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Abstract

Shotcrete is widely used in tunnels construction due to its flexibility in placement concrete as underground
support, whose rebound material directly affects its quality and cost of projects. In the present work, a review of
the state of the art of the last four decades is carried out on the placement factors that influence the rebound of
dry-mix shotcrete; where the main parameters that affect it have been identified first, then its behavior is
analyzed; next, the relationships and implications related to its process are discussed, giving the necessary
explanations for its understanding; then, case studies on simulations of applications in the laboratory and site are
included for their quantification; and finally, recommendations and rebound are provided as short or medium
term research topics. After this extensive review, it is concluded that the minim rebound percentages for the
spraying velocity of 100-114m/s is 25%, for the nozzle distance of 0.5-1.5m is 10%, for a spraying angle of 900,
for the angle of the surface of 0o and 900 is 5-15% and for a layer thickness of 50mm is 30%. Likewise, the two
case studies presented reflect the need to carry out simulations in the laboratory and or on site to have a better
representation of the real conditions of application in construction projects; On the other hand, the
recommendations and future perspectives include conclusions on the study of other parameters associated with
dosage and transport, and the need to include nanomaterials, ecological and cementitious materials.
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1. Introduction

In the shotcreting of Dry-Mix Shotcrete (DMS), the mixture of cement and dry aggregates (or with a small
percentage of moisture, less than 4%) is done in a concrete plant, subsequently, the assembly is transported
pneumatically by means of pressurized air through the delivery hose to the nozzle, in which water is added to
the mix, depending on the consistency; which guarantees its quality and is subject to the experience of the
nozleman and good knowledge of placement techniques; if required as the case, admixtures are included in the
dry mix or water. In this shotcreting process, the length of the hose can be significant and the spraying velocity
is high.

The rebound (R) directly affects different aspects related to the production of shotcrete such as, among
others, the economy of the work, whenever there is loss of material; Also, to the compactness of the placed mix,
due to the existence of an excess of pores and air trapped inside and, to the safety and hygiene of the personnel
who carry out the projection, due to the impact of the aggregates and the formation of dust in the area being
sprayed.

The purpose of this article is to summarize from the existing literature the main parameters related to the
placement of DMS, which directly affect on R in tunnels construction.

2. Rebound
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In the placement of the DMS, the component materials from their mixing to until reaching support on which
it is projected, go through different mixing situations, starting with a starting mix, passing this to a transported
mix, then it becomes in a projected mix, to finally get the placed mix.

During the placement process, there is a projected mix that is lost, and that corresponds to the R; than when
impacting on the surface, either on the ground or in the air,

which directly affects the quality and cost per m® of the Hardened Dry-Mix Shotcrete (HDMS).

This loss is highly variable and depends on different parameters, among which we can mention:Spraying
Velocity (SV) [1], [2], [3]. [4], [5]. [6], [7]. [8]. [9], [20], [11], [12], [13], [24], [15], [16], [17], [18]; Nozzle
Distance (ND) [2], [3], [4], [15], [7], [16], [17], [19], [12], [20], [21], [22], [23], [24], [25]; Spraying Angle
(SA) [2], [3]. [A]. [26], [7], [27], [28], [8], [29], [30], [31], [25], [32], [18], [33], [11], [20], [34], [21], [14],
[35], [22], [23], [15], [16], [17], [24]. [25], [18], [36]; Angle of the Surface(SA) [1], [2], [37], [6], [27], [38],
[25], [11], [34], [13], [39], [14], [35], [40], [17], [24]; Surface Type [1], [2], [37], [6], [25]; Surface Roughness
[2], [37], [6], [16], [25]; Surface Moisture [1], [37]; Amount of Reinforcement [41], [27], [16], [17], [42];
Nozzleman [2], [37], [3], [4], [41], [15], [7]. [43], [44], [16], [25]; Nozzle Type [19], [25]; [45], [36]; Gunman
[1], [40], [16]; Nozzle Mottion [1], [15], [23], [25]; Mechanized Spraying [1], [36]; Air Flow [9], [46], [10],
[32], [19], [34], [13], [22], [16], [17], [25], [36]; and Layer Thickness (LT) [1], [2], [3]. [4], [6], [26], [16],
[47], [29], [25], [11], [19], [13], [14], [22], [16], [17], [25], [36].

In the case of DMS, of the parameters mentioned, the SV, ND, SA, AS and LT will be described, which are
the ones with the highest incidence on R.

3. Analysis
A. Spraying Velocity

The mix that is transported by delivery hose must have a constant SV, without intermittent flows, to
guarantee a homogeneous continuity of the flow, so that an efficient placement of the projected mix is obtained.

