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Glass Fibre Reinforced Concrete Rebound Optimization

Sadik Alper YILDIZEL!, Muhammet Ensar YiGiT?, Gékhan KAPLAN?

Abstract: Glass fibre reinforced concrete placement technique generates losses due to
rebound effects of the already sprayed concrete particles. Rebounded concrete amount
cause a significant difference between the initial mix design and emplaced mix
compositions. Apart from the structural differences, it comes with a cost increase which
was resulted by the splashed concrete amount. Many factors such as viscosity and quantity
of mixes dominate this rebound amount in sprayed glass fibre reinforced concrete
applications depending on production technologies and processes; however, this research
focuses on the spray distance and the angle of the spray gun which mainly effects the
rebound amount in glass fibre reinforced concrete production. This paper aims to
understand the required angle and distance for glass fibre reinforced concrete mixes having
on-site plastic viscosity values. Glass fibre reinforced mixtures were also modelled with a
finite element method based software and, the analysis results were compared with
production line results. Results of the analysis and on-site studies showed a decisive
correlation between, discharge distance, discharge angle and the viscosity of the concrete.

Keywords: Glass fibre, glass fibre reinforced concrete, finite elements method, spray distance,
spray Angle.

1 Introduction

This research studies the optimum rebound amount for glass fibre reinforced concrete. The
definition of spraying concrete covers the concrete and soil mixtures which are sprayed to
a surface using compressed air. The technology was first developed to preserve dinosaur
bones in 1920. It has found itself application areas in engineering discipline such as slope
stabilization, tunnel excavations and glass-fibre reinforced concrete facade panel
production in the years to come [Hofler and Schlumpf (2006)]. The delivery of concrete to
intended surface is made possible with the compressive effect of the spraying pressure.
Surface adherence of the concrete and its compression on the given surface is easily
attained when fast application of spraying is preferred. These types of applications have
a higher amount of cement content when compared to standard concrete types. Its sand
content, on the other hand, ranges between 52% and 65% of the total aggregate by weight
[Simsek (2012)].
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Sprayed products are more durable and offer a higher fire resistance when compared to
other concrete cast types [Kamara and Novak (2013)]. They have found itself a wide area
of usage ranging from repair of damaged concrete surfaces to the maintenance of bridges
after earthquakes and pool construction [Engineer (1993)].

Traditional spray concrete applications are classified into two main types, namely, wet-mix
and dry-mix. The main advantage of wet-mix over dry-mix is that it provides superior
mechanical properties as it is cast more homogenously with its relatively low
Water/Cement ratio. One of the major problems we face in shotcrete applications is the
need to minimize the rebound rate [Simsek (2012)]. Dry-mix involves a rebound rate
between 20% and 60% while wet-mix involves a rebound rate of %10-15 [Schallom and
Ballou (2003); Ozdogan (2009)]. For glass fibre reinforced concrete production, wet mix
is generally preferred by the producers. For this reason, wet design was used within the
scope of this study.

The amount of large aggregate availability in mix design plays a critical role for the spray
performance and rebound. Crushed rocks should be preferred for the aggregate to be used.
Yet, crushed rocks have a drawback that they increase the equipment wear between 25%
and 45% [Yurdakul (2001)]. It was shown that the common sprayed mixtures with
aggregates of larger grain size provide a better compression therefore reduces the density,
they require reduced amounts of cement and water, they are subject to reduced contraction
and they have a higher adherence strength, yet the existence of larger sized aggregate
increases the rebound rate dramatically and reduces workability. Nevertheless, very low
water/cement ratio would increase the rebound due to poor compression while a very high
water/cement ratio would increase the rebound as it would make it difficult for surface
adherence [Bourchier (1990)]. However, fine aggregates were used as per the requirements
of the international glass fibre reinforced concrete association requirements.

For other types of sprayed concrete processes, the spray gun should be at a correct angle
(909 and the distance between the gun and the surface must be between 1 and 2 meters for
optimum compression [Malmgren, Nordlund, and Rolund (2004); Melbye, Ve Garshol
(2000)]. In many his experimental study, researchers place the nozzle at a 90<angle to the
surface and 1.0-1.1 meters away from the mold, and this application was identified as the
optimum [Ayis (2010)]. It was also shown that the air compression of 4.5 bars gives the
best results in terms of compressive strength and rebound velocity of concrete.

