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ABSTRACT: This paper deals with fully grouted rockbolts, béihmining and civil engineering applications. Thmechanical
behavior under tensile loads is reviewed theorkyiead experimentally. As for the theoretical parinew solution able to predict
the full range behavior of a grouted bolt subjedtea pull-out test is explained. The originalitiytbe new approach lies in the
fact that the boundary conditions only concern fiiee end of the bolt. The experimental part coasidta wide pull-out test
campaign performed in laboratory on deformed dbaes and on FRP rockbolts. These tests have begadcaut using a new
experimental bench, whose main assets will be textrThe influence of several parameters suche@sanfining pressure, the
bolt profile and the quality of the grouting mastras been considered. The results of thesewdbtselp in the derivation of a
constitutive law for the rockbolt-grout interfade. situ pull-out tests conducted in ANDRA’s URL in Norttagtern France to
examine the performance of different bars have ladsm analyzed and compared to the laboratory-sesildts.

transfer mechanism between the rock mass and the
1. INTRODUCTION reinforcement element. Experience throughout thddvo
Rockbolts have been extensively used for the p@st 3has shown that under tensile solicitations failafeen
years as reinforcement elements. A rockbolt comsita  takes place by debonding at either the bolt-grout
bar inserted in a borehole that is drilled into theinterface or at the grout-rock interface, dependamg
surrounding soil or rock mass and anchored to it bywhich one is weaker: in fact, if a bolted rock masss
means of a fixture. A rockbolt reinforcement systeas to move, a load will be progressively transferredtte
four principal components [1]: the rock or soil,eth rod and a shear stress will develop consequentiygal
reinforcing bar, the internal fixture to the bork&havall the embedded length (see figure 1). As the sheargth
and the external fixture to the excavation surfacplate  of the interface is progressively reached, debandiif
and a nut in most cases). Such system is veryiaxffidf occur.
used in one or several of the following applicasidg,
3;
« Stabilization of blocky rock masses, provided
the far end of the bolt is anchored to a stable
zone;

Since Freeman [5] monitored for the first time Iret
1970s the loading process and the stress diswibuti
along the embedded length of a fully grouted roétkbo
numerous studies aiming at a better understandittyeo
] o load transfer mechanism between the surrounding
* Rock confinement, contributing to the use of the ground and the bar have been conducted. Such studie
broken rock belt to confine the stable ro_ck Mass; comprise field monitoring [6, 7], laboratory [8-1&hd
* Improvement of the mechanical properties of thej, sjty testing [12-15], analytical approaches [11, 16-19]
rock mass. and numerical modelling [20-22]. They have
In addition, the easy installation and low cost of undoubtedly contributed to a better comprehensibn o

rockbolts compared to those of other reinforcementhe mechanical behavior of grouted rockbolts, ttiee

elements have contributed to their worldwide suscesdesign techniques and to a reduction in costs.
[4]. Nevertheless, some aspects such as the analytical

. prediction of the axial load and the axial slip gexted
Fully grouted rockbolts are able to support tensile j, 4y anchored rockbolt and the influence of patanse

compressive, shear and bending loads. The cun@ay s |ike the bolt profile or the confining pressure dee be
focuses on their tensile behavior because it ig Béen  oviewed.

encountered and furthermore it allows studying|tizel



The work currently undertaken by the authors tties
improve the knowledge acquired through these past
works. The bond-slip model and the basis of the new
analytical solution are presented first. The new
experimental bench designed to test fully grouted
rockbolts and cable bolts is described later, amel t
results obtained on steel deformed bars and Fibre
Reinforced Polymer (FRP) rockbolts are discuss@d. SFig. 1. Stress distribution in an elementary lerdgth

far, the influence on the anchoring capacity of the

confining pressure, the embedment length, the &k As it can be inferred from the diagram, knowled§éhe
profile of the bolt and the quality of the grouting interface constitutive law allows predicting theadoon
material has been investigated. From these resalts, the rockbolt according to Eq. (1):

constitutive law for the failure interface is being _

constructed. At the same timig, situ pull-out tests [23] dF =27Rr(W)dz (@)

performed in ANDRA's Agence Nationale pour la Regarding numerical modelling, such law permits a
gestion des Déchets RAdioac{isench Public Agency discretized approach, in contrast to classic

in Charge of the Management of Radioactive Waste)lhomogenisation and reinforced-properties (namely,
Underground Research Laboratory are presentednand t cohesion and friction angle of the rock mass)

results are compared to those obtained in labgratorapproaches.
scale in equivalent circumstances (same rockbatthes
grouting material).

