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Study of the mechanical behavior of fiber-reinforced concrete
through non-destructive testing

ABSTRACT

Several non-destructive mechanical tests can be used to assess the strength of concrete or
mortar without crushing the specimens. In this study, prismatic specimens of glass fiber-reinforced
concrete (GFRC) with different percentages (0%, 1%, 3%, and 5%) of ARHP-type glass fibers
(high-performance alkali-resistant fibers) were used. Additionally, these GFRC specimens were
exposed to different environments. A control series was kept in potable water, while the other
series were maintained in seawater or a sulfate-rich environment. These specimens underwent
mechanical and chemical tests. The results showed that adding fibers in proportions ranging from
1% to 5% slightly improved the density and strength of the concrete. However, immersing the
GFRC specimens in a humid environment negatively affected the mechanical strength of the
concrete, compromising its durability. Furthermore, it was observed that the carbonation depth
was zero for all control specimens and those stored in seawater. Finally, the addition of 3% silica
fume to the GFRC led to a slight improvement in strength but did not provide sufficient protection
against the chemical degradation of fibers caused by alkaline or humid environments.

Keywords: Non-destructive, ARHP fibers, seawater, Ultrasonic pulse velocity, XRF analysis.

1. INTRODUCTION

Since the 20th century, reinforced concrete has
established itself as theprimary construction
material worldwide due to its strong performance in
terms of resistance and durability. Recently, special
types of concrete have been developed to address
various challenges in the industry, including dense
reinforcement and complex-shaped structures.
However, reinforced concrete structures can be
damaged by deterioration factors related to climate,
both due to extreme environmental events and
daily exposure to outdoor weather conditions [1-3].
Non-destructive testing techniques (NDT) are
commonly used to analyze the causes of damage
and implement repair actions aimed at extending
the lifespan of reinforced concrete buildings. These
techniques are widely applied in the field to assess
the characteristics of concrete in existing and
historical buildings. They not only help characterize
material properties in concrete structures but also
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provide a comprehensive view of concrete quality.
Regarding material properties, frequency-domain
data is obtained through signal processing and
sound vibration analysis, while visualization relies
on a laser-based approach [1-4]. NDT methods
used in civil engineering are generally designed to
assess the condition of concrete. A comprehensive
evaluation combining the simultaneous
examination of both the concrete and the
reinforcement can be carried out using the
following techniques: ultrasonic testing, acoustic
emission testing, low-frequency mechanical wave
testing, and infrared thermography. These four
groups of methods allow for the analysis of
reinforcement in reinforced concrete structures.
However, their effectiveness is inherently limited by
several factors, such as the thickness of the
concrete cover, the mix composition, the nature
and quantity of aggregates, air voids in the
concrete, contaminants, cracks, and other
irregularities. Additionally, the Ultrasonic Pulse
Velocity (UPV) test procedure is based on the
concept of wave propagation speed through a solid
object, which depends on the elastic properties of a
tangible medium. When used correctly, this tool
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provides valuable information about the condition
of the surface or the interior of the concrete [2-5].

Fiber-reinforced concrete is a composite
material consisting of short, discontinuous fibers
randomly distributed throughout the concrete mass.
Cement-based composites typically incorporate
fibers made of steel, glass, polymers, or natural
resources [6]. Glass fibers are known for their high
tensile strength, low density, and resistance to
environmental degradation. During the setting
phase, concrete mixtures tend to undergo plastic
shrinkage, which can lead to cracking. The addition
of small amounts of fibers effectively prevents
cracks caused by early-age plastic shrinkage [7-8].
Kumar et al. (2022) found that the compressive
strength of concrete decreases when the glass
fiber content is less than 0.5% of the cement
content. In contrast, samples containing 1.0% and
1.5% glass fibers showed a notable increase in
compressive strength, reaching approximately
1.6% and 7.37% after 7 days of normal curing.
Furthermore, after 28 days of normal curing, this
increase was recorded at 13.88% and 18.99% [9].

