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Abstract

Fully grouted passive bolts are widely used in underground or surface rock excavations and
in particular in stabilizing potentially unstable blocks of rock due to sliding on natural
discontinuities. Their operating mechanism is complex, but it is possible to consider two
stabilizing forces that each bolt applies to the block of rock. These forces depend on the
mechanical parameters governing the bolt-rock interaction, which are difficult to evaluate. In
this work, specific numerical analyzes of great detail have been developed, able of
evaluating the bolt-rock interaction (in shear and perpendicular to the interface that
separates them) for numerous cases that were obtained by varying the main geometric
parameters of the bolt, the mechanical properties of the binder material and rock. Thanks to
this complex study, it was possible to describe the variability of the interaction parameters
and to define, through graphs, the trend of the stabilization forces as the main geometric
and mechanical parameters that can be encountered in practice change. The graphs
obtained are a useful tool for the correct design of fully geouted passive bolts and the
stabilization of potentially unstable rock blocks on the walls of underground cavities or on

the faces of surface excavations.
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Nomenclature

Ebinder

Erock

(EA)bolt

(E])bolt

Ttest

Elastic modulus of the material constituting the annular binder
Elastic modulus of rock

axial bolt stifness

flexural bolt stiffness

stiffness of the normal interaction springs

length of the bolt section that crosses the potentially unstable block
length of the bolt section in the stable rock (anchoring length)

axial stabilizing force that the bolt applies to the rock block

force for a unit bolt length which causes the bolt-rock interface to fail
applied axial force at the bolt head during a slip test

force causing the steel bar failure under a tensile stress

thickness of the binder annulus

transversal stabilizing forces that the bolt applies to the rock block
(perpendicular to the bolt axis, directed upward, in the plane of the bolt axis

and the block displacement vector)
transversal force applied to the bolt head during an in situ test
relative axial displacement between the bolt and the surrounding rock

transversal displacement of the bolt (against the surrounding rock) as it

undergoes deformation due to the movement of the block
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Be

)

6(1)6,1'651'

5tr,test

parameter characterising the rock-bolt interaction in the axial direction

ﬁc'Phol

between the bolt and the surrounding rock a = A

parameter characterizing the rock-bolt interaction in the transversal direction

4 [k-Phole

between the bolt and the surrounding rock g = 5

stiffness of the shear interaction springs at the bolt-rock interface
displacement vector of the rock block (parallel to the slip surface)
measured axial displacement of the bolt head

measured transversal displacement of the bolt head

diameter of the steel bar
diameter of the hole (of the bolt)

normal stress (perpendicular) to the outer surface of the bolt
shear stress that exists at the rock-bolt interface

angle which forms the displacement vector of the block § with the direction of

the bolt axis
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Introduction

Passive bolts have long been employed in geotechnical engineering to stabilize soils and
rocks. A passive bolt is made up of a bar that is placed into a borehole that is dug into the
soil or rock mass nearby and fastened to it with a cementitious or resin-based injection.
According to Windsor and Thompson (1993), 1) the rock or soil, 2) the reinforcing bar, 3)
the internal fixture to the borehole wall, and 4) the exterior fixture to the excavation surface
are the four main parts of a rock bolt reinforcement system. For example, by eliminating joint
movements and pushing the rock mass to maintain itself, the rock bolting system in particular

may increase the competency of disturbed rock masses (Kaiser et al., 1992).

Tensile, compressive, shear, and bending stresses can be supported by fully grouted rock
bolts, which have the ground's gap between the rod and the ground totally filled with a
binding material. A debonding process that begins if the axial stress on the bar exceeds a
certain value and spreads throughout the interface is thought to be the most likely place for
fully grouted bolt failure, according to experience from around the world (e.g. Stillborg, 1994;
Li and Stillborg, 1999; Moosavi et al., 2005). For instance, due to an increase in axial, shear,
and bending moments in the bolt rod, a fully grouted bolt intersected by a joint may affect
the shearing of a joint and increase bolt resistance (Ranjbarnia et al., 2016; Oreste & Dias,
2012). According to Lang (1961), rock bolts can be used to "lock together" blocks in highly
fractured rock masses to form a "reinforced arch" around an underground aperture that can
stabilize the hollow. Rock bolting significantly affects the rigidity of a jointed rock mass in
addition to strengthening or stabilizing it (Chappell, 1989). Because they are simple to install,
versatile, and relatively inexpensive compared to other options, rock bolts are frequently
used to support jointed surrounding rock and reinforce the rock mass (Indraratna and Kaiser,

1990).
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While for active bolts the tensile load transfers from the element as an active compressive
load, increasing therefore the resulting stress confinement in the rock, for passive bolts the
initial load on passive reinforcing parts is zero, and when the potentially unstable rock block
is moved, transmit stabilizing forces and the mobilized stabilizing load rises until the block
is fully stabilized (Carranza-Torres, 2009). It is crucial to consider the physical and
mechanical properties of the binder, either cementitious or resin-based during the design

phase of the bolt, because it interacts with the surrounding rock.

