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ABSTRACT: The resistance to lateral shearing is an impostahpoorly understood component of the reinforcenpeavided
by fully grouted rock bolts. Numerical models swashthe FLAC3D finite difference code can be useihtestigate the effect of
shear resistance on roof stability. However, catibg a numerical model to realistically simulabe tcomplex processes that
occur at the shearing interface can be challendihis paper outlines recent work in which a systien@ocedure was developed
to match numerical model results to the measuredrstesponse of fully grouted rock bolts.

In this paper, results of the shear tests of reaef rock joints published by Haas [1] and McHugtd &igner [2] were
modeled with FLAC3D to identify and calibrate thetical parameters of the rock bolt model both émdion and in shear. In
particular, the model response to changes of th§diot angle and the surrounding rock type weaétrated and compared with
the published tests results. It was found thasthectural pile element in FLAC3D can be used twusately represent grouted bolt
shear and tensile behavior. The best approacHitwate the FLAC3D structural pile element modekwaund to be: 1) select the
structural element segment size less than halieattive length, 2) calibrate the shear springeswm and stiffness based on pull
test results, and 3) calibrate the normal springesmn and stiffness based on shear test resudisg this method, the calibrated

model results f the test results very we

Generally, the reinforcing effects of rock boltse ar
1. INTRODUCTION analyzed using two different testing arrangemepitsl:
Immediately after development of an undergroundyent tests and direct shear tests. Pull tests quanhfy t
the virgin stress field is redistributed to achievenew  reinforcing effect of the roof bolt in the axialrelction,
stress equilibrium. As a result of this stress gearthe  while direct shear tests quantify the shear reanhoy
roof beam over the entry moves downward and theeffect of the rock bolt.
vertical stress over th(_a entry roof is relleve_d.eNhhe 2 BACKGROUND
roof beam sags, vertical and horizontal displacdésnen
take place. Fully grouted roof bolts provide Bjurstrdm [7] performed direct shear tests on haak
reinforcement by providing a resistance to both thejoints reinforced by fully grouted rock bolt. Hesdussed
vertical and horizontal displacements of the roefrm.  three reinforcement mechanisms of the rock bolindur
Peng [3] defined the resistance in the verticatation  the shearing of the bolt/joint system. First, thegential
as beam building and suspension, and resistandgein component of the induced tensile force contributes
horizontal direction or shear restraint as “rigrditlt is directly to the shear resistance. Second, the rlorma
understood that the bolt's axial resistance toie@it component of the induced tensile force increases
movement occurs at the grout/rock interface [4, 5].frictional resistance of the joint. Third, a “doweifect
However, the bolt's shear resistance to horizontal(shear resistance to lateral movement)” is genériaye
movement is not well understood. As a result of thi the combined effect of the bolt shear strength diven
poor understanding of the shearing resistance Ibf fu stiffness, and surrounding rock strength and &#n
grouted rock bolts, the most popular roof bolt desi
methods only consider the axial reinforcing effetcthe
bolts [6].

During the shearing of the reinforced joint (redesd of
the bolt type [8]), three different stages of
load/displacement behavior were reported (Figurf8,1)
9]. The first stage corresponds to linear behawidth a



very stiff response. A rebar bolt mobilizes aroltdo response from the elastic foundation depended en th
[9] to 75% [8] of its resistance after 1- to 5-mimear  mechanical properties of the rock.

g:zrs)![iac(fllr;?;\]tthiascrs?zge t?ne thjglggcoﬁzest;;;t-lmg?rmslzor the bolt, two different types of failure behavvere
behavior was observed For a fully grouted’stedﬂl bo described in the literature. The fi_rst one is shHedure
yielding of the steel toék place in this stage V\ﬂtie of the bolt with 'small deformatlon [7., 11, 13]. 'The
formation of plastic hinges. McHugh and Signer [2] sc_acond type of f_allu_re starts with formation of ma§t|c
explained the mechanics of. the formation of thegéin hlnge_s by the yielding .Of the bolt due to a combm
points on the bolt based on the investigation & th of axial load and bendmg moment (Eq. 1) [14]1 (i
bending and axial strains on the bolt. Initiallyeaside of occurs due to the combination of shear gnd tgfmllﬁe
the bolt extends and other side combresses negoithe (Eq. 2) [6, 14, 1.5]’ or only due_to tensile faillgthe
surface where bending takes place. The extendedo$id bolt [13, 14]. Failure of the bolt is observed beéw the

. / Co hinge points. This type of failure was reported by
the bolt reaches the yield strain very quickly éomins a .