Portland cement mortars reinforced with fibers
contain alkali-resistant (AR) and non-dispersible
glass fibers, ensuring good stability within the
cement matrix. The use of AR glass fibers rich in
zirconium oxide is recommended, as they
withstand the alkaline pH generated during cement
hydration [10]. The AR glass fibers help improve
the chemical resistance of glass fibers reinforced
concrete (GFRC). This property is essential in
environments where concrete is exposed to
aggressive chemicals [11]. Numerous studies have
shown that glass fibers within cementitious
composites undergo long-term deterioration. AR
glass fibers are specifically designed to withstand
degradation caused by cementitious matrices. This
enhanced resistance is achieved by incorporating
zirconium oxide (ZrOz) into the fiber's chemical
composition, which effectively inhibits attack from
these matrices [12-14].

The use of mineral additives such as
pozzolans, fly ash, and silica fume as a partial
replacement for Portland cement improves the
mechanical performance of GFRC. The cement
matrix is modified by reducing calcium hydroxide,
as the reaction of pozzolans with portlandite
produced during cement hydration generates
hydrated phases that do not compromise fiber
integrity. This results in enhanced mechanical
properties and increased composite durability over
time [10]. Shameem et al. (2024) found that the
compressive strength of GFRC with silica fume at
28 days is highest in the mix containing 1% glass
fibers and 25% silica fume, leading to a 13%
increase in strength compared to other types of

concrete. The highest splitting tensile strength at
28 days was observed in the mix containing 1%
glass fibers and 15% silica fume. A 40% increase
in splitting tensile strength was recorded compared
to conventional concrete [15]. The rate of aging
depends on the specific type of glass fiber used.
Notably, the new generation of alkali-resistant (AR)
glass fibers outperforms traditional (E) glass fibers
in terms of aging resistance. To further enhance
the composite’s aging performance under various
environmental or weather conditions, the
development of specialized glass fibers with even
greater alkali resistance is an ongoing pursuit
[16].AR fibers with lengths of 8 to 30mm and
percentages of 0.3, 0.6, 0.9, and 1.2% by weight of
cement were incorporated as additives in high-
strength concrete. It was reported that the addition
of fibers from 0 to 1.2% improved split tensile
strength from 3.06 to 4.92MPa, while flexural
strength increased from 4.84 to 7.27MPa [17].
When comparing the performance of fibers in terms
of enhancing mechanical properties based on
material, steel fiber has proven more effective in
enhancing the mechanical properties of ordinary
concrete than glass fiber and polypropylene fiber.
Similarly, 0.25 to 1% glass fiber would increase
compressive and flexural strength by 3 to 7% and
25 to 28%, respectively [18].Portlandite fills spaces
between fiber filaments, creating a rigid bond that
reduces fiber flexibility. Pan et al. (2017) found that
incorporating 10-20% slag into mortar produced
higher compressive strength compared to 30-50%
slag at 28 days [19]. Sadati et al (2017), reported
that adding 0-12.5% silica fume to concrete with a
water-cement ratio of 0.4-0.5 altered its
microstructure and decreased chloride ion diffusion
[20].Non-destructive tests, particularly ultrasonic
testing, enable a more accurate assessment of the
degradation and microcracking of beams and
complement destructive tests to better understand
structural behavior. Since the compressive strength
of specimens is sometimes not representative of
the in-place concrete, the development of in-situ
testing aims to provide a more reliable evaluation
of the actual properties of structures [21, 22]. This
research was conducted in the laboratory with the
objective of testing the evolution of the
characteristics of high-performanceAR glass fiber-
reinforced concrete (GFRC) immersed in different
environments, by using of non-destructive testing
(NDT).

2. MATERIALS USED

2.1. Cement

The cement used in this study is Sulfate-
resistant cement (SRC), which is manufactured at
the LAFARGE cement Factory - Algeria.
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2.2. Fibers 2.3. Aggregates

In this study, different percentages (0%, 1%, The aggregates used are as follows: siliceous
3%, and 5%) of AR-type chopped glass fibers are sand with a grain size of less than 4mm, and
used in the mixes. These fibers are of the high- crushed gravel of granular classes (3/8) and
performance alkali-resistant Cem-Fil type (ARHP  (8/16).Theses granulometric analysis curves of the
67/36) and have lengths of 36mm. They are aggregate are presented in Figure 1.
characterized by their zirconium (ZrOz) enrichment
of 16.80%, which provides better durability against
the alkaline attack of cement [23].
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Figure 1. Granulometric analysis of aggregate
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Figure 2. Granulometric analysis of blast furnace slag
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2.4. Mineral Additions

The silica fume used is an ultra-fine grey silica
with a specific Blaine surface area of 23m2/g [24].
The blast furnace slag used has a low percentage
of fine elements less than 0.125 mm according to
its granulometric analysis curve (see Figure 2).

