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ABSTRACT

The interaction at the interface of particulate and continuum materials in composite
geotechnical structures can significantly impact their energy efficiency, stability, and
performance. Non-dilative interfaces, crucial for many geotechnical structures, require
thorough characterization due to their vulnerability as potential failure planes.
Understanding the shear behavior of a non-dilative interface system requires studying
fundamental aspects that govern the macro aspects through the sliding and plowing of
particulate materials on the surface of the continuum material at a micro-level that falls
under tribology. While the field of tribology offers extensive insights into friction and
wear, its application to geotechnical composite systems remains limited. A
comprehensive understanding of particulate kinematics and tribological mechanisms is
crucial for assessing shear responses at non-dilative interfaces, particularly within the

discipline of geotribology.

This study focuses on investigating the shear behavior of non-dilative interfaces using
multiscale experiments. It examines how influential parameters, such as particle
morphology, shear-induced surface changes, particle kinematics during shearing, and
relative hardness, affect this behavior. To this end, the study proposes novel approaches
for accurately characterizing particle shape and shear-induced surface changes.
Additionally, two custom-designed apparatuses were developed to gain insights into
particle kinematics, micromechanical aspects, and data-driven models for
understanding the shear response under different influential parameters and predicting
the interface friction angle for geomaterial contacts. The novel 3D shape
characterization method developed could quantify the shape (including meso and macro

features) and the kinematic behavior of particulate materials using newly introduced



factors. Unlike selective locations, the proposed technique offers the characterization
of surface roughness of the entire shear-induced area and provides insights into the
shear response. A custom-designed advanced interface shear apparatus was developed
to facilitate image analysis of the interaction between particulate and continuum
materials from the bottom of the interface plane during shearing for different test setups
(fixed or conventional). Through image analysis, the experiments aimed to understand
particle kinematics and its influence on sliding and plowing during shearing at the AS
interface, which was subsequently leveraged to interpret the shear responses of
continuum materials, including high-density polyethylene geomembrane (HDPE),
polyvinyl chloride geomembrane (PVC), and stainless steel (ST) with particulate
materials of different morphologies under varying normal stresses. Further, direct shear
tests with X-ray CT scanning were conducted on similarly sized sands and opaque
polymeric materials (HDPE and PVC) under varying normal stresses to validate the

insights obtained regarding particle kinematics at the interface using image analysis.

The image and micro-topographical analysis of the tested interfaces reveal that the box
fixity, particle shape, and normal stress influence particle kinematics and shear-induced
surface changes. The restricted particle movements are observed more for the fixed box
than the conventional box. Continuum material properties affect shear response and
shear-induced surface roughness values, influenced by hardness and interlayer or
junction shear resistance. In interface shear tests on AS and HDPE, considerable
plowing is observed for SA_S and R_GB with different critical normal stresses. Despite
this, acrylic and geomembrane surfaces show similar frictional behavior and shear-
induced surface changes under the same conditions. Particle kinematics for AS provides
insights into interactions with geomembranes and materials with similar hardness.

HDPE and PVC also exhibit similar kinematic trends in X-ray CT analysis, supporting
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these findings. Angular and smooth spherical particles exhibit lesser kinematics despite
a huge difference in the shape and shear-induced surface changes. Rough spherical
particles have larger displacements and shear-induced surface changes than smooth
spherical particles. These findings highlight the crucial role of particle shape and

contact stresses in particle kinematics at the interface.

A custom-built micromechanical testing apparatus enables the study of rolling and
sliding friction across various geomaterial contacts. The apparatus allows the
investigation of rolling and sliding friction of various geomaterial contacts under
various testing parameters, including normal load, displacement rate, and dry and wet
conditions. The device is instrumented with sensors (load, displacement, and camera)
and a computerized data acquisition system to measure and record the force,
displacement, and images of the contacts during the test for in-depth study. The images
are captured from the bottom of the sliding platform while shearing only for the contacts
made of particle and transparent continuum materials. The accuracy of the shear
response of geomaterial contacts tested in custom-built micromechanical apparatus is
demonstrated by comparing the results of the same contacts obtained from high-end
tribometer apparatus. Test findings show that the custom-built apparatus is as accurate
as those from a high-end tribometer and reliable for micromechanical geomaterial
interaction analysis. Further, experiments are performed on different types of interface
contacts and under different conditions to demonstrate the apparatus's sensitivity. The
findings indicate that the apparatus stiffness is sufficient, facilitates the understanding
of micromechanical behavior, and estimates primary yet essential inputs required to

comprehend the complex behavior of geomaterials.