Cementitious and resin materials are typically used to secure the bolt within the hole, and
this type of set up is known as Continuous Mechanically Coupled (CMC) elements. For
cementitious binders, a common water to cement (w/c) ratio is between 0.35 and 0.5, and
the grout should be easily pumpable without being overly fluid (Kilic et al., 2002; Bawden,
2011). As for resin-based binders, a plastic cartridge containing two components (i.e. a resin
and catalyst in separate compartments) is inserted in the drilled hole ahead of the bolt
element (Bawden, 2011). Epoxy resins, silicate resins, polyester resins, and polyurethane
resins are examples of common forms of resin. The catalyst and resin are mixed via an
exothermic reaction as the cartridge is spun into the hole. Depending on the mix
requirements, the resin sets in 20 seconds to 3 minutes, forming a solid anchor. Aldrian et
al. (2019) claim however that very little grout can enter the surrounding cracks because the
cartridge capacity is fixed and the inserted steel is creating only the "pressure" necessary to

completely fill the annular gap.

Numerous laboratory and field studies have been conducted to examine the behavior of the
rock-bolt grouted system. Pull-out tests (tension loading) or shear tests (shear loading) can
be used to test the load capacity of bolt in the field or the lab. Standards like DIN-21521
(1990) or ISRM recommendations for rock bolt testing should be followed while conducting

rock bolt tests. There are three primary failure scenarios in the event of a grouted anchor in
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the bedrock or concrete: failure of the rod, rock failure and failure at the interface rock/grout
or steel grout. The failure mode is frequently a rock failure for cases with minor embedment
depths where the embedment depth is between three and five times the diameter of the bolt

(Ljungberg 2016).

According to Gambarova (1981) and Li and Stillborg (1999), adhesion, mechanical interlock,
and friction made up the majority of the interfacial bond strength under the pullout test. Kilic
et al. (2002) concluded that the mechanical properties of the grouting materials, which can
be altered by the water to cement ratio, mixing time, additives, and curing time, are mostly
what determine the bolt capacity. The bolt bearing capacity improves with increasing bolt
diameter and length, which is limited to the ultimate tensile strength of the bolt materials.
Craig and Murnane (2013) tested polyurethane-based resin binders with bolts with the scope
of accelerating ground support activities. Li et al. (2016) observed that the unconfined
compressive strength (UCS) of the grout and bond strength are linearly related. As long as
the bolt shank's yield strain is not excessively high, the bond strength of the rock bolt—that
is, the average shear stress at the bolt-grout interface when the bolt begins to slide along

the interface—seems to rise with embedment length instead of remaining parameters.

Chen et al. (2017) observed that the bonding capacity from pull-out tests in the unconfined
situation grew linearly with sample diameter up to 356 mm before remaining constant after
that. The bonding capacity, however, increased linearly with sample diameter up to 300 mm
in confined conditions. After that, it seemed like bonding capability peaked. Additionally, the
bonding capacity was always greater in the restricted setting than it was in the unconfined

one. Similar results were obtained by Moosavi et al. (2002).

Li et al. (2017) observed that the pullout strength of a rock bolt is somewhat influenced by
their temperatures. Temperature improves the pullout strength for temperatures between

20°C and 35°C. Temperature causes a decrease in pullout strength at temperatures
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between 50°C and 70°C. Salcher and Bertuzzi (2018) performed in situ pull-out test in an
Australian sandstone, with a cementitious and resin binder. Cement-grouted bolts
consistently performed in a stiff manner. It was demonstrated that rock bolts cement-grouted
in large diameter shale holes produced the least stiff results as well as the stiffest outcomes.
Shale resin bolts had more constant behavior. In shale, one may use cement-grouted bolts
in holes of a large diameter if a great rigidity is desired. The pull test findings showed no
correlation between bolt performance and resin annulus width. Bajwa et al (2017),
comparing grout and resin binders, observed that in small borehole the cementitious grouted
bolts achieved higher peak pull-out load in comparison with resin-grouted bolts, whereas for
larger boreholes the contrary was true. Aziz et al. (2018) evaluated the shear performance
of various pretensioned fully grouted cable bolts using a novel experimental single shear
testing technique. 19 single shear tests were performed to examine the effects of the bolt
type, surface profile type, pretension load, structure, bonding and debonding, and failure
modes. Comparing plain strand cable bolts to rough surface strand cables, it was discovered
that plain strand cable bolts debonded more easily for the same length of the cable
encapsulated in the host material. Spagnoli et al. (2021) presented promising data about
the mechanical properties of polyurea silicate with a true thixotropic behavior and pull-out
test results on anchors (rebars and hollow). About the half of tests ended up with the failure

of the bar rather than through an interface failure bolt/resin.

