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ARTICLE INFO ABSTRACT
Keywords: Fiber-reinforced shotcrete is a high-performance material that presents some special characteristics, which can
Fiber-reinforced shotcrete provide some suitable applications in the excavation of underground cavities. The presence of fibers induces an

Rock block stability
In situ loading test
Curing time
Induced damage
Factor of safety

increase in the tensile strength, flexural strength and shear strength in the concrete, as well as allowing a ductile
rather than brittle type of behavior. It can be used to create a lining of the underground cavity that allows the
stabilization of rock blocks that show a tendency to slip or fall (from the side walls or from the crown area,
respectively). In this work, some full-scale tests on the fiber-reinforced shotcrete lining are presented. From these
tests, it was possible to measure the behavior of this material when it is loaded locally: it is the same type of
action produced by the rock block when it is held back from falling or slipping. The results obtained have allowed
to characterize this type of material from a mechanical point of view. A subsequent detailed analysis of the
stability of rock blocks surrounding an underground cavity permitted to determine the static stabilizing
contribution offered by the fiber-reinforced shotcrete lining, leading to the definition of the minimum thickness
required, in relation to the type of block that is present (shape and size). It was possible to predict how a lining
thickness of about 3.5 cm is able to stabilize (just 15 min after its spraying) rock blocks with an exposed surface
area of up to 10 m? and a distance of the internal vertex from the border of the cavity of up to 3 m.

steel and synthetic fiber, for example, may aid in identifying the best

Introduction fiber to utilize in a certain application [11].
Steel fibers and synthetic ones in SC have been found to perform well
Ordinary shotcrete (or sprayed concrete, here abbreviated as SC) has in rockburst situations because it has a high capacity for absorbing en-
low tensile strength, toughness, crack resistance, making it unsuitable ergy during deformation [12] and steel fibers should be considered as
for the harsh climate and engineering construction needs (e.g. [17,41]. part of the support system [38].
Steel fibers are (among other techniques such as steel mesh) typically Typical dosage for steel fibers ranges from 20 to 60 kg/m® [35],
used to reinforce SC tunnel linings. Tests with other materials, such as whereas for synthetic fibers range between 5 to 9 kg/m> [22] due to the
polypropylene (PP) [5], polyvinyl alcohol (PVA)[29], and plastic waste difference in density. As a matter of fact, load vs. deflection tests with
(PW) fibers [41], have been conducted too. steel and synthetic-reinforced SC in unrestrained and restrained condi-
Fiber reinforced shotcrete is a composite material that exhibits tions showed that synthetic fibers reached the same values with factor
compressive resistence immediately after the installation thanks to the 10 lower dosage than for steel fibers [21].
rate of strength development, and fibers employed as structural rein- However, there are conflicting researches regarding whether the
forcement are intended to enhance tensile strength or energy absorption addition of steel fibers affects the compressive strength of sprayed
in the concrete matrix after it has cracked [11]. The fibers are bent in concrete [35]. Yan et al. [40] state that fibers have no effect on the peak
some way to make them more resistant to being pulled out of the con- strength of shotcrete; nevertheless, the fiber content presents an effect
crete when a crack occurs [35]. The fundamental function of fibers in on the post peak strength (residual strength). Vandewalle [36] claims
shotcrete is to provide ductility to a brittle material. Layer construction that they have little benefit on UCS, however the same author states that
details are important for proper quality assessment [25]. steel fibers change shotcrete from a brittle material into a highly ductile
Understanding the underlying differences in mechanical qualities of one, giving a steel fiber reinforced shotcrete lining a higher bearing
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Nomenclature

Agiab area of the detached slab

Ajoad loaded surface by the flat jacks action or contact surface
of a rock block

B width of the block on the exposed surface on the wall

d distance of the internal vertex of the rock block from the
edge of the tunnel

F; safety factor of the rock block

H height of the block on the exposed surface on the wall

s thickness of the fiber-reinforced shotcrete lining

Smin minimum thickness of the lining needed to stabilize the

rock block on the border of an underground cavity

stabilization force perpendicular to the tunnel wall

curing time, from the moment of the spraying of the

shotcrete

block weight

specific weight of the rock

calculation parameter useful for obtaining s,

friction angle on the discontinuities that constitute the

sliding surfaces of a rock block

calculation parameter useful for obtaining s,

internal angle of a rock block, measured in a section

perpendicular to the line of intersection of the sliding

surfaces

Tlim ultimate shear stress at failure of the fiber-reinforced
shotcrete slab

-3

Qm%s

CaLIEN]

capacity by the effect of a better load redistribution [37]. Besides, Brite
Euram [5] claims that steel fibers increase compressive strength by 10 to
35 %. Wood et al. [39] showed that the addition of steel fibers to silica
fume shotcrete increases its compressive and flexural strength by up to
20 %. PP fibers have also been proven to improve the SC strength, but
they significantly increase water demand, resulting in minimal overall
benefit (Brite Euram [5]. Furthermore, steel fiber reinforced concrete
outperforms plain concrete under cyclic loads [38].