. ) . . . various authors [2, 8, 9].

plastic hinge point. The distance between the iplast
hinges on each side of the joint are called thdivac 2
length” [10], and this active length can change l:k} l:MZ} =1 1)
depending on the strength of the surrounding régkifh Ty M
the third stage of load/displacement behavior,
unconstrained plastic deformation of the bolt tptdce. ~ Where

pl

According to McHugh and Signer [2], after the T = axial load.
formation of the hinge points, the compressed sfdbe T, = axial yield load of the bolt.
bolt starts to extend and yield in tension untg tholt Mi = bending moment.
fails due to excess tensile strain (or stress). My = plastic moment.
10—+ - n n
P T, \%
' T Full steel bolt X — ] =1 2
I SR ?
0EL . _a R 3
i
i * where
.3_.5_.5 Tu = ultimate axial load of the bolt.
. g \Y = shear load.
- . Hollow balt (Swellex) Vy = ultimate shear load of the bolt (50% of
04 ) the ultimate axial load [5])
i n = constant (depends on the bolt type
[6]).

Failure behavior of the bolt depends on the stremdt
the surrounding rock [9]. For hard rock, the bsltmore

0o _ + : i likely to fail due to shear [7, 9] and for softevck,
Drphm;m - tensile failure of the bolt is more likely [2, 8]. 9Ohe

) orientation of the bolt with respect to the disconity

Fig. 1. Bolt contribution (1) vs. displacement curve [8]. also affects the failure type [1, 7]. A bolt oriedt

: . perpendicular to the shear deformation is mordylike
Many_ different analytical models were developed tofail due to shear [7, 6]. Haas [1] performed dirglatar
quantity the Ioad/deformatlon behawor of a fully tests on smooth joints reinforced by inclined holtsree
grouted bolt_that Intersects a b(_eddmg plane. .BMd rientations of the bolt were used: 45°, 90° an8°13
some experimental _results, Fawhu_rst_and Singh [;lﬁhe 45° orientation contributed the n’qost and 135°
|nd|cated' that shearing along a joint !nducgs b orientation contributed the least to the shearstasce.
_stresses in the b.OIt that decay very rapidly wittatce The effect of the pre-tensioning and post-tensigroh
into the rock. Fairhurst and_Slngh [11] moo!el_edh)bﬁ the grouted bars on the shear resistance was also
as a short beam by assuming rock to be rigid andtgr investigated by Haas [1]. He reported that preiteri
o et cver e decay et Gerdeen €38 orpos tensionng o h grute bars o 1t e
) SHC grout. significant effect on the shear resistance. McHagd
ignored the load transfer mechanisms around thk. roc Signer [2] also indicated that there was not any
ggéirr’néndar}%emgglrt agciggcﬁ:(em%degsea[%s'0%14’ar1]5i;|tgstigorrelation between the axial pretension load drmal t

joint shear reinforcement, but there was a slight

foundation were developed. Different from the Gerde . A .
et al. [12] model, these models assumed that thgorrelatlon with joint yield displacement. Haas][L6ed
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naturally fractured (rough) joints to investigate effect  reinforcement models are structural elements idahto
of joint dilation on the shear resistance, andruicated the cable and pile elements used in FLAC3D. Theeefo
that dilation of the joints creates additional tenson  the only difference between the FLAC3D and 3DEC

the bolt. rock bolt modeling approaches is the local reirganent
3. NUMERICAL MODELING OF ROCK model that is solely available in 3DEC.
BOLTS WITH FLAC3D AND 3DEC The local reinforcement model in 3DEC (or UDEC)

_ assumes that, during shear displacement along a
In the FLAC3D and 3DEC numerical codes, SUpportSyiscontinuity, the reinforcement deforms as shown i

are modeled using special s_tructural eler_nents [th7]. Figure 3. Lorig [10] indicated that experimentabuks
these methods, the rock bolt is modeled with twietb 54 theoretical investigations showed that sheaiong
straight, finite elements. The interaction betwdenbolt discontinuity induces bending stresses in the

and the rock zones (elements) is modeled with @®pr  einforcement that decay very rapidly with distafroen
slider unit, with the stiffness of the springs EJENUNG  the joint. Shear tests of reinforced discontinsitie

the normal/shear deformation of the grout (Figuye 2 performed by other researchers support this assampt
The resistances of the sliders represent the n{ginesr [2, 8, 9]. Initially, the rock bolt provides verytif§
load capacity of the bolt, grout, and rock inteélathe  |egistance to shear deformation. With increasingash

displacement of each structural element node igeformation, two plastic hinges form symmetricathie
interpolated from the displacements of the surrewd  §iscontinuity. The length between these two plastic

zone grid points representing the rock. The redativ hinges is called the active length. The local

displacement between the rock zone and structurglginiorcement model in 3DEC assumes that only this

element node is then calculated. The force ger@ie ,.1ive |ength provides shear and axial resistanchear
the grout/rock interface is calculated from the yotormation.