3. PREPARATION AND PRESERVATION OF
SPECIMENS

For this study, concrete formulations based on
the DreuxGorisse and LCPC Baron-Lesage
methods were used to determine the composition
of concrete with and without fibers. After evaluating
workability, the water-to-(cement + Blast furnace
slag + Silica fume), ratio was fixed at 0.42 and the
sand-to-gravel ratio at 0.6 for glass fiber
percentages of 0%, 1%, 3%, and 5%. The table 1
presents the concrete formulation results using the
DreuxGorisse method. Prismatic molds with
dimensions of (70X70X280)mm3, conforming to

Table 1. Masses of concrete constituents

European standard NF P 18-427, were used to
fabricate  GFRC samples. Following concrete
pouring, the first set of control specimens (R) was
submerged in a tank containing potable water
within the laboratory.

A second set of specimens was immersed in a
tank filled with seawater (SW) sourced from Jijel-
Algeria. The seawater used for curing mainly
contains chloride, sodium, magnesium, calcium,
and potassium ions. It is considered aggressive
due to its sulfate (SO,27) concentration 0f1449 mg/l
and magnesium (Mg?*) concentration of 1366 mg/l,
which fall within the range of 600 to 1500 mg/l. This
water also exhibits high salinity, indicating a high
content of dissolved mineral salts. Moreover, its
high chloride concentration further increases its
aggressiveness and leads to a significant risk of
reinforcement corrosion in concrete structures [25].

Both sets were maintained in their respective
environments until testing at 30, 90, and 180 days.

Cement Blast furnace Silica fume Sand Gravel 3/8 Gravel 8/15 Superplatisar
(Kg) slag (Kg) (Kg) (Kg) (Kg) (Kg) (%)
308 80 12 536,07 270,72 1134,70 1,50

4. RESULTS AND DISCUSSIONS
4.1. Ultrasonic pulse velocity (UPV)

This test aims to determine the speed of
propagation of sonic waves in concrete specimens
according to the standard NFP 18-418 using an
ultrasonic device, this device is made up of an
electrical pulse generator, several transducers (a
transmitter, one or more receivers), a timing device
for measuring the time interval between the
transmitter and the receiver by using oiled material
(see Figure 3).

Figure 3. Ultrasonic Pulse Velocity (UPV) testing on
GFRC specimens in the laboratory
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Figure 4. Propagation speed of sound in the control samples and those preserved in seawater
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The ultrasound is calibrated using a cylindrical
plastic bar, it is characterized by flat faces
perpendicular to the axis of the cylinder, this bar
has a diameter of (20 £ 0.1)mm and a length that
varies between 80 and 120mm. The speed of
sound is higher as the concrete is denser, therefore
more resistant; this test was carried in laboratory,
by taking four (04) test pieces in each test series.
Figure 4 presents the measured sound propagation
speeds of specimens exposed to different
environments.

According to Figure 4, the
observations were made:

e The propagation speed of sound in the
samples exposed to different environments
gradually increased up to 90 days, then
decreased until 180 days.

e The sound velocity is higher for specimens at
90 days compared to those at 30 days and 180
days of curing. This indicates that a higher
sound velocity is associated with denser or
stronger concrete.
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e The control samples exhibited higher strength
than those immersed in seawater. For
example, at 180 days, the SWO0, SW1, SW3,
and SW5 samples recorded velocity reductions
of 4.2%, 3%, 4.2%, and 4.9%, respectively,
compared to their corresponding control
counterparts (RO, R1, R3, and R5).

e The reduction in sound velocity can be
explained by the decrease in the density of
GFRC preserved in seawater. Likewise, it can
be attributed to the dissolution of the silica
network in the glass fibers or to an alkaline
attack induced by sodium ions from seawater
[26, 27].

4.2. Results of compressive strengths

Figure 5 shows the curve of compressive
strengths of specimens stored in different
environments. This curve was obtained using the
correlation curve established between the
compressive strengths of concrete and the
corresponding ultrasonic velocities «V» [28].