The orientation of the fibers also plays an important role. Fukui et al.
[10] observed higher elastic modulus and tensile strength values from
the set of cores oriented perpendicular to the spraying direction with
respect to those extracted along the spraying direction. Khan et al. [14]
found also that shotcrete strength perpendicular to the spraying direc-
tion is greater than that parallel to it. Yan et al. [40] investigated the
fundamental characteristics of fiber reinforced shotcrete. The authors
came to the conclusion that tensile strength is anisotropic, i.e. a greater
strength perpendicular to the applied stress direction. However, Celes-
tino et al. [6] found only 1 % anisotropy in strength, and they argued
that for this reason it can be considered negligible.

Nevertheless, steel fibers absorb and redistribute the tensile stress
inside the matrix more quickly when concrete solidifies. Steel fibers can
retain cracks as they form and prevent them from spreading further. This
can result in the structural multi-cracking and load redistribution. The
ability to control the width of fractures in a structural application is a
key distinction between steel and synthetic fibers. Synthetic fibers are
ideal for temporary ground support applications when significant de-
formations and crack widths are necessary, such as in mining [11].

According to some experimental findings, reinforcement (such as
fibers) lowers creep [8]. This is most likely owing to its restricting
impact. When compared to plain concrete, 20 kg/m? of steel fibers (0.21
% of steel by volume) and 0.39 % of bar reinforcement lowers the
magnitude of creep by the same amount [8]. Because of their scattered
nature, the fibers have a greater impact than the bar reinforcement.
Several authors have investigated by testing the presence of fibers on
behaviour of shotcrete, e.g. [16,18,3], however due to the complexity of
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the topic, this is not considered further in this research.

Basically, SC reinforced with steel fibers behaves virtually elastically
and fully plastically [24]; it is more effective than traditional mesh at
controlling shrinkage cracking [35]and corrosion of the fibers is not
widely regarded as a significant issue [23]. For sure durability in
correlated with compressive strength, porosity, gas permeability, and
chloride migration, and both laboratory and onsite tests have been
widely carried out to ameliorate mix design [1,20].

Uncracked SC layers protect unexposed steel fibers impeding there-
fore corrosion [13].However, steel fibers in combination with water-
glass and alkali-free accelerators were assessed in the Nordkapp subsea
road tunnel [19] and corrosion was observed in the carbonation area of
the shotcrete (i.e. carbon dioxide from the environment reacts with the
calcium hydroxide in cement over time). The reaction generates calcium
carbonate, which lowers the pH of the concrete.

Shotcrete is particularly useful in the construction of tunnel linings,
because it allows for the creation of an effective and functional support
structure in the short term, shortly after its construction. This lining is
often planned together with steel sets and/or radial bolting, in order to
increase the capacity to react to deformations of the rock mass, applying
significant pressure on the perimeter of the cavity[32,33,30,9,34]. The
fiber-reinforced SC allows the lining to be provided with significant
tensile strength and also, therefore, flexural strength (bending moments
develop as a result of the ground/support interaction).

In underground cavities excavated in rock masses, the shotcrete
lining has also the important task of preventing the movement of blocks,
potentially unstable due to falling from the crown of the tunnel or
slipping from the sidewalls. Such rock blocks tend to form at the border
of the cavity due to the presence of natural discontinuities. If such dis-
continuities isolate a block and it shows a tendency to slip or fall inside
the cavity, the shotcrete lining can be very useful, reacting to the micro
movements of the block with a stabilizing pressure acting in a direction
approximately perpendicular to the cavity wall. The stabilizing pressure
is equivalent to the pressure applied by the block to the shotcrete lining:
it acts on a limited surface, equal to the surface of the block face over-
looking the cavity border.

Fiber-reinforced shotcrete is very good at stabilizing rock blocks that
tend to fall or slide from the cavity border; in fact, it well withstands a
pressure applied perpendicular to it. The shear strength that develops on
the edge of the contact area between the exposed face of the block and
the lining is high thanks to the presence of the fibers. However, it should
be considered that shear resistance is highly dependent on bond to the
rock surface, which is often less than the shear strength of the shotcrete:
wide testing experiences have been carried out by Bernard [2] and
Kikkawa et al. [15].

When underground cavities are excavated in rock masses with nat-
ural discontinuities, it is therefore appropriate to define in detail the
thickness of the fiber-reinforced shotcrete lining, in order to allow the
stabilization of the blocks that can potentially slip or fall; this thickness
must be such as to allow the absorption of localized pressures that the
block may apply to the lining in the zone of contact with the exposed
face.