Ref. [38], in Fig. 1 shows the variation of the percentage of R as a function of the VP, showing that the
percentage of R is lower for low SV and that, on the contrary, for high SV the R increases, existing minimum
values of R of 25% for an optimal value of SV comprised between the range of 100-110 m/s.

On the other hand, [38] in Fig. 2 presents a correlation between SV, compressive strength and percentage of
R. In the indicated figure, the author comments that for an optimal SV of 114 m/s there corresponds an R of 8%.

B. Nozzle Distance

An adequate ND between the nozzle and the substrate ensures that the particles have fully penetrated the
mix. There are different ranges of values or quantities defined for this ND, which are a function of the
placement, being 0.5-1.5m[35], 0.6-1.8m[5], 0.9-1.5m[48], 1.0-2.0m[49]; and the values of 1.2m[9], and 1.5m
for [35], who indicates that the ND varies depending on different factors: the type of application and guidanceof
spraying (manual, automatic and robot), the limited areas of work, the amount of steel, the danger of rock fall,
the adherence to the type of surface, the compactness of the mixture placed and the amount of air; for this case
[31] consider a value of 1.4m.

In Fig. 3, taken from [32], shows the distribution of the percentage of R for different values of ND (a),
showing that the optimal ND (a) results in an R for 10% and that for variations of a 25% of that ND, the R
increases to 25%.

On the other hand, [38] presents in Fig. 4 the influence that the ND and the ASP have on the R. From this we
can indicate that for small values of the ND, of the order of 0.75m, an R of the 21%, while, when the ND
reaches higher values, up to 1.25m, the percentage of R is 25%. Instead, for a ND value equal to 1.00m, a
minimum percentage of R of 10% is achieved, these results are similar to those obtained in [17], [32], [50], [51],
[52], [53].
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Fig. 2 Influence of spraying velocity on compressive strength and rebound
C. Spraying Angle

The SA is also a very important setting parameter that has a great influence on the R, which reaches its
optimum value when the shotcreting is perpendicular to the support. [31] indicates that when going from an
angle of 0° (perpendicular to the wall) to an angle of 30° the R increases by 10-15%. Also consider that, for
areas with a high density of reinforcement, vertical surfaces adjacent to the ground, unstable areas with rockfalls
and corners formed by the intersection of two surfaces, the angle is never less than 45° and the closest to 90°,
value equal to that given by [35].

Ref. [37] in Fig. 5 shows us the influence of the SA on the percentage of R where it can be seen that as the
SA increases, the percentage of R decreases reaching the value of 13% for an angle of 90°. This value coincides
with those indicated by [17], [27], [50], [51], [52], [53], [39].

D. Angle of the Surface
The AS may vary [16], due to the type of applications, including tunnels, reservoirs, pools, canals and those
associated with the repair of various structures. In Fig 4 given by [38] and shown previously, it can be seen that

the percentage of R grows as the SA varies from 0° (wall position) to 90° (ceiling position), with the minimum
and maximum values corresponding to 10- 12% and 20-25%.

In this same direction [32], he obtains the results presented in Fig. 6. In view of them, it can be indicated that
the percentage of R is similar to that found by [38]. However, the aforementioned author found a range (5-15%)
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of values for the wall position (0°) and a lower range (20-30%) for the ceiling position (90°), these ranges are a
little lower than the ranges (5-25%) and (25-50%) for wall and ceiling indicated by [50]. On the other hand [54],
it indicates that the rebound percentage varies with the type of aggregates (washed river or crushed stone),
finding that for a 20mm crushed stone of it obtains the values of 18%, 14% and 9% for the positions overhead
(909), vertical (0°), and bottom (270°).

E. Layer Thickness

The first moments of a mix shotcretingare those that have the greatest influence on R [34] due to the fact that
the surface on which it is projected does not have the minimum amount or has only a few millimeters of
material. In Fig. 7 [47] he studies the influence of the LT on the R, determining that the percentage of R
decreases as the LT increases, finding that from a 50mm LT the R tends to be constant.

4. Discussion
A. Spraying Velocity

The variation in the rebound percentage is a consequence of the impact of the shotcreting on the surface.
Thus, when a concrete mix is placed with a great impact on the surface as a result of the high SV at the outlet,
its basic components (aggregates, water and cement), penetrate into the layer of the placed mix without being
able to adhere to it by insufficient thickness, so its material that R is produced in large percentages.

However, when there is a low SV at the outlet, that is, it produces less impact on the surface, the coarse
aggregates rebound in less quantity while the water and cement do not reach to be placed in the layer of placed
mix, contributing all this so that the percentage of R is lower.

