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1. Introduction

ABSTRACT

GRC is a cementitious composite material made up of a cement mortar matrix and chopped
glass fibers. Due to its outstanding mechanical properties, GRC has been widely used to
produce cladding panels and some civil engineering elements. Impact failure of cladding
panels made of GRC may occur during production if some tool falls onto the panel, due
to stone or other objects impacting at low velocities or cavsed by debris projected after
a blast. Impact failure of a front panel of a building may have not only an important eco-
nomic value but also human lives may be at risk if broken pieces of the panel fall from
the building to the pavement. Therefore, knowing GRC impact strength is necessary 1o pre-
vent economic ¢osts and putting human lives at risk.

One-stage light gas gun is an impact test machine capable of testing different materials
subjected to impact loads. An experimental program was carried out, testing GRC samples
of five dilferent formulations, commonly used in building industry. Steel spheres were shot
at different velocities on square GRC samples. The residual velocity of the projectiles was
obtained both using a high speed camera with multiframe exposure and measuring the
projectile’s penetration depth in molding clay blocks. Tests were performed on young
and artificially aged GRC samples to compare GRC's behavior when subjected to high strain
rates. Numerical simulations using a hydrocode were made to analyze which parameters
are most important during an impact event,

GRC impact strength was obtained from test resuvlts. Also, GRC's embrittlement, caused by
GRCaging, has no influence on GRC impact behavior due to the small size of the projectile. Also,
glass fibersused in GRC production only maintain GRC panels' integrity but have no influence on
GRC's impact strength. Numerical models have reproduced accurately impact tests.

Glass fiber reinforced cement {GRC) is a composite material produced by mixing cement mortar and AR (Alkali Resistant)
glass fibers. Cement mortar has good compressive strength, although it is a brittle material with very low tensile strength
and ductility. Glass fibers enhance cement mortar's mechanical properties by improving its toughness and its flexural and
tensile strength without decreasing its compressive strength [1].

Due to its excellent mechanical properties, fire resistance, easy moldability and high corrosion resistance GRC is a highly
competitive material in applications such as permanent formwork, pipes, refurbishment of buildings, sewer liners, tunnel
cladding, river bank protection and acoustic barriers [2,3]. More recently it has been proposed as a candidate for producing



load bearing elements, such as industrial roofs and telecommunications towers [4,5]. However, its main application has been
in cladding panel production [5,7].

In modern construction industry buildings are conceived as a structure that withstand dead and live loads, and cover ele-
ments that protect premises from noise, temperature and weather disturbances such as rain, snow and some others. Unfor-
tunately, in the last decade impact and blast behavior of cladding panels have aroused as an essential characteristic due to
the possibility of terrorist attacks, tornadoes and other high strain rate phenomena.

Concrete response to impact loading has been widely studied, both at low strain rates [8] and high strain rates [9]. How-
ever, hardly any research has been carried out on cement mortar reinforced with short fibers other than steel Abers. Some
work was carried out on cement mortar reinforced with natural Abers [10] and cement mortar reinforced with polyolefin
fibers [11]. GRC response t¢ dynamic leading conditions were studied using a drop impact test machine [12] and some re-
search was done in Japan to find out the effect of earthquakes on GRC panels [13], but no conclusive results were found.
Additionally, GRC behavior under high strain rates has never been studied before.

To investigate the performance of GRC panels subjected to ballistic imnpact a test program has been planned using a one-
stage light gas gun. Samples were produced with five different cement mortar formulations and both young {cured in a cli-
matic chamber) and aged GRC samples were tested.

2. GRC production and aging process

GRC test boards were produced by using a manual spray method which is the most widely commercial method for GRC
industrial panel production. Glass fibers’ velumetric fraction in panels was 5%. All test boards were storaged in a climatic
chamber at 20 °C and 98% after hardening. It is widely known that GRC's mechanical properties deteriorate with time. This
problem, known as material aging, leads to a reduction of tensile strength and failure strain and a dramatic decrease of mate-
rial toughness. Aged GRC is a material with very little ductility and with a tensile and flexural strength similar to cement
mortar without fibers.

