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Summary

Ultrasonic technology has proven to be a reliable non-destructive method for testing engineering ap-
plications. Especially for complex composites, like fibre-reinforced plastics or fibre-reinforced concrete,
the pulse velocity method can be used to analyse the fibre-induced anisotropy. In the present study,
ultrasonic testing was applied to investigate the fibre orientation in ultra-high performance fibre-
reinforced concrete (UHPFRC). UHPFRC is a composite consisting of concrete and steel fibres, which
distinguishes itself from conventional concrete by higher compressive and tensile strength as well as a
particularly high durability. Steel fibres influence the tensile behaviour after the formation of micro-
cracks decisively and increase the ductility of UHPFRC members. The orientation and distribution of
fibres significantly influence the bearing behaviour and are thus important parameters when designing
UHPFRC members. In ultrasound experiments, the main orientation of the fibres in UHPFRC speci-
mens was determined by a method based on analysing the wave velocities of polarised shear waves.
Subsequently, the specimens were cut perpendicular and parallel to the predominant fibre alignment
predicted by ultrasonic testing and the actual orientation of the fibres in the cross-sections was evalu-
ated by an optoanalytical method. Comparison of test data suggests that the proposed ultrasonic test-
ing method is a suitable tool for predicting the predominant fibre alignment in UHPFRC members.
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1. Introduction

1.1. Ultrasonic testing in concrete

Since many decades non-destructive testing
using ultrasound technology has proven to be
a flexible, robust, meaningful, and compara-
tively cost-effective method for a wide range of
engineering applications. Today different
standard methods for ultrasonic testing of
structural components are available. Especially
in the fields of aircraft construction, mechanical
engineering and railway transport, many
standardised methods have been developed
and established. The application in these fields
is related to the ultrasonic non-destructive
testing of adhesive bonds, joint connections,
damage detection and generally the quality
control of metallic and plastic materials.

Ultrasonic testing of concrete in civil engineer-
ing applications is still relatively new and has
not been widely applied compared to other
engineering fields mentioned above. However,
over the years several ultrasonic methods for
non-destructive concrete testing have been
developed and have been included in guide-

lines and standards worldwide (e.g.
ASTM C 597, EN 12504-4).

Basically, the major problem in ultrasonic test-
ing of concrete is related to the highly hetero-
geneous structure of the material [1]. The
complex meso- and microstructure of concrete,
such as different aggregate sizes or voids in-
side the composite, leads to multiple scatter-
ing, reflections and absorption of the emitted
ultrasonic waves. These factors influence the
evaluation of the received ultrasonic signals
considerably. Therefore, ultrasound experi-
ments for concrete are usually carried out in
the low-frequency range (50-250 kHz) in order
to achieve a smaller disturbance due to the
coarse aggregate in the material and thus to
obtain a high signal to noise ratio. However, it
must be considered that a reduction in the
frequency always results in a worse spatial
resolution and thus smaller defects can no
longer be detected or resolved. With progress
in the development of ultrasonic sensors now-
adays efficient low-frequency broadband
transducers allow testing of concrete structures
reliably also in the so-called pulse-echo mode
[2]. In the pulse-echo mode the transducer
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acts simultaneously as a transmitter and re-
ceiver of ultrasonic waves. Here, the emitted
ultrasonic pulse is reflected at a material
boundary and the resulting echo is received at
the transmission point. This is an improvement
and a simplification for practical applications
compared to the through-transmission mode
[3], where the component must be accessible
from both sides, which is often difficult or im-
possible.

As an established standard method, the pulse
velocity measurement is used [1], where the
required travel time of the ultrasonic pulse
through the specimen is determined. From the
data obtained, the pulse velocity of the tested
concrete can be calculated, which can be used
to assess the quality and strength of the con-
crete. Furthermore, damages or defects such
as cracks, pores, and cavities as well as large-
scale inhomogeneities can be detected [1].
Similarly, pulse velocity measurements on fibre
reinforced concrete (FRC) have shown the
influence of the distribution, orientation, and
volume fraction of steel fibres on the acoustic
characteristics [4-7]. In these studies, mostly
longitudinal ultrasonic waves were used to
detect the change in the measured wave ve-
locity in concrete due to different fibre volume
fraction and fibre orientation.

