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PE3VME

VY pamy cy mpukazaHu 3Ha4YajHUjU aCHEKTH MOJeInpama KOHTakTHe cMuuyhe uBpcTohe myx
MOBPIIMHA pa3MYNTOr Kapakrepa. [loceOHO cy aHanmmM3umpaHu (U3MYKH ¥ aHATUTHYKA
aCIIeKTH MOJeJMpama, NPeKo MpUKa3a pesyirarta MCHHTHBaKka MeTojaMa Pa3sBHUjCHUX Ha
Katenpu 3a reorexnuky Ha ['paheBunckom ¢axynrery y Cxorupy, P. Makenonuja. Metone
Cy OCMHILBEHEe y (hazamMa TeOTeXHHYKHUX UCTpaXKMBama 3a HacyTy Opany ‘“Kozjak” u ryuny
Opany “Csera [lerka” na peun Tpecku y Onm3unn Ckomsba. AyTop cMatpajy a HCKyCTBa
Mory OuTh ox 3Hayaja 3a Oyayhu pa3Boj HOBHX WM MOAU(UIMPaa HEKUX OJ MO3HATHX
METO/1a, jep je OBO jelaH O KJbyYHHUX MPOOIeMa y FeOTEXHUILIH.

KJbYYHE PEYU: I'eoTexunka, KOHTAKTH, MOZEIUpame, cMiudyha uBpcToha

SOME ASPECTS OF PHYSICAL AND
ANALYTICAL MODELING OF INTERFACE
SHEAR STRENGTH IN GEOTECHNICS

ABSTRACT

Some important aspects in modeling of shear strength along different interfaces are
presented in the paper. A special attention is given on physical and analytical aspects,
through presentation of results obtained from testing methods developed at the Chair of
Geotechnics at the Faculty of Civil Engineering in Skopje, R. Macedonia. The methods are
developed in different phases of geotechnical investigations for earth fill dam “Kozjak” and
arch dam “Sveta Petka” at river Treska near Skopje. Authors believe that presented
experiences can be important for future development or modifications of some known
methods, because this is one of the key questions in geotechnics.

KEY WORDS: Geotechnics, interfaces, modeling, shear strength
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INTRODUCTION

Rational, safe and efficient designing in geotechnics is not possible without knowing in
detail physical and mechanical properties of the natural media from one, and the elements
of artificial structures, at the other side. In fact, one of the key questions in geotechnics is
investigation, physical, analytical and numerical modeling of the interface shear strength as
very important parameter in interaction analyses. This aspect is present in almost all
geotechnical problems. Some examples are presented in Figure 1 to Figure 3.

Cmuxa 1 Kapaktepuctidnu monpednn npecek Hacyte 6pane Kosjak Ha pertn Tpeckn, P. Makenonnja,
Kao MpUMep pasIMINTUX KOHTAKTHUX nospuinHa: (1) rmmaeHo jesrpo; (2) npsa u (3) apyra
¢unTpanona 30Ha; (4) peunn HaHOC; (5) kKameHH Habaydaj; (6) pehann xameH; (7) HHjeKIHOHA
rajepuja; (8) dpuarpanuona 3aBeca; (9) KpyTa UBpcTa OCHOBHA CTeHCKa Maca; (10) nupyHak
Figure 1 Main cross section of earth fill Kozjak Dam at river Treska, R Macedonia, as an example
for several types of interfaces: (1) Clay core; (2) first, and (3) second transition zone (filter);

(4) river deposit; (5) rock fill shells; (6) arranged stones; (7) grouting gallery; (8) grout curtain; (9)
rigid hard rock mass foundation-marble; (10) gravel

Cruka 2 HectaOuaHOCTH KOCHHA Ny’ KOHTaKTHHX IOBPILIMHA: a) KIN3amke TIa Ty’ KOHTAaKTa ca
YBPCTOM CTEHOM Y OCHOBH; 0) KIIM3ame Ay’K KOHTAKTa CTEHA-TJIMHOBUTA UCITyHA-CTCHA
Figure 2 Slope instabilities along interfaces: a) sliding of soil along interface between soil debris and
hard rock mass in the bedrock; b) Sliding along contact rock mass-clay infilling-rock mass
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It is clear that interfaces can be connected with zones at rock foundation and all installed
materials in rock fill, earth fill or concrete dams, landslide shear zones, rock mass joints
with clay or other infilling, geosynthetics reinforcements in slopes, solid waste landfills,
interfaces concrete-concrete, concrete-rock mass foundations, concrete-grouting mixture-
concrete at radial joints of arch dams, rock to rock contacts, etc. From this, the importance
of development of methods to define interface shear strength is more than obvious.