The embrittlement process has been studied thoroughly in the last three decades, looking for an improvement in GRC
behavior although a full solution has not been found vet. Some researchers have tried to solve this problem by adding chem-
ical additives to cement mortar. Silica fume [14], metakaolin [14,15], fly ash [16], and acrylic resins [17] have been the most
used additions aimed to reduce the embrittlement process of GRC. Therefore, the most cormmon additions were used in this
testing program to analyze its influence on GRC performance under impact loading, especially on aged GRC. Metakaclin, sil-
ica fume and acrylic resins were added to GRC while mixing cement mortar. Five different formulations of GRC were chosen
GRC without additives, GRC with 10% of the cement weight of silica fume, GRC with 20% of the cernent weight of silica fume,
GRC with 4% of the cement weight of acrylic resins and GRC with a 10% of the cement weight of metakaolin. The components
and contents used in test board production can be seen in Table 1.

To compare aged and young GRC behavior, an accelerated aging process was carried out on GRC samples. The most com-
mon aging method used in GRC aging is immersion of samples in hot water, Litherland found a relation between the effect of
immersion in hot water and natural exposure of GRC [18]. However, some researchers recently [ 19] pointed out that accel-
eration factors obtained by Litherland were not correct in GRC with additions.

In any case, artificial aging by immersion in hot water at 50 °C is widely accepted as an accelerated method for reproduc-
ing long-term material behavior. Previous results using these formulations [20] showed that aging GRC for 40 days in water
at 50 °C caused a major loss of GRC's mechanical properties in all GRC formulations. Also, microstructural observations using
a scanning electronic microscope {SEM) have confirmed the deleterious effect of immersion in hot water in the five different
GRC formulations used in this study [21]. Therefore comparison between impact test carried out in young and aged GRC
samples can be considered valid.

3. Impact tests
3.1. Tests on GRC samiples
Impact tests were performed on 50 x 50 mm GRC samples. Samples’ thickness varied from point to peint due to the man-

ual production process of the test boards. Nominal thickness of samples was 10 mm, similar to that used in commercial GRC
panels, although there were thickness differences between samples around 40% of their nominal thickness.

Tablke 1
GRC formulations. Quantities in kg.
Cement Sand Water Additions Plasticizer
Control 50 50 21 - a5
Silica fume 10% 50 50 27 5 a5
Silica fume 20% 50 50 33 10 a5
Metakaolin 10% 50 50 26 5 0.5

Acrylic resins 4% 50 50 22 2 0.5
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Fig. 2. Schematic representation of GRC impact test configuration.

A picture of the one-stage light gas gun used to perform the impact tests can be seen in Fig, 1. The gas gun is divided into
three different sections, the gun, the flying chamber and the test chamber. The gun is connected to a pair of bottles of dif-
ferent gases at high pressure (helium and air). These gases were used to accelerate the projectile. Once the projectile has
been shot, it moves through the flying chamber toward the test chamber. In the flying chamber, there is a pair of sensors,
2 m apart, connected to a computer that registers the time it takes the projectile to move between them. With the time reg-
istered and the distance between the sensors, the projectile’s impact velocity can be easily obtained.

Samples were placed in the test chamber on a steel support as can be seen in Fig. 2. GRC samples were placed in the sup-
port frame using a pair of elastic rubber bands. These bands did not hamper GRC samples motion after the impact of the
projectile.

The impact test facility is a 7.62 mm caliber gun. Five and a half mm diameter steel spheres were chosen as projectiles.
Projectiles were placed in a sabot to accommodate to the barrel and increase acceleration.

To measure the projectile’s residual velocity after impact, a high speed camera with multiframe exposure system was
used. An example of the pictures taken in the impact tests can be seen in Fig. 3. Using this method, residual velocities of
impact events with a projectile impact speed faster than 400 m/s were obtained. However, as the projectile’s impact velocity
decreases, so does the projectile’s residual velocity. For low impact velocities, debris from the broken samples was launched
at velocities higher than the residual velocity of the sphere, and therefore it was not possible to ascertain the projectile’s
position after impact.

To obtain the residual velocity of the projectile in these cases another method had to be used. Molding clay has been used
previously to measure residual velocities of projectiles [22] and this was the method chosen for tests in GRC with impact
velacities under 400 m/s. By using commercial molding clay and shooting steel spheres at it at different velocities, a relation-
ship between the projectile’s penetration depth and impact velocity was found. The calibration curve showing this relation-
ship can be seen in Fig. 4.
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Fig. 3. High speed image of the impact event.
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Fig. 4. Penetration depth in gelatine vs. projectile impact velocity.