3. ANALYTICAL APPROACH

2. THE BOND-SLIP MODEL A ma'ghematical model able to pred_ict the fulljrange
behavior of a fully grouted rockbolt (in terms ofia
The bond-slip model is the constitutive law of the force and axial displacement) subjected to a tersid
interface between the rockbolt and the groutingemi@t  has been recently developed. It is limited to moniat
(or between the grouting material and the rock nalis  |oading, which means that the axial displacement of
represents the local shear stress — shear sliforedbip,  every point of the bar must be an increasing fonctf
(W), of the failure interface; thus it takes into ameb  time. The data needed for its application are: adius
the debonding mechanism that occurs as the shear sIR, and lengthL, bolt's Young modulusE, and the
increases. A bond-slip model often consists of ehre constitutive law of the rockbolt-grout (or rock-gtd
parts: elasticity i(e., the interface is totally coupled), joint interface,z(W). The system equations and the
plasticity (a decoupling front starts to propadaten the  resolution method are explained in detail in [2dhere
point where the load is applied to the free endhef & complete development of the solution in the cise
bolt) and a residual phase, that remains duedtdni. tri-inear bond-slip model is also included. Theref

Such a constitutive law can be derived from putl-test only the most important features are mentioned.here

results, provided the tests are conducted underaec | et W(Z,T)be the axial displacement of the rockbolt that
conditions. At laboratory scale, this means tha th s in front of pointZ of the joint interface. The axial

embedment length should be short enough to ensure a : h oolt isv="" Th
uniform distribution of the shear stress along thedeformation of the rockbolt isv'=—c"-. The reference

anchored lengthi.€., the shear slip is the same at everyaxis 7 is fixed on the borehole wall, so th@=0
point of the rockbolt). Since a rheological law rist corresponds to the far end of such joint afel
dependent upon the length, it can be validated byorresponds to the point where the load is applida:
conducting two pull-out tests under identical coiodis positionZ=kT (wherek=0 if the bolt length is supposed
but using two different embedment lengths. This F&s  infinite andk=1 otherwise) corresponds to the free end
been taken into account in the experimental studyf the bolt throughout the pull-out process. Asthbint,
presented in section 4. the displacement i§.

The rheological characterisation of the joint ifdee  Two hypotheses have been considered in the model:

proves to be interesting in the design of rockbolt . The bolt remains in the elastic range during the
reinforcement patterns (bolt dimensions and spacing whole loading process;

maximum and residual strengths and associated).slips
The stress distribution in an elementary bolt larugtis
shown in figure 1.

» The relative displacement (shear slip) between
the rockbolt and the grouting material equals the
axial displacement of the rockboltg, the axial
deformation of the bolt is negligible).



Then, the constitutive equations of the rockboli &me

Comparison between field results and analytical predictions

interface joint are respectively: 250 | , , |
F = RS0y, = TR EgW! @ N

200 f oo e S —
7 =SW) 3) ‘ ‘ : ‘

Combining the equilibrium Eq. (1) with Egs. (2) af8) Z 150 - ————————————— -
the governing equation of the problem is: E o : ‘
W'= 2 S(W) (4) E 100 _>¥ """"""" N

EpRy | | ‘ |
The problem consists therefore of finding the axial —~ [, A R 7]
displacemenW (as a function oF) that solves Eq. (4). e ot anelytica sottion wi-Tinear model) —
Boundary conditions are: ok 1