Shotcrete alone commonly achieves high stiffness and a brittle
behaviour: it could be a problem for tunnel walls where displacements of
blocks and convergence can still occur for hours after excavation.
Thanks to fibers added to the concrete mix, shotcrete become suitable to
allow a better ground control: a ductile behaviour with a significant post
peak strength becomes evident, so toughness is a property that can be
taken into account. The fibrous elements can sustain cracks opening
during the tunnel convergence, thus conferring an ability to stabilize
wider ranges of ground conditions.

Fibers remain dispersed in a random mode and this is not a concern,
as cracks can develop along different alignments, while for other specific
geometries and induced oriented stresses a regular layout of fibers could
be considered. During the construction of a tunnel in fractured rock
masses, it is often necessary to ensure the safety of the zone, close to the
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Fig. 1. (a): Positioning of flat jacks on a prepared tunnel surface, consisting of a preliminary shotcrete lining. (b): Overall view of testing zone, after spraying the
shotcrete covering the loading jacks shown in (a), with connections for water pressurizing circuit and sensors for pressure and displacement measurements (modified

after [26]).

excavation face, just cleared by the advancement operations. It is often
necessary to prevent potential blocks present around the edge of the
cavity from slipping or falling, involving personnel and excavation and
transport equipment for the excavated rock. The shotcrete lining is very
well suited to ensuring the safety of this area, as it can be realized from a
certain distance, without requiring the presence of personnel in
dangerous zones (areas not yet stabilized).

Shotcrete is characterized by a quick evolution of its strength prop-
erties, due to the need to self-support its weight immediately after the
application and to promptly work together with additional first phase
support systems (bolts, steel arches, wire mesh), and rate of strength
development is highly relevant. In this paper a specific site testing on
thin shotcrete layers has been described and following analysis has
focused on early-age behaviour.

After the description of some full-scale experiments carried out in a
tunnel on the fiber-reinforced shotcrete lining, the stability of rock
blocks surrounding underground cavities was analyzed. Subsequently,
through a specific analytical study, the minimum thickness of the lining
in order to be able to guarantee the stabilization of the rock blocks and
the safe presence of personnel inside an underground cavity was eval-
uated. Recently, authors have implemented site testing on 70-100 mm
thick lining sectors with fiber reinforced shotcrete stressed by means of
air bags [4].

Mechanical tests on fiber-reinforced shotcrete

The fiber-reinforced concrete lining has been studied in detail with
in-situ and laboratory tests [7]. The in-situ tests involved a 70 m? cross-
section tunnel excavated in the Briangonnais (Houillier), Unité La Praz
formation, whose constituents are mainly shale and sandstone in the
Alpine region of France. The laboratory tests were carried out in the
Applied Geomechanical Laboratory of the Department of Environ-
mental, Land and Infrastructure Engineering (DIATI) of the Politecnico
di Torino (Italy). The in-situ test consisted of a full-scale load test on a
fiber-reinforced shotcrete lining, in which the pressure applied by the
rock blocks is simulated by the presence of flat jacks each measuring 50
cm x 50 cm, operating with pressurized water. The loading area of this
equipment may be adjusted to fit the studied case, and it is inexpensive,
portable, and easy to handle. For shotcrete with a compressive strength
of up to 8 MPa and linings with thicknesses up to 100 mm, failure can be
induced by the loading test. The benefit and innovation of this equip-
ment is the ability to monitor the behavior of the fiber-reinforced
shotcrete even when significant displacements develop, and some
induced damages can be revealed.

In the current case, a lateral drift of a main tunnel was arranged to
host the site testing. The full-scale load tests were carried out by pre-

positioning inflatable water flat jacks commonly used in the detach-
ment of blocks in ornamental stone quarrying, fixing along the vertical
wall surface before spraying (Fig. 1a). The wall surface was the previ-
ously existing, so care has only being paid the avoid excess of roughness
at rear. Then spraying over these steel jacks has been carried out, and
timeline for pressurizing has been set up. In the meanwhile the equip-
ment for basic measurements has been arranged: the electric pump with
valves to pressurize the water, the pressure transducers, the pressure
hoses, the potentiometric displacement transducers with sensitivity 0.1
mm (two equipped by wire and two equipped by rod) and the data
acquisition system model MCDR (Fig. 1b).

The mix design use for the concrete was in the class type S3, Projeté
SDG 385 + 20, Formule 350, cement CEM I 525 PM, with uniaxial
compressive strength at 28 days of maturation of 30 MPa. The content of
steel fibers (Dramix® type) is equal to 25 kg/m>. The used mix design
(for one m°® of concrete) is the following:

o fine aggregates: 1145 kg,
e coarse aggregates: 590 kg

e cement: 385 kg,

o silica: 20 kg,

o Glenium® additive: 0.60 %,
o Water: 205 kg.