90 =180

RO R1 R3 R5 SWO SW1 SW3 SW5

Exposure time (days)

Figure 5. Compressive strength of concrete specimens preserved in different environment

The figure 5 shows that:

e The compressive strengths of the control
samples are higher than those of the
specimens stored in seawater.

e The compressive strengths of the specimens

from RO to SW5 increase up to 90 days of age,
where they reach the values of 37.05 MPa,
40.92 MPa, 43.55 MPa, 45.05 MPa, 37.05
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MPa, 38.24 MPa, 39.51 MPa and 37.09 MPa,
respectively. These results can be attributed to
cement hydration and the formation of C-S-H
due to the effect of wet curing of the GFRC
[29].

e After 90 days of age, the compressive
strengths are reduced up to 180 days of
storage, these results can be justified by the
negative effect of wet curing of the GFRC. The
addition of 3% silica fume results in a slight
improvement in strength, but does not provide
sufficient protection against chemical attacks in
alkaline or humid environments. According to
Arabi et al., [13, 14] this dosage only allows for
modest reinforcement and does not effectively
protect the fiber surfaces. Moreover, silica
fume mitigates fiber degradation through its
pozzolanic effect, which converts portlandite
into C-S-H and reduces the porosity of the
BRFV.

e The compressive strengths of specimens
preserved in seawater are low compared to
control specimens at the same storage ages.
Therefore, seawater is a very alkaline
environment, which could explain the loss of
strength due to alkaline attack on AR fibers,
resulting in the accumulation of calcium
hydroxide, leading to excessive bonding and
subsequent weakening of the GFRC [30].
According to Abdullah et al. [31], the
compressive strength increases with increasing
AR fiber content.

e The R5 and SW5 specimens exhibit the lowest
compressive strength at almost all curing ages
compared with the other series. This reduction
is attributed to the high content of incorporated
ARHP fibers and their length of 35 mm. A
dosage of 5% decreases the workability of the
mixture, which  negatively affects the
compressive mechanical performance of the
concrete [9, 15].

4.3. Carbonation depth measurement test

This test is carried out on the surfaces of the
specimens under the same test conditions using a
phenolphthalein alcohol solution. This test allows
for a reliable and quick measurement of the
carbonation depth of the concrete specimens [32].
The carbonation depth value is the average of
three (03) concrete specimens in each test period.It
was found that the carbonation depth of the control
specimens and those kept in seawater is zero from
30 to 180 days of conservation. Therefore,
immersing GFRC in potable water and/or seawater
reduces the diffusion rate of carbon dioxide into
their pores, as water prevents the penetration of
carbon dioxide gas.

4.4. Chemical Analysis by X-Ray Fluorescence
Spectrometry (XRF)

The table 2 summarizes the results of the
chemical analyses by XRF spectrometry of the
surfaces of the GFRC specimens preserved in
different environments.

According to table 2, we observe that:

e Zirconium (ZrOz2) is only found in specimens
reinforced with glass fibers because it is a
component of ARHP glass fibers.

e The levels of sulfates (SOs), chlorides (CI),
sodium oxide (Na20), potassium oxide (Kz20)
and magnesium oxide (MgO) on the surfaces
of samples preserved in seawater are high;
almost double those of the control specimens.
These results confirm the high content of these
elements in seawater.

e Calcium oxide (CaO) and Silicon dioxide (SiO2)
are the most intense elements on the surfaces
of the control specimens and those preserved
in seawater. It is also noted that the
percentages are almost the same for all
conservation environments.

e The other elements show similar percentages
for each type of sample preservation.

Table 2. XRF analysis results of concrete preserved in different environments

Components Potable water Sea water
Ro (%) R1 (%) Rs (%) Rs (%) SWo (%) SWi1 (%) SW3 (%) SWs (%)

MgO 1,18 1,43 1,34 1,26 2,07 3,03 3,19 4,91
Al203 2,56 2,41 2,27 2,43 2,44 2,72 2,50 2,85
SiO2 17,90 18,40 17,30 18,50 18,20 20,80 20,60 19,10
P20s 0,071 0,10 0,08 0,09 0,07 0,10 0,08 0,08
SOs3 1,17 0,99 1,15 1,11 1,37 1,80 2,32 2,07
K20 0,263 0,39 0,26 0,33 0,43 0,33 0,33 0,30
CaO 73,00 72,20 73,10 71,30 70,30 65,20 63,90 62,70
Fe20s3 3,73 3,61 3,63 3,56 3,70 3,58 3,63 3,81
SrO 0,10 0,08 0,08 0,09 0,10 0,09 0,09 0,08
Na20 - 0,25 0,30 0,55 0,45 0,53 0,65 1,00
ZrO2 - 0,10 0,32 0,70 - 0,18 0,34 0,85