0 5 10 15 20 25

W(kT'T) =T Axial displacement (mm)
W' (KT, T) =0 (5) Fig. 2a. New analytical solution: comparison betweefield

pull-out test result and the theoretical prediction
According to Eq. (2)F is calculated fromW’; thus the
aXiaI reSponse Of the rOCkbOlt during a pU”-OlﬂttB 0 Comparison between laboratory results and analytical predictions
completely characterised by'(L,T) andW(L,T) B ! Experimelntal data (labolratory test, MINES PerisTech 2009) x
Compared to previous solutions [16, 18, 19] the 100 = rmrr—gm—rr——rrrVC—;%T?f]—arl’\r/}lrcgél—S—?lrurtr“r)p—Yvr':h—ar?ﬁwﬁeﬁ?@—j—e&r—
innovation of the current approach consists in gisin : 1 : : :
boundary conditions that only concern the free ehd
the bolt (in the previous cases, one boundary tiomdi
concerned the point where the load is applied). The
control parameter of the new model is the displa@m
T of this end.

The validation of this new approach has been choid

by comparing experimental results issued from both
field and laboratory pull-out tests with the force-
displacement relationship predicted by the new rhode 0 0 0 0 0 = p
The results are in good agreement, as shown imefigu Axial displacement (mm)

2a and 2b. Thin situtest was performed on a 15.26 mm Fig. 2b. New analytical solution: comparison betwee
diameter threaded steel rockbolt grouted using epoxlaboratory pull-out test result and the theoretmradiction.

resin. The embedment length was 5 m. A tri-lineaxds

slip model was assumed for the bolt-grout interface4.1. Laboratory investigation: equipment and
Regarding the laboratory situation, a 20 mm diamete procedure

deformed steel rockbolt was anchored over 100 mmA new experimental bench has been designed and
using Lokset resin grout. The confining pressures wa recently put into operation. Previous works [8-25]

5 MPa. In this case, a nonlinear functigW/) including have been considered during the design stage,ato th
an exponential decay proved to give better resbite a  improvements could be introduced in order to overeo
classic tri-linear function. Further comparisondl Wie some of the limitations encountered in the paste Th
provided in the next section. main features of this new bench are described below

Axial force (kN)

o | | | I—

The bench allows studying not only fully grouted
4. EXPERIMENTAL STUDY rockbc_)lts but a_lso grouted_ _cable bolts. Differerduging .
materials (resin, cementitious grouts) can be studi
In order to clarify the mechanism of load transfer The influence of the following parameters may be
between the ground and the rockbolt, pull-out thaige  investigated: the confining pressure, the embedment
been carried out within the context of this reskarc length, the quality of the grout, the nature (typmfile)
program. They have been conducted both in theof the bolt, the roughness of the borehole surftive,
laboratory andn situ, and an attempt to relate the resultsinfluence of the thickness of the grout annulus trel
(in terms of peak and residual shear strengthsséps) rock sample tested.

has been made. Figure 3 shows a cutaway section of the currentinen

The confining pressure may be maintained constant o



interface, such an end effect should be avoidestdier
the volume of confining oil is kept unchanged dgrthe  to simplify the analysis and the interpretation thé
axial slip of the rockbolt, the effect of radialalion can  results. For this reason, a metallic plate whoserrial
be studied. The axial force is applied via a 950 kNdiameter matches the diameter of the tested babders
capacity & 70 mm stroke hollow ram jack and theabxi designed. Once the constitutive law is determiribd,
displacement is measured using three LVDT sensioes ( tests where the crater depression occurred casdmkbta
mean value is withheld). The force is measuredguain validate the new law by means of numerical modgllin
350 kN customized load cell. The tests are caroed

under displacement control, using a constant

varied throughout the pull-out test; as a mattefiaof, if

In the current research program, sandstone has been

displacement rate of 0.02 mm/s.

Embedment
length

Lower piston;
Rock sample;
Bladder;

Grouting material;
Cylindrical pins to
prevent rotation;
Upper piston;
Hollow ram jack;
Piston (jack);
Threaded plate
LVDTs support;
LVDTs;

Security ring;
Load cell;
Metallic tube;
Bolt;

End plate;

Biaxial cell

selected to be used as rock sample because abdts g
mechanical properties (see table 1), its homoggaei
also because it is a rock often present in coalimgin
environments (rockbolts and cable bolts are common
support elements in gateroads for longwall mining).