There are ongoing optimization studies worldwide for the angle of the nozzle above the
surface, the distance between the nozzle and the surface area, and the viscosity values as
factors affecting the rebound velocity [Morgan and Columbia (2000), Ginouse, Jolin and
Bissonnette (2014); Ginouse and Jolin (2015)]. However; there are no common and final
decision for glass fibre reinforced concrete spraying process.

The splashed concrete amount is mainly effected by mixing water, aggregate types,
chemical admixtures, additives and viscosity of the mixture [Armelin and Nemkumar
(1998); Warner (1995); Kusterle and Eichler (1997)] Glass fibre reinforced concrete
production technology only comprises fine aggregates and minerals. For this reason,
aggregate effect was ignored within the scope of this research.
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Research Significance

Glass fiber concrete production costs are higher compared to traditional concrete methods.
For this reason, it is of utmost importance to reduce the loss of material, especially rebound
amounts in production line. This study aims to contribute the rebound optimization works
for the production.

2 Experimental studies

2.1 Method

The experimental studies were carried out at the production line of a glass fibre reinforced
concrete producers, under the original sprayed concrete production conditions. The
rebound amounts were measured by spraying glass fibre reinforced concrete on to a 1000
X 4000 mm mold. The spray gun angles were selected as 90< 75<and 45 “with the distances
of 50 cm, 40 cm and 30 cm to the mold surfaces. Spray angles and distances were selected
as per the production requirements of the glass fibre reinforced concrete producer (Fig.1a,
b). The spraying of glass fibre reinforced concrete was Carried out as per the requirements
of GRCA in 4 mm thick layers as shown on Fig. 2. Each layer was compacted with a roller
before the spray process of the next layers. Splashed concrete particles were collected with
the help of a tarpaulin blanket. At the end of each spraying process, the mold (A: kg) and
the tarpaulin blanket (B: kg) were weighed. Rebound was calculated with the following
formula (1):

Rebound (%) = (B/ A +B) x 100 @

In addition to the splashed concrete amount calculations, viscosity values of the mixes were
calculated with a viscometer at the temperature of 25 C< Results were converted to Pa. s
by the means of common fresh concrete viscosity calculations with the equation (2) where
T is shear stress (Pa), u is the plastic viscosity value (Pa s), TO (Pa) is yield stress and a is
shear rate (s™*) [Nanthagopalan and Santhanam (2010); Pei, Liu and Wang (2015)].

T=T0+po )
Static consistency of the mixes complying with European standard EN 1170-1 and bending

strength value of specimens complying with European standard EN 1170-4 EN 1170-5
were also measured.

(@)

Figure 1: Spray Processes
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2.2 Materials

In this study, CEM | 52.5 R cement [TS 197-1] was used for the mixture design. The
chemical and physical properties of CEM | 52.5 R cement are presented in Table 1.
Polycarboxylate based third generation water reducer was preferred as the chemical agent.

Figure 2: Spraying paths

Table 1: The chemical and physical properties of CEM | 52.5 R cement

Chemical Properties (%) |Physical and Mechanical Properties

SiO; 21.6 | Specific Weight 3.06
Al;O; 4.05 | Specific Surface (cm?%gr) 4600
Fe.03 0.26 | Whiteness (%) 85.5
CaO 65.7 | Initial Setting (min.) 100
MgO 1.30 |Final Setting (min.) 130
Na,O 0.30 | Water Used for Consistency (%) 30
K20 0.35 | Volume Constancy (mm) 1.0
SO3 3.30 |Remnants Obtained Using 0.045 Sieve (%) 1.0
Free CaO 1.60 | Remnants Obtained Using 0.090 Sieve (%) 0.1
Chloride (CI) 0.01 | Compressive Strength for 2 days (Mpa) 37.0
Insoluble 0.18 | Compressive Strength for 7 days (Mpa) 50.0
Loss on Ignition 3.20 | Compressive Strength for 28 days (Mpa)  60.0