PRESENTATION OF SOME IMPORTANT PREVIOUS RESEARCHES

On the current level of development in geotechnics, several approaches of shear strength
testing are known, but there are still cases when it is very usual to assume them, and very
often this problem is not even treated. Along with this, it is very difficult to conclude how
close is the prognosis of the parameters to the actual conditions which are expected in the
phase of exploitation of the structures. It can be mentioned that many laboratory
experimental testing methods are developed in soil and rock mechanics, especially when
behavior of homogenous soils is of interest. Methodologies for testing shear strength along
discontinuities are also developed (Goodman 1974; Barton and Bandis 1974, etc).
Furthermore, there are some developed methodologies to define shear strength along
interfaces concrete-rock mass in a phases of design for concrete dams (Kujundzié¢, 1978;
Coli¢, 1983; Andelkovi¢, 1998; Jovanovski et al., 2002; and others). Some detail analyses
of shear strength parameters in designing of earthfill dams can be found in Barton and
Kjaernsli (1981), while summarized overview is given by Tancev (1989).

On the other hand, shearing strength parameters along interface of different materials which
are composed during construction of rockfill dams, are treated very rarely in the scientific
literature, even though certain data for these problems can be met (Jovanovski et al., 2004;
Barton, 2008; Papi¢ et al., 2011). Just to illustrate the interfaces problem, some schematic
illustration for relevant controlling parameters is shown in Figure 4 (Barton, 2008).



36

RELEVANT
PARAMETERS
e L
& Unweathered rock AC5: lorde t
Weathered rock IRC
® e
A @r (or @b)
i
weathered
ROCKJOINT
unweathered
B S (strength)
@ R {roughness)
B $r (friction)
b 5 (<JCS)
7 Al 4
©) . ~ A IRC (<R)
A L %Z}: Unweathered rnckf
7 = D (<P
i i (<95}

INTERFACE
Cnwnka 4 KoHTakT: 1) HanperHyTHX IyKOTHHA y CTeHaMa; 2) n3Mel)y 3pHa yHyTap KaMeHOTr Habauaja;
3) kamMeHoOr Habayaja U CTEHCKE OCHOBE
Figure 4 Contact across: 1) stressed rock joints; 2) rockfill inter-particle; 3) rockfill lying on a rock
foundation: JRC-Joint Roughness Coefficient, JCS-Joint Strength Coefficient (Barton, 2008)

A range of index tests has been developed for estimating shear strength of rock joints, so
that a statistical range of roughness and strength values can be accommodated in design,
without need for an equally large number of direct shear box tests, as illustrated in Figure 5.

An adequate attention is given on the estimation of interface shear strength for geosynthetic
systems, like shear behaviour of geosynthetics in inclined plane test and influence of soil
particle size presented by Lopes et al (2001). The used equipement is presented in Figure 6.
Methods for interpretation of laboratory generated interface shear strentgh for
geosysnthetics is given by Koerner and Koerner (2011). Results from large scale direct
shear strentgh for geomembranes is presented by Jose et al. (2008).

An interesting physical concept for estimation of safety factor in landslides and in rock-
block stability analyses can be application of shear strength envelope illustrated by
Spasojevié¢ and Sugi¢ (1995) for soil-like sliding, and by Jovanovski and Gapkovski for
hard rock masses (2004).
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Figure 5 Illustration of several methods to define shear strength along rock joints and rockfill inter-
particle contact (Barton, 2008)