One of the principal innovations of this bench dstssin
avoiding the well-known rotation phenomenon,
especially in the case of cable bolts. Becaushedf tow
torsional rigidity due to their design (6 or moréres
wound around a centr&ingwire), cables are likely to
rotate under tensile loads. In fact, as the cable i
progressively pulled out, it tends to “unscrew’rfradhe
grout imprints, which could cause the rock sample t
rotate as well. To solve this matter, two actiomweh
been undertaken: to prevent relative rotation betwae
rock sample and the jack, three dowel pins arertiede
in three boreholes 10 mm long drilled in the rock
sample, the end plate and the upper piston. Asémee
time, two dowels are inserted between the pistothef
jack and the threaded plate, so that any possétédive
displacement between the metallic tube and theooll

ram jack is blocked.

Fig. 3. Cutaway section of the new experimentachen
Table 1. Mechanical characteristics of the rockdamsed

Data are captured using LabVIEW. The acquisitio

) - k Property Value
frequency is 5 Hz. In order to study the residaglacity [young's modulusE 25 600 MPal
of the system (post-peak response), the bolts drBgisson’s ratioy 0.26
normally pulled up to 70 mm. Density,p 2140 kg/m
As it can be seen in figure 3, the bench is baged the LTJ”ia’_(lia' Compressive StrengthiCS gol'\:/l';a
double embedment principle: the bar length embedted ciﬂzs?oirpengtm 53 Msa
the rock mass represents the length where a detmpndi Friction angiep 260

process might take place in a real situation, wasetbe
bolt length fixed to the metallic tube accounts fbe
fully anchored, load-carrying part. Thus in laborgt
situations, no relative slip should take placedasthe
metallic tube. A highly resistant resin-based graut
used to anchor the rod to this tube.

4.2. Laboratory investigation: results

So far, 29 pull-out tests have been performed. Types

of rockbolts have been studied: steel HA25 deformed
bars and FRP rockbolts. The nominal diameter oh bot
rods isd,=25 mm and their Young’'s moduli are 160,000
and 40,000 MPa respectively. The lateral surfadeoti
bolts is ribbed: FRP rockbolts present a continuous
standard thread (pitch lengtts10 mm; height of the
depression is likely to appear around the pointreflee  asperitiesh=1.5 mm), whereas HA25 bars are provided
bolt protrudes from the borehole. A comparison leetww  with a series of non-continuous annular ribs. Taterhl
tests where the crater formation took place antk tes surface of this bar is divided in two parts, sottbae
where it was prevented is presented in the follgwin half presents parallel indentations and in the rottadf
subsection. Since the main purpose of laboratofly pu the ridges are laid following two different incliimans.

out tests is to derive a constitutive law for thdure

It is important to note that, due to design consitiens,
the reaction force is made directly on the rock snas
a result of the stress regime in the rock samptxater



On average)=16 mm andh=1.7mm. Figure 4 shows Table 2. Laboratory pull-out test campaign
both bars.

Confining pressure Grouting
Rockbolt (MPa) L(mm) material
15 150 Resin
Resin,
10 130 w:c=0.35
90 Resin
Resin,
5 130 w:c=0.40
HA25 90 Resin
Resin,
2 130 w:c=0.35
90 Resin
130 Resin
HA25 rockbolts FRP rockbolts 1.2 90 Resin
. ) 130 Resin
Fig. 4. Profile of the rockbolts under study. 0 90 Resin
Six different confining pressures have been tested 10 19%0 E:;Q
order to take account of stress variation in field Resin
situations. Three anchoring lengths have been 8&d: 5 130 W:c=0.35
130 and 150 mm, which correspond tods.®.2d, and 90 Resin
6.0d, respectively. This choice has been recommended FRP Resin.
by other authors [8-11] to study the debonding essct 2 130 W:c=0.35
the failure interface. Nonetheless, as announcddZn 920 Resin
17], scatter of results is not negligible becautdhe 0 130 Resin
short embedment lengths considered. Thus, testddshog 90 Resin

be carried out two or three times in identical dbods

in order to confirm the results. With respect te th
grouting material, Lokset SF resin and cementitious
grouts (water.cement ratios, w:c=0.35 and w:c=0.40)
have been tested. Table 2 compiles the charaatsridt

all the tests conducted.