Silica sand of AFS 80 to 100 (AFS is obtained by multiplying the sand grammage per sieve
and DIN factor for each sieve and then division by the total grammage) was chosen as the
aggregate for mixtures. Properties of the silica sand are given in Table 2. The particle size
distribution of the Aggregate can be found in Fig. 3. Alkali resistant glass fibers were used

in the scope of this study.
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Table 2: Silica aggregate properties

. . 1 710 (500 355 |250 |180 |125 |90 |63

Sieve Aperture Size
mm | um pm | pm pm pm pm (pum | pum

Production Range (%) |0 0 0 0.2 0.3 20.1 |60.4|16.1 (1.8
Mean Grain Size (pum) 140-170 | Specific Weight |2.68
Clay Content (%) 0.6-0.8 | AFS Value (%) |84.6

Particle size distribution of silica aggregate
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Figure 3: Aggregate particle size distribution

Fibers were cut to a length of 120 mm by the spray gun blade during the spray process. The
physical and chemical property of the fibers are given in Table 3. And Drinking water was

preferred for this experimental study.

Table 3: Physical and mechanical property of alkali resistant glass fiber

S/no. | Property

1 Industrial strand tensile strength 1750 Mpa
2 Modulus of elasticity 71,500 Mpa
3 Fiber diameter (df) 12 microns
4 Aspect ratio 852

5 Specific gravity 2.69

6 Water absorption <0.11%

The mixture design is presented in Table 4.

Table 4: Material content of 1m3 mixture

Aggregate (Silica Sand) (kg) 625
Cement (kg) 625
Superplasticizer (kg) 3.69 £0.1
Water (kg) 190

Glass Fibre Content

2 %, 225 % and 2.5 % (in
volume)
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2.3 Experimental study results

The first phase of the experimental study was started with the viscosity and static
consistency determination works. Glass fiber reinforced mixes viscosity values are

measured by means of eq. (1) and the results are given in Table 5.

Table 5: Viscosity measurement

Mix id Fiber Content (%) Viscosity Value: T (Pa.s)
M1 25% 4.4
M2 2.25% 4.1
M3 2% 3.9

Static consistency of the glass fiber added mixes were measured as per the requirements of
the EN 1170-1 and results are seen in Fig. 4.

Circle Number 0 1 2 3 4 5 7 8
Circle Diameter(mm) 65 85 105 125 145 165 185 205 225
Mix I 130 mm

Mix II 143 mm

Mix III 152 mm

Figure 4: Static consistency results (EN 1170-1)

The general tendency was that the viscosity value increased when fiber content was higher.
And spread of the mixes had lower values when they had more fiber content. These were
obvious with the literature study results [Ulzurrun, Gonzalo and Carlos Zanuy (2017); Al-
Hadithi, Abdulkader Ismail and Nahla Naji Hilal (2016); Ahmadi and Mohsen et al. (2017)].
Fig. 5.a., 5.b and 5.c. show the rebound results for each mixture, classified by their spray
distance and spray gun-surface angle.
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Figure 5(a): Rebound results for 90 Sun-surface angle
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Figure 5(b): Rebound results for 75 Squn-surface angle

The figures highlight the roles of viscosity and high gun-surface angle in rebound reduction.
Mix | had the lowest rebound values when spraying performed with 90 SQun-surface angle.
The increase of rebound could reach 15 % for the worst cases, mainly for the 3.9 viscosity
values.
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Figure 5(c): Rebound results for 45 Syun-surface angle

Some mixtures seemed more efficient comparing to others, but their behavior depended on
the spray distance and angle. Mix | gave good results for the 45 “angle which is the worst
case of the spraying process.

Another point is that the decrease in static consistency value lead to rebound reduction.
However, it is not a single characteristic of the mixture to make easy decision.

Bending strength of the mixes were calculated per the required standards: EN 1170-4 and
EN 1170-5.