multiplication of the spring stiffness and relative
displacement. Finally, the mobilized force at the

grout/rock interface is distributed back to thekr@aone “\
. . Direction of y
grid points [17, 18]. " ating * . \&
A
Y
- 8 \
Reinforcing A
Element LSEeI) \ ",I
\\ ) “’L Grout Annulus Discontinuity " *
\
\ 2
EXCAVATION & § )
] /O Sider
MSM& Strength of the Grout)
Reinf i Spri
Nzgafrsgi’:ten %/‘% (Shear Stiffni: ifthe Grout) / i
/ X AN, (Positive)
Spring Slider Fig. 3. Reinforcement geometry after shear dispese [10,

(Normal Stiffness ofthe Grout) ~ (Normal Cohesive Strength of the Grout) 1 9]

Fig. 2. Mechanical representation of fully grouted The |ocal reinforcement model in 3DEC is a simpid a
reinforcement. very effective way of modeling the local effect of

FLAC3D has both cable and pile structural elemémas  reinforcement where it passes through the discoityin
can be used to model rock bolts. Cable elements havlhis methodology is very suitable in hard rock when
only one degree of freedom oriented axially anddeformation of individual blocks may be neglected i
therefore can only model axial loading in the elstne comparison with deformation of the reinforcement
Pile elements have six degrees of freedom per reoae, System. However, modeling the local effect of the
behave like a beam with normal and shear frictionalreinforcement near a discontinuity may not be sigfit
interaction between the grid and pile elementsufiéi@)  to model correct load transfer of the reinforcemarthe
[17]. In FLAC3D, pile elements seem most suitale f Weaker rocks found in a coal mine. FLAC3D pile

simulating the reinforcing mechanisms of fully greai ~ Structural elements (or UDEC rockbolt structural
rock bolts. elements) therefore seem more suitable for coaingin

applications. However, pile structural elementsustho

Two types of reinforcement models are provided ingis, show the realistic local effect that is shdwnthe
3DEC (or UDEC): local and global reinforcement oo reinforcement model implemented in 3DEC.
models [19]. The local reinforcement model consder

only the local effect of reinforcement where it pes
through  existing  discontinuities. The  global
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4. THE PERFORMANCE OF THE FLAC3D
ROCK BOLT MODEL FOR HARD ROCK

In order to evaluate the performance of the FLAQEP
element (Rock Bolt Element) for hard rocks, illastre
examples used by Lorig [10] to evaluate the peréoroe
of the local reinforcement model in UDEC were
simulated with FLAC3D. By using the pile elemeritse
shear force and stiffness of the bolt can be sitedlay
the combined behavior of the bending resistancthef
pile element and normal coupling spring resistarige.
the axial direction, the elastic modulus and stitergf
the pile element and shear resistance and stiffoéss
shear coupling spring simulate axial behavior.

4.1. The Performance of the UDEC/3DEC Local
Reinforcement Model for Hard Rock

Using the local reinforcement method in UDEC, Lorig
[10] duplicated the results of the shear tests df]
natural fractures and machined surfaces, with anabr
pressure of 0.17 MPa and reinforcement perpenditmla
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Fig. 4. Test results published by Haas [1].

Lorig [10] used the local reinforcement method todal
a series of tests performed on smooth rock surfaitbs
bolts oriented at 45°, 90°, and 135° to the disowitly

the discontinuity. Figure 4 shows the test resultssurfaces. Results of the numerical model [10] ameva

published by Haas [1]. For the numerical simulatidn

in Figure 5. The numerical simulation results with

the test on a machined surface, Lorig assumed a no®DEC show reasonable agreement with the laboratory

dilatant discontinuity friction angle of 50°. Fohet
natural fractural surface, he assumed the peakofmic
angle as 65.5° and the residual friction angle GfsHe
also indicated that the interface friction angléueed to
the residual value in 13 mm of displacement. Thikain
dilatation angle was 15.6° and this angle reduced t
residual of 0°
parameters used by Haas [1] and Lorig [10].

Table.1 Test parameters for UDEC local reinforcetrmeodel
[10].