Cl - - 0,12 0,09 0,87 1,70 2,29 2,22
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4.5. Visual Observations of GFRC Specimens

The visual observations of the faces of GFRC specimens preserved in different environments over one
year are illustrated in Figure 6A protective white layer (salt layer from seawater) formed on the faces of the
specimens preserved in seawater (6.A). In contrast, no layer was observed on the faces of the control
samples (6B). Finally, it was noted that no visible damage could be seen with the naked eye on the glass
fibers preserved in different environments (6C).
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Figure 7. SEM observation of concrete and fiber preserved in seawater
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4.6. SEM test results

The observation of GFRC samples stored in
seawater is presented in the Figures 7. These
images reveal surface degradations on the fiber
filaments,likely caused during the mixing and/or
casting of the concrete. Additionally, after storage
in seawater, the hydrated cementitious matrix
appears to have a loose microstructure due to the
formation of microcracks in the cement paste
surrounding the fiber filaments. Furthermore,
precipitated crystalline products are visible on the
surface of the concrete sample, potentially
consistingof portlandite, gypsum, or ettringite.

These observations confirm a reduction in
mechanical strength after 180 days of storage in a
humid environment.

5. CONCLUSION

This study demonstrates
reinforced with:

e The reduction in the speed of sound can be
explained by the decrease in the density of
GFRC stored in seawater compared to the
control samples or those stored in drinking
water.

e Alkali-Resistant High Performance (ARHP)
fibers exhibit superior mechanical properties
compared to unreinforced concrete. Optimal
compressive strength was achieved with fiber
volume fractions ranging from 1% to 5%.

e The addition of 3% silica fume in GFRC results
in a slight improvement in strength but does not
offer adequate protection against chemical
attacks on the fibers caused by alkaline or
humid environments.

o After a 180 days immersion period, neither
control nor seawater-exposed specimens
exhibited  carbonation. However, both
environments effectively impeded the diffusion
of carbon dioxide into the GFRC pores.

e Finally, it can be concluded that the use of
GFRC in underground works or humid
environments remains limited due to its
relatively low long-term durability and the
detrimental effect of moisture on the strength of
the AR glass fibers incorporated in the GFRC.

that concrete
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1ZVOD

PROUCAVANJE MEHANICKOG PONASANJA VLAKNIMA ARMIRANOG
BETONA METODOM NEDESTRUKTIVNIH ISPITIVANJA

Nekoliko nedestruktivhih mehanickih ispitivanja moze se koristiti za procenu ¢vrstoce betona ili
maltera bez drobljenja uzoraka. U ovoj studiji koriS¢eni su prizmati¢ni uzorci betona armiranog
staklenim vlaknima (GFRC) sa razlicitim procentima (0%, 1%, 3% i 5%) staklenih vlakana tipa
ARHP (visoko performansna vlakna otporna na alkalije). Pored toga, ovi GFRC uzorci bili su
izloZeni razli¢itim sredinama. Kontrolna serija je uvana u vodi za pice, dok su druge serije ¢uvane
u morskoj vodi ili sredini bogatoj sulfatima. Ovi uzorci su podvrgnuti mehani¢kim i hemijskim
ispitivanjima. Rezultati su pokazali da dodavanje vlakana u proporcijama od 1% do 5% blago
poboljSava gustinu i ¢vrstocu betona. Medutim, potapanjeGFRCuzoraka u vlaZznusredinunegativno
je uticalo na mehanickudvrstoéubetona, ugrozavajuéi njegovu trajnost. Sta vise, primeceno je da
je dubina karbonizacije bila nula za sve kontrolne uzorke i one skladiStene u morskoj vodi.
Konacno, dodavanje 3% silicijumske prasine u GFRC dovelo je do blagog poboljSanja cvrstoce,
ali nije pruzilo dovoljnu zastitu od hemijske degradacije vlakana izazvane alkalnim ili viaznim
sredinama.

Kljuéne reci: Nedestruktivno, ARHPvlakna, morskavoda, ultrazvucniimpuls
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