr?sw s the locatioof thethin se sis were importednto MATLAB (Mathworks) and

a procedure similar to the one presented hysEca
et al. (2013, b was fdlowed.
2.4 Microscopy equipment

The thin sections were firstipspectedusing pola-

ized light microscope (Nesse, 2011) to define $peci
ic areas of interedor detailed analysis byEMA. A
JEOL JXAB500F Electron Probe Micro analyzer
(EPMA) was used to get backscattered electron i
agesfrom the specific areas defined in the thig-se
tions. These areas are marked in Figure 3 with black
dots. They are distributed according to the defo
mation zones observed by Paniagua et al. (2013).

Figure 4. Variation ofvoid ratio values with the normalized
3 EXPERIMENTAL RESULTS distance either r/ior x/r. in the different spémens

3.1 Porosity analysis

The kackscattered electron images have a spatial
resolution of 4 pm/pixel which allows a clear
identification of the grains and pore spacHse m-
ages were segmented using the threshold method
proposed by Otsu (1979), which divides the diist
gram in two classes and the threshold is the value
that minimized the withirtlass (Fonseca et al.
2012). The algorithm has been implementedniA |
ageJ 1.48g (Rasband 2013).
The porosities are studied by defining a 2D void_ , -
ratio which relates the amount of pixels correshon Figure 5. (@) Examples of flaky and bulky grains. (b) Détn

. . of anglep giving the eigenvector inclination to vertical axis
ing to pore spaces to the amount of pixels eorr and examples of an anisotropic rose diagram for flaky grains in

sponding to grains. The resultant void ratio valuesvTo2-C1-1 and (c) an isotropic roseagram for MMTO02
come from an average of subregions defined in the2-2. The complete diagrams are presented to illustrate the

EPMA image Figure 4 shows the variation of void curve fitting.
ratio values with the norniaed distance either g/r

or x/r;, where g is the cone radius, r is measured

from the intersecting point between the vertical cone

axis and the horizontal shoulder st is the hor

zontal distance from the cone vertical axis.

3.2 Orientation analysis

By observation of the EPMA images, two main

grain classes can be distinguished: bulky grains and

flaky grains. Flaky grains are defined as those grains

that have a minor agismaller than fim and thee- _ . _ .

fore show an aspect ratio (AR) lowtban 0.45. e Figure 6. Example for orientation of the rose diagrams \ello
AR is defined as the ratio between the minor and thi@9 the thin section orientation.



Figure 7. Rose diagramef particle orientations for locationga) MMT03-01-1, (b) MMT03-C1-3, (c) MMT03C1-1, (d)
MMTO02-S1-1 and (eMMT02-S12. The eigenvector associated with the major eigenvalue is indicated byotheaad its agle
B. The thick line is the reference plane for angle a.

Figure 8. Variation of anisotropywith r/r. or x/r. for flaky (F) ~ Figure 9. Variation ofanisotropywith void ratio for flaky (F)
and bulky (B) grainin the different spegmens. and bulky (B) grainén the different specimens

A data set was collected for each specimen ifium and minimum eigenvalues are calculated for
terms of flaky and bulky grains and the statisticathe fabric tensor of the vectors defining the ioéet
distribution of the vectors defining the particlé-or orientation as described in Fonseca et al. (2013a).
entation was quantified as described in the Vil The distributionof the particle orientation vectors
paragraphsThe directional distribution oparticle ~ can be represented by a Fourier series (Rothenburg
orientation(angle a) can be visualized using 2D rose and Batlurst, 1989) The vectors idtribution and its
diagrams or angular histograms, (e.g.,i8eca et al. fitted Fourier seriess shown in Figre5 for_two &-
2013a). As shown in Figure 7 each histogram birfreme cases; Fige 5b shows a case of high artiso
represents an angular interval in respect tefmed  ropy and Figre5c is more isotropicThe anisotpy
plane shown in Figure 3 (angle o). Figure 6 illus- ~Was quantified by considering the difference-b
trates how the rose diagrams must be oriented atween themajorand minoreigenvalues of the fic
cording to the thin section orientation. Each bin igensor i.e. ®1- @3 (Fonseca et al. 2048 For more
shaded according to the major axis length (in um@nisotropicdistributiors, thedifference letween the
for the flaky grains and the AR for the bulky grains,maor andminor eigenvalues of the fabric tensor is
respetively. Each particle has a definedantation close to 0.5 and wheihe values are close to zero,
vector without a specific direction, i.e. an orientationthe distribution is isotropi@nd the Fourier fitting
of 30 is equivalent to an orientation of 21Gand has a more circular shaf@otherurg and Bathurst,
therefore, only half of the plane is coresied 1989) An anisotropic distribution is characterized