=) Upperbox Loax application

I"}f \" — 4 — L el

nelinometer — o
- Transduger

Gensynihetic
nclinstion systern — l‘f 3 ‘ T Rigid base

ib) U.bs;lr\ boe  \nag epplicaten
T '
I,l' =— Load cell
/Y
a,
f’ a.-*,_ _m - x Trangcucer
Incincmeter— B

i hh:;j?-?imy"menn

= | revmr hox

Cnuxka 6 Illemarcku npyKa3 amapara ca 3aKOIICHOM PaBHU: a) KPyTa OCHOBA U ropiba
KyTHja; 0) 10ma U ropma KyTHja
Figure 6 Schematic representation of the inclined plane apparatus: a) rigid base and
upper box; b) lower and upper boxes (Lopes et al., 2001)



38

But, although a number of methods are available, it is obvious that no particular method can
be universally accepted for several reasons. For example, there are wide range of variations
in shear strength values of rock mass, concrete, clay infilling, rockfill, etc., while a lot of
difficulties are connected with testing equipment limitations, scale effect etc. A real
approach is for each engineering problem to apply adequate methodology of testing, so
some of the methods presented further in the text, can be useful in practice and can help in
scientific development in geotechnics.

ONE METHODOLOGY FOR PHYSICAL MODELING OF INTERFACE
SHEAR STRENGTH AT EARTHFILL DAMS

The idea for defining contact properties for a case of construction of earth fill dam came out
in the Chair of Geotechnics at the Faculty of Civil Engineering in Skopje, R. Macedonia.
Namely, based on specific design program, tests were conducted during investigation and
design of earthfill dam Kozjak on the river Treska, near Skopje. For that goal, direct shear-
box was used as shown in Figure 7.

i

=] b, QB 2 18 5 61 OB RN RER B UNEAHEARL D)
4 wn et | w3 T

Cnuxa 7 Anapar 3a qupekTHo cvuname Benranae 1,0x1,0x0,60 m npuMermeH y TOKy HCITUTHBAba
Figure 7 Direct shear box 1,0x1,0x0,60 m applied during the testing

The original version is with size 1,50x1,50x0,60 m, but it was modified to dimensions
1,0x1,0x0,60 m in order to establish conditions for appliance of higher normal stresses.
The shear surface is horizontal (it is positioned in the middle between the lower and the
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upper frame of the shear box), the normal stress is achieved with 4 vertical presses from
1000 kN, and the horizontal load (shear stress) is achieved with two inclined hydraulic
presses mounted under an angle of about 11° related to horizontal plain. The lower frame is
static, while the upper frame is moving over it using rollers which help to restrict unwanted
resistance from any kind. Usually, coarse-sized material used in embankment bodies is
compacted under certain conditions in the whole height of the box, after which a testing
procedure with known methodologies for shearing is applied.

In this case, a specific treatment of the contacts is applied, where modeling of the bedrock
is done in the lower frame of the shear box (Figure 8), where data from geological mapping
is used for the conditions of the rock. The most present scale and type of fracturing in the
diversion tunnel is adopted, given through the number of monoliths on 1 m’. The space
between the monoliths is filled with concrete. The surface part of the modeled base is with
local irregularities which are in the order of £5-6 mm, with which the roughness of the
bedrock under the dam is simulated. It was intended to place the modeled bedrock surface
as close as possible to the lower part of the upper frame, in order to secure failure along the
contact surface rather than in the materials which are compacted in the upper frame. This
way, along with the direct shearing between the interfaces surfaces, the model also allowed
continual measuring of the vertical displacements as well. With such disposition the next
types of interfaces were investigated:

- bedrock (marbleized limestone) - rockfill;

- bedrock - filter material;

- bedrock - clay.

1000 mm

£ -
i .

rock

concrete

force
/displacement
direction

Cirka 8 CkuIla MOJETHPaHe CTEHCKE OCHOBE Y IOHEM paMy arapara 3a AUPEKTHO CMUIIAE
Figure 8 Illustration of modeled bedrock in the lower frame of the shear box
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After the performed tests with the bedrock, it was removed and replaced with concrete slab
in order to conduct testing of the concrete-clay interface.

During the testing of the rockfill material, grain size composition with mix of particles with
d<15cm was adopted, coefficient of uniformity Cu=dg/d;;=11-14 and maximal content of
fine fraction under 0.6 cm around 8-11%, which corresponds with the confirmed
assumptions in practice of similar materials. The filter material was assumed as an average
sample of granulometric content from the second filter zone of the dam.