Modulus of Rupture (Mpa)
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Figure 6: Modulus of Rupture Values (EN 1170-4&5)

The results presented above (Fig. 6) concern only the 28-day bending strength values of
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the glass fiber reinforced mixes. The minimum required value of 17 Mpa was passed by
the all mixes. Decrease in viscosity led to a slight increase in strength values in parallel
with the previous researches [Bhogayata, Ankur and Narendra (2017); Da Silva, Marco
Anténio, et al. (2017); Armengaud and Julie et al. (2017)]. For general cast concrete, the
driest consistency should result in the highest strength; however, for glass fiber reinforced
concrete, fiber content plays a significant role for determining the highest strength when
they were used within the limits.

The experimental results show that fresh properties of mixes linked with the rebound
amounts. But they are very empirical. For this reason, it becomes easier the adjust spray
distance and angle to aim less rebound amount. To analyze the problem in more detail and
to compare the results with the site studies, the simulation analysis of spraying process was
done by the aid of the finite element method based software. As commonly preferred by
the academics [Wei and Yang (2016); Vu-Bac, Nguyen-Xuan, Chen, Bordas, Kerfriden,
Simpson and Rabczuk (2011)].

3 Numerical studies

3.1 Definition of the problem

This section addresses the phenomenon of spray concrete acting as a fluid. Models were
identified to detect the flow rate and compression distribution the fluid concrete generates
on the fixed cast surface (Fig. 7).

H Nozzle

Model A Model B Model C

Y b Y
90" I 75 3
1_. X Mold Surface X Mold Surface L % Mold Surface

Figure 7: Models and the angle of spray gun above the surface.

The spray concrete models were analyzed for different angle, distance and viscosity values
as shown in the table below (Table 6).

Table 6: Numerical modelling parameters

. . Distance of the | Spray Gun

Model \I\illisf?ligys())f gun above the | diameter Sg{;g:}:?:;c) Spray
' surface (cm) (cm) Angle (9

Model A31 -
Mix 111 3.9
Model A32_ 30 6.0 3.500 90
) 4.1
Mix 11
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Examination points were identified on the fixed cast surface which the concrete was to be
sprayed on and compression and velocity values were detected for these points (Figure 8).
The impact of the concrete sprayed are then identified as these compression and velocity
values were obtained.

Nozzle
—

A B C D

3 2 rs Yy

1—» X ¥~ Fixed Surface

o [T1

Figure 8: Fixed surface, nozzle and examination points (A, B, C, D, E)
3.2 Solution mesh design

The element geometry used in allocation of the fluid into finite elements is hexahedron.
Element types used in fluid models vary. The figure below shows the element type of
EC3D8R which is used in fluid models (Fig. 9).



Glass Fibre Reinforced Concrete Rebound Optimization 213
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Figure 9: EC3D8R element geometry

This element which is suitable for fluid-structure interaction is Eulerian Continuum 3D, 8-
node element with reduced integration. It has a form of a modified hexahedron against
contact problems. This model involves 7940 points and 3600 elements. The general
solution mesh range used for the points and elements given in Fig.10 was taken 1.0 cm
while the solution network range used for the areas closer to the nozzle surface was taken
0.5cm. These ranges were defined because of the “Convergence Analysis” as detailed in
the Analysis Results section.

T

e

Figure 10: Solution mesh structure of the model
3.3 Material properties for simulation

After establishing the model geometry, materials were assigned to the model. The most
suitable model was found to be EOS model (applicable for Newtonian’s fluid equation of
state) [Nddgen, Riedel, Thoma and Fehling; Tan, Chan, Poon; Gebbeken and Greulich
(2015); Tai, Chu, Hu and Wu (2011)]. The properties of EOS material are given in Table
7 in detail.
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Table 7: EOS material parameters

Unit Volumetric i i .
?pegd of Stound Constants _ Unllt Volumetric Dynamic
or Concrete Density Weight Viscosity
C, (ms) k | TO | py (UM 7y (KN/m?) u (Pa.s)
4.4
1450 0 |0 1.850* 18.148 4.1
3.9
*Concrete density was kept at a low value when compared to the traditional spray
concrete density as the dosage of cement was low; and mix included pozzolana and
a trace amount of light aggregate and air entertainer admixture.

3.4 Boundary conditions
The following boundary conditions were given in the rectangular model as to allow for
flow motion in the x, y direction (Fig. 11).