Micromechanical interface shear tests were conducted on scanned particles,

highlighting the significant influence of particles' average surface roughness, normal
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load, and type of continuum material on the shear response at the particle scale.
Spearman's rank correlation coefficient analysis shows a strong correlation between the
hardness of the continuum material and the average roughness of particles (Sa paricie)
measured without any filter, highlighting their interdependence in influencing interface
shear responses in non-dilative interfaces. The friction coefficient's response to average
surface roughness varies across three continuum materials, with PVC exhibiting the
highest friction coefficient values, followed by HDPE and ST under similar testing
conditions. HDPE's friction coefficient demonstrates exponential growth with Sy paricie,
reflected in increasing b, values as the normal load increases. Conversely, PVC exhibits
a power-law relationship, where the friction coefficient's rate of increase diminishes at
higher Su pariicie due to minimal surface deformation under increased normal loads. In
ST, the friction coefficient shows nearly constant growth with Su paricie, indicated by
constant m values for the linear fit on the data. Various machine learning models were
employed to identify the optimal predictive model using micromechanical experimental
data, with the RF model outperforming others by achieving an R? of 0.94 for training
and 0.89 for testing, thus meeting all validation criteria and being deemed fully

acceptable.
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AR

HUlg SR T I & o Guh &1 gHTa i Y .adm-ie! Geamst &t Sl
gefdT, FRRAT 3R UeRH W Wyl 81d1 8 | TR-IRRd Tudh, Sl 8 Y-dd-id!
TS & foT SHTa=Te Bl &, HHITAd fatherell o RIF B o HRUI 6 AT
B ST TG & | TR-UIRRIe Tueh YUITeRt & B+l IR Bl GHFH & forg

3 §ATE! Ugq3Hl T S1eag AT SHTIRID § Sl Y& WR TR Adld AT 1 qadg
IR HUNI G&Tdf & fhaaq iR e & T § s ugqsll &I Fafid sd
<, 1l s o1 faqH (Crgaiarol) & i SHTaT 8 | SrZaraiol &1 & g8y 3R ferg
R I TV UM BT g, Aldbd Y-adb-1ap! [HSd wonferl & 3qHT SuRT
Tiftrd g1 Hollg T SR grealaioied dal &1 7Te- JHY IR-TIRRA Husd! IR
HRAT gfafehanatt o1 Jegic B & ot Heayul €, faxiy &9 ¥ Y ergardiol &
ERS]

UG T IR-UARRNA GUD] & DRl HaeR B offd W bisd g, Forad uHagsrl
OIS S HUT SN, Ha-1-URd dg uRadd, HaRe! & SR HUl AT, 3R
T0E HoRAT B YHTT ! R foam a1 B | 39 forg, Sreqg & &7 Sfiapfa 3R
HRA-ORT TG TR Bl G ¥U ¥ afofd HA & forg T e B iun &1 weara
fear m §1 59 sifafvea, &u1 e, ged aifie ugqsh, sik faftrd yvtasRt
OTIE 3! & dgd Hav-! Ufdfehar o Trgm 3R Y-t Tueh| & forg Sexthy yur
IV b1 HITEATUR PR b foTQ <l heeH-fSWg fob T 71T IuehRY e fobu U
fawRia 3 smpfa auiere Iy Foin aml[l & erepfd @6 SR Aol
faRiwaraelt Tfgd) 3R HaRA & IRM ITH! TMAD! B T HRDI BT IGINT HIb
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1o B GeH g1 I8 URATad deb-iich TaTaTes T & 9 ¥ heaR-1-0Rd &=
B1 Hls GIGRIUT P AT TR Bl § 3R Baet Uidifshar &b aR H 3fe
e Bl & | PecH-FSH1S BT 7T I9d B Y HaR-T SUBRYT BT [IHTd fova
T, S Bl SR Fad Sl & o9 WU &1 Bid IRy At & GRH
By fIUM & e YT 9 S(eT-3eT ey (Thas a1 URUR®) & forg wem
10T B | B foavr & wre 9, 37wl o1 3520 BT ! 3R R B
ERM fraem SR RIH W 9% YU &) GO UT| T8 THGR! -9
UlelisUTSa fSRIATH (HDPE), Gichfa-Tsd aR1g S A (PVC), 3R R
W (ST) S dd It & Ha-t ufafssansii @) saren & faw Iuah o1 |
2P 3IQTAT, YHM SMHR & d 3R SURER g JHE! (HDPE 3R PVC) TR
ffrsr I aaY & dgd WY HARAT TRE0T 3R X-ray CT IH T BT UGN HRb
HU TR B TR ) g