In the current state, the direct shear apparatus allows application of maximal vertical stress
of about 1 MPa. There the materials are embedded in two layers with approximate height of
the individual layers of 0.15 m. The physical and mechanical parameters obtained during
the compaction are shown in the Table 1.

Tabena | ®u3nyko-MexaHUIKE KapaKTePUCTHKE 30UjEHUX MaTepujana
Table 1 Physical and mechanical parameters of the compacted materials

Volumetric weight | Volumetric weight Water Liquid | Plasticity | Plasticity
Material | in natural condition in dry condition content limit limit index
g [kN/m’] gg [kN/m’] wi(%]l [ wil%l [ wel%] | Ip[%]
Rockfill 20,45-21,50 19,70-20,93 2,60-3,74
Filter 23,28 22,28 4,00
Clay 17,93-20,22 14,52-16,18 21,46-26,40 | 43,30 23,30 20,00

After installation, the material is vertically loaded, with which normal stress is applied over
the surface of shearing. This was done in 4 stages, until consolidation of the vertical
displacements (Uv) on every stage, as well as during c,,,,. The vertical load was maintained
constant for 24 hours. The selection of the intensity of the loading depends upon
characteristics of the apparatus i.e. its maximal value. So, for the rockfill and the filter it
was adopted G,,,x=0.9 MPa, while the other loads were interpolated on 0.30 MPa and
0.60 MPa. Because of the expected larger displacements, in the case of clay it was adopted
6=0.20, 0.40 and 0.60 MPa, where at certain points, for control purposes, it was continued
up to omax= 1.0, relatively 0.3 MPa.

After the performed consolidation, a horizontal load was applied also in stages (At=1/20c;,
max), Up until provoking failure along the contact surface (bedrock, or concrete-properly
installed material). During that, the horizontal displacements (Uh) are permanently
registered for every stress step to their consolidation, apropos until failure. Also, during the
whole shear process, the vertical displacements are also controlled in order to get complete
insight for the testing and the behavior of the material. One example of the adopted stress
pattern in the phase of shearing is shown in Figure 9. One experiment in one series consists
of three points with proper maximal vertical loading. For all of the materials a total of two
series of examinations over the bedrock and two series of clay over concrete base were
conducted.
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For illustration of the obtained results, few typical diagrams are shown below. Figure 10
shows diagrams for normal stresses and vertical displacements (c=f(Uv)) for all interface

types, while figure 11

summarizes diagrams for relation shear stress-horizontal

displacements (1= f (Uh)). There an example of same level of vertical stress (6=0.6 MPa) is
chosen, in order to get an insight in the differences among the achieved displacements until
failure. It is obvious that failures in rockfill and filter material occur under large
displacements, while under much lower for clay.
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On figure 12, classic diagrams for shear/normal stress relations (t=f(c)) are presented. All
these diagrams explicitly show the difference in the mechanical behavior of the different
contacts, from which it can be concluded that the interface of the filter material and the
rockfill with the base give similar relations, while the clay-bedrock and clay-concrete
contacts show specific behavior. Typically, the failure time is shortest for the clay, and for
same value of G, which is very logical and consistent with the properties of the clay in
relation to the other materials.
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Figure 12 Summarized diagram of the relation shear stress-normal stress
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ONE METHODOLOGY FOR PHYSICAL MODELING OF INTERFACE
SHEAR STRENGTH AT ARCH DAMS

The specific construction of concrete arch dams require special attention and knowledge of
shearing parameters on the interface concrete-rock mass at the zone of foundation, but also
at the zones of radial joints filled with grouting cement mixture at the arch dam body.
Usually these parameters are examined in situ, with pressing and shearing of concrete
blocks and rock mass. This kind of tests was also conducted for the needs of designing of
arch dam Sv.Petka on the river Treska, near Skopje, which is already built.

However, it is well known that the performing of this type of tests is very hard, and these
investigations are very rare in the phase before Preliminary design, when one of the key
questions should be answered: the selection of dam type! Having this in mind, during the
preparing of the program for mechanical investigations for this dam, the authors came out
with an idea to use the so called Hoek-box for the investigation of the properties on the
concrete-rock mass interface (Figure 13). This box is usually used for testing shear strength
along discontinuities (fractures), and as far as is known by the authors, it has been used for
the first time by the Chair of Geotechnics at the Faculty of Civil Engineering in Skopje in
2002 for investigation of interface shear strength between different materials. Further
application is presented by Mitovski (2015). So, the main physical models (three of them
developed by authors) that can be used in this box are presented in Figure 14.