» VY=3500cm/sec was used for the y direction while nozzle output rate was taken
constant.

» No flow was allowed for the boundary conditions of lateral surface for the z direction
(Vz= 0 Boundary condition)

+ Gravitational pull was applied to the model for the Y direction (-981 cm/sn2).

» No movement was allowed for the x, y and z directions on the surface of the cast.
(UX=UY=UZ=0 Boundary condition).

 No fluid acceleration was allowed for the X, y and z directions on the surface of the
cast (VX=VY=VZ=0 Boundary condition).

VZ=0

P UX=UY=UZ=0 T
( VX=VY=VZ=0 )

~— Fixed Surface

Figure 11: Boundary conditions used in the finite element analysis
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3.5 Convergence analysis

The Finite Element Model which is to be modelled using ABAQUS software requires the
change in location (Ax) and time (At). These values were obtained using different Solution
mesh distances with the convergence analysis. The mesh range of the system is defined
when no change or a negligible change was observed for the reference value (velocity or
pressure, etc. at the same point) even the solution mesh range was reduced. It is well-known
that it is possible to obtain definite results by working with reduced values yet a prolonged
analysis process is unavoidable. The convergence analysis of the model is shown in the
figure below (Fig 12).

" 6500 : T T ,
6000
5500
5000
4500

4000
15 1 0A

2
Solution Network Interval (cm)

Reference Point Velocity(cm

Figure 12: Convergence analysis graph

As seen in Fig. 12, the change in the velocity of the reference point was in negligible rate
(2%) even when the solution mesh range was assigned a value less than 1.0cm. For this
study, it was determined that it would be better to assign a lesser solution mesh range for
parts requires detailed examination and a greater solution mesh range for others to
accelerate the process.

3.6 Analysis results

Analysis results of surface contact velocity of sprayed concrete for 90 “spray angle and 30
cm distance are shown in Fig.13. It was obvious that Mix Il (Model A31) has the
maximum resultant velocity for having less viscosity value as 3.9 Pa s. High resultant
velocity led to more rebound values.
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Figure 13: Resultant contact velocity values for 90 <angle and 30 cm spray distance



216 Copyright © 2017 Tech Science Press CMES, vol.113, no.2, pp.203-218, 2017

Analysis results of surface contact velocity of sprayed concrete for 75 “spray angle and 30
cm distance are shown in Fig.14.
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Figure 14: Resultant contact velocity values for 75 <angle and 30 cm spray distance

Spray angle of 75 <led to high speed of resultant particles. Model B31-Mix Il has the
maximum resultant contact velocity again having less viscosity values of 3.9 Pas. As for
the rebound in Fig. 14, it can be noted that decreasing the spraying angle does necessarily
increase the resultant velocity with the low viscosity values.

The results presented above led to an expectation for obtaining maximum rebound values
for 45<angle. Related analysis results are shown in Fig. 15.
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Figure 15: Resultant contact velocity values for 45 <angle and 30 cm spray distance

The minimum value of rebound velocity was found for Model C33 (Mix I) as V=5897.8
cm/sec. It can be noted that decreasing the spraying angle led to more rebound values as
presented above.

4  Assessment and Results

Rebound optimization of sprayed glass fiber reinforced concrete is a very complex
engineering problem involving many factors. To obtain an optimum rebound value, it is
necessary to study the influence of technical parameters: spraying angle, distance and the
viscosity of the mixes. This phenomenon can be studied in detail with the aid of the finite
element based software as conducted within the scope of this study.

The following outcomes were obtained in the light of the analyses and on-site production
conducted.

* The most suitable angle for spraying process are provided with the angle of 90°to
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achieve minimum rebound effect.

* The most suitable value for the discharge distance was acquired as L=50cm.
Furthermore, it was observed that the rebound velocity increased with the rising
distance values.

* Rebound velocity is increased with the decreasing angle between the cast surface and
the nozzle spray direction. Therefore, rebounding concrete amount is increased due to
relatively high velocity.

* It is also observed that the splashed concrete amount was decreased because of
gradually increasing viscosity values in the analyses.
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