In this paper, the mechanical behavior of fully grouted passive bolts for the stabilization of
potentially unstable rock blocks on underground cavity walls or surface rock faces is
analyzed in detail. Some simplified equations (Oreste and Spagnoli, 2020) allow to
determine the stabilization forces of the bolt, on the basis of different geometric and
mechanical parameters. Two of these are of great importance because they are able to
describe the bolt-rock interaction in the axial and transverse directions. Unfortunately, these

interaction parameters are difficult to evaluate, even by resorting to specific in situ tests. A
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detailed analysis through numerical modeling has made it possible to obtain these
parameters with a certain precision. Several cases have been considered, varying the
characteristics of the bolt and the rock, in a typical field of variability that can be encountered
in practice. The developed study allows to define the interaction parameters for different
types of bolt and rock and thus arrive at a quick evaluation of the stabilizing forces of the

bolt, a fundamental step for the design phase.

Simplified equations and required parameters to analyse the stabilizing contribution

of a passive bolt to a rock block

The analysis of the interaction between the fully grouted passive bolt and the surrounding
rock, was carried out by Oreste and Cravero (2008), Oreste (2009a; 2009b), Ranjbarnia et
al. (2014), Oreste and Spagnoli (2020). It it possible to identify the stabilizing forces that the
single bolt applies to a potentially unstable block of rock, which tends to move (even with
very small displacement values) along a sliding surface (Fig. 1). This analysis is based on
the assumption that the reaction of the rock to the displacements of the bolt can be
represented with independent springs (Winkler springs), capable of manifesting reaction
forces as a function of the relative displacements of each point of the bolt with respect to the

surrounding rock. The following hypotheses were considered:

e The bolt (steel bar and binder annulus) is represented by a one-dimensional linear
element, i.e. characterized only by the length and by the axial (EA),,;: and bending
(ED)por: stifness;

e Two different zones of the bolt are identified, the crossing zone of the potentially
unstable block L, and the anchorage length in the stable rock portion L,,, beyond the
potentially unstable block; the intersection of the bolt with the internal surface of the

block allows to identify the point O, which separates the crossing area from the
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anchoring area and divides the total length of the bolt into two parts of length L, and
Ly;
Each point of the bolt is connected to the surrounding rock through two different
Winkler springs, one normal (perpendicular to the bolt) and the other parallel to it; the
first allows to consider the normal reaction of the rock to the transversal
displacements of the bolt, the second the shear reaction to the axial (relative)
displacements on the bolt-rock interface;

The displacement of the rock block in the direction of the slip surface deforms the bolt
and activates the reaction of the rock around it, as foreseen by the interaction springs;
as the displacement of the block increases, the stresses along the bolt also increase;
Upon reaching the limit operating condition of the bolt, when the approach to failure
of the steel bar or of the connection of the bolt to the surrounding rock occurs, in

correspondence with a certain value of the displacement of the block, the maximum

static contribution offered by the bolt to the block stabilization occurs.
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Fig. 1 Diagram of a potentially unstable block of rock in presence of a fully cemented passive
bolt. Key: L, and L, are respectively the lengths of the bolt section that crosses the
potentially unstable rock block, and of anchorage in the stable rock; ¢ is the displacement
vector of the block (parallel to the slip surface); Ny mqx @and Tgmqy are the stabilizing forces

that the bolt applies to the block of rock.

The maximum stabilization forces offered by the bolt to the potentially unstable block of rock,
in the limit operating condition, are the forces that must be considered to design of the bolting
intervention, i.e. to define the number and diameter of the bolts necessary to stabilize a rock
block. The stabilization forces offered by the single bolt are two, one is directed in the axial
direction of the bolt (Nymqx), and the other one (Tj .4, ) is directed in a perpendicular
direction to the bolt, in a plane which includes both the bolt and the displacement vector of

the block (3).
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Oreste and Spagnoli (2020) have identified some simplified equations capable of providing
the stabilizing forces that a fully cemented passive bolt is able to apply to a potentially
unstable block of rock. This study is based on an extensive parametric analysis, varying all
the main input data (geometric and mechanical) that influence the bolt-rock interaction

problem:

Nyieta  §(1+e72%a) — Ngip .2) (1)