Ciuka 13 XekoBa KyTuja 3a JUPEKTHO CMULIAE 32 HCIUTUBAbE cMudylie uBpcrofie aysx
JCKOHTHHYHTETa cTeHa: (1) KyTuja 3a mocraBibame y30paka (cariacHo MeMH aToj Ha ciauuu 14);
(2) xunpaynuuke nymre; (3) henuja 3a nputucak; (4) mymra 3a HOpMaJIHU U cMuIyhu HamoH
Figure 13 Hoek direct shear box for testing of shear strength of rock discontinuities: (1) box where the
samples are installed (see scheme in Figure 14); (2) hydraulic pumps; (3) pressure cell; (4) pump for
normal and horizontal load



Cnuxa 14 ®m3nuku mozen cMuayhux onuta y XeKkoBoj KyTHjH 3a JUPEKTHO CMHIALE
Figure 14 Physical model for shear tests in Hoek direct shear box

ANALYTICAL MODELING OF INTERFACE SHEAR STRENGTH

The further logical step in all performed analyses is to find analytical connection between
parameters during shearing along interfaces. In relation to the shearing strength parameters
at the Kozjak earthfill dam contacts, certain non-linearity is noticed in all of the conducted
cases, which is illustrated in t/c=f(c) diagrams. These diagrams show that the influence of
the level of the normal effective stress (o) is very important, especially for the interface
rockfill-bedrock. Some of the results are presented in the following figures.
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Summarized analytical relations established during interface shear tests on models shown in
Figure 14, are presented in Figures 19 and 20. The tests are conducted for wide spread
domain of normal stresses. The relations t/c for peak condition of the friction indicates
close range of values for interface shear strength for all cases of contact concrete-concrete,
while a little bit lower values are for a case of contact concrete-cement-concrete. Diagrams
for horizontal deformations indicate that the failure is for displacements values between
u=4-7 mm before the limit strength, and achieved friction is with some amount of lowering
in the shear stress after peak values.
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Cnuxa 20 CymapHu aujarpamu 3a 3aBUCHOCTH U3Mel)y cmudyher HarmoHa ¥ XOpU30HTaTHUX
roMepama 1 HOPMAJIHOT U cMuuyher HaroHa 3a KOHTaKT OeTOH-IIeMeHT-0eTOH
Figure 20 Summarized diagrams as a relation between shear stress and horizontal displacements and
normal stress vs. shear stress for interface concrete-cement-concrete

Analyzing the obtained data, the authors are at the opinion that the applied methodologies
have a lot of advantages, as well as some limitations which are out of the scope of the
paper, but however deserve scientific occupation and challenge for future analyses.
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CONCLUSION

Knowing of the interface shear strength parameters is of great importance, so the
development of methodologies for investigation presents a great challenge for scientific
research. Authors stress out that investigations on physical models should always be
conducted for all significant structures, which will further be analyzed analytically and
numerically in order to get a real picture of the behavior of the system in interaction:
artificial structure (dam)-foundation (geological setting).

Having in mind the obtained results, authors think that the methodologies can be very
convenient for implementation. In combination with the established methods, there are
possibilities for comparison of the obtained results and extrapolation of the parameters in
areas which are in the same range of size as is the structure. Prerequisites for real stress-
deformation analyses and successful designing of large structures are created that way.

