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Experimental investigation into the primary fabric of stress transmi
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ABSTRACT: Understanding the stress distribution amongst the constituent grains is fundamental to
the response of soil and advance science-based, rather than purely empirical, constitutive models. P
experiments and discrete element method simulations have provided evidence that, upon loading
force chains form in granular materials. These force chains are made up of particles transmitting r
large stresses and they are aligned in the direction of the major principal stress. A few qualitative stuc
identified the presence of these force chains in sands but direct measurements of force chains have
previously documented and tracking stress transmission in assemblies of real soil grains remains a ct
task. The present study makes use of three dimensional micro CT images to ievestigaolution of the
internal topology of a sand subjected to triaxial compression loading. The analysis of the contact nor
branch vector orientations has shown the realignment of the contact normals in the direction of th
principal stress as a clear indication of the formation of force chains in the post-peak regime. Heentl
of the non-colinearity of the branch and contact normal vectors is explored. Using the micro CT data
force networks within and outside of shear bands are compared.

1 INTRODUCTION desillas, 2014). Previous studies have suggested that
the shear bands that emerge during failure of granu-
The evolution of internal structure or fabric has dar materials are associated with localised buckling
key role in shaping the macroscopic response daff these force chains (e.g. Oda & Kazama 1998).
granular materials, including soil®) applied loads. Current understanding of strong force chain behav-
If a fabric tensor, describing the contact orientationsour is still largely based on ideal DEM simulations
is known, the overall ensemble properties can ber 2D photoelastic studies.
deduced. For example, Thornton (1993) gives a funfhe current study exploits recent developments in x-
damental analytical expression for the overalff-stif ray micro computed tomography (CT) coupled with
ness of a material that considers the contadt stifthree dimensional image analysis tools to investigate
nesses and orientations (i.e. fabric). Kumar et akhe network of stress transmission, in specimens of a
(2013) demonstrate a constitutive model, whase d natural sand. The data presented here will be very
velopment was informed by DEM simulations, inuseful to understand better the link between fabric
addition, the model proposed by Gao et al. (2014and material behaviour in sands.
also includes a fabric term. While the veracity of the
fabric evolutions predicted or assumed in these
models can be tested using DEM, DEM models ar@ MATERIAL AND METHODS
limited due to their ideal nature, and so there is
clear need for fabric data to confirm their applitabi
ity to real sands. Reigate sand, the material considered here, comes
Granular materials transmit stress through svadt  from a formation that is part of the Folkestone Beds
of inter-grain contacts, and the fabric tens@- d (Lower Greensand). In its intact state, Reigate sand
scribes this network. A key feature of this network isis characterised by very high densities and arr-inte
the “strong force chains” which are self-organised locked fabric and meets thgocked sand” criteria
column-like structures that form in the direction of proposed by Dusseault & Morgensten (1979). This
the maximum principal stress, each consisting of abcked fabric enabled the use of block sampling and
least three particles carrying above the global-aveso effectively undisturbed samples were considered
age load (Majmudar & Behringer, 2005; Lin&or-

%1 Reigate sand



in this experimental study, as discussed in mere d Figure 2. The intact soil showed a peak strength that
tail in Fonseca (2011). is significantly higher than that of the reconstituted
[ - soil, and a correspondingly greater degree of strain-
s R softening. The greater peak stress ratio, stiffness and
i rate of dilation exhibited by the intact material,
when compared to the reconstituted soil, have been
well documented (e.g. Cresswell & Powrie, 2004).
Specimens were observed to fail along a well d
fined shear plane with an inclination of 63° and 57°
(from horizontal), for the intact and reconstituted
soil, respectively. In order to investigate the internal
microstructure of the soil, the tests were stopped at
different stages of loading and the samples were i
pregnated with resin while in the cell. A low vistos
ty resin was used to avoid soil disturbance; the i
pregnation process is discussed in detail by Fonseca
_ _ _ _ _ _ (2011). Table 1 summarizes the tests considered
Figure 1. Microscope image of thin section of Reigate sand u here; there are four intact samples (sample reference
der polarised light ‘Int’) and three reconstituted samples (samplerrefe

Reigate is a quartz-rich sand with a median grain d €1¢¢ ‘RecC). All of the data presented here are for
ameter of 30Gm. The particle morphology varies POSt-Peak load stages (Stages 3 and 4) and e rel
from near-spherical grains to highly non-spherical’ant strain levels are given in Table 1.

rains with embayments (Fonseca et al., 2012). No : . : .
?he abundance 0¥ long st(raight and Concavo_gonvetgable 1 Data for the samples investigatégi=axial strain,