N, = min (
o,m
ax Fsadm,yield xtan(@)+&n ' Fsadmslip @

. Ny Ny 2-tan(9)
— yield 4 . slip .
TO,max = mln( ' z > (2)

F i _$ a’F i APa
s,adm,yield X+tan(19)n s,adm,slip 11)

Where N,,;.,4 is the force causing bar failure under a tensile stress Ny;.1q = 0yic14 * Apars Nsiip
is the force which causes the bolt-rock interface to fail for a unit bolt length N;,, = Ty - 7 -
D0e; (EA) o is the axial stiffness of the bolt, considering both the steel bar and the binder
annulus, i.e. (EA)poi = Es¢ - (% (Dbarz) + Epinder E (Phote” — (Dbarz)]; (ED)poie is the

bending stiffness of the bolt, considering both the steel bar and the binder annulus, i.e.

_ L 4 | 4 4\ . _ BTt Phole., _ 4| B ®Ppole .
(EDpoie = Est (a DPpar )+Ebinder [a(cbhole — Ppar )] a= /m, B= |ranis

1= [(EA)bolt'“]; §=2-(EA)poy " Ppgr - (1 — e—ZaLp); ¥=16" V2 - (1 + e—2a(La+Lp)) .

(EDbote B3
EDpore B &% = (e—ZaLa et e_a.ﬁ); 0 =4 (EDbot " B> Ppar* (1 +
—2a(La+Lp))- o) — (1+e~22La).(14¢~24Lp) _ [(1-e"24Lp)
e p )1 l)b - l (1+e—2a(La+Lp)) and w = —(1+e—Z“Lp) .

Two fundamental parameters condition the values of the stabilization forces Ny 4, and
Tomax (Figure 2), i.e. B, and k; which represent respectively the stiffness of the shear
interaction springs at the bolt-rock interface and the stiffness of the normal interaction

springs.
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T=pc'v (3)
where 7 is the shear stress that exists at the rock-bolt interface, and v is the relative axial

displacement between the bolt and the surrounding rock.
o=k-y (4)

where ¢ is the normal (perpendicular) stress applied to the outer surface of the bolt, and y
is the transverse displacement of the bolt (against the rock) as it undergoes deformation due

to the movement of the block.

rock rock
T

— WL o
Steel
bar

/N

Binder annulus

ZRN

dx dx
a) b)

y

Figure 2. Representation of the stresses applied by the rock (z and o) on the external
surface of an infinitesimal element of a dx bolt following the relative displacements (v and
y) of the bolt. Key: a) represents the shear interaction; b) represents the normal interaction
(perpendicular to the bolt); zis the shear stress applied by the rock on the external surface

of the bolt; o is normal stress applied by the rock on the external surface of the bolt.
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Parameters (. and k describe the rock response during the bolt deformation. They depend
on the elastic modulus of the rock, on the geometry of the bolt (diameter of the bar, thickness
of the binder annulus) and on the elastic modulus of the steel and the binder material. In situ
tests on test bolts (Figure 3) can help in estimating g. and k starting from the applied forces
and the measurement of the induced displacements, but unfortunately in general there are
very high forces applied on the bolt head and relatively small displacements. The reduced
precision and errors in the measurement of the displacements of the bolt head can lead to
large uncertainties on the two parameters which are fundamental for obtaining a reliable

estimate of the stabilizing forces Ny 4, @and T max -

6(1.I,EE‘SE

e & a)

NEESE

Ttes t

b

Otr test b)

Figure 3. In situ tests on test bolts for the determination of the parameters . and k. Key: a)
is the pull-out test with application of an axial force to the bolt head; b) is the shear test with
application of a transversal force to the bolt head; N,.,; is the applied axial force; T;.; is the
applied transversal force; 84, ;s IS the measured axial displacement of the bolt head; 6, ¢es:

is the measured transverse displacement of the bolt head.
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More specifically, from in situ tests it is possible to determine the parameters . and k using

the following two equations:

2 ﬁ(C.n.;phOZe'Ltest
EA
1+e O bolt
Ntest (4)

6 = .
ax,test Bon®
(EA)bolt EA) 2 ﬁc7'”1)}1016‘_1115651L
bolt 1 (EDpolt
—e

4
k — < Ttest )3 . 4'(E])bolt (5)

2'(E])bolt'5tr,test Phote

To obtain S, from equation 4 it is necessary to resort to a numerical solution.

The analysis of the bolt-rock interaction through numerical modeling

It is possible to analyze in detail the complex interaction between the fully cemented passive
bolt and the surrounding rock thanks to numerical modelling. More specifically, through two-
dimensional numerical modeling, the axial interaction (in the axisymmetric configuration)

and the transverse interaction (in a cross section of the bolt) can be simulated.