Limestone Properties

UCS (MPa) Elast(lég/lagdulus Poisson’s Ratio
6.3 33.8 0.18

Resin Grout Properties

Unconfined Compressive
Strength (MPa) Shear Modulus (GPa)

110 3.7
Reinforcement (Bolt) Properties
Yield Ultimate | Elastic Bolt Hole
Strength Strength | Modulus | Diameter | Diameter
(MPa) (MPa) (GPa) (mm) (mm)
275 520 200 22 35

in 13 mm. Table 1 shows the test

data published by Haas [1].
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Fig. 5. Local reinforcement model results of Lduig].
4.2. FLAC3D Model Results

The same tests were simulated with the FLAC3D rock
bolt model. The interface friction angle and normal
pressure were set to the same values used by [1d¥g
The actual bolt lengths used during the tests [giew
used in the model. Lorig [10] indicated that Halsdid

not include the complete force-displacement respons
from the pull tests, but he reported an axial rs¢ifls of
550 MN/m and an ultimate capacity of 140 kN for the
reinforced system. In order to get similar axiahd&or
with FLAC3D, a pull test model was developed anel th
shear coupling spring stiffness and cohesion were
adjusted to result in a similar axial stiffness attmate
capacity as reported by Haas [1]. The normal cogpli



spring stiffness and cohesion were also calibrated '
match the test results. Table 2 shows the calitbrate oso
FLAC3D input parameters. Figure 6 shows the regilts
the calibrated model.

PR L AN

Table 2. Calibrated FLAC3D model parameters. %0.60 /
Spring Stiffness | Spring Cohesion Plastic | Segment éo.So /
(MN/m) (M Pa) : e ;
M oment Size 0 I ——-t5
Normal | Shear | Normal | Shear (kN-m) (mm) % 0.40 v S
Spring | Spring | Spring | Spring %m TR ----13g
25 0.065 0.3 1.5 1.5 5 e Tl NORENFORFEMENT
1 0.20 s
0.9 _ I 0.10
08 ,’, 0.00
rd 0 5 10 15 20 25 30 35 40
E 0.7 > z SHEAR DISPLACEMENT (mm)
%0-6 - - Fig. 7. FLAC3D model results (bolt oriented °4®C and
i > < 135
'n_: 05 -

20_4 o™ . == NO REINFORCEWIENT Lorig [10] assumed the active length of the local
%Ds : AN 7 = REINFORCED MACHINED SURFACE reinforcement to be 90 mm. Figure 8 shows the momen
. AR REINIORCED NATURAL distribution on the bolt calculated by FLAC3D.

' According to Figure 8, the active length is 88 mm.
o4 Active length was calculated by measuring the dista
0 between the two plastic hinge locations on the, lzolt
0 5 10 15 20 25 30 35 40 . . . .
SHEAR DISPLACEMENT (mm) the plastic hinge locations were determined basethe
Fig. 6. FLAC3D model results of the Haas [1] testdolts  location of the maximum moment in the bolt. Thewaxct
that are perpendicular to the discontinuity surface length that was assumed by Lorig [10] and calcdlate

from FLAC3D results are close to each other.
Numerical models with FLAC3D were run to simulate

the UDEC test results with bolts oriented at 4%, @nd 200
135° to the discontinuity surfaces as shown in FEdu 150 .
Figure 7 shows the FLAC3D results. In the FLAC3D X
pile structural element model, the pile elementsnca 1.00
fail in compression. In order to simulate compnessi
yielding in the 135° inclined bolts, the plastic ment
limit was set to a smaller value (1.0 kN-m) in therent
study model, which allowed the bolt to yield with a
compressive strength equal to the magnitude of the
tensile yield strength (Table 2). When the bolt was '*
oriented 45° to the discontinuity surface, tensiece
mobilized in the bolt very quickly compared to shea
forces (and moment), and the system ultimatelydgie! 29 60 od0 020 000 020 040 060
due to excess tensile stress. Maximum moment on the BOLT LENGTH (m)
bolt was below the plastic moment limit (Table \Ben _ S N
the bolt was oriented at 135°, compressive forced 19 .8. Moment distribution in the bolt and plastiinge
mobilized quickly on the bolt, and similarly to tWge  locations calculated by FLAC3D.
orientation, the maximum moment on the bolt wasThe FLAC3D model results show the expected
below the plastic moment limit (Table 2). The FLAT3 theoretical and observed test behaviors. Maximueaish
model results (Figure 7) showed reasonable agreemestress seen on the discontinuity and shear stresses
with the experimental study and UDEC local zero at the maximum moment locations (at the masti
reinforcement model results (Figure 5). hinge locations) (Figure 9). Stress and moment ydeca
into the rock within 150-180 mm from the joint (big
8, Figure 9). Therefore, it appears that adequate
representation of bolt shear resistance and |catsfer
can be achieved by properly calibrating the FLAC3D
pile structural element model.

0.50 ]

MOMENT (KN-m)
L o
3
1
\

\
150 !