The thickness of the tested lining varies from 5 to 10 cm.

Three tests were performed, each of which involved the formation of
a loading zone with 3 flat jacks, for a net loading surface of 50 cm
(width) x 150 cm (height) (Fig. 1) (admissible maximum inflating
pressure of about 12 MPa):

Test no. 1: after 2 h from the shotcrete installation; the pressure
reached by the flat jacks at the shotcrete failure was 0.114 MPa, with a
measured maximum displacement of 25-30 mm at the detachment of
the shotcrete slab; the length of the edge of the detached slab is 450 cm,
the measured thickness 36 mm.

Test no. 2: after 17 h from the shotcrete installation; the pressure
reached by the flat jacks at the shotcrete failure was 0.160 MPa, with a
measured maximum displacement of 40 mm at the detachment of the
shotcrete slab; the length of the edge of the detached slab is about 490
cm, the measured thickness 40 mm.

Test no. 3: after 24 h from the shotcrete installation; the pressure
reached by the flat jacks at the shotcrete failure was approximately
0.300 MPa, with a measured maximum displacement of 70 mm at the
detachment of the shotcrete slab; the length of the edge of the detached
slab is about 540 c¢m, the measured thickness about 36 mm.

The transportable electric pump for water used has an analog—digital
pressure gauge and two supply lines (hoses) capable of withstanding a
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Fig. 2. Detachment of the concrete slab at the end of the second test, involving
area more extended than the jack surface (modified after [26]).
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Fig. 3. Evolution of average value of slab detachment from initial undisturbed
position following the applied pressure of water in the inflatable flat jacks.
Steps can be observed for test n.2 and test n.3, where fibers network contribute
to crack extension development. Limit values of displacement are referred to
the physical separation of the slab from the tunnel wall. 1st test refers to 2 h of
curing, 2nd test refers to 17 h of curing, 3rd test refers to 24 h of curing.

limit pressure of 10 MPa.

In all three cases, a ductile and non-brittle failure was noted during
the tests, due to the presence of steel fibers inside the shotcrete. The
displacements measured at the detachment of the shotcrete slab are
considerable and increase with the increase of the breaking pressure.
The image of the conditions of the test zone at the end of test no. 2 is
shown in Fig. 2.

Raw data from the three tests have been summarized in the following
Fig. 3, where the pressure applied to inflate the flat jacks with water has
been considered together with the average value of detachment of the
slab, obtained considering the results measured on the two wire trans-
ducers and reporting the displacement component normal to the wall. It
can be observed that stiffness of the system increases with curing
duration and that steps in displacement evolution are corresponding to
the toughness and additional work provided by fibers.

The evolution of the detached slab is passing through the involve-
ment of modest adhesion with previous existing support because fibers
do not cross the interface old — new stratum and the area covered by the
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flat jack is relevant. Those elements and also the final contour of the
detached slab (with few cracks inside) are demonstrating that the rele-
vant role for strength has been played by shear resistance along the
contour thickness of the shotcrete. One could argue that adhesion at the
interface between the preexisting surface and the new shotcreted
coating is working in a dominant mode: however, this is not always true,
as cases occurred with sudden detachment of the only layer of shotcrete
from the crown. It may happen that due to the presence of dust particles
on the surface or excess of moisture a not perfect contact of the shotcrete
can occur. In our testing, adhesion is not driving the evolution of
cracking because there is a progression of involved strength: at the very
beginning adhesion is present, then it is quite completely lost when the
flat jacks expand and the structural shield reacts mainly along its pe-
riphery. It is possible to see in Fig. 1a and Fig. 2a “red cross” on the steel
rib, that after the detachment results a little covered by the presence of
some coatings of shotcrete remaining at the contact. The detached shield
is a sort of slab where shear across the thickness of the contour is gov-
erning its behaviour: in fact, fibers are crossing this thickness, while no
fiber can cross the interface at the rear with the preexisting surface of the
wall.

Based on the acquired data during the test, a surface of the slab de-
tached from the action of the flat jacks is measured, progressively larger
with the increase of the curing time and the shotcrete strength: 2.15
times the loaded area at 2 h from the shotcrete spraying time, 2.55 times
at 17 h, 3.10 times at 24 h.

In fact, the interaction between the loading area, the shotcrete lining
and the contact area between the cavity wall and the shotcrete, in the
vicinity of the loading area, represents a complex phenomenon, which is
influenced by the following parameters:

strength and elastic modulus of the shotcrete; both vary over time
during the curing time[27-28,31],

size and geometry of the loading area, i.e. the surface where the
pressure is applied to the shotcrete lining;

value of the applied load;

adhesion of the shotcrete lining to the tunnel wall: adhesion means
the tensile strength on the contact surface between the tunnel wall
and the shotcrete.