Basically, it can be assumed that the addition
of fibres influences the elastic properties (e.g.
the modulus of elasticity and Poisson's ratio) of
the concrete depending on the specific FRC
mix design and fibre orientation. In particular, a
pronounced uniaxial or two-dimensional fibre
orientation leads, similar to fibre-reinforced
plastics (CFRP, GFRP), to a transverse anisot-

ropy.

1.2. Ultrasonic testing in UHPFRC

Ultra-high performance concrete (UHPC) [8] is
a heterogeneous composite made of cement,
water, quartzitic or basaltic aggregate as well
as reactive and non-reactive admixtures and
additives. The compressive strength of UHPC
typically ranges between 150 and 200 N/mm?.
This high strength and a very dense micro-
structure are obtained by reducing the water-
cement ratio to typically about 0.25 and by
grading the fine raw materials which provides
an increased packing density. Superplasticiser
is used to ensure the workability of the fresh
concrete. As it is typical for concrete, the ten-
sile strength of UHPC is low compared to its
compressive strength. It typically ranges be-
tween about 7 and 11 N/mm? [8].

With increasing compressive strength the con-
crete becomes more brittle. To counteract this
tendency and to increase the deformation ca-
pacity after appearance of cracks, steel fibres
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are added to the concrete mixture. So-called
ultra-high performance fibre-reinforced con-
crete (UHPFRC) typically contains fibre volume
fractions between 0.5 to 2.5 % using smooth
straight steel fibres with lengths of typically 9 to
25mm and diameters of typically 0.10 to
0.25 mm.

Beside increasing the UHPFRC’s ductility,
steel fibres enable the concrete to transfer
tensile stresses through cracks and thus im-
prove the tensile behaviour [9, 10] and signifi-
cantly increase the bearing capacity of UHP-
FRC members subjected to bending, shear
and/or torsion [8]. To benefit from these effects
in structural design, knowledge of the specific
fibre distribution and orientation inside a struc-
tural member is required [11, 12].

Ultrasonic testing in UHPC has been per-
formed only occasionally so far. It has already
been found that UHPC is particularly suitable
for high-resolution ultrasonic testing due to its
dense microstructure and comparably high
homogeneity [4]. Furthermore, as shown in [4],
the dynamic modulus determined by ultrasonic
measurement corresponds well with the modu-
lus of elasticity obtained from uniaxial com-
pressive tests. For fine-grained UHPC, high
testing frequencies in the range of 1 MHz can
still be used avoiding the problem mentioned
above [4], since the maximum aggregate size,
which is in the range of less than 1 mm, is still
below the associated wavelength, which leads
to a higher resolution of the material structure.
For UHPFRC the same frequency range may
be used, since the fibres have no major influ-
ences on the signal to noise ratio.

A fibre-induced anisotropy has already been
observed for UHPFRC specimens under static
compressive loading [13]. There, various ap-
proaches considering the transverse anisotro-
py have been applied, which predict a variation
in the elastic parameters between 5 to 10 %
depending on the loading direction. In [11]
direct tensile tests were conducted on speci-
mens with different fibre orientations. In this
study, the modulus of elasticity also varied in
the range of 5t0 10 %.

The magnitude of variation suggest that the
anisotropy of the elastic parameters can also
be detected by ultrasonic measurements using
elastic waves. However, the challenge is that
due to the low fibre volume fraction only a
small variation in the acoustic parameters,
such as the wave velocity, is to be expected.
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2. Analytical and experimental investiga-
tions

2.1. Analytical consideration and experi-
mental procedure

Since an absolute measurement of the acous-
tic parameters and its subsequent comparison
is often limited by the achievable measurement
accuracy, a relative ultrasonic measurement
was performed in this study to capture the
expected small velocity variations. Here, a
pulse-echo method using polarised shear
waves is applied to determine the relative
pulse velocity change in a specimen while
rotating the ultrasound transducer.