The vector distribution from theose diagrams by a predominanparicle alignmentwhich is given
was further analyzedy defining an inclination an- by the agle . In an isotropic distribution, the part
gle B measured with respect to thelane perpendic  cles tend to align man_dom directionand theangle
lar to the rose diagram reference pléfig. ). The P becomes less meaningful. _
angle B is the orientation of the eigenvector assoc ~ Table 2presents the locations of the regions of
ated with the major eigenvalue which gives ari-ind @ndysis and the angle p for flaky and bulky grains.
cation of the preferred fabric orientatioThe maxi ~ Thenumberof grains used ithe analysis is alsm-



dicated A study regarding the influence of thensa In respect tahe grain morphology, the resultb-o
ple size (i.e. number of grains used in the analysigpined indicate that the largfeflaky grains tend to
pefformed in the sections MMTOB1-1, MMT03- respond more rapidlyshowing a clearer re-
C1-2 and MMTO03C1-3 indicated that an increase in orientation following thedeformation imposedy
the number of flaky grains producedry similar e-  the cone. Thebulky grains with low AR tend to
sults, therefore this sample size is considerecereprshow a similar behavior, however those with high

sentative for the analysis.

Table 2 Sunmary of the rose diagrams analysis

AR show a later response due to a more wtetti
area for possible mowgent
The statisticaldistribution of theparticle orient-

SpecimenLocation r/r,  Flaky grains Bulky grains

tion vectors using theose diagrams characterized

xlre No. B[]  No. Bl by its eigenvector orientatiofangle p) and anisotw-
MMTO1 011 4.90 423 - 256 - py value suggest the following:
Cl1 110 333 -78 256 e Flaky grains tend to align more horizontallyrdu
21'3 228 318 37 343 ing samplepreparationwhich is the most stableop
11 118 352 37 379 3 ; .
SL2 168 226 47 285 sition when a tamping met_hod is _us&b(nse_ca et al.
S22 252 249  -49 433 2013a).MMTO03-0O1-1 confirms this trendFig. 7a).
S21 1.18 335 -9 366 - Flaky grainsare more prone to +erientate nderthe
MMTO02 C22 359 813 39 605 - deformation imposeds shown by the highanisd-
gi; 1-82 géé ?g gﬁ ;g ropy values(Fig. 8). Therefore, it is convenient to
CL3 238 389 43 358 study the particle orientatiobased on its inda:
S11 129 343 8 203 tions. However, other effects that cannot be gisant
S12 2.24 513 72 347 - fied in this analysis (like shear reorientation) might
MMTO03 Ol1 6.44 546  -79 291 be present.
21; i-gg iég _3411 34312 e Zones that are far from the cone (like MMTO01
C11 117 oss 2 563 6 Ol-1 and MI\_/ITO301-1)_ indicate that the longest
Cl2 241 963 78 401 7 grains arehorizontal which means they are rtot
C13 354 1024 -89 422 67 any high extent influenced by cone penetration.

Figure7 shows some selected rose diagravith
the indication of theangle . Referring to flaky
grains, the diagrams indicate the evolution ofipart
cle orientation starting in MMTG®1-1 (B = 79°)
with a horizontal orientation due to sample cortstru
tion, towards MMTO03C1-3 with more isotropic @
tribution and MMTO03C1-1 (§ = 57°) with an anis-
tropic distribution and grains getting align géhto
the cone face. Near the shaft, the particles orient
most vertically (MMTO02S1-1) respect to the more
horizontal orientation further out (MMTE31-2).
The thin sections were grnally preoriented as
shown in Figure 3.

Figure 8 showsthe variation of the anisotropy
value given by®d;- ®3 with r/r; or x/r.. In the cone

region, a general trend of decrease in anisotropa

with an increase in distance from the cone lis o
served. In the shaft regiotiere is no clear trend

4 DISCUSSION
4.1 Observations regarding micro behavior

The porosity angkis (Fig. 4) shows that there is an
increase in void ratio with an increase of the radi
distance from the congp and the horizontal di
tance from the shaffTheseresuls coincide with the

ones reported by Paniagua et al. (2013) regarding t

zones oftompaction near the cone and dilation fu
therbelow (Hg. 1).

a

« Near the cone, large flaky grains orient parallel to
the cone face. Along the shaft, these grains align
more verticdly (B tends to 0°).

e Bulky grains present morsotropic distibutions
andthe physical meaningf the angle B is less -
nificant The gaeral trend is thabulky grains with
high AR tend tore-orient in the same direction that
the longest flaky grains and the low ARIky grains
tend to re-orient perpendicular to the main flaky
grains orientation.

4.2 Observations regarding macro behavior

The tests studied presented/a macro variables:
cone sizeand top pressure.

Regarding the cone size influenty studying the
variation of void ratio with the normalized radial
istance r/gb (where do= 0.012 mm) m specimens
MMTO02 and MMTO3 it is obsered that higher @
rosities are reached at a shorter distance from the
cone tip in MMTO03, which may indicate smaller
zone of influence due to penetration for a smaller
diameter.However, he extension of thenfluence
zoneas a result of differerdone dianeter cannot be
defined due to lack of data available. If instead of
he porosity, the anisotropy diie vectors distril-
ion for flaky grains in MMT02 and MMTO3 is stud-
ied, a similar tendency is observed since ltveer
anisotropic values are found for MIA3 at shorter

fstance from the cone tip.