By analyzing the results of the three performed in situ tests, it is
possible to determine the ultimate shear stress at failure of the fiber-
reinforced shotcrete slab:

1. at 2 h of curing: 7, = 0.528 MPa
2. at 17 h of curing: 73;,=0.612 MPa
3. at 24 h of curing: 7j;,=1.157 MPa

Since the normal stress acting perpendicularly to the failure plane
that develops along the edge of the detached slab is negligible, these
limit values of the shear stress correspond to the cohesion of the
material.

An in-situ pull-out test performed according to the Kaindl-Meyco
technique allowed to obtain an estimate of the uniaxial compressive
strength of the fiber-reinforced shotcrete equal to 6.5 MPa after 30 h of
curing and 11.2 MPa after 7 days. Compressive tests on the same shot-
crete used in the tunnel tests, in cubic specimens after 14 days of curing,
provided a uniaxial compressive strength varying from 12.1 to 14.2
MPa.

The developed in situ tests represent a first phase of the in-depth
study of the behavior of fiber-reinforced shotcrete at the real scale of
the problem, i.e. at the scale of the underground cavity. These tests are
very complex to carry out and represent novel experiments available on
this type of material at the real scale of the problem. The available data
are not numerous but they allow, however, to develop some useful
considerations for design purposes in order to have a preliminary esti-
mate of the necessary thickness of the fiber-reinforced shotcrete lining.
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Stabilization of rock blocks at the cavity boundary for low
shotcrete curing times

During the construction of the tunnels, immediately after the
advancement of the excavation face, a shotcrete lining is sprayed around
the tunnel, in order to secure the newly excavated area. In that same
area, workers and machines are expected to be able to operate and it is
therefore necessary to guarantee the stability of the rock and prevent the
blocks from falling or slipping into the cavity.

Of particular interest, therefore, are the results of the in-situ tests
carried out for short curing times, shortly after the shotcrete lining has
been placed. It is during this time that the fiber-reinforced shotcrete
lining can be able, on its own, to guarantee the stability of the rock
blocks and eliminate or strongly contain the risk of the blocks falling or
slipping.

In the period between 2 h and 17 h (shotcrete curing time), two in-
situ tests were carried out on the fiber-reinforced shotcrete lining,
which allow the area of the detached slab (Age) and the limit shear
stress (zy,) of the fiber-reinforced shotcrete to be estimated; assuming a
linear relationship as a function of time t:

A
S 0.0267 o t(h) +2.10 €h)

Aload

Tim(MPa) = 0.0056 o t(h) +0.5168 @

where: Agq: surface of the shotcrete slab that tends to peel off when
the fiber-reinforced shotcrete lining is loaded;

Ajpeq: loaded surface by the flat jacks action or contact surface of the
rock block;

Tim: limit shear stress within the fiber-reinforced shotcrete, and in
particular on the outer edge of the detached slab;

t: curing time expressed in hours, from the moment of production of
the shotcrete.

Equations (1) and (2) were derived from the results of the carried out
in situ tests, and in particular from the tests with 2 h and 17 h of curing of
the shotcrete.

Equations (1) and (2) represent two fundamental relationships
capable of giving a preliminary indication of two fundamental param-
eters of the subsequent analytical development. Unfortunately, the
available data are not enough to be able to hypothesize more complex
trends than the linear one. However, considering very small time in-
terval after the shotcrete realization, the error that could be made by
adopting the linear trend is considered negligible.

Thanks to Egs. (1) and (2) it is possible to analyze the static contri-
bution to the stabilization of the blocks offered by the shotcrete lining
and presented separately below, for the blocks that tend to slide from the
sidewalls and for those that tend to fall from the tunnel crown.

More specifically, adopting the hypothesis of a circular shape of the
slab at the moment in which the fiber-reinforced shotcrete reaches
failure, due to the presence of a load acting on its extrados, the lining is
able to offer a stabilization force T perpendicular to the tunnel wall
equal to:

T:2.\/”.Aslab.s'71im (3)

where: s: thickness of the fiber-reinforced shotcrete lining.
Substituting Agq Eq. (1) and 7y, Eq. (2) in Eq. (3), we obtain:

T(MN) = 2 e \/7 @ Ajpea(m?) @ [0.0267 o t(h) + 2.10] @ s(m) e [0.0056
e t(h) +0.5168]
€Y

Blocks that tend to fall from the tunnel crown

The rock blocks that are identified in the crown are made up of at
least 3 different natural discontinuities and the sub-horizontal face that

Transportation Geotechnics 49 (2024) 101407

AIoad

Fig. 4. Basic scheme of a rock block prone to fall from the crown of an un-
derground cavity in a 2D vertical section perpendicular to the cavity axis.

represents the cavity profile. In order to stabilize a block of this type, the
fiber-reinforced shotcrete lining must be able to counteract its own
weight. The weight of such a block (W), in the simplest case of a
triangular-based pyramid (Fig. 4), is a function of the surface area that
faces the edge of the cavity (Aj,4q) and the distance of the internal vertex

):
W= }’.Aload .d/3 )

where: y: specific weight of the rock;

Ajpqq: surface of the rock block that faces the edge of the cavity;

d: distance of the internal vertex of the rock block from the edge of
the tunnel.