The use of transverse waves for ultrasonic
inspection is a well-established method for
determining the material anisotropy caused by
the structure itself or by directional damage
effects. Similar methods based on the principle
of shear wave birefringence/splitting have re-
cently been used in the field of fibre-reinforced
plastics [14, 15] and have also been applied to
anisotropic materials such as wood [16]. Gen-
erally, the anisotropy level is much larger in
this kind of materials in comparison with fibre-
reinforced concrete. However, the presented
studies show that even small changes in the
material behaviour are detectable with this
method. To classify the direction-dependent
changes in the wave velocity present in UHP-
FRC, an analytical examination based on a
layer model [17] is performed (Fig. 1).

steel layer

concrete layer

shear wave (|| parallel to stratification)

shear wave ( | perpendicular to stratification)

Fig. 1:  Shear wave propagation in fibre-
reinforced concrete idealised by a
layer model

According to the layer model for a shear wave
with propagation direction and particle motion
parallel to the stratification (but perpendicular
to eachother) the corresponding wave velocity
is given by Eq. (1).
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v _\/(nApAVA2+anBVB2) (1)
” (nAPA + nBPB)

where

P mass density of the material

V. velocity of the shear wave

n: volume fraction of the material

The subscript indices denote the two materials
A and B under consideration.

If the particle motion is perpendicular to the
stratification (normal to the layer) the corre-
sponding wave velocity is given by Eq. (2).

[ 1

vV =
) Ta 4 T (Mypa + Nep5) @)
pAVA2 pBV82 AR o

As a specific example, the material A is taken
as steel with a density pa = 7850 kg/m? and a
shear wave velocity va = 3200 m/s, while the
material B is selected as UHPC with a density
o8 =2400 kg/m and a shear wave velocity
ve = 2900 m/s. Regarding realistic fibre volume
fractions in UHPFRC the volume fraction of
both materials is set to na=0.025 and
ne = 0.975, which means that the volume frac-
tion of steel in the total volume is assumed to
be 2.5 %. This results in the following values
for the corresponding shear wave velocities
determined by Egs. (3) and (4).

v, ~ 2924 m/s (3)

v, ~ 2848 m/s (4)

Therefore, the shear wave velocity with polari-
sation parallel to the layer results in an abso-
lute value that is about 2.6 % higher than the
corresponding velocity perpendicular to the
layer. This gives a good estimation on the ve-
locity changes expected in ultrasonic experi-
ments on UHPFRC specimens.

In order to evaluate the wave velocity change
of polarised shear waves by ultrasonic experi-
ments, the UHPFRC specimens should ideally
provide a nearly uniaxial fibre orientation.

2.2. Specimen preparation

To provoke a predominant fibre alignment in
the specimen, thin panels were cast in different
arrangement (3 x upright/1 x reclined) as well
as with varying casting method. Previous stud-
ies demonstrated the influence of the casting
method on the flow of the fresh concrete and
thus on the distribution and orientation of the
fibres inside the specimen [11, 18, 19].
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For the present study, a fine-grained UHPFRC
with a maximum aggregate size of 0.5 mm was
used in order to ensure a microstructure as
homogeneous as possible. The fibre volume
fraction was 2.5 %. The steel fibres had a
length of 10 mm and a diameter of 0.175 mm.
Tab. 1 shows the mix design.