After each pull-out test, the samples were cut #red
interior was Observed. In most cases, bond fai'uw a) HA25, L=130mm, w:c=0.35, P=2MPa b) FRP, L=130mm, resin, P=SMPa
place at the bolt-grout interface, see photogrd&ahand
5b. Debonding at the rock-grout interface was alsc
observed in some cases, especially when the bereho
wall was not properly rifled, see figure 5c. Besidthe
inspection of the samples has proved that the rcrate
depression that is likely to appear around the mbote i ,

disrupts the debonding process along the embedmel ¢ FRP, L=00mm, resin, no confinement d) HA25, L=90mm, resin, no confinement
length, particularly when such length is shortshewn  Fig. 5. Open view of some samples after the pulltests.

in photograph 5d, the failure planes in the grow a

parallel to the failure plane in the rock sample. second point has to do with the crater depressitien
this end effect propagates along the embedmentHgeng
the test results show important differences wittpeet
to the tests where the embedded length is notrbisiu
Figure 6 shows a comparison between two simildstes
except for the breakage of the grout during the-qoud
jorocess. As explained before, the altered testqilbe
taken into consideration to derive a bond-slip nhode

The analysis of the pull-out tests conducted duthm
tuning phase of the experimental bench that toakepht
the beginning of this experimental research haicételd
two interesting points: concerning the pull raté tfze
beginning, some pull-out tests were performed &ita

of 0.8 mm/s), it has been observed that highe
displacement rates privilege shearing off the dngut
material between the indentations, especially wien  From the laboratory results, it has been conclutiatl
bolt profile is rougher (HA25 rockbolts). The fortizam the most influential parameter is undoubtedly the
of gouge material confirms the considerable dedimda confining pressure: the peak load increases rernbrka
at the bolt-grout interface. On the contrary, lavil pates ~ when the lateral pressure applied increases. Tdieua
favor a progressive damage of the joint interfade phase is also highly dependent on the confineméren



Laboratory pull—out tests. HA2S rockbolts, L=90 mm, resin grout Laboratory results. HA25 rockbolts, L=90 mm, resin grout

140 T T I I | | , 200 T T T ! T P', — |
: : —e— Grout disrupted, P=1.9 MPa . : : : =1.2 MPa

0 18 SR SR (oo Groutnot disupted, PRL2MPa . -

100 ek S S - T .

ol

Axial force (kN)

0 i AMIING

Axial force (kN)

40

20

| i
0 10 20 30 40 50 60 70 80

Axial displacement (mm)

0 10 20 30 40 50 60 70 80
Axial displacement (mm)

Fig. 6. Effect of the propagation of the cratereeffalong the
anchored length.

the confining pressure is low, the profile of thalths
likely to be well reproduced, so that the spaciatmeen
the peaks in the residual phase matches the déstant
between the bolt asperities. For higher confines)ehe
residual load switches towards a flat decreasethAt
same time, as a result of the radial dilation depved LIRS
(which decreases with lateral pressure), radiakilen s ViR
cracks appear not only in the grout but also inrthek P=1.2 MPa P=4.6 MPa

sample. As expected, the extension of these fegtisr  Fig. 7. Effect of the confining pressure on pull-test results.
more important for lower confinements. Figure 7

accounts for the influence of the confining preeson  load with the embedment length, further tests are
the axial response. The graphs show two tests coediu required before any conclusion is made.