70 FLAC3D model geometry (Figure 11) are shown in
Table 3. Similar to the test setup, two 29-cm cabic
% blocks with an interface between them were genérate
" FLAC3D zones were gridded to have 2.9-cm cubical
z PN zones. Interface normal and shear stiffness were
§ 10 ) ; N calculated based on the recommendation of Itasgh [2
2 e AN R ---- A 58-cm-long bolt perpendicular to the interfaceswa
E'm \ ! generated with 5-mm-long pile structural elements.
\
% -30 ' ! Table 3. Test parameters for FLAC3D bolt shear[#st
' | Bolt length (cm) 58.4
'50 W Bolt diameter (mm) 22
70 Concrete block size (cm) 29 (w) x 29 (I) x 29 (h)
-0.60 -0.40 -0.20 0.00 0.20 0.40 0.60
BOLT LENGTH (m) Hole diameter (mm) 28.6
] S Resin UCS (MPa) 69
Fig. 9. Shear force distribution in the bolt Concrete UCS (MPa) 855
5. CALIBRATION OF THE FLAC3D ROOF Concrete elastic modulus (GPa) 33.8
BOLT MODEL WITH TEST RESULTS Concrete Poisson’s Ratio 0.18
McHugh and Signer [2] indicated that shear loading Bolt yield load (kN) 160
contributes significantly to the failure of rockltsoused Bolt ultimate load (kN) 233
in coal mines. They performed 17 laboratory disf®ar | normal force on the interface (kN 89
tests on rock joints that were reinforced by fighputed ,
rock bolts. Eajch bolt was instrumented Wi%lh gttngam FLACSD Zone Size (cm) 2.9

strain gages at 7 different locations to invesdgtite  After the generation of the model geometry, boupdar
axial and bending stress distribution on the bidie test  conditions of the model were set to represent times
setup is shown in Figure 10. loading and deformation characteristics of the sestip

2 5.emnt (Figure 10). Displacement boundary conditions were
applied to the model. The upper block was fixedhi&
vertical (Z axis) and horizontal (X axis) directgnA
normal force of 8.9 kN was applied to the bottontho
lower block (Figure 11). The model was run to achie
its equilibrium state with the normal force on tbever
block. Then a constant horizontal velocity in the
i negative “X” direction was applied to the right eidf
— Stoel shear box the lower block. The total shear force applied he t
model was calculated from the grid point reactions.
Also, interface normal and shear forces were catedl
from the interface nodes and monitored during émcé
step. During the model run, shear force, tensiteefp
moment on the bolt elements, and failure statehef t
normal spring were also monitored.

Normal load piston

SEama
/\\/ ;:,,‘// .
o

— Hydrostone

= Roof bolt

= Joint

Back plate

Shear load piston

Fig. 10. Direct shear test setup of reinforcedtjf@h

Raller assembly ‘

5.1. FLAC3D Model Generation | V

Test results published by McHugh and Signer [2]ever -
used to calibrate FLAC3D model of the reinforceimo Fig- 11. FLAC3D model geometry.
shear test. The test parameters [2] used to gentrat
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The only difference between the laboratory teststhe  In order to determine the failure condition, Eq.is2
FLAC3D model was the pretension. McHugh and Signercalculated. “T,” (ultimate axial load) and “Y (ultimate
[2] applied different pretension values to the rddts,  shear load) are bolt properties and they are asgdigm
but they observed that pretension did not affeetyileld FISH variables. “%" (axial load on the pile element)
and ultimate applied shear force. Other researciiess and “V” (shear load on the pile element) are maeito
indicated similar results [1], but it is also knowmat in each “FLAC3D time step.” These values are agsign
pretension can increase the initial stiffness efd¢istem to the FISH variables and Eq. 2 is calculated gtk
[9]. FISH function. If the calculated value is equal do
greater than “1,” the axial yield load limit of thmle
element is changed to the value of,*Tand the pile
There are two possible failure mechanisms of thé bo element is forced into tensile yield.

during the shear loading: 1) Yielding of the bdkrss
with the formation of the hinge points within a I¥Bn
shear displacement along the joint. Beyond thedyiel
limit, the bolt deforms plastically and fails undgre
action of shear and tensile forces [2, 8, 9]; 9Orif 2he

5.2. Pile Structural Element Failure Criterions

By using this updated yield/failure criterion, tiéect of
shear forces, bending, and direct shear failure lmn
simulated. Figure 12 shows the simulation of pdssib
failure mechanisms with updated yield/failure cida.

surrounding rock is very stiff and hard, the bandalil FLACID MODEL |4mm| %mﬁ\
directly due to shear (direct shear failure) withany l Plastic Moment (My)

plastic hinge formation [7, 14]. Ny oy

i _T"‘ 2 M, imate Shear Loa ]
FLAC3D pile structural elements can only yield het [P <tBot st ] o T_} {Mj iimate Shear Load ()