Tab. 1: UHPFRC mix design

Cement 52,5 R 765 kg/m?3
Silica fume 160 kg/m3
Quartz flour 0/0.125 mm 195 kg/m3
Quartz sand 0.125/0.5 mm 950 kg/m?3
Superplasticiser (30 % solids) 26 kg/m3
Steel fibres 10/0.175 mm 196 kg/m3
Water 195 kg/m3
Water-cement ratio 0.28*

* Taking into account the water content of the
superplasticiser

The panels were about 450 mm high,
1200 mm long and 40 mm thick. The concrete
was poured from one end. The mould of the
three vertically cast panels was inclined by an
angle of 63° at the end where the concrete
was poured into the mould in order to ensure a
steady flow velocity (Fig. 2a). The mould of the
horizontally cast panel was inclined by an an-
gle of about 4° with regard to the horizontal
(Fig. 2b). Using a funnel, the casting took
about 7 minutes for each panel. The mean
cube compressive strength (100 mm cubes)
was 106 MPa, 136 MPa and 165 MPa meas-
ured 2, 7 and 28 days after casting, respective-

ly.

a) cast_ing ﬂ
point

c c2 | c3 | c4 c5 cs | c7
B1 B2 B3 B4 B5 B6 B7
e iy
15011 A Az | A3 | A4 | A5 | me
mm 63
b
—{150 mm}-—
b)
—~
D1 D2 D3 D4 D5 D6 D7
c c2 | 3 | c4 cs5 c6 | cr 3
5
£
B1 B2 B3 B4 B5 B6 B7 a
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Fig. 2:  a) Front view of the vertically casted
panels, b) top view of the horizontally
casted panel

After hardening, the panels were sawn into
square specimens with a side length of
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150 mm for ultrasonic testing. The specimens
were specified according to Fig. 2.

2.3. Ultrasonic shear wave testing

For the experiments, a low-frequency shear
wave transducer with a centre-frequency of
500 kHz was used in a pulse-echo mode. A
crystallised honey was used as coupling medi-
um between the transducer and the UHPFRC
specimens. The wave velocities of the gener-
ated shear waves were determined via a spe-
cially designed measuring system (Ritec-RAM
5000-SNAP), which evaluates analogously the
phase spectrum of the received waves.

This method can be explained by assuming
two signals wo and ur with different wave veloc-
ities according to Egs. (5) and (6).

U, = A-sin(2zf-t,) = A-sin(g,) (5)
u, =B-sin(2zf - t) =B-sin(¢,) (6)
where

f: excitation frequency

Q: phase angle

t: time of flight

By using the path length D, the relation be-
tween the phase angle ¢ and the wave velocity
vo is given for signal uo by Eq. (7).

0, 2D

b= onr 7 v t, @
In the same way, the wave velocity can be
calculated for signal u1.

Now, by measuring the corresponding phase
difference A@ = @o - @1 between both signals
the relative change in the wave velocity Av/ v
can be calculated by Egs. (8) and (9) respec-
tively.

Ap

At=t, —t =—
o b= = (8)
av_at .
7 9)

Using this method, the shear wave velocities vs
were calculated for different rotation angles.
Therefore, the transducer was rotated from a
stipulated starting position (6= 0°) in 15° in-
crements and the associated relative changes
in the wave velocity with respect to the starting
position were recorded (Fig. 3).
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Fig. 3:  Experimental setup: Shear wave
transducer with a polar disk

Finally, this measurement procedure results in
a diagram as given exemplarily in Fig. 4. Here,
the percentage change in the shear wave ve-
locity Avs/vso is given as a function of the
rotation angle 6. Based on this diagram, the
maximum wave velocity change and the corre-
sponding rotation angle 6nax were determined
for each specimen. The latter quantity de-
scribes the expected predominant fibre align-
ment at the measuring point. Subsequently,
the wave velocity change at the position per-
pendicular to the maximum wave velocity
change was determined (o> = Gmax + 90°) and
correlated to the maximum value. So the in-
crease of the shear wave velocity starting from
the position according to the predominant fibre
alignment to the position perpendicular thereto
can be described.

Fig. 4:  Percentage change of the shear
wave velocity vs as a function of the
rotation angle 6

2.4. Optoanalytical method

After ultrasonic testing, specimens with particu-
larly high differences in the relative wave ve-
locities were selected for subsequent analysis
of fibre orientation. The objective was to vali-
date the results of the non-destructive ultrason-
ic measurement by means of a proven test
method for evaluating the fibre distribution and
orientation. As presented in [20-24], the opto-
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analytical method has proven to be such a
suitable tool.