TLlefur Idg! & B 3R YeA-SuTihed faRayur ¥ uar I fo died o fRURdT,
HUN BT ATHR, MR JHRT d91d HUN Tidd! 3R HaRA1-URT Idg gRad-l ol
gUIfad Fd g | s Siey &1 Ja1 # uRuRe diad & Hull & a1 Hiferd
UTs T3 | gad ARl & 07 Har- Ufafhar 3R Har-1-0Rd Jdg WReud &
A Bl YHITA Bd o, FSoRTH HoRdT 3R SR T SIaRM B! UfoRY i
g1 AS 3R HDPE & ey HaR-! U0l H, SA S 3R R_GB & forg fafv

o o\

fepfedhe A= aTal & 1Y AE@qUl RaesTd ST 71T | 39 S1dolg, Uohfad 3R
ORI Fag GHH gyl SFagR IR THH Har-1-URd ag uRacd feard 8|
AS & T 01 et T SR GHIM SR el G &A1Y $RBE W
3P USH ol 81 HDPE 3R PVC H X-ray CT fazayur & W= e ugfwat
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TefRid @ 78, o 7 sl &1 gud SR €1 fafid SR SR Ta WReRA
aTed HUIl BT YRI&IUT o+l UdeR DI GHSH o fo1T foba 711 9 ST 3 Tg
RO o fs T 3M1epfd, [T a1, 3R Tad AR & &0 Rdl 323ty IR
HUI DT BT By THTTIT Pl & |

% Hecd-Fiid aReHsGHed T UG [Afid YL-amil Jud! & &h
AT 7R AT T BT ST B H F&H S | T8 SUDRUT {AfHr TRiafom
¢S] oY AT HR, faRTas ox, SiR gt ofiR wfielt ufkfRufadl & qga faftd .
Tl WU & AfelTT SR WSS guvr 1 §iid ST Sgafd <ol 81 39 fearsy &
TR (MR, TR, 3R HHRT) 3R T HHRBd el SRR Jore J gaferd
o 71T B, S OR1&(0T b SR HU! o a1, Ao $fR Bfal &1 Ao ofR Rl
HA & oY e S & | Sfdai hadt 37 Hua! & forg AR & SR wsfe
WCHH F A1 § R BT A 3, S B0 AR IR Fad arfEl 3 59 8 &

Heed-Ffd AEpAbHEa SUHR § URie fHT 7T YAl Tud! & Ha]
gfaferdr & IeHd & I-ITRY TR IUHU I UNd THH JU&! &
OROITHT BT JeT HRop UarRid fosan a1 g | uRiern fspy feand & fob seen-fftfa
JUHRUN Ia-T & Wb g oo fb ST gigadier SR Y. ameht &
TS shIHb el 3id:fohar fazeivor & fore fayeia 81 39 sifafvem, faftrs R
P XY Iud! IR fafte gRfufaat & dga yan feu o, aifes Sumvor ot
Hae=iterdr &1 ualRid fosar o1 9o | ey Sfd avd § b Iuahrur ot SRl
Taie B, T8 AR IHb o d SIdgR &) GHgH H TgTadl &3dl § 3R Y-ITHlrl &

Sifed TaER P THIH o foTT SHTaad Ui cfdh- Hedqul 399y &1 SATHad

AT G|
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TSP P S Bzl UI&/UT 5+ fobT T HUN IR b 77g, Foreret avomt b
3T T TR, THRI R, 3R Fdd Ut & YHR BT HUL-TR W B!
faferar IR Agaqul gHTa feama T | TWRE &t ¥& Tgded Turid fa=eioor Idd
A BT B R 3R f&H11 foball e o HIY 7Y BT b1 7RI GRERTUH (S parrite)
& s Ue Holgd TgeY &I UeRRid dxar g, o IR-Rafed Sexthd & HaRt
yfaforanat &1 THIfad S § 37! UR¥Re 1Rdl I SR Fxal 8 | i Jad
QAR & 3iRrd Tde GReR1U & Uid TNl Uies 1 UifshaT Sef-3rerT g1l §,
R pvC Ia8 I Y U1 0T T UefRid Rl §, $9P d1G HDPE 3R ST 31
&, JAM tRteror uRfUfa & G8d | HDPE &1 Y0 U S, paricre P 1Y TN gk
2oIfaT 8, S I 4R 969 WR 5, AT 31 gfg & aRafed giar 81 39 faudia,

PVC U UTd JaY (UraR-a1 RaHfRIg) uelRid w1 8, 58t S S, parice TR THOT
o7 &1 g o °C ST 8, ST d6d I HRY & d8d 9de & <gAdH [ddid &
BRI G &1 ST B, TN TN S, pariicre P T T RR gfG f@man 8, S Ser
R IR e & o RR m A gRT Hopfad 1T & | Heeh b e d RIS Sl
BT YA I fafied A=A -1 Afsa ar fbu g, arfes syaw Mfsfaea Aisa
DI UgaH &1 ol Hob, fSIH RF Hied A 30 Alsdl ! Ul BIgd gu uiRief & forg

R?=0.94 3R T&U1 & fo1Q R = 0.89 UT | 39+ it Teamo At & @0
forar iR 3 gt R ¥ Wi /M |
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