In this work the calculation code FLAC 2D ver 8.1 of the ltasca Company was used. This
code is able to solve the stress-strain problem through a finite difference solution. In the first
case, after applying an axial force N, to the bolt head, the displacement of the bolt head

Oaxtest CaAN be determined as a result of the calculation. Based on the pair of values Ny~

Oqx tests Be Can be determined (equation 4).

Figure 4 shows the detail of the numerical model developed to analyze the axial interaction
of the bolt; in this model, only half of the bolt and the surrounding rock is represented,

exploiting the axisymmetric symmetry of the problem (vertical y-axis represents the axis of
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the steel bar). The model allows the study of the axial interaction with great precision and

has the following main characteristics:

e Total number of elements: 60000

e Thickness of the rock considered around the bolt: 1.5 m

e Length of the bolt simulated in the model: 2 m

e Overall length of the model in the axial direction of the bolt: 4 m

e Number of elements dedicated to the semi-section of the steel bar: 8

e Number of elements dedicated to the annular binder: 4

_Bar_giinc_:l_er Rock

(=VOA-4)

L O.a80

L O.700

Axis of petrs
simmetry L o.mmo

: L o ano
L o.aso

L o280

- Q. 180

L o.onc

Pad b L-o.oso
— T T T T
a0o -o.1s\0 /oéoo 0. 180 O0.300 O.AB0% O.600

{m1o~-1)

Bolt head Rock wall

Figure 4. Detail of the two-dimensional axisymmetric numerical model developed to study the axial
interaction between the bolt and the surrounding rock. Key: the left edge represents the axis of
symmetry of the bolt, the lower one the rock face where the head of the bolt is located; the first 8
elements represent half of the steel bar in the analyzed section, the next 4 the annular binder that

connects the steel bar to the surrounding rock.
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Different values of the diameter of the steel bar, of the thickness of the annular binder, of
the elastic models of the rock and of the material that constitutes the annular binder were

analysed:

e Diameter of the steel bar ®,,,.: 24 mm and 32 mm

e Thickness of the annular binder t;;,,4¢-: 10 mm and 15 mm

e Elastic modulus of rock E,,.: 20 GPa, 60 GPa, 100 GPa

e Elastic modulus of the material constituting the annular binder Ey;,4.-: 2 GPa and 8

GPa

The considered cases, 24 in total, allow us to investigate the axial interaction of the bolt for
all possible cases that may arise in reality when passive bolting (fully grouted) is adopted in
rock masses. More specifically, a bar with a small diameter (24 mm) and a large diameter
(32 mm), a reduced (10 mm) and high (15 mm) thickness of the annular binder, a rock with
low (20 GPa), intermediate (60 GPa) and high (100 GPa) mechanical characteristics, a
material constituting the binder having an elastic modulus 2 GPa (resin) and 8 GPa

(traditional cementitious grout) were considered.

For each of the 24 cases analyzed it was possible to determine the parameter .. Figure 5
shows the graph that allows to synthetically represent the values calculated on the basis of

the results of the numerical modeling.
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Figure 5. Trend of the parameter ., which governs the axial interaction of the passive bolt,
as the elastic modulus of the rock varies, for different combinations of the diameter of the
bar (®,,,), the thickness of the binder (t,;.q4er), the elastic of the material that constitutes

the binder (Epinder)-
From the analysis of Figure 5, the following observations can be made:

e The diameter of the bar has, in general, a small influence on the axial interaction
parameter ., with the sole exception of the case of weak rock, high thickness of the
annular binder and bar-rock connection with traditional cementitious grout (in this case
B. increases by about 30% when going from a small (24 mm) to a large (32 mm) bar
diameter. In the case of using the resin as a bolt-rock connection material, the stiffness

of the rock has no effect on the axial interaction parameter g,
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e The thickness t,;,4.r Of the annular binder has an important effect on the interaction
parameter .: as it decreases from 15 mm to 10 mm, S, increases considerably by 60-
65%, mostly with the use of traditional cementitious grout

e With the use of traditional cementitious grout (E,;nq.-=8 GPa) there are no significant
increases in B, for values of the elastic modulus of the rock E,,., above 60 GPa; for
lower values of the elastic modulus of the rock (E,.,.,=20+60 GPa) . grows considerably

with E,., k.