Using both methods previously described, tests on young GRC were carried out. The results obtained were plotted show-
ing the relation between the impact velocity and the residual velocity of the projectile. As can be seen in Fig. 5 there are no
great differences between all GRC formulations. Results obtained in these tests are scattered due to thickness differences in
GRC samples. However, test results show a clear tendency towards gathering in a straight line parallel to the bisector of the
figure axis.

After testing young GRC samples, artificially aged GRC samples were also tested, Samples were aged by immersion in
water at 50 °C for 40 days. Sample dimensions were approximately 50 x 50 mm and 10 mm thick. Fig. 6 shows the results
of impact tests.

There are no clear differences between young GRC behavior and aged GRC behavior. Aged GRC test results showed a clear
trend towards grouping points in areas around a line parallel to the bisector of the figure's axis. Ballistic limits of young and
aged GRC are similar, at around 200 my/s for all five formulations studied. Only young GRC samples produced with 10% of
metakaolin showed a higher ballistic limit, close to 270 m/s. Thickness differences between GRC samples are the main cause
of the scattered results registered in both young and aged GRC. Thickness variations of a few tenths of millimeters were
found in every sample and, comparing different samples, there were variations up to several millimeters. These variations
hamper an easy comparison between the results obtained.
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Fig. 5. Impact tests carried out on young GRC samples.
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Fig. 6 Impact tests carried out on aged GRC samples.

3.2. Tests on sandwich GRC samples

There are three different types of GRC panels: simple GRC panels {with joints directly placed in the panel), stud frame
panels {with a metal structure attached to the GRC panel) and sandwich panels. The impact behavior of the first two types
of panels has been studied in the previcus section. 1t is interesting to fulfill the analysis by testing alse sandwich samples.

Sandwich panels of GRC have been widely used on building facades [7]. Sandwich panels are divided into three parts.
There are two external sheets of GRC with a nominal thickness of 10 mm and between them, there is a plate of expanded
polystyrene (EPS). This EPS has a variable thickness that depends on the building’s requirements. To study the impact behav-
ior of this type of panels, a test program was carried out on samples like the one shown in Fig. 7.

The systems described in the previous section were used to register the residual velocities. According to test results reg-
istered in the previous section, tests were only carried out on GRC produced with a 10% metakaolin addition. Test results
were compared with the simple panel tests obtained in the previous section. Results of both test programs can be seen in
Fig. 8.

Fig. 8 clearly shows that GRC simple panels and GRC sandwich panels behave in a similar way. Test results obtained show
that the ballistic limit for a sandwich panel is approximately twice that of a simple panel.

4. Discussion

Test results plotted in Figs. 5 and 6 showed that there is a linear relationship between the impact velocity and the residual
velocity. This relationship can be summarized by the following equation.



GRC EPS

S0

50

4 0

Dimensions on mm.

Fig. 7. Sandwich GRC samples.

Sandwich samples and simple
samples tasts

400 — Vi =-503.2 + 1.01 Vo R= 098 .
350 | -—Vr=-2554 +1.01v0e R=0.94 A
= —e—Sandwich samples pf
E 300 | -« Simple GRC samples v
o
§ 250 ; /
T 200 a /
8 150 4
o S /
m LS
o 100 /
P ;
/
m >
! : / !

U 1 " F N i
¢ 100 200 300 40D S00 600 700 800
Impact velacity (m/s)

Fig. B. Comparison between sandwich sample and simple panel sample behavior.

V,=Vo K- (1)

where V. is the residual velocity of the projectile after impact, V, is the impact velocity of the projectile, K is the slope of
the straight line formed by the test results and  is a constant. [n Figs. 5 and 6, test results showed a clear tendency to gather
around a straight line parallel to the bisector of the figure axis. Therefore the slope of this line is one. Eq. {2) will be valid
when K is ane.