Regardhg the top pressure influence, by compa
ing the angle p for MMTO1 and MMTO2 in the



zones along the shaftJarger difference of thengle  zone around the cone extends horizontally to about
given by the majorigenvectoris observed in the 2d. from the axis of the probe and to.4ffom the
specimen with hily top pressures (Bumroz-s1-3 = 72°  tip), d; being the probe or cone diatee The infu-
> Bumtoz-s1 = 9°) than in the specimen with low enced area increases to a maximum @fidizon-
top pressures (Pumroi-si-2 = 47°~Pumror-s11 = 37°).  tally and 3d vertically in a sample with low ove
This means that the influence zone along the shaft surden presure. Comparing thiilure extension in
smaller for the specimen with higher pressures orthe sample with high overburden from Paniagua et
top. Ananglef closer to 90° indicates a horizontal al. (2013) with the porosities around thene for
orientationwhich is close to its original orientation MMTO03 (Fig. 10b), oa can see that the limiteb
according to sample constructi(fig. 7a). tween the compaction and dilative zone is about a
Around the cone, a similar behar is observed, void ratio value of 1.0More data is needed to ctea
since the rose diagrams in MMTO02 show ighler ly define the size othe influence zone from micro
rate of isotropy whenncrease the distance r from observations; howevethe presence of a conghi@an
the cone. Theone of failure influenced by th@ee and dilation zone coodes with Paniagua et al.
extends lessvhen high pressures on top areled. (2013).
This observation waalso pointed out by Paniagua As stated by Paniagua et al. (2013) regarding the
et al. (2013). interactionbetweerthe compressive and the dilative
zones around the cone tip, in the case of saturated
soil, water may move locally from aobserved
compressive to a neighboring observed dilative
In order to link the micro anthacro behavior, the zone, creating a short drainage path. Following the
variation of anisotropy with void ratio has beentplo observation of the present work, the presence of the
ted in Figured. Two different plots are shown ind dilative and compressive zones around the cone is
cating the results foeither the cone influence zone visible. Futhermore, their relation with thearticle
or the shaft influence zone. orientation shows that the dilation might be caused
It is observed that in the cone area there is Ay the reorientation of the flaky grains ahe op@-
strong relation between the decrease in anisotroppg of new pore spaces that will creatmder-
and increase in void ratio in flaky grains. Tingdky  pressureAlong the cone shaft, the suction will be
grains show a similar tendendyut not as strong as caused by the reorientation of the flaky grains and
the one shown by the flaky grainThis might ind0  the shear structures (fractures) created by the cone
cate that an isotropic distribution may be tethto a  passing,as explained by Paniagua et al. (2018)
more dilative response of the material. In othemaddition to the elongation caused by continuous
words, the material under compaction around thepenetrationas stated also by Paniagua et al. 2012).
cone is forced to rotate following the coneve-
ment An isotropic distribution means that the flaky
grains are orienteevenlyin all directions andhere-
fore ther rotation from a stable anisotropic distrib
tion to a more random isotropidistribution will
open spacelseween the grainf.e. dilation).
Along the cone shatft, a different pattern is ident
fied since the anisotropy increases with voitibran
the case of flaky grain®ulky grains do not show a
strong dependencyn the cone movement his
suggests thathe flaky grains align along the cone
shaft and show higher void ratios. The shearcstru Figure 10. (a) Schematic repsentationof the kinematics of
tures (fractures) observed by Paniagua et allZp0 deformation during CPTU after the present microstructural
and Paniagua et al. (2013) might contribute to th tudy. (b) Comparison of the extension of the influence zone

. . id i0 in the cl h round the cone proposed by Paniagua et al. (2013) ang-the r
Increase In void ratio In the closest area to the CoNgs from the present analysis for a sampith top pressure.

which shows high anisotropy. A cubic interpolation method has been applied to obtain the
Figure 10a shows a schematic representation ofshaling in void ratio. C: compaction and D: dilation.

the kinematics of deformation after the resuls o

tained in the presg analysis. In general the defo

mation followed by the particles tends to be simila's CONCLUSIONS

regardlessthe cone size and the top pressure i

posed in thesoil. These macro variables have moreThe soil deformation around the probe during the

influence in the extension of the influence zonecone penetration test has been studisthg a ni

along the cone tip and probe shatft. cromechanis approach.The analysis of thehange
Paniagua et al. (2013) observed that for a sample porosity and particle orientatistas showrthat

with high pressures on top thefluenced failure the responsef Vassfjelletsilt during cone peneidr

4.3 Kinematics of deformation
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