at confining pressures of 1.2 and 4.6 MPa respagtiv

(the confinement is the only parameter that change: s , .
between the two tests). The bolt profile is alnatsgent S I R SRR St
when P=4.6 MPa. The figures below show the aspfect o : 5 5 F 5 :

the grout and the rock sample after both testst ean

Laboratory results. HA25 rockbolts, resin grout, P=1.2 MPa

140

be seen, radial fracturing is much more significahen S
P=1.2 MPa. < oo b
Moreover, if the volume of confining oil is maintaid : 80
constant throughout the test, the increase in pressan =,

help in the calculation of the sample’'s dilatiororF
instance, in the case of FRP rockbolts, the camdini
pressure increased 1.5 MPa at the peak force wieen t 20 : : :
initial confining pressure was 2 MPa, 0.5 MPa whan 0 m - 3'0 m - o -
initial confining pressure was 5 MPa and only 0.BaV Axial displacement (mm)

when the initial confinement was 10 MPa. As for FBA2 Fig. 8. Laboratory pull-out tests results. Influenof the
rockbolts, the increase in the lateral pressure as  embedment length.

significant: less than 0.5 MPa for an initial comfinent

of 2 MPa. To further quantify the dilatant effegtl-out  4.3. In situ pull-out test campaign

tests have been planned on smooth steel bars. Laboratory results should, as far as possible, be
compared to real case situations where comparable
conditions are met.

40

As a final point, the comparison of two pull-ouste
carried out under identical conditions but using tw
different embedment lengths is shown in figure 8.Within the framework of the ongoing excavation ghas
Several loading-unloading cycles have been executedit ANDRA's Underground Research Laboratory (URL)
The initial slope is approximately 110 kN/mm in bot located in Bure, 66 pull-out tests were performad i
cases and that of the cycles is 150 kN/mm. Evéimeefe  autumn 2009. They were carried out in two technical
results suggest a proportional increase of the prik drifts, GT8 and GAT, oriented in the direction difet



maximum horizontal principal stress. Four types ofAs a result of the long embedment lengths usedgetits
rockbolts were tested: Swellex, CT-Bolts, HA25 andwere stopped at very low axial displacements, lecfory
Dywidag 26WR. They were installed in the cross- significant shear slip occurred. In some of thehe t
sections between steel arches, with a radial lag@iote  unload phase was also monitored, but there were no
HA25 rockbolts have also been tested at laboratoryoading-unloading cycles. Besides, it can be imef@rr
scale, the comparison between laboratory and fieldrom the figure that the resin grouted rockbolis arore

results is limited to this type of bar. In the figu
Dywidag 26WR continuous thread bars will also be
tested in the laboratory and the results will benpared

to those obtaineih situ

With regard to the operational conditions, the oz
applied using a hollow ram jack and the displacegmen
was measured using a potentiometer. It was decided
the tests would be carried out until either theabbdad

rigid than the cement grouted ones. The positiothef
bolt does not seem to have a major impact on thatse

In terms of shear behavior, which was calculated
according to [24] (since the lengths tested argequi
important, it can not be assumed that the sheangttn

is uniformly distributed), the results for the samdl-

out tests and their associated uncertainty are shiow
figure 10. The solid lines account for the bong-sli

models that best reproduce the experimental datdhen
error bars represent the possible models within an
accuracy of £5 % on the same data.

Two types of tests were conducted according to the
French Standards NF P 94-242-1 and NF P 94-153:
Constant rate pull-out tests: the pull rate was
comprised between 1 and 1.5 mm/min
(0.02 mm/s on average);

Creep tests: ten constant load levels
(AF=10%T,) were applied. The duration of each
level increased with the applied load. The former
levels lasted 15 minutes and the latter up to
1 hour.

reached 90% of the yield strength of the @ar,or the
axial displacement reached 30mm.

Shear stress as obtained [rom field data (2009)

1.6

0.8

,,,,,,,,,,,,,,,,,,,,,,

0.6

Shear stress (MPa)

—— GT8-HA03. Resin grout. L=3.0 m
GT8-HAO5. Cement grout. L=3.0 m

—— GT8-HA09. Cement grout. L=3.0 m

—— GAT-HAO02. Resin grout. L=2.4 m
GATI*HA 1 ()_ICcmcntIgrom_ LI=2.4 m

0.4

Two grouting materials were used for HA25 rockholts
Minova Lokset SF resin and a cementitious grout
(w:c=0.5). The yield strength of these bars is RM5and
that of the threaded part is 192 kN; therefore apglied . , , ,
loads were in general lower than 173 kN. The arehor Fig. 1_0. Shear stress (and associated uncertaistyjerived
lengths tested were 2.4 and 3.0 m. Figure 9 show{©m field pull-outtests.

typical constant rate pull-out tests results. Thauting
material and the embedment length are indicatezhamh
case. Four out of the five rockbolts were instabi¢dhe
bottom of the sidewall; only the resin grouted toakin
the drift GT8 was located in the upper sidewall.