Considering a safety factor (F;) that cautiously leads to an increase in
the stabilizing force T offered by the fiber-reinforced shotcrete lining, we
have:

T=FeW (6)

Substituting the value obtained in Eq. (4) for T and the value from Eq.
(5) for W, we have:

Smin (m) = Fs L (7)

7(MN/m®)od(m) | Atgad(m?)
6 /70[0.02670t(h)+2.10][0.00560t(h)+0.5168
From equation (7) it is possible to identify the minimum thickness of
the lining to ensure the stability of a rock block having a surface Ajyqq
that faces the edge of the cavity in the crown and the internal vertex at a
distance d from the edge of the cavity.

where:n =

Blocks that tend to slide off the tunnel wall

A rock block that forms on the wall of an underground cavity tends to
slide on one or more natural discontinuities. Considering the cohesion of
the natural discontinuities that represent the sliding surfaces of the block
to be negligible or non-existent, the only forces that resist the movement
of the block are the friction ones.

In the case of a rock block identified by only three natural discon-
tinuities and the subvertical surface of the tunnel wall, the following
further simplifying hypotheses can be made, which however lead to a
cautious overestimation of the stabilization force necessary for the
block:

e the two sliding surfaces (the two lower surfaces of the block) have a
symmetrical orientation with respect to the vertical plane perpen-
dicular to the cavity wall (the lateral surface of the underground
cavity): this means that the direction of the intersection line of the
two sliding surfaces (in the plan view) is perpendicular to the cavity
wall;
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Fig. 5. Schematic representation of a rock block that tends to slide on the wall
of an underground cavity (vertical section perpendicular to the cavity side
wall). The dotted line represents a section perpendicular to the intersection line
between the two sliding surfaces (the two lower surfaces of the block). Key: y;:
inclination angle of the intersection line between the two sliding surfaces; d:
distance (in the horizontal direction) of the internal vertex of the rock block
from the cavity side wall; h: height of the rock block measured in the verti-
cal direction.

Horizontal upper surface

Sliding surfaces Intersection line

Fig. 6. Representation of the rock block in a section perpendicular to the
intersection line (the dotted line in Fig. 5). Key: &: block internal angle between
the two sliding surfaces, evaluated in a section perpendicular to the intersection
line; this angle has a significant importance in the definition of the geometry of
the block in order to obtain the safety factor with respect to the potential
slipping on the two lower surfaces (discontinuities) of the rock block.

e the third natural discontinuity which is the last surface of the block is
represented by a horizontal surface, which isolates the rock block
from above.

Based on these hypotheses, the geometry assumed by the block is
shown in Figs. 5-6 and the surface of the block in correspondence with
the vertical wall assumes a triangular shape, with the base in the upper
zone and the vertex in the lower zone. This surface represents the
loading area (Ajyqq) of the fiber-reinforced shotcrete lining.

For a block of this type, the safety factor (F;) is given by the following
expression:

F = (W e cosy; + T e siny;) e tang ®

(W e siny; — T o cosy;) e sin§

where: y;: inclination angle of the intersection line of the two sliding
surfaces;
@: friction angle on the discontinuities that constitute the sliding

Transportation Geotechnics 49 (2024) 101407

--d=0.5m —=<d=1.0m —e—d=1.5m ——d=2.0 m —e—d=2.5m —=—d=3.0m

0.015
0.010
E
[=y
0.005
PP,
0.000
0.0 1.0 20 3.0 4.0 5.0 6.0

Aaa (M?)

Fig. 7. Trend of the parameter 5 (Eq. (7) as the area Ajqq (area of the block
exposed surface on the cavity wall) varies, for different distances d of the in-
ternal vertex of the block and for a shotcrete curing time of 15 min.

surfaces;

¢&: internal angle of the block, measured in a section perpendicular to
the line of intersection of the sliding surfaces (Fig. 6);

W: block weight;

T: horizontal stabilizing force produced by the fiber-reinforced
shotcrete lining.