. - . - /p’=deviator stress/mean stregsspecific volume
contacts that are evident in the optical microscop&” °P )

image of the intact sand in Figure 1. Sample Load stage details Sample location
ref. €a alp’ v
259 20 Int-3a 389 173 163 Outside shear band
1 . Int-3bS 3.89 173 1.63 Includes shear band
~-15 Int-4a 794 138 167 Outside shear band
- Int-4bS 7.94 138 1.67 Includes shear band
: C 10 Rec3aS 9.66 146  1.87 Includes shear band
=) r 3 Rec3b 9.66 146  1.87 Outside shear band
S < Rec4aS 1235 146 1.70 Includes shear band
" ——aq/p'Intact | 3
L =EEEs q/p'Recon. [
0.5~ g, Intact - :
| - G ¥ 2.3 3D Imaging process
ol S Small cores (5mm diameter) were extracted from
0 5 10 regions containing the shear band and from the bulk
€, (%) of the impregnated triaxial samples. The cores were

imaged using x-ray computed tomography (micro-
Figure 2 Mechanical and volumetric response for the intactCT) using a nanotom (phoenix|x-ray, GE). The
and reconstituted samples. voxel size of most of the images wasnf i.e. ap-
proximately 0.015xgh, where gy is the median pa
2.2 Test programe and equipment ticle diameter. The images were segmented in order

to identify the individual grains, each particle-phase

Triaxial compression tests were carried out on botly, o) \as assigned an integer identification number

intact and reconstituted samples of the sand at simy ¢4 associate it to a specific grain (Fonseca et al.,
lar densities in a dry state. The intact triaxiainsa

I btained b tully trimmi Lo I2012). Contacts between two given particles were
Elgikwoefresgil t"’_‘llﬂg sa)r/ngfggolflgy atlgirgn(])lrri]gn?ar}iclarrl:ga indentified along the boundaries by considering the

NG ; . voxel p number. For two contacting particles, with
corresponded to the vertical situ orientation. The A gp

. ; intensity values pand p, the particle p voxels
reconstituted samples were created using sand takgjyre ciassified as contact voxels if they connected
from the trimmings of the intact samples.

: . to a voxel of value p where p# p; and p # 0 (as
Each sample was isotropically compressed tgng yoig space has intensity 0). The voxel contact

300kPa at a rate of 50kPa/hour and then subjected (@, «qfication used in this study was based on a 6-
strain controlled compressive shearing at a rate onnectivity voxel neighbourhood relation, are r

1%/hour with a confining pressure of 300kPa. There, . total of six orth K > throush th
are marked differences between the mechanieal b‘%lulred a total of six-orthogonal “passesthrough the

haviours of the intact and reconstituted samples,



data along the x, y and z directions (Fonseca, 201{Figure 4(g)). This observation can be related to the
Fonseca et al., 201Ba buckling of the force chains which has been pointed
as the micromechanism at the origin of the- fo
mation of the shear band (Oda et al, 2004; Tokdesi
3 ANALYSIS OF THE RESULTS las & Muthuswamy, 2009).
In the case of the branch vectors a near isotropic di
tribution was also observed prior to peak and for
The vectors considered forishanalysis were the stages 3 and 4 (outside the shear band) the remrient
contact normal orientation (CN) and the branct-ve tion of the BV vectors along the vertical direction is
tor (BV), Figure 3. The vector defining the contactless evident, as shown for stage 4 in Figure 4(b).
normal was obtained by applying a least square r
gression to identify a best-fit plane for each surface
defining the contact and this plane defined the con-
tact normal orientation. The branch vector is defined
as the vector connecting the centroids of twoipart
cles in contact.

3.1 Orientation vectors

90 3000
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(@)

BV

Figure 3 Schematic diagram illustrating the contact normal womonomoEs

(CN) and branch vector (BV) (©)

90 4000
: &0

3.2 Angular plots

A convenient away of visualising the distribution of = -
large dataset of vectoris to use rose diagrams. T |
These angular histograms show the orientation of
the 3D vectors in a projected plane. In this case the (e)
vertical x-z plane was chosen and the angle was % _am
measured from the horizontal x-y plane. Each bin is o
shaded by the average area of the contacts whos */ .
normal orientations lie within that bin. For both the
contact and branch vectors, the more vertical vectors™

are associated with the larger contact areasetepr m
sented by the lighter bins in the rose plots. Prior to ©
loading the vectors show essentially an isotrogse di Figure 4 Rose diagrams for specimens at load stage 4 (shading

tribution (Fonseca et al., 2013), but as shearing prondicates average contact areaum?); (a) CN Int-3a; (b) BV
gresses there is a clear reorientation of the preferemt-3a; (c) CN Rec-3aS; (d) BV Rec-3aS; (e) CN Int-4bg; (f

tial contact normal orientation towards the directionBV Int-4bS; (g) CN ReataS; (h) BV RecdaS

of the major principal stress. This trend was ob- o o

served for both intact and reconstituted samples dthe distribution of branch vectors inside the shear
load stages 3 and 4 outside the shear band and itdgnd does not translate the buckling phenomenon in
demonstrated here for sample Int-3a in Figurderms of generating a clear realignment of the-ve
4(a).The reorientation of these vectors along the dtors towards the orientation of the shear plang-(Fi
rection of the major principal stress supports prev ure 4(b), 4(d) and 4(h)). However, the relative
ous observations from photoelastic tests and DENNovement of the grains inside the shear band can be
analyses on the formation of columns of graires cr identified by the rotation of the vectors associated
ating chains of transmitted stress. The images iWith larger contact area (white bins in the rose plot)