The square specimens were sawn parallel and
perpendicular to the rotation angle énax, which
was predicted by ultrasonic testing to represent
the predominant fibre alignment. By sawing,
the steel fibres are melted at the cut surface
and show deformed shapes. Thus, the cut
sections were polished to recover the real
shape of the fibres. After polishing, the cross-
sections were photographed (Fig. 5) and ana-
lysed with the software FiDiOr [22].

Fig. 5:  Detail of a photography of a polished
cross-section  orientated  perpen-
dicular to the predominant fibre
alignment

FiDiOr uses the contrast between darker con-
crete and lighter steel to determine the elliptical
shapes of the cut fibres via grey value analy-
sis. This provides number, individual coordi-
nates, long and short principal axis and cross-
sectional area of the ellipses (= fibres). With
these data the inclination of the ellipse’s princi-
pal axis against the axis of the cross-sectional
plane as well as their out-of-plane inclination o
can be calculated. Fig. 6 shows the situation
and the notations for an inclined fibre in a cut
section.

Fig. 6:  Inclined fibre in a cut section [23]

For an individual fibre the coefficient of fibre
orientation 7, can be calculated by Eq. (10).

_ _9
Tk, —COSO(—E (10)

20. GMA/ITG-Fachtagung Sensoren und Messsysteme 2019 314



where

d: length of the short principal axis of the
elliptical cross-section (= fibre diame-
ter)

[0 length of the long principal axis of the

elliptical cross-section of fibre i

After evaluating the individual fibres of a cross-
section, the mean coefficient of fibre orienta-
tion 75s in this cross-section can be calculated
by Eq. (11) [20-24].

1 M
ns=ﬁf-;nf,i (11)
where
N. : number of fibres in the cross-section

f

However, in order to represent the fibre orien-
tation of a specific volume, the mean
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coefficient of fibre orientation 7v is to be calcu-
lated by Eq. (12) [24].

1 (12)

Based on nv, the fibre volume fraction of a
specimen can be predicted by Eq.(13)
[20, 22, 24].

Nz
P =7
4-A -1y

where
A : cross-section of the concrete

c

(13)

3. Results and evaluation

The results of the ultrasonic and photographic
analyses are summarised in Tab. 2.

Tab. 2: Mean coefficient of fibre orientation of the volume, predicted fibre volume fraction, number of
fibres and percentage wave velocity change of the selected specimens sawn from panel

no. 1,2, 3, and 4

No 1]V, max TV,90° Pmax 90° Niax Noo- AVsmax / Vs,0
' -] [-] [%] [%] [-] [-] [%]
1_A1 0.738 0.466 2.604 2.388 4289 2484 1.948
1_A6 0.709 0.475 2.502 2.534 3712 2536 1.633
1_B2 0.752 0.433 2.159 1.864 3734 1835 1.416
1_B3 0.736 0.395 2.374 1.917 4088 1772 1.658
1_C1 0.802 0.363 2.069 1.840 3281 1208 1.647
1_C4 0.699 0.513 1.969 1.906 2685 1817 1.244
1_C7 0.764 0.513 2.074 1.737 3063 1620 1.562
2_A1 0.746 0.497 2.363 2.006 3179 1784 0.709
2_A4 0.815 0.380 2.267 2.116 3321 1447 0.697
2_A6 0.796 0.393 2.262 1.873 3125 1287 0.849
2 B1 0.746 0.439 2.236 2.017 2847 1513 0.678
2 C4 0.776 0.412 2.382 2.056 3182 1466 0.862
3_A1 0.717 0.474 2.774 2.801 4376 2991 1.253
3_A3 0.712 0.454 2.573 2.476 4009 2491 1.603
3_A6 0.601 0.620 2.217 2.370 2920 3203 1.443
3_B1 0.764 0.439 2.290 2.228 3493 1976 1.585
3_B7 0.709 0.407 2.347 2.137 3528 1821 1.167
3_C6 0.681 0.517 2.198 1.867 2956 1794 1.144
4 A1 0.743 0.492 2.430 2.277 4000 2540 1.102
4 A2 0.754 0.436 2.611 2.112 4529 2109 0.992
4 A4 0.752 0.418 2.268 1.944 4066 1950 0.905
4 A6 0.748 0.425 2.325 2.197 4041 2170 0.938
4 _B1 0.787 0.375 2.342 1.835 4183 1579 1.039
4_C1 0.788 0.341 2.317 1.963 3528 1119 1.423
Avg. 0.743 0.445 2.331 2.103 3589 1938 1.229