L tr

axial direction. In this paper, the plastic moménmntit l
(Table 4) was set to simulate the formation ofpifeestic [T, v

hinges at the locations of the maximum moment & th ﬁ]{?j
bolt. When the plastic moment limit is reached, shear l

force on the bolt stays constant, but the axiatdor T -
continues to increase between the two plastic sinige i, ﬁI{V—I

Bolt Failure

the FLAC3D pile structural element model, elastic| (DirectShear

Failure)

perfectly plastic behavior was assumed, but itl&® a

possible to simulate the tensile rupture of thet lbyi ot
adding a maximum tensile failure strain to the nhode (Axial/Shear Load)

input. Therefore, the effect of shear forces olufaiand
direct shear failure cannot be simulated by usimg t
original yield/failure criterion of the FLAC3D pile 5.3. FLAC3D Model Results
elements.

Fig. 12. Failure mechanics with updated criterion.

Figure 13 shows the results of the calibrated mudii
In this paper, a second type of yield/failure ¢i@®  pending and shear failure compared to the laboraést
(different from the original FLAC3D pile element results. The average line (red line) shown in Fégl8 is
yield/failure criterion) was artificially implemeetl by  drawn through the average of the test data. The
using the FISH option of FLAC3D. In this updated “FLAC3D original yield/failure” line (black dottetine)
yield/failure criterion, the initial yielding of thbolt is  shows the shear resistance of the reinforced joint
determined by using Eq. 1 and the ultimate faibfrthe  calculated by using the default pile element yfeitiire
bolt is determined by using Eq. 2. criterion implemented in FLAC3D. The “FLAC3D

In order to determine the yield condition, Eq. 1 isUPdated yield/failure” line (green dotted line) fsothe
calculated. “T,” (axial yield load) and “Nj’ (plastic shgar resistance of_th(_e remfor_ced joint calculabgd
moment) are input parameters for the FLAC3D pileYSing yield/failure criterion detailed in Figure .1Phe
element model. “I’ (axial load on the pile element) and SYStem behavior for both criteria is very similar.

“M;" (moment on the pile element) are monitored in This system behavior can be divided into threeedfiit
each “FLAC3D time step.” These values are assigoed stages. In the first stage, the shear load incseaith a
the FISH variables and Eq. 1 is calculated inshie t small displacement (5 mm). In this stage, thersi6 of
FISH function. If the calculated value of Eq. lléss  the system depends on the rotational stiffnesshef t
than “1,” the bolt is in the elastic range. If tt@lculated  structural elements and the normal coupling spring
value is equal to or greater than “1,” the plastement  stiffness. With increasing shear deformation, fopes of

limit of the pile element is changed to the valfi€éM,”  the curve changes as the grout/rock fails dueushing
and the pile element is forced into bending yieldand the structural element yields in bending due to
immediately. excess moment. This transition point is determibgd

the plastic moment limit and normal coupling spring



cohesion. In the original yield/failure criteriorthe  the normal spring is set to match the initial stffs of
plastic moment is equal to the FLAC3D input value the system. The shear spring stiffness and cohes®n
(Table 4). For the updated vyield/failure criteriche  set to match the system behavior between the peilut
plastic moment was calculated from Eq. 1. For buk and ultimate point. It is recommended to calibréte
orientation (90° to the discontinuity), the maximum shear coupling spring parameters based on a tl{ife
mobilized tensile force in the pile elements isslésan  available) and the normal spring parameters anstipla
1% of the yield load of the bolt during the initlesb mm  moment based on a direct shear test.

shear deformation of the discontinuity. Howevere th Table.4 Calibrated parameters of the model.

mobilized moment in the pile element was more tihan - - - -

99% of the plastic moment limit (almost equal te th Sp”(rll/?,\?}:;f)n& Sprm(?\/lcpci)mon Plastic | Segment

plastic moment limit in Table 4). Therefore, botiteia [ Normal | Shear | Normal | Shear | Moment | Size

calculated essentially the same yield point (FigiBe Spring | Spring | Spring | Spring (kN-m) | (mm)
s 1.0 0.2 2.75 0.8 2.0 5