Figures 4 (c) and (g) show clearly that inside theas clearly illustrateech Figure 4(h).The main diffe-
shear band the predominant direction of the conta@nces observed between the CN and BV data vectors

normals is not always vertical, for example fomsa are related to the fact that the BV depends on the on
ple Rec-4aS it is approximately 30° from the verticathe shape and relative position of the particles in




contact rather than simply in the orientation of the .. Intact
contact itself. 2000 . 0

¢,-0, Recon.
A A A¢C\ Intact

Table 2 Data for the samples investigated 1600 —| + + +4 Recon. C 20
Sample Fabric tensor parameters . S Al that g i
ref. No.vectors @, —05)N BN (@, -D3)®Y BBV & 1200 fercept shear ban
Int-3a 20096 0.088 82 0061 84 S r40
Int-3bS 12906  0.142 72  0.027 64 &
Int-4a 12200 0.081 89 0.052 87 5 %97 Lsu o
LSt3 B
Int-4bS 24192 0102 75 0.028 14 1 e
Rec3a 18924  0.143 76  0.022 63 400 — ./ \(
Rec-3b 19674 0.125 86 0.034 23 | CENE " 80
Rec4a 17630  0.095 68 0.030 21 . R -
0 | T T | T T T I T T T T

_ _ 0 5 10 15

Following Satake (1982), a second order fabric ten- e (%)
a

sor @, was calculated to investigate the preferred

orientation of the dataset of vectors and its as‘GOCIaFigure 5. Evolution of major principal fabric orientation for

ed intensity: contact normal
D, =12N:n.kn‘.‘ (1) : :
NG ! 3.3 Contact normal and branch vector relationship

whereN = the total number of vectors in the system1ypically DEM simulations se ideal circular or
and n* = the unit orientation vector along direction SPherical particle geometries for which the contact
i vectors and the branch vectors are collinear. For real
Fabric tensors werealulated for both the contact SOils, however, is not necessarily the case, and in
normal (q)i?'\‘) and the branch vector" ). The an- fact they_ are most likely to be nor_l-colllnear as the
isotropy of the specimen at each load stage waichematic in Figure 3 shows. In this study, the-rel
quantified by considering the difference between thdonship between the contact normals and the branch
maximum and minimum eigenvalues of the fabricVe€ctor was investigated by consitbgr the angle o.
tensor i.e. ®;- ®3. The dominant orientation of the Given the high deendency of o on the morphology
dataset wasuantified by the angle B given by the of the soil particlesht distribution of a is presented
major principal eigenvector to the horizontal. Theusing rose diagrams shaded by the aspect ratio p
results for the contact normal and branch vector dat@meters, elongation indeXl) and flatness index
are presented in Table 2 together with the number &F1). the sphericity (S) and the contact area (CA),
vectors used. The CN data show much higrér t_hls last parameter measured_ln voxels. The @ong
sotropy values when compared to the BV which is irfion and flatnesgdices are defined as follows:
accordance with the strong alignment of the vectors, _ ba )
observed in the rose diagrams. This trend is slightly

more pronounced for the samples outside the she%rI /b 3)
band. The evolution of the mickgale parameter 3 B

is compared with the macro response given by thetherea = length of the major principal axib, =
stress:strain curves of both the intact and reconstlength of the intermedia principd axis and c=
tuted soil, Figure 5, for the CN data. The sampletength of the minor principal axis, obtained using
outside the shear band, both intact and reconstitutennage processing technigues as described ind-ons
showp values greater than 80°, i.e. a deviation from ca et al., (2012).

the vertical of less than 10°. For the samples includFhe sphericity (S) was calculated by:
ing theshear band, B takes slightly lower values, be-

tween 60-80°. This is in agreement with what has %/36”\/ 2

been shown in the rose diagrams in Figure 4i-Sim g _ P (4)
larly to the steagl stage reached by the deviatoric SA