Given this situation, is necessary to consider the shotcreting with an optimal SV, which favors that the
components of the placed mix have, on the one hand, a greater penetration as the initial layer that receives the
concrete is formed and on the other hand, they are completely wrapped, thus contributing to the fact that the R
of the largest grains is as low as possible and that minimum R percentages are obtained.

B. Nozzle Distance

The influence of ND is manifested in the sense that there is a dependence, on the one hand, on the
compaction and, on the other, on the amount of movement of the projected mix. Thus, in the case of a large ND,
the compaction does not develop adequately because the impact of the mix produces an insufficient depth of
penetration of the aggregates within the concrete, which is why they rebound, with respect to the amount of
movement; its displacement velocity is sufficient at the moment of impact to produce the penetration of the solid
components of the concrete in the projected layer, so the R of the mix is lower.

On the other hand, if the ND is small, the projected mix would bounce when hitting the surface because the
impact is high and does not favor the incrustation of the aggregates in the projected layer and the mix presents a
high R. Regarding the amount of movement, it should be noted that this due to the high speed of impact presents
a high percentage of R of the projected mixture. Therefore, it will be necessary to establish an optimal ND that
guarantees the appropriate combination of both compaction and amount of movement, thus generating a mix
placed with a minimum percentage of R.

C. Spraying Angle
The incidence of SA depends on the orientation of the jet during shotcreting. Thus, when the application is
made perpendicular to the surface, the angle of R is smaller and the trajectory of the rebounding particles is

almost identical to those of impact. This favors the aggregates to embed themselves in the projected layer and to
be adequately enveloped by it, which contributes to a lower R.

Instead, in the case of having an application with an oblique SA to the surface, the path followed by the R
angle after impact will be greater, producing a high percentage of R from the thick concrete components.

D. Angle of the Surface

The behavior of the AS on the R is differentiated by gravity. Thus, for a shotcreting directed towards the
ground, gravity contributes to the majority of the basic components of the projected mix being placed and, in
turn, the material that R is embedded on the surface to which it is projected. In this way, a greater quantity of the
projected mix is placed, therefore, the percentage of R will be minimal.

On the other hand, in the case of an shotcreting oriented towards the overhead, gravity prevents the
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development of a uniform velocity of arrival of the projected mix, decreasing the velocity of the coarse grains
and increasing the effect of compressed air in the placement of the fine ones, contributing in this way that the
components of the placed mix do not develop a correct adhesion on the surface; therefore, a maximum R
percentage occurs.

Now, for a shotcreting directed towards the wall (perpendicular to the surface), what is stated in section 111
D. is presented, and the percentage of R is the minimum, corresponding mainly to coarse aggregates.

E. Layer Thickness

The variation of the LT is related to the amount of material of the placed mix that exists on the shotcreting
surface. Since, at the beginning of the shotcreting, the cement, small aggregates and paste that surround them,
do not adhere easily or do so minimally, causing the medium and coarse aggregates to R, this because there is
no initial concrete mixture that serves as base.

As we increase the LT, the medium and coarse aggregates become embedded on the existing mix base, and
when this layer increases to half the diameter of the coarse aggregate [55], it allows it to penetrate and adhere,
which favors the that the percentage of R decreases.

5. Case Studies

Below are some cases where R is quantified, considering the parameters under study, by means of the
laboratory simulation of the shotcreting with differents guidance of spraying, robot and manual on test panels.

A. Spraying robot

Rigorous research trials on the influence that ND and SA have on R were developed by [13], [43] for
stationary industrial production of DMS production test platform at the University of Bochum in Germany. The
sprayingrobot was used with a SV of 25m/s on a vertical surface, for 2 forms of pointing the movement of the
nozzle, fixedand circular.

For the ND, a 90° SA of the robot was considered for 5 distance values: 0.5m, 1.0m, 1.5m, 2.0m and 2.5m.
The results found indicate that a minimum R percentage is reached for the ND of 1.5m. This value is within the
range of 1.0-2.0m found by [17], [39].

In the case of the SA, a ND of 1.5m and 3 SA values of: 0° (equal to 90°), 15° (equal to 75°), 30° (equal to
60°) were taken. The results obtained indicate that the minimum R percentage is achieved with an SA of 90°.
This value coincides with those found by [21], [32], [32], [51], [52].

B. Spraying manual

A significant number of underground construction projects have been underway in Canada for several
decades. [56], carries out an exhaustive selection of projects with the compilation of typical mixtures designs
with steel fibers and silica fume on DMS and wet-process shotcrete, used in tunnels and mines. With this data
collection, 2 typical mix designs are developed for each of the projected concretes, in order to carry out different
laboratory tests to evaluate the Fresh Dry-Mix Shotcrete (FDMS), the R of the concrete on the surface and the
HDMS.