Vi=Vy-—ua (2}
Thus, the amount of velocity that the target slows down is
AV=V-V,=Vo - (Vo—a) =« {3)
Eq. (3) shows that GRC samples always stops the projectile at a constant amount of velocity @ equal to the ballistic limit of
GRC samples. To compare test results & has been divided by the thickness of the sample tested. Figs. 9 and 10 show the val-
ues of xfthickness for both young and aged GRC.
To obtain the failure energy of GRC samples, the kinetic energy lost by the projectile during the impact event was divided

by the thickness of the tested sample and related to the impact velocity in Figs. 11 and 12.
Analyzing the energy balance during the impact event, it is clear that,
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Fig. 9. Impact tests carried out on young GRC samples,
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Fig. 10. Impact tests carried out on aged GRC samples.
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Aged GRC impact test interpretation
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Fig. 12. Impact tests carried out on aged GRC samples.

AEPTDI]'ECE"E = AEt.ar‘get + Ep (4}

where AFpgieqile i5 the kinetic energy lost by the projectile, AE ;e is the energy that is absorbed by the target and £, is
the energy absorbed by the support. No plastic strain was observed in the projectiles and therefore strain work in the spheres
was neglected. [t can be assumed that the amount of energy dissipated during the impact event by the elastic bands, the
support and other elements, Ey, can be neglected as compared to AEarge: in Eq. (4). Therefore, Eq. (4) can be expressed by

AEPTDI]'ECE"E = AEl.argf.‘,t (5}
and AE, g can be split into two different parts, the energy absorbed in breaking the sample, Egiyre. a0d Exipeic, the energy
spent in accelerating the debris particles from the broken sample. The equation would be

AEPTDI]'ECE"E = Alpiture + Akineric (6}

[n Eq. (6), to determine the energy Erilure, it is necessary to know the energy spent in accelerating the debris. Thus Eq. {6) can
be expressed as,

1
A1'-::prv:ijecrile: = &Efailure + Ejmf . v‘f2 {7}

where 3 1m; - »? represents the sum of the kinetic energy of every particle of debris projected in the impact test. How-
ever, it is not feasible either to weigh every piece of debris mass, or obtain their speed after impact due to the large number
of small broken particles of GRC projected.

Only when the sphere was stopped by the target can data be obtained directly from Figs. 11 and 12. When the projectile is
stopped, the energy spent on projecting debris can be neglected. Eq. (7) in this case is reduced to

AEPTDI]'ECE"E = Alpilure (8}

Eq. (8) is valid for the ballistic limit in Figs. 11 and 12 for which the energy necessary to break the samples was 2 J/mm.
This failure energy is valid for both young and aged GRC.

To ascertain whether GRC failure energy depends on impact velociry a deeper analysis of the energy balance was needed.

Eq. {7) shows the energy balance when the target does not stop the projectile. The first term of Eq. (7) can also be expressed
as

AEDI‘OjeCl'iIE = EO - Er (9}

where Ep is the kinetic energy of the projectile before the impact and E, is the kinetic energy of the projectile after the
impact. Eq. {9) can alsc be written as

1 1
A projeciite = 5 M 75— 5Mp v? (10}

where m, is the mass of the projectile, 2, is the impact velocity and # is the residual velocity. If Eq. {3) is introduced inte Eq.
{10)

1
All-::lzlrnjm:tile = jmp{vg - (vﬂ = a)Z} {1 ]}

Taking into account Eq. {7)



Fig. 13. Impact test numerical model.
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o 1
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Eq. (13) shows that there is relation between the impact velocity and the energy absorbed by the sample. However, the
energy absorbed by GRC samples cannot be determined due to the unfeasibility of measuring the mass and the velocity of
every debris particle projected during the impact event.

5. Numerical simulations

A numerical simulation of impact tests was carried out to obtain the parameters that affect GRC’s behavior. Numerical
simulations were performed using Autodyn. Only a quarter of the samples and the steel sphere were modeled. Although
thickness of GRC samples changed from one point to another, they were modeled as 10 mm thick perfect prismatic solids.
Due to the large number of short fibers present in the material and their random geometrical disposition GRC was modeled
by simplicity using a sandwich sketch. Layers of cement mortar were separated by glass fiber layers.