N
stress at stages 3 and p¥" also appears to reach hereV, = particle volume SA = surface area of the
relatively stable values for the regions inside anﬁzmde_

outside the shear band, respectively. For the brangls shown in Figure he angle o varies between 0
vector data, the distribution of the vectors is moreynq g0 o with the most frequent value being 20 © and

isotropic with no clear predominant orientation, asyis trend is common for all the samples. The effect

shown by the rose diagrams, therefore the physic@ff grain aspect ratio given by the elongation and
meaning of the fabric tensor parametprsnd ®1-  fiamess indices on the valueg o is shown in Fij-

@ is less significant. ures 6(a), 6(d) and 6(g). We can observe that as the
elongation and flatness indices decrease, andethe g



ometries deviate from regular spherical shapés; = The vectors were obtained by joining the centroids
creases, i.e. a greater deviation from a sphericalf contacting particles, similarly to what is done in
shape results in a greater difference between the CDEM studies. It has been assumed that a condition
and the BV vectors. The angle a is also sensitive to  for a vector to belong to the strong network of inter-
the sphericity of the grains in contact (Figures 6(b)grain contacts was to have a near- vertical aaient
6(e) and 6(h))for sphericity values closer to 1 (i.e. tion. Therefore only vectors deviating less than 45 °
grain shape close to a sphere}akes values closer from the vertical (in spherical coordinates) were
to 0 as would be expected. Finally a clear trendtis aused. The vectors were allocated into a 3D space of
so found for the contact area with a also increasing  the same dimension as the original image of the
as the contact area increases, Figures 6(c), 6(f) asdmple (i.e. 600 voxels cube) which we call the-ve

6(i). torial volume (VV). Figure 7(a) shows the ntax
mum intensity projections of the VV (calculated for
. Do T o a volume of 50voxels thickness). The magnitude of
0.79 _m-‘\m 60 0 T > .
i 0% :UU\\ " EEZERN the vectors was made proportional to the size of the

07 contact area (represented by a lighter colour)s&he
projections were filtered using a low pass filter

4000 .\\\
N 2 ey - 110
076 \ ng2 20 \ 100
o o 0 " ~Ioorder to enhance the selection of the vectors with
()

(b) (©) greater intensity that are, therefore, more likely to

Do e 1.9 belong to the main network of contacts, Figure 7(b).
LN S vorli] 20 ol - N This was followed by the application of a watershed

d Bl \* transform to discard shorter and unconnected lines.

The resulting network of the stress transmitting
grains is showrin Figure 8(a) for the sample Int-3a,
outside the shear band, and in Figure 8(b) for the
sample Int-3bS containing part of the shear band.
We hypothesise that these quasi-vertical vectors
networks are closely correlated to the networks con-
tacting particles that transmit stress. Inside the shear
band there is a lower network density, this is in
agreement with mechanisms revealed in DEM simu-
: T _ lations. The identified force chains are significantly
Figure 6 Distribution ofa for the specimes (a) Int-3ashaded smaller in number and there are fewer connected
by EI; (b) Int-3a shaded by S (c) Int-3a shaded by CAn ~ ji\1s meeting our criteria compared with the sample
3bS shaded by FI; (€) Int-3bS shaded by S (f) Int-3bS shadeg) isige the shear band. Considering all the rose di
by CA; () Rec-3a shaded by El; (h) Rec-3a shaded by S (,ams in Fig 4 associated with shear bands, it is
Rec-3a shaded by CA clear that while the branch vectors associated with
the larger contacts to tend to bend to be orthogonal
to the shear plane, there is not a general rearient
tion of these vectors.

We suggest that the methodology presented here
is an effective way to identify different mechanisms
of stress transmission for regions of localised d
Yormation. The sensitivity of the technique to diffe
Oe%nt stages of deformation is still under investigation.
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4 NETWORKS OF STRESS TRANSNITING
PARTICLES

Networks of contacts and contact forces hase r
ceived considerable interest in recent literature (e.
Hanley et al., 2014; Lin & Tordesillas, 2014). In
these studies, networks represent a collection
nodes and links, nodes are represented by grains and g
the connecting links are related to the existenca of )
contact between grains. The contact network can be |
easily generated by joining the centroids of cantac z®
ing particles. In the absence of force measurements,, 8
this study makes use of geometrical considerations i
to generate the strong network of stress trassmi “* [ESEES%
sion. It is assumed that these force chains can ben|
identified as being the arrangement of contacting \ \
particles whose branch vectors are near parallel t0° 10 20 0 0 &0 &0 “° i 20 30 40 G0 60
the major principal stress. The intensity of the-ve @ (b) _
tors is given by the contact area, one can infer thdggure 7 (a) Projection of the 3D vectors, the vectors associa
larger area contacts are related to more stable for g’t"(')trg 'f%rl%?,\rlirfor;;]aecfjvsrea;ipﬂrﬁesfmed by brighter colours (b)
chains that compose the strong force network. g P '
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