0.2 =

1.5 2 25 3

Axial displacement (mm)

35 4 4.5 5

The elastic stiffness of the(W) relationship is on
averagek.=0.60 MPa/mm for the resin grouted bars and
ke=0.40 MPa/mm for the cement grouted bars. These
values are consistent with previous field testaltss
[14], while a much larger stiffness (about 42.6 Nifa)
was found in [15]. Moreover, it seems that the shea
strength tends to a perfect plastic behavior cheriaed

by a residual strength of about 1 MPa; neverthgless
order to derive design information and to fully ciése a
bond-slip model as explained in [24], the axiabsli
should have been more important so that the debgndi
front would have been able to propagate all aldrey t
interface until the free end of the rockbolt. Anywéhe
shear strength of a 0.5 w:c ratio grout can beutaied

as stated in [26] using Eq. (6):

Tpeak = 065+ 4330,

Experimental results obtained in ANDRA ‘s URL (2009)

1 | | |

—%— GT8-HAO03. Resin grout. L=3.0 m .

GT8-HAOS5. Cement grout. L=3.0 m :

—8— GT8-HAO09. Cement grout. L=3.0 m
[— —%— GAT-HAO02. Resin grout. L=2.4 m

GAT-HA10. Cement grout. L=2.

250

200

150

100

Axial force (kN)

50

(6)

0

0 0.5 1 1.5 2 2.5 3

Axial displacement (mm)

Fig. 9.In situ pull-out tests conducted in ANDRA’s URL.

For the Lokset SF resin, the shear strength isnarou

25 MPa as reported in [27] (laboratory punched ishea
strength). These values are clearly higher than the
maximum stresses reached during the pull-out tests,



which means that failure will pOSSibly take plaaam Shear stress as derived from laboratory results. FRP rockbolts, resin grout, P=5 MPa
interface and not in the materials themselves. » g T T T

—#— [L=90 mm
—s=— [=130 mm

Figure 11 compares the experimental data in fiGure
with the predicted axial load — axial displacement
behavior obtained using the new analytical appraamh
the above bond-slip relationships. As it can banste
agreement is quite satisfactory.

Comparison between experimental results and analytical predictions

Shear stress (MPa)

Sl L L A R R S B B N
200 ]
2 ok L L s B - ] 0 10 20 30 40 50 60
% s Axial displacement (mm)
& : : : g GT8-HAO03 x Fig. 12. Laboratory-derived shear stress - shéar sl
— : ! P f GT8—-HAO03.Prediction — . .
E 0k N I " GT8-HA05 * —| relationship. FRP rockbolts.
< : : : GT8-HAO5. Prediction
GT8*HAO‘) o] . . .
© ; e i CTSHARPredietion — | confinements, which is probably due to the decredise
oo GAT-HAO2.Prediction — dilation when the interface is sheared off. Conicgrn
GAT-HAI10 . e . . . .
: : : GAT-HA10.Prediction the initial linear stiffness, it has been found tth&a
0 1 1 1 \ L .
0 05 1 15 2 25 3 s 4 s s doesn’t vary significantly for each type of rockbdt is
Axial displacement (mm) about 14.5 MPa/mm for HA25 bars and 8.8 MPa/mm for
Fig. 11. New analytical solution: comparison betwdield  FRP rods. The residual shear strength appearsviidea
experimental data and predicted results. range of axial slips and is largely influenced i t

evolution of the test (namely, breakage of the gau
the rock); in fact, the great scatter in the resalin be
5. TOWARDS A CONSTITUTIVE LAW explained by the variability that affects the paetens
] ) influencing the bond mechanism. As for the osddlad,
From the laboratory results presented in secti@ &.  hejr amplitude tends to decrease with the corgjinin