cv 6.14% 13.90 % 801% 1254% 1496% 2791% 29.29%
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The experimental data are subdivided into four
groups corresponding to the four panels from
which the test specimens were taken from.
Panel no. 1, 3, and 4 were cast vertically. Pan-
el no. 2 was cast horizontally.

As already mentioned, the optoanalytical eval-
uation was performed in two cross-sections
perpendicular to each other. For a clear dis-
tinction, the cross-section perpendicular to the
expected predominant fibre alignment is de-
noted by the index “max” while the section
parallel to the expected predominant fibre
alignment is denoted with the index “90°”.

The coefficient of fibre orientation 7v, the fibre
volume fraction p and the number of fibores N
obtained by optoanalytical evaluation are listed
in Tab. 2 for each specimen. Furthermore, the
maximum percentage wave velocity change
Avsmax / Vso0 measured by the ultrasonic meth-
od is indicated. The average values (Avg.) and
the associated coefficients of variation (CV)
are presented at the end of the table.

Looking at the fibre volume fraction it is notice-
able that the values for individual specimens
deviate by up to 20 % from the actual fibre
volume fraction of the mixture (2.5 %). This
may be due to sedimentation of the fibres in
the fresh concrete.

The wave velocity changes of individual panels
deviate in some cases by up to 30 %. While
panels no.1 and no.3 have high velocity
change values of 1.24 to 1.95% and 1.14 to
1.60 %, panels no.2 and no.4 have much
lower values in the range of 0.71 to 0.86 % and
0.91 to 1.44 % respectively. Since visual in-
spection of the cross-sections showed a signif-
icantly increased proportion of air voids for
panels no. 2 and no. 4, these air voids might
be responsible for a major part of the devia-
tions mentioned before. The air voids can be
explained as a result of poor ventilation during
casting due to insufficient compaction. In prin-
ciple, air voids will influence the ultrasonic
measurement, depending on their form and
distribution in the concrete. Further investiga-
tion is required in order to finally explain the
observed deviations in velocity changes.

With a value of 7vmax = 0.74 the cross-sections
perpendicular to the rotation angle énax on
average show a high coefficient of fibre orien-
tation while the average coefficient of fibre
orientation is significantly smaller for the cross-
sections parallel to 6Gmax (77v.90° = 0.44). Thus, it
can be basically stated that ultrasonic meas-
urement is able to identify directions with high
coefficient of fibre orientation corresponding to
the predominant fibre alignment.
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4. Conclusions and outlook

In this study, a novel ultrasonic method for
determining the fibre orientation in UHPFRC
was applied. The evaluation of the results ob-
tained with ultrasonic and optoanalytical meth-
od confirms that the method is generally suita-
ble for qualitatively determining the predomi-
nant fibre alignment in UHPFRC. However, a
quantitative assessment for a specific coeffi-
cient of orientation for individual specimens
depends on different factors, which may be
investigated and evaluated in further studies.
The main influencing factors are inhomogenei-
ties, such as air voids, aggregate, etc. as well
as heterogeneous fibre distribution in the con-
crete. Furthermore, the coupling condition
between the transducer and the specimen’s
surface is influencing the ultrasonic measure-
ment.

The present study may be considered as a
meaningful starting point for future work in this
research field. For example, new ultrasonic
methods using air-coupled transducers or sur-
face acoustic wave (SAW) methods can be
adopted to overcome some drawbacks of the
present method and to automate the measur-
ing procedure.
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