After this bending stage, the system behavior
controlled by the bolt elastic modulus, shear cogpl Figure 14 shows the contribution from each indiaidu
spring stiffness, cohesion, and the bolt tensileldyi component (total shear resistance, bolt sheartaesis,
strength. The maximum shear force in the bolt staysetc.) to the total bolt shear resistance [8]. Tidividual
constant after the yield point. In the FLAC3D mqodee  |oads were normalized by dividing the load conttiiu
maximum shear force at the failure point was eqoal of the individual loading component by the ultimétad
42% of the ultimate axial load (233 kN), where the carrying capacity of the bolt (Table 3). Initialhe bolt
ultimate shear load of the bolt was assumed tdB& &  shear resistance (the dowel effect) provided thetmo
the ultimate axial load [6]. In the original yietditerion, resistance to shear movement (the red line [origi¥ia]

the ultimate failure point was reached when theand blue line [updated Y/F]in Figure 13). Therneathe
maximum tensile force on the pile element was etpal formation of the plastic hinges (after 5-10 mm béar

the bolt yield force (160 kN). For the updated fe8l  displacement) similar to the analysis of Holmbergl a
criterion, the required tensile failure load wakokated  Stille [14], Pellet and Egger [15], and Ferrero][1tBe
from Eq. 2. In this model “n=2" for Eq. 2 was found shear resistance of the bolt was constant. At hist,
suitable [14], and axial failure load was calculat®s the tensile resistance in the direction of sheanrtedt to
121 kN (52% of the ultimate axial load). Figure 13 mobilize. The frictional resistance along the ifaee
shows that the updated yield/failure criterion ghe¢ter was constant between 0 and 10 mm of shear
estimation of the ultimate failure load for thettessults  displacement and this was due to the initial norimale

published by McHugh and Signer [2]. applied on the interface (Table 3) and the intexfac
200 friction angle. After 10 mm of shear displacement,
L, additional frictional force was mobilized along the
——AVERAGE LINE . . .y
250 o e interface due to the normal component of the mudxli
hd P2 . .
. f:j TT-e-5 tensile resistance of the bolt.
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Fig. 13. Comparison of the calibrated FLAC3D moud&th V)
actual data. LY o e el MO
. . 0 5 10 15 20 25 30 35 40 45 50
The calibrated parameters of the model are shown i SHEAR DISPLACEMENT (mm)

Table 4. These parameters were calibrated basé¢deon o _

direct shear test results shown in Figure 13. Tihstip Fig. 14. The contribution of different load compatson total
moment and normal cohesion limits were set to matctf©'t load-

the yield point shown in Figure 13. At the yieldimo

the system shear displacement is around 5 mm and th

shear force is between 100 and 150 kN. The stsfiods



5.4. The Effect of Pile Element Size and Normal
Spring Stiffness on Model Results with the
Original Yield/Failure Criterion

The bolt segment size was initially selected asn® im

the calibrated model to simulate the maximum momenty

locations (plastic hinge locations) as accuratelyy a
possible. In order to investigate the effect of $hgment
size on the model results, the segment size wasdvap

to 60 mm and the results analyzed.

300

o

P

SHEAR FORCE (kN)

50

/

Fig. 15. Effect of bolt segment size on system biga

Figure 15 shows the results of this parametric ystud
When the segment size is less than the half ohdtige
length (active length is 88 mm), there is not any
significant change on the system behavior; howéver
larger segment sizes greatly change the behavibenw
the larger segments are used, there is rotatidifialess

0
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of the structural elements hence the initial systemforce (50% of the ultimate axial force
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Fig. 16. Effect of normal stiffness on system betav

5.5. Simulation of Direct Shear Failure of the Bolt
with Updated Yield/Failure Criterion

In order to simulate the direct shear failure of tholt,

the calibrated model normal coupling spring stifime
was greatly increased to 20 MN/m, cohesion was
increased to 3.75 MPa, and plastic moment limit was
increased to 2.5 KN-m. Figure 17 shows the charige o
the shear force/displacement graph of the reintbrce
joint model with the updated yield/failure critemio
Figure 17 shows that the bolt now fails betweemd a
1.5 mm of shear deformation of the discontinuitigufre

18 shows the moment in the bolt during this tesie T
maximum moment in the bolt is less than the plastic
moment value set in this model (2.5 kN-m). However,
the shear force in the bolt is more than the ulinshear
1.165 kN).

stiffness decreases. The distance between the twbherefore, in this particular model, the shearédarcthe
maximum moment locations adjacent to the interfacedolt mobilized much faster than the moment (Figl8%
increases and the magnitudes of the moment and she&s shown in Figure 12, the bolt reached its ultenat

force mobilized in the bolt decrease. In addititime
stiffness of the system behavior between the \iadd
and ultimate load location decreases.