REFERENCES

Andelkovi¢ VI.: Analysis of shearing modulus on bedrock-concrete interface. Monography:
Managing water resources of Serbia, 2001 (in Serbian)

Andelkovi¢ V1., Dokovié Ks., Sumarac V1.: Modelling of granulometric content influence on the
rockfill’s shearing strength. 2™ scientific and scientific meeting ,,Geotechnical aspects of
Civil Engineering®, Soko Banja, 2007, pp.461-466 (in Serbian)

Barton N., Kjaernsli B.: Shear strength of rockfill. Journal of the geotechnical engineering division,
Vol.107, N’ GT7, July 1981

Barton N., Chobey V.: The shear strength of Rock Joints in Theory and practice. Rock Mechanics,
Austria, Vol.10, N° 1/2, 1977, pp.1-54

Barton N.: Shear strength of Rockfill, Interfaces and Rock Joints, and their points of Contact in Rock
Dump Design. Invited key note lecture at Rocfill Australia Rock Dump, Australia, 2008

Gapkovski N., Jovanovski M., Vitanov V.: Elaborate from performed geotechnical investigations of
direct shearing between bedrock and materials intended to be built in rockfill dam
,.Kozyak* in large shear box. Documentation found of the Chair of Geotechnics, Faculty
of Civil Engineering - Skopje (in Macedonian)

Jovanovski M., Gapkovski N., Andelkovi¢ V1., Petrovi¢ Lj.: Some possibilities for determination of
bedrock-concrete interface shearing strength in Hoek’s box. Proceedings from the First
symposium of Macedonian Association for Geotechnics, Ohrid, 2002, pp.78-86 (in
Macedonian)

JoBanoscku M., 'ankoBcku H.: KonnenT Ha jakocTHa aHBeJIoNa 3a M0jaBN HA HECTAOMIHOCT BO
LBPCTH KapriecTn Macu. 300pHUK Ha Tpya0BH Ha ['panexen daxynrer, kaura 14, 2004

JoBaHoBcku M., I'anikocku H., Butanos B., fopfeBCKH C.: Merozooruja Ha UCITUTYBakE Ha
KOHTAKTHUTE MeTy pa3uyHu MaTepujanu. [IpB HallMOHAJICH KOHTPEC 3a roJeMu OpaHH,
Oxpuz, 2004

Jovanovski M., Gjogjevski Sp., Papi¢ Br. J., Josifovski J., PeSevski I.: Laboratory geotechnical tests
of shearing strength of rockfill for the Rovni dam in the Republic of Serbia. Proceedings
from the Second congress on dams, Macedonian Committee of Large Dams, Struga, 2009,
pp-55-64 (in Macedonian)



50

Jose A., Rodrigues M., Roman C., Preciado H.F, Sanchez M.: Trends of Large Scale Direct Shear
Strentgh for LLDPE-HDPE Geomembrane/Soil Interface. AMEC, Vancouver, 2013

Koerner M., Koerner G.R.: Interpretation(s) of Laboratory Generated Interface Shear Strentgh Data
for Geosysntetic Materials With Empasisi on the Adhesion Value. Geosynthetic Institute
Kendron, Folsom, USA, 2011

Lopes P.C., Lopes M.1, Lopes M.P.: Shear behaviours of Geosynthetics in the Inclined Plane test-
Influence of Soil Particle Size and Geosynthetic. Geosynthetic Structure International,
2001, Vol. 8, No.4 Structure

Mitovski S.: Statical analyses of concrete dams. Doctoral Thesis, Faculty of Civil Engineering,
Skopje, 2015

Papic¢ Br. J., Vitanov V., Jovanov Z.: Shearing strength parameters of rockfill for the Knezevo dam.
Proceedings from the Third symposium of MAG, Struga, 2010, pp.53-60 (in Macedonian)

Papi¢ Br. J., Jovanovski M., Vitanov V., Pesevski I.: Analysis of failure envelope of rockfill for the
Rovni dam. Theoretical and experimental research on constructions and applications in
civil engineering, Vol.3, Ni§, 2010, pp.D-1-D8 (in Serbian)

Papi¢ Br. J., Jovanovski M., Pesevski ., Vitanov V., Gjorgjevski Sp., Josifovski J.: Alternative for
large scale testing of interface shear strength. 4th Workshop at the Institute of Theoretical
and Applied Mechanics, Czech Academy of Sciences, Prague, 2011

Spasojevié A., Susi¢ N.: Koridéenje anvelope parametara smi¢uce otpornosti u utvrdivanju faktora
sigurnosti nakon obavljenog klizanja. I simpozijum Istrazivanje i sanacija klizista, D.
Milanovac, 1995

Tancev Lj.: Statical analysis of rockfill dams. Studentski zbor, Skopje, 1989 (in Macedonian)