The results, therefore, can be summarized as follows. In the case of using resins for the bar-

rock connection, S, essentially depends on the thickness ty;,q4er:
B = 103.3 — 4.48 - tyinaer (With 5. expressed in GN/m?3 and t,;,,4¢ in mMm) (6)
In the case of using traditional cementitious grout, 5. depends on both E, ., and toinder:

¢ = (277.5 — 15 tyinger) + 1.125 - E,o¢ (With B, expressed in GN/m3, tpinger in mm and

Erock iIn GPa, for E,.,.,<60 GPa) (7)

In the latter equation (for traditional cementitious grout), in the only case of weak rock
(Erocks=20 GPa) and high thickness of the annular binder (tying4er=15 mm), S, must be
increased by 15% when considering a intermediate diameter steel bar (28 mm) and 30% for
large diameter bar (32 mm). Furthermore, for E, .., greater than 60 GPa (rock with high
mechanical characteristics), the values of g, calculated for E,,.,=60 GPa can be adopted

without making significant errors.

As regards the transverse interaction, a two-dimensional numerical model of the cross
section of the bolt has been developed; after applying a shear force T;.g;: to the bolt (at the
center of the steel bar), the displacement of the bar axis d;, ;.5 Was calculated. The pairs of

values Tio5-0¢r tese then allow to determine the interaction parameter k (equation 5).
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Figure 6 shows the detail of the numerical model used, which considers the entire cross
section of the bolt and the surrounding rock. It is able to analyze in great detail the

transversal interaction of the bolt and has the following main characteristics:

e Total number of elements: 200000

e Thickness of the rock considered around the bolt: 0.5 m

e Average dimension of each numeric element: 1.5 mm x 1.5 mm; 14/19 numerical
elements were used to simulate the steel bar along its diameter (®,,,,=24/32 mm);
6/9 numerical elements have been used to represent the binder annulus along its

thickness (tpinger=10/15 mm)

The same 24 cases considered in the analysis of the axial interaction were analyzed also in
the transversal one, by varying the diameter of the bar, the thickness of the binder around
it, the elastic modulus of the rock and the elastic modulus of the binder. The obtained results

of the numerical calculation have been summarized in Figure 7.

Surrounding
Axis of rock mass

simmetry

Steel bar |

Figure 6. Detail of the two-dimensional transversal numerical model developed to study the
transversal interaction between the bolt and the surrounding rock. The average size of the

numerical elements used is 1.5 mm x 1.5 mm.
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Figure 7. Trend of the parameter k, which governs the transversal interaction of the passive
bolt, as the elastic modulus of the rock varies, for different combinations of the diameter of
the bar (®,,,), the thickness of the binder (t,nq4¢r), the elastic of the material that constitutes

the binder (Epinder)-
From the analysis of Figure 7, the following comments can be made:

e The parameter k tends to grow with E,, ., according to a parabolic trend (the influence of
E,ock IS greater for traditional cementitious grout, E;,4.-=8 GPa, less for resins, E,i,qer=2
GPa)

e The values of k are 2+3 times greater when the binder is made up of traditional
cementitious grout compared to the case of a binder made up of resins

e k tends to increase as the diameter of the bar increases and the thickness of the binder
decreases

¢ the influence of ®,,, and t,;,4.- ON k depends on the rock's elastic modulus E,,: it is

smaller for low E,.,, it increases for high E,,.
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For each type of binder (traditional cementitious grout or resin), thickness of the binder

annulus (10 or 15 mm) and diameter of the bar (24 or 32 mm) considered, it was possible

to obtain the equations of the parabola which best describes the results of the numerical

calculation in terms of k (GN/m3) as the elastic modulus of the rock E,,., (GPa) varies:

binder made of traditional cementitious grout:

Dy =24 mm; tyinger=10 mm:

Dper=24 mMm; tyinger=15 mm:

Dper=32 Mm; tyinger=10 mm:

Dy =32 Mm; tyinger=15 mm:

binder made of resin:

Dy =24 mm; tyinger=10 mm:

Dy =24 mm; tyinger=15 mm:

Dper=32 Mm; tyinger=10 mm:

Dy =32 mMm; tyinger=15 mm:

= —0.04156 -

= —0.03594 -

= —0.04688
k = —0.04063

= —0.01281

k = —0.00813

= —0.01625

= —0.01094 -

.E2

.E2

Ef ek +9.450 - Eoc + 111625
EZ,cx + 7675 Epoer + 129.875

2w+ 10875 Epo + 111.250

“E% . +8.900 - E, e + 133.250

2w+ 2475 Epoe + 116.625

“E% . + 1.550 - E, e + 108.250

“EZ . +3.200 - Eyoc + 128.500

E2, . + 2.075 - Eyocx + 120.875

(8)
(9)
(10)

(11)

(12)

(13)

(14)

(15)

Estimation of the stabilization forces produced by the passive bolt on the basis of the

mechanical parameters of the bolt-rock interaction

Thanks to the results obtained from the numerical modeling and the determination of the

mechanical parameters of bolt-rock interaction in the axial (8.) and transversal (k) direction,

it is possible to proceed to the estimation of the stabilization forces on the basis of equations

1 and 2 (Oreste and Spagnoli, 2020). More specifically, it is possible to have a reliable
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estimate of the stabilization force acting in the axial direction (Ng.,4,) and transversal
upwards (T mqx ), acting perpendicularly to the bolt with a vector belonging to the plane

encompassing the bolt itself and the block displacement vector § (Fig. 1).