(W) relationship has been derived in each case. Taking essyre. As expected, the wavelength is 16 mrthtor
into account the short embedment lengths testesl, thsiee| rockbolts and 10 mm for the ERP bars.

shear stress has been derived according to Eq. (7):

Shear stress as derived from laboratory results. HA2S rockbolts, resin grout, P=1.2 MPa

__FwW) “‘ ! ! J ! .
=) " T -

Even if the scatter in the results can not be régteand
some tests are less accurate than others, theayeed
suggests a bond-slip model composed of an ascendirs
branch followed by an exponential post-peak decay:
tending to a residual value. The use of two diffiere
embedment lengths for a same set of parameterstperm
to validate the shear strength — shear slip relskip, as

it can be seen in figures 12 (FRP rockbolts) and 1:
(HA25 rockbolts). Note that, in the blue curve igufe

12, the sudden drops in the shear stress that happ: 0 10 0 30 40 50 60 70
without a major change in the displacement aretdwe Aial displacement (mm)

substantial breakage of the grout during the putltest.

MPa)

Shear

Fig. 13. Laboratory-derived shear stress — sh@ar sl
relationship. HA25 rockbolts.

The values obtained are the same order of magnitude

than those in [9]. The analysis of all tests diseta rise  With the intention of introducing the effect of the
of the shear stress up to a peak value for a sl pressure in the constitutive law, the confinemeas h
displacement (<6 mm), followed by a steep decay Thbeen varied during some tests while the axial
higher the confining pressure, the higher the pealdisplacement has been kept constant (constant
strength, but the relationship is not linear. Theembedment length conditions). So far, the preshase
displacement at which the peak takes place alsd#een changed in the residual phase, for axial
increases with the confining pressure. It has beenlisplacements beyond 50 mm. Figure 14 shows the
observed that the peak shear stress flattens fathig dependence of the residual shear stress on thenicanf



pressure for two resin-grouted steel threaded hatbe
upcoming pull-out tests, the lateral pressure héllalso
varied at the peak load.

Effect of the variation of the confining pressure. HA25 rockbolts, resin grout

45 T | | T

4

Shear stress (MPa)

i
2 25 3
Confining pressure (MPa)
Fig. 14. Effect of the variation of the confiningegsure on the

shear stress. Residual phase, HA25 rockbolts.

Finally, as one could remark, the comparison betwee
laboratory-derived and field-derivedW) relationships
shows important differences; nevertheless, it
important to note that field and laboratory corafi
may differ considerably: the rock sample properéied
its degree of damage; the installation of the rottk@n
situ, the plastic cartridges remain in the borehole, ai
bubbles are likely to form, etc.,, whereas in the
laboratory the rockbolt is well centered in the dimie,
the grouts are carefully prepared before being gubur
into the holes, ...); the confining pressures appiiethe
laboratory, which may be rather higher than thase i
field (actuallyin situ stresses may vary considerably and
this is difficult to reproduce at laboratory scaldse pull
rate, and the scatter of the results also fourfd4il5],
among others.

is

6. CONCLUSIONS AND PERSPECTIVES

The failure mechanism by debonding of fully grouted
rockbolts is reviewed theoretically and experiméyta
Concerning the theoretical study, a new analytical
solution that predicts the axial load — axial diggment
response of a grouted bar is proposed. With referém
the experimental part, a laboratory scale pull-tast
campaign is being carried out using a new expetiahen
bench and the results are being analyzed. This aigmp
aims at the determination of a constitutive law tioe
rockbolt-grout or rock-grout failure joint interfac For
this purpose, the influence of several parametah as
the confining pressure and the profile of the Bolinder
study. Special attention is being paid to radi#htatin,
which develops as a result of the interface geonsetd
depends heavily on the confining pressure and en th
strength of the grout and the rock. Laboratory field

pull-out tests results have been compared andtamatt
to explain the differences encountered has beer mad

The bond-slip model will be completed by the
introduction of dilation and normal pressure anaiit

be implemented in a FEM code. Furthermore, a simila
study will be carried out on classic seven straa$ on
modified geometryini-Cagecable bolts.
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