From Eq. (8), the value of the stabilizing force T required to achieve
the desired safety factor F; against block slippage can be obtained:

We (FS o siny; e sin — cosy; o tan(p)

T= )

siny; o tang + F; e cosy; e sin§

By setting Eq. (9) equal to Eq. (4), the minimum thickness of the lining
needed to stabilize the rock block on the side wall of an underground
cavity can be obtained:

Smin(M) =nee (10)

V/Atoad (m?)

7(MN/m®)ed(m) .
/70[0.0267t(h)+2.10]¢[0.0056et(h)+0.5168]

where:p = &

(FS o siny; e sins — cosy; o tanrp)

e =
siny; o tang + F; o cosy; e sin$

Since there are uncertainties related to the experimentation on the fiber-
reinforced shotcrete lining, it is advisable to adopt high safety factors (i.
e. higher than 2) as is commonly done in similar cases.

Designing the thickness of the fiber-reinforced shotcrete lining to
ensure the stabilization of the rock blocks surrounding an
underground cavity

Thanks to Egs. (7) and (10) it is possible to proceed to the definition
of the thickness of the fiber-reinforced shotcrete lining in order to sta-
bilize the rock blocks that tend to fall from the crown area or slide from
the side walls of an underground cavity. The required thickness of the
lining also depends on time t: it is the curing time, following the shot-
crete sprayed, for which it is necessary to guarantee the stability of the
rock blocks through the development of an adequate stabilizing force by
the lining.

In fact, different activities alternate near the excavation face and it is
therefore necessary that after a certain period from the spraying of the
lining, the area can be occupied by workers and by machines and other
equipment. It is precisely this period that must be evaluated in order to
identify the strength of the fiber-reinforced shotcrete, which allows for
the development of an adequate stabilizing force of the rock blocks.
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Fig. 8. Trend of the parameter ¢ (Eq. (10) as the width B of the exposed surface
of the block varies, for different heights H, for a distance d of the internal vertex
of the block from the wall of 0.5 m.

As regards the rock blocks that can be in the crown, equation (7)
allows to obtain the diagram shown in Fig. 7, assuming the specific
weight of the rock y to be conservatively equal to 28 kN/m?>. The figure
shows the parameter 7 as the area Aj,q of the exposed surface of the
block varies, for a shotcrete curing time of 15 min, considering different
values of d in the range 0.5-3.0 m.

In particular, for a curing time of 15 min (0.25 h), it is possible to
obtain the following equation describing the value of 7 as Ajqq and
d vary (Fig. 7):

1 2 [0.0010+0.0020 o (d — 0.5)] & \/Apad (11)

As regards the lateral blocks that tend to slide on the walls of under-
ground cavities, by varying the geometry of the block (B: width of the
surface of the block exposed on the wall; H: its height; d: the distance of
the internal vertex from the wall) it is possible firstly to determine y; and
£ (Eq. 8-10) and subsequently the value of ¢ (Eq. (10).

By adopting a safety factor (F;) equal to 2, the parameter ¢ can be
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determined considering a precautionary value of the friction angle ¢ of
the sliding surfaces of the block equal to 28°: this value is to be
considered a lower limit of the typical variability intervals of the friction
angle of natural discontinuities in rock masses. In Figs. 8-13, ¢ is re-
ported for values of d from 0.5 to 3 m, as the width B of the block surface
exposed on the wall and its height H vary. The negative values of ¢ show
conditions for which it is not necessary to provide for the stabilization of
the blocks using the shotcrete lining.

From the obtained results, it is possible to identify the maximum
value of ¢ (eémqx), useful for designing the fiber-reinforced shotcrete
lining, as H (height of the block on the exposed surface on the wall) and d
(distance of the internal vertex of the block from the cavity wall) vary:

€mar = (—0.1071 e d+0.5451) « H—0.416 o In(d) + 0.2243 (12)

It is therefore possible to define the minimum thickness of the fiber-
reinforced shotcrete lining by considering all the possible rock blocks
that may be present around the cavity (both in the crown and on the

—=—H=4.0 m——H=3.5m—=+—H=3.0m—e—H=25m
----H=2.0 m--¢--H=1.5 m--&4--H=1.0 m--e--H=0.5m
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-0.2

€()

5.0

Fig. 10. Trend of the parameter ¢ (Eq. (10) as the width B of the exposed
surface of the block varies, for different heights H, for a distance d of the in-
ternal vertex of the block from the wall of 1.5 m.