In the FLAC3D rock bolt model, crushing and

deformation of the rock and grout are essentially

simulated by the coupling springs. In order to dateu
the effect of the rock strength and stiffness, rarm
spring stiffness is adjusted. Figure 16 shows tfexiof
normal spring stiffness on the system behaviottialni
stiffness of the system increased with the increpsi
normal spring stiffness. When the normal [
stiffness is increased, the spring’s reaction
deformation of the discontinuity also increasesrmal
forces on the springs increase more rapidly witlh an

[%2]
o
=
>
«

shear deformation. This rapid increase of the nbrma

spring forces causes faster mobilization of theashe
forces and moments on the pile elements as observed
the higher normal spring stiffness curves in Figlée

—
o
H

shear load before reaching its moment yielding tlimi
(based on Eg. 1). Holmberg and Stille [14] alsddatkd
that this type of direct shear failure is possible.
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Fig. 17. Shear force vs. shear deformation durhme direct
shear failure of the bolt.
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Fig. 18. Moment in the bolt during the direct shéslure of
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6. CONCLUSIONS

In this paper, results of the shear tests of regeft rock
joints published by Haas [1] and McHugh and Sid@gr
were modeled with FLAC3D to identify and calibrate
the critical parameters of the rock bolt model bth

0.200 0.300

3) The horizontal component of the mobilized tensile
force in the bolt creates direct resistance to the
shear movement (Figure 14).

Experimental studies and theoretical analysis stiat

the failure mechanisms of roof bolts depend on the
surrounding host rock characteristics. Failurehef bolt
when surrounded by hard and stiff rock is likelyb®
due to direct shear or a combination of shear and
tension. Failure of the bolt when surrounded by kvea
rock is more likely to be due to tensile strength o
ultimate elongation. This investigation indicatdsatt
there are two possible failure mechanisms of bolts
during shear loading at a joint, as described below

In softer rock during failure, yielding of the bglarts by
the formation of plastic hinges on the bolt duethe
combined effect of bending and axial loads. Beythred
yield limit, the bolt behaves plastically untilrgaches its
ultimate plastic limit and ruptures under the attid the
axial and shear forces. In the FLAC3D model with it
original yield/failure criterion, this bending fare
mechanism was modeled with the pile elements (rock
bolt) (Figure 13). In order to obtain correct |daansfer
and loading behavior in the model, it was found tha
size of the structural elements should not be tatigen
the half of the active length of the bolt (Figui.1Shear
spring stiffness and cohesion should be calibratestd
on pull test results and normal spring stiffnessl an
cohesion should be calibrated based on sheaetadts.

The calibrated model gave similar load/deformaaoa
failure responses observed during the tests [hifjally,
shear force and moment of the structural elemebis 1
180 mm from the joint increased rapidly with shear
displacement of the joint (< 5 mm). Maximum shear
force on the bolt mobilized at the interface ancteéased
until the maximum moment on the bolts reached the
plastic moment limit. When the plastic moment limit
was reached, plastic hinges formed. After that,
maximum shear force on the bolt was constant (Eigur

tension and in shear. It was observed from the modei4) and tensile force started to mobilize betwdes t

results that the modeled roof bolt provides restato
horizontal movement by the following mechanisms:

plastic hinges (Figure 11). Tensile force on thdt bo
continued to increase until it reached the tengiéd

1) The bending stiffness and grout/rock resistancestrength of the bolt.
(dowel effect) causes direct shear resistance€do this (e surrounding rock is very stiff and hard, thelt

shear movement of the joint (Figure 14).

2) After the initiation of the shear deformation, the

can fail directly due to shear (direct shear fajur
without any formation of plastic hinges [7, 14].was

elongation of the bolt causes tensile resistamt@, a t,nq that original yield/failure criterion of thpile

the normal component of the tensile resistance,iaments in ELAC3D cannot model

this behavior

causes an increase in normal stress on the joiffirecty. In order to model the direct shear faslaf the
plane which thereby causes increased frictionalygi and include the effect of shear forces on first

resistance (Figure 14). With a dilating joint, tlie
of the interface can increase the mobilization odite

type of failure, an updated yield/failure criteriovas
implemented with the FISH option of FLAC (Figure)12

the tensile force of the bolt and enhance they;qqe| results showed that by using this simple FISH

mechanical interlock between joint surfaces (Figure

6).

10

algorithm, the direct shear failure of the boltreunded
by a stiff hard rock can be simulated (Figure 17).



In conclusion, it was found that a good correspande 7.
was established between the correctly calibrated
FLAC3D roof bolt model and experimental resultsisTh
showed that the FLAC3D roof bolt model can simulate®:
the lateral shearing of the bolts accurately. Dwrine
study, the effect of the shear loads in the bols wa
incorporated into the model, and it was found Stear
loads also play a very important role on the failaf the

bolt. It was also shown that by updating the yieltlire 10.

criterion of the FLAC model, similar results withet
complex analytical methods developed to model the

grouted roof bolt performance can be simulated. 11.

7. DISCLAIMER

The findings and conclusions in this paper are éhafs
the authors and do not represent the views of the
National Institute for Occupational Safety and Heal

(NIOSH). Mention of any company name, product, or13.

software does not constitute endorsement by NIOSH.

14.
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