To reduce the computation time as much as possible a study was conducted on the influence of the number of elements.
Model thickness was divided into 40, 30, 20, 15 and 10 elements. These models were used in a test simulation with an impact
velocity of 400 m/s. In the simulations with 40, 30 and 20 elements through thickness, similar results were obtained but with
fewer elements, simulation results changed. Therefore, GRC samples were modeled with 20 solid elements in samples thick-
ness. There were 20 layers of cement mortar and between each two, a layer of glass fibers. Cement mortar was represented
with 8-node solid elements while glass fibers were simulated by 4-node shell elements. Shell element nodes and solid ele-
ment nodes were joined to achieve a composite material behavior. The projectile was meshed using Ansys software and ex-
ported to Autodyn. A sketch of the model is shown in Fig. 13. The sides of the model had no boundary conditions imposed
due to the low forces applied to the samples by the elastic bands.

5.1. Material modeling

No plastic strains were observed in projectiles after the tests. Accordingly, projectiles were simulated as a rigid material
with the same density as steel. Another advantage of this procedure is that the calculation time was reduced. Cement mortar
was simulated using a material from Autodyn's material library called concrete-L. This is a porous material, and its behavior
is determined by a density—pressure curve. A user material was implemented to simulate the glass fiber behavior. This mate-
rial is linear elastic up to failure and its tensile strength has been obtained from literature [1]. The parameters used in this
user material can be seen in Table 2.

In using this combination of materials there was no accurate correlation between tests results and simulations. Pressure-
yield strength curves were modified to fit a 400 m/s impact test. Fig. 14 shows these variations. Good correlation between
tests and simulations was found when concrete-L strength was increased by 30% from the figure in Autodyn's library.

Some other cement mortar’s parameters were studied. The influence of mortar’s tensile strength, fracture energy and fric-
tion was studied using this model. Results obtained are shown in Figs. 15-17.

These figures clearly show the little influence that these three parameters have on the numerical model behavior. On the
other hand, the influence of the membrane layers on the model behavior is highly significant because they prevent the model
from complete failure, as in the case when GRC is modeled only with cement mortar.



Table 2
Glass fiber user material properties.

Equation of state Linear

Reference density (kg/m*) 2630

Bullk modulus (GFa) 70

Strength Elastic

Failure Principal stress
Principal tensile failure stress (MPa) 1450

Crack soltening Mo

Erosion Geometric strain
Erosion strain 2
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Fig. 14. Concrete-L strength tune.
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Fig. 15. Influence of cement mortar's tensile strength in a test carried out at 400 mjs.

5.2. Relation between impact tests and numerical simulations

To compare the results of numerical simulations and actual ballistics tests, only one GRC formulation was chosen. Young
GRC samples produced with 10% metakaolin addition were compared with simulations results due to the small thickness
variations that appeared between samples. With this formulation, direct comparison between test results and simulations
can be seen in Fig. 18.
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Test and simulation results were in good agreement. Numerical simulations were able to predict the projectile’s residual
velocity after the impact event. Some small diferences were found between simulations and tests although these differences
were probably caused by the differences in thickness between the actual samples and the sample modeled. These differences
ranged from tenths to a few millimeters. Projectiles shot at higher velocities impacted on thinner GRC samples than those
shot at velocities near the ballistic limit.

6. Conclusions

The main conclusions that can be derived from this research are:

There were no behavior differences between all GRC formulations. Impact tests showed that all GRC formulations had a
similar ballistic limit. Thickness differences between samples prevent direct comparison between tests.

GRC's embrittlerent had no influence on GRC impact behavior. This probably happened due to the low caliber of the pro-
jectile used. The sphere's diameter was too small to break the glass fibers. A further study with higher caliber projectiles
should be done to confirm this hypothesis.

Sandwich GRC samples’ behavior is similar to the behavior of two panels of GRC placed one behind the other.
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Both young and aged GRC samples seem to slow down the projectile the same amount of velocity for any impact velocity.
This velocity is equal to the ballistic limit. GRC samples slow down projectiles about 22 mfs per millimeter of sample
thickness.

GRC samples absorb about 2 J{mm when the projectile is stopped. For higher velocities GRC's failure energy might be less
than 2 Jfmm.

A simple GRC model has been used to perform the numerical simulations. GRC has been modeled as a sandwich with glass
fiber layers between layers of cement mortar. This numerical model has shown itself to be consistent with test simulations.
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