In the case of R, with a sprayingmanual it is quantified in a rebound chamber, the mixture used presents a
relationship a/c = 0.3-0.4, the amount of cement varies from 18-21% and the gradation of the aggregates
corresponds to type No.1 or No.2. After studying the influence that AS has on R, it is found that with a mix
without silica fume and for a overhead position (90°) the percentage of R is 54.6%; Now, for a wall position (0°)
the percentage of R is 35%; this result coincides with the maximum value of the range of values of 15-35%
given by [34].

6. Final Remarks And Future Perspectives

After the meticulous selection, review and analysis of the extensive and varied technical literature of the last
four decades (1980-2220) on the placement factors that influence the R material, we can indicate the following:

There is a large number of parameters that influence the placement of DMS applied to tunnels, the main and
most referenced are the SV, ND, SA, AS and LT; which contribute to the formation of a greater quantity of R,
which affects the quality and cost of the placed mix.

The results found on the percentages of R, in some cases present marked differences between them, because
the conditions of execution of the projects are very varied and the tests that resemble these conditions present
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certain difficulties related to the parameters associated with the dosage of the initial mix: aggregates,
admixtures, additions, cement and water; and to the transported mix: shotcreting machine, nozzles and air
compressor.

An obvious difficulty is the very little existence of up-to-date technical literature on the implementation
factors that affect the R, which is why it has been necessary to resort to technical documents with some antiquity
coming from different contexts: research, industry, project specifications, standard specifications, and diverse
geographical areas to have a varied and deep specialized knowledge, which fully illustrates the level of depth
required to understand the complex mechanism of R [57], [58]. This difficulty could be due, on the one hand, to
the fact that the delivery equipment, nozzleman and rodman used to placement the mix represent a high cost
and, on the other, to the need to have a project in execution that coincides with the moment in which the study is
planned; Also, it could be due to not having a conditioned work area, either in the laboratory or in the field, that
simulates the real work conditions for its application.

The parameters studied must be optimized to achieve the least amount of R, presenting optimal ranges for
SV and ND; insted forSA and LT there are optimal values; while for AS the values are obtained according to the
position it adopts, being considered higher for a overhead application.

As future research, it is recommended to study the influence of other placement parameters inorder to cover
the scarce existing documents and the lack of updated information, that allows knowing their behavior with
respect to R, being able to address for example: the air flow supplied by the compressor, the thickness of the
FDMS, etc.

Having to supply an optimal air flow favors the aggregates to reach the ideal speed to embed themselves in
the surface of the ground, without the reaction of the latter to cause a detachment of the FDMS and
consequently the R of the components of the mix placed. In the same way, defining a minimum thickness, by
means of the progressive placement of the material, starting from a very fine mix that serves as a support for the
initial mortar and that later increases in thickness with the shotcreting of the mix, allows the aggregates to
adhere to the start, they are then partially embedded and finally can be fully covered, reaching a thickness of
highly compact mix and with a minimum R.

Consider the study of other materials for the composition of the mix, such as: mineral admixture, including
fly ash, black carbon and metakaolin, because the size of their particles better controls the mix and reduces the
material of the R [59]; also, cementitious materials such as flash metakaolin, blast furnace slags and silica fume
can be added, which by influencing the consistency of the mix produce less R [60]. Nanomaterials, such as
nanosilice and nanoalumina, can also be studied because they are extremely fine, they fill the pores of the
structure of the Calcium Silicate Hydrate (C-S-H) gel, providing an improvement in its microstructure [61],
[62], which contributes to a good adherence of the mix on the surface and consequently a lower R. Another
types of materials that can be used are ecological ones, obtained through a post recycling manufacturing process
of previously used glass bottles, such as glass powder that, due to its fine particles, improves the plasticity of the
mixture obtaining a under R [63].

Carry out scale simulation tests in the laboratory or on site tests on test panels or real tests directly on site, so
that these are more representative of the specific conditions of their application; For example, in underground
constructions, perform R measurements for the different application positions in the cross sections of tunnels
and or caverns, thereby obtaining a more exact quantification of the percentage of R, which will directly affect
the highest performance during the shotcreting, in the health of the nozzleman, gunman and in the lower cost of
the project.

In conclusion, theoretical investigations related to the other implementation parameters mentioned above and
not developed in this article, are scarce and their process is poorly understood. Therefore, the R mechanism
requires extensive theoretical and experimental investigations, which can be complemented, due to the situations
exposed before, with the elaboration on mathematical models, their simulation and then constrasting them under
different real situations applied to the construction of tunnels.
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