The following Figures (8-13) show the values of T 4, @and Ny nq, as the elastic modulus of
the rock E,,. Vvaries, for traditional cementitious grout, (Ep;nqe-=8000 MPa) and resin
(Epinaer=2000 MPa), in the cases of steel bar with diameter ®,,. 20 and 32 mm and
thickness of the binder annulus toinder of 10 and 15 mm. These graphs assume a fundamental
design role, allowing the correct design of the fully grouted passive bolts in the different
conditions that can be encountered in engineering practice, guaranteeing the stabilization
of the potentially unstable blocks of rock, quickly defining the characteristics and the number

of bolts that are necessary.

These graphs were obtained assuming the following parameters present in equations 1 and

2:

e Length of the bolt in the two areas L, (block crossing area) and L,, (anchor length in
the stable rock behind the block): 2 m

e Elastic modulus of steel E;..;: 210 GPa

e Limit shear stress t;;,,, at the bolt-rock interface: 2.5 MPa

e Steel yield strength g,,: 450 MPa

e Safety factors considered as minimum admissible against yield failure of the steel bar

(Fs,adm,yield) @nd pullout failure at the bolt-rock interface (F; aam,siip): 1-3-
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Figure 8. Trend of the transversal stabilization force T .4, , a@s the elastic modulus of the
rock E,,.. varies, for different combinations of the thickness of the binder annulus (t,;,4er)
and of the angle ¥ which forms the displacement vector of the block § with the direction of
the bolt axis. Case of a traditional cementitious binder (Ep;,4.-=8 GPa) and diameter of the

bar ®,,,.=24 mm.
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Figure 9. Trend of the transversal stabilization force Ty 4, , a@s the elastic modulus of the
rock E,,.. varies, for different combinations of the thickness of the binder annulus (t,;,4er)
and of the angle 9 which forms the displacement vector of the block § with the direction of
the bolt axis. Case of a traditional cementitious binder (Ep;,q4.-=8 GPa) and diameter of the

bar ®,,,=32 mm.
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Figure 10. Trend of the transversal stabilization force T 4, , @s the elastic modulus of the
rock E,,.. varies, for different combinations of the thickness of the binder annulus (t,;,4er)
and of the angle ¥ which forms the displacement vector of the block § with the direction of

the bolt axis. Case of a resin binder (E};,4.-=8 GPa) and diameter of the bar ®,,,.=24 mm.
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455  Figure 11. Trend of the transversal stabilization force T 4y , @s the elastic modulus of the
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457  and of the angle 9 which forms the displacement vector of the block & with the direction of
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Figure 12. Trend of the axial stabilization force Ny .4, . @s the elastic modulus of the rock

E,ocx Varies, for different combinations of the thickness of the binder annulus (ty;nqer) @and

of the angle 9 which forms the displacement vector of the block § with the direction of the

bolt axis. Case of a traditional cementitious grout (E};nq.-=8 GPa).



465

466

467

468

469

470

471

472

473

474

475

—o—Fbar 24mm-tbinder 10mm o— Fbar 24mm-tbinder 15mm

Fbar 32mm-thinder 10mm Fbar 32mm-thinder 15mm
70000

60000

50000

30000 e — - —

0 20 40 60 80 100
Elastic modulus of the rock E,,.. (GPa)

Figure 13. Trend of the axial stabilization force Ny .4, ., as the elastic modulus of the rock
E,,cx varies, for different combinations of the thickness of the binder annulus (ty;,4e-) @nd
of the angle 9 which forms the displacement vector of the block § with the direction of the

bolt axis. Case of a resin binder (Ey;nqe-=2 GPa).