——H=4.0m——H=3.5m—=+—H=3.0m—e—H=25m
--m--H=2.0 m--¢--H=1.5m--4--H=1.0 m ----H=0.5m

o _--—."““1-__ PP T Tt W -
w RRET EETE S
I e S *
0.6 ‘-"‘A-~_~_‘_ ______ R P k-————-—= A== mmm—-=- LN
0.4
0.2 P -@----==-- R L .
0
0.0 1.0 2.0 3.0 4.0 5.0

Fig. 9. Trend of the parameter ¢ (Eq. (10) as the width B of the exposed surface of the block varies, for different heights H, for a distance d of the internal vertex of the

block from the wall of 1.0 m.
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Fig. 11. Trend of the parameter ¢ (Eq. (10) as the width B of the exposed
surface of the block varies, for different heights H, for a distance d of the in-
ternal vertex of the block from the wall of 2.0 m.
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Fig. 12. Trend of the parameter ¢ (Eq. (10) as the width B of the exposed
surface of the block varies, for different heights H, for a distance d of the in-
ternal vertex of the block from the wall of 2.5 m.
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Fig. 13. Trend of the parameter ¢ (Eq. (10) as the width B of the exposed
surface of the block varies, for different heights H, for a distance d of the in-
ternal vertex of the block from the wall of 3.0 m.

wall) (Eq. (7), 10, 11, 12):
Smin =2 Max(Fs; €max) © [0.0010 +0.0020 @ (d — 0.5) ] ® \/Ajpaa (13)

Figs. 8-13 show the values of the parameter ¢ as the width B of the block
varies, for different values of H (height of the block); while the previous
Fig. 7 shows the trend of the parameter 7 as the exposed surface area of
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the block (Ajpqq) Vvaries, for different values of the depth of the internal
vertex d.

The shown figures allow to obtain the minimum thickness of the
shotcrete lining necessary for the stabilization of the blocks around the
underground cavities.

These two parameters ¢ and 7, therefore, are fundamental to obtain a
first estimate of the thickness of the fiber-reinforced shotcrete necessary
to stabilize the blocks around the underground cavities. The shown
graphs are very useful tools for quickly sizing the fiber-reinforced
shotcrete lining.

The obtained preliminary estimate must, however, be subsequently
verified through the detailed characterization of the shotcrete on site
using common tools capable of evaluating the strength through
punching.

For a rock block with an exposed surface area at the cavity border
equal to 10 m? and a distance d of the internal vertex of the block from
the border equal to 3 m, the minimum thickness required for the fiber-
reinforced shotcrete lining is approximately 3.5 cm. For smaller
exposed surface areas and d distances, the minimum required lining
thickness is reduced.

Conclusions

The behaviour of fresh fiber reinforced shotcrete during simulated
convergence has been tested: as reported in the technical literature, the
presence of fibers (steel and plastic) in shotcrete induces a significant
improvement in the properties of the shotcrete, in particular with regard
to tensile strength and flexural strength, as well as shear strength. The
advantage caused by the presence of fibers allows the shotcrete lining to
react well to the concentrated thrusts produced by potential blocks of
rock that tend to slide from the side walls of an underground cavity or
fall from the crown area. Furthermore, fibers have the effect of
increasing the ductility of the shotcrete and, therefore, allow the lining
to still be effective in containing the blocks, even in the presence of
significant deformations. On site testing for this study had the role to
prove the feasibility of applying a controlled pressure to a shotcrete
lining simulating a sort of ‘convergence while curing’ the shotcrete: this
is what happens in practice in the great majority of cases while face is
advancing. In a similar mode, if a uniform convergence does not occur,
flat jack can simulate the punctual load of a removable block from the
wall. Limitations are at this stage related to a single type of shotcrete, a
single thickness and to a limited range of curing timeline. Damage while
curing is nevertheless a feature that could be beneficially investigated
also in lab.

In this research, some real scale tests on the fiber-reinforced shot-
crete were presented. From the obtained results, it was possible to
characterize its behavior with a certain precision. The tests simulated
the presence of concentrated loads on the extrados of the lining, in order
to verify the behavior of the fiber-reinforced shotcrete when a rock block
shows a tendency to slip or fall inside the cavity. Based on the obtained
information from the in-situ experimentations, the stabilizing effect on
the rock blocks produced by the shotcrete lining was evaluated. More
specifically, the rock blocks, of different sizes and geometry, present in
the crown area and on the side walls of the cavity were studied. The
analysis developed considering rock blocks with an exposed surface area
on the wall of up to 10 m? and a distance of the internal vertex of the
block from the edge of the cavity of up to 3 m. It was possible to detect
how a minimum thickness of approximately 3.5 cm of the fiber-
reinforced shotcrete lining is sufficient to ensure the stability of the
blocks just 15 min after its spraying, if the bond to the rock is capable to
induce a shear failure in the shotcrete. The fiber-reinforced shotcrete
lining has therefore proven to be an exceptional material, capable of
ensuring the safety of the underground cavity, allowing the stabilization
of rock blocks even before it is possible to proceed with the construction
of support structures through steel sets and/or radial bolts.
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