From an examination of the figures, it can be seen that:

e The elastic modulus of the rock E,.,., does not always have a significant influence on
the value of the force Ny qx
e the angle 9, the thickness of the binder annulus, the diameter of the bar and the type

of binder used, greatly influence the value of the force Ny 4y
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e as the rock's elastic modulus E,, increases, the stabilization force N, ,,,, tends to
decrease; this reduction is more evident when traditional cementitious grout is used
as binder material

e the angle ¥ has no effect on Ny ..., Whose value, however, is influenced by the
diameter of the bar, the thickness of the binder annulus and above all by the type of

binder material used (traditional cementitious grout or resin)

The same graphs shown in this paragraph can be used for different values of the diameter
of the bar, thickness of the binder annulus, angle ¥ and elastic modulus of the rock: in these
cases, linear interpolation can be used to estimate the stabilization forces for values different
from those considered in the study, without committing significant errors. If, for example, it
is necessary to determine the stabilization force T ,,,4, in the case of a bar diameter ®,,,,. of
28 mm, thickness of the binder annulus tbinder of 13 mm, angle 9 of 50° and E,,.,=50 GPa,
adopting the traditional cementitious grout, the following values of T4, can be obtained

from Figures 8 and 9:

Tomax (Ppar=24 mm; tbinder=10 mm; 9 =45°; E,.,,=20 GPa) =2759 N
Tomax Ppar=24 mm; toinder=10 mm; ¥ =45°; E,,,=60 GPa) =3452 N
from which we have by interpolation:

Tomax Ppar=24 MM; toinder=10 mm; 9 =45°; E,,,,=50 GPa) =3278 N

To,max (Ppar=24 mm; toinder=10 mm; ¥ =60°; E,.,,.=20 GPa) =4778 N
TO,max cI)bar=24 mm; toinder=10 mm; 9 =60°; Erock=60 Gpa) =5978 N

from which we have by interpolation:
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Tomax (Pper=24 MM; tyinger=10 Mm; 9 =60°; E,,,=50 GPa) =5678 N

and then again by interpolation:

TO,max ((Dbar=24 mm,; tbinder=10 mm,; 1) =50°; E‘I'OCk=50 GPa) =4078 N

Proceeding in the same way for ®,,,=32 mm and tp;,4.-=10 mm we have:

Tomax (Ppar=32 MM; tyinger=10 mm; 3=50°; E,,,=50 GPa) =6286 N

For @,,,-=24 mm and t;n4.-=15 mm we obtain:

TO,max ((Dbar=24 mm,; tbinder=15 mm,; 9 =50°; E‘I'OCk=50 GPa) =8231 N

For @,,,-=32 mm and t;n4.-=15 mm we obtain:

Tomax (Ppar=32 MmM; tyinger=15 mm; ¥ =50°; E,,,=50 GPa) =11109 N

And, therefore, by interpolating the last 4 values of T 4, in pairs, we have:
Tomax (Ppar=28 mMmM; tyinger=10 mm; 3=50°; E,,,=50 GPa) =5182 N

Tomax (Ppar=28 MM; tyinger=15 Mm; 9=50°; E, =50 GPa) =9670 N

And finally:

Tomax (Pper=28 MM; tyimger=13 Mm; 9=50°; E, =50 GPa) =7875 N
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Conclusions

Fully grouted passive bolts take load when the block of rock tends to move, sliding along
one or more surfaces formed by the natural discontinuities of the rock. The bolt is able to
apply two stabilizing forces to the block: an axial force and a transversal one, perpendicular
to the axis of the bolt, with vector belonging to the same plane of the bolt itself and the
displacement vector of the rock block. In this paper it was possible to provide simplified

equations able to determine the two stabilizing forces of the passive bolt.

e These equations require the determination of the two fundamental mechanical
parameters governing the bolt-rock interaction: the shear interaction parameter g, at
the bolt-rock interface and the normal interaction parameter k at the same interface.

e The interaction parameters are difficult to determine through specific in situ tests.

e For this reason, an accurate analysis through numerical modeling is necessary. Two
different highly detailed numerical models have been developed, one for the study of
the shear interaction and the other for the normal interaction between the bolt and
the rock.

e Numerous cases were considered, varying the diameter of the steel bar, the
thickness of the binder annulus, the mechanical characteristics of the rock and of the
binder material.

e The parametric analysis was developed considering fields of variability of each
geometric and mechanical parameter, typical of the real cases that can be
encountered.

e From the study it was possible to identify the interaction parameters for all the cases
analyzed and also to define equations that are able to estimate them when the main
geometric and mechanical parameters that characterize the functioning of fully

grouted passive bolts vary.
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e Thanks to the knowledge of these parameters, it has been possible to directly
evaluate the stabilization forces of the single bolt and develop diagrams that allow
their determination as the diameter of the steel bars, the thickness of the binder
annulus, the mechanical characteristics of the rock and the binder vary material
(either cementitious grout or resin).

e These diagrams are a useful tool to allow an accurate design of such interventions in

the stabilization of potentially unstable blocks of rock.
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